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Editorial on the Research Topic 


For a sustainable future: novel insights into agronomically important traits in cereal crops


Since the global population is expected to reach 9.7 billion by 2050, increased cereal crop yield will have a significant positive impact on global food security. However, crop production is threatened by climate change, depletion of fertilizer feedstock, and a number of biotic and abiotic stresses. To achieve sustainable agricultural performance while overcoming these challenging situations, it is critical to understand the molecular mechanisms of agronomically important traits in cereal crops. Recently developed techniques in molecular biology, including genomics and other omics, can reveal the complex molecular mechanisms involved in the control of agronomic traits, providing novel insights into the yield, resistance to biotic and abiotic stresses, and responses to variable environments in cereal crop production.

Rice is one of mankind’s major food staples. Given continuing population growth and increasing competition for arable land between food and energy crops, food security is becoming an ever more serious global problem. Palanog et al. carried out Multi-Cross QTL analysis and Inclusive Composite Interval Mapping for 11 agronomic traits using four connected RILs populations of rice, and detected MC-156 QTLs for agronomic (115) and biofortification (41) traits. Grain weight is a major determinant in rice yield, which is tightly associated with grain size. The major effect QTL identified for biofortification and agronomic traits can be utilized in breeding. Ye et al. reported a nine-base pair deletion in a kinesin-like protein BRITTLE CULM12 encoding gene (LGW) caused a reduced grain length. The overexpression of LGW increased the grain length, revealing that LGW plays an important role in regulating grain size, and the manipulation of this gene provides a new strategy for regulating grain weight in rice. Grain chalkiness in rice is a highly undesirable trait for human food that negatively affects milling, cooking, eating, and grain appearance. Yang et al. identified two major QTLs for chalkiness, qPGC5 and qPGC6 from two single-segment substitution lines (SSSLs) with a significantly lower percentage of grain chalkiness than the recipient parent line. The fine-mapping of the two QTLs will facilitate the cloning of genes for chalkiness and provide new genetic resources to develop new cultivars with low chalkiness even under high-temperature conditions. Huang et al. focused on a superfamily of transcription factors, zinc finger proteins, reviewed the current understanding of zinc finger proteins underlying regulatory network in the regulation of agronomic traits in rice, summarized the current advances in zinc finger proteins, with emphasis on C2H2 and CCCH proteins, and finally discussed their potential in improving rice yield.

Lodging also greatly harmed the crop yield and quality. Niu et al. detected fifteen QTL for stem strength-related traits in wheat using a doubled haploid population derived from a cross between Baiqimai and Neixiang 5, which will be useful for molecular marker-assisted selection for high stem strength and high yield potential. Zhao et al. showed the lodging rate of rice was substantially increased by 81.1% after 11 years of continuous Soil testing formula fertilization using organic fertilizer (STFFOF) treatment. The STFFOF greatly decreases the concentration of Ca, SiO2, K, Mg, and non-structural carbohydrates in basal internodes, dramatically increases that of N, P, and weight per ear, but slightly affects the structural carbohydrates.

Crops will face several future challenges including biotic and abiotic stresses that will seriously jeopardize their annual production. Climate change is already threatening agricultural harvest, thereby increasing the risk of food insecurity. Zhang et al. examined the rice photosynthetic parameters, water use efficiency, and yield formation in responses to the co-elevation of [CO2] and temperature, provided evidence that the rice genotypic difference in photosynthetic potential under [CO2] and temperature co-elevation. Wang et al. provided a full perspective on how drought affects the yield formation of foxtail millet by constructing one work model thereby providing the theoretical foundation for hub genes exploration and drought resistance breeding of foxtail millet. Liu et al. conducted cytological observation and transcriptome analysis to reveal dynamic changes of Rhizoctonia solani colonization on leaf sheath and different genes recruited between the resistant and susceptible genotypes in rice, demonstrated that WE-CLSM is a powerful technique for uncovering the mechanism of R. solani invading rice and for detecting rice sheath blight–resistant germplasm.

Intercropping is commonly implemented as a way of promoting sustainable agriculture. Dong et al. investigated the process of microbial community assembly in maize, peanuts, and shared rhizosphere soil as well as their regulatory mechanisms on root exudates under different planting patterns by combining metabolomic and metagenomic analyses. The results showed that the yield of intercropped maize increased significantly, while the yield of intercropped peanut significantly decreased. These results indicate that interspecific root interactions improved the soil microenvironment, regulated the absorption and utilization of nitrogen nutrients, and provided a theoretical basis for high yield and sustainable development in the intercropping of maize and peanut.

Elucidation of the molecular basis related to important agronomic traits and improvement of cultivation techniques can help us to meet the challenge of food security. The excellent studies mentioned here demonstrated the importance of the research community in understanding and explaining the novel insights into agronomically important traits in cereal crops for a sustainable future. In the future, technologies such as genotyping, marker-assisted selection, high-throughput phenotyping, genome editing, genomic selection, and de novo domestication could enable plant breeders to keep pace with a globally changing environment and increasing population.
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Chalkiness is a crucial determinant of rice quality. During seed filling period, high temperature usually increases grain chalkiness, resulting in poor grain quality. Rice chalkiness was controlled by quantitative trait loci (QTLs) and influenced by environmental conditions. In this study, we identified two single-segment substitution lines (SSSLs) 22–05 and 15–06 with significantly lower percentage of grain chalkiness (PGC) than recipient Huajingxian 74 (HJX74) over 6 cropping seasons. Two major QTLs for chalkiness, qPGC5 and qPGC6, were located by substitution mapping of SSSLs 22–05 and 15–06, respectively. qPGC5 was located in the 876.5 kb interval of chromosome 5 and qPGC6 was located in the 269.1 kb interval of chromosome 6. Interestingly, the PGC of HJX74 was significantly different between the two cropping seasons per year, with 25.8% in the first cropping season (FCS) and 16.6% in the second cropping season (SCS), while the PGC of SSSLs 22–05 and 15–06 did not significantly differ between FCS and SCS. The additive effects of qPGC5 and qPGC6 on chalkiness in the SSSLs were significantly greater in FCS than in SCS. These results showed that qPGC5 and qPGC6 had major effects on chalkiness and the SSSL alleles were more effective in reducing chalkiness under high temperature condition in FCS. The fine-mapping of the two QTLs will facilitate the cloning of genes for chalkiness and provide new genetic resources to develop new cultivars with low chalkiness even under high temperature condition.

Keywords: chalkiness, QTL, SSSL, substitution mapping, high temperature, rice quality


INTRODUCTION

Rice (Oryza sativa) is an essential cereal crop in the world. Rice cultivars of high yield and good quality are required to meet human needs. Grain appearance is a crucial trait to determine rice quality. Chalk is an opaque area of the seed endosperm, which affects grain appearance and milling and cooking performance (Fitzgerald et al., 2009; Misra et al., 2019). Rice chalkiness is easily affected by environments. During seed development, high temperature stress gives rise to irregular grain-filling and obstacles to storage biosynthesis, resulting in the emergence of chalkiness (Sreenivasulu et al., 2015; Edwards et al., 2017; Nevame et al., 2018). The ratio of source to sink had a significant effect on chalkiness, and the degree of influence varied with cultivars (Cheng et al., 2007). By comparison, the chalkiness level of new cultivars is higher than that of modern old cultivars, while hybrid cultivars are usually higher than other modern cultivars (Laborte et al., 2015). Consequently, high-yield cultivars usually exhibit high chalkiness (Misra et al., 2019).

Rice chalkiness is a complex trait controlled by multiple quantitative trait loci (QTLs) and is quantified as the percentage of grain chalkiness (PGC) (Sreenivasulu et al., 2015; Misra et al., 2019; Yang et al., 2021a). In the past decades, a large number of QTLs for rice chalkiness have been detected using diverse mapping populations (Sreenivasulu et al., 2015; Yang et al., 2021a). It was found that rice chromosomes 5 and 6 were hotspot regions for chalkiness QTLs (Tan et al., 2000; Wan et al., 2005; Zhou et al., 2009; Chen et al., 2011, 2016; Liu et al., 2012; Peng et al., 2014; Gao et al., 2016; Yun et al., 2016; Zhao et al., 2016; Wang et al., 2017; Misra et al., 2020). Some QTLs for high temperature-induced chalkiness were detected using heat stress-sensitive cultivars, and these QTLs accelerated the occurrence of chalkiness under high temperature conditions (Yamakawa et al., 2008; Kobayashi et al., 2013; Wada et al., 2015; Nevame et al., 2018; Yang et al., 2021a). Until now, a few QTLs were mapped in a fine resolution or cloned (Wu et al., 2021; Yang et al., 2021a). Li et al. (2014) cloned a major QTL positively regulating rice chalkiness, Chalk5, which encodes a vacuolar H–-translocating pyrophosphatase (V-PPase) and is specially expressed in endosperm. Most rice cultivars have higher Chalk5 expression levels and higher grain chalkiness. Yang et al. (2022) identified a transcription factor OsbZIP60 controlling grain chalkiness by using genome-wide association studies (GWAS). The moderate expression of OsbZIP60 can maintain endoplasmic reticulum (ER) homeostasis. The impaired function of OsbZIP60 disturbs the ER homeostasis, and then OsbZIP50-mediated unfolded protein response activation is triggered dealt with to ER stress, thus affecting the expression of genes for endosperm development, finally resulting in chalkiness formation. Wu et al. (2022) cloned the WCR1 on chromosome 1, which negatively regulates rice chalkiness. Two alleles WCR1A and WCR1G were identified based on the SNP-A/G in the promoter region of WCR1. OsDOF17, as a transcriptional activator, promotes the transcription of WCR1A. And then, WCR1 interacts with metallothionein MT2b to maintain redox homeostasis in the endosperm of rice, thereby reducing grain chalkiness.

Chalkiness occurs in the endosperm of seeds and is influenced by some seed development genes. The dysfunctional GW2 allele was shown to enhance width and weight of rice grain, while causing the increase in grain chalkiness (Song et al., 2007). The alleles GW7, gw8 and gs9 caused much slenderer grain shape, resulting in the reducing of rice chalkiness (Wang et al., 2012, 2015; Zhao et al., 2018). Recently, Jiang et al. (2021) identified GSE5 had a pleiotropic function to regulating grain shape and chalkiness by map-based cloning. Several genes for endosperm development have been found to influence grain-filling and chalkiness. OsPPDKB regulated carbon metabolism during grain filling, which mutant showed white-core endosperm (Kang et al., 2005). SSIIIa had pleiotropic effects on endosperm development, which mutant had a chalky interior appearance in seeds (Fujita et al., 2007). GIF1 encoded a cell-wall invertase required for carbon partitioning in the early stage of grain-filling, which mutant exhibited abnormal development and loose accumulation of starch granules, resulting in the increase of grain chalkiness (Wang et al., 2008). UGPase1 had an effect on male sterility and grain chalkiness (Woo et al., 2008). Some floury endosperm (flo) mutants including flo2, flo7, flo10 and flo19 caused the obstacles to storage biosynthesis and amyloplast development, leading to the formation of floury endosperm (She et al., 2010; Zhang et al., 2016; Wu et al., 2019; Lou et al., 2021). Interestingly, many chalkiness QTLs are located in the same region as other seed development genes (Zhao et al., 2015; Yang et al., 2021b). These results indicate that rice chalkiness is a complex trait, and is affected by the pleiotropic effect of other genes.

Recently, we identified four QTLs for rice chalkiness using the single-segment substitution lines (SSSLs) with the Huajingxian 74 (HJX74) genetic background (Yang et al., 2021a,b). Two QTLs, qPGC9 on chromosome 9 and qPGC11 on chromosome 11, were sensitive to high temperature, which reduced their additive effect on chalkiness in the cropping season of high temperature (Yang et al., 2021a). By comparison, qPGC8.1 and qPGC8.2, as two closely linked QTLs on chromosome 8, were insensitive to high temperature (Yang et al., 2021b). In this study, two QTLs for rice chalkiness, qPGC5 and qPGC6, were detected by substitution mapping using HJX74-SSSLs. Compared with the four QTLs detected previously, qPGC5 and qPGC6 had major effects on grain chalkiness, and their SSSL alleles had the additive effects enhanced by high temperature. The fine-mapping of qPGC5 and qPGC6 will contribute to understand the genetic architecture of rice chalkiness and to develop the cultivars with low chalkiness even under high temperature.



MATERIALS AND METHODS


Rice Materials and Field Cultivation

Two SSSLs 22–05 and 15–06 with low rice chalkiness were selected from the HJX74-SSSL library (Zhang, 2019, 2021). The substitution segment of 22–05 was from Khazar, a japonica variety, and that of 15–06 was from American Jasmine, an indica variety. Rice materials were grown in the experimental field of South China Agricultural University (23°07′N, 113°15′E), Guangzhou in 2017–2019 with two cropping seasons per year. The first cropping season (FCS) was from late February to mid-July and the second cropping season (SCS) from late July to mid-November. Rice planting and pest control followed conventional practices (Yang et al., 2021a).



Phenotyping of Traits

The seeds of 10 plants per line were harvested after full maturity. The dry seeds per plant were separately processed into milled rice, and 200 head milled rice per plant were used to measure chalkiness (Yang et al., 2021a). The percentage of chalky grains (PCG) per plant and the percentage of chalky area (PCA) per chalky grain were measured by a rice quality analyzer.1 PGC is the product of PCG times PCA (Yang et al., 2021a). The investigations of heading date, panicle number per plant and plant height were carried out in the experimental field. The measurements of grain yield traits were performed using the yield traits scorer, a rice phenotyping facility (Yang et al., 2014).



Genotyping and Substitution Mapping

“RM” markers were selected from Gramene database.2 New markers used in this study were designed using the sequences of insertions/deletions (InDels) or SNPs between recipient HJX74 and donors by the software of Primer Premier 5.0 (Supplementary Table 1). PCR products were separated on 6% denaturing PAGE and detected by silver staining (Tan et al., 2020). The secondary SSSLs or near-isogenic lines (NILs) were developed from the crosses between SSSL 22–05 or 15–06 and recipient HJX74. The lengths of substitution segments were estimated by the marker position on the substitution segments (Tan et al., 2020). When the PGC of SSSL or NIL was significantly different from that of HJX74, a QTL for PGC was located on the substitution segment of SSSL or NIL. When multiple NILs with overlapping substitution segments showed significantly different phenotypes from HJX74, the QTL was detected in the overlapping region (Eshed and Zamir, 1995; Tan et al., 2020).

Linkage maps of markers were drawn by MapChart2.3. Additive effect of a QTL was estimated by the phenotype difference between NIL and HJX74 (Zhou et al., 2020). QTL naming followed the proposed rules (McCouch et al., 1997).



Statistical Analysis

The comparison of the two sets of data was performed by Student’s t-test. The comparisons between multiple groups and the control group were performed by Dunnett t-test. The multiple range test among multiple groups was done by least significance range (LSR) (Duncan, 1955). For the statistical analysis, data of percentages were converted to the arcsine square root. SPSS statistics 23.0 and OriginPro 9.0 were used for the data analysis and figure making.3




RESULTS


Rice Chalkiness in Single-Segment Substitution Lines

Two SSSLs 22–05 and 15–06 were used to measure rice chalkiness over the 6 cropping seasons from 2017 to 2019 (Figure 1A). Compared with recipient HJX74, the PCG, PCA and PGC of 22–05 and 15–06 were significantly reduced in every cropping season (Supplementary Table 2). On average, the PGC of 22–05 and 15–06 were 5.7 and 3.8%, respectively, much lower than 21.2% of recipient HJX74 (Figure 1B and Supplementary Table 2). The results showed that there were QTLs for rice chalkiness in the substitution segments of the two SSSLs. The substitution segments of 22–05 and 15–06 were detected by markers. The estimated lengths of substitution segments were 17.81 Mb in 22–05 and 3.92 Mb in 15–06 (Figure 1C and Supplementary Table 3).
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FIGURE 1. Phenotypes and substitution segments of two SSSLs. (A) Plant type of SSSLs 22–05 and 15–06 and control HJX74. Scale bar, 15 cm. (B) Percentage of grain chalkiness (PGC) of SSSLs and control HJX74. PGC is shown as mean ± S.E. in six cropping seasons. (C) Substitution segments of SSSLs 22–05 and 15–06. Black bars on the left of chromosomes represent the substitution segments of SSSLs. Physical distance is shown on the ruler. Chr., Chromosome. Mb, Megabase. The grain length (D), grain width (E) and grain yield per plant (F) of SSSLs 22–05 and 15–06 and control HJX74 are shown as mean ± S.E. FCS, First cropping season; SCS, Second cropping season. ∗, ∗∗ and ∗∗∗, Significant difference at the 0.05, 0.01, and 0.001 levels, respectively. NS, No significance.


Eight agronomic traits of 22–05 and 15–06 were surveyed in two cropping seasons. Compared with HJX74, panicle number per plant, total grain number per plant and grain yield per plant of 22–05 and 15–06, and plant height and 1,000-grain weight of 15–06 had no significant difference, while heading date, grain length and width of 22–05 and 15–06, and plant height and 1,000-grain weight of 22–05 showed significant difference in two cropping seasons or in only one cropping season (Figures 1A,D–F and Supplementary Table 4). The result indicated that the SSSLs and HJX74 had a similar genetic background.



Substitution Mapping of qPGC5

In order to map the QTL controlling rice chalkiness in the substitution segment of SSSL 22–05, the SSSL was used to produce secondary SSSLs or NILs. Eight NILs were obtained from an F2:3 population of the HJX74/22-05 cross. Then the rice chalkiness of the eight NILs was measured in two cropping seasons. PGC levels of five NILs, NIL22-05-22, NIL22-05-33, NIL22-05-119, NIL22-05-65, and NIL22-05-3, were as low as 22–05, while those of other three NILs, NIL22-05-5, NIL22-05-23, and NIL22-05-14, were as high as HJX74. In the region from RM509 to SNP5M16, the substitution segments of the five NILs with low PGC overlapped each other, while the substitution segments of the other three NILs with high PGC were outside this region. The result showed that the QTL controlling the PGC, qPGC5, was mapped in the estimated region of 876.5 kb between markers RM509 and SNP5M16 (Figures 2A,B). In addition, the grain length and width of the NILs were segregated, but not co-segregated with the grain chalkiness controlled by qPGC5 (Figures 2C,D). The grain width gene gw5 was located on the substitution segment of 22–05, but far away from the qPGC5 interval (Figure 2B).
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FIGURE 2. Substitution mapping of qPGC5. (A) The appearance of milled rice of SSSL 22–05 and control HJX74. Scale bar, 1 cm. (B) Substitution mapping of qPGC5 in SSSL 22–05. The positions of markers on the chromosome are shown in physical distance (Mb). The position of gw5 gene is shown on the chromosome. Black blocks show the substitution segments from 22–05 in NILs. PGC (%) is the mean ± S.E. of two cropping seasons. Grain length (C) and width (D) of 22–05 and NILs are given as the mean ± S.E. of two cropping seasons. (E) PGC of three qPGC5 genotypes in an F2 population. P1/P1, The genotype of qPGC5-HJX74/qPGC5-HJX74 (n = 25); P1/P2, The genotype of qPGC5-HJX74/qPGC5-NIL (n = 48); P2/P2, The genotype of qPGC5-NIL/qPGC5-NIL (n = 27). Different uppercase letters and lowercase letters indicate significant differences at the 0.05 level and 0.01 level, respectively.


Using marker ID5M4 in qPGC5 interval, the segregation of marker genotypes in an F2 population of 100 plants was tested by Chi-square test. The results showed that the plants number of three marker genotypes were 25, 48, and 27, respectively, with a segregation ratio of 1:2:1 (χ2 = 2.27 < χ2 0.01, 2 = 9.21). The PGC of heterozygous genotype qPGC5-NIL/qPGC5-HJX74 was significantly higher than that of qPGC5-NIL/qPGC5-NIL genotype and significantly lower than that of qPGC5-HJX74/qPGC5-HJX74 genotype. Therefore, qPGC5 showed an incomplete dominance effect on grain chalkiness (Figure 2E).



Substitution Mapping of qPGC6

In order to map the QTL controlling rice chalkiness on the substitution segment of SSSL 15–06, the SSSL was used to produce secondary SSSLs or NILs. Seven NILs were obtained from an F2:3 population of HJX74/15-06 cross. The rice chalkiness of the seven NILs was then measured in two cropping seasons. Three NILs, NIL15-06-13, NIL15-06-30, and NIL15-06-108, showed PGC levels as low as 15–06, while the other four NILs, NIL15-06-72, NIL15-06-20, NIL15-06-9, and NIL15-06-38 showed PGC levels as high as HJX74. In the region between markers ID6M57 and ID6M1, the substitution segments of the three NILs with low PGC overlapped each other, while the substitution segments of the other four NILs with high PGC were outside the region. The result showed that the chalkiness QTL, qPGC6, was mapped in the estimated interval of 269.1 kb between markers ID6M57 and ID6M1 (Figures 3A,B). In addition, the grain length and width of the NILs were segregated, but not co-segregated with the chalkiness controlled by qPGC6 (Figures 3C,D). The grain size gene gs6 was located on the substitution segment of 15–06, but outside the qPGC6 interval (Figure 3B).
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FIGURE 3. Substitution mapping of qPGC6. (A) The appearance of milled rice of SSSL 15–06 and control HJX74. Scale bar, 1 cm. (B) Substitution mapping of qPGC6 in SSSL 15–06. The positions of markers on the chromosome are shown in physical distance (Mb). The position of gs6 gene is shown on the chromosome. Black blocks show the substitution segments from 15–06 in NILs. PGC (%) is the mean ± S.E. of two cropping seasons. Grain length (C) and width (D) of 15–06 and NILs are given as the mean ± S.E. of two cropping seasons. (E) PGC of three qPGC6 genotypes in an F2 population. P1/P1, The genotype of qPGC6-HJX74/qPGC6-HJX74 (n = 45); P1/P2, The genotype of qPGC6-HJX74/qPGC6-NIL (n = 84); P2/P2, The genotype of qPGC6-NIL/qPGC6-NIL (n = 41). Different uppercase letters and lowercase letters indicate significant differences at the 0.05 level and 0.01 level, respectively.


Using marker RM588 in qPGC6 region, Chi-square test was carried out in an F2 population of 170 plants. The result showed that the plants number of three marker genotypes were 45, 84, and 41, respectively, which segregated in the ratio of 1:2:1 (χ2 = 1.40 < χ2 0.01, 2 = 9.21). The PGC of heterozygous genotype qPGC6-NIL/qPGC6-HJX74 differed markedly from those of the homozygous genotypes qPGC6-NIL/qPGC6-NIL and qPGC6-HJX74/qPGC6-HJX74. Therefore, qPGC6 showed an incomplete dominance effect on grain chalkiness (Figure 3E).



Influence of Cropping Seasons in Rice Chalkiness

The rice materials were planted in two cropping seasons for chalkiness measurement per year. The daytime and nighttime temperatures during the period from flowering to harvest of rice were very different between FCS and SCS. In the FCS and SCS of 2017–2019, the maximum temperatures were 32.1 and 28.6°C, the minimum temperatures were 25.9 and 21.0°C, and the mean temperatures were 29.0 and 24.9°C, respectively. The average temperature in FCS increased by 4.1°C compared with that in SCS (Supplementary Table 5). In rice chalkiness, PGC of HJX74 was significantly different in two cropping seasons, which was 25.8% in FCS and 16.6% in SCS. In contrast, the PGC of SSSLs 22–05 and 15–06 did not differ significantly between FCS and SCS (Figure 4). The results indicated that, unlike HJX74, the chalkiness of 22–05 and 15–06 were not influenced by the high temperature of FCS.
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FIGURE 4. The chalkiness phenotypes of HJX74, 22–05 and 15–06 in the first cropping season (FCS) and the second cropping season (SCS). (A) PCG, Percentage of chalky grain. (B) PCA, Percentage of chalky area. (C) PGC, Percentage of grain chalkiness. ** and ***, Significant difference at the 0.01 and 0.001 levels, respectively. NS, No significance.


PGC consists of PCG and PCA. The significant positive correlation of PCG and PCA with PGC was detected by regression correlation analysis. The regression coefficients of PCG, PCA, and PGC were 0.8232 and 0.6177 in 22–05 carrying qPGC5, and 0.9095 and 0.7112 in 15–06 carrying qPGC6, respectively (Supplementary Figure 1). The results showed that both PCG and PCA contributed greatly to PGC, and the contribution of PCG to PGC was greater than that of PCA.



Additive Effects of qPGC5 and qPGC6 on Rice Chalkiness

The additive effects of qPGC5 and qPGC6 were estimated from the PGC values of SSSLs and HJX74 in 2017–2019. The additive effects of qPGC5 and qPGC6 on chalkiness were negative and significantly different between FCS and SCS. The additive effect of qPGC5 on PGC was –18.6% in FCS and –12.3% in SCS, respectively, and the additive effect in FCS was –6.3% greater than that in SCS. The additive effects of qPGC6 on PGC in the FCS and SCS were –21.6 and –13.1%, respectively, and the additive effect in FCS increased by –8.5% compared with that in SCS (Figure 5). These results showed that qPGC5 and qPGC6 had major additive effects on chalkiness, and their additive effects in FCS were significantly greater than those in SCS. The high temperature of FCS enhanced the additive effects of qPGC5 and qPGC6, making the QTLs more effective in decreasing rice chalkiness.
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FIGURE 5. The additive effects of qPGC5 and qPGC6 on grain chalkiness in the first cropping season (FCS) and the second cropping season (SCS). (A) PCG, Percentage of chalky grain. (B) PCA, Percentage of chalky area. (C) PGC, Percentage of grain chalkiness. ∗∗ and ∗∗∗, Significant difference at the 0.01 and 0.001 levels, respectively. NS, No significance.





DISCUSSION


qPGC5 and qPGC6 Were Mapped in the Hot-Spot Regions of Grain Development Genes

Many chalk QTLs were identified in both sides of centromere of rice chromosome 5 (Tan et al., 2000; Chen et al., 2011, 2016; Liu et al., 2012; Li et al., 2014; Gao et al., 2016; Yun et al., 2016; Zhao et al., 2016; Wang et al., 2017; Misra et al., 2020). Zhao et al. (2016) detected 32 (21) and 46 (22) QTLs for chalkiness based on single environment analysis in two sets of recombinant inbred lines (RILs) respectively, of which QTLs qDEC5b and qPGWC5b were located in the region of 14.22–18.35 Mb of chromosome 5. In this study, we located qPGC5 in the region of 16.38–17.43 Mb (Figure 2), which overlaps with qDEC5b and qPGWC5b. On the short arm of chromosome 5, several genes related to grain development were identified. The major chalky QTL Chalk5 was located in the position of 3.3 Mb of chromosome 5 (Li et al., 2014). Near Chalk5, GS5 was responsible for grain size by adjusting grain width, grain filling and grain weight (Li et al., 2011). Located in about 5.4 Mb of the chromosome, GW5 was a major QTL underlying grain width and grain weight, and regulated cell division through the brassinosteroid signaling pathway during seed development (Liu et al., 2017). Located ∼3 kb upstream to GW5, chalk5.1, a newly predicted gene identified by genome-wide association studies (GWAS), was responsible for chalkiness (Misra et al., 2019). These results showed that the regions flanking centromere of chromosome 5 are the hot-spots of chalkiness related QTLs.

Some QTLs on rice chalkiness were identified on short arm of chromosomes 6 in different experiments (Tan et al., 2000; Zhou et al., 2009; Chen et al., 2016; Gao et al., 2016; Yun et al., 2016; Zhao et al., 2016; Misra et al., 2020). Around the Waxy (Wx) gene controlling amylose content of endosperm (Wang et al., 1995), several chalkiness QTLs were identified. Tan et al. (2000) identified a QTL controlling the chalk of white core in the region of Wx-R1952. A putative QTL qPGWC-6 for PGWC was detected close to the marker RM190, which is tightly linked to Wx gene (Temnykh et al., 2000; McCouch et al., 2002), in a chromosome segment substitution line (CSSL) population (Zhou et al., 2009). Misra et al. (2021) detected 78 QTL regions associated with chalkiness by GWAS, of which PGC6.1 was located in the region of 1.22–1.87 Mb and PGC6.2 in that of 2.03–2.23 Mb on the chromosome. In the present study, qPGC6 was mapped in the region of 1.47–1.79 Mb, which includes the Wx locus (Figure 3). The results revealed that the region close to Wx locus on chromosome 6 is the hot spot of grain chalkiness QTLs.



qPGC5 and qPGC6 Were Major Quantitative Trait Loci for Rice Chalkiness

Rice chalkiness is a quantitative trait. More than 100 QTLs have been identified, most of which have low genetic effect on rice chalkiness (Sreenivasulu et al., 2015; Wang et al., 2017; Quero et al., 2018Misra et al., 2019; Yang et al., 2021a). Although 11 GWAS loci were identified to be responsible for chalky grain rate, they showed low heritability and minor effects for chalkiness (Gong et al., 2017). Using HJX74-SSSLs, we totally detected 6 QTLs for rice chalkiness in the same genetic background. The four QTLs detected previously, qPGC9, qPGC11, qPGC8.1, and qPGC8.2, had low additive effects on PGC, ranging from –6.7 to –12.3% (Yang et al., 2021a,b). In this study, the two QTLs, qPGC5 and qPGC6, had higher additive effects on PGC, ranging from –12.3 to –21.6% (Figure 5). The additive effects of qPGC5 and qPGC6 were almost twice that of the other four QTLs. Therefore, compared with qPGC8.1, qPGC8.2, qPGC9 and qPGC11, qPGC5 and qPGC6 were major QTLs for rice chalkiness.



qPGC5 and qPGC6 Had Additive Effects Enhanced by High Temperature

High temperature is an important factor for the formation of chalkiness. The emergence of high temperature stress during the grain-filling period leads to irregular grain-filling and obstacles to storage biosynthesis, resulting in the increase of rice chalkiness (Sreenivasulu et al., 2015; Edwards et al., 2017; Nevame et al., 2018). In the Guangzhou area of China, the air temperature in FCS is usually higher than that in SCS at the grain-filling stage (Supplementary Table 5; Yang et al., 2021a,b). Recently, two chalkiness QTLs qPGC9 and qPGC11 were detected and their additive effects on chalkiness in SCS were nearly double of that in FCS. Due to high temperature sensitivity, the effects of qPGC9 and qPGC11 were inhibited in FCS, resulting in higher chalkiness in FCS than that in SCS (Yang et al., 2021a). Unlike qPGC9 and qPGC11, the other two QTLs for rice chalkiness, qPGC8.1 and qPGC8.2, were not sensitive to high temperature and their additive effects on chalkiness were not significantly different between FCS and SCS (Yang et al., 2021b). In this study, the additive effects of qPGC5 and qPGC6 did not decrease but increased with high temperature, which made the chalkiness decreasing in FCS more than that in SCS (Figures 4, 5). Therefore, the response of chalkiness QTLs to high temperature is diverse. Under high temperature, the decreasing chalkiness ability of many QTLs was inhibited. This result revealed the reason why most cultivars usually exhibit higher chalkiness at high temperature. Fortunately, qPGC5 and qPGC6 were the major QTLs with additive effects enhanced by high temperature, which are rare QTLs for reducing rice chalkiness under heat stress. Therefore, qPGC5 and qPGC6 will be helpful to develop the rice cultivars with low chalkiness even under high temperature.




CONCLUSION

Using the SSSLs 22–05 and 15–06, two QTLs for rice chalkiness, qPGC5 and qPGC6, were fine-mapped by substitution mapping. qPGC5 was located in the 876.5 kb interval of chromosome 5 and qPGC6 was located in the 269.1 kb interval of chromosome 6. The additive effects of qPGC5 and qPGC6 on chalkiness were significantly greater in FCS than in SCS. The two QTLs were the major QTLs for chalkiness with additive effects enhanced by high temperature and their SSSL alleles were more effective in reducing chalkiness under high temperature condition in FCS. The discovery of these two QTLs provides new genetic resources for the development of new varieties with low chalkiness even under high temperature conditions.



DATA AVAILABILITY STATEMENT

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



AUTHOR CONTRIBUTIONS

GZ and SW conceptualized, designed, and supervised the work. WY conducted most of the experiments, analyzed the experimental data, and wrote the original draft. QH, JL, QT, XL, SL, HZ, SB, ZL, and GL performed a part of experiments. GZ analyzed the data and wrote the manuscript. All authors reviewed and approved the final manuscript.



FUNDING

This work was funded by grants from the National Natural Science Foundation of China (91435207), the China Postdoctoral Science Foundation (2021M701265), and the Major Science and Technology Research Projects of Guangdong Laboratory for Lingnan Modern Agriculture (NT2021001).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.957863/full#supplementary-material


FOOTNOTES

1
www.wseen.com

2
https://archive.gramene.org/markers/

3
https://www.originlab.com


REFERENCES

Chen, H., Zhao, Z., Jiang, L., Wan, X., Liu, L., Wu, X., et al. (2011). Molecular genetic analysis on percentage of grains with chalkiness in rice (Oryza sativa L.). Afr. J. Biotechnol. 10, 6891–6903. doi: 10.5897/AJB11.208

Chen, L., Gao, W., Chen, S., Wang, L., Zou, J., Liu, Y., et al. (2016). High-resolution QTL mapping for grain appearance traits and co-localization of chalkiness-associated differentially expressed candidate genes in rice. Rice 9:48. doi: 10.1186/s12284-016-0121-6

Cheng, F., Liu, Y., Liu, Z., Zhao, N., Wang, F., Zhang, Q., et al. (2007). Positional variations in chalky occurrence within a rice panicle and its relation to grain nutritional quality. Aust. J. Agr. Res. 58:95. doi: 10.1071/AR06138

Duncan, D. B. (1955). Multiple range and multiple F tests. Biometrics 11, 1–42. doi: 10.2307/3001478

Edwards, J. D., Jackson, A. K., and McClung, A. M. (2017). Genetic architecture of grain chalk in rice and interactions with a low phytic acid locus. Field Crop. Res. 205, 116–123. doi: 10.1016/j.fcr.2017.01.015

Eshed, Y., and Zamir, D. (1995). An introgression line population of Lycopersicon pennellii in the cultivated tomato enables the identification and fine mapping of yield-associated QTL. Genetics 141, 1147–1162. doi: 10.1101/gad.9.21.2712

Fitzgerald, M. A., McCouch, S. R., and Hall, R. D. (2009). Not just a grain of rice: the quest for quality. Trends Plant Sci. 14, 133–139. doi: 10.1016/j.tplants.2008.12.004

Fujita, N., Yoshida, M., Kondo, T., Saito, K., Utsumi, Y., Tokunaga, T., et al. (2007). Characterization of SSIIIa-deficient mutants of rice: the function of SSIIIa and pleiotropic effects by SSIIIa deficiency in the rice endosperm. Plant Physiol. 144, 2009–2023. doi: 10.1104/pp.107.102533

Gao, Y., Liu, C., Li, Y., Zhang, A., Dong, G., Xie, L., et al. (2016). QTL analysis for chalkiness of rice and fine mapping of a candidate gene for qACE9. Rice 9:41. doi: 10.1186/s12284-016-0114-5

Gong, J., Miao, J., Zhao, Y., Zhao, Q., Feng, Q., Zhan, Q., et al. (2017). Dissecting the genetic basis of grain shape and chalkiness traits in hybrid rice using multiple collaborative populations. Mol. Plant 10, 1353–1356. doi: 10.1016/j.molp.2017.07.014

Jiang, L., Zhong, H., Jiang, X., Zhang, J., Huang, R., Liao, F., et al. (2021). Identification and pleiotropic effect analysis of GSE5 on rice chalkiness and grain shape. Front. Plant Sci. 12:814928. doi: 10.3389/fpls.2021.814928

Kang, H., Park, S., Matsuoka, M., and An, G. (2005). White-core endosperm floury endosperm-4 in rice is generated by knockout mutations in the C4-type pyruvate orthophosphate dikinase gene (OsPPDKB). Plant J. 42, 901–911. doi: 10.1111/j.1365-313X.2005.02423.x

Kobayashi, A., Sonoda, J., Sugimoto, K., Kondo, M., Iwasawa, N., Hayashi, T., et al. (2013). Detection and verification of QTLs associated with heat-induced quality decline of rice (Oryza sativa L.) using recombinant inbred lines and near-isogenic lines. Breed. Sci. 63, 339–346. doi: 10.1270/jsbbs.63.339

Laborte, A. G., Paguirigan, N. C., Moya, P. F., Nelson, A., Sparks, A. H., and Gregorio, G. B. (2015). Farmers’ preference for rice traits: insights from farm surveys in Central Luzon, Philippines, 1966-2012. PLoS One 10:e136562. doi: 10.1371/journal.pone.0136562

Li, Y., Fan, C., Xing, Y., Jiang, Y., Luo, L., Sun, L., et al. (2011). Natural variation in GS5 plays an important role in regulating grain size and yield in rice. Nat. Genet. 43, 1266–1269. doi: 10.1038/ng.977

Li, Y., Fan, C., Xing, Y., Yun, P., Luo, L., Yan, B., et al. (2014). Chalk5 encodes a vacuolar H+-translocating pyrophosphatase influencing grain chalkiness in rice. Nat. Genet. 46, 398–404. doi: 10.1038/ng.2923

Liu, J., Chen, J., Zheng, X., Wu, F., Lin, Q., Heng, Y., et al. (2017). GW5 acts in the brassinosteroid signalling pathway to regulate grain width and weight in rice. Nat. Plants 3:17043. doi: 10.1038/nplants.2017.43

Liu, X., Wang, Y., and Wang, S. W. (2012). QTL analysis of percentage of grains with chalkiness in Japonica rice (Oryza sativa). Genet. Mol. Res. 11, 717–724. doi: 10.4238/2012.March.22.1

Lou, G., Chen, P., Zhou, H., Li, P., Xiong, J., Wan, S., et al. (2021). FLOURY ENDOSPERM19 encoding a class I glutamine amidotransferase affects grain quality in rice. Mol. Breed. 41:36. doi: 10.1007/s11032-021-01226-z

McCouch, S. R., Cho, Y. G., Yano, M., Paul, E., Blinstrub, M., Mor-ishima, H., et al. (1997). II. Report from coordinators. (1) Report on QTL nomenclature. Rice Genet. Newsl. 14, 11–12.

McCouch, S. R., Teytelman, L., Xu, Y., Lobos, K. B., Clare, K., Walton, M., et al. (2002). Development and mapping of 2240 new SSR markers for rice (Oryza sativa L.). DNA Res. 9, 199–207. doi: 10.1093/dnares/9.6.257

Misra, G., Anacleto, R., Badoni, S., Butardo, V., Molina, L., Graner, A., et al. (2019). Dissecting the genome-wide genetic variants of milling and appearance quality traits in rice. J. Exp. Bot. 70, 5115–5130. doi: 10.1093/jxb/erz256

Misra, G., Badoni, S., Parween, S., Singh, R. K., Leung, H., Ladejobi, O., et al. (2020). Genome-wide association coupled gene to gene interaction studies unveil novel epistatic targets among major effect loci impacting rice grain chalkiness. Plant Biotechnol. J. 19, 910–925. doi: 10.1111/pbi.13516

Nevame, A. Y. M., Emon, R. M., Malek, M. A., Hasan, M. M., Alam, M. A., Muharam, F. M., et al. (2018). Relationship between high temperature and formation of chalkiness and their effects on quality of rice. Biomed Res. Int. 2018, 1–18. doi: 10.1155/2018/1653721

Peng, B., Wang, L., Fan, C., Jiang, G., Luo, L., Li, Y., et al. (2014). Comparative mapping of chalkiness components in rice using five populations across two environments. BMC Genet. 15:49. doi: 10.1186/1471-2156-15-49

Quero, G., Gutiérrez, L., Monteverde, E., Blanco, P., Pérez De Vida, F., Rosas, J., et al. (2018). Genome-wide association study using historical breeding populations discovers genomic regions involved in high-quality rice. Plant Genome 11:170076. doi: 10.3835/plantgenome2017.08.0076

She, K., Kusano, H., Koizumi, K., Yamakawa, H., Hakata, M., Imamura, T., et al. (2010). A novel factor FLOURY ENDOSPERM2 is involved in regulation of rice grain size and starch quality. Plant Cell 22, 3280–3294. doi: 10.1105/tpc.109.070821

Song, X., Huang, W., Shi, M., Zhu, M., and Lin, H. (2007). A QTL for rice grain width and weight encodes a previously unknown RING-type E3 ubiquitin ligase. Nat. Genet. 39, 623–630. doi: 10.1038/ng2014

Sreenivasulu, N., Butardo, V. M., Misra, G., Cuevas, R. P., Anacleto, R., and Kavi Kishor, P. B. (2015). Designing climate-resilient rice with ideal grain quality suited for high-temperature stress. J. Exp. Bot. 66, 1737–1748. doi: 10.1093/jxb/eru544

Tan, Q., Zou, T., Zheng, M., Ni, Y., Luan, X., Li, X., et al. (2020). Substitution mapping of the major quantitative trait loci controlling stigma exsertion rate from Oryza glumaepatula. Rice 13:37. doi: 10.1186/s12284-020-00397-1

Tan, Y. F., Xing, Y. Z., Li, J. X., Yu, S. B., Xu, C. G., and Zhang, Q. (2000). Genetic bases of appearance quality of rice grains in Shanyou 63, an elite rice hybrid. Theor. Appl. Genet. 101, 823–829. doi: 10.1007/s001220051549

Temnykh, S., Park, W. D., Ayres, N., Cartinhour, S., Hauck, N., Lipovich, L., et al. (2000). Mapping and genome organization of microsatellite sequences in rice (Oryza sativa L.). Theor. Appl. Genet. 100, 697–712. doi: 10.1007/s001220051342

Wada, T., Miyahara, K., Sonoda, J., Tsukaguchi, T., Miyazaki, M., Tsubone, M., et al. (2015). Detection of QTLs for white-back and basal-white grains caused by high temperature during ripening period in japonica rice. Breed. Sci. 65, 216–225. doi: 10.1270/jsbbs.65.216

Wan, X. Y., Wan, J. M., Weng, J. F., Jiang, L., Bi, J. C., Wang, C. M., et al. (2005). Stability of QTLs for rice grain dimension and endosperm chalkiness characteristics across eight environments. Theor. Appl. Genet. 110, 1334–1346. doi: 10.1007/s00122-005-1976-x

Wang, E., Wang, J., Zhu, X., Hao, W., Wang, L., Li, Q., et al. (2008). Control of rice grain-filling and yield by a gene with a potential signature of domestication. Nat. Genet. 40, 1370–1374. doi: 10.1038/ng.220

Wang, S., Li, S., Liu, Q., Wu, K., Zhang, J., Wang, S., et al. (2015). The OsSPL16-GW7 regulatory module determines grain shape and simultaneously improves rice yield and grain quality. Nat. Genet. 47, 949–954. doi: 10.1038/ng.3352

Wang, S., Wu, K., Yuan, Q., Liu, X., Liu, Z., Lin, X., et al. (2012). Control of grain size, shape and quality by OsSPL16 in rice. Nat. Genet. 44, 950–954. doi: 10.1038/ng.2327

Wang, X., Pang, Y., Wang, C., Chen, K., Zhu, Y., Shen, C., et al. (2017). New candidate genes affecting rice grain appearance and milling quality detected by genome-wide and gene-based association analyses. Front. Plant Sci. 7:1998. doi: 10.3389/fpls.2016.01998

Wang, Z. Y., Zheng, F. Q., Shen, G. Z., Gao, J. P., Snustad, D. P., Li, M. G., et al. (1995). The amylose content in rice endosperm is related to the post-transcriptional regulation of the waxy gene. Plant J. 7, 613–622. doi: 10.1046/j.1365-313X.1995.7040613.x

Woo, M., Ham, T., Ji, H., Choi, M., Jiang, W., Chu, S., et al. (2008). Inactivation of the UGPase1 gene causes genic male sterility and endosperm chalkiness in rice (Oryza sativa L.). Plant J. 54, 190–204. doi: 10.1111/j.1365-313X.2008.03405.x

Wu, B., Xia, D., Zhou, H., Cheng, S., Wang, Y., Li, M., et al. (2021). Fine mapping of qWCR7, a grain chalkiness QTL in rice. Mol. Breed. 41:68. doi: 10.1007/s11032-021-01260-x

Wu, B., Yun, P., Zhou, H., Xia, D., Gu, Y., Li, P., et al. (2022). Natural variation in WHITE-CORE RATE 1 regulates redox homeostasis in rice endosperm to affect grain quality. Plant Cell 34, 1912–1932. doi: 10.1093/plcell/koac057

Wu, M., Ren, Y., Cai, M., Wang, Y., Zhu, S., Zhu, J., et al. (2019). Rice FLOURY ENDOSPERM10 encodes a pentatricopeptide repeat protein that is essential for the trans-splicing of mitochondrial nad1 intron 1 and endosperm development. New Phytol. 223, 736–750. doi: 10.1111/nph.15814

Yamakawa, H., Ebitani, T., and Terao, T. (2008). Comparison between locations of QTLs for grain chalkiness and genes responsive to high temperature during grain filling on the rice chromosome map. Breed. Sci. 58, 337–343. doi: 10.1270/jsbbs.58.337

Yang, W., Guo, Z., Huang, C., Duan, L., Chen, G., Jiang, N., et al. (2014). Combining high-throughput phenotyping and genome-wide association studies to reveal natural genetic variation in rice. Nat. Commun. 5:5087. doi: 10.1038/ncomms6087

Yang, W., Liang, J., Hao, Q., Luan, X., Tan, Q., Lin, S., et al. (2021a). Fine mapping of two grain chalkiness QTLs sensitive to high temperature in rice. Rice 14:33. doi: 10.1186/s12284-021-00476-x

Yang, W., Xiong, L., Liang, J., Hao, Q., Luan, X., Tan, Q., et al. (2021b). Substitution mapping of two closely linked QTLs on chromosome 8 controlling grain chalkiness in rice. Rice 14:85. doi: 10.1186/s12284-021-00526-4

Yang, W., Xu, P., Zhang, J., Zhang, S., Li, Z., Yang, K., et al. (2022). OsbZIP60-mediated unfolded protein response regulates grain chalkiness in rice. J. Genet. Genomics 49, 414–426. doi: 10.1016/j.jgg.2022.02.002

Yun, P., Zhu, Y., Wu, B., Gao, G., Sun, P., Zhang, Q., et al. (2016). Genetic mapping and confirmation of quantitative trait loci for grain chalkiness in rice. Mol. Breed. 36:162. doi: 10.1007/s11032-016-0600-x

Zhang, G. (2019). The platform of breeding by design based on the SSSL library in rice. Hereditas 41, 754–760. doi: 10.16288/j.yczz.19-105

Zhang, G. (2021). Target chromosome-segment substitution: a way to breeding by design in rice. Crop J. 9, 658–668. doi: 10.1016/j.cj.2021.03.001

Zhang, L., Ren, Y., Lu, B., Yang, C., Feng, Z., Liu, Z., et al. (2016). FLOURY ENDOSPERM7 encodes a regulator of starch synthesis and amyloplast development essential for peripheral endosperm development in rice. J. Exp. Bot. 67, 633–647. doi: 10.1093/jxb/erv469

Zhao, D., Li, Q., Zhang, C., Zhang, C., Yang, Q., Pan, L., et al. (2018). GS9 acts as a transcriptional activator to regulate rice grain shape and appearance quality. Nat. Commun. 9:1240. doi: 10.1038/s41467-018-03616-y

Zhao, X., Daygon, V. D., McNally, K. L., Hamilton, R. S., Xie, F., Reinke, R. F., et al. (2016). Identification of stable QTLs causing chalk in rice grains in nine environments. Theor. Appl. Genet. 129, 141–153. doi: 10.1007/s00122-015-2616-8

Zhao, X., Zhou, L., Ponce, K., and Ye, G. (2015). The usefulness of known genes/QTLs for grain quality traits in an indica population of diverse breeding lines tested using association analysis. Rice 8:29. doi: 10.1186/s12284-015-0064-3

Zhou, H., Yang, W., Ma, S., Luan, X., Zhu, H., Wang, A., et al. (2020). Unconditional and conditional analysis of epistasis between tillering QTLs based on single segment substitution lines in rice. Sci. Rep. 10:15912. doi: 10.1038/s41598-020-73047-7

Zhou, L., Chen, L., Jiang, L., Zhang, W., Liu, L., Liu, X., et al. (2009). Fine mapping of the grain chalkiness QTL qPGWC-7 in rice (Oryza sativa L.). Theor. Appl. Genet. 118, 581–590. doi: 10.1007/s00122-008-0922-0


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

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

Copyright © 2022 Yang, Hao, Liang, Tan, Luan, Lin, Zhu, Bu, Liu, Liu, Wang and Zhang. 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: 14 July 2022
 doi: 10.3389/fpls.2022.962253






[image: image2]

Identification of QTL for Stem Traits in Wheat (Triticum aestivum L.)

Yanan Niu1†, Tianxiao Chen1†, Chenchen Zhao1, Ce Guo1 and Meixue Zhou1,2*


1Tasmanian Institute of Agriculture, University of Tasmania, Hobart, TAS, Australia

2College of Agronomy, Shanxi Agricultural University, Taigu, China

Edited by:
 Yuanhu Xuan, Shenyang Agricultural University, China

Reviewed by:
 Jianmin Bian, Jiangxi Agricultural University, China
 Xifeng Ren, Huazhong Agricultural University, China

*Correspondence: Meixue Zhou, meixue.zhou@utas.edu.au 

†These authors have contributed equally to this work

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

Received: 06 June 2022
 Accepted: 21 June 2022
 Published: 14 July 2022

Citation: Niu Y, Chen T, Zhao C, Guo C and Zhou M (2022) Identification of QTL for Stem Traits in Wheat (Triticum aestivum L.). Front. Plant Sci. 13:962253. doi: 10.3389/fpls.2022.962253
 

Lodging in wheat (Triticum aestivum L.) is a complicated phenomenon that is influenced by physiological, genetics, and external factors. It causes a great yield loss and reduces grain quality and mechanical harvesting efficiency. Lodging resistance is contributed by various traits, including increased stem strength. The aim of this study was to map quantitative trait loci (QTL) controlling stem strength-related features (the number of big vascular bundles, stem diameter, stem wall thickness) using a doubled haploid (DH) population derived from a cross between Baiqimai and Neixiang 5. Field experiments were conducted during 2020–2022, and glasshouse experiments were conducted during 2021–2022. Significant genetic variations were observed for all measured traits, and they were all highly heritable. Fifteen QTL for stem strength-related traits were identified on chromosomes 2D, 3A, 3B, 3D, 4B, 5A, 6B, 7A, and 7D, respectively, and 7 QTL for grain yield-related traits were identified on chromosomes 2B, 2D, 3D, 4B, 7A, and 7B, respectively. The superior allele of the major QTL for the number of big vascular bundle (VB) was independent of plant height (PH), making it possible to improve stem strength without a trade-off of PH, thus improving lodging resistance. VB also showed positive correlations with some of the yield components. The result will be useful for molecular marker-assisted selection (MAS) for high stem strength and high yield potential.

Keywords: lodging, genetic map, vascular bundle characters, plant height, yield contributing traits


INTRODUCTION

Lodging is defined as the permanent displacement of crop stems that can cause devastating agricultural losses such as significant reductions in crop yield and grain quality, as well as harvesting efficiency (Kokubo et al., 1989; Duan et al., 2004; Berry and Berry, 2015; Zhang et al., 2016a,b). Plant stem lodging is attributed to plant height, stem diameter and thickness, upper and lower internodal strength, stem wall thickness, lignin and cellulose accumulation within the stem wall, and spike weight (Zuber et al., 1999; Kong et al., 2013; Shah et al., 2019). Dwarf and semi-dwarf genes have been introduced into wheat breeding programs in recent years (Fischer and Stapper, 1987; Berry et al., 2004), however, positive effects on lodging resistance and grain yield have not always been observed for certain wheat dwarfing genes (Milach and Federizzi, 2001). In addition, 0.7 m of the minimum plant height for optimal grain yield has already been reached in certain genotypes in 1997 (Flintham et al., 1997), so shortening the height would not be the target for further improvement of crop lodging resistance. Furthermore, a recent study indicated that an increase of 28 N mm (the force required to bend a stem) in stem strength could reduce the probability of stem lodging from 0.73 to 0.59 of a crop 130 cm tall yielding 8.9 t ha−1 (Piñera-Chavez et al., 2021).

Wheat (Triticum aestivum L.) is the second most widely grown crop in the world. Its consumption is excepted to account for 19% of the calories in the global human diet (Aksoy and Beghin, 2004). With the vast improvement in wheat grain yield, the weight of stem and spike becomes the main loads for crop stems (Zuber et al., 1999; Kong et al., 2013). In cereals, stem diameter, culm wall thickness, and the number of big and small vascular bundles are related to stem breaking strength and bending strength against lodging (Kokubo et al., 1989; Duan et al., 2004; Wang et al., 2006; Packa et al., 2015). However, Kelbert et al. (2004) found no significant correlations among lodging resistance and other morphological characteristics such as stem diameter, stem wall thickness (Kelbert et al., 2004). The correlations between lodging resistance and the number and size of vascular bundles in cross-section of wheat stem have also been reported but results are inconsistent (Khanna, 1991; Zuber et al., 1999; Kelbert et al., 2004; Wang et al., 2006; Kong et al., 2013).

Many quantitative trait loci (QTL) in wheat have been reported for stem strength, culm wall thickness, pith diameter, and stem diameter (Hai et al., 2005; Berry and Berry, 2015). A single solid stem QTL identified on chromosome 3BL contributes to lodging resistance (Kong et al., 2013). From a wheat and spelt cross, a lodging resistance QTL was found to be related to plant height, culm stiffness, leaf width, leaf-growth, days to ear emergence, and culm thickness (Keller et al., 1999). Genes controlling culm diameter and wall thickness at the second basal internode contribute to lodging resistance with culm diameter displaying additive and partial dominant effects (Cui et al., 2002) and culm wall thickness showing both additive and nonadditive effects (Yong et al., 1998). A common genomic region affecting overall stem strength, which included internode material strength, internode diameter, and internode wall width, has been reported in the interval of 278–287 cM on chromosome 3B (Piñera-Chavez et al., 2021). Using 81 chromosome substitution lines between the red hard winter wheat cultivars, Wichita and Cheyenn, the Cheyenne chromosomes 2A and 4D had major effects the number of inner vascular bundles when substituted into Wichita (Al-Qaudhy et al., 1988). QTL for wheat vascular bundle system at 2 cm below the neck of the spike have been identified on chromosomes 1A, 2A, 2D, 5D, 6A, 6D, 7D (Sang et al., 2010).

The vascular bundle is an important structure of source-sink transport system which has a strong impact on the efficiency of photosynthetic production, mineral nutrients uptake, and water transportation (Housley and Peterson, 1982; Lucas et al., 2013). Significant positive correlations were observed between grain yield and the number of vascular bundles in rice (Mohammad et al., 2021), barley, oats (Housley and Peterson, 1982), and wheat (Evans et al., 1970). However, most studies have been focused on the vascular bundles within the upper segment of the plant, including the neck panicles (peduncle; Zhai et al., 2018; Fei et al., 2019), the rachis (Terao et al., 2010; Wolde and Schnurbusch, 2019) not within the stem, especially the basal stem (the third internode), which also contributes to lodging resistance (Duan et al., 2004). In Arabidopsis, genes involved in vascular bundle system, such as MP, PHB, PHV, AtHB15, and REV, have been identified (Hardtke and Berleth, 1998; McConnell et al., 2001; Zhong and Ye, 2004; Du and Wang, 2015). Genes affecting the vascular bundle system have also been reported in rice. Among them, APO1 controls the number of primary rachis branches as well as the vascular bundle formation, DEP1 regulates the number of larger vascular bundles and ABA signaling, and NAL1 affects vein patterning and polar auxin transport (Qi et al., 2008; Terao et al., 2010; Fujita et al., 2013; Fei et al., 2019). WHEAT ORTHOLOG OF APO1 (WAPO1) gene is an orthologue of the rice APO1 gene, affecting spikelet number per spike, but no further evidence has been found for its function on the development of vascular bundle (Kuzay et al., 2019). Restricted genes such as TmBr1 (Deng et al., 2019), an allele of the Q (Qc1) gene (Xu et al., 2018), are involved in the formation of vascular bundles that regulate the efficiency in transporting assimilates in the spikes or the stem strength against lodging in wheat. TaCM, involved in the biosynthesis of lignin, has also been implicated in stem strength (Ma, 2009). However, the functional genes have not yet been fully discovered, and the molecular mechanism of how the vascular bundle system influences crop yield is largely unknown.

Linkage mapping approaches based on individual and multiple populations have become routine in wheat genetic studies to dissect the genetic architecture of complex traits (Wang et al., 2014; Liu et al., 2020; Qu et al., 2021). QTL remains of great importance in identifying the genetic basis of the link between the anatomical and morphophysiological traits of the stem and lodging, and yield potential. In our present study, the number of big vascular bundle (VB), stem diameter (SD, mm), and stem wall thickness (SWT, mm) were examined in a doubled haploid (DH) population of 194 wheat lines under three environmental conditions. The objective of this study was to identify QTL for the vascular bundle system of the third internode along with other stem and panicle traits in wheat. Our results will assist in molecular marker assistant selection to obtain lines with high stem strength and grain-yielding capacity in wheat breeding.



MATERIALS AND METHODS


Plant Materials

A double haploid (DH) population of 194 lines was generated by anther culture from the cross between two elite wheat cultivars “Baiqimai” (short and thin stem) and “Neixiang 5” (tall and thick stem). Field trials were conducted at Mt. Pleasant Laboratory in Tasmania, Australia (147°08’E, 41°280’S). Fifteen seeds of each line were sown on April 15, 2020 and April 25, 2021 in a row of 0.6 m with a row spacing of 0.3 m, following local farmers’ practices for field management. Under glasshouse condition, five plants of each line were grown in a 2-L pot filled with commercial potting mixture with a distance of 0.2 m between each pot on 7 May 2020. All trials were conducted in a randomized complete block design with three replicates. To evaluate the anatomical properties of the stems, five stems were selected at random from each DH line at post-anthesis and were cross-sectionally cut at the center of every third internode. All samples were collected from main tillers.



Morphology Measuring Methods

Since wheat stems are not as regularly round, we choose the vernier caliper method to measure stem diameter: the stem diameter (SD) = 1/2 (longest diameter (sd1) + shortest diameter (sd2); Figures 1A,B). A transverse loop (less than 0.1 cm in width) in the middle of the third internode was cut by razor blades, observed under a microscope and pictures were taken. The number of the big vascular bundle (VB) was counted. Stem wall thickness was the average of the thickest (swt1) and the thinnest (swt2) stem wall of each cross-section (Figures 1A,B). At maturity, five panicles were collected from each line to count the number of the spikelet (RN; Figure 1C), and measure the total grain weight (PW, g). Plant height (PH, cm) was measured from soil surface to the top of the spike excluding the awns in the field.

[image: Figure 1]

FIGURE 1. Display of measured wheat characteristics. Anatomical characteristics of wheat stem (A,B). The wheat stems are not that regularly round, so we measured the longest (sd1) and the shortest stem diameter (sd2), and the thickest (swt1) and the thinnest (swt2) stem wall for data collecting. LVB: large vascular bundles; SVB: small vascular bundles; SD: stem diameter; SWT: stem wall thickness. Wheat spikelet architecture (C), created with BioRender.com.




Statistical Analysis

Data processing for QTL mapping was described in a previous study (Niu et al., 2021). Mean phenotypic values across replicates in each environment and best linear unbiased estimation (BLUE) values across multiple environments were then generated for statistical analysis. The mean values of BLUEs of each lines were used for QTL mapping for measured traits (Supplementary Table S1). Pearson’s correlation coefficients were analyzed using GraphPad Software, San Diego, California USA.1 Plots for the distribution of phenotypes were conducted on the data visualization web server “ImageGP” (Chen et al., 2022).



Genotyping and QTL Mapping

DNA was isolated from young leaves of each line, including the parents, using the CTAB method (Murray and Thompson, 1980). Whole genome diversity array technology (DArT) and single nucleotide polymorphism (SNP) genotyping based on the reference genome of the bread wheat variety Chinese Spring (IWGSC RefSeq v2.0, International Wheat Genome Sequencing Consortium)2 assembly were conducted by Diversity Arrays Technology (Canberra, Australia).3 The genetic map was constructed in JoinMap 4.0 (Ooijen et al., 2006) using 2,518 polymorphism markers (χ2-test, p < 0.05) with <10% missing data (Supplementary Table S2). The genetic and physical positions of the markers were aligned with the Chinese Spring wheat reference genome assembly (Alaux et al., 2018), the order of the markers on each chromosome in the linkage map was compared with the order of the physical map of each chromosome (Supplementary Figure S1). QTL analysis was conducted with MapQTL 6.0 (Van Ooijen, 2009). Digenic interactions analysis between non-allelic QTL were similar to the previously reported (Fan et al., 2015; Gill et al., 2017). The R package LinkageMapView (Ouellette et al., 2017) was used to visualize the constructed map. MapChart 2.2 (Voorrips, 2002) was used for the plotting linkage groups and QTL locations.




RESULTS


Construction of the Genetic Map

The genetic map was generated from 451 high-quality polymorphic SNP markers and 2067 DArT markers covering a total map distance of 4996.1 cM in 21 linkage groups corresponding to the 21 wheat chromosomes, with chromosome sizes ranging from 73.7 cM (4D) to 325.5 cM (2D). On average, each chromosome contained 120 markers, ranging from 19 (4D) to 184 on (5B), and the total marker density was 1.87 cM, ranging from 0.65 cM on 6B to 6.52 cM on 5D (Table 1; Supplementary Tables S1–S3).



TABLE 1. Linkage analysis of molecular markers in Baiqimai/Neixiang 5 DH population.
[image: Table1]

The marker positions on each chromosome in this map were similar to the published genetic maps (Maccaferri et al., 2015; Wen et al., 2017; Qu et al., 2021). In comparison with genomes A and B, genome D was the shortest and contained much fewer markers and more gaps (Figure 2), suggesting that fewer crossing-over events occurred on the D genome. In general, a high collinearity at the genome-wide level was observed between the genetic and published Chinese Spring consensus map. Lower collinearities were observed in some chromosomal regions due to low marker densities (Supplementary Figure S1), which has also been reported previously (Wingen et al., 2017; Qu et al., 2021). Recombination happened much more frequently in distal chromosomal regions, while recombination near the centromeres tended to be suppressed, consistent with previous studies (Sourdille et al., 2004). The longer map length was due to (1) increased recombination events and map resolution with an higher number of markers and density (Ferreira et al., 2006; Wingen et al., 2017), and (2) differences in chromosomal structure in different mapping populations and application of different ordering algorithms (Ferreira et al., 2006; Qu et al., 2021).

[image: Figure 2]

FIGURE 2. Genetic map constructed from the DH lines from Baiqimai/Neixiang 5.




Phenotypic Variations and Correlations of the DH Lines

The frequency distribution of each measured trait showed a continuous distribution, with all measured traits in the DH lines across all environments exhibiting significant differences between genotypes (Figure 3; Supplementary Figure S2). VB was significantly positively correlated not only with SD but also with yield-related traits RN and PW, while the correlations with SWT and PH did not reach the level of significance (Figure 4). The correlation coefficients for SD and other traits ranged from 0.13 to 0.51 (p < 0.05), and the correlation coefficients for PW with the rest of the measured traits ranged from 0.30 to 0.39 (p < 0.001). SWT was significantly associated with PW with a correlation coefficient of 0.30 (p < 0.001). In addition, data from the three harvests in 2020 and 2021 showed high correlation coefficients for all measured traits (Supplementary Figure S3). All five traits showed very high heritability ranging from 0.78 for SD to 0.92 for RN across different environments, except PW that had only 0.28 (Table 2; Supplementary Figure S3).
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FIGURE 3. Phenotypic distributions of VB (A), SD (B) and SWT (C) in three environments. VB: number of big vascular bundle; SD: stem diameter; SWT: stem wall thickness.


[image: Figure 4]

FIGURE 4. Correlations between stem- and yield-related traits. The number in the middle of the cell is the correlation coefficient; “*” and “***” refer to significant correlations (p < 0.05 and p < 0.001). VB: number of big vascular bundle; SD: stem diameter; SWT: stem wall thickness; RN: the number of the spikelet; PW: panicle weight; PH: plant height.




TABLE 2. Variance components and heritability estimates for stem- and yield-related traits.
[image: Table2]



QTL for Different Traits

Five QTL for VB were identified on chromosomes 2D, 3A, 4B, 5A, and 7A and designated Qvb-2D, Qvb-3A, Qvb-4B, Qvb-5A, and Qvb-7A, respectively (Figure 5; Table 3). Qvb-5A with 5357328 as the nearest marker explained 15.4% of phenotypic variation. The other four QTL explained a total of 24.3% of the phenotypic variation. The closest markers for these four QTL were D1179294-2D21.4, 7487752—0, 1120870-4B43.8, and D1107943-7A1150, respectively. Six QTL for SD were detected on 2D (Qsd-2D), 3A (Qsd-3A), 3B (Qsd-3B), 5A (Qsd-5A), 6B (Qsd-6B), and 7A (Qsd-7A), with the two major ones, Qsd-3A and Qsd-5A determining 12.6 and 11.5% of the phenotypic variation, respectively. Four QTL for SWT were mapped to chromosomes 2D, 3B, 3D, and 7D, respectively. The major QTL, Qswt-3B with the nearest marker of D3942570-2B81.7 determined 13.4% of the phenotypic variation. Qvb-2D and Qsd-2D were located at the same position (38.09 cM) and Qvb-3A overlapped the region of Qsd-3A (Figure 5; Table 3), confirming the significant correlation between VB and SD (Figure 4).

[image: Figure 5]

FIGURE 5. QTL identified for stem- and yield-related traits. The solid line near each QTL within each chromosome indicate the nearest marker of individual QTL, respectively. vb: number of big vascular bundle; sd: stem diameter; swt: stem wall thickness; rn: the number of the spikelet; pw: panicle weight; ph: plant height. Black color for VB; red color for SD; green color for SWT; purple color for RN; blue color for PW; brown color for PH.




TABLE 3. QTL for stem- and yield-related traits.
[image: Table3]

QTL were also mapped for PW, RN and PH. The major QTL for PH (Qph-2D) was overlapped with only one minor QTL for VB (Qvb-2D) and one for SD (Qsd-2D), Qph-7D on chromosome 7D was overlapped with only one minor QTL for SWT (Qswt-7D), confirming the less significant correlations between PH and these three stem traits. One major QTL for RN was identified on chromosome 7A (Qrn-7A) which is co-located with (Qrn-7A). Another minor QTL on chromosome 4B (Qrn-4B.1) is co-located with Qvb-4B, indicating potential relationship between RN and VB (Figure 4). Only one minor QTL was identified for PW (Qpw-3D) due to its low heritability (Table 2) and this QTL was at a similar position to a QTL for SWT on chromosome 3D (Qswt-3D; Table 3; Figure 5).



The Effect of PH on QTL for Stem-Related Traits

Plant height is one of the most important features of plants’ architecture affecting plant lodging resistance under harsh environmental conditions (Berry and Berry, 2015). However, as shown in Figure 4, only SD exhibited a negatively close association with PH (−0.13, p < 0.05), and the major QTL for stem-related traits were totally different with that for PH. To further confirm the relationships between PH and those stem-related traits in wheat, QTL analyses were performed using PH as a covariate. Of the five QTL for VB, all QTL showed increased R2 with the percentage of the phenotypic variation determined by the major QTL Qvb-5A being from 15.4 to 18.5% (Tables 3, 4), while the remaining four minor QTL for the trait showed decreased R2 (Tables 3, 4), when using PH as a covariate. In contrast, when PH was used as a covariate, Qsd-2D and Qsd-3B became insignificant, Qsd-3A showed a slight reduction in R2, Qsd-5A and Qsd-7A showed a slight increase in R2, and Qsd-6B remained the same (Table 4). The R2 of Qswt-2D for SWT showed a slight increase (from 8.2 to 10.2%), and the R2 of all other QTL for SWT had a slight decrease when using PH as a covariate (Table 4). In general, PH was independent of VB, although Qvb-2D and Qph-2D were co-located at the same position on 2D (Table 3; Figure 5).



TABLE 4. Changes in the significance and percentage variation determined by the QTL after PH or SWT/VB were used as covariates.
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The Effect of VB on QTL for Yield-Related Traits

VB was also strongly correlated with RN and PW in the current study (Figure 4). No significant changes to the QTL for PW when using VB as a covariate. However, four out of six QTL for RN became insignificant when using VB as a covariate and the R2 of the major QTL for RN on 7A (Qrn-7A) showed a slight decrease from 27.3 to 20.9% (Table 4).




DISCUSSION

Several genes have been reported to affect VB formation in Arapidopsis and rice (Hardtke and Berleth, 1998; McConnell et al., 2001; Zhong and Ye, 2004; Qi et al., 2008; Terao et al., 2010; Fujita et al., 2013; Du and Wang, 2015; Fei et al., 2019). However, there have been no reports on QTL for the number of VB in wheat stem with most studies being concentrated on the regions close to the neck of the spike (Sang et al., 2010). Here, we have found that the VB number in the third internode showed the greatest variation and several QTL were responsible for VB number. A major novel QTL affecting VB the third internode was identified on chromosome 5A [Qvb-5A (206.56–214.01 cM, 612.16–641.76 Mb); Table 3; Figure 5]. According to the annotation database,4 TraesCS5A01G445800 (625,908,587–625,908,859 bp) coding for an auxin efflux carrier family protein is supposed to participate in all aspects of vascular differentiation thus could be one of the candidate genes for Qvb-5A. One of the theories to explain how auxin regulates the formation of regular patterns of vascular tissue distribution in plants is the canalization of auxin flow (Biedroń and Banasiak, 2018). Narrow leaf1 (nal1) in rice, which is abundantly expressed in vascular tissues, affects polar auxin transport and vascular patterns in rice plants (Qi et al., 2008). Several auxin efflux carrier family proteins have been reported in Arabidopsis thaliana, which were involved in polar auxin transport and accumulation and the formation of vascular tissues (Forestan and Varotto, 2012).

Among all other minor QTL, the Qvb-2D on chromosome 2D was located at a similar position to the major wheat semi-dwarfing gene Rht8/RNHL-D1 [TraesCSU02G024900 (CS RefSeq v1.0, 24 Mb); Chai et al., 2022; Xiong et al., 2022]. The GA-sensitive Rht8 reduces plant height without scarifying coleoptile length (Chai et al., 2022), and the combinations of Rht8 and Rht4 (had moderate effects on plant height) could reduce plant height to a desirable level, and improve yield-related traits in the rainfed cultivation (Yingying et al., 2018). However, our results showed that the QTL for VB was independent on the QTL for plant height with no significant correlation between VB and PH. Hence, validation and/or fine mapping of those new QTL is necessary for finding reliable validated markers to be utilized in marker-assisted selection (MAS) or genomic selection (GS) for stem strength and high yield.

The combination of the positive VB alleles detected in our study significantly increased the number of vascular bundles from 30 to 31 (All−) to 35–38 (All+; Figure 6A). The reported QTL/gene on chromosome 2D only slightly improved the number of vascular bundles with no significant difference between the presence (2D+) and absence (2D−) of 2D allele. Therefore, the new discovered QTL for VB present great potential in improving stem strength by pyramiding of major QTL for large number of vascular bundles. The pattern of mechanical development of winter wheat can maximize its reproductive success (Crook et al., 1994). In this study, VB showed a significant correlation with RN which was confirmed by QTL analysis for RN using VB as a covariate (Table 4). The increasing allele represented by the closest marker 1120870 for VB 4B QTL also showed a significant increase in RN (Figure 6B). The major QTL on 5A (Qvb-5A) showed slight but positive impacts on RN.
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FIGURE 6. Allele effects of VB alleles on the number of big vascular bundle (A), and the number of the spikelet (B). ALL-stands for all alleles for VB were absent; 2D-stands for allele on Chromosome 2D (Qvb-2D) was absent; 2D+ stands for allele on Chromosome 2D (Qvb-2D) was present; ALL+ stands for all alleles for VB were present. 1120870 is the nearest marker for Qvb-4B, 1120870- means 1120870 was absent; 1120870+ means 1120870 was present. Error bars in the figures indicate 95% confidence interval.


Increasing stem strength with a minimal investment in biomass can be achieved by increasing internode diameter and material strength rather than internode wall width (Berry et al., 2007; Piñera-Chavez et al., 2021). Among the six QTL for SD, Qsd-2D was at a similar position to Qvb-2D and the major QTL for PH. Qsd-3A and Qsd-6B have been reported earlier (Berry and Berry, 2015). Qsd-3A for SD (100.82–102.02 cM) is located at a similar position to Qvb-3A for VB (101.67–123.51 cM) with increasing alleles of both QTL being from the parent “Neixiang 5” (Table 3; Figure 5), indicating potential pleiotropic effects on overall stem strength or tightly linked genes in this QTL region. The other major QTL (Qsd-5A) was a novel one from this population (Table 3; Figure 5). Candidate genes, such as TraesCS5A01G239400 (Bri1 kinase inhibitor 1), and two cellulose synthase genes (TraesCS5A01G253100 and TraesCS5A01G253200) have great potential on regulating cell expansion and elongation (Hyles et al., 2017; Oh et al., 2020).

SWT showed no significant correlation with VB, but it was positively associated with SD (0.51, p < 0.001, Figure 4). To further investigate the relationship between SWT and SD, we performed the QTL analysis for SD using SWT as a covariate. Qsd-3B, Qsd-6B, and Qsd-7A became insignificant, and the R2 of the two major QTL (Qsd-3A and Qsd-5A) for SD reduced significantly from 12.6 to 5.9 and 11.5 to 7.6, respectively (Table 4). The major QTL for SWT (Qswt-3B) was located on the long arm of chromosome 3B with a QTL region of between 181.66 and 185.94 cM (771.56–775.09 Mb), which coincides with Qss.msub-3BL (761,188,585–773,049,079 bp) for stem solidness (Sherman et al., 2015; Oiestad et al., 2017). No candidate genes responsible for Qss.msub-3BL were identified. Qswt-3D has not been reported before. A gene encoding Rho of Plants (ROP) proteins (TraesCS3D01G057400, 24,090,998–24,095,444 bp), also known as RACs, is the most likely candidate gene for this QTL. ROPs are involved in the regulation of abscisic acid (ABA) and auxin signaling and transport (Wu et al., 2011; Liao et al., 2017), and also regulate cell polarization and secondary cell wall development in the xylem of plants (Bloch and Yalovsky, 2013; Oda and Fukuda, 2014; Feiguelman et al., 2018). The QTL interval of Qswt-7D (166.781–193.984 cM, 177.88–413.11 Mb) overlapped with Qph-7D (151.948–178.44 cM, 135.40–384.45 Mb) where a MADS-box gene TaSEP3-D1 (TraesCS7D02G261600, Refv1.0, chr7D:237.609–237.619 Mb) that regulates both heading date and plant height development (Zhang et al., 2021) is located.



CONCLUSION

In conclusion, QTL were identified for the stem traits of the third internode, which showed the greatest variation and is probably the most important part linked to lodging resistance. The number of VB in the third internode showed significant correlation with the number spikelets. The combination of positive alleles of the QTL for VB can increase VB by more than 15%. QTL were also identified from stem wall thickness and diameter. Most of the QTL for these traits showed no significant correlation with plant height. The results offer great opportunities for improving stem lodging resistance and improving yield components with less effect on PH.
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Rice is an important cereal crop, which provides staple food for more than half of the world's population. To meet the demand of the ever-growing population in the next few decades, an extra increase in rice yield is an urgent need. Given that various agronomic traits contribute to the yield of rice, deciphering the key regulators involved in multiple agronomic trait formation is particularly important. As a superfamily of transcription factors, zinc finger proteins participate in regulating multiple genes in almost every stage of rice growth and development. Therefore, understanding zinc finger proteins underlying regulatory network would provide insights into the regulation of agronomic traits in rice. To this end, we intend to summarize the current advances in zinc finger proteins, with emphasis on C2H2 and CCCH proteins, and then discuss their potential in improving rice yield.

KEYWORDS
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Introduction

Rice crops are prone to various types of stresses, including biotic and abiotic stresses (Atkinson et al., 2013). Several gene families are induced and encode functional proteins (metabolic proteins) that directly protect rice crops against stresses or encode regulatory proteins that regulate the signal transduction in response to stresses (Jan et al., 2013). The regulatory proteins include transcription factors, protein kinases, protein phosphatases, and proteins involved in inorganic phosphate turnover (Han et al., 2020).

Zinc finger proteins that contain the zinc finger domain constitute one of the largest transcription factor families in eukaryotes (Seetharam and Stuart, 2013). The zinc finger was defined as the motifs in which cysteines and/or histidines coordinate a zinc atom(s) to form local peptide structures (Takatsuji, 1998). Zinc finger proteins participate in transcriptional regulation, RNA binding, regulation of apoptosis, and protein–protein interactions and play important roles in growth, development, and responses to environmental stresses (Takatsuji, 1998; Agarwal et al., 2007; Ciftci-Yilmaz and Mittler, 2008; Han et al., 2020).

Zinc finger proteins have been classified into different categories by different researchers. One of the classifications includes nine subfamilies, namely, Cys2/His2-type (C2H2), Cys3His (C3H), Cys3HisCys4 (C3HC4), Cys2HisCys5 (C2HC5), Cys4HisCys3 (C4HC3), Cys2HisCys (C2HC), Cys4 (C4), Cys6 (C6), and Cys8 (C8), based on their conserved cysteine (Cys) and histidine (His) residues that fold into a finger-like structure (Cassandri et al., 2017). Another classification includes six groups, namely, C2H2, C3H, C2C2, A20/AN1, C3H2C3, and C3HC4, based on the sequence characteristic of zinc finger conserved domain (Jin et al., 2018). Zinc finger is also classified into six groups, namely, C2H2, C2C2, C2HC, C2C2C2C2, C2HCC2C2, and CCCH, based on the number and order of the Cys and His residues that bind the zinc ion (Ciftci-Yilmaz and Mittler, 2008; Jan et al., 2013). The zinc domain types include C2H2, C8, C6, C3HC4, C2HC, C2HC5, C4, C3H, and C4HC3 (Berg and Shi, 1996).

Among different types of zinc finger proteins, the C2H2 zinc finger proteins constitute one of the largest families of transcriptional regulators in plants, with 176 members in Arabidopsis thaliana and 189 members in rice (Agarwal et al., 2007; Ciftci-Yilmaz and Mittler, 2008). The C2H2 proteins contain a conserved QALGGH sequence within their zinc finger domain (Takatsuji, 1998). The CCCH zinc finger proteins have been known to play important roles as RNA-binding proteins in animals (Wang, D. et al., 2008). A total of 67 and 68 CCCH zinc finger protein genes were found in rice and Arabidopsis, respectively (Wang, D. et al., 2008). There are 12 members of A20/AN1-type zinc finger proteins in rice, and 10 members in Arabidopsis (Huang et al., 2008). The classification of zinc finger protein genes can be different based on different family assignment rules (http://planttfdb.gao-lab.org/help_famschema.php). For example, japonica rice contains 135 C2H2 genes and 74 C3H genes according to the PlantTFDB v5.0 database (Tian et al., 2020).

The C2H2 zinc finger has a consensus sequence CX2-4CX3FX5LX2HX3-5H, where X represents any amino acid (Huang et al., 2012). The 3D structure of the zinc finger domain has been determined using Xenopus protein Xfin-31, which contains a YXCX2CX3FX5LX2HX3H sequence where the highly conserved residues are underlined (Lee et al., 1989). Most plant C2H2 zinc finger proteins have the highly conserved sequence QALGGH (Han et al., 2020). In this study, we use a rice C2H2 zinc finger transcription factor protein (GenBank: AAQ95583.1) to illustrate the zinc finger structure that contains two tandem finger motifs (Figures 1A,B), each motif having two b strands and one a-helix (Figure 1C) and (Figure 2A). The two b strands are arranged in a hairpin structure, accompanied by the a-helix and form a compact b b a domain in the presence of zinc (Wolfe et al., 2000). The zinc is tetrahedrally coordinated between two cysteines at the b-sheet (Figures 2B,C) and two histidines at the a-helix (Figures 2D,E).
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FIGURE 1
 Structure of the C2H2-type zinc finger transcription factor ZFP39. (A) Amino acid sequence of the zinc finger protein ZFP39 (GenBank: AAQ95583.1) containing two tandem fingers, each finger has two β strands (in yellow) and one α helix (in pink). (B) Structure of the two tandem zinc finger motifs, 20 indicates 20 amino acid residues omitted between the two fingers for conciseness. The β strand and α helix of the zinc finger protein are highlighted in bold and pink, respectively. (C) 3D structure of the two tandem zinc fingers demonstrated using phyre2 (Protein Homology/analogY Recognition Engine V 2.0) (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and shown by the RasMol software (http://www.rasmol.org). N and C indicate the N terminal and C terminal, respectively. β, β strand. α, α helix.
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FIGURE 2
 The ββα amino acid sequence of the ZFP39. (A) Particle ZFP39 sequence forming the ββα structure: N terminal-PSQRAYECSVCGKVYWCYQALGGHMTCHRNLFAQ-C terminal. See Figure 1A for the full amino acid sequence. (B) Pink color showing the 99th amino acid cysteine of the ZFP39. (C) Pink color showing the 102th amino acid cysteine of the ZFP39. (D) Pink color showing the 115th amino acid histidine of the ZFP39. (E) Pink color showing the 119th amino acid histidine of the ZFP39. The zinc is tetrahedrally coordinated between two cysteines at the β-sheet and two histidines at the α-helix.




From DNA recognition to biological function

The unfavorable environmental conditions will induce successive processes, including signal perception, signal transduction, transcription regulation, and stress-responsive gene expression (Baillo et al., 2019). In the process of transcription regulation, transcription factors bind with DNA elements and recruit additional proteins. Some transcription factors access and open the closed chromatin to permit other transcription factors bind with the specific DNA (Strader et al., 2022). The zinc finger protein Zif268, which contains three zinc fingers, binds the major groove of B-DNA and wraps the partway around the double helix (Pavletich and Pabo, 1991). DNA recognition usually requires two to four tandemly arranged zinc fingers and additional secondary structure elements (Wolfe et al., 2000). Studies have shown that an additional 20-residue proximal accessory region (PAR), at the N-terminal to the first zinc finger domain, is required for high-affinity DNA binding with C2H2 zinc finger protein ADR1, and the mutations in the PAR lead to a loss of high-affinity DNA binding (Bowers et al., 1999). When plants suffer from abiotic or biotic stress, the plant zinc finger proteins bind to the cis-elements of stress-related genes by DNA contact and recognition, subsequently recruiting additional proteins to enhance or suppress the transcription levels of stress-related genes, thus regulating the cell division, growth, and development.



Interplay with phytohormones to regulate agronomic traits

In this review, we mainly focus on the research advances in the involvement of zinc finger proteins in phytohormones-mediated agronomic traits in rice.


Gibberellin

Gibberellin (GA) is an important phytohormone governing several agronomic traits (Figure 3A). Knockout of the Swollen Anther Wall 1 (SAW1), encoding a CCCH-tandem zinc finger protein, resulted in male sterility. SAW1 directly targets the promoter of the GA biosynthetic gene OsGA20ox3, which triggers the synthesis of bioactive GA that is required for the induction of the anther-regulator gene OsGAMYB. The SAW1-OsGA20ox3-OsGAMYB module promotes the anther development (Wang et al., 2020). In contrast, another zinc finger protein ZFP207 (Cys2/His2 type) negatively regulates the GA synthesis by binding to the OsGA20ox2 (also termed as Green Revolution Gene SD1) promoter to repress its expression, which leads to dwarfism, short grain and panicle phenotypes in rice (Duan et al., 2020). Overexpression of ZFP207 caused a reduction in pollen viability (Duan et al., 2020). Another research showed that OsLOL1 (C2C2-type zinc finger protein) interacted with OsbZIP58 to regulate GA content by OsbZIP58-mediated activation of another GA biosynthetic gene OsKO2, which promotes the programmed cell death (PCD) and seed germination in rice (Wu et al., 2014). ZFP185 (A20/AN1-type) plays a distinct role in GA biosynthesis. Overexpression of ZFP185 in rice resulted in a decrease in endogenous GA3 content and then led to a semi-dwarfism phenotype (Zhang, Y. et al., 2016). A recent study revealed that a rice zinc finger protein PREMATURE INTERNODE ELONGATION 1 (PINE1) also negatively regulates GA before the reproductive switch, thereby restraining the elongation of the internode. Then, florigens repress PINE1 to promote stem responsiveness to GA and flowering (Gómez-Ariza et al., 2019). Furthermore, it is revealed that this PINE1 is identical to the DECELERATOR OF INTERNODE ELONGATION 1 (DEC1), which regulates the internode elongation antagonistically with an unknown function gene ACCELERATOR OF INTERNODE ELONGATION 1 (ACE1). ACE1 and DEC1 are highly conserved in the Gramineae family, rendering the plants environmental fitness (Nagai et al., 2020). Together, these findings elaborate the diverse roles of zinc finger proteins in the GA underlying relevant traits.
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FIGURE 3
 The proposed regulatory network of zinc finger proteins and phytohormones pathways in determining agronomic traits in rice. The regulatory network of zinc finger protein and GA (A), CK (B), auxin (C), BR (D), and JA (E). Positive and negative regulations of various agronomic traits mediated by different zinc finger proteins are indicated by solid lines, and the proposed regulation of zinc finger proteins on downstream targets is indicated by the dashed line. The proteins with cycle are the zinc finger proteins. GA, gibberellins; CK, cytokinin; BR, brassinosteroid; JA, jasmonic acid. SAW1, Swollen Anther Wall 1; OsGA20ox3, GA biosynthetic gene; OsGAMYB, anther-regulator gene; OsGA20ox2, GA biosynthetic gene; OSPINE1, premature internode elongation 1; OSKO2, GA biosynthetic gene; DST, drought and salt tolerance; OsMED25, mediator subunit; OsCKX2, cytokinin oxidase 2; MAL, meristem activityless; LC3, leaf inclination 3; LIP1, LC3-interacting protein 1; OsLIC, tiller angle increased controller; OsDOF24, DNA-binding one zinc finger 24; CDGs chlorophyll degradation genes; SAGs, senescence-associated genes; OsAOS1, JA biosynthetic gene.




Cytokinins

Cytokinin (CK) is a vital phytohormone that regulates the spikelet number and grain number of rice (Figure 3B). Gn1a/OsCKX2 (Grain number 1a/Cytokinin oxidase 2) has been proved to contribute to the grain yield. A C2H2-type zinc finger transcription factor DROUGHT AND SALT TOLERANCE (DST) was recently implicated to directly bind the promoter of OsCKX2 and then trigger its expression, consequently orchestrating CK level to increase grain number (Li et al., 2013). Subsequently, the OsMPK6 was found to interact with and phosphorylate DST to promote OsCKX2 expression and thus modulate spikelet number per panicle (Guo et al., 2020). In addition, the mediator subunit OsMED25 was also shown to act as a coactivator of DST, facilitating the recruitment of the RNA polymerase II (Pol II) to activate OsCKX2 transcription. This regulation regulates the level of CK, ultimately resulting in the change in spikelet number in rice (Lin et al., 2022). Considering the contribution of CK content to grain number, DST-OsCKX2 module provides a promising potential for improving rice yield by modifying different alleles combinations. In addition, a recent report also illustrated that the MERISTEM ACTIVITYLESS (MAL), encoding a RING-H2 finger domain (RFD)-containing protein, might also coordinate the CK signaling to modulate root development by regulating CK responsive genes (Jiang et al., 2020). However, the direct target of MAL is still unknown, which would be an quite interesting issue to be addressed in order to manipulate the root development for drought tolerance improvement.



Auxin

Auxin participates in the regulation of rice yield by regulating the grain yield too (Cao et al., 2020). However, the crosstalk between zinc finger proteins and auxin underlying this trait is unclear. But their relationships in regulating other traits have been explored (Figure 3C). For example, a C2HC-type zinc finger protein OsZFP interacted with the auxin-responsive gene OsCYP2 to modulate the lateral root development by orchestrating the expression of auxin signaling components, such as OsIAA11 (Cui et al., 2017). Leaf inclination regulation is one of the most significant features of auxin in regulating agronomic traits (Li et al., 2020). The leaf inclination3 (LC3)-interacting protein 1 (LIP1), a HIT zinc finger domain-containing protein, directly binds to the promoter regions of OsIAA12 and OsGH3.2 and then suppresses the auxin signaling, resulting in the change of leaf angle (Chen et al., 2018). The regulation of zinc finger proteins coordinating auxin to modulate yield and quality-related agronomic traits is still elusive and deserved to be uncovered in the future.



Brassinosteroids

Brassinosteroids (BRs) are the dominant phytohormone responsible for the regulation of leaf angle (Figure 3D). The Oraza sativa leaf and tiller angle increased controller (OsLIC) encodes a CCCH-type zinc finger protein, participating in modulating leaf and tiller angles. Microarray profiling revealed that expressions of BRs-related genes were significantly activated in the knockdown lines. Furthermore, BR treatment induced the expression of OsLIC, and sterol levels were higher in oslic mutants (Wang, L. et al., 2008), indicating that it might integrate the BRs pathway to determine the leaf angle. Considering OsLIC is a transcription activator, it coordinates with another transcription factor to directly suppress BR biosynthesis and/or signaling regulator expressions to orchestrate the BR response.



Jasmonic acid

The phytohormone jasmonic acid (JA) modulates the timing of leaf senescence, which is an important agronomic trait contributing to rice yield, in particular during grain filling (Figure 3E). Recently, a rice DNA-Binding One Zinc Finger 24 (OsDOF24) has been implicated to negatively regulate leaf senescence in rice by repressing the expression of senescence-associated genes (Osl85, Osl57, and OsNAP) and chlorophyll degradation genes (NYC1, NYC3, and SGR). Further analysis revealed that OsDOF24 is specifically induced by methyl jasmonate (JA), and then, in turn, it inhibits JA biosynthesis by directly binding the promoter of JA biosynthetic gene OsAOS1 and then probably represses its expression to modulate leaf senescence (Shim et al., 2019). In addition, anther zinc finger genes, OsDOS, has also been reported to be involved in the JA-mediated leaf senescence (Kong et al., 2006). For example, overexpression of OsDOS produced a delay of leaf senescence, while knockdown of OsDOS caused an accelerated leaf senescence. Subsequently, microarray analyses indicated that there were a number of differentially expressed genes involved in the JA pathway, suggesting OsDOS coordinates with JA to regulate leaf senescence (Kong et al., 2006). In summary, the zinc finger genes reviewed in this study are listed (Table 1), and the relevant regulatory mechanisms underlying agronomic traits are proposed (Figure 3).


TABLE 1 Representatives of the zinc finger protein in rice.
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Impact on agronomic traits

Except those mentioned above, the regulation of other zinc finger genes that are involved in phytohormones underlying agronomic traits is still under-explored. For example, O. sativa SHORT INTERNODES1 (OsSHI1), a plant-specific transcription factor containing the conserved zinc-finger DNA-binding domain, competes with IDEAL PLANT ARCHITECTURE1 (IPA1) to activate the expressions of O. sativa TEOSINTE BRANCHED1 (OsTB1) and O. sativa DENSE AND ERECT PANICLE1 (OsDEP1), resulting in the change of tiller number and panicle size (Duan et al., 2019). However, it is unclear whether OsSHI1 mediated such regulation is related to phytohormone. A DHHC-type zinc finger gene, OsDHHC1, regulates plant architecture by altering rice tillering; overexpression of OsDHHC1 increased 40% of tiller numbers and 10% of grain yield (Zhou et al., 2017). Taking into account the effect of OsCKX2 on tiller number (Yeh et al., 2015), it raises a possibility that OsDHHC1 may be involved in the CK pathway to modulate the tiller development.

Given that the cell morphogenesis eventually alters rice agronomic traits, identification of corresponding zinc finger proteins responsible for the cell division, differentiation, and proliferation would extend our knowledge about their roles in agronomic traits. DCM1, a CCCH zinc finger protein, has been shown to play an essential role in pollen development. Knockout of DCM1 resulted in abnormal male meiotic cytokinesis, eventually leading to the disordered spindle orientation during meiosis and the formation of pollen grains (nearly sterile). Further analyses proposed that DCM1 might be involved in the mRNA processing or elimination by interacting with OsPABN1 and OsPABN2 to regulate callose metabolism during meiosis (Zhang, C. et al., 2018). Three cysteine-tryptophan (CW) domains containing zinc finger proteins have been reported to be involved in histone recognition, namely, OsCW-ZF3, OsCW-ZF5, and OsCW-ZF7. Among them, only knockout of OsCW-ZF7 was examined to cause defective development of awns (Zhang et al., 2017). Investigation on the interaction between OsCW-ZF7 with histone modification and TFIID20 suggested that TFIID20-OsCW-ZFs-H3K4me module may regulate the awn development by targeting certain awn-related genes (such as An-6/7/8/9/10) in the awn primordium (Chen et al., 2018). Another zinc finger protein, NSG1, may also employ histone modification to regulate cell development. It was shown that NSG1 can recruit the corepressor TOPLESS-RELATED PROTEIN to directly bind to the promoter of LHS1 and then inhibit the LHS1 expression by downregulating histone acetylation levels of the chromatin, resulting in the morphological alternation of lateral organ identities in the spikelet development (Zhuang et al., 2020). A GATA zinc finger domain-containing protein, SNFL1, regulates flag leaf size by modulating the number of small vascular bundles rather than the number of epidermal cells (He et al., 2018). Similarly, NECK LEAF1 (NL1), the allelic gene of SNFL1, was also involved in the regulation of organ size, such as leaf and panicles. However, the downstream regulators are still unknown. In addition, a ZOS4-06-C2H2 zinc-finger gene, LRG1, regulates spikelet development and influences grain size (Xu et al., 2020). In conclusion, zinc finger proteins comprehensively participate in the regulation of various agronomic traits. The remained issues are the identification of their targets, since the engineering of a single zinc finger would likely cause unknown side effects on other traits except the deserved ones.


Response to abiotic stresses

Zinc finger proteins have been proved to regulate the responses to various abiotic stresses (Figure 4A). For example, overexpression of ZFP179 increased the tolerance to salt and oxidative stress, enhanced the reactive oxygen species (ROS)-scavenging ability, exhibited hypersensitive to ABA, and induced the expressions of stress-related genes, such as OsDREB2A, suggesting ZFP179-mediated salt tolerance was involved both in the ABA-dependent and ABA-independent signaling pathways (Sun et al., 2010). Recently, salt-responsive ERF1 (SERF1) has been evident to bind to the promoter of ZFP179 in vitro and in vivo, and thus, overexpression of SERF1 confers high tolerance to salt stress (Schmidt et al., 2013). OsRZFP34 is also induced by ABA treatment, as well as high temperature, functioning in the control of stomata opening. Further analyses demonstrated that OsRZFP34 mediated drought response by regulating the Ca2+ sensing, K+ regulator, and ABA-responsive genes (Sun et al., 2010). Subsequently, OsPUB67, a U-box E3 ubiquitin ligase, is proposed to target OsRZFP34 for degradation (Qin et al., 2020), thereby modulating the drought tolerance. Another ABA-responsive zinc finger gene ZFP36 was also characterized in rice. Upregulation of ZFP36 improves the tolerance to water stress and oxidative stress through induction by ABA, superoxide dismutase (SOD), and ascorbate peroxidase (APX) (Zhang et al., 2014). Later, the direct target of ZFP36 is OsAPX1 (Huang, L. et al., 2018). Furthermore, a late embryogenesis abundant protein OsLEA5 was proved to interact with ZFP36 to co-regulate ABA-inhibited seed germination (Huang, L. et al., 2018). In addition, a heat shock protein OsDjC46 was also identified to bind ZFP36, and it positively regulates salinity and drought tolerance through the ABA pathway in rice (Huang, L. et al., 2018), suggesting ZFP36-OsDjC46 complex may function in fine-tuning the dynamic of ABA-dependent antioxidant defense. On the contrary, an Oryza sativa cold-inducible zinc finger gene, OsCOIN, can strongly be induced by low temperature. Overexpression of OsCOIN enhanced rice seedlings tolerance to cold, salt, and drought, accompanied by an upregulation of pyrroline-5-carboxylate synthetase (OsP5CS) and an increase in cellular proline level (Liu et al., 2007). Since OsCOIN is expressed in all the rice tissues (Liu et al., 2007), it is reasonable that it renders rice the low-temperature resistance at most developmental stages, which is supposed to be validated by a recent study that OsCOIN is also activated in response to the low temperature during the reproductive stage of rice (Guo et al., 2022). It is worthy to mention that as transcription factors, zinc finger proteins may modulate the adaptation to cold by enhancing or maintaining the growth and development of the organs. For example, overexpressing OsCTZFP8 rendered cold tolerance with higher pollen fertilities, as well as increased seed setting and higher yield under cold treatments (Jin et al., 2018). ZFP182 is another cold-induced zinc finger protein. Overexpression of ZFP182 promoted rice salt tolerance in rice (Huang et al., 2007). Further analyses illustrated that ZFP182 triggers the accumulation of compatible osmolytes, such as free proline and soluble sugars, by activating the expression of OsP5CS and OsLEA3 (late embryogenesis abundant protein gene) upon stress (Huang et al., 2012). Although a ubiquitin fused to ribosomal protein L40 (ZIURP1) was found to interact with ZFP182 (Huang et al., 2012), the underlying biological significance of this interaction is poorly understood yet. However, the OsMPK1 and OsMPK5 were proved to be required for the induction of ZFP182 in ABA-mediated antioxidant defense, while ZFP182 did not regulate the OsMPK1 and OsMPK5 (Zhang et al., 2012), suggesting that the ZFP182 may act downstream of the two kinases under stress condition. Additionally, it has been shown that a zinc finger protein gene OsZFP213 positively regulated salt tolerance in rice: overexpression of OsZFP213 displayed enhanced salt tolerance, probably due to the upregulation of antioxidant system genes, higher catalytic activity of ROS scavenging enzymes, and lower level of ROS accumulation. OsZFP213 can also interact with a kinase, OsMAPK3, which improves the transactivation activity of OsZFP213 to regulate salt tolerance (Zhang, Z. et al., 2018).
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FIGURE 4
 Regulations of various stresses response by zinc finger proteins in rice. The regulatory network of zinc finger protein in response to abiotic stress (A) and biotic stress (B). Positive and negative regulations of various stresses response mediated by different zinc finger proteins are indicated by solid lines, and the proposed regulation of zinc finger proteins on downstream targets is indicated by the dashed line. The proteins with cycle are the zinc finger proteins. Double arrow represents that the two proteins interact with each other. ABA, abscisic acid; SPD, spermidine; APX, ascorbate peroxidase; JA, jasmonic acid; GA, gibberellins; SERF1, salt-responsive ERF1; OsDREB2A, dehydration responsive element binding protein; OsDjC46, heat shock protein; OsP5CS, pyrroline-5-carboxylate synthetase; OsLEA3, Late embryogenesis abundant protein gene; OsPUB67, U-box E3 ubiquitin ligase; OsTZF5, CCCH-tandem zinc finger protein 5; OsDRZ1, drought-responsive zinc finger protein 1; OsCOIN, cold-inducible zinc finger gene; OsP5CS, pyrroline-5-carboxylate synthetase; SRBSDV-P8V, black-streaked dwarf virus protein P8; OsKS1, GA biosynthetic gene.


Accumulating studies unraveled the potential of zinc finger proteins in the drought response. For example, OsC3H10 is involved in the regulation of rice drought tolerance by modulating the expression of stress-related genes, which included LATE EMBRYOGENESIS ABUNDANT PROTEINs, PATHOGENESIS RELATED GENEs and GERMIN-LIKE PROTEINs (Xu et al., 2020). Notably, a drought-responsive zinc finger protein 1 (OsDRZ1) has been reported to play a critical role in modulating drought-responsive gene expression: overexpression of OsDRZ1 increased seedling drought tolerance and caused accumulation of more free proline but reduced ROS, while knockdown of OsDRZ1 led to the opposite trend (Yuan et al., 2018). Interestingly, this gene also plays a role in regulating plant architecture, implying it may orchestrate the trade-off between growth and stress.

In fact, zinc finger genes were broadly involved in multiple biological processes. For example, CCCH-type zinc finger gene, OsTZF1, can be induced by drought, high-salt stress, hydrogen peroxide, ABA, methylJA, and salicylic acid (SA), as well as red light (R) and far-red light (FR). Overexpression of OsTZF1 exhibited delayed seed germination, growth retardation at the seedling stage, and delayed leaf senescence and showed improved tolerance to high-salt and drought stresses (Jan et al., 2013). Using the RNA-binding assays, it was shown that the U-rich regions in the 3'-untranslated region of messenger RNAs could bind with OsTZF1 (Jan et al., 2013). Taken together, it could be proposed that OsTZF1 may be activated by various phytohormones and then directly bind to the downstream stress-responsive genes to modulate their expressions in response to various stresses. Similar case was also identified in another zinc finger gene, OsZFP350, which was upregulated by drought, salt, and high temperature. Overexpression of OsZFP350 increased primary root length and the number of adventitious and lateral roots, as well as increased the germination rate of seeds under abiotic stress, and attenuated the heat, salinity, and drought stress during root development (Kang et al., 2019). Similarly, the Oryza sativa CCCH-tandem zinc finger protein 5 (OsTZF5) also confers drought resistance and increases grain yield: introducing OsTZF5 in two commercial upland cultivars shows increased grain yield under confined field drought environments (Selvaraj et al., 2020), further suggesting that zinc finger genes play vital roles in maintaining the balance between stress and development in plants. Taken all above together, we proposed that zinc finger proteins are potential targets for simultaneously improving rice stress tolerance and yield.



Response to biotic stresses

Increasing evidence has been implicated that zinc finger proteins also participate in biotic response in rice (Figure 4B). For example, a rice C2H2 zinc finger protein OsZFP was found to interact with southern rice black-streaked dwarf virus (SRBSDV) protein P8, a minor core protein of SRBSDV, which may play an important role in fijiviral infection and symptom development (Li, J. et al., 2017), implying that P8 may execute the infection by interfering with the host OsZFP. LSD1-related proteins in Arabidopsis are well known as remarkable disease-defensed zinc finger proteins. Similarly, its ortholog in rice, termed OsLOL2, is also involved in disease response. Overexpression of OsLOL2 exhibited more resistance to rice bacterial blight than wild type, while decreased expression of OsLOL2 had similar or even sensitivity to bacterial blight. Interestingly, knockdown of OsLOL2 also resulted in dwarf phenotypes and decreased endogenous bioactive GA1 content, which can be restored by the application of GA or expression of GA biosynthetic gene OsKS1 (Xu and He, 2007). However, it is still unclear how the GA interplays with OsLOL2 in the culm development and whether their crosstalk is involved in the disease defense. A CCCH-type zinc finger protein, C3H12, regulates the rice-Xanthomonas oryzae pv. oryzae (Xoo) interaction: overexpression of C3H12 partially enhanced resistance to Xoo, while knockout or suppression of C3H12 resulted in partially increased susceptibility to Xoo. Since the JA levels and signaling genes were altered in c3h12 mutants (Deng et al., 2012), it was assumed that C3H12 may integrate into the JA pathway to induce the defense of rice.




Concluding remarks

Breeding stress-tolerant rice with better quality and higher yield by transgenic technologies is one of the most promising approaches to combat against multiple environmental stresses including drought, salt, and extreme temperatures. The zinc finger transcription factor genes are the candidates for genetic modification, as shown in many recent reports. For example, manipulation of ZFP182 or OsCOIN confers multiple stress resistances including salt, cold, and drought (Huang et al., 2007, 2012; Liu et al., 2007). Overexpression of OsZFP350 increased the germination rate of seeds under abiotic stress and increased the resistance to heat, salinity, and drought stress during root development (Kang et al., 2019). Two genes, OsTZF1 and DST, can be used to increase both salt and drought resistance (Huang et al., 2009; Jan et al., 2013). Overexpression of ZFP179 and OsZFP213 enhanced salt tolerance (Sun et al., 2010; Xu et al., 2020). OsDRZ1, OsMSR15, and OsTZF5 also exhibit potential in improving drought resistance in rice (Zhang, X. et al., 2016; Yuan et al., 2018; Selvaraj et al., 2020). Notably, some zinc finger genes play antagonistic roles between biotic and abiotic stress tolerances, and thus, overexpression of these specific zinc finger genes may alter the sensitivity to both of them. For example, overexpression of a rice A20/AN1-type zinc finger gene ZFP177 in tobacco conferred tolerance to both low- and high-temperature stresses, but increased sensitivity to salt and drought stresses (Huang et al., 2008). Therefore, ahead of extensive utilization in rice selected breeding production, these zinc finger protein genes must be tested strictly upon various biotic and abiotic stresses and then examined in the field conditions for certain years. On the contrary, because the responses of rice zinc finger proteins to stress conditions may be varied in different genetic backgrounds, it is also uncertain whether these zinc finger genes still possess the same effect capability on improving stress tolerance when they were employed in another genetic background or genotype.

Zinc finger transcription factors can be used to increase the tolerance to stresses and yield. Overexpressing OsCTZFP8 exhibited cold-tolerant phenotypes with higher pollen fertility, increased seed setting, and higher yield under cold treatments (Jin et al., 2018). Overexpression of OsDHHC1 increased by 40% of tiller numbers and 10% of grain yield (Zhou et al., 2017). These all indicated the potential utilization of zinc finger protein genes. It is quite interesting if and how many documented zinc finger genes are differentiated among various rice accessions. Using the database of re-sequencing of rice, we can identify their haplotypes and then evaluate their potential contributions to certain traits by integrative analyses of genome-wide association selection. As a consequence, the superior alleles would be the prime target or even directly selected for the genetic improvement of stress tolerance in rice breeding. Of the 2,408 transcription factor genes identified in japonica rice, there are a total of 189 C2H2 zinc finger protein genes and 74 C3H zinc finger protein genes, most of which have not been studied clearly. It is crucial to understand the regulatory mechanisms of these untested zinc finger genes before evaluating their potential in production.



Author contributions

YH, SY, and QY conceived the idea and led the writing of the manuscript. LD, MW, and QY helped in revising the manuscript and prepared the figures. YH, LD, SY, and QY reviewed, edited, and improved the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (31971920) and the Guangdong Province Key Laboratory of Plant Molecular Breeding (GPKLPMB202204).



Conflict of interest

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



Publisher's note

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



Acknowledgments

We are grateful to the support of the experimental platform and funding from the Institute of Crop and Nuclear Technology Utilization of Rice Breeding. We apologize in advance to colleagues whose valuable work was not cited due to article length considerations.



References

 Agarwal, P., Arora, R., Ray, S., Singh, A. K., Singh, V. P., Takatsuji, H., et al. (2007). Genome-wide identification of C2H2 zinc-finger gene family in rice and their phylogeny and expression analysis. Plant Mol. Biol. 65, 467–485. doi: 10.1007/s11103-007-9199-y

 Atkinson, N. J., Lilley, C. J., and Urwin, P. E. (2013). Identification of genes involved in the response of Arabidopsis to simultaneous biotic and abiotic stresses. Plant Physiol. 162, 2028–2041. doi: 10.1104/pp.113.222372

 Baillo, E. H., Kimotho, R. N., Zhang, Z., and Xu, P. (2019). Transcription factors associated with abiotic and biotic stress tolerance and their potential for crops improvement. Genes. 10, 771. doi: 10.3390/genes10100771

 Berg, J. M., and Shi, Y. (1996). The Galvanization of biology: a growing appreciation for the roles of zinc. Science. 271, 1081–1085. doi: 10.1126/science.271.5252.1081

 Bowers, P. M., Schaufler, L. E., and Klevit, R. E. (1999). A folding transition and novel zinc finger accessory domain in the transcription factor ADR1. Nat. Struct. Biol. 6, 478–485. doi: 10.1038/8283

 Cao, J., Li, G., Qu, D., Li, X., and Wang, Y. (2020). Into the seed: Auxin controls seed development and grain yield. Int. J. Mol. Sci. 21, 1662. doi: 10.3390/ijms21051662

 Cassandri, M., Smirnov, A., Novelli, F., Pitolli, C., Agostini, M., Malewicz, M., et al. (2017). Zinc-finger proteins in health and disease. Cell Death Discoy. 3, 17071. doi: 10.1038/cddiscovery.2017.71

 Chen, S. H., Zhou, L. J., Xu, P., and Xue, H. W. (2018). SPOC domain-containing protein Leaf inclination3 interacts with LIP1 to regulate rice leaf inclination through auxin signaling. PLoS Genet. 14, e1007829. doi: 10.1371/journal.pgen.1007829

 Ciftci-Yilmaz, S., and Mittler, R. (2008). The zinc finger network of plants. Cell. Mol. Life Sci. 65, 1150–1160. doi: 10.1007/s00018-007-7473-4

 Cui, P., Liu, H., Ruan, S., Ali, B., Gill, R. A., Ma, H., et al. (2017). A zinc finger protein, interacted with cyclophilin, affects root development via IAA pathway in rice. J. Integr. Plant Biol. 59, 496–505. doi: 10.1111/jipb.12531

 Deng, H., Liu, H., Li, X., Xiao, J., and Wang, S. (2012). A CCCH-type zinc finger nucleic acid-binding protein quantitatively confers resistance against rice bacterial blight disease. Plant Physiol. 158, 876–889. doi: 10.1104/pp.111.191379

 Duan, E., Wang, Y., Li, X., Lin, Q., Zhang, T., Wang, Y., et al. (2019). OsSHI1 regulates plant architecture through modulating the transcriptional activity of IPA1 in Rice. Plant Cell 31, 1026–1042. doi: 10.1105/tpc.19.00023

 Duan, M., Ke, X. J., Lan, H. X., Yuan, X., Huang, P., Xu, E. S., et al. (2020). A Cys2/His2 zinc finger protein acts as a repressor of the green revolution gene SD1/OsGA20ox2 in Rice (Oryza sativa L.). Plant Cell Physiol. 61, 2055–2066. doi: 10.1093/pcp/pcaa120

 Gómez-Ariza, J., Brambilla, V., Vicentini, G., Landini, M., Cerise, M., Carrera, E., et al. (2019). A transcription factor coordinating internode elongation and photoperiodic signals in rice. Nat Plants 5, 358–362. doi: 10.1038/s41477-019-0401-4

 Guo, T., Lu, Z. Q., Shan, J. X., Ye, W. W., Dong, N. Q., and Lin, H. X. (2020). ERECTA1 acts upstream of the OsMKKK10-OsMKK4-OsMPK6 cascade to control spikelet number by regulating cytokinin metabolism in rice. Plant Cell. 32, 2763–2779. doi: 10.1105/tpc.20.00351

 Guo, Z., Cai, L., Liu, C., Chen, Z., Guan, S., Ma, W., et al. (2022). Low-temperature stress affects reactive oxygen species, osmotic adjustment substances, and antioxidants in rice (Oryza sativa L.) at the reproductive stage. Sci. Rep. 12, 6224. doi: 10.1038/s41598-022-10420-8

 Han, G., Lu, C., Guo, J., Qiao, Z., Sui, N., Qiu, N., et al. (2020). C2H2 zinc finger proteins: master regulators of abiotic stress responses in plants. Front. Plant Sci. 11, 115. doi: 10.3389/fpls.2020.00115

 He, P., Wang, X., Zhang, X., Jiang, Y., Tian, W., Zhang, X., et al. (2018). Short and narrow flag leaf1, a GATA zinc finger domain-containing protein, regulates flag leaf size in rice (Oryza sativa). BMC Plant Biol. 18, 273. doi: 10.1186/s12870-018-1452-9

 Hsu, K. H., Liu, C. C., Wu, S. J., Kuo, Y. Y., Lu, C. A., Wu, C. R., et al. (2014). Expression of a gene encoding a rice RING zinc-finger protein, OsRZFP34, enhances stomata opening. Plant Mol. Biol. 86, 125–137. doi: 10.1007/s11103-014-0217-6

 Huang, J., Sun, S., Xu, D., Lan, H., Sun, H., Wang, Z., et al. (2012). A TFIIIA-type zinc finger protein confers multiple abiotic stress tolerances in transgenic rice (Oryza sativa L.). Plant Mol. Biol. 80, 337–350. doi: 10.1007/s11103-012-9955-5

 Huang, J., Wang, M. M., Jiang, Y., Bao, Y. M., Huang, X., Sun, H., et al. (2008). Expression analysis of rice A20/AN1-type zinc finger genes and characterization of ZFP177 that contributes to temperature stress tolerance. Gene. 420, 135–144. doi: 10.1016/j.gene.2008.05.019

 Huang, J., Yang, X., Wang, M. M., Tang, H. J., Ding, L.-Y., Shen, Y., et al. (2007). A novel rice C2H2-type zinc finger protein lacking DLN-box/EAR-motif plays a role in salt tolerance. Biochim. Biophys. Acta. 1769, 220–227. doi: 10.1016/j.bbaexp.2007.02.006

 Huang, L., Jia, J., Zhao, X., Zhang, M. Y., Huang, X. E., et al. (2018). The ascorbate peroxidase APX1 is a direct target of a zinc finger transcription factor ZFP36 and a late embryogenesis abundant protein OsLEA5 interacts with ZFP36 to co-regulate OsAPX1 in seed germination in Rice. Biochem. Biophys. Res. Commun. 495, 339–345. doi: 10.1016/j.bbrc.2017.10.128

 Huang, P., Yoshida, H., Yano, K., Kinoshita, S., Kawai, K., Koketsu, E., et al. (2018). OsIDD2, a zinc finger and INDETERMINATE DOMAIN protein, regulates secondary cell wall formation. J. Integr. Plant Biol. 60, 130–143. doi: 10.1111/jipb.12557

 Huang, X. Y., Chao, D. Y., Gao, J. P., Zhu, M. Z., Shi, M., and Lin, H. X. (2009). A previously unknown zinc finger protein, DST, regulates drought and salt tolerance in rice via stomatal aperture control. Genes Dev. 23, 1805–1817. doi: 10.1101/gad.1812409

 Jan, A., Maruyama, K., Todaka, D., Kidokoro, S., Abo, M., Yoshimura, E., et al. (2013). OsTZF1, a CCCH-tandem zinc finger protein, confers delayed senescence and stress tolerance in rice by regulating stress-related genes. Plant Physiol. 161, 1202–1216. doi: 10.1104/pp.112.205385

 Jiang, W., Zhou, S., Huang, H., Song, H., Zhang, Q., and Zhao, Y. (2020). MERISTEM ACTIVITYLESS (MAL) is involved in root development through maintenance of meristem size in rice. Plant Mol. Biol. 104, 499–511. doi: 10.1007/s11103-020-01053-4

 Jin, Y. M., Piao, R., Yan, Y. F., Chen, M., Wang, L., He, H., et al. (2018). Overexpression of a new zinc finger protein transcription factor OsCTZFP8 improves cold tolerance in rice. Int. J. Genomics 2018, 5480617. doi: 10.1155/2018/5480617

 Kang, Z., Qin, T., and Zhao, Z. (2019). Overexpression of the zinc finger protein gene OsZFP350 improves root development by increasing resistance to abiotic stress in rice. Acta Biochim. Pol. 66, 183–190.

 Kong, Z., Li, M., Yang, W., Xu, W., and Xue, Y. (2006). A novel nuclear-localized CCCH-type zinc finger protein, OsDOS, is involved in delaying leaf senescence in rice. Plant Physiol. 141, 1376–1388. doi: 10.1104/pp.106.082941

 Lee, M. S., Gippert, G. P., Soman, K. V., Case, D. A., and Wright, P. E. (1989). Three-dimensional solution structure of a single zinc finger DNA-binding domain. Science. 245, 635–637. doi: 10.1126/science.2503871

 Li, J., Cai, N. J., Xue, J., Yang, J., Chen, J. P., and Zhang, H. M. (2017). Interaction between southern rice black-streaked dwarf virus minor core protein P8 and a rice zinc finger transcription factor. Arch. Virol. 162, 1261–1273. doi: 10.1007/s00705-017-3233-4

 Li, S., Zhao, B., Yuan, D., Duan, M., Qian, Q., Tang, L., et al. (2013). Rice zinc finger protein DST enhances grain production through controlling GN1A/OsCKX2 expression. Proc Natl Acad Sci 110, 3167–3172. doi: 10.1073/pnas.1300359110

 Li, W., Zhu, Z., Chern, M., Yin, J., Yang, C., Ran, L., et al. (2017). A natural allele of a transcription factor in rice confers Broad-Spectrum blast resistance. Cell. 170, 114–126. doi: 10.1016/j.cell.2017.06.008

 Li, X., Wu, P., Lu, Y., Guo, S., Zhong, Z., Shen, R., et al. (2020). Synergistic interaction of phytohormones in determining leaf angle in crops. Int. J. Mol. Sci. 21, 5052. doi: 10.3390/ijms21145052

 Lin, L., Du, M., Li, S., Sun, C., Wu, F., Deng, L., et al. (2022). Mediator complex subunit MED25 physically interacts with DST to regulate spikelet number in rice. J. Integr. Plant Biol. 64, 871–883. doi: 10.1111/jipb.13238

 Liu, K., Wang, L., Xu, Y., Chen, N., Ma, Q., Li, F., et al. (2007). Overexpression of OsCOIN, a putative cold inducible zinc finger protein, increased tolerance to chilling, salt and drought, and enhanced proline level in rice. Planta. 226, 1007–1016. doi: 10.1007/s00425-007-0548-5

 Nagai, K., Mori, Y., Ishikawa, S., Furuta, T., Gamuyao, R., Niimi, Y., et al. (2020). Antagonistic regulation of the gibberellic acid response during stem growth in rice. Nature. 584, 109–114. doi: 10.1038/s41586-020-2501-8

 Pavletich, N. P., and Pabo, C. O. (1991). Zinc finger-DNA recognition: crystal structure of a Zif268-DNA complex at 2.1 Å. Science. 252, 809–817. doi: 10.1126/science.2028256

 Qin, Q., Wang, Y., Huang, L., Du, F., Zhao, X., Li, Z., et al. (2020). A U-box E3 ubiquitin ligase OSPUB67 is positively involved in drought tolerance in rice. Plant Mol. Biol. 102, 89–107. doi: 10.1007/s11103-019-00933-8

 Schmidt, R., Mieulet, D., Hubberten, H. M., Obata, T., Hoefgen, R., Fernie, A. R., et al. (2013). Salt-responsive ERF1 regulates reactive oxygen species-dependent signaling during the initial response to salt stress in rice. Plant Cell 25, 2115–2131. doi: 10.1105/tpc.113.113068

 Seetharam, A., and Stuart, G. W. (2013). A study on the distribution of 37 well conserved families of C2H2 zinc finger genes in eukaryotes. BMC Genom 14, 420. doi: 10.1186/1471-2164-14-420

 Selvaraj, M. G., Jan, A., Ishizaki, T., Valencia, M., Dedicova, B., Maruyama, K., et al. (2020). Expression of the CCCH -tandem zinc finger protein gene OsTZF5 under a stress-inducible promoter mitigates the effect of drought stress on rice grain yield under field conditions. Plant Biotechnol. J. 18, 1711–1721. doi: 10.1111/pbi.13334

 Seong, S. Y., Shim, J. S., Bang, S. W., and Kim, J. K. (2020). Overexpression of OSC3H10, a CCCH- Zinc finger, improves drought tolerance in rice by regulating Stress-Related genes. Plants 9, 1298. doi: 10.3390/plants9101298

 Shim, Y., Kang, K., An, G., and Paek, N. C. (2019). Rice DNA-Binding one zinc finger 24 (OSDOF24) delays leaf senescence in a Jasmonate-Mediated pathway. Plant Cell Physiol. 60, 2065–2076. doi: 10.1093/pcp/pcz105

 Strader, L., Weijers, D., and Wagner, D. (2022). Plant transcription factors - being in the right place with the right company. Curr. Opin. Plant Biol. 65, 102136. doi: 10.1016/j.pbi.2021.102136

 Sun, S. J., Guo, S. Q., Yang, X., Bao, Y. M., Tang, H. J., Sun, H., et al. (2010). Functional analysis of a novel Cys2/His2-type zinc finger protein involved in salt tolerance in rice. J. Exp. Bot. 61, 2807–2818. doi: 10.1093/jxb/erq120

 Takatsuji, H.. (1998). Zinc-finger transcription factors in plants. Cell. Mol. Life Sci. 54, 582–596. doi: 10.1007/s000180050186

 Tian, F., Yang, D. C., Meng, Y. Q., Jin, J., and Gao, G. (2020). PlantRegMap: Charting functional regulatory maps in plants. Nucleic Acids Res. 48, D1104–D1113. doi: 10.1093/nar/gkz1020

 Wang, B., Fang, R., Chen, F., Han, J., Liu, Y. G., Chen, L., et al. (2020). A novel CCCH-type zinc finger protein SAW1 activates OsGA20ox3 to regulate gibberellin homeostasis and anther development in rice. J. Integr. Plant Biol. 62, 1594–1606. doi: 10.1111/jipb.12924

 Wang, D., Guo, Y., Wu, C., Yang, G., Li, Y., and Zheng, C. (2008). Genome-wide analysis of CCCH zinc finger family in Arabidopsis and rice. BMC Genomics 9, 44. doi: 10.1186/1471-2164-9-44

 Wang, D., Qin, Y., Fang, J., Yuan, S., Peng, L., Zhao, J., et al. (2016). A missense mutation in the zinc finger domain of OSCESA7 deleteriously affects cellulose biosynthesis and plant growth in rice. PLoS ONE. 11, e153993. doi: 10.1371/journal.pone.0153993

 Wang, L., Xu, Y., Zhang, C., Ma, Q., Joo, S. H., Kim, S. K., et al. (2008). OsLIC, a novel CCCH-type zinc finger protein with transcription activation, mediates rice architecture via brassinosteroids signaling. PLoS ONE. 3, e3521. doi: 10.1371/journal.pone.0003521

 Wolfe, S. A., Nekludova, L., and Pabo, C. O. (2000). DNA recognition by Cys2his2 zinc finger proteins. Annu. Rev. Biophys. Biomol. Struct. 29, 183–212. doi: 10.1146/annurev.biophys.29.1.183

 Wu, J., Zhu, C., Pang, J., Zhang, X., Yang, C., Xia, G., et al. (2014). OSLOL1, a C2C2-type zinc finger protein, interacts with Osbzip58 to promote seed germination through the modulation of gibberellin biosynthesis in Oryza sativa. The Plant J 80, 1118–1130. doi: 10.1111/tpj.12714

 Xu, C., and He, C. (2007). The rice OsLOL2 gene encodes a zinc finger protein involved in rice growth and disease resistance. Mol. Genet. Genomics 278, 85–94. doi: 10.1007/s00438-007-0232-2

 Xu, Q., Yu, H., Xia, S., Cui, Y., Yu, X., Liu, H., et al. (2020). The C2H2 zinc-finger protein lacking rudimentary glume 1 regulates spikelet development in rice. Sci Bull. 65, 753–764. doi: 10.1016/j.scib.2020.01.019


 Yeh, S. Y., Chen, H. W., Ng, C. Y., Lin, C. Y., Tseng, T. H., Li, W. H., et al. (2015). Down-regulation of cytokinin oxidase 2 expression increases tiller number and improves rice yield. Rice. 8, 36. doi: 10.1186/s12284-015-0070-5

 Yuan, X., Huang, P., Wang, R., Li, H., Lv, X., Duan, M., et al. (2018). A zinc finger transcriptional repressor confers pleiotropic effects on rice growth and drought tolerance by Down-Regulating Stress-Responsive genes. Plant Cell Physiol. 59, 2129–2142. doi: 10.1093/pcp/pcy133

 Zhang, C., Shen, Y., Tang, D., Shi, W., Zhang, D., Du, G., et al. (2018). The zinc finger protein DCM1 is required for male meiotic cytokinesis by preserving callose in rice. PLoS Genet. 14, e1007769. doi: 10.1371/journal.pgen.1007769

 Zhang, H., Liu, Y., Wen, F., Yao, D., Wang, L., Guo, J., et al. (2014). A novel rice C2H2-type zinc finger protein, ZFP36, is a key player involved in abscisic acid-induced antioxidant defence and oxidative stress tolerance in rice. J. Exp. Bot. 65, 5795–5809. doi: 10.1093/jxb/eru313

 Zhang, H., Ni, L., Liu, Y., Wang, Y., Zhang, A., Tan, M., et al. (2012). The C2H2-type zinc finger protein ZFP182 is involved in abscisic acid-induced antioxidant defense in rice. J. Integr. Plant Biol. 54, 500–510. doi: 10.1111/j.1744-7909.2012.01135.x

 Zhang, X., Zhang, B., Li, M. J., Yin, X. M., Huang, L. F., Cui, Y. C., et al. (2016). OsMSR15 encoding a rice C2H2-type zinc finger protein confers enhanced drought tolerance in transgenic Arabidopsis. J. Plant Biol. 59, 271–281. doi: 10.1007/s12374-016-0539-9


 Zhang, Y., Lan, H., Shao, Q., Wang, R., Chen, H., Tang, H., et al. (2016). An A20/AN1-type zinc finger protein modulates gibberellins and abscisic acid contents and increases sensitivity to abiotic stress in rice (Oryza sativa). J. Exp. Bot. 67, 315–326. doi: 10.1093/jxb/erv464

 Zhang, Z., Liu, H., Sun, C., Ma, Q., Bu, H., Chong, K., et al. (2018). A C2H2 zinc-finger protein OsZFP213 interacts with OsMAPK3 to enhance salt tolerance in rice. J. Plant Physiol. 229, 100–110. doi: 10.1016/j.jplph.2018.07.003

 Zhang, Z., Zhang, F., Cheng, Z. J., Liu, L. L., Lin, Q. B., Wu, F. Q., et al. (2017). Functional characterization of rice CW-domain containing zinc finger proteins involved in histone recognition. Plant Sci. 263, 168–176. doi: 10.1016/j.plantsci.2017.06.013

 Zhou, B., Lin, J. Z., Peng, D., Yang, Y. Z., Guo, M., Tang, D. Y., et al. (2017). Plant architecture and grain yield are regulated by the novel DHHC-type zinc finger protein genes in rice (Oryza sativa L.). Plant Sci. 254, 12–21. doi: 10.1016/j.plantsci.2016.08.015

 Zhuang, H., Wang, H. L., Zhang, T., Zeng, X. Q., Chen, H., Wang, Z. W., et al. (2020). Nonstop glumes1 encodes a C2H2 zinc finger protein that regulates spikelet development in rice. Plant Cell 32, 392–413. doi: 10.1105/tpc.19.00682









 


	
	
TYPE Original Research
PUBLISHED: 04 August 2022
DOI 10.3389/fpls.2022.957336






Maize and peanut intercropping improves the nitrogen accumulation and yield per plant of maize by promoting the secretion of flavonoids and abundance of Bradyrhizobium in rhizosphere

Qiqi Dong1†, Xinhua Zhao1†, Dongying Zhou1, Zhenhua Liu1, Xiaolong Shi1, Yang Yuan1, Peiyan Jia1, Yingyan Liu1, Penghao Song1, Xiaoguang Wang1, Chunji Jiang1, Xibo Liu1, He Zhang1, Chao Zhong1, Feng Guo2, Shubo Wan2, Haiqiu Yu1* and Zheng Zhang2*


1College of Agronomy, Shenyang Agricultural University, Shenyang, Liaoning, China

2Shandong Academy of Agricultural Sciences, Jinan, Shandong, China

[image: image2]

OPEN ACCESS

EDITED BY
 Shan Li, Nanjing Agricultural University, China

REVIEWED BY
 Zhihai Wu, Jilin Agriculture University, China
 Sukman Kim, Kyungpook National University, South Korea

*CORRESPONDENCE
 Haiqiu Yu, yuhaiqiu@syau.edu.cn 
 Zheng Zhang, zhangzheng7268@163.com

†These authors have contributed equally to this work and share first authorship

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

RECEIVED 31 May 2022
 ACCEPTED 14 July 2022
 PUBLISHED 04 August 2022

CITATION
 Dong Q, Zhao X, Zhou D, Liu Z, Shi X, Yuan Y, Jia P, Liu Y, Song P, Wang X, Jiang C, Liu X, Zhang H, Zhong C, Guo F, Wan S, Yu H and Zhang Z (2022) Maize and peanut intercropping improves the nitrogen accumulation and yield per plant of maize by promoting the secretion of flavonoids and abundance of Bradyrhizobium in rhizosphere. Front. Plant Sci. 13:957336. doi: 10.3389/fpls.2022.957336

COPYRIGHT
 © 2022 Dong, Zhao, Zhou, Liu, Shi, Yuan, Jia, Liu, Song, Wang, Jiang, Liu, Zhang, Zhong, Guo, Wan, Yu and Zhang. 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.
 

Belowground interactions mediated by root exudates are critical for the productivity and efficiency of intercropping systems. Herein, we investigated the process of microbial community assembly in maize, peanuts, and shared rhizosphere soil as well as their regulatory mechanisms on root exudates under different planting patterns by combining metabolomic and metagenomic analyses. The results showed that the yield of intercropped maize increased significantly by 21.05% (2020) and 52.81% (2021), while the yield of intercropped peanut significantly decreased by 39.51% (2020) and 32.58% (2021). The nitrogen accumulation was significantly higher in the roots of the intercropped maize than in those of sole maize at 120 days after sowing, it increased by 129.16% (2020) and 151.93% (2021), respectively. The stems and leaves of intercropped peanut significantly decreased by 5.13 and 22.23% (2020) and 14.45 and 24.54% (2021), respectively. The root interaction had a significant effect on the content of ammonium nitrogen (NH4+-N) as well as the activities of urease (UE), nitrate reductase (NR), protease (Pro), and dehydrogenase (DHO) in the rhizosphere soil. A combined network analysis showed that the content of NH4+-N as well as the enzyme activities of UE, NR and Pro increased in the rhizosphere soil, resulting in cyanidin 3-sambubioside 5-glucoside and cyanidin 3-O-(6-Op-coumaroyl) glucoside-5-O-glucoside; shisonin were significantly up-regulated in the shared soil of intercropped maize and peanut, reshaped the bacterial community composition, and increased the relative abundance of Bradyrhizobium. These results indicate that interspecific root interactions improved the soil microenvironment, regulated the absorption and utilization of nitrogen nutrients, and provided a theoretical basis for high yield and sustainable development in the intercropping of maize and peanut.
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 root interaction, yield per plant, nitrogen accumulation, rhizosphere soil enzymes, flavonoids, Bradyrhizobium


Introduction

Intercropping, a diversified planting pattern, can effectively increase farmland ecosystems diversity and maintain sustainable agricultural development (Stomph et al., 2020). The yield advantage of cereal and legume intercropping systems is evident in various intercropping patterns (Raseduzzaman and Jensen, 2017; Zhang et al., 2021). Interspecific interactions are important for improved nutrient utilization and high crop yields in maize and peanut intercropping (Li et al., 2001; Wang et al., 2021; Jiao et al., 2021b). For instance, Jiao et al. (2021b) found that nitrogen accumulation per plant in intercropped peanut decreased significantly (by 25–35%), whereas that in intercropped maize increased significantly at maturity. With the root barrier, the nitrogen accumulation per plant in intercropped maize and intercropped peanut is significantly lower than that without the barrier (Jiao et al., 2021b). It is necessary to understand the critical roles of underground interspecific interactions in nutrient acquisition and productivity in intercropping.

The rhizosphere is a key area for roots to obtain water and nutrients, and it interacts closely with soil physical, chemical, and biological components (Inal et al., 2007). Root-soil interactions, including rhizosphere sensing, root structure and function, and root-induced rhizosphere processes, are critical for soil health, sustainable food security, and resource use efficiency (Wang et al., 2020b). Chemicals secreted by roots into the soil may provide carbon to bacteria or have the potential to act as signaling molecules in interspecific interactions to improve the soil environment, thereby affecting nutrient availability, diffusion, and mass flow (Lian et al., 2002; Zhang et al., 2016; Liu et al., 2022a). Recent studies have reported that maize root exudates can promote interspecific reciprocity to enhance nitrogen fixation in intercropped legume crops (Jiang et al., 2022; Liu et al., 2022a). The root exudates of maize promote the synthesis of flavonoids in faba bean, increase nodulation, and simultaneously enhance gene expression, which subsequently stimulates nitrogen fixation. For example, the genes NODL4, ENODL2, and chalcone-flavonoid isomerase (CFI) involved in flavonoid synthesis are up-regulated (Hu et al., 2021), and the expression of key nodulation genes such as NOD is up-regulated (Li et al., 2016a). Flavonoids are key signaling substances in legume nodulation (Hassan and Mathesius, 2012; Leoni et al., 2021), therefore, it is worth exploring how they communicate with neighboring plants in intercropping systems.

Soil micro-food webs play important roles in regulating soil nutrients and plant growth performance to varying degrees (Liu et al., 2022b). Therefore, many studies have been conducted on the soil microbiome related to the intercropping of cereals and legumes (Inal et al., 2007; Zhang et al., 2020b; Pang et al., 2021). A previous study found that the relative abundance of beneficial bacteria, such as RB41, Candidatus-Udaeobacter, Stropharia, Fusarium and Penicillium increased in the rhizosphere soil under the intercropping of maize and peanut (Zhao et al., 2022a). Studies have also shown that more than half of the increase in nitrogen fixation in intercropped broad beans is due to key bacteria, such as, Agromyces, Arthrobacter, Bacillus, Lysobacter, Paenibacillus, Gemmatimonas, Heliobacillus, Natronocella, and Sorangium recruited by maize root exudates play an important role in root interactions (Hu et al., 2021). In addition, plants produce secondary metabolites and interspecific interactions affect the growth of specific microorganisms in the rhizosphere (Wang et al., 2022). For example, the concentration of flavonoids increases in root exudates and is enhanced between AMF and Triadica sebifera (Tian et al., 2021). Neighboring cassava stimulates ethylene release in peanut roots, increases the abundance of Actinobacteria, and reshapes rhizosphere microbial composition (Chen et al., 2020). However, the effect of crop interspecies interactions on the composition of rhizosphere microbial communities is highly complex and dynamic. Hence, it is important to explore the regulatory mechanism of flavonoids on components of soil micro-food webs in the intercropping of maize and peanut, and to provide a theoretical basis to protect the health and sustainable development of soil ecosystems.

In this study we elucidate how root exudates assemble rhizosphere microbes and the interactions between root exudates and rhizosphere microbes. To this end, we combined soil metabolomics with metagenomic sequencing technology to study the interaction of root exudates–soil microorganisms–soil and the influence of nitrogen uptake, transport, and yield of intercropping systems under different root separation modes of maize and peanut intercropping. Therefore, this study aimed to (1) reveal the effects of maize and peanut root interactions on soil nutrient cycling and soil enzyme activities, (2) explore the relationship between flavonoids root exudates and soil bacterial community composition, and (3) clarify the correlation of soil nutrients and enzymatic activities, flavonoids root exudates, and rhizosphere soil bacteria, and to promote the yield of common driving mechanisms in intercropping systems.



Materials and methods


Experimental setup

This experiment was conducted in the experimental field of Shenyang Agricultural University, the Northeast Region Crop Cultivation Scientific Observatory of the Ministry of Agriculture and Rural Affairs from 2020 to 2021 (41°82′ N, 123°56′ E). The experimental site has a typical semi-arid continental and monsoon climate, with the average monthly temperature and precipitation shown in Figure 1A. The soil was classified as brown loam. In the top 20 cm of the soil profile, the soil contained organic matter (SOM), alkaline hydrolysable nitrogen (AN), available phosphorus (AP), available potassium (AK), and pH were 14.59 g kg−1, 178.07 mg kg−1, 43.82 mg kg−1, 201.86 mg kg−1, and 6.5, respectively, in 2020. The soil contained 14.85 g kg−1, 199.64 mg kg−1, 56.87 mg kg−1, and 213.36 mg kg−1 of SOM, AN, AP, and AK, respectively, and its pH was 6.5 in 2021.

[image: Figure 1]

FIGURE 1
 Overview of the root box simulation experiment. (A) The average monthly temperature and precipitation in the 2020 and 2021 growing seasons. (B) The distribution of root box simulation experiment. (C) Diagram of plant and soil samples in different root interaction patterns. ●: maize plants, ▲: peanut plants, □: plant and rhizosphere soil sample area, ×: the shared soil sample. IP: intercropped peanut, II: the shared soil of intercropped maize and peanut, IM: intercropped maize, IDP: intercropped peanut with board separation, IDM: intercropped maize with board separation, SP: sole peanut, SPI: the shared soil of sole peanut, SM: sole maize, SMI: the shared soil of sole maize.




Experimental design

This experiment included the following four planting patterns: (1) intercropping of maize and peanut (IMP); (2) intercropping of maize and peanut with board separation (ID), ensuring that the maize and the peanut roots were not in contact; (3) sole maize; and (4) sole peanut, there were three replicates per planting pattern (Figure 1B). Two rows of crops were placed in each root box at a row distance of 50 cm. The intercropping planting patterns were one row of maize and one row of peanuts, and the interplant distances for intercropped maize and peanut were 25 cm and 6 cm, respectively. Both sole maize and sole peanut had two rows, and the interplant distance was the same as that in intercropping (Figure 1C). The maize used was Liang-yu 99 (Zea mays L.) from Dandong Denghai Seed Industry Co. Ltd., China. The peanut used was Nong-hua 9 (Arachis hypogaea L.) from the Peanut Research Institute of Shenyang Agricultural University, China. The maize and peanut were sowed on 15 May, 2020 and 18 May, 2021, respectively, and harvested on15 September, 2020, and 18 September, 2021, respectively. In all treatments, the topsoil (0–25 cm depth) was ploughed every year before cultivation. The amount of fertiliser applied per planting pattern is listed in Supplementary Table S1. Other cultivation and management measures were the same as those used for the local production.

One maize plant and three peanut plants were randomly collected in each planting pattern for nitrogen accumulation determination at 60 days and 120 days after sowing, as follows: intercropped maize (IM), intercropped peanut (IP), intercropped maize with board separation (IDM), intercropped peanut with board separation (IDP), sole maize (SM), and sole peanut (SP), the collections were repeated three times (Figure 1C). Rhizosphere soil samples were collected for soil nitrogen content and enzyme activity as follows: IM, IP, the shared soil of intercropped maize and peanut (II), IDM, IDP, SM, the shared soil of sole maize (SMI), SP, and the shared soil of sole peanut (SPI), the collections were repeated three times (Figure 1C). To explore the differences in root exudates and microbial community under the different planting patterns (including SM, SP, and IMP), a part of the rhizosphere soil samples was collected at 60 days after sowing in 2020, stored in an ice box, transported to the laboratory, and stored at −80°C for sequencing analysis.



Determination of yield per plant and components

Three maize plants and five peanut plants were selected for harvest in each planting pattern after sowing for 120 days, the collections were repeated three times and the plants were air-dried to a constant weight. The yield per plant, ear length, ear coarse, and spike grain number of the maize were measured. The yield per plant, pods per plant, full pods per plant, 100-pod weight, and 100-kernel weight of peanuts were measured.



Nitrogen accumulation in various organs of the plant

The plant samples were divided into roots, stems, leaves, and pods (grains). Then, they were placed in an oven at 105°C for 30 min and dried at 80°C to a constant weight. After dry matter determination, the samples of each organ of the plant were crushed through a 0.5-mm sieve for plant nitrogen determination. The total nitrogen accumulation was determined using the Kjeldahl method (FOSS, Denmark, Kjeltec 8,400; Li et al., 2001).



Rhizosphere soil nitrogen content and enzyme activity

Rhizosphere soil samples were collected in the same way as described in a (Zhao et al., 2022a). Total nitrogen (TN) was measured using the Kjeldahl method, and the soil ammonium nitrogen (NH4+-N) was measured using the colourimetric method of Nessler’s reagent.

Rhizosphere soil samples collected at 60 days after sowing were tested for soil enzyme activity. The activities of the soil enzymes urease (UE), nitrate reductase (NR), protease (Pro), and dehydrogenase (DHO) were measured using an ELISA kit (MLBIO, Shanghai, China; Zhao et al., 2022a).



Root exudate extraction

The samples were then thawed on ice. We homogenized 50 mg of one sample with 500 μl ice-cold methanol/water (70%, v/v). The mixture was then homogenized at 30 Hz for 2 min. After homogenisation, the mixture was shaken for 5 min and incubated on ice for 15 min. The mixture was centrifuged at 12,000 rpm at 4°C for 10 min, and 400 μl of the supernatant was placed into another centrifuge tube. Next, 500 μl of ethyl acetate/methanol (V, 1:3) was added to the original centrifuge tube, the mixture was oscillated for 5 min, and then incubated on ice for 15 min. Then, the mixture was centrifuged at 12,000 rpm at 4°C for 10 min. We took 400 μl of the supernatant and combined and concentrated the two supernatants. Next, we added 100 μl of 70% methanol water to the dried product, and ultrasonic treatment was performed for 3 min. Finally, the mixture was centrifuged at 12,000 rpm at 4°C for 3 min, and 60 μl of the supernatant was extracted for LC–MS/MS analysis. Root exudates were detected using an ultra-high-performance liquid chromatograph (Agilent 7,890, Santa Clara, CA, United States) and a mass spectrometer (QTOF/MS-6545, LECO, St. Joseph, MI, United States) for sequencing at Metware, Wuhan, China.



Quantification of flavonoids and isoflavonoids in root exudates by LC–MS/MS

All samples were acquired using an LC–MS system followed by machine ordering. The analytical conditions were as follows:

Ultra Performance Liquid Chcromatography (UPLC): Column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 2.1 mm × 100 mm); column temperature, 35°C; flow rate, 0.3 ml/min; injection volume, 1 μl; solvent system, water (0.01% methanolic acid): acetonitrile; gradient programme of positive ion, 95:5 V/V at 0 min, 79:21 V/V at 3.0 min, 50:50 V/V at 5.0 min, 30:70 V/V at 9.0 min, 5:95 V/V at 10.0 min, and 95:5 V/V at 14.0 min; gradient programme of negative ion, 95:5 V/V at 0 min, 79:21 V/V at 3.0 min, 50:50 V/V at 5.0 min, 30:70 V/V at 9.0 min, 5:95 V/V at 10.0 min, and 95:5 V/V at 14.0 min. The original data file obtained by LC–MS analysis was first converted into the mzML format using ProteoWizard software. Peak extraction, alignment, and retention time correction were performed using the XCMS program. The SVR method was used to correct the peak area. The peaks with a deletion rate of > 50% in each group of samples were filtered. Subsequently, metabolic identification information was obtained by searching the laboratory’s self-built database and integrating the public database with met DNA.



Assessment of microbial community structure in rhizosphere soils by metagenomic sequencing

Total DNA was extracted from rhizosphere soil samples (0.5 g) using the Qubit® dsDNA Assay Kit in a Qubit® 2.0 Flurometre (Life Technologies, CA, United States) following the manufacturer’s instructions. DNA concentration and purity were estimated using a Nanodrop 1,000 spectrophotometre (Thermo Fisher Scientific, Waltham, MA, United States) and electrophoresis on 1% (w/v) agarose gel. The OD value was between 1.8 and 2.0 and DNA contents higher than 1 μg were used to construct the library. The detailed determination of metagenomic sequencing results is shown in Supplementary Data Text S1. Sequence data were submitted to the Sequence Read Archive (PRJNA833565; https://www.ncbi.nlm.nih.gov/sra/PRJNA833565).



Statistical analysis

The yield per plant and components, nitrogen accumulation, soil nutrient content, and soil enzyme activity were assessed by one-way analysis of variance (ANOVA) with Duncan’s test using SPSS 23.0 (IBM SPSS Inc., United States). Differences were considered statistically significant at p < 0.05. The figures were plotted using Origin Pro (version 9.0; Origin Lab Corporation, Northampton, MA, United States).

Quality control (QC) samples were prepared by mixing sample extracts and were used to analyze the repeatability of samples using the same processing method. During instrumental analysis, a quality control sample was inserted into every 15 assay samples to monitor the repeatability of the analytic process. Principal component analysis (PCA) was performed to probe the changes in root exudates and microbial community with different planting patterns, respectively. PCA was conducted using the base package of R (Version 3.5.0). Orthogonal partial least squares discriminant analysis (OPLS-DA) was a multivariate statistical analysis method with supervised pattern recognition, which could effectively eliminate irrelevant effects to screen differential root exudates. OPLS-DA analysis was conducted using the MetaboAnalystR package. DIAMOND (Buchfink et al., 2015) software (V0.9.9, https://github.com/bbuchfink/diamond/) to blast the Unigenes to the bacterial sequences, which were all extracted from the NR database (Version: 2018-01-02, https://www.ncbi.nlm.nih.gov/) of NCBI with the parameter settings blastp, −e 1e-5. LEfSe analysis was conducted using the LEfSe software (the default LDA score was 3; Segata et al., 2011). To clarify the correlation between root exudates, rhizosphere soil microorganisms, and soil physicochemical properties, a network heat map was drawn using https://www.omicshare.com. Including Spearman’s correlation analysis of root exudates and dominant bacteria, and Mantel test correlation analysis of soil physicochemical properties and root exudates and rhizosphere soil microorganisms (Zhu et al., 2019). Random forest modelling was conducted to quantitatively assess the important predictors of plant yield (Chen et al., 2020), including nitrogen accumulation per plant of maize and peanut, soil nutrients (TN: soil total N, NH4+-N: soil ammonium N), soil enzyme activity (UE: soil urease; NR: soil nitrate reductase; Pro: soil protease; DHO: soil dehydrogenase), core root exudates in the shared soil of intercropped maize and peanut, and Bradyrhizobium. These analyses were conducted using the randomForest package, and the significance of the model and predictor importance were determined using the rfUtilities and rfPermute packages in R software, respectively.




Results


Responses of maize and peanut yield per plant under different planting patterns

Planting patterns and year × planting patterns significantly affected (p < 0.05) the maize and peanut yield per plant (Table 1). Compared to SM, IDM significantly decreased by 58.12% (2020, p < 0.05) and 32.50% (2021), and IM significantly increased by 21.05% (2020, p < 0.05) and 52.81% (2021, p < 0.05). Compared to SP, IDP decreased by 6.14% (2020), and significantly increased by 27.57% (2021, p < 0.05), and IP significantly decreased by 39.51% (2020, p < 0.05) and 32.58% (2021, p < 0.05). The pods per plant and 100-kernel weight significantly affected peanut yield.



TABLE 1 Yield per plant and components of maize and peanut under different planting patterns.
[image: Table1]



Responses of nitrogen accumulation in various organs of maize and peanut under different planting patterns

Compared with SM, the nitrogen accumulation per plant of IDM and IM increased (Supplementary Figures 1A,B), with the significantly increased in IM. The year, planting patterns, and year × planting patterns significantly affected nitrogen accumulation in maize roots, stems, and leaves, and the planting patterns significantly affected nitrogen accumulation in grains (Supplementary Table S2). Nitrogen accumulation in various organ of IDM and IM increased. Among them, the nitrogen accumulation of IM roots significantly increased by 129.16% (2020, p < 0.05) and 151.93% (2021, p < 0.05). Compared with SP, the nitrogen accumulation per plant of IDP and IP decreased significantly, with the highest decrease in IP at 120 days (Supplementary Figures 1C,D). The year, planting patterns, and year × planting patterns significantly affected nitrogen accumulation in the roots and leaves of peanuts (Supplementary Table S2). The nitrogen content of stems and leaves in IP decreased by 5.13 and 22.23% (2020) and 14.45 and 24.54% (2021), respectively. The nitrogen accumulation in the roots, leaves, and pods of peanuts decreased significantly at 120 days after sowing (Supplementary Table S2).



Responses of rhizosphere soil nitrogen content and enzyme activity of maize and peanut under different planting patterns

The year significantly affected the TN and NH4+-N contents at 120 days (Supplementary Table S3). Compared with SM, the TN and NH4+-N contents increased in IDM and IM, and the increase was highest in IM at 60 days. At 120 days, the NH4+-N content increased significantly in the IM. Compared with the SP, the TN and NH4+-N contents increased in IDP and IP, and the NH4+-N content increased significantly in IP at 60 days and 120 days, respectively. Compared with SMI and SPI, the TN and NH4+-N contents (p < 0.05) increased in II at 60 days and 120 days, respectively. Thus, root interaction had a significant effect on the NH4+-N content in the rhizosphere soil.

Compared with SM, the activities of UE, Pro, NR, and DHO increased in IDM; UE and Pro increased significantly by 33 and 17% (2020) and 6 and 10% (2021), respectively (Supplementary Figures 2A,B). The activities of UE, Pro, and DHO increased in IM; UE and Pro increased significantly by 36 and 28% (2020) and 4 and 30% (2021), respectively (Supplementary Figures 2A–C). Compared with SP, the activities of UE, Pro, and DHO in IDP increased. The NR activity in IDP decreased significantly by 2% (2021). The activities of UE, Pro, NR, and DHO in IP increased; Pro and NR increased significantly by 31 and 56% (2020) and 32 and 44% (2021), respectively (Supplementary Figures 2B,C). The activities of UE, Pro, and DHO in II were higher than those of SMI and SPI (Supplementary Figures 2A,B,>D). The NR activity was lower than those of SMI and SPI (Supplementary Figure 2C). Thus, the root interaction had a positive effect on the enzyme activities of UE, Pro, NR, and DHO in the rhizosphere soil of intercropped maize, intercropped peanuts, and the shared soil of intercropped maize and peanuts.



Responses of the root exudates of maize and peanut under different planting patterns

The PCA of the samples (including the QC samples) showed that the mixed samples of the treatments were clustered together, indicating that the sequencing results were stable and reliable, and the samples within the group had good repeatability (Supplementary Figure 3). Sixteen root exudate types were detected, of which lipids and lipid molecules (20.42%), organic heterocyclic compounds (15.92%), benzenoids (14.94%), organic oxygen compounds (8.63%), organic acids and derivatives (8.11%), and phenylpropanoids and polyketides (5.93%) were the most abundant (Table 2). The root exudates in SM vs. IM and SP vs. IP were clearly separated along the first principal component, indicating that planting patterns had a significant effect on root exudates (Figures 2A,B). The root exudates of SMI vs. II and SPI vs. II were also significantly separated along the first principal component, suggesting that root interaction significantly affected the distribution of root exudates (Figures 2C,D). The OPLS-DA results showed that the model could better explain the differences between planting patterns (R2Y = 1, Q2 > 0.5; Figure 3), proving that the results of differential root exudates caused by intercropping were stable and reliable.



TABLE 2 The categories of maize and peanut root exudates in rhizosphere soil under different planting patterns.
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FIGURE 2
 Principal component analysis (PCA) of maize and peanut root exudates under different planting patterns. (A) SM vs. IM, (B) SP vs. IP, (C) SMI vs. II, (D) SPI vs. II. SM: sole maize, IM: intercropped maize, SP: sole peanut, IP: intercropped peanut, SMI: the shared soil of sole maize, SPI: the shared soil of sole peanut, II: the shared soil of intercropped maize and peanut.
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FIGURE 3
 OPLS-DA models of maize and peanut root exudates under different planting patterns. (A) SM vs. IM, (B) SP vs. IP, (C) SMI vs. II, (D) SPI vs. II. X: the accuracy of the model, Y: the frequency of the model classification effect. SM: sole maize, IM: intercropped maize, SP: sole peanut, IP: intercropped peanut, SMI: the shared soil of sole maize, SPI: the shared soil of sole peanut, II: the shared soil of intercropped maize and peanut.




The response of flavonoids and isoflavonoids in root exudates to the intercropping of maize and peanut

A total of 23 flavonoids and 7 isoflavonoids were detected in the differential root exudates (Figure 4A and Supplementary Table S4). In addition, the qualitative analysis of flavonoids and isoflavonoid compounds in the differential root exudates detected those four differential flavonoid compounds were annotated in SM vs. IM, with two being upregulated and two being downregulated (Figure 4A). The greatest increase and decrease in root exudates were observed for MW00138036 and MW00153631, respectively (Supplementary Table S4). Four differential isoflavonoid compounds were annotated in SM vs. IM, with two being upregulated and two being down-regulated (Figure 4A). The greatest increase and decrease in root exudates were observed for MW00132749 and MW00162520, respectively (Supplementary Table S4). A total of three differential flavonoid compounds were annotated in SP vs. IP, with two being upregulated and one being downregulated (Figure 4A). The root exudates with the highest increase and decrease were MW00148166 and ZINC38321668, respectively (Supplementary Table S4). One differential isoflavonoid compound, MW00131494, was upregulated. In addition, 11 differential flavonoid compounds were annotated in SMI vs. II, of which seven were upregulated and four were down-regulated (Figure 4A). The greatest increase and decrease in root exudates were observed for MW00138036 and MW00129050, respectively (Supplementary Table S4). Three differential isoflavonoid compounds were annotated in SMI vs. II, of which two were upregulated and one was downregulated (Figure 4A). The greatest increase and decrease in root exudates were observed for MW00131337 and MW00162520, respectively (Supplementary Table S4). A total of 10 differentially expressed flavonoids were annotated in SPI vs. II, of which nine were up regulated and one was downregulated (Figure 4A). The root exudates with the highest increase and decrease were MW00138036 and ZINC15271783, respectively (Supplementary Table S4). Three different isoflavonoid compounds were annotated in SPI vs. II, of which two were up regulated and one was downregulated (Figure 4A). The greatest increase and decrease in root exudates were observed for MW00131337 and MW00139133, respectively. Venn diagram showed that unique and shared differences root exudates between SM vs. IM and SP vs. IP, SMI vs. II and SPI vs. II. Only five core root exudates, MW00129050, MW00138036, MW00131337, ZINC85832360, and MW00148166, were shared between SMI vs. II and SPI vs. II (Figure 4B and Supplementary Table S4). We speculate that five core root exudates were the key differential root exudates affected the process of root interaction. In addition, all flavonoids and isoflavones were matched with the KEGG database to obtain the pathway information. The results showed that the differential root exudates were mainly involved in anthocyanin biosynthesis (https://www.genome.jp/kegg-bin/show_pathway?map00942).
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FIGURE 4
 Distribution of flavonoids and isoflavonoids in rhizosphere soils of maize and peanut in different planting patterns. (A) The number of flavonoids and isoflavonoids. (B) Venn diagram of different planting patterns. SM: sole maize, IM: intercropped maize, SP: sole peanut, IP: intercropped peanut, SMI: the shared soil of sole maize, SPI: the shared soil of sole peanut, II: the shared soil of intercropped maize and peanut.




Responses of the bacterial community composition of maize and peanut under different planting patterns

The abundance of unigenes correlation coefficients between different planting patterns was 1, showing that the higher the similarity of gene abundance between samples, the more reliable the experiment and the more reasonable the sample selection (Supplementary Figure 4). According to the unigene annotation, the bacterial taxa Sphingomonas (3.30%), Candidatus Solibacter (1.96%), Gemmatirosa (1.54%), Bradyrhizobium (1.39%), Streptomyces (1.09%), and Candidatus Koribacter (1.01%) were present at high relative abundance (RA; mean RA > 1%; Figure 5A and Supplementary Table S5). Compared with the SM, the relative abundance (RA) of Bradyrhizobium, Sphingomonas, and Candidatus Koribacter increased by 27.98, 5.49, and 2.43%, respectively in IM. Compared with SP, the RA of Candidatus Solibacter, Candidatus Koribacter, Streptomyces, and Bradyrhizobium increased by 39.16, 29.57, 8.93, and 3.59%, respectively. The RA of Bradyrhizobium, Candidatus Solibacter, and Candidatus Koribacter were higher in II than in SMI and SPI. The PCA showed a clear difference in community composition between SP and IP, SPI, and II, and they could be separated along the second coordinate axis (Figure 5B), suggesting that neighbouring maize affects bacterial community composition in IP and II. To further clarify the effect of root interactions on bacterial community composition, LEfSe analysis showed that the abundance of Proteobacteria and Bacteroidetes was significantly higher in II than in SMI and SPI. Within the Proteobacteria phylum, the class Alphaproteobacteria was abundant in II. The family Solibacteraceae, belonging to Bacteroidetes, was also significantly more abundant in II (Figure 5C).
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FIGURE 5
 Composition and distribution of bacterial communities at the genus level under different planting patterns. (A) Histogram of the relative abundance of bacterial communities. (B) Principal component analysis (PCA) of bacterial community. (C) LEfse analysis. SM: sole maize, IM: intercropped maize, SP: sole peanut, IP: intercropped peanut, SMI: the shared soil of sole maize, SPI: the shared soil of sole peanut, II: the shared soil of intercropped maize and peanut.




Correlations among the soil physicochemical properties, root exudates and bacterial community

Spearman’s correlation analysis reflected the mechanism of root exudates and bacteria under the intercropping of maize and peanut (Figure 6A). The results showed that flavonoids were significantly correlated with bacteria at the genus level, with more positive correlations than negative correlations (Supplementary Table S6). Flavonoids MW00138036 and MW00148166 had the greatest positive correlation with g_Bradyrhizobium (r = 0.52 and r = 0.57, respectively; p < 0.05), followed by g_Haliangium (r = 0.56, p < 0.05), g_Pseudolabrys (r = 0.48, p < 0.05), and g_Candidatus Koribacter (r = 0.44, p < 0.05). MW00138036 had a significantly negative correlation with g_Gemmatirosa (r = −0.58, p < 0.05). The isoflavonoid MW00131337 had a significantly positive correlation with g_Candidatus Solibacter (r = 0.54, p < 0.05), g_Haliangium (r = 0.54, p < 0.05), and g_Candidatus Koribacter (r = 0.47, p < 0.05). g_Bradyrhizobium had the greatest correlation with flavonoid root exudates as the key flora. This belonged to the same Proteobacteria as the significantly changed flora in II (Figure 5C). The Mantel test correlation analysis showed that Pro, NH4+-N, and UE were significantly correlated with the bacteria (Figure 6A). Pro had the strongest positive correlation with g_Candidatus Solibacter and the strongest negative correlation with g_Gemmatirosa. Pro, NH4+-N, and UE had significantly positive correlations with g_Bradyrhizobium (Supplementary Table S7). In addition, TN, Pro, DHO, and NH4+-N were significantly correlated with root exudates (Supplementary Table S7), indicating that root exudates are key factors affecting changes in soil physicochemical properties and microbial communities. The model indicated that the most important predictor of plant yield was UE, followed by plant N, soil NH4+-N, MW00138036, Pro, NR, and MW00148166 (p < 0.05; Figure 6B). Soil DHO (p = 0.06), the RA of g_Bradyrhizobium (p = 0.13), and soil TN (p = 0.25) had no significant influence on plant yield.
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FIGURE 6
 Correlations among the soil physicochemical properties, flavonoids root exudates, and bacterial community. (A) A network heatmap of correlations between soil physicochemical properties and root exudates and bacterial communities. (B) Mean predictor importance of factors related to plant production based on random forest analysis. The significance levels of each predictor in the random forest analysis are as follows: *p < 0.05 and **p < 0.01. Plant N: nitrogen acumulation per plant in maize and peanut; TN: soil total N; NH4+–N: soil ammonium N; UE: soil urease; NR: soil nitrate reductase; Pro: soil protease; DHO: soil dehydrogenase; MW00138036: Cyanidin 3-sambubioside 5-glucoside; MW00148166: Cyanidin 3-O-(6-O-p-coumaroyl) glucoside-5-O-glucoside; Shisonin.





Discussion

The results of this study showed that the yield of intercropped maize was significantly higher than that of sole maize, while the yield of intercropped peanuts was significantly lower than that of sole peanuts (Table 1). These results were consistent with those of previous studies that found that intercropping maize and peanuts was beneficial to maize yield (Zou et al., 2021; Jiao et al., 2021a). The yield advantage of intercropping was that the increase in the intercropped maize yield could offset the decrease in the intercropped peanut yield. In addition to the cultivation patterns, such as planting density (Zhang et al., 2020a) and border-row effect (Wang et al., 2020a), which affect the yield formation of intercropping systems, the internal mechanism changes caused by root interactions between species are worthy of exploration. Nitrogen is one of the main nutrients limiting plant productivity. The biological nitrogen fixation of legume crops can transform and absorb nitrogen in the atmosphere; there is an increasing number of studies on nitrogen uptake and nitrogen transfer in the intercropping of cereals and legumes (Thilakarathna et al., 2016; Luo et al., 2021; Nasar et al., 2022). This study showed that the nitrogen accumulation in each organ of IDM and IM increased. The nitrogen content of the roots, leaves, and pods was significantly lower in peanuts than in sole peanuts (Supplementary Table S2). This is because the dominant crop, maize, competes for higher nutrient uptake when interacting with peanut roots underground (Li et al., 2010). Interspecific competition improves the growth and development of peanut nodules and the synthesis and activity of nitrogenase nifH, thereby promoting biological nitrogen fixation in intercropped peanut and nitrogen transfer to neighbouring maize (Carlsson and Huss-Danell, 2013; Chalk et al., 2014; Thilakarathna et al., 2016; Jain et al., 2020; Pang et al., 2021). Studies have shown that the direct or indirect interaction of roots between crops and the characteristics of root ecological separation play a role in interspecific competition, promote nutrient absorption, and improve crop yield (Hochholdinger et al., 2004; Tajima et al., 2008; Jiao et al., 2021a). Thus, root interaction improves the nitrogen absorption and transfer in the intercropping system, showing the interspecific promoting effect, and realizing the high yield of the intercropping system.

The results of this study showed that the nutrient content of the rhizosphere soil was higher in intercropped maize and peanuts than in sole maize and sole peanuts, and the increase was higher than that of intercropped maize and peanuts with board separation (Supplementary Table S3). This was consistent with the research finding that the soil N and NH4+-N contents of intercropped peanuts and intercropped cotton are higher than those of sole cropping, and the nutrient accumulation of peanut and cotton soil is significantly inhibited when the root system is separated (Xie et al., 2022). The root depths of maize and peanut differed in the intercropping system, thus improving soil nutrient cycling and uptake by niche complementation (Xue et al., 2016; Duchene et al., 2017; Li et al., 2020; Mahmoud et al., 2022). The results of this study also showed that NH4+-N changed significantly in the rhizosphere soil of intercropped maize, intercropped peanut, and the shared soil of intercropped maize and peanut (Supplementary Table S3). In maize intercropping, the existence of interspecific competition enhances the nitrogen fixation of peanut nodules, promotes nitrogen absorption and utilization, and activates the nitrogen cycle in the soil of the intercropping system (Xu et al., 2007; Shen et al., 2019; Li et al., 2021; Nasar et al., 2022). Generally, root interactions improve the soil nutrient cycle in the intercropping of maize and peanuts, especially in terms of the absorption and utilization of NH4+-N.

Soil enzyme activity is an important indicator of changes in the soil microbial activity (Li et al., 2019). A previous meta-analysis of a large body of literature found that intercropping significantly increased enzyme activity by an average of 13% (p < 0.001), and that the intercropping effects varied by enzyme class, main crop or plant type intercropped, and other experimental and environmental factors (Curtright and Tiemann, 2021). In this study we found that the enzyme activities of UE, and Pro increased significantly in intercropped maize (Supplementary Figures 2A,B), the enzyme activities of Pro, NR increased significantly in intercropped peanut (Supplementary Figures 2B,C), the enzyme activities of UE, Pro, and DHO increased in the shared soil of intercropped maize and peanut, and NR decreased (Supplementary Figure 2), compared with the shared soil of sole maize and sole peanut. This may be attributed to differences in the litter residues of different crops, different induced enzyme responses, and different intercropping effects (Malobane et al., 2020). We found that the increase in the UE, Pro, and DHO involved in the soil nitrogen cycle under the intercropping of maize and peanut was consistent with the results of other studies (Supplementary Figures 2A,B,D; Li et al., 2016b, 2022b; Tang et al., 2020, 2021). In addition, the increase in enzyme activity was generally higher than that in the root system separated treatment. Overall, these results suggest that interspecific root interactions increase soil enzyme activity and improve soil nutrient cycling capacity (Li et al., 2018), providing support for the first aim.

In the current study, the PCA showed that the root exudates in SM vs. IM, SP vs. IP, SMI vs. II, and SPI vs. II were significantly separated, indicating that the root interaction significantly affected the distribution of root exudates (Figures 2A,B). Plants secrete different types and amounts of compounds in the rhizosphere depending on plant size, photosynthetic activity, soil conditions, and species genotype (Mommer et al., 2016). Flavonoids are one of the most secondary metabolites secreted by plant roots and have various biological activities such as antioxidant and antimicrobial activities (Panche et al., 2016; Liu et al., 2021). It is reported, flavonoids play critical roles in the nodule nitrogen fixation and regulation of interplant and plant-microbe interactions (Weston and Mathesius, 2013). Compared with sole faba bean, the root of intercropped broad bean secreted the enrichment with flavonoids, for example, flavanols, isoflavone, chalcone and hesperetin, and the enhancement of faba bean nodulation (Liu et al., 2017). Compared with sole wheat, intercropping of wheat and faba bean secreted more flavonoids, and interspecific interaction changed the content and proportion of flavonoids in wheat root exudates (Liu et al., 2020). A total of 23 flavonoids and seven isoflavones compounds were detected in this study (Supplementary Table S4). In addition, the differences in flavonoids and isoflavones in SM vs. IM (10) and SMI vs. II (14) were greater than those in SP vs. IP (6) and SPI vs. II (13), respectively (Figure 3A), which exhibited more characteristics of peanut root exudates, further indicating the dominant role of peanuts in the distribution of flavonoids and isoflavones in II. Resource competition affects interspecific interactions, because maize is more competitive than peanuts for light, temperature, water, nutrients, etc., therefore, peanuts respond to neighboring maize by altering root chemistry and stimulating flavonoids biosynthesis and root secretion (Hazrati et al., 2021; Leoni et al., 2021). Five core root exudates shared by SMI vs. II and SPI vs. II were up regulated, including MW00129050, MW00138036, MW00131337, ZINC85832360, and MW00148166 (Figure 3B and Supplementary Table S4), identified as key differential root exudates affecting the process of root interaction. Specifically, the expression of cyanidin 3-sambubioside 5-glucoside (MW00138036) and 3-(3,4-Dimethoxyphenyl)-6-ethoxy-4-methylcoumarin was upregulated in intercropped maize; the expression of cyanidin 3-O-(6-Op-coumaroyl) glucoside-5-O-glucoside; shisonin was up-regulated in intercropped peanut (Supplementary Table S4). Among them, cyanidin 3-sambubioside 5-glucoside and cyanidin 3-O-(6-O-p-coumaroyl) glucoside-5-O-glucoside; Shisonin were involved in the anthocyanin synthesis, and it is the final product of the flavonoid metabolic pathway. The expression of nodule nitrogen-fixing genes CHI, NODL4, ENODL2, and ENOD93 in the upstream stage of the flavonoid synthesis pathway was significantly upregulated (Hu et al., 2021; Jiang et al., 2022), which promoted the synthesis of flavonoids. This also explains the presence of cyanidin 3-sambubioside 5-glucoside and cyanidin 3-O-(6-Op-coumaroyl) glucoside-5-O-glucoside; shisonin were significantly up-regulated in the downstream stage of the anthocyanin synthesis pathway. This indicated that interspecific interactions regulated the types and contents of flavonoids excreted by the roots of maize and peanut.

Rhizosphere microbial communities benefit plants by increasing nutrient availability (Richardson et al., 2009; Jacoby et al., 2017), producing plant growth hormones (Nihorimbere et al., 2011; Carvalhais et al., 2019; Kyozuka et al., 2022), and defending against pathogens (Chen et al., 2014; Pang et al., 2022). A growing body of research indicates that interspecific root interactions affect the rhizosphere microbial community composition in intercropping systems (Wang et al., 2018; Jiang et al., 2022; Xie et al., 2022). This study showed that there were significant differences in the rhizosphere microbial community structure under intercropping, compared with sole cropping, especially in the SP vs. IP, and SPI vs. II (Figure 5B). Interspecific root interaction further caused differences in the bacterial community structure during intercropping. For instance, Li et al. (2022a) found that Actinobacteria and Proteobacteria were the dominant phyla, and that the relative abundance of Proteobacteria in intercropped maize rhizosphere soil increased significantly (Li et al., 2022a). Li et al. (2018) showed that the numbers of Bacillus, Brevibacillus brevis, and Paenibacillus mainly increased in the maize rhizosphere. Burkholderia, Pseudomonas, and Rhizobium mainly increased in the peanut rhizosphere (Li et al., 2018). Some bacterial changes were consistent with our study, this phenomenon may be due to secondary metabolites altering the abundance of bacteria. Most notably, the abundance of the dominant bacterial genus Bradyrhizobium increased in the intercropped maize, intercropped peanut, and the shared soil of intercropped maize and peanut (Figure 5A and Supplementary Table S5), which was consistent with the previous study (Li et al., 2018; Pang et al., 2021). A recent study suggested that Bradyrhizobium promotes nodulation and nitrogen fixation in peanuts during intercropping (Solanki et al., 2019; Pang et al., 2021; Chen et al., 2022). Hence, it may play an important role in promoting nitrogen uptake and transport in the intercropping of maize and peanut. Our next step was to perform isolation and verification. Alterations in the composition of the rhizosphere microbial community were due to fertilization (Guo et al., 2020), crop type (Prommer et al., 2020), and above-ground processes related to crop diversity, such as microclimate changes related to plant canopy cover (Delgado-Baquerizo et al., 2018), root exudates (Mommer et al., 2016), and soil environmental factors (Stefan et al., 2021). Root exudates are important factors that affect the rhizosphere microbial communities (Wang et al., 2022).To further clarify our second aim the relationship between flavonoids root exudates and soil bacterial community composition in intercropping systems, spearman’s correlation analysis revealed significant correlations between specific root exudates and bacterial community composition. Among these, cyanidin 3-sambubioside 5-glucosideand cyanidin 3-O-(6-Op-coumaroyl) glucoside-5-O-glucoside; shisonin had frequent significantly positive correlations with bacterial communities; the greatest correlation was with Bradyrhizobium (Figure 6A and Supplementary Table S6), indicating that some root exudates secreted by the root changed the bacterial community composition, while, some bacterial metabolic pathways also changed to adapt to environmental stress (Zhao et al., 2022b). These results showed that root exudates could be used to assess the adaptations of soil microbial communities to interspecific interactions at the molecular level. Furthermore, in this study, Pro, NH4+-N and UE had significantly positive correlation with g_Bradyrhizobium and core root exudates (Figure 6A and Supplementary Table S7), suggesting that root interactions improve plant resource availability by changing root exudates and rhizosphere bacterial. In conclusion, root interactions cause differences and changes in root exudates, regulate bacterial community composition, alter soil physicochemical properties, and promote plant growth and development. To investigate the potentially important predictors of plant yield, we conducted random forest modelling with the nitrogen accumulation per plant of maize and peanut, soil nutrients (TN: soil total N; NH4+-N: soil ammonium N), soil enzyme activity (UE: soil urease; NR: soil nitrate reductase; Pro: soil protease; DHO: soil dehydrogenase), core root exudates in the shared soil of intercropped maize and peanut, and Bradyrhizobium. Thus, we found some evidence of our third aim. Soil UE was the most important predictor of plant yield (Figure 6B). This was followed by plant N, soil physicochemical properties and root exudates (Figure 6B). Overall, these findings suggest that intercropping interspecific interactions could change rhizosphere soil physicochemical properties, reshape rhizosphere soil bacterial communities, and enrich nitrogen-fixing bacteria Bradyrhizobium, which promote nitrogen uptake and yield in intercropped maize.



Conclusion

Our study showed that intercropped maize yields and nitrogen accumulation significantly increased, compared to sole maize. Therefore, we went on to explore how root interactions in the belowground of maize and peanut regulate yield increase. Our results revealed that the release of flavonoids increased, and cyanidin 3-sambubioside 5-glucoside and cyanidin 3-O-(6-Op- coumaroyl) glucoside-5-O-glucoside; shisonin were up-regulated in the shared soil of intercropped maize and peanut. Correlation analysis showed that flavonoids were significantly positively correlated with the content of NH4+-N, and the activity of UE, Pro, DHO and nitrogen-fixing bacteria Bradyrhizobium. Random forest analysis further demonstrated that interspecific interactions modulated flavonoids secretion, affected soil nitrogen content and enzymatic activity, and reassemble rhizosphere bacterial community. Thereby, promoting nitrogen fixation in peanut nodules and nitrogen absorption in maize and achieving high yield in the intercropped maize. This study enhances our understanding of the ecological role of root exudates and rhizosphere soil microbes in the intercropping of maize and peanut.
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Grain weight is a major determinant in rice yield, which is tightly associated with grain size. However, the underlying molecular mechanisms that control this trait remain unclear. Here, we report a rice (Oryza sativa) mutant, low grain weight (lgw), which shows that reduced grain length is caused by decreased cell elongation and proliferation. Map-based cloning revealed that all mutant phenotypes resulted from a nine-base pair (bp) deletion in LGW, which encodes the kinesin-like protein BRITTLE CULM12 (BC12). Protein sequence alignment analysis revealed that the mutation site was located at the nuclear localization signal (NLS) of LGW/BC12, resulting in the lgw protein not being located in the nucleus. LGW is preferentially expressed in both culms and roots, as well as in the early developing panicles. Overexpression of LGW increased the grain length, indicating that LGW is a positive regulator for regulating grain length. In addition, LGW/BC12 is directly bound to the promoter of GW7 and activates its expression. Elevating the GW7 expression levels in lgw plants rescued the small grain size phenotype. We conclude that LGW regulates grain development by directly binding to the GW7 promoter and activating its expression. Our findings revealed that LGW plays an important role in regulating grain size, and manipulation of this gene provides a new strategy for regulating grain weight in rice.
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Introduction

Rice is a staple food for more than half of the world’s population. Improving rice yield is crucial to meet the rapid growth of the global population. Rice yield is mainly determined by three major parameters: panicle number per plant, grain number per panicle, and grain weight. Grain weight is determined by the grain size and degree of grain filling. The cell number and cell size of the spikelet hull directly determine rice grain size (Li et al., 2018, 2019). Several quantitative trait loci (QTLs) and several genes that regulate grain size have been identified in recent studies (Wang et al., 2012, 2015; Duan et al., 2014, 2017; Che et al., 2015; Liu et al., 2015, 2017, 2018; Huang et al., 2017; Hao et al., 2021). The main regulatory pathways of grain size include the G protein, mitogen-activated protein kinase (MAPK), ubiquitin–proteasome, and phytohormonal signaling pathways and transcriptional regulatory factors (Xu et al., 2019).

In rice, all G-protein subunits participate in grain size regulation. Mutation of RGA1, which encodes a Gα subunit in rice, results in a severely dwarf plant and produces small grains (Sun et al., 2018). Reduced expression of RGB1, which encodes the Gβ subunit, leads to short panicles and small grains in rice (Utsunomiya et al., 2011). Therefore, RGA1 and RGB1 are positive regulators of rice grain size. However, genes encoding Gγs subunits play diverse roles in regulating grain size. Overexpression of both RGG1 and RGG2 leads to small grains, suggesting that RGG1 and RGG2 are negative regulators of rice grain size (Miao et al., 2019; Tao et al., 2020). GS3 and DEP1 are the two major QTLs that play antagonistic roles in grain size (Sun et al., 2018). Different mutations in GS3 result in different grain sizes. Loss of GS3 function results in a long-grain phenotype (Fan et al., 2006). However, the GS3-4 allele, which encodes a truncated protein retaining the G-protein γ-like (GGL) domain in the N-terminal tail, has a dominant negative effect on grain size. Overexpression of the wild-type GS3 and GS3-4 alleles results in small grains (Mao et al., 2010). Therefore, GS3 acts as a negative regulator of grain size. In rice, DEP1 plays multiple roles in plant development, including regulation of grain size, panicle development, and responses to nitrogen (Huang et al., 2009; Sun et al., 2014; Liu et al., 2018). GGC2, as the closest homolog of DEP1, either individually or in combination, regulates grain size when complexed with Gβ (Sun et al., 2018). In rice, the OsMKKK10-OsMKK4-OsMAPK6 cascade has been reported to regulate grain size, OsMKKK10 phosphorylates and activates OsMKK4 and OsMAPK6, and the activity of OsMAPK6 is positively associated with grain size (Xu et al., 2018a,b; Guo et al., 2020). Rice OsMKP1, which encodes a MAPK phosphatase, plays an antagonistic role with OsMKK4 regulating OsMAPK6 activity and grain size (Xu et al., 2018b). Therefore, accurate regulation of OsMPK6 activity through reversible phosphorylation is key to rice grain size regulation. GW2, which encodes a RING-type E3 ubiquitin ligase, negatively regulates grain width (Song et al., 2007). GW2 ubiquitinates WG1 and modulates its stability, thereby relieving the inhibition of OsbZIP47 transcriptional activity and promoting downstream genes transcription to decrease the grain width (Hao et al., 2021). The deubiquitinating enzyme OsOTUB1/WIDE AND THICK GRAIN 1 (WTG1) controls grain size and shape mainly by influencing cell expansion (Huang et al., 2017). Some factors of the brassinosteroid (BR) signaling pathway, such as OsBRI1, OsBAK1, OsBZR1, qSW5/GW5, and qGL3/GL3.1, have been found to regulate grain size (Duan et al., 2017; Liu et al., 2017). Transcriptional regulatory factors, such as SQUAMOSA promoter-binding protein-like family transcription factors, SPL13 and SPL16, are positive regulators of grain length by promoting cell expansion or/and cell proliferation in the spikelet hull by regulating SRS5 and GW7 expression, respectively (Wang et al., 2015; Si et al., 2016). GW7 encodes a homolog of Arabidopsis LONGIFOLIA protein, which regulates longitudinal polar cell elongation (Wang et al., 2015).

Kinesins are ATP-driven microtubule-based motor proteins that transport vesicles containing cytoplasmic cargo to specific destinations in higher eukaryotes (Schuyler et al., 2003). Kinesins are divided into 14 subfamilies according to their conserved motor domains. The kinesin-4 subfamily shares a highly conserved ATPase domain at the N-terminal, a globular domain at the C-terminal, and a coiled-coil domain in the middle region (Mazumdar and Misteli, 2005). Most members of the kinesin-4 subfamily in animals have putative nuclear localization signals (NLSs) and perform nuclear functions (Murphy and Karpen, 1995; Walczak et al., 1998; Levesque and Compton, 2001; Canman et al., 2006). In plants, the Arabidopsis kinesin-4 protein, FAR1, is only found in the cytoplasm and is involved in cellulose microfibril order and cell elongation (Kong et al., 2015). However, the rice BRITTLE CULM 12 (BC12), a homolog of FRA1, has an NLS and is located in both the cytoplasm and the nucleus (Zhang et al., 2010). Mutation of BC12 results in brittle cum and dwarfism phenotypes by affecting cellulose microfibril deposition and regulating the GA biosynthesis pathway, respectively (Zhang et al., 2010; Li et al., 2011). However, the mutation also leads to small grain size, and the molecular mechanism underlying the BC12-mediated regulation of grain size is still unclear.

In this study, we reported a novel mutant allele of BC12, which showed dwarfism and small grain without brittle culm phenotype that we have called lgw. Our data show that the mutation site was located at the NLS of LGW/BC12, resulting in the lgw protein not being located in the nucleus. Further research has shown that LGW/BC12 was directly bound to the promoter of GW7 and regulated its expression. GW7 overexpression in lgw plants rescued the small grain size phenotype. Therefore, LGW regulates grain size by directly binding to the GW7 promoter and regulating its expression.



Materials and methods


Plant materials and growth conditions

The lgw mutant was isolated from japonica cv. Wuyunjing7 (WYJ7) using a heavy ion beam treatment. The lgw mutant was crossed with indica cv. 9,311 to generate a mapping population. All rice plants used in this study were grown in experimental fields at the Hefei Institute of Physical Science, the Chinese Academy of Sciences (Hefei, China), and Sanya (Hainan Province, China) in the natural growing season.



Scanning electron microscopy

Naturally dried mature grains were sputter-coated with gold and observed under a scanning electron microscope (SEM; S570; Hitachi). The cell number, cell length, grain length, and width were measured using the ImageJ software.



Map-based cloning

The lgw locus was mapped and cloned using 2,217 mutant plants from the F2 population as described above. Simple sequence repeat (SSR) markers with polymorphism distributed uniformly throughout the whole rice genome were used for the lgw locus rough mapping. For fine mapping, we designed insertion/deletion (Indel) markers in the rough mapping region. Candidate genes in the 114-kb region were amplified from lgw and WT plants using KOD DNA polymerase (TOYOBO) and sequenced using an Applied Biosystems 3730 sequencer. For complementation of the lgw mutant, a 5.6-kb genomic fragment was inserted into the pCAMBIA1300 vector to generate the construct pLGW:LGW (pLGWF). pLGWF was introduced into the lgw mutant using the Agrobacterium-mediated transformation protocol as described previously (Ye et al., 2018).



RNA extraction and quantitative real-time polymerase chain reaction

RNA from various rice tissues was extracted using TRIzol reagent (Invitrogen), as described previously (Ye et al., 2015). cDNA was synthesized using a reverse transcription kit (TransGen). qRT-PCR was carried out on a Roche LightCycler 480 with SYBR Green Supermix (TransGene) according to the manufacturer’s instructions. The primers used for qRT-PCR are shown in Supplementary material. All assays were repeated three times, and Actin1 was used as an internal control.



Chromatin immunoprecipitation analysis

The 3–6 cm length panicles of pActin:LGW-Flag transgenic rice plants having approximately 3 g were harvested and immediately fixed in 1% formaldehyde for cross-linking under vacuum for 15 min at room temperature. Cross-linking was stopped by adding 0.125 M glycine for 5 min under vacuum. The cross-linked samples were rinsed at least two times with ddH2O. ChIP assays were performed as previously described (Ye et al., 2018). Chromatin samples were mixed with anti-Flag (Sigma, St Louis, MO, United States; F1804) antibodies for immunoprecipitation. The enrichment of DNA fragments was determined by a qRT-PCR analysis performed on three biological replicates. Relevant PCR primer sequences are listed in Supplementary material. The Actin1 gene exon was used as a negative control.



Subcellular localization analysis

To observe LGW and lgw subcellular localization, the green fluorescent protein (GFP) was fused to its C-terminus and inserted into the pCAMBIA2300 driving by cauliflower mosaic virus (CaMV) 35S promoter. The expressed LGW-GFP and lgw-GFP in rice protoplast and Nicotiana benthamiana leaves were observed using a confocal laser scanning microscope (Zeiss LSM700).



Transactivation analysis in rice protoplasts

The LGW coding sequence was amplified and fused to the GAL4 binding domain (GAL4BD) to generate an effector. Empty GAL4BD was used as a negative control. The 2.7-kb upstream sequence from ATG of GW7 was amplified and fused with the LUC protein to generate a reporter, and the corresponding vector of BC11 was used as a negative control. A pTRL plasmid containing the Renilla LUC gene driven by the 35S promoter was used as an internal control. The transactivation assay was performed as described previously (Wang et al., 2015). The pTRL, effector, and reporter were simultaneously transformed into the rice protoplast system and kept in the dark overnight. LUC activity was determined as previously described (Liu et al., 2018).



Yeast one-hybrid assay

The LGW encoding sequence was amplified and inserted into the pB42AD vector (Takara) to generate the effector. The 2.7-kb upstream sequence from the ATG of GW7 was amplified and inserted into the pLacZi2μ vector to generate the reporter. Y1H assays were performed as previously described (Ye et al., 2018). The effector and the reporter were simultaneously transformed into yeast strain EGY48. The clones were grown on culture medium plates without tryptophan, uracil, and using β-D-galactopyranoside for colony coloration. Empty pLacZi and pB42AD were used as negative controls.



Statistical analysis

We used SPSS software version 21.0 to analyze all data. The pairs of means were compared by Student’s t-test, while comparisons between multiple groups were performed using ANOVA followed by Duncan’s multiple range test.




Results


The low grain weight mutant exhibits reduced grain length by decreasing cell elongation of spikelet hull

A low grain weight (lgw) mutant was screened and isolated from plants of the japonica cultivar Wuyunjing7 (WYJ7) mutagenized with a heavy ion beam. Compared with the wild type (WT), the lgw mutant plants had reduced plant height, owing to small panicles and shortened internode (Figure 1A and Supplementary Figure 1). In addition, the lgw mutant exhibited a small grain phenotype (Figures 1B,C). The 1,000-grain weight decreased by 20.62% compared to that of the WT grains (Figure 1D). Similarly, the length of lgw grains decreased by 15.44% compared with that of the WT grains (Figure 1E). However, the width of the lgw grains increased by 3.12% compared with that of the WT grains (Figure 1F).
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FIGURE 1
Comparison of the grain size between wild type (WT) and lgw. (A) Three-month-old plant of wild-type (WT) and lgw mutant. Bar = 10 cm. (B,C) Observation of grain length (B) and grain width (C) of WT and lgw. Bar = 0.5 cm. (D) 1,000-Grain weight. (E) Grain length. (F) Grain width. Error bars represent SE (n = 30). Different letters denote significant differences (P < 0.05) from Duncan’s multiple range test.


The final cell number and the cell length in the spikelet hull determine the grain size. Therefore, we used SEM to observe the grain husks in the lgw mutant and show that, compared with the WT (Figure 2A), cell length in the spikelet hull decreased by approximately 11.36% (Figure 2B); however, the cell number of spikelet hulls decreased by approximately 4.35% (Figure 2C). These results suggest that the small grain size in the lgw mutant is mainly attributed to limited cell expansion and a slight decrease in the cell number of spikelet hulls.
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FIGURE 2
Histological and cytological observations of WT and lgw. (A) SEM observation of the grain husk of WT and lgw (Bar = 50 μm). (B) Cell length. (C) Cell number. Different letters denote significant differences (P < 0.05) from Duncan’s multiple range test. Error bars represent SE (n = 30).




Isolation of low grain weight gene

To investigate the molecular basis of the lgw phenotypes, we first crossed the lgw mutant with its WT, all F1 individuals exhibited the WT phenotype. The F2 population contained 518 normal and 168 small grain size and dwarf plants [x2 (3:1) = 0.095 < x20.05 = 3.84; P > 0.05], suggesting that the small grain size and dwarf phenotype of the lgw mutant is controlled by a single nuclear recessive gene. To map the LGW locus, we crossed the lgw mutant with 9311, a wild-type polymorphic indica cv. to generate a mapping population, and used a map-based cloning approach to isolate LGW. The lgw locus was located between molecular markers ISR2 and ISR6 on chromosome 9 (Figure 3) and then pinpointed within an approximate 114-kb region between Indels FM07 and FM08 (Figure 3A). The 114-kb region contained eight putative open-reading frames (ORFs) (Figure 3A). We then sequenced the eight ORFs and found a 9-bp deletion in LOC_Os09g02650 (Figures 3B,C). The deletion occurred in the last exon of the ORF, resulting in a three amino acid deletion in its protein sequence (Figure 3D). The mutated site was confirmed by amplifying the DNA fragment covering the deletion site (Figure 3E). To further confirm that the dwarf and small grain phenotype was caused by the mutation of LOC_Os09g02650, a 5.6-kb DNA fragment containing the 2.5-kb putative promoter and the coding sequence was cloned into the vector pCAMBIA1300 to generate the complementation plasmid pLGW:LGW (named pLGWF) (Figure 3F), which was introduced into the lgw mutant plants by Agrobacterium-mediated transformation. As expected, positive transgenic pLGWF plants completely rescued the small grain size (Figure 3G) and dwarfism phenotypes (Supplementary Figure 2). Together, these results demonstrate that LOC_Os09g02650 is the LGW gene responsible for the mutant phenotypes described above.
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FIGURE 3
Map-based cloning of the LGW gene. (A) The LGW locus was mapped on chromosome 9 approximately 114 kb region containing 8 predicted ORFs. The numbers below the molecular markers represent the number of recombinants. (B) A fragment deletion of TGGAGATGG in LOC_Os09g02650. (C) DNA sequence alignments of WT and lgw. (D) Deduced LGW amino acid sequence alignments for WT and lgw. (E) The designed marker for confirming the genotypes of WT and lgw. (F) A construct for complementary assay. (G) Comparing the shape showed seeds recovered from complemented plants was consistent with that of WT. Bar = 0.5 cm.




Low grain weight is ubiquitously expressed in many organs

To analyze the expression pattern of LGW, we determined the LGW expression levels in various tissues of wild-type WYJ7 using quantitative real-time polymerase chain reaction (qRT-PCR). The results illustrated that LGW transcripts were detected in all organs but predominantly expressed in internodes, roots, and young panicles. The expression levels of LGW were relatively low in leaves and sheaths (Figure 4A). The ubiquitous expression of LGW was consistent with the phenotype of the lgw mutant, suggesting that LGW might play an important role in panicle and grain development.
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FIGURE 4
Expression pattern and subcellular localization of LGW. (A) The expression level of LGW in various rice organs. LB, leaf blade; LS, leaf sheath; C, culm; R, root; Panicle (1–2, 3–4, 5–6, 6–9, 10–12, 15–20 cm). The Actin1 was used as an internal control. (B) The subcellular localization of LGW and lgw. LGW-GFP and lgw-GFP were expressed in rice protoplast, bars = 20 μm.




Low grain weight encodes a kinesin-4 protein BRITTLE CULM12

The full-length LGW CDS has 3,108 nucleotides that encode a protein of 1,305 amino acids with a predicted molecular mass of 117 kDa. The rice database annotates LGW as a kinesin-4 protein, named BC12 (Zhang et al., 2010). Phylogenetic analysis revealed that LGW was most similar to FAR1 (Supplementary Figure 3), which has been reported to be involved in cellulose microfibril deposition in Arabidopsis. Although BC12 is the closest homology to FRA1, differences were observed in the leucine zipper domain and NLS between BC12 and FRA1. As previously reported, the 17 amino acid sequence (amino acids 971–987) in BC12 is a functional NLS (Zhang et al., 2010). Protein alignment analysis revealed that the lgw mutation site (amino acids 983–985 deletion) was located in this NLS domain (Figure 3D). To determine whether the three amino acids in lgw affected its nuclear localization, we determined the subcellular localization of the WT form, LGW-GFP, and the mutated form, lgw-GFP. The results reveal that the fluorescent signals of LGW-GFP were targeted to the nucleus and the cytoplasm (Figure 4B and Supplementary Figure 4), which is consistent with the subcellular localization of GDD1/BC12 (Zhang et al., 2010; Li et al., 2011). However, the fluorescent signals of lgw-GFP were targeted to the cytoplasm rather than the nucleus (Figure 4B and Supplementary Figure 4). Mutation of BC12/GDD1 resulted in a brittle culm phenotype (Zhang et al., 2010; Li et al., 2011), but the lgw mutant only exhibits dwarf and small grains without the brittle culm phenotype (Supplementary Figure 5). These results suggest that the NLS of LGW is essential for plant height and grain development but is not required for secondary cell wall formation.



Overexpression of low grain weight increases grain length and weight

To explore the biological function of LGW in controlling grain size and weight, we generated an LGW overexpression construct and transformed it into WYJ7. We selected two homozygous independent lines with significantly elevated expression levels of LGW, LGW-OE1, and LGW-OE2 (T3 generation) for further study (Figures 5A,B). Plant height decreased with increasing LGW expression levels (Figure 5A). The grain length (Figures 5C,D) and grain weight (Figure 5E) of overexpression lines increased significantly compared with that of the WT, and the grain width of the overexpression lines decreased significantly compared with that of the WT (Figures 5C,F). These were affected by the expression levels of LGW. These results suggest that LGW is a positive regulator of grain length and weight.
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FIGURE 5
Overexpression of LGW increases grain length. (A) Morphology of mature LGW-OE1 and LGW-OE2 plants. Scale bar = 10 cm. (B) The relative expression level of LGW in WT, LGW-OE1, and LGW-OE2 lines. (C) Grain size, bar = 0.5 cm. (D) 1,000-Grain weight. (E) Grain length. (F) Grain width. Different letters denote significant differences (P < 0.05) from Duncan’s multiple range test.




Low grain weight regulates grain size by directly regulating GW7 expression

To investigate the molecular mechanism underlying LGW regulation of grain size, we first examined the expression levels of genes that have been previously reported to act as grain size regulators. qRT-PCR assay results reveal that the GW7 expression was significantly downregulated in lgw plants and upregulated in LGW-OE2 plants (Figure 6A). There was no significant difference in the expression levels of the other genes in the WT, lgw, and LGW-OE2 plants (Figure 6A).


[image: image]

FIGURE 6
LGW directly regulates GW7 expression. (A) Expression analysis of grain size regulators in WT, lgw, and LGW-OE2 plants. (B) ChIP assay. LGW-Flag mediated ChIP-qPCR enrichment (relative to Input) of CCA(N)nTGG-containing promoter fragments from GW7. Error bars, SE of three biological replicates. (C) Diagrams of the reporter and effector constructs used in (D). (D) Yeast one-hybrid assays. LGW activates LacZ reporters driven by GW7. The empty pLacZi and pB42AD were used as a negative control. (E) Diagrams of the reporter and effector constructs used in (F). (F) LGW activates transcription of the GW7. Mock, co-expressed with the reporter and an empty effector construct; control, co-expressed with an effector and an empty reporter construct (set to 1). Error bars, SE of three biological replicates. Different letters denote significant differences (P < 0.05) from Duncan’s multiple range test.


As previously reported, the BC12/GDD1 protein contains a Leu zipper motif, which was the conserved Leu residues in the bZIP transcription factors. bZIP proteins have been proposed to bind the element, CCA(N)nTGG (Li et al., 2011). Alignment analysis revealed that the upstream 3,000 bp sequence of the GW7 promoter has seven candidate elements (Supplementary Table 1), indicating that LGW may directly bind to these elements to regulate GW7 expression. To further verify whether LGW directly binds to these elements in the GW7 promoter, we performed chromatin immunoprecipitation (ChIP) assays in WT and LGW-OE2 plants. ChIP assay results reveal that the two fragments (P6 and P7) containing CCA(N)nTGG elements were significantly enriched in LGW-OE2 plants (Figure 6B). We also used the yeast one-hybrid (Y1H) system to confirm the interaction between LGW and the GW7 promoter (Figure 6C). Y1H assay results reveal that LGW activated LacZ reporter gene expression under the control of the GW7 promoter. However, empty pB42AD did not activate LacZ expression (Figure 6D).

To examine the effect of LGW on the transcriptional regulation of GW7 expression, dual-luciferase reporter (DLR) assays were performed in rice protoplasts. DLR assay results show that the luciferase activity in protoplasts co-expressing an effector carrying LGW and a reporter containing the GW7 promoter to drive luciferase increased sevenfold, compared to the negative control (Figures 6E,F). This result indicates that LGW functions as a transcriptional activator that directly regulates GW7 expression.

Considering that LGW directly binds to the promoter of GW7 and regulates its expression, we investigated whether elevating GW7 expression levels in lgw plants can rescue the small grain size phenotype. Therefore, we generated the overexpression construct of GW7 (pActin:GW7) and transferred it into the lgw plants. Consistent with this notion, the overexpression of GW7 in lgw mutants rescued the grain length and the grain weight phenotypes of lgw, which indicates that the small grain size and lgw in the lgw mutant rely on GW7 expression levels (Figure 7). Taken together, our results show that LGW directly binds to the GW7 promoter and regulates its expression to control rice grain size.
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FIGURE 7
Elevating GW7 expression level in lgw plants can rescue the small grain size phenotype. (A) Grain shape observation of WT, lgw, and lgw/pActin:GW7. Bar = 0.3 cm. (B) Expression level of GW7 in WT, lgw, and lgw/pActin:GW7. (C) Grain length. (D) Grain length. (E) 1,000-Grain weight. Different letters denote significant differences (P < 0.05) from Duncan’s multiple range test.





Discussion


Nuclear localization of low grain weight is crucial for grain size regulation

In this study, we report a rice mutant with lgw, which was isolated from japonica cv. Wuyunjing7 (WYJ7) using the heavy ion beam treatment. Map-based cloning revealed that lgw is a novel allele in BC12. Unlike the lgw allele, which only exhibits dwarfism and small grain size phenotypes (Figure 1 and Supplementary Figure 5), the other alleles, bc12 and gdd1, not only showed reduced plant height and small grain size phenotypes but also affected cellulose microfibril deposition and wall composition, leading to the brittleness of culms phenotype (Zhang et al., 2010; Li et al., 2011). Therefore, this allele may provide a new understanding of how LGW regulates rice grain size. Different mutations in the same gene may have different biological functions. Protein alignment analysis revealed that the mutation site of lgw occurred in the NLS of LGW (Figure 3D), which led lgw to not localize to the nucleus (Figure 4B), which in turn may affect its function. In Arabidopsis, FRA1, a homolog of LGW/BC12, affects cellulose microfibril-oriented deposition in the secondary cell walls of fibers (Zhang et al., 2010). Unlike FRA1, which localizes only in the cytoplasm, LGW/BC12/GDD1 is localized in both the cytoplasm and the nucleus. The cytoplasm function of BC12 is essential for cellulose microfibril deposition and cell wall composition (Zhang et al., 2010). Given that the lgw mutant exhibits dwarfism and a small grain size without brittle culm phenotypes, the function of LGW/BC12 in the nucleus is crucial for plant growth and grain development. Overexpression of LGW led to increased grain length and weight (Figure 5), indicating that LGW is a positive regulator of grain size. Taken together with the GDD1/BC12-related research, we speculate that LGW/GDD1/BC12 is involved in secondary cell wall formation, plant growth, and grain development depending on different pathways. BC12 is involved in cellulose microfibril deposition, and the cell wall composition for brittleness depends on its functions in the cytoplasm (Zhang et al., 2010). LGW/GDD1/BC12 regulates plant growth, and grain size depends on its function in the nucleus by regulating the expression of related genes.



Low grain weight regulates grain size through modulating GW7 expression

LGW is the closest homolog of FRA1 (Supplementary Figure 3), which has a conserved KIF4 domain and is highly similar to other known kinesin-4 subfamily members. In addition, LGW shares the conserved domain of bZIP transcription factors that interact with CCA(N)nTGG (Li et al., 2011). These results suggest that LGW, located in the nucleus, may function as a transcription factor. GW7, a key QTL for regulating grain size and its expression, is regulated by the SBP-domain transcription factors GW8/OsSPL16 (Wang et al., 2015). The expression analysis revealed that the expression levels of GW7 were significantly downregulated in lgw plants and upregulated in LGW-OE2 plants, indicating that GW7 may be the target gene of LGW. The upstream 3,000 bp region of the GW7 promoter has seven candidate binding elements (Supplementary Table 1), and the ChIP assay results show that LGW could bind to two of them upstream near the 1,600 bp region (Figure 6B). Furthermore, Y1H assay results demonstrate that LGW could directly bind to the promoter of GW7 (Figure 6D). GDD1/BC12 not only has the ability to bind to the KO2 promoter but also transactivates KO2 transcription. Transactivation analysis indicates that LGW functioned as a transcriptional activator to initiate the transcription of GW7 (Figure 6F). Elevating GW7 expression levels in lgw plants rescued the small grain size phenotype (Figure 7) and further genetically verifies LGW as a transcriptional activator that directly regulates GW7 expression control grain size.

Therefore, our findings reveal an important genetic and molecular mechanism for grain size control involving the LGW/BC12-GW7 regulatory module in rice, suggesting that this module is a promising target for grain size improvement in crops. Furthermore, our findings provide new insights into LGW/BC12 function in cell wall formation, plant growth, and grain size depending on its subcellular localization.
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SUPPLEMENTARY FIGURE 1
Plant height containing each internode length. Error bars represent SE (n = 30).

SUPPLEMENTARY FIGURE 2
Plant height analysis of rice plants to show the rescued plant height in the complemented plants. (A) Morphology of mature WT, lgw, and complementation plants. Scale bar = 10 cm. (B) Plant height of WT, lgw, and complementation plants. Different letters denote significant differences (P < 0.05) from Duncan’s multiple range test.

SUPPLEMENTARY FIGURE 3
Phylogenetic tree of LGW and other kinesin-like proteins in the KIF4 subfamily. The numbers at each node represent the bootstrap support (percentage), and the scale bar is an indicator of genetic distance based on branch length.

SUPPLEMENTARY FIGURE 4
The subcellular localization of LGW and lgw. LGW-GFP and lgw-GFP were expressed in N. benthamiana leaves, bars = 30 μm.

SUPPLEMENTARY FIGURE 5
Comparison of the mechanical strength of WT, cef1, and lgw. The lgw shows the normal mechanical strength to its WT without brittle culm phenotype. The cef1 is a typical brittle culm mutant as previously reported.

SUPPLEMENTARY TABLE 2
Primers were used in this study.
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Sheath blight, caused by Rhizoctonia solani, is a big threat to the global rice production. To characterize the early development of R. solani on rice leaf and leaf sheath, two genotypes, GD66 (a resistant genotype) and Lemont (a susceptible genotype), were observed using four cytological techniques: the whole-mount eosin B-staining confocal laser scanning microscopy (WE-CLSM), stereoscopy, fluorescence microscopy, and plastic semi-thin sectioning after in vitro inoculation. WE-CLSM observation showed that, at 12 h post-inoculation (hpi), the amount of hyphae increased dramatically on leaf and sheath surface, the infection cushions occurred and maintained at a huge number from about 18 to 36 hpi, and then the infection cushions disappeared gradually from about 42 to 72 hpi. Interestingly, R. solani could not only colonize on the abaxial surfaces of leaf sheath but also invade the paraxial side of the leaf sheath, which shows a different behavior from that of leaf. RNA sequencing detected 6,234 differentially expressed genes (DEGs) for Lemont and 7,784 DEGs for GD66 at 24 hpi, and 2,523 DEGs for Lemont and 2,719 DEGs for GD66 at 48 hpi, suggesting that GD66 is recruiting more genes in fighting against the pathogen. Among DEGs, resistant genes, such as OsRLCK5, Xa21, and Pid2, displayed higher expression in the resistant genotype than the susceptible genotype at both 24 and 48 hpi, which were validated by quantitative reverse transcription–PCR. Our results indicated that the resistance phenotype of GD66 was the consequence of recruiting a series of resistance genes involved in different regulatory pathways. WE-CLSM is a powerful technique for uncovering the mechanism of R. solani invading rice and for detecting rice sheath blight–resistant germplasm.
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Introduction

Rice sheath blight, caused by Rhizoctonia solani, is a serious disease in many rice-producing countries (Zeng et al., 2017).  The yield losses caused by sheath blight have exceeded other major diseases, making it the most serious rice disease in China (Zeng et al., 2011). Sheath blight caused about 20% yield losses in India, and it is also the most common rice disease in the Southern United States (Groth and Bond, 2007; Ghosh et al., 2016).

The soilborne fungal pathogen R. solani infects more than 250 plant species (Anderson, 1982). Plants immune to this pathogen have not been found. All the rice plants can be infected by this pathogen, but the serious extent varies among different cultivars. Large-scale screening in rice communities have found some rice varieties that showed partial resistance, such as Teqing (Li et al., 1995), Jasmine 85 (Pan et al., 1999; Zou et al., 2000; Park et al., 2008), Tetep (Channamallikarjuna et al., 2010), WSS2 (Sato et al., 2004), Pecos (Sharma et al., 2009), ARC10531 (Yadav et al., 2015), and GD66 (Zeng et al., 2017). Partial resistance means that they perform better resistance than other varieties, although none of which are immune to this pathogen.

Fungal pathogens usually produce some infection structures to invade and establish parasitic relationship with the host plant. The infection structures, such as infection cushion (Dodman et al., 1968; Dodman and Flentje, 1970), appressoria (Emmett and Parbery, 1975), infection peg, and haustorium (Riopel and Timko, 1995; Huang et al., 2003), are formed by specialized hyphae. Although there is still much debate about the details of the infection process, most researchers now agree that R. solani hyphae invade rice mainly in two ways: (1) Hyphae gather to form two specialized infection structures: infection cushion and appressoria on the surface of leaf sheath (Marshall, 1980a; Deising et al., 2000). The infection cushion may be conducive to the concentration of sheath blight pathogen energy and nutrition to infect the host and to destroy the plant defense system and obtain more nutrition and water from the host cells for the mass reproduction of the pathogen (Zhang et al., 2010). There are invasion nails and holes at the base of the contact surface between the infection cushion and the rice epidermis. After the invasive nail contacts the surface of leaf sheath, it secretes mucilaginous substances, which can poison plants (Matsuura, 1986). The infected nail became obviously thinner when invading epidermal cells, and it returned to its original diameter after entering cells (Tang, 2011). The mycelium expands and covers one side of the cell wall, it becomes very thin to pass through the cell wall, and then widens to restore the mycelium size (Zhang et al., 2010). (2) Hyphae can directly penetrate into rice epidermis without invasive structure. It penetrates rice epidermal cells and the wall between cells, invades rice leaf sheath from intercellular space, or directly invades host from natural orifice (mainly stomata) and wound (Marshall, 1980b; Tao, 1992; Zhang et al., 2010; Tang, 2011). Therefore, the infection structure is not a necessary device for penetration. Hyphae can form penetrating claws that exert great invasive pressure on rice epidermal cells to enter the host (Zhang et al., 2010; Tang, 2011). The primary hyphae form secondary hyphae after entering the leaf sheath, which grow in the host or expand in the intercellular space (Zhang et al., 2010). In addition, the mycelium is very thick and deformed in rice cells (Singh et al., 2003).

Genetic analysis revealed that sheath blight resistance in rice is controlled by quantitative trait loci (QTLs) with minor effects (Kump et al., 2011). In addition, the resistance is conferred by the additive effect of non–race-specific resistance QTLs (Pinson et al., 2005; Liu et al., 2009). Approximately 50 sheath blight–resistant QTLs have been detected on all the 12 rice chromosomes (Zuo et al., 2010; Xu et al., 2011), and QTL by environment interaction is frequently detected. More than 20 genes conferring sheath blight resistance have been cloned and characterized, including genes that positively regulate sheath blight resistance: OsWRKY4 (Wang et al., 2015a) OsWRKY13 (John and Subramanian, 2019), DOF11 (Kim et al., 2021), OsSWEET14 (Kim et al., 2021), OsPGIP1 (Wang et al., 2015b), OsRSR1 (Wang et al., 2021), OsGLP1 (Banerjee and Maiti, 2010), Os2H16 (Li et al., 2013), IDD13 (Sun et al., 2020), OsOSM1 (Xue et al., 2016), OsRLCK5 (Wang et al., 2021), OsWAK25 (Harkenrider et al., 2016), LPAl (Sun et al., 2019), OsPAL4 (Tonnessen et al., 2015), and OsCHI11 (Karmakar et al., 2016). Genes that negatively regulated sheath blight resistance were also characterized: OsWRKY45 (Shimono et al., 2012), OsWRKY53 (Yuan et al., 2020), OsSWEET11 (Gao et al., 2018), OsTrxm (Hu et al., 2021), IDD3 (Sun et al., 2020), OsNYC3 (Cao et al., 2022), OsGFl4e (Manosalva et al., 2011), OsMESL (Hu et al., 2021), OsBON1 (Yin et al., 2018), and OsAKT1 (Yuan et al., 2020). These sheath blight–resistant genes participated in different regulatory pathways, including reactive oxygen species (ROS), phytohormone, salicylic acid signaling, defense response to fungi and innate immune, sucrose transport, and other regulatory pathways.

Transcriptome analysis by RNA sequencing (RNA-seq) is a powerful tool to measure the spatial and temporal expression of various genes in response to outer stimulus and to demonstrate from the macroscopic view that different genes participated in different biological pathways (Słomnicka et al., 2021). The transcriptome profiles between the susceptible cultivar Lemont and the moderately resistant cultivar Teqing in response to sheath blight disease were studied, and it showed that regulation of photosynthesis, photorespiration, jasmonic acid, and phenylpropanoid pathways contribute to rice resistance to R. solani (Shu et al., 2019). Transcriptome analysis showed that the defense system in resistant rice cultivars involved the expression of PR genes, key transcription factors, PAL genes, and the enrichment of defense-related pathways (Yang et al., 2022). Comparative transcriptome analysis suggested that photosynthesis, photorespiration, and jasmonic acid and phenylpropanoid metabolism played important roles in disease resistance (Zhang et al., 2017).

Despite great efforts made in the rice sheath blight research communities, there are still many questions that need to be addressed: What is the detailed developmental progress of the R. solani hyphae on rice leaf and leaf sheath at different time spots under both fluorescence microscope and confocal microscope? Are there any differences between sheath blight–resistant and sheath blight–susceptible varieties during the hyphal growth? To breed a sheath blight–resistant cultivar, what can we learn from the transcriptome analysis results? To answer these questions, we first observed the hyphal growth on rice leaf and leaf sheath using a stereoscope, a fluorescence microscope, and the whole-mount eosin B-staining confocal laser scanning microscopy (WE-CLSM) to gain an overall picture of how the fungal hyphae were grown and spread on leaf and leaf sheath. We demonstrate that WE-CLSM can be used conveniently to observe the R. solani hyphae inside rice leaf or leaf sheath. This new method provides rapid observation of the cytological progress of R. solani hyphae invading rice that would benefit sheath blight studies in the future. Moreover, transcriptome analysis between a sheath blight–resistant genotype GD66 and a sheath blight–susceptible genotype Lemont was studied after pathogen inoculation to reveal the sheath blight–resistant mechanism and to discuss how to breed an ideal cultivar with good sheath blight resistance.



Materials and methods


Rice genotypes

Five rice genotypes (Lemont, Taichung65, Yinhesizhan, 8821, and GD66) were used in the present study. Lemont, Yinhesizhan, and GD66 were provided by the National Midterm Rice Genebank in China National Rice Research Institute (CNRRI). Taichung65 and 8821 were provided by the State Key Laboratory for Conservation and Utilization of Subtropical Agro-Bioresources, South China Agricultural University (SCAU). Lemont is a japonica American cultivar. Taichung65 is a japonica cultivar originated from Taiwan, China. Yinhesizhan is an indica cultivar originated from Guangdong, China. 8821 is an indica cultivar developed by Zhaoqing Institute of Agricultural Sciences, Guangdong, China. GD66 is an indica restorer line developed by CNRRI. These genotypes were grown under a natural light in a greenhouse with the temperature ranged from 20°C to 35°C or in the field with common practices in South China Agricultural University (23.16N, 113.35E), Guangzhou, China.



R. solani isolate for inoculation

The R. solani isolate ZJ03, collected in Fuyang, Hangzhou, China, was used for inoculation in this study. The isolate ZJ03 has been used for testing rice sheath blight resistance and QTL mapping in some previous studies (Zeng et al., 2017; Chen et al., 2019; Zeng et al., 2021).



Inoculation and evaluation of sheath blight resistance in the field

The rice genotypes were sown on 25 February 2021 in the farm of SCAU, in Guangzhou, China. Fifty individual plants were planted in a plot for each genotype. The 50 plants were arranged in five rows with 10 plants in each row. The space between each row and different plants within each row were both 10 cm. At the late tillering stage, five plants in the middle of the third row were inoculated using ZJ03. A total of 10 tillers were inoculated for each genotype, i.e., two tillers for each individual plant. The inoculation method were described by Zou et al. (2000) and Zeng et al. (2017): toothpicks covering with mycelium were used to penetrate the third leaf sheath, counting from the top. Sheath blight resistance was evaluated 30 days after inoculation. The lesion length was measured vertically along the stem for each genotype. The visual rating system of 0 to 9 was used to evaluate each inoculated individual, where 0 indicated that the plant was immune to the pathogen and 9 indicated a dead or collapsed plant (Pinson et al., 2005).



In vitro inoculation

At the booting stage, the second leaf sheath counting from the top and the leaf that connected to the sheath were scissored off the plant and washed using tap water for surface cleaning. Then, the sheath and leaf were cut into uniform lengths of 10 cm from the middle and placed in the plastic Petri dish of 13 × 13 cm covered with two layers of sterile gauze according to the method described by Vijay et al. (2011) with some modifications: Three leaves or sheaths were placed in each Petri dish, and the bottom side of the leaf or sheath was covered with gauze. Three replications, i.e., nine leaves or sheaths in a total of three Petri dishes, were performed to ensure consistent and reliable results. ddH2O (20 ml) was added to each Petri dish to keep the gauze moisty. The R. solani isolate ZJ03 was cultured and maintained in the potato dextrose agar (PDA) medium at 28°C in a growth chamber. First, the ZJ03 sclerotia or mycelia were transferred into a new PDA medium. In about 3 days, the pathogen mycelia occupied the entire surface of the PDA medium. Then, a 5-mm-diameter PDA medium covered with mycelia was placed in the middle of the leaf or leaf sheath in the Petri dish (Figure S1). Finally, the Petri dishes were sealed with breathable sealing film and incubated in a growth chamber at 28 ± 1°C under a 16-h light/8-h dark condition. Sterile agar medium without pathogen mycelia was also placed on leaf or sheath surface as the control.



Fluorescence microscopy

At the booting stage, the second leaf sheath counting from the top and the leaf connected to the sheath were inoculated in vitro in Petri dishes as described above. About 1.5-cm2 leaf (or sheath) area at the inoculation site was observed at different time spots after inoculation under a microscope. At the time spot of every 4 hpi (Figures S2, S3), the PDA medium covered with fungal was removed from the leaf (or sheath) surface and observed using a stereoscope (Leica MZ16, Germany) with 2× lens. After stereoscopic observation, the materials were directly stained with 1% 4',6-diamidino-2-phenylindole (DAPI) solution for 2 min and observed under a fluorescence microscope (Leica DMRXA, Germany).



The whole-mount eosin B-staining confocal laser scanning microscopy

The WE-CLSM was applied to observe the mycelial growth of sheath blight pathogen following the previous protocol with minor modifications (Zeng et al., 2007): At the booting stage, rice leaf or sheath was collected every 6 h after in vitro inoculation and fixed in a formaldehyde–acetic acid–ethanol solution (70% ethanol:acetic acid:formaldehyde = 18:1:1, v/v) for at least 48 h. Then, the samples were washed with 50% ethanol and kept in 70% ethanol at 4°C. The samples were hydrated consecutively in 50%, 30%, and 10% ethanol and distilled water for 30 min at each concentration, respectively. Then, the samples were stained in eosin B solution (10 mg/L; dissolved in 4% sucrose solution) for 48 h. Finally, the samples were dehydrated sequentially in 10%, 30%, 50%, 70%, 90%, and 100% alcohol solution for 30 min at each concentration, respectively. The dehydrated samples were stored in 50% methyl salicylate (dissolved in pure alcohol) for 48 h. Finally, the samples were stored in pure methyl salicylate for 48 h and then observed under a Leica SPE laser scanning confocal microscope (Leica Microsystems, Heidelberg, Germany). Excitation wavelength was 543 nm, and emission wavelength was between 550 and 630 nm (Zeng et al., 2007). The leaf area about 0.5 cm2 at the inoculation position was observed under a confocal microscope.



Transcriptome analysis

Lemont (a sheath blight–susceptible cultivar) and GD66 (a sheath blight–resistant restorer line) were used for transcriptome analysis by RNA-seq. The young seedlings of these two genotypes were first grown in green house. At the late tillering stage, the plants were transferred into a growth chamber (DHP-9052, Shanghai, China, 28°C, 16-h light/8-h dark condition) and cultured for 10 days before inoculation. The toothpicks covering with mycelia were used to penetrate the sheath for inoculation using the method described by Zou et al. (2000) and Zeng et al. (2017).

Total RNAs were extracted from inoculated sheath at 24 and 48 h post-inoculation (hpi). Leaf sheath at the inoculation site was collected and stored in liquid nitrogen for RNA extraction. The total RNA of each sample was extracted using TRIzol reagent (Invitrogen, Waltham, MA, USA) following the manufacturer’s procedure. Transcriptome analyses were based on the results of three biological replicates.

RNA extraction, libraries construction, and sequencing were conducted on the basis of the manufacturer’s instructions of Illumina HiSeqTM2500 (LC Sciences, Hangzhou, China) by Biomarker Technologies (Beijing, China) (Yu et al., 2018). The differentially expressed genes (DEGs) were identified using DESeq software with the following criteria: fold change (FC) ≥ 2 and false discovery rate (FDR) ≤ 0.01. Genes with p-values < 0.05 were chosen for further analysis.

After selecting the DEGs, cluster analysis and Gene Ontology (GO) enrichment analysis were conducted using Cluster 3.0 software (Tokyo, Japan) and agriGO 2.0 (Beijing, China) (http://systemsbiology.cau.edu.cn/agriGOv2/SEAresult2.php), respectively. Venny 2.1 software (BioinfoGP, Madrid, Spanish) was used to identify the overlapped DEGs in different samples (http://bioinfogp.cnb.csic.es/tools/venny/). Heat map was drawn by TBtools (Chen et al., 2020). UpSet plot were delineated using an online OmicStudio tools (https://www.omicstudio.cn/tool). The MapMan software was downloaded from the Internet for MapMan analysis (https://mapman.gabipd.org).



qRT-PCR analysis

A total of seven candidate genes were selected for validation using quantitative reverse transcription (qRT)–PCR. The gene-specific primers (Table S1) for qRT-PCR were designed using a Primer Premier 5.0 software. The total RNA was extracted by AG RNAex Pro Reagent and was reverse-transcribed into cDNA with the Evo M-MLV RT Kit (Accurate Biotechnology Co., Ltd., Hunan, China). All operations were implemented according to the kit instructions. The amplification reaction was performed on the Lightcycler480 system (Roche, Basel, Switzerland) using the Advanced SYBR Green Supermix Kit (Bio-Rad, Hercules, CA, USA). The total volume of reaction system was 20 μl. The qRT-PCR cycles were performed using the following reaction procedure: 95°C for 30 s, 40 cycles of 95°C denaturation for 5 s, and 58°C annealing and extension for 20 s. The relative expression level of genes was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2013). The rice ubiquitin gene was used as an internal control to normalize the expression levels (Wu et al., 2014). All samples were conducted for three biological replications.




Results


Sheath blight resistance of different genotypes examined in the field

Five rice genotypes inoculated under the field condition showed different sheath blight resistance, with average lesion length ranging from 33.45 to 58.42 cm (Table 1). The sheath blight resistance of GD66 was significantly higher than that of Lemont in both lesion length and visual rating according to the Duncan’s multiple range test (Table 1, Figure S4).


Table 1 | Evaluation of sheath blight resistance under the field condition.





Lesion on leaf surface observed after in vitro inoculation

Apparent lesions were not observed on leave surfaces of all genotypes from 0 to 12 hpi. Infection symptoms gradually arose at 16 hpi, and the leaf color started to turn yellow at the infection site. It can be easily found that the white hyphae covered the leaf surface at 16 hpi and formed a network structure. For most genotypes, the lesions stay yellow from 16 to 52 hpi and turned gray from 56 to 72 hpi. Typical sheath blight lesions usually accompanied with the gray color at 56 hpi for most rice genotypes. The GD66 was more sensitive in sheath blight reaction than the other four genotypes. Gray lesions were found in leaves of GD66 from 16 to 32 hpi, whereas the lesions of the other four genotypes were still yellow. Typical sheath blight lesions were found at 44 hpi for GD66, about 12 h much earlier than the other four genotypes (Figure 1).




Figure 1 | Sheath blight lesion development on rice leaf of five genotypes at every four h after in vitro inoculation observed under a stereoscopic microscope. Scale bar = 2 mm. H, hyphae; DL, disease lesion.





Lesion on sheath surface observed after in vitro inoculation

Although hyphae can be seen on sheath surface at 8 hpi, obvious symptoms were found at 24 hpi for Lemont, Taichung65, and Yinhesizhan and found at 32 hpi for GD66 and 8821. Typical sheath blight lesion appeared at 40 hpi for Taichung65, at 44 hpi for Lemont, at 48 hpi for Yinhesizhan, and at 60 hpi for GD66 and 8821, respectively (Figure 2).




Figure 2 | Sheath blight lesion development on rice sheath of five genotypes at every 4 h after in vitro inoculation observed under a stereoscopic microscope. Scale bar = 2 mm. H, hyphae; DL, disease lesion.





Developmental process of R. solani on rice leaf observed under a fluorescence microscope after in vitro inoculation

After stained with DAPI, the R. solani hyphae and infection cushions were clear. The bright color made them easy to be distinguished from rice leaf under a fluorescence microscope (Figure 3).




Figure 3 | Development of Rhizoctonia solani hyphae and infection cushion on rice leaf observed under a fluorescence microscope. (A) The leaf surface of 8,821 at 0 hpi. Red arrow indicates vein. (B) The leaf surface of Lemont at 52 hpi. White arrow indicates the infection cushion of R. solani. (C) The leaf surface of Lemont at 72 hpi. Yellow arrow indicates hypha. Scale bar = 200 µm.



Hyphal growth was found on leaf surface at 4 hpi. From 4 to 8 hpi, the amount of hyphae was scarce. At 12 hpi, a large amount of hyphae covered the surface of rice leaves. A specialized penetration structure named infection cushion was clearly observed at 16 hpi. From 20 to 48 hpi, a large quantity of infection cushions occupied surface of leaves. The mount of infection cushions decreased gradually from 52 to 72 hpi (Figure 4).




Figure 4 | Development of Rhizoctonia solani hyphae and infection cushion on leaf of four rice genotypes at a serial time points after inoculation. The leaf samples were stained with DAPI and observed under a fluorescence microscope. Scale bar = 200 µm. H, hyphae; IC, infection cushions.





Developmental process of R. solani on rice sheath observed under a fluorescence microscope after in vitro inoculation

The development of hyphae and infection cushions on rice sheath was similar with those observed on rice leaf surface but with some differences. The infection cushions were first found at 12 hpi for Lemont, at 20 hpi for Yinhesizhan, at 24 hpi for 8821, and at 32 hpi for GD66, respectively. The infection cushion stayed a much shorter time on rice sheath surface compared with that on leaf surface (Figure 5). The infested structures spread along the edge of the lesion on the leaf, whereas there were only a few hyphae on the leaf sheath.




Figure 5 | Development of Rhizoctonia solani hyphae and infection cushion on sheath of four rice genotypes at a serial time points after inoculation. The sheath samples were stained with DAPI and observed under a fluorescence microscope. Scale bar = 200 µm. H, hyphae; IC, infection cushions.





Developmental process of R. solani on rice leaf and sheath observed by WE-CLSM

WE-CLSM, which was developed by our research team (Zeng et al., 2007), was first employed to observe the developmental process of hyphae and infection cushions on rice leaf and sheath surface by using confocal microscopy. The hyphae or infection cushions of R. solani showed yellow or brighter color, whereas the leaf or sheath showed red color after stained with eosin B (Figure 6).




Figure 6 | The whole-mount eosin B-staining confocal laser scanning microscopy developed in Xiangdong Liu’s laboratory was used for observing hyphal growth of Rhizoctonia solani on rice leaf. (A) Hyphae invading mesophyll cells on rice leaf at 12 h after in vitro inoculation. Arrowhead indicates the hypha. (B) Hyphae occupying a large number of spaces on rice leaf at 24 h after in vitro inoculation. Arrowhead indicates the hypha. (C) The mesophyll cells on rice leaf were almost destroyed and occupied by hyphae and infection cushions (arrows). Scale bar = 200 µm.



The hyphal growth was observed using WE-CLSM, and it was found that a large amount of hyphae covered leaf surface at 12 hpi. The infection cushions were clearly seen from 18 to 36 hpi, and they decreased gradually from 42 to 72 hpi (Figure 7). The situation was similar on sheath surface, but the infection cushions stayed a much shorter time on sheath surface than on leaf surface (Figure 8).




Figure 7 | The whole-mount eosin B-staining confocal laser scanning microscopy showing developmental process of hyphae and infection cushions within rice leaf at a serial time point after inoculation. All images were obtained via the Leica SPE laser scanning confocal microscope. Excitation wavelength was 543 nm, and emission light was noticed between 550 and 630 nm. Scale bar = 200 µm. Three replications were applied for each sample. H, hyphae; IC, infection cushions.






Figure 8 | The whole-mount eosin B-staining confocal laser scanning microscopy showing developmental process of hyphae and infection cushions within rice sheath at a serial time point after inoculation. All images were obtained via the Leica SPE laser scanning confocal microscope. Excitation wavelength was 543 nm, and emission light was noticed between 550 and 630 nm. Scale bar = 200 µm. Three replications were applied for each sample. H, hyphae; IC, infection cushions. DH, decreased hyphae.



WE-CLSM can show not only the leaf or sheath surface but also different layers inside leaf or sheath. There were a large amount of hyphae found on the leaf surface of GD66 at 72 hpi (Figure 9). However, only a few hyphae were found invading GD66 mesophyll cells at 22 µm beneath leaf surface (Figure 9). At 21 µm beneath leaf surface, the amount of infection cushions decreased dramatically compared with that on the leaf surface (Figures 9C).




Figure 9 | The hyphae above (A) and beneath (B) the GD66 leaf surface at 72 hpi as demonstrated by whole-mount eosin B-staining confocal laser scanning microscopy (WE-CLSM). (B) Twenty-two micrometers beneath GD66 leaf surface at 72 hpi. The infection cushions above (C) and beneath (D) the 8,821 leaf surface at 72 hpi as demonstrated by WE-CLSM. (D) Twenty-one micrometers beneath 8,821 leaf surface at 72 hpi. Scale bar = 200 µm.



Interestingly, R. solani could not only colonize on the abaxial surfaces of leaf sheath but also invade the paraxial side of the leaf sheath, suggesting that the hypha could pass through the surface of leaf sheath and move to the paraxial side and then colonize on both sides of leaf sheath. Cytological observation using semi-thin sections demonstrated this result (Figure S5). The observation in this study shows that the detailed positions where R. solani invading rice sheath were randomly distributed. WE-CLSM observation displayed that the R. solani could colonize on the paraxial side of leaf; however, it was not found on the abaxial side of the leaf, suggesting that the R. solani may have different infection mechanism between leaf sheath and leaf.



Statistical analysis of RNA-seq results at different time points after R. solani inoculation

To analyze the transcriptional response to the R. solani infection in rice, leaf sheaths were inoculated with ZJ03; RNA-seq analysis was performed on samples at 0, 24, and 48 hpi; and each time point was repeated thrice with a total of 18 samples. An overview of the sequencing and mapping results is shown in Supplementary Table S2. A total of 49.2-GB raw data were obtained from 18 samples. An average of 44,355,838 reads was obtained for each sample, with a Q30 quality score ≥ 93.55%. Filtered reads were aligned with the rice genome (Japanese Rice MSU_v7.0; 62,120 transcripts), which was obtained from the Genome databases for Plant Biology (https://plantbiology.aspb.org), resulting in 83.74% mapping percentage, indicating a high quality of the data.



Differential gene analysis in response to R. solani infection

A total of 6,234 and 2,523 DEGs were detected for Lemont at 24 and 48 hpi, respectively. In addition, 7,784 and 2,719 DEGs were detected for GD66 at 24 and 48 hpi, respectively (Figure 10). This indicated that the gene expression reached maximum extent at 24 hpi and then descended at that time for both genotypes.




Figure 10 | DEGs at three time points after inoculation between Lemont and GD66. The UpSet plot was used to visualize the total size and overlaps of DEGs in various data sets. The colorful bar charts indicate DEGs under single pairwise comparison; the left side of x-axis represents the number of DEGs. Column charts indicate DEGs under single or multiple comparisons. On the right side of x-axis, slate blue dots represent specific DEGs of a single comparison, slate blue lines connected by dots represent intersection DEGs of multiple comparisons, and the y-axis represents the number of DEGs corresponding to them. Colored circles indicate the Venn diagram of multiple comparisons of DEGs, with the same color corresponding to the colored bar chart on the left.



The number of DEGs was different between Lemont and GD66, and the upregulated genes exceeded those of the downregulated genes for both genotypes at different time points after inoculation: At 24 hpi, 6,234 DEGs were found in Lemont, with 3,244 upregulated genes and 2,990 downregulated genes. A total of 7,784 DEGs were identified in GD66, of which 4,177 were upregulated and 3607 were downregulated at 24 hpi. The same trend was found at 48 hpi (Table S3). It suggested that the resistance genotype GD66 recruited more genes than the susceptible genotype Lemont to fight against sheath blight pathogen.

We compared the sheath blight–resistant genotype GD66 and the susceptible genotype Lemont and found that there were 3,937, 4,021, and 1,848 DEGs at 0, 24, and 48 h, respectively (Figure 11). The results showed that there were great differences on gene expression before and after R. solani infection. The DEGs were also illustrated in a Venn diagram. It was clear that 1,293 DEGs were found to be continuously response in all time points (Figure 11).




Figure 11 | Differentially expressed genes (DEG) and Kyoto Encyclopedia of Genes and Genomes (KEGG) and GO analysis. (A) Differentially expressed genes (DEG) between Lemont and GD66 detected at different time points after inoculation. Red color indicates upregulated genes, and green color indicates downregulated genes. (B) Venn diagram showing overlapping DEGs at three time points. (C) The KEGG pathway enrichment analysis of the DEGs between Lemont and GD66 at three time points. (D–F) Visualization of GO enrichment terms for total DEGs in Biological_Process, Cellular Component, and Molecular_Function Ontology, respectively.





Kyoto Encyclopedia of Genes and Genomes pathways and Gene Ontology annotation of the differentially expressed genes

A total of 5,965 DEGs were detected between Lemont and GD66 at different time points after inoculation (Figure 11). Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation revealed that the 5,965 DEGs were mapped to 132 KEGG pathways (p <0.05, Table S4). The highest enriched pathway was plant–pathogen interactions (KO04626), followed by plant hormone signal transduction (KO 04075), mitogen-activated protein kinase (MAPK) signaling pathway plant (KO04016), starch and sucrose metabolism (KO 00500), phenylpropanoid biosynthesis (KO 00940), and carbon metabolism (KO 01200) (Figure 11).

The 5,965 DEGs were annotated using GO database via the Blast2GO program (http://www.blast2go.com/). The most significantly enriched GO terms include the following: “defense response”, “carbohydrate metabolic process”, “recognition of pollen”, and “response to oxidative stress” in Biological Process Ontology (Figure 11, Table S5); “integral component of membrane”, “plasma membrane”, “extracellular region”, and “chloroplast thylakoid membrane” in Cellular Component Ontology (Figure 11, Table S6); “ATP binding”, “protein kinase activity”, “protein serine/threonine kinase activity”, and “ADP binding” in Molecular Function Ontology (Figure 11, Table S7). These results suggest that the complex molecular defense reaction was triggered in rice after R. solani invasion.



MapMan analysis

Because the DEGs reached maximum quantity at 24 hpi, we compared the DEGs between GD66 and Lemont at 24 hpi. The MapMan analysis showed that 392 DEGs were involved in the signaling regulation pathway. A total of 161, 147, 100, 62, 53, 37, 34, 28, 28, 24, and 23 DEGs were participated in the proteolysis, PR-protein, secondary metabolites, cell wall–related, abiotic stress, MYB transcription factor, ethylene, glutathione-S-transferase, redox state, peroxidases, and WRKY regulatory pathways, respectively. In addition, 19, 18, 16, 15, 14, 12, 12, 8, 5, 3, and 3 DEGs were involved in the glucanase, heat shock protein, auxin, Abscisic acid (ABA), Ethylene-responsive factor (ERF), salicylic acid, bZIP transcription factor, jasmonate, DNA binding with one finger (DOF), zinc finger protein, mitogen-activated protein (MAP) kinase, and brassinosteroid regulatory pathways, respectively (Figure 12, Table S8).




Figure 12 | MapMan analysis of the DEGs between GD66 and Lemont at 24 hpi based on the log2FC value. Red, upregulate; green, downregulate.





Validation of RNA-seq results using qRT-PCR

The RNA-seq data were further validated by qRT-PCR analysis. Seven rice genes that have been reported to be associated with disease resistance were chosen for qRT-PCR analysis. Melting curves of qPCR products showed a unique peak for all genes, suggesting a good specificity of the primers (Pictures not shown). Rice ubiquitin gene was used as the internal control, and the Ct values were normalized. The relative expression levels of the seven genes between Lemont and GD66 at different time points after inoculation were calculated. The qRT-PCR results showed the same trends with the RNA-seq data (Figure 13, Table S9), suggesting that the Illumina sequencing data were good and reliable. The qRT-PCR results confirmed that OsRLCK5, OsCIPK14, Xa21, OsACS2, Pid2, and XIK1 had higher expression in the resistant genotype than the susceptible genotype, whereas OsPR1b had lower expression.




Figure 13 | Quantitative real-time PCR analysis of seven rice genes.






Discussion


WE-CLSM is a wonderful method for observing hyphal development in rice leaf or leaf sheath after R. solani infection

The WE-CLSM was first developed in 2003 and named as “WE-CLSM” in 2007 in our research team laboratory for studying rice embryo sac and other rice tissues (Zhang et al., 2003; Zeng et al., 2007; Li et al., 2017). For the first time, we used this technique to study rice leaf or sheath after sheath blight infection in this study. The results showed that it was powerful for observing hyphal growth within rice leaf or sheath: The hyphae or infection cushions are in yellow or brighter color under the red mesophyll cell background, which makes them easy to be distinguished from the rice mesophyll cells under the confocal microscope (Figure 9). WE-CLSM has the advantage of displaying detailed information at any layers beneath the leaf epidermal cells without needing sections, which makes it more convenient than the conventional sectioning method. It was the first time to find that R. solani could not only colonize on the abaxial surfaces of leaf sheath but also invade the paraxial side of the leaf sheath. However, the R. solani could only colonize on the one side of leaf. The infested structures spread along the edge of the lesion on the leaf, whereas there were only a few hyphae found on the surface of leaf sheath. This could be explained by the results of plastic semi-thin sections and WE-CLSM observation: The hyphae and infested structures did not traverse the leaf, and infestation pads destroyed only the outer cell wall structure of the leaf. The hyphae formed clustered rod-like polymers that absorbed nutrients from the mesophyll cells inside the leaves. The hyphae or infested structures may not penetrate the tight tissue structure in the leaves, so it could only colonize on the paraxial side of leaf. There was a large amount of air in the cavity of the leaf sheath, and hyphae can spread and move freely. Moreover, the parenchyma cells in the inner layer of the leaf sheath were relatively easy to be destroyed. Therefore, the pathogen can penetrate and colonize on both sides of the leaf sheath. After entering the inner part and colonizing on the paraxial side of the leaf sheath, the infested structures decreased on the abaxial side of the leaf sheath. In addition, GD66 is a highly resistant genotype. In fact, GD66 is the most resistant genotype among 211 genotypes tested in six environments from 2012 to 2016 (Zeng et al., 2017). However, the lesion developed much earlier on leaves of GD66 than the other four genotypes as demonstrated in Figure 1. It suggested that the mechanism of R. solani–infecting rice sheath was different from that of leaf.

In addition to WE-CLSM, we also used a fluorescence microscope to observe the hyphal growth on rice leaf and leaf sheath. Both methods let the hyphae and infection cushions of R. solani clearer and easy to be distinguished from the leaf cells. However, the fluorescence microscopy can only display the situation on leaf surface; it cannot see through the leaf epidermis cells and show what is beneath the surface. However, WE-CLSM can demonstrate detailed information at any sections beneath leaf or sheath surface.

Using both fluorescence and WE-CLSM, it was found that the amount of hyphae increased from 4 to 12 hpi on leaf surface. In addition, the infection cushions formed at about 16 hpi and maintained large quantities from 20 to 48 hpi and then decreased gradually from 52 to 72 hpi on leaf surface. The situation was similar on sheath surface, but the infection cushions stayed shorter time on sheath surface than on leaf surface. We also found that the amount of hyphae or infection cushions decreased dramatically at 20 µm beneath leaf surface at 72 hpi by using confocal microscopy. In addition, we observed that sheath blight pathogen can penetrate the upper epidermis cells of sheath and then pass through the mesophyll cell and reach the lower epidermis cells (picture not shown). This suggested that the pathogen can harm rice sheath at two directions: (1) from the upper epidermis to the lower epidermis by entering the mesophyll cells at vertical direction and (2) occupying more area on sheath surfaces at horizontal direction.



DEGs between sheath blight–resistant and sheath blight–susceptible genotypes

In recent years, the advancement of next-generation sequencing technique has greatly promoted genome and transcriptome research in different organisms (Wang et al., 2009; Jain, 2012). RNA-seq, a sequencing technique, has been widely used in studying plant pathogenesis, host-defense responses, and mechanisms of plant–pathogen interactions (Kawahara et al., 2012; Lai and Mengiste, 2013; Okubara et al., 2014). To decipher the differential gene expression responses during the R. solani infection, a time-series RNA-seq analysis (i.e., 0, 24, and 48 h) was performed, and a total of 7,950 and 7,080 DEGs in GD66 and Lemont were identified, respectively. Our results are consistent with those by Samal et al. (2022), who detected more DEGs in the resistant genotype CR1014 than that in the susceptible genotype Swarna-Sub1. Similarly, stronger and earlier responses to pathogen invasion at the transcriptome level have been found in the resistant grapevine specie Vitis riparia infected with Plasmopara viticola (Polesani et al., 2010).

In the present study, a total of 3,937 DEGs were detected between Lemont and GD66 before pathogen inoculation, suggesting that these two genotypes had great differences in genetic background. The fact that there were more DEGs in GD66 than that in Lemont at both 24 and 48 hpi indicated that the resistant genotype GD66 recruited more genes than the susceptible genotype Lemont in fighting against the pathogen. Our results are different from some previous reports that more DEGs were found in sheath blight–susceptible cultivars than that in sheath blight–resistant cultivars (Zhang et al., 2017; Shi et al., 2020; Yang et al., 2022). It means that the GD66 may have different mechanism than other resistant cultivars during rice–R. solani interaction.

A comparison between the resistance variety Teqing and the susceptible variety Lemont showed that the DEGs mainly concentrated in the early stages after R. solani AG1 IA infection (Zhang et al., 2017). A similar result was also found in the present study. We found that the DEGs reached maximum extent at 24 hpi and then decreased at 48 hpi. It suggested that the changes in R. solani–induced gene expression were dynamic. This result is consistent with reports on different plants and emphasizes the importance of time series analyses in understanding R. solani–plant interaction (Moore et al., 2011; Windram et al., 2012; Zhu et al., 2016).



Genetic regulatory pathways involved in R. solani–rice interaction

Transcriptome analysis revealed complex gene regulatory network during R. solani infection in the present study. KEGG analysis showed that the DEGs were significantly enriched in pathways such as “plant–pathogen interactions”, ‘plant hormone signal transduction”, “MAPK signaling pathway”, “starch and sucrose metabolism”, and “phenylpropanoid biosynthesis”. Similar regulatory pathways have also been reported in some previous studies (Zhang et al., 2017; Yuan et al., 2018; Das et al., 2022). GO enrichment analysis showed that three important processes were involved during pathogen infection: (1) defense response, (2) carbohydrate metabolic process, and (3) oxidative stress response (Figure 11).

It has been reported that OsRLCK5 interacted with OsGRX20 and positively regulated rice resistance to R. solani (Wang et al., 2021). We found a higher expression of OsRLCK5 in the resistant genotype GD66 at both 24 and 48 hpi. The expression levels of OsRLCK5 are low in the susceptible genotype Lemont as shown by qRT-PCR analysis (Figure 13). We speculate that a higher expression of OsRLCK5 may contribute to the sheath blight resistance in GD66.

Rice blast is a serious rice disease. Our study showed that some blast resistance genes may participate in the sheath blight resistance. Pid2 encodes a receptor-like kinase protein, and it confers race-specific resistance to the Magnaporthe grisea strain, ZB15 (Chen et al., 2006). We found that the expression of Pid2 was higher in GD66 than that in Lemont at both 24 and 48 hpi (Figure 13). It suggested that the Pid2 may be related to sheath blight resistance. The Pi9, which encodes a nucleotide-binding site–leucine-rich repeat protein, is a broad-spectrum blast resistance gene in rice (Qu et al., 2006). We found that the expression of Pi9 (LOC_Os06g17900) was higher in the resistant genotype GD66 than that in the susceptible genotype Lemont before or after inoculation (Table S10). This suggested that the Pi9 may be related to the basic resistance of GD66. OsCPK12 encodes a rice calcium-dependent protein kinase, and it negatively regulates rice blast resistance (Asano et al., 2012). In the present study, a lower expression level of OsCPK12 in the resistance genotype GD66 and a higher expression in the susceptible genotype Lemont were detected. It suggested that the OsCPK12 may negatively regulate sheath blight resistance.

It has been reported that OslecRK, a rice lectin receptor-like kinase, is important for resistance to rice blast and bacterial blight diseases (Cheng et al., 2013). In the present study, the expression of OslecRK (LOC_Os04g12540) in GD66 was twice as that in Lemont at 24 hpi (Table S10). Two ethylene biosynthetic genes, OsACS1 and OsACS2, are induced by M. oryzae infection (Iwai et al., 2006). The expression of OsACS2 (LOC_Os04g48850) in GD66 was about five times as that in Lemont at 24 hpi based on the RNA-seq data (Table S9) or qRT-PCR result (Figure 13). This indicates that the biosynthetic gene that contributes to basal resistance against M. oryzae also responds during R. solani challenging and may be related to the resistance in GD66.

The WRKY transcription factor has been proven to be regulated in plant defense responses, including positive and negative regulation of disease resistance (Pandey and Somssich, 2009). OsWRKY24 encodes a protein that functions as a negative regulator of GA and ABA signaling (Zhang et al., 2009). We found that the OsWRKY24 (LOC_Os01g61080) was differentially expressed in GD66 and Lemont at 24 hpi. The expression of OsWRKY24 in GD66 was more than four times than that in Lemont (Table S10). It has been reported that overexpression of the OsWRKY89 gene enhanced resistance to rice blast fungus and white-backed planthopper (Wang et al., 2007). Our results showed that the expression of OsWRKY89 (LOC_Os11g02520) were lower in GD66 than that in Lemont before or after inoculation (Table S10). It seems that OsWRKY89 may not be involved in the sheath blight resistance of GD66. In addition, the expression of OsWRKY70 (LOC_Os05g39720) was significantly higher in GD66 than that in Lemont at 24 hpi (Table S10), suggesting that it may be related to sheath blight resistance in GD66.

OsERF922 is a rice transcription factor that negatively regulates rice resistance to M. oryzae (Liu et al., 2012). In our study, the expression of OsERF922 (LOC_Os01g54890) were lower in GD66 than that in Lemont before or after inoculation (Table S10), indicating that it may also negatively regulate sheath blight resistance in GD66.

It has been shown that OsCIPK14/15 play crucial role in the microbe-associated molecular pattern–induced defense signaling pathway in rice (Kurusu et al., 2010). In our study, the expression level of OsCIPK14 in GD66 was lower than that in Lemont before inoculation and at 48 hpi, but the expression of OsCIPK14 in GD66 was increased dramatically compared with that of Lemont at 24 hpi (Figure 13, Table S9). Whether OsCIPK14 participates in the regulation of sheath blight resistance needs to be clarified in the future.

XIK1 encodes leucine-rich repeat receptor-like kinase and positively regulates Xa21-mediated rice bacterial blight disease resistance (Hu et al., 2015). Our RNA-seq result showed that the expression of XIK1 (LOC_Os02g34790) was higher in GD66 than that in Lemont before or after R. solani inoculation (Table S9), suggesting that it may also involve in sheath blight resistance.

It has been reported that overexpression of OsPGIP1 enhances rice resistance to sheath blight (Chen et al., 2016). However, our RNA-seq data showed that the expression level of OsPGIP1 (LOC_Os05g01380) was lower in GD66 than that in Lemont before or after inoculation, suggesting that it may play an inessential role in the resistance genotype GD66.

A previous report showed that the levels of OsPR1b transcript was significantly upregulated in rice plant after infected by rice black-streaked dwarf virus (Lu et al., 2020). In the present study, we found that the expression of OsPR1b was significantly higher in Lemont than that in GD66 before or after inoculation (Figure 13, Table S9). How OsPR1b regulating sheath blight resistance needs to be characterized in the future.

Together, both RNA-seq and qRT-PCR results showed that genes participated in different regulatory pathways response to R. solani invasion: Genes relating to bacterial blight disease resistance (Xa21, XIK1), blast disease resistance (Pid2, OsACS2), rice black-streaked dwarf virus (OsPR1b), and other defense-related pathways altered significantly after R. solani infection.

We examined the DEGs between Lemont and GD66 and found that some of which contained typical NBS-LRR domain, such as LOC_Os01g52330, LOC_Os12g13550, and LOC_Os12g10710 (Table S8). These three genes have not been characterized in previous reports. Because they expressed differentially between GD66 and Lemont, they might be associated with the sheath blight resistance. These candidate genes can be tested further.



Insight in breeding a sheath blight–resistant rice cultivar

Genetic studies have shown that the rice sheath blight resistance is a typical quantitative trait controlled by many genes with minor effects. That means to breed a sheath blight–resistant cultivar, a lot of loci related to sheath blight resistance must be focused simultaneously. What genes should we focus? What is the target for selection in breeding? We recommend that the sheath blight–resistant genes characterized in previous studies should be the primary targets. We should also focus on genes that are participating in the sheath blight–resistant regulatory pathways identified by transcriptome analysis, although they may have not be cloned or characterized yet.

As we can learn from the present study, there were huge differences between the resistant genotype GD66 and the susceptible genotype Lemont at the transcriptome level. It is difficult to breed a sheath blight–resistant cultivar from a sheath blight–susceptible genetic background. In this study, we found that GD66 and 8821 are both superior genotypes with high resistance to sheath blight disease. If a sheath blight–susceptible cultivar was chosen as the parental parent in a breeding program, then we recommend using backcrossing to increase the sheath blight–resistant background of the maternal parent, such as 8821, to make sure that more sheath blight–resistant genes were selected in their descendants.




Conclusion

A systematic cytological observation of developmental characteristics of Rhizoctonia solani hyphae and infection cushions on rice leaf and sheath displayed that the amount of hyphae increased dramatically on leaf and sheath surface at 12 hpi and that the infection cushions occurred and maintained at a huge number from 18 to 36 hpi, and then, the infction cushions disappeared gradually from 42 to 72 hpi. The R. solani could colonize on the abaxial sheath first, then penetrate the epidermis cell to inner part of sheath, and finally invade the paraxial side of leaf sheath. A different behavior of R. solani was found in rice leaf. RNA-seq analysis revealed that the resistant genotype GD66 recruited more than 5,000 DEGs to fight against the pathogen, which associated with some important resistant pathways, including bacterial blight disease resistance (Xa21, XIK1), blast disease resistance (Pid2, OsACS2), rice black-streaked dwarf virus (OsPR1b), and other defense-related genes. These results suggest that the WE-CLSM is a powerful technique in observing development of R. solani hyphae and infection cushions on leaf or sheath surface, and this process was associated with many resistance gene expressions simultaneously.
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Crop photosynthetic capacity in response to climate change likely constrains crop productivity and adaptability to changing environments, which requests the investigation on the dynamics of photosynthetic parameters over growth season among varieties, especially in cold-temperate regions. Three Japonica rice cultivars i.e., Shoubaimao (SH), Hejiang 19 (HJ); Longjing 31, (LJ). were planted under the control, e[CO2] (700 μmol mol-1), warming (2°C above the air temperature) and the co-elevation of [CO2] and temperature in open-top chambers (OTC). The objective of this study is to examine the rice photosynthetic parameters, water use efficiency (WUE) and yield formation in responses to the co-elevation of [CO2] and temperature which is the main predicted features of future climate. e[CO2] significantly increased An of SH, HJ and LJ by 37%, 39% and 23% in comparison to 34%, 34% and 27% under elevated [CO2] plus warming, respectively. However, An had a weak response to warming for three cultivars. [CO2] and temperature co-elevation significantly decreased the stomatal conductance, resulting in a significant increase of the WUE. e[CO2] significantly increased Vc, max, Jmax and Jmax/Vc, max. e[CO2] significantly increased grain yield and grain number of all cultivars. The positive effect of co-elevation of [CO2] and temperature on grain yield was less than e[CO2]. Warming is likely to partially offset the increased photosynthetic rate caused by e[CO2]. The [CO2] and temperature co-elevation may be favorable to rice crop with increasing the photosynthetic ability of rice crop and improving water use efficiency. The present study provided evidence that the rice genotypic difference in photosynthetic potential under [CO2] and temperature co-elevation. Therefore, it is crucial to explore a broader range of phenotypes and cultivars to be applied to climate change response research, advancing the knowledge that climate change impacts rice crop under the cold-temperate climate region.
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Introduction

The Earth System Model (ESM) in the IPCC’s Sixth Assessment Report (AR6) correctly predicted that the atmospheric CO2 concentration ([CO2]) would increase from 414 parts per million (ppm) in 2020 to over 1100 ppm by 2100 if no measures are implemented greenhouse gas emissions. Global warming is mostly attributed to the increase in atmospheric [CO2], which is expected to increase by 1.5 to 2°C in the end of the 21st century (IPCC, 2021). In the face of resource restrictions and the challenges of climate change, it is necessary to provide more food for the world’s rapidly growing population, whereas crop production has been increasing at a decreasing rate, which has largely motivated contemporary photosynthesis research.

Increased [CO2] levels and warming are experiencing a rapid detrimental effect on ecosystems around the world, particularly in agricultural ecosystems, causing changes in plant growth and nutrient acquisition (Carvalho et al., 2020; Guo et al., 2022). As the fundamental substrate in the process of photosynthesis, substantial pieces of evidence have indicated that e[CO2] will stimulate photosynthesis and benefit biomass production and yield, particularly in C3 crops (Cheng et al., 2009; Zhu et al., 2016; Lenka et al., 2019; Brito et al., 2020; Lenka et al., 2021b; Zhu et al., 2022). Considering the warming effect, there are inconsistent conclusions on crop biomass and yield. Previous works have indicated that warming suppressed photosynthesis and shortened the plant growth period, resulting in a reduction of crop biomass (Bhattacharyya et al., 2014; Wang et al., 2016; Cai et al., 2016). However, contrary results have also been reported that warming increased plant growth due to the stimulation of metabolic activities (Arcus et al., 2016; Dusenge et al., 2019). In other words, the optimal temperature for the growth of rice, as a typical thermophilic C3 crop, can reach 35°C, and plants even tolerate 40°C in the vegetative growth stages (Bahuguna et al., 2015; Wang et al., 2015b). Varietal variation and climate region should also be considered to reveal the crop response to climate change.

The productivity of crops depends on physiological and biochemical capacity of photosynthesis. The Farquhar - von Caemmerer - Berry model (the FvCB model, Farquhar et al., 1980) is a method applied to studies on climate-plant, that of two key parameters: the maximum rates of electron transport (Jmax) and carboxylation by Rubisco (Vc, max) are obtained through the measurement and modeling of photosynthetic response to CO2 concentration (An-Ci curves) (Rogers, 2014; Coursolle et al., 2019; Miao et al., 2021). As far as we know, only one report by Cai et al. (2018) was carried out in the subtropical region, and showed that the effect of e[CO2] and warming on An-Ci curves were variable among different growth stages of rice. The results demonstrated that Vc, max and Jmax significantly decreased under the simultaneous increase of CO2 concentration and temperature at the heading and filling stages. Ecosystem modeling may contribute to the understanding of biochemical responses to the interaction between the plant and the future environment (Le et al., 2011; Drewry et al., 2014).

Rice (Oryza sativa L.) is one of the most important sources of daily food for nearly half of the world’s population (Zhu et al., 2018). It is imperative to examine and predict the responsive changes in the physiology and growth of rice to CO2 enrichment and warming. Rice is grown in paddy soils, which maintain a relatively consistent water depth throughout the growing season (Thanawong et al., 2014; Bocchiola, 2015). Water use is continuously concerned under climate change because it reflects the coupled relationship between water loss and carbon gain in the process of plant photosynthetic carbon assimilation (Ullah et al., 2019). Clear pieces of evidence indicated that e[CO2] directly decreased leaf stomatal conductance by approximately 50%, reducing water losses and increasing water use efficiency (Yoshimoto et al., 2005; Ainsworth and Rogers, 2007). Qiao et al. (2010) found that the water use efficiency of C3 crops was promoted by e[CO2] but not by warming. However, the reduction in stomatal conductance in response to e[CO2] can vary depending on plant status, such as growth stage, as well as environmental factors, such as light and temperature (Bunce, 2004). Some recent investigations have concluded that stomatal conductance responds to e[CO2] and warming without a consistent trend (Del Pozo et al., 2005; Mott and Peak, 2013; Urban et al., 2017). Therefore, to date, very limited information is available on the impact of [CO2] and warming co-elevation on stomatal conductance of rice, which would provide new insights into potential agricultural manipulations to reduce water use under future climatic conditions.

The local climate of Northeast China is characterized as a cold temperate and humid and sub-humid climate, where the rice area is expanding rapidly with an increasing rate of 0.16 ×106 ha per year (Xin et al., 2020). Crop productivity is being impacted by climate change. However, as the result of climate change variables, most research focused on photosynthesis responses in the grain yield processes to e[CO2] or elevated temperature instead of their interactions. Previous studies have been carried out in tropical regions, demonstrating that warming negatively affected rice yield (Wang et al., 2016; Wang et al., 2020a; Wang et al., 2020b). We hypothesize that (1) in cold-temperate climate regions, elevated air temperatures within a 2°C increment may not negatively impact rice growth and physiological traits because the temperature is below the critical level during rice growing season; (2) [CO2] and temperature co-elevation would improve photosynthesis with an increase in water use efficiency, thereby contributing to rice production. In this study, the photosynthesis curve response to [CO2] and its parameters were measured in three rice cultivars grown in the open-top chambers. Seasonal variations of transpiration rate and water use efficiency were examined at different growing stages under e[CO2] and increased temperature. The primary objectives of this study were to (1) investigate seasonal and varietal variations of rice leaf photosynthetic performance under [CO2] and temperature co-elevation and (2) examine whether elevated temperature could benefit yield formation and increase rice productivity when combined with e[CO2] in a cold-temperate region. The present study’s findings will be conducive to further understanding the response of yield to e[CO2] and temperature and their interaction in a cold-temperate region of China, and can support decision making for adaptation strategies in rice production under climate change.



Materials and methods


Experimental design

This experiment was conducted in open-top chambers (OTCs) at the Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Harbin, China (45°73′N, 126°61′E). A pot experiment was carried out with three rice cultivars and four different environmental treatments. The treatments comprised ambient [CO2] (400 μmol mol-1) and temperature (Control), elevated [CO2] (700 μmol mol-1, e[CO2]), warming (+2°C), and e[CO2] plus warming (e[CO2]+warming). The ambient temperature during the growth season was in a range of 14.2–27.9°C. The structure of OTC was 3.5 m in diameter and 2.0 m in height, with a 0.5 m high canopy that made a 45° angle to the horizontal plane. Covering in OTCs was done with a clear polyethylene film. Zhang et al. (2014) and Li et al. (2018); Li et al. (2019b) illustrated the OTC design in further details. The CO2 concentration inside OTCs was monitored and automatically controlled by supply of 99.9% CO2 gas using a computerized CO2-regulating system (Beijing VK2010, China). The inner temperature in each OTC was effectively regulated via an air conditioner with a pair of thermal probes installed inside and outside of the OTC in order to maintain the temperature inside 2°C higher than or as same as outside. In addition, an inner air flow system was installed to homogenize the CO2 concentration and temperature in the OTCs.



Plant material and growth conditions

Three rice cultivars cv. Shishoubaimao (SH), Hejiang 19 (HJ), and Longjing 31 (LJ) were bred over the historical period, i.e. approximately 7 decades and have been grown on a large scale in the cold-temperate climate region (Table 1). As the first generation, SH was introduced from Japan to northeast China in the 1940s, and then the cultivars HJ and LJ were subsequently bred (Table 1). Rice plants were grown in pots and randomly allocated in OTCs, with three pots for each cultivar under each treatment. The paddy soil is classified as a typical Mollisol (USDA). The soil was collected from field sites in Hailun City, Heilongjiang, China (47°23′N, 126°51′E). The air-dried soil was sieved through a 4-mm sieve and mixed well. Nine kg of sieved soils were placed into each pot (height 23 cm, diameter 30 cm). Basal nutrients (mg nutrient per kilogram soil) of 90 mg kg-1 of N, 113 mg kg-1 of P2O5, and 74 mg kg-1 of K2O were applied before transplanting. Uniform rice seeds were germinated and grown in a tray filled with 5 cm of soil in depth. On the 20th day after emergence, three seedlings of rice with similar size were transplanted into each pot. The paddy soil was always submerged under 3-4 cm of water. The elevated CO2 concentration and temperature treatments were sustained until the end of the experiment.


Table 1 | Cultivar name, year of release or introduction, sub-species and days from transplanting to maturity for the chosen three rice cultivars.





Leaf photosynthetic parameter measurements

As reported in the previous studies, the tiller stage is a critical stage when the biomass rapidly accumulated and panicles form. The anthesis stage is more sensitive to environmental factors, such as temperature, light and soil water content. Similarly, carbohydrates are transferred from the source (shoot) to the pool (seed) during the grain filling stage (Jagadish et al, 2007; Sasaki et al, 2007; Wassmann et al., 2009). The varietal response to the climate change would be maximal over those growth stages. Therefore, measurements and samples were taken at the three stages of those cultivars. The three youngest fully expanded leaves (flag leaves at the anthesis and grain-filling stage) were tagged in each treatment for measurement. Photosynthetic measurements were performed during the period from 8:30 to 11:30. We used the LI-Cor 6800 Portable Photosynthesis System (Li-Cor BioScience, Lincoln, NE, USA) with Dynamic Assimilation™, and 6800-01A leaf chamber fluorometers to measure the net photosynthetic rate (An) in response to intercellular carbon dioxide concentration (Ci) by controlling the CO2 concentration in the leaf chamber (An-Ci curves). Detailed information about instructions for equipment and programs was described by Saathoff and Welles (2021). Measurement temperature was set as same as the ambient temperature for the control and e[CO2] treatments, and +2°C above ambient temperature for warming and e[CO2] plus warming (e[CO2]+warming) treatments. Other leaf chamber conditions were as follows: saturating irradiance of 1200 μmol m-2 s-1, the fan speed of 10 000 rpm, the flow rate of 500 μmol mol-1, and relative humidity at leaf of 60%. Steady-state values of An (μmol CO2 m-2 s-1), Gs (mol H2O m-2 s-1), intercellular [CO2] (Ci, μmol mol-1), ambient [CO2] (Ca, μmol mol-1) were recorded during each measurement.

The An-Ci curves. The LI-6800’s Auto Program was used to process: a “down” ramp from 400 to 50 μmol mol-1 at a rate of 400 μmol mol-1 min-1 CO2 and was immediately followed, approximately 10 to 15 s later, by an “up” ramp from 50 to 1 600 μmol mol-1at a rate of 400 μmol mol-1min-1. The data was recorded on a computer every 2 s in all measurements. In the measurement of An-Ci curves, stomatal conductance (Gs), transpiration rate (Tr), and air -to- leaf temperature difference (ΔT) were also automatically measured. The instantaneous water use efficiency (iWUE) is the ratio of An and Tr.



Leaf chlorophyll content measurements

In order to extract chlorophyll, 0.3 g of fresh leaf material was stored in 15 ml of 80% (v/v) ethanol for more than 2 days in the dark at 4°C. The absorbance of the solution was measured using a multi-functional enzyme labeler (CLARIOstar Plus, Germany) at 645 and 663 nm. The Chl a and Chl b content were calculated according to the equations of Arnon (1949) using the absorbance values.



Plant harvest and measurements

The plants were destructively sampled at the tillering, anthesis and grain filling stages. Leaves, stems, and panicles (when present) were separated from samples. After that, the samples were dried at 105°C for 30 min and then dried at 75°C for 72 h, after which the biomass components were recorded. At maturity, grain was harvested to measure grain yield and its components.



Data processing and statistical analysis

The An-Ci curves were averaged across three repetitions for the given experiment treatment before further analyses. Using the ‘plantecophys’ package (Duursma, 2015) in R version 3.6.1 (R Core Team, 2019), An-Ci curves were fit to the FvCB model to estimate the photosynthetic parameters including CO2 compensation point (Γ, µmol mol-1), maximum ribulose -1, 5-bisphosphate carboxylase/oxygenase (Rubisco) carboxylation rate (Vc, max, µmol m-2 s-1), and potential light saturated electron transport rate (Jmax, µmol m-2 s-1), respectively. All settings in the ‘fitaci’ function were left at their respective default values, and the default nonlinear fitting method was used, which allows for the calculation of standard errors.

A one-way ANOVA (analysis of variance) was conducted to determine the effects of e[CO2], warming and their interactions on Γ, Vc,max, and Jmax. Treatment means were compared using the Duncan’s multiple range test (p < 0.05) in SPSS 22.




Results


The phenotypes and gas exchange under e[CO2] and warming

Warming increased plant height. The treatments had no significant effect on plant height at the anthesis and grain filling stages, except for HJ at the grain filling stage that warming alone and e[CO2] plus warming decreased plant height, compare to control (Figure 1).




Figure 1 | The rice growing conditions under different treatments during the stages of tillering, anthesis and grain filling (control, ambient conditions; eC, eCO2 concentration; eT, elevated air temperature; eCT, the combination of elevated air temperature and [CO2]) at three growth stages (tillering, anthesis and grain filling). SH, HJ and LJ refer to three rice cultivars Shishoubaimao, Hejiang 19, and Longjing 31, respectively.



Compared to the control, e[CO2] resulted in significant increases in leaf An at three sampling stages, in SH, HJ and LJ, ranging from18%-67%, 26%-60% and 11%-37%, respectively (Figure 2). Compared to the control, HJ and LJ leaf An at the anthesis significantly decreased under warming by 20.6% and 15.6% respectively. Compared to the control, e[CO2] plus warming increased An of SH, HJ and LJ by 15%-53%, 18%-47% and 11%-37% throughout all three stages. Compared to control, warming resulted in an increase in leaf Gs among all cultivars. It is interesting to note that e[CO2] alleviated this phenomenon. e[CO2] and e[CO2] plus warming decreased leaf Gs (Figure 2).




Figure 2 | The responses of An (A–C) and Gs (D–F) measured under control, ambient condition; e[CO2], eCO2 concentration; warming, elevated air temperature; e[CO2] plus warming, the combination of elevated air temperature and [CO2] during the stages of tillering, anthesis and grain filling. SH, HJ and LJ refer to three rice cultivars Shishoubaimao, Hejiang 19, and Longjing 31, respectively. Values are the means ± SEs (n = 6). Different lower-case letters indicate significant differences between treatments at P < 0.05 level. An, net photosynthetic rate; Gs, stomatal conductance.



Compared to the control, warming had no significant effect on Ci, but it increased significantly under e[CO2] and e[CO2] plus warming among all cultivars (Figure 3). e[CO2] and e[CO2] plus warming significantly decreased Ci/Ca at the anthesis stage among all cultivars. e[CO2] plus warming had a positive effect on the WUE, and warming weakened the stimulation of WUE caused by e[CO2] was observed at the anthesis stage of SH and grain filling stage of HJ.




Figure 3 | The value of Ci (A-C), Ci/Ca (D-F) and WUE (G-I) of three rice cultivars grown under control, ambient conditions; e[CO2], elevated CO2 concentration; warming, elevated air temperature; e[CO2] plus warming, the combination of elevated air temperature and [CO2]). SH, HJ and LJ represent rice cultivars Shishoubaimao, Hejiang 19, and Longjing 31, respectively. Values are the means ± SEs (n = 6). Different letters indicate significant differences between treatments at P < 0.05 level. Ci, intercellular [CO2]; Ci/Ca, the ratio of intercellular [CO2] to ambient air [CO2]; WUE, water use efficiency.





CO2 response curves and model parameters

Compared with the control, e[CO2] increased An across three varieties at three stages, after the carboxylation rate reaches its maximum (Figure 4). However, warming decreased An across three varieties, but not for SH and HJ at the grain-filling stage. The stimulating effect of e[CO2] on An was counteracted by warming.




Figure 4 | The line graph represents the net photosynthetic rate (An)- intercellular carbon dioxide concentration (Ci) curves under ambient [CO2] and temperature (black dots, Control), e[CO2] (red dots, e[CO2]), warming (blue dots, warming), and e[CO2] plus warming (green dot, e[CO2] +warming) at the tillering, anthesis, and grain-filling stages (from left to right) in SH (Shishoubaimao), HJ (Hejiang 19), and LJ (Longjing 31) (from top to bottom). The box graph represents the average net photosynthetic rate (An, red boxes) and intercellular carbon dioxide concentration (Ci, blue boxes) when the carboxylation rate is maximum.



e[CO2] plus warming increased Ci and An by 43% and 38% at the maximum of the carboxylation rate throughout three stages of SH, respectively, compared with the control (Figure 4). A similar trend was found with a 31% and 14% of increase for Ci of HJ and maximal An, and 18% and 22% of LJ, respectively (Figure 4).

e[CO2] plus warming significantly (P < 0.05) increased Γ by 24% and 30% at the tillering and anthesis stages of SH (Figure 5), by 21% and 17% at the grain-filling stage of HJ and LJ compared with the control, respectively. The effect of e[CO2[ plus warming on Γ varied among the three varieties and stages.




Figure 5 | Model parameters were determined from An-Ci data. Carbon dioxide compensation point (Γ, A–C), maximum ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) carboxylation rate (Vc, max, D–F), and potential light saturated electron transport rate (Jmax, G–I) under e[CO2] and warming at the tillering, anthesis, and grain-filling stages of SH (Shishoubaimao), HJ (Hejiang 19), and LJ (Longjing 31). Data are means ± standard errors (n = 3). The data of (Jmax/Vc, max, J–L) radio is the average means ± standard errors (n = 9) at three stages in each cultivar. Different letters indicate significant differences between mean values at P < 0.05 level.



The response of maximum ribulose -1, 5-bisphosphate carboxylase/oxygenase (Rubisco) carboxylation rate (Vc, max) to climate change depended on varieties and growth stages (Figure 5). e[CO2] plus warming significantly decreased Vc, max by 8.9% and 14% at the tillering and anthesis stages of HJ, while significantly increased Vc, max by 24% at the grain-filling stage of LJ. e[CO2] also increased the Vc, max at the tillering and anthesis stages of LJ.

Similarly, Jmax increased by 32% in response to e[CO2] plus warming at the grain-filling stage of SH (Figure 5), and increased by 24% and 24% of LJ but reduced by 13% and 14% at the tillering and anthesis stages of HJ, respectively, compared with control. Compared with the control, e[CO2] significantly increased the average Jmax: Vc, max ratio across three varieties at three stages.



Leaf chlorophyll content

Compared to the control, the leaf chlorophyll a (Chl a) content under e[CO2] and warming in three cultivars had an average increase of 10% and 15%, respectively (Figure 6). Whereas the effect of e[CO2] plus warming on the leaf Chl a content varied among the varieties. For example, e[CO2] plus warming significantly decreased the leaf Chl a content by 18%-25% at the grain filling across the three varieties. The effect of climatic treatments on chlorophyll b (Chl b) and chlorophyll a+b (Chl a+b) is similar to that of Chl a.




Figure 6 | The leaf chlorophyll a (Chl a, A-C), chlorophyll b (Chl b, D-F) and chlorophyll a+b (Chl a+b, G-I) under control, ambient conditions; e[CO2], elevated [CO2] concentration; warming, elevated air temperature; e[CO2] plus warming, the combination of elevated air temperature and [CO2]) at the growth stage of tillering, anthesis and grain filling. SH, HJ and LJ refer to three rice cultivars Shishoubaimao, Hejiang 19, and Longjing 31, respectively. Values are the means ± SEs (n =6 ).Different lower-case letters indicate significant differences between treatments at P < 0.05 level.





Dynamic response of stomatal conductance to Ci

The Gs tended to decrease with the increase of Ci. Compared with the control, e[CO2] plus warming notably decreased Gs irrespective of rice variety and growth stage (Figure 7). Interestingly, Gs gradually decreased over the growing season, meanwhile, the effect of e[CO2] plus warming on Gs reduced over time.




Figure 7 | The Gs-Ci Curves under ambient CO2 and temperature (black dots, Control), elevated CO2 concentration (red dots, e[CO2]), elevated temperature (blue dots, warming), and elevated CO2 concentration plus warming (green dot, e[CO2] + warming) for cv. SH (A-C), HJ (D-F), and LJ (G, H, I) during the tillering stage, anthesis stage, and grain-filling stage. Gs represents stomatal conductance, Ci represents intercellular carbon dioxide concentration.





Transpiration rate changes in response to e[CO2] and warming

With the advancement of Ci, the values of transpiration rate (Tr) gradually decreased across three varieties. Except for the anthesis stage, e[CO2] plus warming significantly decreased Tr (Figure 8) across three growth stages, compared with the control. Interestingly, with the growth period, the response of Tr to climate change gradually weakened.




Figure 8 | The Tr-Ci curves under ambient CO2 and temperature (black dots, Control), elevated CO2 (red dots, e[CO2]), elevated temperature (blue dots, warming), and eCO2 plus warming (green dot, e[CO2]+warming) for cv. SH (A-C), HJ (D-F), and LJ (G-I) during the tillering stage, anthesis stage, and grain-filling stage. Tr represents transpiration rate, Ci represents intercellular carbon dioxide concentration.





Response of instantaneous water use efficiency under e[CO2] and warming

In the present study, instantaneous water use efficiency (iWUE) in response to climate change varied among three varieties (Figure 9). With an increase in the intercellular carbon dioxide (Ci), instantaneous water use efficiency of rice leaves showed an increasing trend with a greater increase under e[CO2] plus warming than the control, except for the anthesis stage of LJ. Taken together, these results indicated that climate change could pose a positive effect on the iWUE.




Figure 9 | The iWUE-Ci Curves under ambient [CO2] and temperature (black dots, Control), elevated [CO2] (red dots, e[CO2]), elevated temperature (blue dots, warming), and e[CO2] plus warming (green dot, e[CO2]+warming) for cv. SH (A-C), HJ (D-F), and LJ (G-I) during the stage of tillering anthesis, and grain-filling. iWUE represents instantaneous water use efficiency, Ci represents intercellular carbon dioxide concentration.





Temperature differences between air and leaves in response to e[CO2] and warming

The air-to-leaf temperature difference of all treatments showed a gradual decrease with the increase of Ci (Figure 10). Here, a clear reduction of ΔT was observed at the tillering stage across three varieties under e[CO2] plus warming, but there is little difference at the anthesis stage. However, compared to the control, e[CO2] plus warming notably increased ΔT across three varieties at the grain-filling stage. e[CO2] plus warming altered the trend that air-to-leaf temperature difference decreased gradually with the reproductive process.




Figure 10 | The ΔT-Ci Curves under ambient CO2 and temperature (black dots, Control), elevated [CO2] (red dots, e[CO2]), elevated temperature (blue dots, warming), and e[CO2] plus warming (green dot, e[CO2] +warming) for cv. SH (A-C), HJ (D-F), and LJ (G-I) during the tillering, anthesis, and grain-filling stages. ΔT represents the air-to-leaf temperature difference, Ci represents intercellular carbon dioxide concentration.





Aboveground biomass, grain yield and its components

In comparison to the control, the aboveground biomass at the mature stage tended to increase under e[CO2], warming, and e[CO2] plus warming. (Figure 11). In general, the aboveground biomass of SH, HJ, and LJ increased by 28%, 28%, and 36% under e[CO2] plus warming. At maturity, the dry matter weight of leaves, stems, and panicles under e[CO2] plus warming increased by 13%-50%, 21%-73%, and 4%-34%, respectively, compared to the control.




Figure 11 | The dry matter weight of leaf (A–C), stem (D–F), panicle (G–I) and aboveground plant (J–L) at the stage of tillering, anthesis, grain filling and maturity under control, ambient conditions; e[CO2], elevated [CO2]; warming, elevated air temperature; e[CO2] plus warming, the combination of elevated air temperature and [CO2]. Values are the means ± SEs (n=3). Lower-case letters indicate significant differences between treatments at P < 0.05 level.



In most cases, leaf dry weight decreased slightly with warming, which could offset the positive effect of e[CO2] on rice dry matter accumulation. For example, compared to e[CO2], a 12%-34% reduction of the panicle dry matter weight was observed under e[CO2] plus warming.

In comparison to the control, e[CO2] significantly increased grain yields of SH, HJ and LJ by 39%, 46% and 59%, respectively (Figure 12). Rice yield did not change significantly in SH and LJ under warming, but increased by 11% in HJ, compared to the control. The increase in rice yield under e[CO2] plus warming was less than under e[CO2] but higher than that under warming. Furthermore, e[CO2] resulted in increases of 44%, 47%, and 88% in grain number in SH, HJ, and LJ. In contrast to the control, 1000-grain weight did not significantly differ among treatments except for a decrease under e[CO2] plus warming.




Figure 12 | The rice yield (A), grain number (B) and 1000-grain weight (C) of three rice cultivars grown under control, ambient conditions; e[CO2], elevated CO2 concentration; warming, elevated air temperature; e[CO2] plus warming, the combination of elevated air temperature and [CO2]. SH, HJ and LJ refer to three rice cultivars Shishoubaimao, Hejiang 19, and Longjing 31, respectively. Values are the means ± SEs (n = 3). Lower-case letters indicate significant differences between treatments at P < 0.05 level.






Discussion


Vc, max and Jmax in response to e[CO2] and temperature

Previous studies demonstrated that e[CO2] led to a decrease in Vc, max (Medlyn et al., 1999; Ainsworth and Long, 2005; Cai et al., 2018). For example, a FACE study by Cai et al. (2018) indicated a significant reduction in Vc, max at several growth stages due to the interaction effect of e[CO2] (104-199 μmol/mol) and increased canopy temperature (1.0-1.7°C). Moreover, abiotic stress may constrain the effect of e[CO2] on Vc, max and Jmax, as Liu et al. (2018) found that 7 days of e[CO2] increased cucumber Vc, max and Jmax by 12.0% and 14.7%, respectively, but this effect disappeared under mild and severe drought stresses (Liu et al., 2018). However, in this study the Vc, max and Jmax increased in response to e[CO2] and/or warming treatments, indicating that e[CO2] and warming favor rice photosynthetic potential in cold temperate regions. It is probably because the increased temperature in the warming treatment is still in the range of temperature for optimal growth of rice (Zhang et al., 2022).

The Vc, max and Jmax in FvCB in response to [CO2] and temperature co-elevation varied among rice varieties. In this study, [CO2] and temperature co-elevation significantly increased Vc, max and Jmax in LJ but decreased in HJ (Figure 5). The increase in Vc, max and Jmax was greater in LJ compared to SH and HJ, especially for intercellular CO2 concentrations above 400 ppm, consistent with the performance of photosynthetic rates, as can be observed from An-Ci curve (Figure 4). Similar results were also found in a study by Miao et al. (2021) who found that Yangdao6 (a more CO2-responsive indica cultivar) had a stronger Vc, max and Jmax from heading to maturity under e[CO2] (+200) compared to other cultivars. Previous studies found that the response of Vc, max and Jmax to climate change differed between species (Wullschleger, 1993). The various responses of Vc, max and Jmax in C3 plants grown at e[CO2] were either positive such as Liquidambar styraciflflua (DeLucia and Thomas, 2000), or negative such as Oryza sativa L. and Lolium perenne L. (Ainsworth et al., 2003; Borjigidai et al., 2006). Interestingly, warming (1-2°C increase) and deficient soil nitrogen resulted in the decrease in Vc, max and Jmax of rice and cotton species (Pettersson and McDonald, 1994; Cai et al., 2018). However, in the present study, the increased Vc, max and Jmax in specific cultivars in response to e[CO2] and warming indicates its strong adaptability to climate change.

The Jmax: Vc, max ratio is critical for understanding plant photosynthetic processes. (Miao et al., 2009). Compared to the Vc, max, the response of Jmax to e[CO2] was more pronounced in this study. Some studies found that the enrichment of CO2 led to an increase of Jmax: Vc, max ratio (Ainsworth and Long, 2005), but warming reduced this ratio (Kattge and Knorr, 2007; Lin et al., 2013). This is consistent with our findings that the Jmax: Vc, max ratio was significantly increased under e[CO2] for three cultivars (Figure 5). Despite that [CO2] and temperature co-elevation only significantly increased the Jmax: Vc, max ratio in SH, but had no remarkable effect on Jmax: Vc, max ratio for HJ and LJ. It might explain the greater improvement in net photosynthetic rate for SH than HJ and LJ. Thus, the Jmax: Vc, max ratio may be imperative to the instinct photosynthetic and yield performance under the changing environments.



Leaf photosynthesis and water use efficiency under different treatments

The impact of e[CO2] on photosynthesis has been well documented in rice (Roy et al., 2012; Chen et al., 2014; Zhu et al., 2014; Cai et al., 2018). e[CO2] notably increased the net photosynthetic rate (An) in three varieties, especially at the grain filling stage. These results were consistent with previous studies (Chen et al., 2014; Yuan et al., 2021; Wang et al., 2015a). While the average temperature at the test site did not exceed the suitable temperature for rice under the warming scenario in this study, but high temperatures and heat waves frequently occurred in July and August. This may increase photorespiration and respiration, which cause a reduction in the net photosynthesis rate (An). Furthermore, Previous studies have shown that the anthesis stage of rice is more sensitive to environmental factors, such as temperature, etc. (Jagadish et al, 2007; Wassmann et al., 2009). Therefore, in the present study, a significant decrease in An was found under warming at the anthesis stage, which may result in a decrease in rice yield formation or offset the positive effect of e[CO2] on rice yield.

In this study, the stomatal conductance was decreased with the continuous increase of intercellular CO2 concentration under [CO2] and temperature co-elevation (Figure 2). It is well recognized that increasing CO2 concentration led to a reduction in stomatal conductance (Bunce, 2004; Ainsworth and Rogers, 2007; Lenka et al., 2021a). However, previous studies indicated that the warming effect on stomatal conductance was either positive or negative (Mott and Peak, 2013; Lahr et al., 2015; Urban et al., 2017). This is likely attributed to the increase extent of the environmental temperature. Previous studies demonstrated that stomatal conductance was 4.3 times higher at 35°C than that at 15°C for the warm climate species such as soybean and tomato (Bunce, 2000a). However, several studies have also demonstrated that warming led to the reduction of stomatal conductance in rice and many other species (Lewis et al., 2002; Lahr et al., 2015; Göbel et al., 2019; Huang et al., 2021). These findings are in line with the present study. The differences in stomatal performance in response to warming may be related to the plant species or original habitats. Furthermore, the response of stomatal conductance to warming also varied with the phenological process, for instance, warming increased stomatal conductance for SH at the tillering stage except at anthesis and grain filling stages, indicating that stomatal conductance was not consistently characteristic in response to climate change throughout the growth phase (Wang et al., 2020b). Additionally, there was an offsetting effect on stomatal conductance under e[CO2] and warming at anthesis and grain filling stages (Del Pozo et al., 2005; Wang et al., 2020b).

The treatment of [CO2] and temperature co-elevation resulted in a higher water use efficiency (Figures 3 and 9). Numerous studies have shown that higher water use efficiency under e[CO2] (Bunce, 2000b; Allen et al., 2003; Ruiz-Vera et al., 2013; Li et al., 2019a). The water use efficiency can be mediated by both photosynthetic rate and transpiration rate, as previously observed in rice (Gauthami et al., 2014; Mishra et al., 2018). In the current study, under [CO2] and temperature co-elevation, the increase in water use efficiency is a result of a combination of increased photosynthetic rate and decreased transpiration rate, such as SH and LJ at the grain filling stage. Meanwhile, the water use efficiency of SH and LJ was more responsive to climate change than that of HJ, implying that improvement of water use efficiency under climate change could be improved by breeding new rice varieties in the future.

Stomatal conductance response to climate change may pose an essential role on the water use efficiency. A study in free air CO2 enrichment system (FACE) by Bernacchi et al. (2007) reported that e[CO2] decreased the evapotranspiration by 9-16% and as a result of the decrease in Gs. Similarly, in a study on soybean in environment-controlled chambers, doubling [CO2] caused a 9% decline in evapotranspiration at a day/night temperature combination of 28/18°C, while there was the limited effect at 40/30°C and 44/34°C temperature treatments (Allen et al., 2003). In the present study, the transpiration rate of all cultivars was significantly decreased under e[CO2]. It may mainly be related to the significantly decreased stomatal conductance (Bernacchi et al., 2007; Kimball, 2016; Lenka et al., 2020). The reduction of stomatal conductance mainly occurred under e[CO2] rather than the warming condition (Figures 2 and 7), highlighting that enhanced water use efficiency under e[CO2] plus warming is the e[CO2]-induced reduction of stomatal conductance.

In the present study, the air -to- leaf temperature difference (ΔT) showed gradual decrease with the intercellular CO2 concentration increased under e[CO2], warming and e[CO2] plus warming (Figure 10). In general, a deceased stomatal conductance reduces leaf water loss and increases leaf temperature, resulting in a decrease in air-to-leaf temperature differences. (Allen et al., 2003; Kimball, 2016; Urban et al., 2017). The air -to- leaf temperature difference reduced under e[CO2] across three growth stages for all species. However, Lenka et al. (2020) reported that temperature increase above ambient 1.5°C along with e[CO2] was unlikely to lead to a difference in leaf temperature in soybean cultivar. In the present study, the air -to- leaf temperature difference in SH cultivar under e[CO2] plus warming is greater than that in HJ and LJ. The relatively stable response of the air -to- leaf temperature difference in HJ and LJ indicated a potential for physiological adaptation of rice cultivars to climate change.



Warming alters biomass and yield under e[CO2]

Elevated temperature often reduces rice dry matter accumulation due to enhanced plant respiration, shortens growth duration and increases floral sterility (Ziska et al., 1996; Dong et al., 2011; Cai et al., 2016). However, warming has also been reported to benefit rice growth in regions with low ambient temperature (Keiichi et al., 2009; Adachi et al., 2014; Chen et al., 2017; Wang et al., 2020a). In the present study, warming promoted leaf photosynthesis, and panicle dry matter accumulation in SH and LJ at the stage of anthesis and grain filling. Additionally, there is substantial evidence that e[CO2] positively impacts rice dry matter accumulation which is consistent with the present study. (Sakai et al., 2001; Roy et al., 2012; Cai et al., 2018; Wang et al., 2020a). For example, the rice yield increased by 15% under e[CO2] (550 ppm) in a free-air [CO2] enrichment study (Wang et al., 2018). The results showed that while warming did not reduce or slightly reduced rice yield, the increase in yield under e[CO2] plus warming was less than that under e[CO2]. Nevertheless, considering the possible increase in rice biomass caused by the co-elevation of e[CO2] and temperature in this region, the rice varieties adapting to e[CO2] plus warming should receive more attention to improve rice production in the future.




Conclusion

Warming by 2°C is likely to partially offset increases in photosynthetic rate attributed to e[CO2]. The [CO2] and temperature co-elevation may be favorable increasing photosynthetic ability of rice crop and improving water use efficiency. Although increased temperature in this study had a minor effect on grain yield, the effect may increase under future climate change. This study provided evidence that the rice has genotypic differences in photosynthetic potential under [CO2] and temperature co-elevation. Therefore, it is crucial to explore a broader range of phenotypes and cultivars in climate change adaption research, in order to advance the knowledge that climate change impacts rice crop resulting in a prospective increase of grain yield induced by [CO2] and temperature co-elevation in the cold-temperate climate regions.
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Introduction

Soil testing formula fertilization using organic fertilizer (STFFOF)could increase grain yields and protect the ecological environment but the potential risks of STFFOF remains unclear.



Methods

In order to assess the risk on rice stem lodging, a STFFOF field experiment is conducted continuously for 11 years.



Results

After 11 years of continuous STFFOF treatment, the stem lodging rate of rice substantially increases by 81.1%*, which completely overweigh its increase in yield. Further research found that STFFOF greatly decreases the concentration of Ca, SiO2, K, Mg, and non-structural carbohydrates in basal internodes, dramatically increases that of N, P, and weight per ear, but slightly affects the structural carbohydrates. The strong correlations imply the increasement in weight per ear, N, and P concentrations, and the significant decrease in starch in the basal internodes might directly increase the brittleness of stem internodes and further cause severe stem lodging and yield loss of rice.



Discussion

Results suggest that the potential risks of rice production including stem lodging must be considered when adopting the excessive exploration mode of productivity technology of paddy fields.





Keywords: long-term located experiment, organic fertilization, stem lodging, carbohydrates, mineral element, rice yield



Introduction

Chemical fertilizer has greatly tapped the potential of arable land for grain production in the previous decades (Liu et al., 2020; Luo et al., 2020). However, it has also caused serious problems, including low utilization rate, remarkable fertilizer losses (Liu et al., 2020), environmental pollution, overdraft of arable land, and hardening of soil (Niu et al., 2022), thereby seriously limiting the ability of chemical fertilizers to continuously increase grain production. China had widely promoted soil-testing formula fertilization using organic fertilizer (STFFOF), which was based on the demand law of plant fertilizer, soil fertilizer supply capacity, and fertilizer utilization rate (Liu et al., 2020; Luo et al., 2020; Wang et al., 2021) for good yield and was efficient in 2013 to maintain the ecological resilience of arable land (Wang et al., 2021) and ensure the sustainable material output of fields. A number of short-term experiments have shown that STFFOF not only reduced the total phosphorus, NH4–N, NO3–N, and the amount of soil fertilizer (Wu et al., 2019; Xie et al., 2019) and effectively enhanced rice yield and agricultural economic benefit (Wang et al., 2019; Liu et al., 2020) but also improved the soil ecological environment of paddy field (Wang et al., 2021). Nonetheless, considering the huge cost and the basic national conditions of developing countries, organic fertilizer application required by STFFOF has not been widely promoted in China. Despite this, it is still considered an inevitable trend of conservation tillage in the future given its advantages (Liu et al., 2020).

Rice is a staple food and provides 20% of the daily calorie needs for more than half of the population worldwide; it is even more significant to China (Zhao et al., 2015). However, profile and risk assessments should be required when carrying out some new agricultural production activities, such as STFFOF (Wu et al., 2019). Wang et al. (2021) considered that organic fertilizers are unsuitable for long-term use due to the result of a 16-year study conducted in China; it showed that the long-term use of organic fertilizers may cause pollution of heavy metals (Wang et al., 2021). Lodging also greatly harmed the rice yield and quality, thereby completely counteracting the positive effects of most measures on rice, including molecular and culturation. Lodging is difficult to control because it is a complex process determined by many factors including varieties, weather, soil type, crop man agreement, and disease episodes (Kong et al., 2014). N enrichment in stems significantly reduced the pushing resistance of plants. N promoted vegetative growth and reduced the stem wall thickness and stem diameter, thereby resulting in the reduction of the strength of stems and the increase in stem lodging risk (Yang et al., 2009; Wu et al., 2012; Kong et al., 2014; Zhang et al., 2014b; Zhao et al., 2019; Xu et al., 2020). Differently from other arable lands, paddy fields are mostly covered by a water layer during the entire growing season of crops; therefore, the ecological effect of increasing organic fertilizer on paddy fields is better theoretically. However, this condition cannot rule out the possible risk of STFFOF on rice yield or quality, especially based on the results of long-term location tests. Hence, for a sustainable high yield of rice, this study carried out an STFFOF experiment for 11 years in paddy fields to systematically evaluate potential risks specially on rice stem lodging regarding this mode.



Materials and methods


Study site

The experiment was performed in the farm of the Institute of Maize and Featured Upland Crops, which is located in Dongyang (120°18′ E, 29°11′ N), Zhejiang Province, China, from 2011 to 2021. The experimental plot was of red soil with good irrigation and drainage facilities. The soil contained in the upper 20 cm 22.5 g kg-1 organic matter, 1.43 g kg-1 total N, 1.31 g kg-1 total P, 15.8 g kg-1 total K, 96.7 mg kg-1 soil-available N, 9.87 mg kg-1 soil-available P, and 83.92 mg kg-1 soil-available K. The pH value of the soil was 5.64.



Experimental setup and rice cultivation

Rice seeds of Zhexiangyinzhen, a popular indica cultivar in this region, were sown in a nursing paddy on 20 June. At 26 days later (on 16 July), uniform rice seedlings were selected and manually transplanted into subplots that were distributed randomly in each plot. The area of each plot is 3 m × 7 m. Planting density was one seedling per hill, and the spacing of the hills was 17.9 × 30 cm, equivalent to 18.6 hills m−2. In brief, 5.4 g P m-2 [15% P2O5, Ca(H2PO4)2·H2O] and 11.2 g N m-2 (46% N, urea) with the control were applied as basal dressing at 1 day before transplanting. Afterward, 3.3 g N m-2 was applied on 28 July as the tillering fertilizer, followed by the addition of 4.9 g N m-2 and 12.9 g K m-2 on 8 August as the jointing fertilizers. Relative to that in the control, 2.1 g P m-2 and 285.7 g m-2 bio-organic fertilizer (organic content ≥45%, Kingenta Co., Ltd., China) more as the basal dressing was added into the STFFOF treatment. Pesticides and fungicides were applied when required throughout the experiment.



Theoretical and actual yield

Five plants with no lodging per plot were measured to obtain the theoretical yield of rice. All plants in each plot, including lodging plants, were measured in terms of plant maturity to obtain the actual yield.



Parameters regarding lodging incidence in paddy field

Parameters regarding lodging incidence in rice fields were obtained according to the method reported by Zhao et al. (2019) with a few modifications: stem lodging rate was determined as a percentage ratio of broken stems to the whole plants, excluding border plants, in mature period. The whole area of each plot equals to 391 hills were surveyed to obtain the stem lodging rate. Meanwhile, 24 representative plants in the field were selected to measure the values of plant height, ear length, and weight per ear, and the SPAD value of leaf was obtained in this stage with a chlorophyll content meter (SPAS-502PLUS, Konnica Minolta Co., Ltd., Japan). The measurements of pushing resistance per plant and pushing resistance per stem were measured using a prostrate tester (ZTS-500N, IMADA Co., Ltd., Aichi-ken, Japan) and referred to its instruction manual with some modification. Briefly, the tester was set in perpendicular direction to the plants at a 20-cm height above the soil surface, and the pushing resistance (N) was recorded when the plants inclined at 45° angle to the vertical. Six representative plants in each plot were measured, and the tiller numbers were counted. The pushing resistance per stem was calculated by dividing the pushing resistance per plant by the tiller number.



Physical structure of stem

Five other representative plants from each plot were taken to the experimental laboratory. After having been cleaned with ultrapure water, the individual stems were separated from the plants. Ten stems were blotted dry with filter paper, and the weight of a single stem was measured. The first base internodes of up to 3 cm with sheath were separated. According to our field observation, stem breakage usually occurs at this internode. The breaking resistance of this base internode was measured using the method of Zhao et al. (2019) with a prostrate tester (YYD-1A, Hangzhou, China) in the laboratory (Zhao et al., 2019). Stem wall thickness and the smallest diameters of the basal internodes were measured by a caliper. The stem density, cross-sectional area, bending moment, and lodging index of each basal internode were calculated as follows:

Stem density = dry weight/length of the basal internode

Cross-section area of basal internode = π × (diameter of basal internode/2)2

Bending moment of basal internode = length × fresh weight of the plant from the lower node of basal internode up to the panicle top × 0.001 × 9.8

Lodging index = bending moment of the basal internode/breaking resistance of that internode × 100



Biochemical traits

After the measurement of fresh samples, the basal internodes were collected, dried at 75°C, and ground into powder using a Vibration Disc Mill (TS1000, Siebtechnik GmbH, Muehlheim an der Ruhr, Germany). The powder was used to measure mineral elements (including SiO2, N, P, K, Ca, and Mg), cell wall, lignin, and soluble sugar and starch following the method of Zhao et al. (2019). Cellulose was also measured following the method of Suzuki et al. (2009).



Statistical analysis

A single-factor randomized block design was employed in this experiment. Each treatment had three replications. The figures and tables were created using Excel 2021. Data analysis was performed using SPSS 26 to detect the main effects of STFFOF after lasting for 11 years in paddy fields. Treatments were compared by Duncan’s test, and differences were declared as statistically significant if P <0.05. Statistically significant effects were indicated as follows: **P ≤0.01, *P ≤0.05, +P ≤0.1.




Results


Yield and lodging of rice

Compared with that in the control, STFFOF treatment after 11 years reduced the lodging index of rice plants by 28.2%* averaged over 2020 and 2021 but substantially increased the stem lodging rate by 25.9 percentage points (Figures 1A, 2), without a significant effect on the bending moment (Figure 1B). Although the theoretical yield increased by 22.9%** (Figure 1C), the actual yield decreased by an average of 9.5% upon STFFOF (Figure 3). Otherwise, no lodging in the blank treatment without fertilization application for 11 years was observed (Figures 2A, D). Compared with STFFOF, the yield of blank decreased slightly: the actual yield averaged for the last 2 years decreased by only 19.9% (Figure 3). No significant interaction effect of lodging-related indexes between treatments indicated that the effect of STFFOF on stem lodging was stable. Correlation analysis (Table 1) revealed the lack of a significant relationship between the stem lodging rate and lodging index or bending moment, suggesting that the visual actual stem lodging rate of paddy fields could not be estimated by the traditional lodging index under STFFOF conditions.




Figure 1 | Effect of soil-testing formula fertilization using organic fertilizer (STFFOF) for 11 years on visual stem lodging rate (A), bending moment (B), theoretical yield (C), and lodging index (D). Error bars show standard errors (n = 3). Bars not sharing the same superscript letters are significantly different at P <0.05 by Duncan’s post-hoc comparison. ANOVA results of bending moment, lodging index, and visual stem lodging rate regarding blank, control, and STFFOF treatments are included in the figure.






Figure 2 | Effect of soil-testing formula fertilization using organic fertilizer (STFFOF) for 11 years on lodging incidence of rice. The representative pictures are shown for blank [no fertilizer application (A, D)], control (B, E), and STFFOF [treatment (C, F)] plots during grain filling stage of rice. (A–C) Photographs taken on October 25, 2020. (D–F) Photographs taken on October 23, 2021.






Figure 3 | Effect of soil-testing formula fertilization using organic fertilizer for 11 years on the actual grain yield of rice.




Table 1 | Relationships among the physical indicators of rice stem under soil-testing formula fertilization using organic fertilizer for 11 years.





Parameters regarding rice plant in the field

Compared with that in the control, STFFOF averagely increased the tiller number per plant, plant height, and weight per ear by 13.7%**, 0.5%, and 14.7%*, respectively, the ear length of rice decreased by 0.6%**, and only the treatment × year interaction of the plant height presented a significant difference (Table 2). The SPAD increased by 21% in 2021, indicating that STFFOF enhanced the vitality of rice plants. Compared with STFFOF treatment, no significant difference in these indexes except for SPAD and tiller number per plant in the blank experiment was observed. The correlation analysis (Table 1) showed that the stem lodging rate was inversely related to the pushing resistance per plant and pushing resistance per stem, without evident correlation with other parameters.


Table 2 | Effects of soil-testing formula fertilization using organic fertilizer for 11 years on the parameters regarding rice plant in the field.





Physical structure of rice stem

Compared with those in the control, STFFOF increased the weight per stem and breaking resistance by an average of 65.8%** and 49.6%**, respectively, over 2020 and 2021, with only the weight per stem showing a significant difference between years (Table 3). The stem diameter, stem wall thickness, cross-sectional area, and stem density averagely increased by 11.4%**, 4.3%, 24.0%**, and 6.5%, respectively, upon STFFOF, of which only the treatment × year effects of weight per stem and stem density were significant. The correlation analysis (Table 1) showed that the stem lodging rate was only positively correlated with breaking resistance, stem diameter, and cross-sectional area under STFFOF condition for 11 years.


Table 3 | Effects of soil-testing formula fertilization using organic fertilizer for 11 years on the physical structure of rice stem.





Mineral elements of rice stem

Compared with that in the control, STFFOF reduced the concentrations of SiO2, K, Ca, and Mg in the basal internodes by 38%**, 9.5%*, 32.5%*, and 29.8%*, respectively, but increased those of N and P by 76.3%** (averaged over the last 2 years), with concentrations of SiO2, K, Ca, and P showing a significant difference between years (Table 4). The correlation analysis (Table 5) showed that the stem lodging rate was only negatively correlated with the concentration of Ca in internodes but significantly positively correlated with those of N and P, without correlation with other elements.


Table 4 | Effects of soil-testing formula fertilization using organic fertilizer for 11 years on the mineral elements of rice stem.




Table 5 | Relationships among the chemical indicators of rice stem under soil-testing formula fertilization using organic fertilizer (STFFOF) for 11 years.





Carbohydrate content

Compared with those in the control, the concentration of cell wall, lignin, and soluble sugar decreased by 1.5%, 4.7%, and 11.1%, respectively, on average in 2020 and 2021 upon STFFOF, with a significant difference of these parameters except for cell wall between years (Table 6). The correlation analysis (Table 5) showed that the stem lodging rate was negatively correlated with the concentration of nonstructural carbohydrates, such as internode starch and soluble sugar, but had no significant correlation with that of structural carbohydrates, such as cellulose and lignin.


Table 6 | Effects of soil-testing formula fertilization added organic fertilizer (STFFOF) for 11 years on carbohydrate content of rice stem (%).






Discussion


Severe stem lodging of rice prevented STFFOF’s long-term application

Based on the theory of soil-testing formula, different fertilization ratios should be used according to the soil quality in different areas—for instance, the most suitable fertilization formula was 50 kg N ha-1 of urea and 100 kg N ha-1 of organic fertilizer in rice fields in Shanghai as observed by Zhao et al. (2016). In southwestern China, Zhang et al. found that, compared with traditional farming methods, the type of contour tillage added organic matter reduced soil erosion by 14% (Zhang et al., 2016). The soil testing results indicated that 50% replacement of organic fertilizer and 50% reduction of pesticide had the best ecological and economic benefits (Wang et al., 2021). Our preliminary results showed that STFFOF was the best mode of fertilization application in this area compared with control as confirmed by the yield results. STFFOF increased the actual yield of rice averaging by 12.1% for 10 seriate years. Organic fertilizer posed a gradual effect on rice production probably due to the “accumulative effect” of organic fertilizer on improving soil. In the previous 3 years of STFFOF treatment, the STFFOF-induced yield fluctuation was very small with a slight increase of 6.5%. However, since the fourth year, the yield increase rate began to sharply grow. It increased to an annual average of 14.4%, up to 25.5% (2016, Figure 3), probably due to the improvement of soil ecological environment caused by the long-term application of organic matter.

It also had negative effects—for example, a test performed by Wang et al. showed that, in the Taihu Lake region, compared with the use of chemical fertilizers, clean agricultural measures, such as organic fertilizer use, reduced N losses by 19%–54% but also increased P losses by 45%–237% (Zhao et al., 2015). The long-term use of organic fertilizers may also cause heavy Zn or Cd pollution (Suzuki et al., 2009). Moreover, our present results show that the negative effect of STFFOF after 11 years was more serious. Since the ninth year, rice stem lodging worsened year by year. From 2020 to 2021, the annual average rate of visual stem lodging in paddy reached as much as 25.9 percentage points in comparison with control (Figure 1A), and the yield-increasing effect caused by STFFOF also decreased year by year. The actual yield of rice lowered instead by 26.1% upon STFFOF treatment with only 9.4% higher than that of the blank in 2021 (Figure 3). In fact, the theoretical yield still increased by 22.9%** (Figure 1C). These findings indicated that the risk of rice visual stem lodging induced by excessive exploration mode of productivity technology of paddy field, such as STFFOF, was great and must be prevented in the future.



STFFOF-induced changes in N and P in basal internodes may mainly contribute to the stem lodging of rice

In this study, the concentration of N in the basal internodes was also significantly increased by 76.3%** owing to STFFOF (Table 4); however, it did not reduce the stem diameter, stem wall thickness, the cross-sectional area of the stems, and the pushing resistance of the rice plants. The application of organic fertilizer in STFFOF increased the stem diameter, stem wall thickness, cross-sectional area, and bending resistance of basal internodes by 11.4%**, 4.3% ns, 24%**, and 49.6%** (Table 3), respectively, but significantly reduced the lodging index by 28.2% (Figure 1D). The pushing resistance per plant and per stem were also reduced by 35.9%** and 44.8%** (Table 2), respectively, resulting in an increase of 25.9 percentage points (Figure 1A) in the visual actual stem lodging rate. Moreover, it did not cover the root lodging of rice plants in the field.

Interestingly, under STFFOF, the visual stem lodging rate in paddy fields was positively related to the breaking resistance (P = 0.695*, Table 1) and stem diameter (P = 0.654*, Table 1) of basal internodes, showing a significant or extremely significant negative correlation with pushing resistance per plant (P = −0.716*, Table 1)/culm (P = −0.854**, Table 1) but presented no significant correlation with lodging index (P = −0.076 ns, Table 1). These results indicated that (1) the visual stem lodging rates in paddies could be accurately speculated via the pushing resistance per plant or stem rather than the bending resistance or lodging index of internodes, especially under the STFFOF and (2) the increase in the concentration of N in basal internodes might not be the only direct or main reason of large-scale stem lodging in paddy fields, although the stem lodging rate displayed a significant positive correlation with the N concentration in basal internodes (P = 0.730**, Table 1). We observed that the increase in N concentration inhibited the absorption of other elements, e.g., STFFOF reduced the concentration of SiO2, K, Ca, and Mg of stem by 38%**, 9.5%*, 32.5%*, and 29.8%* (Table 4), respectively, averaged across 2020 and 2021 in this report, and the stem lodging rate was negatively correlated with that of Ca (P = −0.628*, Table 5). Excessive output induced by the long-term application of organic fertilizer in STFFOF mode overdrew arable and destroyed the ecological resilience of paddy fields, leading to uneven accumulation of N and other elements in plants, and further presented the evident “antagonism” phenomenon among mineral elements, finally increasing the brittleness of the stem and the occurrence of stem lodging (Kong et al., 2013; Chen et al., 2020; Zhang et al., 2021). What is the mechanism of unbalanced accumulation of mineral elements caused by STFFOF? Why did the stem lodging in this research only occur until the ninth year after STFFOF? No relevant report was published.

Otherwise, P fertilizer was also added into the STFFOF treatment, which may be the direct reason for the significant increase in P concentration in internodes (76.3%**, Table 4). Interestingly, a significant positive correlation between stem lodging rate and stem P (P = 0.644*, Table 5) was observed. It was contrary to the report that similar P application enhanced lodging resistance in rice (Chen et al., 2020). This result indicated that the unbalanced accumulation of mineral elements may not be the most important cause for stem lodging; the large-scale lodging of rice caused by STFFOF might relate to other more important factors.



The decrease in non-structural carbohydrate concentration might be another important reason for stem fragility

Predecessors thought that structural carbohydrates, such as cellulose (Crook and Ennos, 1995) and lignin (Tripathi et al., 2003; Cui et al., 2018), in rice stems were closely related to the pushing resistance of rice. Higher proportions of structural carbohydrates enhanced stem stability in crops (Zhang et al., 2014a; Nguyen et al., 2016), but some scholars also reported no clear relationship between lodging and carbohydrate content (Kashiwagi et al., 2008; Gomez et al., 2018). This study also showed no evident relationship between lodging and carbohydrate concentration (Table 5), which agreed with previous reports (Kashiwagi et al., 2008; Gomez et al., 2018). The visual stem lodging rate of rice plant was instead closely related to the concentrations of starch (P = −0.611*, Table 5) and soluble sugar (P = −0.550+, Table 5) in the basal internodes, which was also observed by predecessors (Yang et al., 2011). Fumigating high CO2 concentration during the growth period increased the concentration of starch as suggested by Zhao et al. (2019), resulting in the enhanced pushing resistance of rice. However, they believed that the increased pushing resistance was mainly due to the increased culm density induced by the high concentration of nonstructural carbohydrates. This long-term located field experiment showed that the concentration of nonstructural carbohydrates, such as starch (P = −0.105 ns) and soluble sugar (P = −0.034 ns) in basal internodes, was unrelated to stem density. However, the stem lodging rate of rice plants also increased, indicating that the effects of non-carbohydrates on stem lodging were not achieved by increasing stem density under STFFOF. Similar evidence regarding this relationship between starch and stem density under other conditions was also observed in this study (Kashiwagi et al., 2008). We recognized that organic fertilizer application altered the assimilated distribution within plant organs, with a lower proportion of nonstructural carbohydrates stored in stems, probably reducing the stem strength and increasing the brittleness and lodging susceptibility of rice stem because most lodging observed in our paddy was stem fracture rather than bending or buckling (Abstract figure). Why did the concentration of nonstructural carbohydrate in plant stems exhibit evident “accumulation” phenomenon after the application of STFFOF that lasted for 11 years? Organic fertilizers contain large numbers of beneficial microorganisms. After the application of fertilizer to the soil, these microorganisms can further grow and reproduce under suitable conditions and directly provide certain elements, hormones, and various enzymes to the crops, thereby increasing the nutrients required by the crops; the nutrients required for the crop are indirectly provided by microbial reactions (Wang et al., 2019). This effect of organic fertilizer on the soil ecology is a long process. We speculated that this soil ecology mainly contributed to assimilate distribution within plant organs.

A higher number of tillers per unit land area theoretically increase population density, and heavier panicles impose more pressure on stems; both factors would increase lodging risk (Kong et al., 2014; Hirano et al., 2017). We also found that STFFOF significantly increased the weight per ear by 18.4% (2021, Table 5). However, an inappropriate result was collected, that is, no significant correlation was found between the stem lodging rate and weight per ear when the dry weight per ear (2020) and wet weight per ear (2021) were analyzed because the former one was only analyzed in 2020. However, when the simulated data of fresh weight per ear in 2020 according to the average ear water rate in 2021 were adopted, the weight per ear was significantly associated with the stem lodging rate (P = 0.824**, n = 12). Moreover, the analysis data results in 2021 showed the same significant positive relationship (P = 0.876*, n = 6). Meanwhile, the SPAD in the same growth stage increased by 21%** (Table 2) after 11 years of continuous STFFOF treatment, which was in concurrence with our observation in paddies (Figure 2). The finding indicated that STFFOF greatly prolonged the growth period of rice, further resulting in a larger weight per ear in the same period than the control. In addition, the growth period of the blank for 11 years was the shortest among the three treatments, and the weight per ear and SPAD in the same period were only 90.0% and 59.2% of that in the STFFOF treatment, respectively; thus, no lodging phenomenon was observed in the blank. Therefore, we speculated that ear weight may contribute to another cause to the large-scale stem lodging of rice in paddies.

In summary, STFFOF significantly increased the visual stem lodging rate of rice plants by 81.1%*, thereby outweighing the STFFOF-induced increase in grain yield. The in-depth study found that STFFOF significantly reduced the concentration of Ca and starch in the basal internodes and evidently increased those of N and P, as well as the weight per ear in the same period, without effect on the concentration of lignin, cellulose, and cell wall. The significant relationship presented the increase in weight per ear and the concentration of N and P in basal internodes, especially the significant decrease in that of starch. This finding might directly lead to the brittleness increase in the internodes and then further cause the large-area stem lodging and severe yield loss of rice.
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Although foxtail millet, as small Panicoid crop, is of drought resilient, drought stress has a significant effect on panicle of foxtail millet at the yield formation stage. In this study, the changes of panicle morphology, photosynthesis, antioxidant protective enzyme system, reactive oxygen species (ROS) system, and osmotic regulatory substance and RNA-seq of functional leaves under light drought stress (LD), heavy drought stress (HD), light drought control (LDCK) and heavy drought control (HDCK) were studied to get a snap-shot of specific panicle morphological changes, physiological responses and related molecular mechanisms. The results showed that the length and weight of panicle had decreased, but with increased empty abortive rate, and then yield dropped off 14.9% and 36.9%, respectively. The photosynthesis of millet was significantly decreased, like net photosynthesis rate, stomatal conductance and transpiration rate, especially under HD treatment with reluctant recovery from rehydration. Under LD and HD treatment, the peroxidase (POD) was increased by 34% and 14% and the same as H2O2 by 34.7% and 17.2% compared with LDCK and HDCK. The ability to produce and inhibit O2- free radicals under LD treatment was higher than HD. The content of soluble sugar was higher under LD treatment but the proline was higher under HD treatment. Through RNA-seq analysis, there were 2,393 and 3,078 different genes expressed under LD and HD treatment. According to the correlation analysis between weighted gene coexpression network analysis (WGCNA) and physiological traits, the co-expression network of several modules with high correlation was constructed, and some hub genes of millet in response to drought stress were found. The expression changes relating to carbon fixation, sucrose and starch synthesis, lignin synthesis, gibberellin synthesis, and proline synthesis of millet were specifically analyzed. These findings provide a full perspective on how drought affects the yield formation of foxtail millet by constructing one work model thereby providing theoretical foundation for hub genes exploration and drought resistance breeding of foxtail millet.
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1 Introduction

Foxtail millet (Setaria Italic L.) originated in northern part of China about 8,000 years ago, and is one of the important small Panicoid crops due to the small seeds containing high protein, mineral dietary fiber and antioxidants than the big staple crops, also known as nuricereals (Austin, 2006; Lu et al., 2009). Recent studies shows foxtail millet is of lower glucose release rate which is friendly for daily consumption by diabetic patients in modern society (Muthamilarasan et al., 2016). It is a diploid C4 crop with a small genome (~423Mb), less repetitive DNA, short reproductive period, which makes it a model crop for small Panicoid grass crops (Zhang et al., 2012; Kumar et al., 2013). Since the arid and semi-arid condition is the main growth area and in turn is the critical environmental challenge, foxtail millet leaves have evolved synchronously with thick cell walls, small leaf area, neatly arranged epidermal cells, and high water utilization thereby making it climate-resilient to abiotic stresses like salt and drought stress (Choudhary and Padaria, 2015; Rana et al., 2021).

Drought as the main result of global warming and extreme climate change not only has affected the food security but also has already affected sustainable development of agriculture in China. In the past decades, there are tremendous losses caused by drought disaster (Huang et al., 2012). Generally, the phenomenon of drought is caused by a complex of atmospheric, hydrological, and biogeophysical processes (Lu et al., 2019). There are four types of drought, meteorological drought, agricultural drought, hydrological drought and socioeconomic drought in which agricultural drought means a plant cannot be refreshed at critical stage and then result in tremendous reduction of yield or death (Ding et al., 2021). The previous study has shown Jilin, Heilongjiang, Liaoning, Shanxi, Shaanxi and Hebei province, etc., are the main area of agricultural drought disaster by using data processing and analysis (Wang et al., 2019). Moreover, drought disaster has become Northeast-forward in China to hinder plant development, which is the main crop production area (Du et al., 2022). Although, foxtail millet has the ability to resist water deficit to some extent, but it is still been affected both at the seedling stage and peak inflorescence stages; and the direct effect is a serious reduction of yield (Rana et al., 2021).

Drought brings damage mainly from inner biochemical system to outer morphological statue and then disrupts millet production. Studies have shown that the primary injury to plants under drought stress is membrane lipid peroxidation, which leads to cell membrane damage and ultimately accelerates cell membrane disintegration (Liu et al., 2015). Accumulation of reactive oxygen species (ROS) takes the main responsibility of drought-induced membrane damage, which includes hydrogen peroxide (H2O2), superoxide anion (O2-), singlet oxygen (1O2), hydroxyl radical (-OH), alkoxyl radical (RO), and nitric oxide (NO) (Gollan et al., 2015). Under drought stress, the enzymatic systems activities of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) are elevated in foxtail millet, and SOD can convert superoxide anion radicals (O2-) into H2O2 in plant cells while POD and CAT can further scavenge H2O2 to maintain the level of ROS in cells at a relatively low level, thus reducing the damage caused by drought stress (Alscher et al., 2002; Reddy et al., 2004). The non-enzymatic system ascorbic acid can directly scavenge O2-, 1O2 and -OH and also regenerate tocopherols from tocopheryl radicals, thus providing membrane protection (Smirnoff, 1993; Sofo et al., 2015). Tocopherols eliminates singlet oxygen by charge transfer, glutathione, carotenoids and polyphenols can effectively scavenge peroxyl (Roo-), hydroxyl (-OH) and superoxide anion radicals O2- (Smirnoff, 1993; Millar et al., 2003).

Also, the accumulation of ROS has an effect on photosynthesis in foxtail millet (Gollan et al., 2015; Exposito-Rodriguez et al., 2017). Photosynthesis is a vital life activity in plant growth and development, which has promoted dry matter accumulation and yield formation. The content of ROS in leaves of foxtail millet, mainly produced in chloroplasts, has increased under drought stress, and the excessive accumulation of ROS can oxidize photosynthetic pigments and peroxide chloroplast membrane lipids (Exposito-Rodriguez et al., 2017; Hou et al., 2019), which can cause damage to the cell structure and metabolism, especially to photosynthesis (Cui et al., 2016). Therefore, the ability to maintain photosynthesis under drought stress is an important indicator of drought resistance (He et al., 2016). It is generally believed that the main reason for the photosynthesis decrease in plants under water deficit is stomatal closure, which has blocked the entrance of CO2 to impair photosynthetic activity of the chloroplasts (Ma et al., 2016). The drought stress on plants photosynthesis can be mitigated through a series of mechanisms (Gollan et al., 2015; Ma et al., 2016; Exposito-Rodriguez et al., 2017). Osmoregulation is an important tool for plants to alleviate drought stress (Exposito-Rodriguez et al., 2017). When subjected to drought stress, plant cells can accumulate large amounts of metabolic substances such as proline, betaine, soluble sugars, and other osmoregulatory substances to maintain cell expansion pressure to keep the proteins and cell structure stable (Ma et al., 2016). Among them, soluble sugars are one of the drought-induced small molecule solutes, including glucose and sucrose, which are involved in the osmoregulatory effects of plant metabolism and plant protein stability (Lata et al., 2013). Meanwhile, sucrose is not only a form of transport and storage of photosynthetic assimilation and energy (Lata et al., 2013), but also can vitrify the liquid around the chloroplast to reduce the water potential of the cell and resist the adverse environment in drought conditions. As the final products of photosynthesis, starch plays an important role in carbon uptake and plant growth balance, and mainly has accumulated during the photoperiod and supports plant growth during the nocturnal cycle. But under drought stress these starches are re-released as soluble sugars, which are used to participate in plant maintenance of cell expansion and maintain cell integrity (Du et al., 2020).

In recent years, transcriptomics has played a crucial role in elaborating the stress biology, where studies on expression profiling of stress-related genes would be imperatively persuaded. And yet, RNA-seq technology has been widely applied to probe the physiological and biochemical response processes in various crops under abiotic stress, such as sorghum (Abdel-Ghany et al., 2020), rice (Ma et al., 2016), maize (Hayano-Kanashiro et al., 2009; Miao et al., 2017), and cereals (Pan et al., 2018; Xu et al., 2019). Foxtail millet natively with abiotic stress tolerance has a small genome, less repetitive DNA, and a recently released draft genome sequence, which makes thepossibility of its complex molecular biology relating to stress tolerance understood by plant researchers (Bennetzen et al., 2012; Zhang et al., 2012). Using transcriptional analysis, Wang et al. (2017) constructed two comparative RNA-Seq libraries and identified 701DEGs with 72 non-annotated, inferring novel function in common millet at seedling stage while Yadav et al. (2016) identified 55 known and 136 novel miRNAs differentially expressed at seedling stage of foxtail millet. Additionally, fourteen-day-old seedlings leave of foxtail millet after PEG6000 drought treatment were used to find DEGs and identified 24-nt siRNAs regulated genes expressed involving drought and 19 IncRNAs responding to PEG treatment (Qi et al., 2013). Zhang et al. (2019) found drought tolerant cultivars preferred highly stable gene expression models in which the jasmonic acid (JA) signal transduction pathway was one reliable way to drive drought-tolerant mechanism at the seedling stage of Proso millet. Also, at the three-leaf seedling stage of foxtail millet, Xu et al. (2019) monitored that a series of genes relating to transcription factors, channel protein genes, proline and soluble sugar synthesis and ascorbate-glutathione cycle had changed to compromise short-term drought stress.

Up till now, extensive studies have focused on the molecular mechanisms responding to drought stress limiting to the seedling stage but merely pay attention to the seed formation stage which is the key point for final yield. Herein, to mimic extreme changes of drought and precipitation at the reproductive growth stage of foxtail millet, we have investigated the changes of morphological, physiological and biochemical indices under different drought conditions and re-watered conditions and the mechanisms of molecular response of foxtail millet to different drought stress. The results would provide that how photosynthesis, antioxidant protective enzyme system, ROS system, osmoregulatory substance worked together to answer the different droughts stress and re-water; how the final yield of millet effected by different drought conditions and re-watered condition; how the inner molecular mechanisms triggered to response different dehydrations thereby constructing one work model for drought responding of millet at yield formation stage and also provide theoretical reference for drought warning.



2 Materials and methods


2.1 Materials and experimental design

The test material was “Dajinmiao” widely planted in Liaoning province, and the test was carried out in the rain shelter of the Beishan Scientific Research Base of Shenyang Agricultural University. A total of 12 plots were randomized block design with three replications, namely as light drought stress (LD, 45% field water capacity) and heavy drought stress (HD, 25% field water capacity), light drought control (LDCK, 60% field water capacity) and heavy drought control (HDCK, 60% field water capacity). And each plot was separated by polyvinyl chloride (PVC) waterproof plates with a burial depth of 0.6 m. Water withheld began at booting stage of millet, namely about 50th day after sowing. When the field water capacity of the drought-treated plot reached to 45% and 25%, i.e. 90th day and 104th day after sowing, the relevant index were recorded and determined, and the re-water treatment was done with 60% field water capacity until the harvest.

The experiment had adopted the field planting mode, strip sowing planting, ridge length 2 m, ridge width 0.6 m, leaving 300,000 seedlings • hm-2. The fertilization level was the conventional fertilization level (98kgN•ha-1, 56kgP2O5•ha-1, 140kgK2O•ha-1) with traditional field management. The soil moisture analyzer (model: TD-TWB) was buried 20 cm underground to monitor the change of soil moisture in real time. In order to maintain the constant water capacity in the field, several times of irrigation in small amounts was adopted in rehydration of LD and HD, LDCK and HDCK, and irrigation was carried out according to the water content of the soil detected at a depth of 20 cm.



2.2 Drought-related indices collection

The net photosynthetic rate, stomatal conductance, and transpiration rate of fully expanded flag millet leaves were measured by TARGAS-1(PP Systems, Amesbury, MA) portable photosynthesizer from 9: 00 a.m. to 12: 00 a.m (Kettler et al., 2022). The fully expanded flag leaf under LD, HD, LDCK and HDCK were taken with three replicates and stored at -80°C. The leaf samples (0.2 g per replicate) were ground using a high-throughput tissue grinder (SCIENTZ-48, Zhuhai Heima instrument company, China), and 2 mL of phosphate buffer solution (PBS, pH=7.8) pre-chilled at 4°C was added, then the tissue homogenate was centrifuged at 13,000 r/min (HEMA TGL-16R Refrigerated Centrifuge, China) 4°C for 15 min. The supernatant was the crude enzyme solution, which was used to determine POD activity (guaiacol method), SOD activity (nitrogen blue tetrazolium colorimetric method) (Yu et al., 2022). 0.1 g leaf samples with three replicates were extracted in 95% ethanol to determine photosynthetic pigment content (ethanol immersion method). In addition, 0.5 g leaf samples with three replicates was extracted to determine proline content (ninhydrin colorimetric method), soluble sugar content (phenol method), and Inhibition and produce superoxide anion radicals (Inhibition and produce superoxide anion assay kit, Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and hydrogen peroxide content (Hydrogen Peroxide assay kit, Nanjing Jiancheng Bioengineering institute, China). During the harvest period, the middle row of each treatment was selected for harvesting and its ear length, single ear weight, 1,000 grain weight and yield were measured.

	

Where W1 is the weight of kernels, N1 is the number of kernels per panicle and N2 is the number of panicles per ridge, L1 is the length of the ridge (m), and W2 is the width of the ridge (m).



2.3 RNA extraction, library construction and sequencing

Total RNA of leaves was extracted using the Trizol kit (Invitgen, Carlsbad, CA, USA) according to protocol. RNA-seq libraries were constructed according to the manufacturer’s protocol of the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB#7530, New England Biolabs, Ipswich. MA, USA). RNA sequencing with three biological replications was analysis by using an Illumina Novaseq6000 by Genedenovo Biotechnology Co, Ltd. (Guangzhou, China). After low-quality read removal, the remaining reads were aligned to the reference genome Setaria italica V2.0 (www.ncbi.nlm.nih.gov/data-hub/genome) by HISAT(HISAT2).

StringTie 1.3.1 (ccb.jhu.edu/software/stringtie) was used to normalize and estimate gene expression levels in fragments per kilobase of transcript per million mapped reads (FPKM). The FPKM values of triplicate samples were averaged for each gene. Differentially expressed genes (DEGs) were identified based on false discovery rate (FDR)-adjusted P-value ≤ 0.05 and a fold change ≥ 2 or ≤ 0.5 using DESeq2 (Love et al., 2014). Functional annotations of expressed genes were made by the Gene Ontology (GO) database (geneontology.org). All molecular pathways were explored by Kyoto Encyclopedia of Genes and Genomes (KEGG) (www.genome.jp/kegg/).



2.4 qRT-PCR

To validate the results of RNA-seq data, 10 genes were selected for quantitative real-time polymerase chain reaction (qRT-PCR). The first strand of cDNA was synthesized using the SYBR Premix Ex Taq kit (TaKaRa, Beijing, China) according to the manufacturer’s instructions. Gene-specifc primers were designed using the Primer-BLAST (GenBank, NCBI), respectively. The gene-specific primers for qRT-PCR were shown in Table S1. The primer design was completed by Probegene (Jiangsu, China) and synthesized by Shanghai Shenggong (Shanghai, China). To determine transcript abundances, qRT-PCR was performed with a total volume of 20 μL, containing approximately 10 µL of DNA template, 0.1 µL of each primer (50 µM) and 5 µL of PCR-Mix (2×). All reactions were performed under the following conditions: 10 min at 95°C followed by 40 cycles of 15 s at 95°C, 30 s at 60°C, and melting curves were plotted to confirm PCR specificity. Three biological replicates and three technical replicates were included using the comparative 2-ΔΔCT method (Livak and Schmittgen, 2001) with EF-1α as the internal reference gene (Kumar et al., 2013; Shivhare and Lata, 2016).



2.5 WGCNA

WGCNA was performed by the WGCNA R package (WGCNA package v1.69, http://www.genetics.ucla.edu/labs/horvath/CoexpressionNetwork/Rpackages/WGCNA). The raw transcription dataset of all samples was filtered to remove all gene building blocks of FPKM (fragments per thousand bases)<1 to analyze the module’s correlation with physiological data. All gene abundances were normalized. Pearson’s correlation coefficients (PCCs) for each gene-gene comparison were calculated, and an adjacency matrix of the connection strengths was constructed. The best power β was optimized to adjust the scale-free property of the co-expression network and the sparsity of connections between genes. Highly similar clusters were merged in the network using the merge Close Modules function using a cutHeight value of 8. Module-trait associations were estimated using the correlation between the module eigengene and the phenotype (PPC, Pvalue), which allows easy identification of the expression set highly associated with the phenotype. Compute module membership (MM) based on the Pearson correlation between expression levels and module characteristic genes was used to determine central genes within modules. A relatively high MM indicated that these genes had relatively high connectivity within the module. Physiological data were correlated with expression data of individual genes with gene significance (GS). The visualization of the co-expression network and the recognition of the hub gene in each module were achieved through Cytosscape software v3.91 (Knights et al., 2022).



2.6 Statistical analysis

The analysis of physiological data was evaluated with the analysis of variance procedure test of SPSS Statistics 22.0 software (SPSS Inc., Chicago, IL, USA). A P value of 0.05 was considered as a statistically significant threshold value. Graphs were plotted by Origin (OriginPro, Version 2021) and TBtools v1.098761 (Chen et al., 2020).




3 Results


3.1 Changes in yield of foxtail millet under different drought stress

In nature, drought appears randomly and unpredictably and also might be dismissed by timely precipitation. Although foxtail millet is drought-resilient crop, it is the most sensitive to water deficit starting from booting stage to maturity. In order to find damage caused by drought, we mimic different drought stress and rainfall to find out the change of panicle morphology and yield. After LD treatment, the panicles length of millet was 108.9% of LDCK and the number of panicles was 102.6% of LDCK (Figure 1), but the panicle weight was 96.8% of LDCK and the weight of 1,000 grains was 94.9% of LDCK. While after HD treatment, the panicles length was shortened by 25.4%, the number of panicles was reduced by 1.6% (Table 1), and the panicles weight was reduced by 23.9% compared with HDCK (Table 1). Furthermore, the weight of 1,000 grains was 11.4% less than HDCK. In addition, under LD and HD stress, the empty rate of millet increased by 30.8% and 51.5% compared with LDCK and HDCK, respectively. Moreover, drought stress had made significant effects on millet yield which had reduced by 14.9% and 36.9% under LD and HD treatment (Table 1), respectively, even though the subsequent rehydration happened.




Figure 1 | The morphology changes of panicle under different drought treatment and control.




Table 1 | Effects of different drought stresses on the panicle and related yield factors of foxtail millet.





3.2 Changes in the physiological characteristics of foxtail millet under drought stress

As static creature, plant cannot move or actively avoid from adverse environment. When drought comes, O2-free radicals and H2O2 accumulates, cell membranes and organelles have been harmed, normal cell function is abnormal and then antioxidant enzyme system, permeation regulation has worked to counteract and maintain normal growth and development. POD is an enzyme that cleans up superoxides in plants and can reduce the formation of hydrogen peroxide free radicals within plant cells. Under LD and HD treatment, the POD content in the leaves of millet during reproductive growth increased by 34% and 14% respectively, compared with CK (Figure 2A). Meanwhile, SOD content had a slight increase in millet leaves (Figure 2B) when millet was subjected to drought stress during reproductive growth (Figure 2B). In addition, during the reproductive growth period, LD treatment had a greater impact on the content of hydrogen peroxide in the leaves, and during the LD treatment, the content of hydrogen peroxide in the leaves of the millet was 34.7% higher than that of LDCK, while the HD treatment was 17.2% higher than that of HDCK (Figure 2E). The ability to produce and inhibit O2-free radicals in LD-treated millet leaves was 58% higher than that of LDCK, while under HD treatment, it was only 4.5% higher than HDCK’s (Figure 2C).




Figure 2 | Antioxidant enzyme activities, ROS content, osmotic regulatory substance and photosynthetic characteristics under different drought treatment; (A) peroxidase activity (POD); (B) superoxide dismutase activity (SOD); (C) Anti-superoxide anion viability unit (ASAFR); (D) soluble sugars content (SS); (E) H2O2 content; (F) proline content (Pro); (G) Net photosynthetic rate (Pn); (H) Stomatal conductivity (Gs); (I) Transpiration rate (Tr). *P<0.05, **P<0.01.



Permeation regulation is an important way for plants to adapt to drought adversity, and osmotic regulators, like soluble sugars and proline, actively accumulate when water is scarce. The content of soluble sugars in the leaves of millet during reproductive growth was greatly affected by LD treatment (Figure 2D), while the effect was not significantly affected by HD treatment (Figure 2D). The content of proline in the leaves of the millet during the reproductive growth period was greatly affected by HD (Figure 2F), and the content of proline in the leaves of the HD treated millet was 59.3% higher than that of the HDCK treatment. Pro in LD was 18.9% higher than LDCK (Figure 2F).

Under LD and HD, the net photosynthetic rate of millet leaves was significantly reduced (Figure 2G). Among them, the inhibition effect of light drought on the net photosynthetic rate of millet is more obvious, and under the light drought stress during reproductive growth, the net photosynthetic rate of millet was only 81% (Figure 2G) of 17.4 under LDCK treatment, and 86% of 17.3 under HDCK. Light drought (LD) had a great influence on the stomatal conductance of millet leaves (Figure 2H), and under light drought stress, the stomatal conductance of millet leaves was reduced by 40% compared with LDCK, while under HD treatment, the stomatal conductance of millet was reduced by 34% compared with HDCK. For the transpiration rate of millet, the change under LD was consistent with the HD that leads to a 20% reduction in the transpiration rate of millet during reproductive growth (Figure 2I). The content of chlorophyll a, b and carotenoids in the leaves of millet under LD treatment had risen; but the content of chlorophyll and carotenoids decreased under HD treatment (Table 2).


Table 2 | Photosynthetic pigments content in foxtail millet leaves under drought stress relating to yield formation stage.





3.3 Differential expression analysis

To elucidate the transcriptome changes of millet leaves in response to different drought stresses, the RNA-sequencing based transcriptome assay was performed. After data screening and quality control, 0.37% of the low-quality reads were removed, and an approximately clean read of the millet genome was obtained (Table S2). Under LD and HD treatment, 22,763 and 23,272 genes were expressed respectively, and 22,763 and 23,281 genes were expressed in LDCK and HDCK, of which 21,401 genes were expressed in different treatments. Under different drought treatments, 22,298 genes were expressed (Figure 3A). LD treatment had 2,393 differentially expressed genes during the reproductive growth phase compared to LDCK (Figure 3A). Of these, 1,174 genes were upregulated and 1,219 genes were downregulated. There were 3,078 differentially expressed genes under HD treatment, of which 1,911 were upregulated and 1,167 were downregulated (Figure 3B). Among them, 175 up-regulated genes and 70 down-regulated genes were synchronously expressed in both LD and HD treatments (Figures 3C, D). In addition, with prolonged dehydration, 3,728 genes were detected as up-regulated and 1,493 genes were down-regulated under HD treatment compared to LD treatment.




Figure 3 | Number of expressed genes with and without simulated drought. The number of genes was selected based on the cut-off values of FDR ≤0.05 and |log2 FC|≥ 1. (A) Number of genes expressed in each treatment under drought stress. (B) Summary of the number of DEGs under drought stress; (C) Venn diagrams, representing DEGs including upregulated genes in LDCK and LD and HDCK and HD; (D) Venn diagrams, representing DEGs including downregulated genes in LDCK and LD and HDCK and HD; (E) Comparison of photosynthesis under drought stress; (F) Synthesis of sucrose and starch under genetic drought stress.



Functional enrichment analysis of these DEGs under LD and HD showed that they were involved in multiple biological processes. Particularly, photosynthesis and sugar metabolism were more significantly different in both treatments (Figure 4).




Figure 4 | KEGG enrichment analysis of foxtail millet leaves under LD and HD treatment. (A) KEGG analysis of differentially expressed genes under LD; (B) KEGG analysis of differentially expressed genes under HD.



In addition, a total of 78 photosynthesis-related genes was changed under drought stress in millet. Under HD treatment, the inhibition of photosynthesis-related pathways was more pronounced under HD treatment, with the expression of 63 genes being down-regulated (Figure 3E) and only 14 genes being up-regulated. Under LD treatment, the expression of 34 genes was significantly repressed (Figure 3E), and the expression of 44 genes was increased. The expression of 141 genes related to sucrose and starch synthesis was changed under drought stress (Figure 3F), with the expression of 80 genes rising and 61 genes being repressed under LD treatment. Similarly, there were 76 genes expression levels being significantly increased but 65 genes being repressively expressed under HD treatment when compared to HDCK (Figure 3F).



3.4 WGCNA analysis of DEGs in millet leaves

In order to fully understand the closely related gene regulatory network of millet under drought conditions, a scale-free co-expression network based on β=8 soft threshold capacity was constructed by removing the low FPKM (FpKm<1) genes. By WGCNA analysis, while setting the ickHeight to 0.23, clusters of genes with a high degree of inter-association were defined as modules, and genes in the same module were more relevant. Nineteen different modules were always identified by dynamic tree cutting (Figure 5A) with module sizes ranging from 50 to 5,329. The MM07 and MM08 modules were the largest, containing 5,329 and 4,782 genes, respectively. The MM19 module had the fewest number of genes.




Figure 5 | Weighted gene co-expression network analysis (WGCNA) of effectively expressed genes under LD and HD treatment. (A) Hierarchical cluster tree showing co-expression modules identified by WGCNA. Each leaf in the tree represents one gene. The major tree branches constitute 19 modules labeled with different colors; (B) Correlation analysis between gene co-expression network modules and physiological indices. The horizontal axis represents different physiological traits, and the vertical axis represents the module eigengenes in each module. Each frame contains the corresponding correlations and P values. *P<0.05, **P<0.01, ***P<0.001.



To identify biologically significant co-expression modules, correlation analysis was performed between the 19 gene co-expression modules and the eight physiological and photosynthetic trait physiological indicators mentioned above. The correlation analysis revealed that MM04 (R2 = 0.76, P<0.001), and MM06 (R2 = 0.86, P<0.01) were positively correlated with photosynthesis, and MM14 (R2 = 0.86, P<0.01), and MM13 (R2 = 0.76, P<0.001) were positively correlated with the indicators of photosynthesis. In terms of physiological traits, the MM13 module was positively correlated with physiological traits and MM06 was negatively correlated with physiological traits. These results suggested that genes clustered in one module are expressed in a similar pattern to resist drought stress. In addition, the MM13 module was positively correlated with MM14 and H2O2 content (Figure 5B) and negatively correlated with photosynthetic properties and. Overall, a total of five co-expression modules (MM06, MM14, MM04, MM13, and MM05) were significantly correlated with specific physiological changes.

Plant responses to abiotic stress are controlled by thousands of transcribed genes with different functions and different biological pathways that interact to form complex regulatory networks. Central genes are those that are highly associated with other genes in the regulatory network. Since these genes are located at the center of each module, these genes are thought to play a key role in specific physiological processes (Luo et al., 2019). The association analysis of the differentially expressed genes in the above five modules was carried out, and the 200 gene pairs with the highest correlation were selected to construct a co-expression network map (Figure 6), the gene with the highest correlation is used as the hub gene. The hub gene was selected in the MM14 module, the hub gene included a gene encoding the transcription factor bHLH35, which synthesized the possible glucuronyltransferase GT43H with the transcription factor GATA8, and these Hub genes may negatively regulate photosynthesis in foxtail millet (Figure 6C).In the MM13 module, there was a gene encoding a polyadenylate-binding protein (RBP47B’), the gene encoding an L10-interacting MYB domain-containing protein Os06g0520600 with 26S proteasome non-ATPase regulatory subunit 13 homolog B (RPN9B) in the negative regulation of photosynthesis (Figure 6B). There was an unknown gene in the MM04 module (101774778) a gene encoding solute carrier family 25 member 44 (SLC25A44), a gene encoding NRT1/PTR family 2.11 protein (NPF2.11), a gene encoding (E3 ubiquitin protein ligase makorin (E3 ubiquitin protein ligase makorin) (Figure 6D), which had a positive regulatory role in enhancing photosynthesis in millet subjected to drought stress, and a gene encoding adagio-like protein 1 (Os06g0694000) in the MM06 module, which had a positive role in regulating photosynthesis (Figure 6E). The MM05 module contains genes encoding rhodopsin 20 (RBL20), gene encoding GDP-mannose 3,5-epi-isomerase 1 (GME-1), gene encoding ultraMM06 B receptor (UVR8), transcription factor ERF019 involved in ethylene response, gene encoding CDP-diacylglycerol–serine O-phosphatidyltransferase 2 (PS22), the gene controlling calcium-dependent protein kinase (CPK4), and the unknown gene (101773696) played a positive regulatory role in the synthesis of H2O2 with soluble sugars (Figure 6A).




Figure 6 | Co-expression regulatory network analysis of five key co-expression modules. (A) Co-expression regulatory network analysis of the MM06 module; (B) Co-expression regulatory network analysis of the MM13 module; (C) Co-expression regulatory network analysis of the MM14 module; (D) Co-expression regulatory network analysis of the MM04 module; (E) Co-expression regulatory network analysis of the MM06 module.



In this study, the pivotal genes are E3 ubiquitin protein ligase interacting with adagio-like protein 1 to participate in photosynthesis and ERF019 involved in the ethylene signaling pathway. In addition, there are genes of bHLH35 that play an important role in inducing glutamate synthesis and regulating stomatal regulation of photosynthesis, while glutamate is a precursor of proline synthesis; GATA has an important role in gibberellin signaling, while GT43A plays an important role in plant glycolysis and starch synthesis, but VOZ transcription factor is involved in the formation of plant vascular bundles. Therefore, in this experiment, we analyzed the gene expression changes in several pathways of photosynthetic sugar fixation, sucrose and starch synthesis, gibberellin synthesis and degradation, lignin synthesis and proline synthesis in millet plants.



3.5 The changes of related pathways of millet leaves under drought stress

To verify the pathways altered by drought stress, the genetic changes in photosynthesis, sucrose and starch synthesis pathways in millet leaves under drought stress were measured. In the starch and sucrose metabolic pathways, the expression of the gene of the enzyme glgc that controls ADP-glucose synthesis increased to varying degrees under different drought stresses (Figure 7A). The expression of the gene that controls the enzyme glgA that synthesizes amylose under HD stress is decreasing, but the expression of glgA-related enzymes is increasing under LD stress. In addition, the expression of the genes GLU3, BGLU12, BACOVA_02659 and BGLU14 that control cellulose decomposition under HD treatment was significantly upregulated (Figure 7A), the expression of BGLU30 was significantly downregulated (Figure 7A), and the expression of the remaining cellulose decomposition genes were upregulated to varying degrees. The expression of BACOVA_02659, BGLU12 and BGLU16 was significantly downregulated under LD stress (Figure 7A), and several other genes were significantly upregulated under LD stress (Figure 7A). The expression of different genes under different drought treatments showed that millet had different effects on the synthesis of sucrose and starch. The expression of cellulose to glucose was higher under HD stress than LD, and the catabolism of cellulose was higher under HD than LD, and the promotion of glucose synthesis was also greater than LD.




Figure 7 | Photosynthetic carbon sequestration with sucrose and starch and synthesis, gibberellin synthesis under drought stress gene changes. The color patch represents the FPKM value. Red and blue indicate significant upward and downward revisions Gene (log2 |fold-change| ≥ 1). (A) Heat map of drought response DEGs involved in photosynthetic carbon fixation, sucrose and starch synthesis pathways under drought stress. (B) Heat map of drought-responsive DEGs involved in gibberellin synthetic pathways under drought stress.



In higher plants, proline is synthesized from glutamate mainly by the action of two enzymes: Δ1-pyrroline-5-carboxylic acid synthesis (P5CS) and pyrroline-5-carboxylic acid reductase (P5C). Water deficit-induced proline accumulation may involve the loss of feedback inhibition of P5CS activity by proline and up-regulation of the P5CS gene. In the present study, the expression of P5CS (L-Glutampyl-P), an enzyme that synthesizes L-Glutampyl-P, and P5CS (glutamate-5-semialdehyde dehydrogenase), an enzyme that affects Glutamate-5-semialde hyde synthesis (Figure 8B), increased under light drought stress, but expression of these two enzymes in cereal leaves was decreasing in heavy drought stress. These gene changes indicated that LD and HD had differed from the genetic changes in millet that control proline synthesis in the leaves during the panicle stage.




Figure 8 | Lignin synthesis, changes in proline synthesis genes under drought stress. The color patch represents the FPKM value. Red and blue indicate Significant upward and downward revisions Gene (log2 |fold-change| ≥ 1). (A) Heat map of drought response DEGs involved in lignin synthesis pathways under drought stress. (B) Heat map of drought response DEGs involved in proline synthesis pathways under drought stress.



Gibberellic Acid (GA) is mainly stimulated in the growth and developmental overgrowth of plant cells. At early biosynthesis pathway of GA, the three vital enzymes involved, like ent-copalyl diphosphate synthase (CPS), ent-kaurene synthase (KS), ent-kaurene oxidase (KO) were all significantly up-regulated under HD treatment than LD treatment (Figure 7B). The expression of genes encoding GA2ox, an enzyme controlling GA degradation, mostly decreased in foxtail millet leaves under LD treatment, but the expression of gene encoding GA20ox, an enzymes involving GA synthesis was up-regulated (Figure 7B; Table S3). Whilst the genes relating to GA2ox all had significantly up-regulated, the gene encoding GA20ox was slightly up-regulated under HD treatment (Figure 7B; Table S3).

Lignin is essential for maintaining the integrity of plant vascular tissues to ensure efficient water transport to the tissues that need it most during stress (Malavasi et al., 2016). The genes synthesizing CAD and CCR were upregulated in different drought levels, but the upregulation was greater under HD compared to LD. The expression of genes controlling the synthesis of 4CL and POD increased under HD treatment, while the expression of genes controlling the synthesis of these two substances was decreasing under light drought stress (Figure 8A). The changes in these genes indicated that the synthesis of lignin had increased in millet subjected to drought stress, and the accumulation of lignin consistent with drought intensity.

To validate the gene expression data obtained by RNA-seq, we selected 10 genes involved in photosynthesis, sucrose and starch synthesis, MAPK, and proline synthesis pathways under drought stress for qRT-PCR analysis. We found well agreement in relative gene expression between RNA-Seq and qRT-PCR for all candidate genes under drought stress, which confirmed the reliability and accuracy of RNA-Seq analysis in this study (Figure 9).




Figure 9 | Correlation between qRT-PCR and RNA-seq based on their respective data from twelve candidate transcripts. Each point represents a fold change value of expression at LD or HD compared with that of CK (A) AGPL3; (B) P5CS2; (C) GLU3; (D) PSB28; (E) ADC2; (F) ACS1; (G) BGLU7; (H) CPA; (I) TPP9; (J) CIN1.






4 Discussion


4.1 Regulator mechanism of Lignin biosynthesis under drought stress

When plant grows, the production and removal of reactive oxygen species (ROS) in the body are in a state of equilibrium, a state that has prevented damage to the plant in the event of excessive accumulation of ROS in the body (Reddy et al., 2004). Under drought stress, the membrane system of cells in millet leaves was damaged and an excessive accumulation of ROS was produced. The excessive accumulation of ROS can cause damage to the cellular structure of the plant and a decrease in metabolic function, leading to organ damage, decreased physiological function, and stunted growth and development of the plant (Liu et al., 2015). The results of this experiment showed that the effect of LD treatment on H2O2 over O2- in millet leaves was greater under drought stress (Figures 2C, E). It indicated that the response of millet to drought was more significant under LD treatment. Previous studies had shown that drought stress also inhibited plant photosynthesis by affecting chlorophyll biosynthesis and promoting stomatal closure, leading to the accumulation of malondialdehyde and ROS, which was detrimental to chloroplast photosystem II (PSII) (Demmig-Adams and Adams Iii, 1992; Smirnoff, 1993). Therefore, plants have evolved antioxidant enzyme systems such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) to counteract the damage caused by drought stress (Sharma et al., 2012). Antioxidant protective enzymes had an important role in the scavenging of ROS, which had effectively scavenged the excessive accumulation of reactive oxygen species in cells, reduced the peroxidation process of membrane lipids, and maintained normal plant growth and development (Reddy et al., 2004). In this experiment, the results showed that the content of POD in millet leaves was increased under both LD and HD treatment (Figure 2A), and the content of SOD decreased under LD drought stress and with slightly decreased under HD treatment (Figure 2B). In order to explore the persistence of H2O2 content, Anti-superoxide anion viability, POD and SOD, we further investigated what happened after rehydration. The H2O2 content in millet leaves and the ability to produce and inhibit O2-free radicals were restored to LDCK levels at 20 days of rehydration under LD treatment (Figure S1D). It inferred that the damage caused by drought had profound effect in plant. The content of SOD had no change after re-water, the same as HD treatment (Figure S1B). Whilst under LD treatment, the contents of POD in the millet leaves recovered to LDCK level after 1 day of re-watering, and under HD treatment, it decreased to HDCK level after 3 days of rehydration (Figure S1A). Those data showed that under drought stress, POD had played key role in defense, but also LD treatment had worked greater on POD, indicating that the ability of millet to scavenge ROS was stronger under this water content. For the sake of digging molecular mechanism of POD, the function was further investigated. Overexpression of POD have increased the content of phenol and lignin in plants because lignin is usually polymerized with the three main types of monophenols by peroxidase (POD) and lacse (LAC) in the secondary cell wall (Liu Q. et al., 2018). Lignin not only gives land plants rigidity against stress, but also forms a mechanical barrier against pathogens and environmental stresses. The aromatic properties of lignin make cell walls impermeable to water, which was beneficial for plants to reduce transpiration and maintain normal turgor under drought stress (Monties and Fukushima, 2005). As be intensively studied, phenylalanine ammonia-lyase (PAL) and cinnamate-CoA ligase (4CL) have played an important role in lignin biosynthesis by placing at the first and last step of the ‘‘general phenylpropanoid’’ pathway (Lauvergeat et al., 2001). PAL is the primary rate-limiting enzyme to convert L-phenylalanine to trans-cinnamic acid by eliminating ammonia, which has also named PTAL enzyme in monocots (Bai et al., 2021). A multi-gene family expression has involved in PAL enzymes in many plants, and the isoforms might play a distinct but redundant role in responding to plant growth and adverse conditions (Yu et al., 2018). In Arabidopsis, only double mutants of pal1/pal2 have showed significantly decreased lignin cumulating resulting in ultrastructure change of the second cell wall and induced infertility (Rohde et al., 2004). Apart from this, the transcription factor and protein has participated in PALs regulation, in which the regulation of transcript level is mainly relating to environment factors, such as R2R3 MYB and KNOX family (Yu et al., 2018). Additionally, the gene expression relating to PAL has been held up by negative feedback of cinnamic acid (Blount et al., 2000). 4CL, as main branch point enzyme, has controlled the biosynthesis of downstream molecule, especially flavonoids and lignins which has often contributed to combat with drought stress (Lavhale et al., 2018). Sun et al. (2020) identified more than 34 genes in G. hirsutum and found 26 genes had been induced by multiple stress condition, but one gene of Gh4CL7 had positive responded to drought stress. In this study, we found that the genes encoding those two important enzymes were both up-regulated under HD treatment but not in LD treatment and hypothetical confirmed that prolonged drought stress had indeed stimulated phenylpropanoid pathway to get more genes in lignin synthesis pathway lighted. Among the genes related to lignin synthesis, there were few reports on the expression of Cinnamoyl CoA reductase (CCR) and lignin deposition under abiotic stresses such as salt and mannitol (Lauvergeat et al., 2001). In many reports, different subtypes of CCR had been reported to perform distinct functions, such as defense, development and stress, of which is played as a control point of monolignol biosynthesis and its activity is positively related with lignin deposition in xylem vessel (Srivastava et al., 2015). In Arabidopsis, two genes encoding CCRs (AtCCRl and AtCCR2) were thought to be differentially expressed (Lauvergeat et al., 2001). And lignification pattern had been occurred in root and stem when seedlings of Leucaena leucocephala was committed to drought stress as to the CCR protein was accumulated significantly (Srivastava et al., 2015). Other important lignin biosynthesis gene (CAD) was also found to be overexpressed under drought conditions; suggesting the relevance of lignin biosynthesis under abiotic stress conditions (Hu et al., 2009). It played positive correlations with lignin deposition under drought stress (Moura et al., 2010; Li et al., 2013). Liu W. et al. (2018) found five CmCAD genes in melon genome database had been positively induced by drought condition. And then the functional analysis showed that those five genes had diversely helped plant get through the drought by recovering lignin synthesis and composition, otherwise the lack formation of tracheary element and Casparian strip had been promoted in silence treatments (Liu et al., 2020). In this experiment, the genes of CAD and CCR were all up-regulated in HD treatment than LD treatment (Figure 8A), and it was consistent with the results of Hu et al. (2009) since there was protein spots induced by drought treatment and functioned as CAD, CYP450 and SAMS involving in lignin synthesis. Therefore, it would be valuable to identify the anatomy difference of leave and stem both in LD and HD treatment and to figure out the inner changes of vessel tissue and tracheary element to distract water transport in millet.



4.2 Regulator mechanism of carbon fixation and sucrose and starch synthesis under drought stress

Photosynthesis is the basis of plant growth and development, providing material and energy for plant dry matter accumulation and yield formation. Previous studies had shown that drought stress could significantly alter photosynthesis in plants, and persistent drought or severe drought could cause corresponding changes in various physiological and morphological indicators of millet, such as degradation of photosynthetic pigments and chlorophyll, closure of leaf stomata, reduction of intercellular CO2 concentration, photosynthetic activity, and disruption of photosynthetic electron system (Lawlor and Cornic, 2002; Zhang et al., 2010), the similar results was also showed up in Table 1. Though, as one of the traditional drought tolerant crops in China, millet has survived with yield under drought but it still negatively had an impact on the normal growth and final yield. In the present study, photosynthesis of millet was significantly inhibited under drought stress, and the net photosynthetic rate, stomatal conductance and transpiration rate of millet were more significantly reduced under LD treatment compared with HD treatment (Figures 2H, I). Shi et al. (2018) found photosynthetic and transpiration rate of two different genotypes of foxtail millet had significantly decreased under drought treatment, indeed declined in drought-resistant cultivar. Moreover, Cui et al. (2019) found either soil drought condition or PEG treatment had induced reduction of stomatal conductance, transpiration and photosynthetic rate in wheat. The reduction of photosynthesis had led to the reduction of light energy utilization efficiency, and in turn, the excess light energy had excessively accumulated ROS in leaves, which was verified that the H2O2 content and the ability to produce and inhibit O2- free radicals in millet leaves were restored to LDCK levels until 20 days of rehydration under LD treatment (Figures S1C, D). With the accumulation of ROS, HD stress led to the destruction of some functions in the process of photosynthesis and antioxidant protective enzymes, so that each index of which including yield could not be restored by rehydration (Figures S1C, D; Table 1). The same result was also observed in low light-stress treatment and the similar yield reduction of foxtail millet was occurred (Yuan et al., 2017).

Photosynthesis is a complex process in which photosynthetic electron transfer and the Calvin cycle are key steps, involving the conversion of light energy into ATP and NADPH and the conversion of CO2 into carbohydrates. At here, we noticed that the changes in genes in the process of carbon fixation in photosynthesis were more significant in millet under drought stress. Calvin cycle is not only the start point of photosynthetic carbon fixation but also plays vital role in plant metabolism. It consists of three primary stages, carboxylation, reduction, and regeneration and during this process; ATP and NADP are consumed to provide carbohydrate biosynthesis with precursors (Geiger and Servaites, 1994). What’s more, it is GAPA and PGK that consumed ATP and NADP to catalyze glycerate-3-phosphate to form glyceraldehyde-3-phosphate, which is the key enzyme in Calvin cycle (Zhang et al., 2021). GAPA and GAPB are two genes encoded two subunits of photosynthetic glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and chloroplast localized glyceraldehyde-3-phosphate dehydrogenase which is the key regulator in response to oxidative stress and ABA signal transduction (Sirover, 2011; Li X et al., 2019). Among 11 enzymes involved in Calvin cycle, ALDO as nonregulated enzyme limits photosynthetic rate and restricts carbon flux in CO2 fixation because it participates in converting glyceraldehyde 3-phosphate and dihydroxyacetone phosphate (DHAP) to fructose 1,6-bisphosphate and converting erythrose 4-phosphate and DHAP to sedoheptulose 1,7-bisphosphate (Nakahara et al., 2003; Yang et al., 2017). Under LD treatment, the enzymes glyceraldehyde-3-phosphate dehydrogenase (NADP+) (phosphorylating) (GAPA), phosphoglycerate kinase (PGK) and fructose-bisphosphate aldolase, class I (ALDO) were elevated (Figure 9). However, under HD treatment, not only the expression of genes controlling these enzymes had mostly decreased, but also the expression of fructose-1, 6-bisphosphatase I (FBP), phosphoribulokinase (PRK), and ribulose-bisphosphate carboxylase large chain (rbcL) in the Calvin cycle (Figure 7). This indicated that LD treatment had maintained the carbon sequestration process of photosynthesis during the reproductive growth of millet, but HD treatment had partially failed with this process. Since the down-regulated expression level of GAPA and GAPB would cause accumulation change of soluable sugar and energy production (Ding et al., 2022). The genes expression changes in HD indicated that soluble sugar in chloroplast was decreased and 1,3-diphosphoglycerate supply was inhibited in glycolysis process thereby attenuating photosynthetic carbon fixation. In addition, we also found that the genes encoding to ALDO had up-regulated both under LD and HD treatment. Uematsu et al. (2012) found that overexpression of AtptAL in plastid of tobacco had increased plant growth and photosynthesis. But at here, photosynthesis had not been increased and the possible reason was that the expressional regulation or protein degradation had regulated gene expression of ALDO (Graciet et al., 2004). Moreover, the photoelectron transfer efficiency and photochemical efficiency in the leaves of millet had changed, and the structure of the cell had changed to a certain extent, and these results had yet to be explored at next step.

Sucrose in starch is an important substance for plant growth and development, which affects the amount of dry matter accumulated in the plant. Sugar is accumulated in millet leaves during sucrose in starch is an important substance for plant growth and development, and it affects the amount of dry matter accumulated by the plant. Under drought stress, millet leaves accumulate sugar during the elongation phase. As drought stress increases the accumulation of soluble carbohydrates, the carbon requirement for growth arrest is also reduced before the carbon supplied through photosynthesis is reduced (Muller et al., 2011). A similar magnitude of reduction in photosynthetic activity was demonstrated when the early reproductive stages were subjected to drought stress (Muller et al., 2011) (Figures 2G–I). In addition to photosynthesis, starch hydrolysis is an important source of soluble sugars, especially in response to stress (Gudesblat et al., 2009). In the present study, the accumulation of soluble sugars in millet leaves was significantly higher under LD treatment than HD treatment. According to the results of RNA-seq, the synthesis of glucose-related synthase in millet leaves was affected under severe drought stress (Figure 7A), but glucan synthesis was more affected under LD treatment. In other cereal crops, sugar remobilization from the nutritive part to the spike has been reported to be caused by senescence caused by soil drying (Yang and Zhang, 2006). Under drought stress, plants can inhibit plant growth by reducing photosynthesis, leading to a decrease in sucrose accumulation in plant leaves. Other studies have shown that drought has an effect on the balance of sucrose metabolism in leaves by affecting the activity of sucrose metabolizing enzymes in plant leaves (Pinheiro et al., 2005). Endoglucanase and β-glucosidase are important enzymes for the breakdown of cellulose to glucose sugars. Under drought stress, the expression of enzymes used to break down cellulose in plant leaves increases, leading to a decrease in cellulose content and an increase in glucose content. In this experiment, the expression of genes controlling endoglucanase and β-glucosidase increased under drought stress, indicating that more cellulose was broken down into glucose under drought stress, which coincided with the increased content of soluble sugars under LD treatment (Figure 2E). Consequently, the reduction of starch content in plant leaves under drought stress had promoted the conversion of starch to soluble sugars and then the accumulation of sucrose (Lee et al., 2008; Du et al., 2020).

In the process of re-water treatment, the inhibition effect of drought stress on the net photosynthetic efficiency of millet at the booting stage was restored to LDCK and HDCK level 12 days after rehydration, and the stomatal conductance of millet was greatly affected by drought treatment during reproductive growth and was more difficult to recover (Figure S1F). The damage of drought to the transpiration effect of millet cannot be restored if it was rehydrated in a short period of time. These results indicated that even water was re-given after drought; it was inability to restore normal photosynthesis in time. Furthermore, some genes expression or some functional pathway triggered during drought stress was irreversible. Under drought condition, crop growth showed different changes at all levels, including cell, organ, individual and population (Pei, 2014). Wang et al. (2012) found that severe drought stress had the most significant effect on spike quality, grain quality, blight rate and yield of grain during the reproductive growth period, with fearful reduction of yield. Biomass could reflect the growth capacity and nutrient accumulation capacity of a crop throughout its reproductive period (Wang et al., 2007). Drought had caused a highly significant decrease in grain height, spike weight, and thousand grain weights, which was consistent with the results of this study (Table 1).



4.3 Regulator mechanism of proline biosynthesis under drought stress

The main physiological mechanism of plant adaptation to water stress is osmoregulation. Plants have actively accumulated large amounts of soluble osmotic substances to maintain osmotic balance and protect cell structures during drought (Jiao et al., 2012). Proline (Pro) and soluble proteins are important osmoregulatory substances. Under drought stress, increased osmoregulatory substances have helped to maintain the cytoplasmic expansion pressure and the water potential at a certain level, so that the intracellular physiological and biochemical metabolism has continued. While some osmoregulatory substances represented by Pro have a direct scavenging effect on reactive oxygen species (Zhou et al., 2002; Verbruggen and Hermans, 2008). In this experiment, the free proline content in millet leaves increased differently according to different water capacity (Figure 2G). These results confirmed the positive correlation between the degree of drought and Pro accumulation (Dobrá et al., 2011). The increase of Pro in millet leaves under HD treatment was significantly higher than LD treatment (Figure 2G). Under abiotic stress, there is a clear-cut positive correlation between Pro accumulation and activity of Δ1-pyrroline-5-carboxylate synthase (P5CS) since it is rate-limiting enzyme in biosynthesis pathway (Strizhov et al., 1997). Phutela et al. (2000) found P5CS activity under water stress had increased both in leaves and roots of drought tolerant and suspective genotypes, more severe in the former. The similar significantly change of increased P5CS activity in comparison with proliferation of proline level was also appeared both in two different genotypes in cotton (Parida et al., 2008). Goharrizi et al. (2022) identified the gene expression of P5CS and proline content under two levels of drought stress between drought tolerant and susceptive genotypes, and found all the two were both increased significantly, especially in drought tolerant cultivars. Similarly, transforming P5CS gene from vigna aconitifolia had increased five times more proline content in transgenic chickpea and rice plants than the wild types (Karthikeyan et al., 2011). In general, there are two individual homologous genes of P5CS, P5CS1 and P5CS2, functioned in proline content accumulation, in which P5CS1 is promoter of flower development and P5CS2 is key regulator of embryo abortion at the late of seed development (Szekely et al., 2008; Trovato et al., 2008). The P5CS1 and P5CS2 activity in leaves under LD treatment was significantly and positively correlated with proline levels, indicating that the accumulation of P5CS was a result of glutamate synthesis, but there was a significant decrease in P5CS1 and P5CS2 activity in millet leaves under HD, especially the P5CS2 (Figure 8). In order to further investigate the response mechanism of P5CS2 gene under drought stress, we later measured proline in millet leaves after 1 day of rehydration and found that its content was significantly reduced compared to LD treatment (Figure S1E), in which probably due to the activity of the P5CS is regulated by feedback inhibition or/and transcriptional factor under HD treatment (Yoshiba et al., 1995; Verslues and Bray, 2006; Silva-Ortega et al., 2008). Typically, Schafleitner et al. (2007) found at the early drought stress stage, the proline content and the activity of P5CS was coordinated but with the stress lasted, the P5CS was less abundant and the correlationship was also cut down, which meant there was other regulation mechanism. Notably, the proline accumulation was still higher in severe water-stressed treatment and made less connection with yield maintenance or biomass production. Moreover, Larher et al. (1993) observed that a strong accumulation of proline was caused by high external concentrations of sucrose and glucose. Whereas it was same that the sucrose and glucose pathway had changed, this was the other possible reason that the high accumulation of proline content observed under HD treatment (Figure 2). Very interestingly, we noticed that the FPKM value of P5CS2 under HD treatment was significantly lower than HDCK since the normal proline content was housekeeping for plant normal development (Kaur and Asthir, 2015) (Table S3). Additionally, decreased expression of P5CS2 under HD treatment had promoted more embryo lethal since the special role of P5CS2 in embryo development. It was one possible explanation to the higher empty abortive rate under HD treatment (Figure 1; Table 1).



4.4 Regulator mechanism of gibberellic acid biosynthesis under drought stress

Gibberellic acid (GAs) belongs to a large group of tetracyclic diterpene carboxylic acids that act throughout the life cycle of plants by activating cell division and cell elongation mechanisms, stimulating their growth and development (Colebrook et al., 2014). Among the many gases synthesized by plants, GA1 and GA4 are the main bioactive forms (Sponsel and Hedden, 2010). Although this class of hormones is primarily associated with stem elongation, seed germination and reproductive development in plants, it has been shown to be involved in plant tolerance to drought stress. Early evidence for the involvement of GA in abiotic stress tolerance comes from the observation that the application of growth retardants confers drought resistance to plants by inhibiting the endogenous synthesis of GA (Rademacher, 2000).

Most evidence emphasizes that dioxygenases are involved in regulating GA biosynthesis and that GA2ox genes respond primarily to abiotic stresses in plants (Yamaguchi, 2008; Hedden and Thomas, 2012; Binenbaum et al., 2018). According to the results of RNA-seq, the genes expression encoding GA20ox had up-regulated, an enzyme that controls the synthesis of gibberellin, and GA2ox, an enzyme for gibberellin degradation, mostly down-regulated under LD treatment. However, under HD treatment, the expression of GA20ox slightly changed but the expression of GA2ox significantly increased (Table S3). It inferred that GA is dynamically regulated by the equilibrium of biosynthesis and deactivation rate, while genes encoding GA2-oxidase under stress condition is up-regulated by stress responding signal in many species (Hedden and Kamiya, 1997; Magome et al., 2008). Shi et al. (2019) found that transgenic plant with up-regulated expression of GhGA2ox1 had exhibited higher drought tolerance with higher free proline and relative water content by up-regulating GhP5CS, GhDREB1 and GhWRKY5. Moreover, overexpression of AtGA2ox1 gene in maize had not only increased proline and soluble sugar content, but also had deactivated bioactive of GA and inhibited biosynthesis pathway of GA (Chen et al., 2019). In foxtail millet, it was same that the expression of genes encoding GA2ox was up-regulated and the fold change was higher than that of GA20x under LD and HD treatment, which meant the deactivation rate of GAs was speed up. It was notable that the expression of GA2ox had induced semi-dwarf phenotype of Arabidopsis, which was counteracted by application of bioactive GA3 with normal shoot length (Lee et al., 2014). Although the rehydration indeed happened after HD treatment, the plant height (Figure S2) and the panicle length of foxtail millet were abridged under HD treatment, which served as one reasonable causes of condensed plant height and panicle length (Figure 1). More importantly, over-expression of GA2-oxidases had frequently led to changes of floral morphologies and/or loss of fertility (Singh et al., 2002). This was verified in rice by using constitutive promoter with drawf phenotype and loss of fertility (Sakamoto et al., 2003). Similarly, the empty abortive rate, especially under HD treatment, was increased by compromising yield as to increased up-regulated expression of genes encoding GA2ox both in LD and HD (Table 1). The other important thing was that the genes relating to GA20ox was up-regulated under LD treatment, which gave one opportunity for stem and panicle elongation (Figure 1). It is possible to manipulate GA20-oxidase gene expression to modify plant height (Hedden and Phillips, 2000). Zhou and Underhill (2015) found that a cohort of GA20-oxidase genes, and two of them, AaGA20ox1 and AaGA20ox3, was of perspective role as dwarfing targets of mutagenesis to regulate endogenous levels of GA to control stem elongation. Alleles of GA20-oxidase gene had promoted normal stem by negatively worked on mutant gene of short stature sd1 in rice but also promoted normal flower formation since the active GAs were key regulator for floral process (Sasaki et al., 2002). Consequently, the sustainable prominent strategy of dealing with drought is to maintain bioactive GAs by exogenous GA4/GAs for the bi-benefits of panicle length and floral formation/fertility.




5 Conclusion

Consequently, one working model had been proposed to describe the effects of drought on the yield development stage of foxtail millet (Figure 10). When foxtail millet was exposed to drought stress, the stress induced the production of ROS, including O2- and H2O2. Excessive accumulation of ROS had caused oxidative damage to plant cells, resulting in the reduction photosynthesis of foxtail millet. Importantly, the reduction of photosynthesis had affected photosynthetic carbon fixation and starch and sucrose metabolism (Endoglucanase β-glucosidase decomposition) improving accumulation of soluble sugars in foxtail millet leaves and affected the development of millet under LD and HD treatment. And the excess accumulation of ROS in turn has improved an increase in antioxidant enzymes SOD and POD in foxtail millet leaves.




Figure 10 | Regulation model of foxtail millet under drought stress at yield formation stage and the key pathway including phytohormones, antioxidants, phenylpropanoid synthesis pathways, osmotic regulatory pathways, and photosynthetic carbon fixation pathways. Red font indicates increased and up-regulated change. Green font indicates decreased and down-regulated change.



On the other hand, drought stress leads to osmotic pressure imbalance in foxtail millet, and the content of osmotic regulators such as soluble sugar (starch and sucrose biosynthesis) and proline (ariginine and proline metabolism) in leaves has also increased. The key path way of LD treatment is the change of starch and sucrose metabolism, phenylpropanoid biosynthesis, phenylalanine, tyrosine and tryptophan biosynthesis (Figure 4). The key path way of HD treatment is the change of carbon fixation in photosynthetic organisms, diterpenoid biosynthesis, phenylpropanoid biosynthesis (Figure 4). But under HD treatment the gene P5CS is down-regulated obviously thereby promoting the empty abortive rate of foxtail millet. Moreover, GA decompositon (GA2ox) has aslo been significantly lifted, especially in HD, which also has nectively effect on yield of millet by making more floral process failed. Overall, it can be concluded that either LD or HD treatment could induce molecular reprogramming of foxtail millet to responding to drought stress but at the expenses of yield.
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Breeding staple crops with increased micronutrient concentration is a sustainable approach to address micronutrient malnutrition. We carried out Multi-Cross QTL analysis and Inclusive Composite Interval Mapping for 11 agronomic, yield and biofortification traits using four connected RILs populations of rice. Overall, MC-156 QTLs were detected for agronomic (115) and biofortification (41) traits, which were higher in number but smaller in effects compared to single population analysis. The MC-QTL analysis was able to detect important QTLs viz: qZn5.2, qFe7.1, qGY10.1, qDF7.1, qPH1.1, qNT4.1, qPT4.1, qPL1.2, qTGW5.1, qGL3.1, and qGW6.1, which can be used in rice genomics assisted breeding. A major QTL (qZn5.2) for grain Zn concentration has been detected on chromosome 5 that accounted for 13% of R2. In all, 26 QTL clusters were identified on different chromosomes. qPH6.1 epistatically interacted with qZn5.1 and qGY6.2. Most of QTLs were co-located with functionally related candidate genes indicating the accuracy of QTL mapping. The genomic region of qZn5.2 was co-located with putative genes such as OsZIP5, OsZIP9, and LOC_OS05G40490 that are involved in Zn uptake. These genes included polymorphic functional SNPs, and their promoter regions were enriched with cis-regulatory elements involved in plant growth and development, and biotic and abiotic stress tolerance. Major effect QTL identified for biofortification and agronomic traits can be utilized in breeding for Zn biofortified rice varieties.
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Introduction

Globally, more than 3 billion people depend on rice for their daily caloric intake and nutritional needs (Yadaw et al., 2006; Elert, 2014; Bouis and Saltzman, 2017). However, milled rice is a poor source of micronutrients; hence, majority of the resource-poor rice consumers without access to adequate nutrition suffer mineral deficiencies (Dipti et al., 2012; Goudia and Hash, 2015; Garcia-Oliveira et al., 2018; Goloran et al., 2019; Ludwig and Slamet-Loedin, 2019). Iron (Fe) and Zinc (Zn) malnutrition is common across all age groups, especially among children and women in the developing world (Bouis et al., 2002; Ahmed et al., 2016; Palanog et al., 2019; Gupta et al., 2020; Calayugan et al., 2021). Increasing the mineral density in the edible portion of the staple crops is a food-based approach to tackle mineral deficiencies. It is reported to be the most economical and sustainable solution to address malnutrition (Dipti et al., 2012; Bouis and Saltzman, 2017; Goloran et al., 2019; Ludwig and Slamet-Loedin, 2019). However, for the successful adoption and consumption of biofortified rice varieties, they should be high-yielding, agronomically-superior, and desirable in terms of grain quality (Swamy et al., 2016; Swamy et al., 2021b).

Rice has a vast amount of genetic diversity available in cultivars, landraces, and wild relatives (Khush, 1997; Jackson and Lettington, 2003; Huggins et al., 2019). In particular, aus is a genetically-distinct group of rice accessions mainly originated from Bangladesh and India (Garis et al., 2005; Norton et al., 2018; Swamy et al., 2018). They are well-known for their wider adaptability, tolerance to biotic and abiotic stresses, and nutritional value (Xu et al., 2006; Ali et al., 2011; Henry et al., 2011; Gamuyao et al., 2012; Zhu et al., 2016). Currently, aus accessions are being explored for Zn biofortification due to their high grain Zn concentration (Swamy et al., 2018; Rakotondramana et al., 2022).

Quantitative trait loci (QTL) mapping using bi-parental populations is widely popular in rice (Al-Shugeairy et al., 2014; Travis et al., 2015). However, it has limited recombination and lesser allelic diversity, which results in larger confidence intervals of the QTLs, and captures only a portion of the total genetic variation (Xu et al., 2016; Verdeprado et al., 2018). Further, QTLs have to be fine-mapped and validated in multiple genetic backgrounds for their use in Marker Assisted Breeding (MAB). An alternative approach is QTL mapping in multi-parent populations that can increase the power of detecting major QTLs, and helps to understand QTL interactions and QTL by genetic background effects (Wang et al., 2014; Descalsota et al., 2018). Multi-parent advanced generation intercross (MAGIC) and nested-association mapping (NAM) populations increase the probability of identifying precise QTL (Bandillo et al., 2013).

In this study, we developed four connected recombinant inbred lines (RILs) populations derived from Kaliboro (IRGC 77201-1) - a high grain Zn germplasm crossed with four elite Zn breeding lines. These populations were analyzed using multi-cross QTL (MC-QTL) method to identify QTLs for agronomic, yield and biofortification traits, candidate genes were shortlisted for major effect QTLs, and detailed analyses of major effect Zn QTLs was conducted to characterize candidate genes and cis-regulatory elements.





Materials and methods




Materials

All the four recombinant inbred lines (RILs) populations were developed using high Zn aus donor parent Kaliboro::IRGC77201-1 (P2), while promising Zn breeding lines developed at International Rice Research Institute (IRRI) were used as recipient parents viz; IR14M141 (P1), IR14M110 (P3), IR14M125 (P4), and IR95044:8-B-5-22-19-GBS (P5) (Table S1).





Field establishment and phenotyping

All the mapping populations were grown in an alpha lattice design with two replications at Zeigler Experimental Station at IRRI during the dry and wet seasons of 2017 (DS2017 and WS2017) and in the dry season of 2018 (DS2018). Seeds were sown in the seedbed, and 21-day old seedlings were transplanted in the field at 20 cm x 20 cm planting distance. Each plot consisted of 2 rows with 20 hills per plot. Inorganic nitrogen (N), phosphorus (P), and potassium (K) fertilizers were applied at the rate of 120:30:30 NPK kg ha-1 during the DS and 90:30:30 NPK during the WS. Standard crop management practices were employed to ensure good crop growth.

We collected data on days to 50% flowering (DF), plant height (PH), number of tillers (NT), number of productive tillers (PT), panicle length (PL), thousand-grain weight (TGW), grain length (GL), grain width (GW) and grain yield per hectare (GY). We followed the standard evaluation system to gather data (IRRI, 2014). The Fe and Zn concentrations in the rice grains was measured using 3 grams of milled rice per sample by using XRF-Bruker S2 Ranger. Samples were analyzed twice, and mean values were considered for statistical analysis.





Statistical analysis of phenotypic traits

Basic statistical analyses were performed using STAR v.2.0.1 (http://bbi.irri.org), PBTools v1.4 (http://bbi.irri.org), and R v3.5.2 in R Studio (RStudio Team, 2015). Best linear unbiased prediction (BLUP) values for each of the traits across three seasons were computed using PBTools v1.4, and were used for further analyses. Pearson’s correlation, histograms, analysis of variance (ANOVA), and descriptive statistics of traits were performed using R v3.5.2 in R Studio v1.0.153 (RStudio Team, 2015). Broad-sense heritability (H2) of all the traits was estimated using following formula:

	

Where σ2g is the genotypic variance, σ2p is the phenotypic variance,





DNA extraction and genotyping

Fresh leaf samples were collected from RILs and parental lines during the early seedling stage. Samples were ground after freezing in liquid nitrogen and genomic DNA was extracted from each sample using the modified CTAB method (Murray and Thompson, 1980), and the quality of DNA was estimated by using 1% agarose gel electrophoresis. High-quality DNA samples with desirable concentration (~50 ng) were submitted to IRRI-Genotyping Services Laboratory (GSL) for SNP genotyping using the 7K Infinium Chip (Morales et al., 2020).





SNP genotypic data analysis

A set of 7,086 high-quality SNP markers were generated after thorough filtering using Illumina’s protocol based on >80% call rate, homozygosity, and polymorphism between respective parents. SNP markers were further filtered based on homozygosity of the parents and with high heterozygosity on the segregating families. There were 495 high quality SNPs selected based on the distribution across the genome with < 20% missing SNPs among the parental lines. The selected SNPs were used to generate individual genetic maps and merged to construct a consensus physical map using BioMercator v4.2.1 considering a conversion of 250 kb = 1 cM. The scoring of alleles for the combined populations was performed by comparing parental alleles for each SNP. Four recipient parents were scored as “A”, donor allele was scored as “B”, and ambiguous/missing data were scored as “X”.





Multi-cross QTL (MC-QTL) analysis

Combined phenotypic (BLUP) and genotypic data of four populations were used to perform MC-QTL analysis using MC-QTL v1.0 (Jourjon et al., 2005; De Oliviera et al., 2016). A linear regression model and iterative QTL mapping method (iQTLm) was used to detect QTL (Haley and Knott, 1992; Charcosset et al., 2000). A logarithm of odds (LOD) threshold of ≥5 was used to declare putative QTLs (Churchill and Doerge, 1994). The Phenotypic variance (R2) for each QTL and global R2 for each trait were generated. Epistatic analysis was also performed.





QTL detection using inclusive composite interval mapping (ICIM)

QTL detection for each individual bi-parental mapping population was conducted using inclusive interval mapping (ICIM) with the aid of IciMapping v.4.1 (Wang, 2009). Critical threshold value for QTL detection was calculated by 1000 random permutations of the phenotypic data to establish an experiment-wise significance value at 0.05 (Churchill and Doerge, 1994). Estimated phenotypic variance explained by QTL for each trait and corresponding additive effect was also generated.





Candidate gene analysis

Consistent major effect QTLs with overlapping regions and with consensus boundaries of ≤500 Kb, found across different types of QTL analysis were subjected to candidate gene analysis. Predicted candidate genes were searched within or near ( ± 500 Kb) the QTL for each trait using its flanking markers. Physical locations of the annotated genes were determined with the aid of the RAP-DB (http://rapdb.dna.affrc.go.jp/viewer/gbrowse/irgsp1) (accessed on March 20, 2019). Functions, ontology, and gene networks for each of the candidate genes were determined using the KNetminer (http://knetminer.rothamsted.ac.uk/Oryzasativa/) (accessed on March 20, 2019) and the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/) (accessed on March 20, 2019). The patterns of gene expression in various organs and stages were displayed using the eFP browser (http://bar.utoronto.ca/efprice/cgi-bin/efpWeb.cgi) (accessed on March 21, 2019), and the CoNekT (http://conekt.mpimp-golm.mpg.de/pub/) (accessed on March 21, 2019). Further searches on the previously reported QTL that co-localize with the QTL identified in our study were made using the Gramene (http://archive.gramene.org/qtl/) (accessed on March 22, 2019).





In silico gene prediction and cis-regulatory elements analysis of grain Zn QTL

SNPs within the candidate genes related to Zn homeostasis were downloaded from the rice SNP-Seek 18 (http://snp-seek.irri.org) (accessed on March 22, 2019). Coordinates of the genomic regions of interest were identified using the reference genome (Nipponbare) by extracting flanking sequences and aligning these to the target reference genome assemblies of IR64 and Kaliboro 600 (representing the genomes of the parents). A region in the target genome with best flank hits was then extracted and characterized. Alternative SNPs between indica-IR64 (representing the recipient parents) and aus-Kaliboro 600 (representing the donor parent) were identified using Rice SNP-Seek 18 (Mansueto et al., 2017). SNP genotyping data were sourced from 3K Rice Genome Project (The 3,000 rice genome project, 2014; Wang et al., 2018). The 1 Kb upstream region of each gene was used to shortlist the SNPs in their promoter regions. All polymorphic SNPs in the promoter and coding regions were listed.

Predicted genes showing SNP polymorphisms between the query genomes were further subjected to cis-regulatory analysis. The 1Kb region from the coding sequences in the 5’ upstream strand of the Zn homeostasis gene was scanned for putative cis-regulatory elements using PlantPAN (http://PlantPAN.mbc.nctu.edu.tw) (accessed on March 23, 2019).






Results




Phenotypic analysis of connected populations

The data of the various traits from four populations evaluated over three seasons are presented in Table 1. All the traits had large phenotypic variations and showed typical normal distribution across seasons and populations (Table 1 and Figures S1, S2). The highest mean values were recorded for GY, TGW, and GW during the DS; while DF, PH, and PL were higher during the WS. Grain Zn and Fe concentration were high during the DS. A low coefficient of variation (CV, <10%) was observed for DF and GL, whereas a moderate to high CV (10-45%) was observed for other traits. High broad sense heritability (H2) was observed for Zn, DF, PH, and TGW (>70%) while it was low to moderate (10 to 60%) for all other traits (Table 1). Zn exhibited moderate to strong negative correlation with GY across populations (Figures 1A–D). Likewise, it has moderate negative correlation with TGW and GL in Pop2 (Figure 1B), and strong negative correlation with DF in Pop3 (Figure 1C). Similarly, Fe was negatively correlated with several agronomic traits: PH, PL, DF, TGW, and GL in Pop1, Pop2 and Pop3 (Figures 1A–C), while showed positive correlation with GW, NT, PT and GY in Pop4 (Figure 1D). Meanwhile, a strong positive correlation between NT, PT, TGW, and GL; with PH and PL were observed consistently across populations (Figures 1A–D). Notable positive correlations were observed among agronomic traits such as TGW, GW, PH, DF, and GL. The grain Fe and Zn concentration had consistent positive correlation across populations (Figures 1A–D).


Table 1 | Summary statistics of phenotypic traits of four RILs across seasons.






Figure 1 | Pearson’s correlation coefficients of 11 traits in four connected populations: Pop1 (A), Pop2 (B), Pop3 (C), and Pop4 (D). GY, Grain Yield; DF/FLW, Days to flowering; PH, Plant Height; NT, Number of Tillers; PT, Productive Tillers; PL, Panicle Length; TGW, Total Grain Weight; GL, grain length; GW, Grain width.







Multi-cross QTL analyses of connected populations

Overall, 495 SNPs across four populations were used to construct a consensus genetic map and used for MC-QTL analyses. The number of SNPs per chromosome ranged from 11 to 75 with lowest and highest number of SNPs on chromosomes 9 and 1, respectively (Figure S5). The total map length was 1627 cM with an average distance of 6.0 cM between SNPs. MC-QTL analyses identified MC-156 QTLs for 11 traits (Table 2). The global R2 captured by the QTLs varied from 12 to 58% for various traits, while the R2 explained by individual QTL ranged from 0.1 to 22%. The two major QTLs with highest R2 (22% and 13%, respectively) were qPH1.1 and qZn5.2. The tall parent (P2) allele increased PH by 7.19 cm while the other parents reduced PH by 1.77 to 1.91 cm. Some of the major QTLs for agronomic and yield traits were: qDF7.1, qNT4.1, qPT4.1, qPL1.2, qTGW5.1, qGL3.1, qGW6.1 and qGY10.1 (Table 2). The qDF7.1located between id7005418 and c7p27670416 on chromosome 7 explained 7.3% R2, P1 allele increased maturity by 1.70 days while P5 allele reduced maturity by 0.80 days. Whereas, qNT4.1 and qPT4.1 were detected between 3647133 and 3653113 on chromosome 4, each explained by a R2 >3%. Meanwhile, qPL1.2detected on chromosome 1 explained 7% R2, and qTGW5.1 identified between 5020568 and 5056493 increased TGW by 0.52 g. Among the 21 QTLs identified for GL, qGL3.1 explained 8% R2, P1 allele increased GL by 0.09 mm. For grain width, qGW6.1 contributed 4.2% R2 and P3 allele increased grain width 0.03 mm. The qGY10.1 explained 4% R2 with highest positive allelic contribution from P2 (85.5 kg/ha).


Table 2 | QTL detected for Zn, Fe, GY, and GY-related traits of four connected populations using MC-QTL.







A total of 27 QTL was detected for Zn that explained R2 of 0.3 to 13.0% with a global R2 of 58%. As expected, the donor parent (P2) had the highest combined additive effect (2.6 ppm). Interestingly, the recipient parent (P5) total allele contribution was 2.5 ppm (Table 2). A major QTL (qZn5.2) with an R2 of 13% was detected on chromosome 5 at 22.03 Mb flanked by markers 5711540 and 5726844. It has a narrow genomic region of 600 Kb among the Zn QTLs. There were three QTLs, qZn3.2, qZn11.1aand qZn12.1b each contributed >3% R2. Similarly for Fe, 14 QTLs were detected with R2 ranging 0.7-3.2% and a global R2 of 25%. These QTL were located on all the chromosomes except chromosomes 5 and 10. The qFe7.2, located on chromosome 7 at 21 Mb, accounted for the highest R2 (3.2%). However, the highest positive allele contribution with 0.16 ppm increase in Fe concentration observed for qFe2.1.





Co-location of QTL identified

QTLs that shared common SNPs were considered co-located. In all, 26 QTL clusters were identified on different chromosomes (Figure 2). Four QTLs, qGY5.1, qTGW5.1, qGL5.1, and qGW5.1 were co-located at 2.5 Mb on chromosome 5, while QTLs qZn8.1, qFe8.1, qNT8.1, and qPT8.1 were at the same genomic region on the short arm of chromosome 8. Similarly, qGY9.1, qZn9.1, qFe9.1, and qGL9.1 co-localized between markers id9000710 and 9569595 on chromosome 9. We observed three QTLs clusters at four genomic regions on chromosomes 3, 4, 8, and 9, while 20 genomic regions had two QTLs co-located (Figure 2).




Figure 2 | Consensus map of QTL detected for various traits. Vertical colored lines on the left represent different QTL while values on the horizontal lines at the right side show the position of the markers on the chromosomes; numbers below the figure indicate the corresponding chromosome.







Epistasis

Epistatic interactions were detected between qZn5.1 and qPH6.1, and qPH6.1 and qGY6.2; each explained a R2 of 5% (Table S2). qPH6.1 is a minor QTL flanked by id6007220 and 6228191 with genetic interval of 8.08 Mb. The positive allele (P3) increased PH by 1.25 cm while P4 allele reduced PH by 1.70 cm. On the other hand, qZn5.1 is also a minor allele associated with Zn flanked by 514403 and SNP-5.9394949 with positive allele contributed by P2 (0.60 ppm). Minor QTL, qPH6.1 is also interacted with qGY6.2 which was flanked by markers 6907224 and id6016547 with a narrow interval of 0.07 Mb. The positive alleles were contributed by P3 and P4 with an additive effect of 100 kg/ha (Table 2).





Candidate genes for agronomic, yield and biofortification traits

Largest-effect QTL for grain yield, agronomic traits, Fe, and all the QTLs detected for grain Zn were subjected to candidate gene analysis (Table 2 and Figure S3). Genes conferring biological functions related to the trait were shortlisted (Table 3). The OsMADS18 is co-located with qFe7.1, it helps in Fe transport, cellular and inter-cellular responses under Fe deficiency, it is also known to regulate seed maturation and days to maturity. Similarly, HUA2 was linked to flowering locus qDF7.1 and regulates flowering time and reproductive development. A pyruvate dehydrogenase kinase gene (OsPdk1) is found nearest to qPL1.2 which is involved in root hair length and panicle threshability. Meanwhile, Glycogen Synthase Kinase (GSK) is found to influence days to maturity, seed maturation, brown rice shape, grain width and grain weight. GSK2 was co-located with major effect QTL, qTGW5.1, while GSK4 was co-located with qGW6.1. Similarly, GS3 was within the confidence interval of qGL3.1. Candidate genes OS01G0899425, OS04G0350700, and OS10G0326900 were co-located with qPH1.1, qPT4.1, and qGY10.1, respectively (Table 3).


Table 3 | Identified putative genes associated with major QTL for Zn, Fe, GY and grain-related traits of connected populations.







Candidate gene prediction and cis-regulatory analysis of qZn5.2

The details of 20 candidate genes shortlisted from qZn5.2 are presented in Table 4. Most of the candidate genes were either Zn finger or metal cation transporters. Four putative candidate genes identified within or nearest the QTL Viz: LOC_OS05G39540 (OsZIP9), LOC_OS05G39560 (OsZIP5), LOC_OS05G40490 and LOC_OS05G41790. These genes are differentially expressed in roots, leaves, stems, flowers, and meristems (Figure S4). OsZIP5 was highly expressed in stem, internode and seeds, and moderately expressed in roots; OsZIP9 highly expressed in roots differentiation zone, and in inflorescence. LOC_OS05G40490 had minimum expression in leaves during drought stress, but LOC_OS05G41790 has high expression in seeds and had moderate expression in leaves under well-watered and drought conditions (Figure S4). The in-silico gene prediction analyses of all these genes using the 3k genome identified 75 non-synonymous SNPs, 23 transversions, 34 transitions, and 18 deletions. Out of 20, 15 genes have non-synonymous SNPs found in their promoter and coding sequences (Table S3). The highest number of transitions (A/C, A/T, or G/C) was identified for OsZIP9 and LOC_OS05g40490, while OsZIP9 had the highest number of transversions (A/G or T/G). LOC_OS05g40490 had the highest number of deletions. The 15 predicted genes that show non-synonymous SNPs were further investigated for cis-regulatory elements in their promoter regions using PlantPAN. A large number of cis-regulatory elements were detected and they were mainly associated with important physiological processes involved in submergence tolerance, light-regulation, meristematic tissue activities, and disease resistance (Figure 3).


Table 4 | Candidate genes for grain Zn concentration underlying the major QTL (qZn5.2).






Figure 3 | Cis-regulatory elements in the upstream region (500 Kb) of predicted genes for grain Zn. Various elements are associated with physiological functions such as submergence tolerance (blue), merismatic (orange), disease resistance (yellow), light regulation (green), amylase synthesis (red) were indicated using different colors.








Discussion

Breeding for improved nutrition has been prioritized in rice and other major staple food crops (Bouis and Saltzman, 2017; Gaikwad et al., 2020). There have been significant efforts over the last one decade to breed for high Fe, Zn and Vitamin A enriched crop varieties, and to deploy them on a large scale to create a health impact (Mwanga et al., 2021; Swamy et al., 2021a; Biswas et al., 2021). In rice, Zn biofortification breeding has been taken up on a large scale by IRRI and its partners leading to release of several high Zn rice varieties in Asia and Africa (Swamy et al., 2016; Tsakirpaloglou et al., 2019; Calayugan et al., 2021). Recently, Zn mainstreaming breeding has been initiated to incorporate Zn as a must trait in all the future rice varieties (Stangoulis and Knez, 2022). Identification of diverse donors, QTLs, genes, and a better understanding of molecular basis of grain Zn concentration, agronomic and yield traits are essential for the efficient Zn biofortification of rice (Swamy et al., 2016, Swamy et al., 2018; Calayugan et al., 2020; Rakotondramana et al., 2022)

We used high Zn aus accession Kaliboro (IRGC 77201-1) to develop four RILs mapping populations. It has acceptable yield potential (~4900 kg/ha) and twice the amount of grain Zn (~40 ppm) in comparison to popular rice varieties (14-16ppm). In addition to that aus accessions are also genetically diverse and adaptable to a wide range of environmental conditions (Redoña and Mackill, 1996; Xu et al., 2006; Jagadish et al., 2008; Norton et al., 2010; Henry et al., 2011; Gamuyao et al., 2012; Al-Shugeairy et al., 2014). All the four recipient parents were high Zn breeding lines (12-19 ppm) developed at IRRI.

A wide range of variation for GY, Zn, Fe, and other major agronomic traits was observed in all the populations. Most of the traits exhibited normal distribution indicating the complex genetic basis of these traits (Table 1 and Figures S1, S2). Broad-sense heritability (H2) was high for DF, PH, TGW, and Zn across populations (Table 1), which permits effective phenotypic selection for their improvement. These results are in consonance with earlier reports on traits distributions and heritability (Widodo et al., 2010; Du et al., 2013; Zhang et al., 2014; Swamy et al., 2016; Chang et al., 2018; Swamy et al., 2018). Consistent positive correlations were observed between Fe and Zn (Figure 1) indicating the possibility of simultaneous improvement (Swamy et al., 2016). However, concomitant breeding for high Zn and Fe with high GY will be challenging due to their strong negative correlations. Hence, appropriate breeding strategies would be essential for the successful Zn biofortification (Welch, 2004; Chang et al., 2018). One approach is to use high Zn donors with acceptable GY potential coupled with rapid generation advancement, speed breeding and genomic selection (Swamy et al., 2016; Calayugan et al., 2021; Swamy et al., 2021a; Yang et al., 2021). Moreover, breeding materials or populations that exhibit weak or no correlation between GY and Zn and transgressive seggregants that possess both high GY and Zn increases the chances of successful biofortification breeding (Figures 1, S1).




MC-QTL analysis detected major QTLs and epistasis

Genetic analyses using multi-parent derived populations or combined analysis of multiple biparental populations that share common parentage help to dissect major effect and stable QTLs, which can work across genetic backgrounds without any epistatic or genetic background effects (Specht et al., 2001; Jannink and Jansen, 2001; Blanc et al., 2006; Doust et al., 2014). We carried out MC-QTL analyses for 11 traits using a set of 495 SNPs distributed across 12 chromosomes (Figure S5). A high rate of SNPs polymorphism among parents was expected as Kaliboro (aus) and IR14M141, IR14M110, IR14M125, and IR95044:8-B-5-22-19-GBS (indica) are from genetically-distinct subgroups (Garis et al., 2005; Chen et al., 2014; Tang et al., 2016). The MC-QTL analysis detected more QTLs but effects were smaller compared to QTLs discovered by Inclusive Composite Interval Mapping (ICIM) (Tables 2 and S4). For instance, MC-QTL was able to detect 14 QTLs for Fe whereas only 2 QTLs were identified by ICIM. Some of the important QTLs detected using MC-QTL analysis viz: qZn5.2, qFe7.1, qGY10.1, qDF7.1, qPH1.1, qNT4.1, qPT4.1, qPL1.2, qTGW5.1, qGL3.1, and qGW6.1, which can be used in rice MAB and Genomic Selection (GS). Interestingly, most of the positive alleles for high GY and early DF were contributed by high yielding (IR14M110) and early maturing parents (IR95044:8-B-5-22-19-GBS) respectively. High-grain yield and early-maturity are two most desirable traits for rice varietal development (Zhao et al., 2011; MacKill and Khush, 2018; Li et al., 2019). Similarly, QTLs for PL and GW were contributed by Kaliboro, while TGW and GL were derived from IR14M141 (Table 2). Thus, it is evident that Kaliboro has contributed many positive alleles for yield and yield related traits and for improved grain Zn concentration. These favorable alleles can be pooled through genomics assisted breeding to develop rice varieties (Blanc et al., 2006; Grenier et al., 2015; Varshney et al., 2021; Xu et al., 2021; Reyes et al., 2022).

The QTLs of correlated traits (positive or negative) tend to cluster together on a chromosomal region (Zhang et al., 2019; Yu et al., 2021). The GY, TGW, GL, and GW were highly correlated, and their respective QTLs co-located on chromosome 5. All the QTLs for PT and NT, and Fe and Zn were co-located (Figures 1, 2). However, these co-locations may be due to pleiotropy or linkage or shared regulatory genes (Collard and MacKill, 2007; Du et al., 2013; Swamy et al., 2016; Descalsota et al., 2018). Positively correlated traits and their co-located QTLs can be readily mobilized into the breeding programs, while negative linkages must be removed by pre breeding, phenotypic selections, and fine mapping for their deployment in the rice breeding (Du et al., 2013; Swamy et al., 2016; Descalsota et al., 2018; Descalsota-Empleo et al., 2019a; Pradhan et al., 2020).

A notable result is that a major QTL for grain Zn (qZn5.2) is consistently identified in all the populations and also in the combined population analysis. It had a R2 of 13% in MC-QTL analysis and went up to 19.75% in ICIM (Table S4), with an additive effect ranging from 0.44 to 2.10 ppm (Tables 2 and S4), and had a narrow genetic interval of 600Kb. It is also devoid of any epistatic interaction or background effects, making it one of the potential candidate loci for MAB or GS to improve grain Zn concentration. This locus has been frequently reported from aus derived populations. Several studies have also identified similar genomic regions (Lu et al., 2008; Garcia-Oliveira et al., 2009; Zhang et al., 2014; Descalsota-Empleo et al., 2019b; Islam et al., 2020).

We observed very minimal epistasis among the QTLs. The PH (qPH6.1) interacted with GY (qGY6.1) and Zn (qZn6.1), but their R2 (<5%) and additive effects (0.12-1.25 cm, 9-282 kg/ha, 0.13-1.0 ppm, respectively) were low to make any significant changes in their phenotypic expression (Table S2). There were reports on genetic interactions between Zn and PH that affected their phenotypic performance, and also genetic background altering the epistasis effects leading to variable trait expression (Jiang et al., 2008; Lekklar et al., 2019). Therefore, epistatic QTLs and the influence of genetic backgrounds on major QTLs should be verified before their use in the breeding programs (Xu et al., 2015; Islam et al., 2019; Lekklar et al., 2019).





Candidate genes co-located with major QTLs

A number of candidate genes that co-localized with QTLs were identified for different traits such as HUA2 (DF), OsPdk1 (PL), OS01G0899425 (PH), OS04G0350700 (PT), GSK2 (TGW), OS10G0325400 (YLD), GS3 (GL), and GSK4 (GW) (Table 3). These genes have proven biological functions directly or indirectly related to the traits but also involved in the important physiological processes related to stress tolerance (Chen and Meyerowitz, 1999; Fan et al., 2006; Jan and Komatsu, 2006; Yoo et al., 2006; Wei et al., 2012; Hu et al., 2015; Jan and Komatsu, 2006; Li et al., 2016; Yin et al., 2019; Sevanthi et al., 2021). Previously reported QTLs and genes for yield and yield related traits and grain micronutrients match with our results (Anuradha et al., 2012; Du et al., 2013; Descalsota et al., 2018; Zhang et al., 2019; Pradhan et al., 2020). Some of these genes are potential candidates for functional validation and for introgression through MAB.

The qZn5.2 was also enriched with Zn/Metal homeostasis genes, especially Zn-finger proteins (Table 3). They play an important role in Zn uptake, transport and loading into the grains, and their expression provides abiotic stress tolerance under diverse climatic conditions (Goel et al., 2011; Zhang et al., 2014; Hara et al., 2017; Papierniak et al., 2018; Lekklar et al., 2019). It is noteworthy that these genes were also enriched with cis-regulatory elements in their promoter regions, and actively regulates physiological processes involved in metal homeostasis, submergence tolerance, meristematic tissue activities, light-regulation and disease resistance (Pandey et al., 2015; Biłas et al., 2020) (Table 4 and Figure 3).

Functional polymorphisms within genes play an important role in phenotypic diversity (Srivastava et al., 2014). We report that 15 of the 20 genes shortlisted from qZn5.2 had functional polymorphic SNPs; notable ones are OsZIP9, OsZIP5, and LOC_OS05G40490. These transcription factors regulate expression of Zn homeostasis genes such as OsNAS1, OsNAS2, and OsNAS3, therefore play a role in metal transport, partitioning and loading into grains (Guerinot, 2000; Chandel et al., 2010). There are previous reports showing upregulation of OsZIP5 in roots and flag leaves, and OsZIP9 in roots of rice (Banerjee and Chandel, 2011; Chadha-Mohanty et al., 2015), but they are homologs and complement in phytosiderophore-mediated Zn uptake (Lee et al., 2010). Recent haplotype analysis of OsZIP5 and OsZIP9 using a 3K rice panel revealed that superior haplotypes for these two genes were in high frequency in aus and indica sub groups (Gaurav et al., in press). On the other hand, there is less information on LOC_OS05G40490, a Zn knuckle domain-containing protein gene involved in metal binding. Some of these genes can be pyramided using gene specific markers, explored for superior haplotypes, and can be used to develop high Zn transgenics or genome edited rice lines.






Conclusion

We carried out MC-QTL and ICIM analysis for agronomic, yield and grain micronutrient traits using connected rice populations. In all 156 MC-QTLs, 26 QTL co-locations and two epistatic interactions were detected. The donor parent, Kaliboro, contributed many positive alleles. A major QTL (qZn5.2) for grain Zn concentration has been detected on chromosome 5 that accounted for 13% of R2. There were 20 genes within qZn5.2 that are involved in metal binding, uptake, transport, partitioning and loading in different tissues. Three primary putative genes, OsZIP5, OsZIP9, and LOC_OS05G40490, along with 12 other genes showed functional SNP polymorphisms indicating their role in metal homeostasis. These genes were also enriched with cis-regulatory elements that regulate mineral uptake, growth and development, and tolerance to biotic and abiotic stresses etc. All the major effect QTLs can be readily mobilized into breeding programs through genomics assisted breeding. Promising candidate genes can be characterized to understand their functional roles. Over all our results provide insights into molecular bases of Zn homeostasis, and identified major QTLs/genes useful for Zn biofotification of rice.





Data availability statement

The phenotypic and genotypic data used in the analyses are provided as supplementary data in this article.





Author contributions

AP and BS designed the paper. AP led the conduct of the experiment and wrote the whole manuscript. CN, GD-E, MC, and ZS analyzed and gathered some genotypic and phenotypic data. AA and MI-A assisted in the establishment of field experiments and collection of phenotypic data. JH, PS, TB, AL, RM, KM, and BS thoroughly edited and contributed significantly to the improvement of the manuscript. All authors contributed to the article and approved the submitted version.





Funding

The work was supported by HarvestPlus (5402), Bill and Melinda Gates Foundation (OPP1194925), Department of Science and Technology (DOST) - Philippines. The funding entities did not influence the design, data collection, and interpretation, and write-up of the paper.




Acknowledgments

The authors would like to thank the biofortification group of IRRI for its invaluable help in the conduct of the study. AP thanks PhilRice for the scholarship and Dr Jaime Manalo IV of PhilRice for serving as English critic.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1157507/full#supplementary-material



Abbreviations

MC-QTL, multi-cross quantitative trait loci analysis; Fe, Iron/grain Iron; Zn, Zinc/grain Zinc; GY, grain yield; PH, plant height; DF/FLW, days to flowering; NT, number of tillers; PT, productive tillers; TGW, total grain weight; PL, panicle length; GL, grain length; GW, grain width; Mb, mega base pairs; ICIM, inclusive composite interval mapping; GWAS, genome-wide association study; MAF, minor allele frequency




References

 Ahmed, F., Prendiville, N., and Narayan, A. (2016). Micronutrient deficiencies among children and women in Bangladesh: Progress and challenges. J. Nutr. Sci. 5, e46. doi: 10.1017/jns.2016.39

 Ali, M. P., McClung, A. M., Jia, M. H., Kimball, K., McCouch, S. R., and Eizenga, G. C. (2011). “A rice diversity panel evaluated for genetic and agro-morphological diversity between subpopulations and its geographic distribution. Crop Sci. 51, 2021–2035. doi: 10.2135/cropsci2010.11.0641

 Al-Shugeairy, Z., Islam, M. S., Shrestha, R., Al-Ogaidi, F., Norton, G. J., and Price, A. H. (2014). High throughput screening of rooting depth in rice using buried herbicide. Ann. Appl. Biol. 165, 96–107. doi: 10.1111/aab.12118

 Anuradha, K., Agarwal, S., Rao, Y. V., Rao, K. V., Viraktamath, B. C., and Sarla, N. (2012). Mapping QTLs and candidate genes for iron and zinc concentrations in unpolished rice madhukar x swarna RILs. Gene 508, 233–240. doi: 10.1016/j.gene.2012.07.054

 Bandillo, N., Raghavan, C., Muyco, P. A., Sevilla, M. A. L., Lobina, I., Dilla-Ermita, C. J., et al. (2013). Multi-parent advanced generation inter-cross (MAGIC) population in rice. progress and potential for genetics research and breeding. Rice 6 (1), 1–15. doi: 10.1186/1939-8433-6-11

 Banerjee, S., and Chandel, G. (2011). Understanding the role of metal homeostasis related candidate genes in Fe/Zn uptake, transport and redistribution in rice using semi-quantitative RT-PCR. Plant Mol. Biol. Biotechnol. 2, 33–46.

 Biłas, R., Szafran, K., and Hnatuszko-Konka, K. (2016). Cis -regulatory elements used to control gene expression in plants. Plant Cell, Tissue, and Organ Culture 127 (2), 269–287. doi: 10.1007/s11240-016-1057-7

 Biswas, P.S., Swamy, B.P.M., Kader, M.A., Hossain, M.A., Boncodin, R., Samia, M., Hassan, M.L., et al (2021). Development and field evaluation of near-isogenic lines of GR2-EBRRI dhan29 golden rice. Front. Plant Sci 12: 619739. doi: 10.3389/fpls.2021.619739

 Blanc, G., Charcosset, A., Mangin, B., Gallais, A., and Moreau, L. (2006). Connected populations for detecting quantitative trait loci and testing for epistasis: An application in maize. Theor. Appl. Genet. 113 (2), 206–224. doi: 10.1007/s00122-006-0287-1

 Bouis, H. E., Hortz, C., Claffery, M. B., Meenakshi, J. V., Wolfgang, P., Branca, F., et al. (2002). Community and international nutrition iron-biofortified rice improves the iron stores of nonanemic Filipino women 1,2. Ann. Nutr. Metab. 46 (2), 511–513. doi: 10.1177/15648265110321S105

 Bouis, H. E., and Saltzman, A. (2017). Improving nutrition through biofortification: A review of evidence from HarvestPlus 2003 through 2016.” Global Food Secur. 12, 49–58. doi: 10.1016/j.gfs.2017.01.009

 Calayugan, M. I. C., Formantes, A. K., Amparado, A., Descalsota-Empleo, G. I., Nha, C. T., Inabangan-Asilo, M. A., et al. (2020). Genetic analysis of agronomic traits and grain iron and zinc concentrations in a doubled haploid population of rice (Oryza sativa l.). Sci. Rep. 10, 2283. doi: 10.1038/s41598-020-59184-z

 Calayugan, M. I. C., Swamy, B. P. M., Nha, C. T., Palanog, A. D., Biswas, P. S., Descalsota-Empleo, G. I., et al. (2021). Zinc-Biofortified Rice: A Sustainable Food-Based Product for Fighting Zinc Malnutrition. In:  J. Ali, and S. H. Wani (eds) Rice Improvement: Physiological, Molecular Breeding and Genetic Perspectives. Springer, Cham. doi: 10.1007/978-3-030-66530-2

 Chadha-Mohanty, P., Rey, J., Francisco, P. B., Virk, P. S., Hossain, M. A., and Swamy, B. P. M. (2015). Expression analysis of high zinc rice breeding lines using known homeostasis genes involved in iron and zinc acquisition and translocation. In P505, Plant and animal genome conference, pp. 10–14.

 Chandel, G., Banerjee, S., Vasconcelos, M., and Grusak, M. A. (2010). Characterization of the root transcriptome for iron and zinc homeostasis-related genes in indica rice (Oryza sativa l). J. Plant Biochem. Biotechnol. 19 (2), 1–8. doi: 10.1007/BF03263334

 Chang, L. Y., Toghiani, S., Ling, A., Aggrey, S. E., and Rekaya, R. (2018). High density marker panels, SNPs prioritizing and accuracy of genomic selection. BMC Genet. 19 (1), 4. doi: 10.1186/s12863-017-0595-2

 Charcosset, A., Causse, M., Moreau, L., and Gallais, A. (2000). Heterosis in maize investigated using connected RIL populations. In Quantitative Genet. Breed. Methods: Way Ahead, Proceedings of the Eleventh Meeting of the EUCARPIA Section Biometrics in Plant Breeding, Paris, France, pp.89–98.

 Chen, X., and Meyerowitz, E. M. (1999). HUA1 and HUA2 are two members of the floral homeotic AGAMOUS pathway. Mol. Cell. 3 (3), 349–360. doi: 10.1016/s1097-2765(00)80462-1

 Chen, H., Xie, W., He, H., Yu, H., Chen, W., Li, J., et al. (2014). A high-density SNP genotyping array of rice biology and molecular breeding. Mol. Plant 7 (3), 541–553. doi: 10.1093/mp/ss135

 Churchill, G. A., and Doerge, R. W. (1994). “Empirical threshold values for quantitative trait mapping.” Genetics 138, 963–971. doi: 10.1093/genetics/138.3.963

 Collard, B. C. Y., and MacKill, D. J. (2007). Marker-assisted selection: An approach for precision breeding in the twentieth century. Philos. Trans. R. Soc B 363, 557–572. doi: 10.1098/rstb.2007.2170

 De Oliviera, Y., Ait-Braham, L., Joets, J., Mabire, C., Negro, S., Nicolas, S., et al. (2016). BioMercator: A complete framework to integrate QTL, genome annotation and genome-wide association studies. 5ieme meeting annuel d’AMAIZING, Nov 2016, Paris, France.

 Descalsota, G. I. L., Swamy, B. P. M., Zaw, H., and Inabangan-Asilo, M. A. (2018). Genome-wide association mapping in a rice MAGIC plus population detects QTLs and genes useful for biofortification. Front. Plant Sci. 10. doi: 10.3389/fpls.2018.01347

 Descalsota-Empleo, G. I., Amparado, A., Inabangan-Asilo, M. A., Tesoro, F., Stangoulis, J., Reinke, R., et al. (2019b). Genetic mapping of QTL for agronomic traits and grain mineral elements in rice. Crop J. 7 (4), 560–572. doi: 10.1016/j.cj.2019.03.002

 Descalsota-Empleo, G. I., Noraziyah, A. A. S., Navea, I. P., Chung, C., Dwiyanti, M. S., Labios, R. J. D., et al. (2019a). Genetic disssection of grain nutritional traits and leaf blight resistance in rice. Genes 10, 30. doi: 10.3390/genes10010030

 Dipti, S. S., Bergman, C., Indrasari, S. D., Herath, S., and Hall, R. (2012). The potential of rice to offer solutions for malnutrition and chronic diseases. Rice 5 (1), 16. doi: 10.1186/1939-8433-5-16

 Doust, A. N., Lukens, L., Olsen, K. M., Mauro-Herrera, M., Meyer, A., and Rogers, K. (2014). Beyond single gene: How epistasis and gene-by-environment effects influence crop domestication. Proc. Natl. Acad. Sci. U.S.A. 111 (17), 6178–6183. doi: 10.1073/pnas.1308940110

 Du, J., Zeng, D., Wang, B., Qian, Q., Zheng, S., and Ling, H. Q. (2013). Environmental effects on mineral accumulation in rice grains and identification of ecological specific QTLs. Environ. Geochem Health 35, 161–170. doi: 10.1007/s10653-012-9473-z

 Elert, E. (2014). Rice by the numbers: A good grain. Nature 514, 550–551. doi: 10.1038/514s50a

 Fan, C., Xing, Y., Mao, H., Lu, T., Han, B., Xu, C., et al. (2006). GS3, a major QTL for grain length and weight and minor QTL for grain width and thickness in rice, encodes a putative transmembrane protein. Theor. Appl. Genet. 112 (6), 1164–1171. doi: 10.1007/s00122-006-0218-1

 Fedotova, A. A., Bonchuk, A. N., Mogila, V. A., and Georgiev, P. G. (2017). C2H2 Zinc Finger Proteins: The Largest but Poorly Explored Family of Higher Eukaryotic Transcription Factors. Acta Naturae 9(2), 47–58.

 Gaikwad, K. B., Rani, S., Kumar, M., Gupta, V., Babu, P. H., Bainsla, N. K., et al. (2020). Enhancing the nutritional quality of major food crops through conventional and genomics-assisted breeding. Front. Nutr. 7. doi: 10.3389/fnut.2020.533453

 Gamuyao, R., Chin, J. H., Pariasca-Tanaka, J., Pesaresi, P., Catausan, S., Dalid, C., et al. (2012). The protein kinase Pstol1 from traditional rice confers tolerance of phosphorus deficiency. Nature 169, 1631–1638. doi: 10.1038/nature11346

 Garcia-Oliveira, A. L., Chander, S., Ortiz, R., Menkir, A., and Gedil, M. (2018). Genetic basis and breeding perspectives of grain iron and zinc enrichment in cereals. Front. Plant Sci. 9, 937. doi: 10.3389/fpls.2018.00937

 Garcia-Oliveira, A. L., Tan, L., Fu, Y., and Sun, C. (2009). Genetic identification of quantitative trait loci for contents of mineral nutrients in rice grain. J. Integr. Plant Biol. 51 (1), 84–92. doi: 10.1111/j.1744-7909.2008.00730.x

 Garis, A. J., Tai, T. H., Coburn, J., Kresovich, S., and McCouch, S. (2005). Genetic structure and diversity in Oryza sativa l. Genetics 169 (3), 1631–1638. doi: 10.1534/genetics.104.035642

 Gaurav, J., Soe, Y. P., Palanog, A. D., Hore, T. K., Nha, C. T., Calayugan, M. I. C., et al.  (in press). Meta-QTLs and haplotypes for efficient zinc biofortification of rice. Plant Genome.

 Goel, A., Goha, T., Pandey, D., Gupta, S., and Kumar, A. (2011). Genome-wide comparative in silico analysis of calcium transporters of rice and sorghum. Genomics Proteomics Bioinf. 9 (4-5), 138–150. doi: 10.1016/S1672-0229(11)60017-X

 Goloran, J. B., Johnson-Beebout, S. E., Morete, M. J., Impa, S. M. P., Kirk, G. J. D., and Wissuwa, M. (2019). Grain zn concentrations and yield of zn-biofortified versus zn-efficient rice genotypes under contrasting growth conditions. Field Crops Res. 234 (October 2018), 26–32. doi: 10.1016/j.fcr.2019.01.011

 Goudia, B. D., and Hash, T. C. (2015). Breeding for high grain fe and zn levels in cereals. Int. J. Innovation Appl. Stud. ISSN 12 (2), 2028–9324.

 Grenier, C., Cao, T. V., Ospina, Y., Quintero, C., Chatel, M. H., Tohme, J., et al. (2015). Accuracy of genomic selection in a rice synthetic population developed for recurrent selection breeding. PloS One 10 (8), e0136594. doi: 10.1371/journal.pone.0136594

 Guerinot, M. L. (2000). The ZIP family of metal transporters. Biochim. Biophys. Acta-Biomembranes 1465 (1–2), 190–198. doi: 10.1016/s0005-2736(00)00138-3

 Gupta, S., Brazier, A. K. M., and Lowe, M. N. (2020). Zinc deficiency in low- and middle-income countries: prevalence and approaches for mitigation. J. Hum. Nutr. Dietetics 33 (5), 624–643. doi: 10.1111/jhn.12791

 Haley, C. S., and Knott, S. A. (1992). A simple regression method for mapping quantitative trait loci in line crosses using flanking markers. Heredity 69, 315–324. doi: 10.1038/hdy.1992.131

 Han, G., Lu, C., Guo, J., Qiao, Z., Sui, N., Qiu, N., et al. (2020). C2H2 Zinc finger proteins: Master regulators of abiotic stress responses in plants. Front. Plant Sci. 11, 115. doi: 10.3389/fpls.2020.00115

 Hara, T., Takeda, T., Takagishi, T., Fukue, K., and Kambe, T. (2017). Physiological roles of zinc transporters: Molecular and genetic importance of zinc homeostasis. J. Physiol. Sci. 67, 283–301. doi: 10.1007/s12576-017-0521-4

 Henry, A., Gowda, V. R. P., Torres, R. O., McNally, K. L., and Serraj, R. (2011). Variation in root system architecture and drought response in rice (Oryza sativa): Phenotyping of OryzaSNP panel in rainfed lowland fields. Field Crops Res. 120, 205–214. doi: 10.1016/j/fcr.21010.10.003

 Hu, J., Wang, Y., Fang, Y., Zeng, L., Xu, J., Yu, H., et al. (2015). A rare allele of GS2 enhances grain size and grain yield in rice. Molecular Plant 8(10), 1455–1465. doi: 10.1016/j.molp.2015.07.002

 Huggins, T. D., Chen, M. H., Fjellstrom, R. G., Jackson, A. K., McClung, A. M., and Edwards, J. D. (2019). Association analysis of three diverse rice (Oryza sativa L.) germplasm collections for loci regulating grain quality traits. Plant Genome 12 (1). doi: 10.3835/plantgenome2017.09.0085

 IRRI (International Rice Research Institute). (2014). Standard Evaluation System for rice (SES), 5th Edition. Los Banos (Philippines): International Rice Research Institute

 Islam, M. Z., Arifuzzaman, M., Banik, S., Hossain, M. A., Ferdous, J., Khalequzzaman, M., et al. (2020). Mapping QTLs underpin nutrition components in aromatic rice germplasm. PloS One 15, 1–13. doi: 10.1371/journal.pone.0234395

 Islam, M., Ontoy, J., and Subudhi, P. K. (2019). Meta-analysis of quantitative trait loci associated with seedling-stage salt tolerance in rice (Oryza sative l.). Plants 8 (2), 33. doi: 10.3390/plants8020033

 Jackson, M. T., and Lettington, R. J. L. (2003). Conservation and use of rice germplasm: an evolving paradigm under the international treaty on plant genetic resources for food and agriculture. in Proceedings of the 20th session of the International Rice Commission, Bangkok, Thailand. 23–26.

 Jagadish, S. V. K., Craufurd, P. Q., and Wheeler, T. R. (2008). Phenotyping parents of mapping populations of rice for heat tolerance during anthesis. Crop Sci. 48, 1140–1146. doi: 10.2135/cropsci2007.10.0559

 Jan, A., and Komatsu, S. (2006). Functional characterization of gibberellin-regulated genes in rice using microarray system. Genomics Proteomics Bioinf. 4 (3), 137–144. doi: 10.1016/S1672-0229(06)60026-0

 Jannink, J. L., and Jansen, R. (2001). Mapping epistatic quantitative trait loci with one-dimensional genome searches. Genetics 157, 445–454. doi: 10.1093/genetics/157.1.445

 Jiang, S. L., Wu, J. G., Thang, N. B., Feng, Y., Yang, X. E., and Shi, C. H. (2008). Genotypic variation of mineral elements contents in rice (Oryza sativa l.). Eur. Food Res. Technol. 228 (1), 115–122. doi: 10.1007/s00217-008-0914-y

 Jourjon, M. F., Jasson, S., Marcel, J., Ngom, B., and Mangin, B. (2005). MCQTL: Multi-allelic QTL mapping in multi-cross design. Bioinformatics 21, 128–130. doi: 10.1093/bioinformatics/bth481

 Khush, G. S. (1997). Origin, dispersal, cultivation and variation of rice. Plant Mol. Biol. 35 (1-2), 25–34. doi: 10.1007/978-94-011-5794-0_3

 Lee, S., Joong, H. J., Sun, A. K., Lee, J., Guerinot, M. L., and An, G. (2010). OsZIP5 is a plasma membrane zinc transporter in rice. Plant Mol. Biol. 73 (4-5), 507–517. doi: 10.1007/s11103-010-9637-0

 Lekklar, C., Pongpanich, M., Suriya-Arunroj, D., Chinpongpanich, A., Tsai, H., Comai, L., et al. (2019). Genome-wide association study for salinity tolerance at the flowering stage in a panel of rice accessions from Thailand. BMC Genomics 20, 76. doi: 10.1186/s12846-018-5317-2

 Li, R., Li, M., Ashraf, U., Liu, S., and Zhang, J. (2019). Exploring the relationship between yield and yield-related traits for rice varieties released in China from 1978 to 2017. Front. Plant Sci. 10, 543. doi: 10.1007/s001220000528

 Li, M., Li, X., Zhou, Z., Wu, P., Fang, M., Pan, X., et al. (2016). Reassessment of the four yield-related genes Gn1a, DEP1, GS3, and IPA1 in rice using a CRISPR/Cas9 system. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00377

 Lu, K., Li, L., Zheng, X., Zhang, Z., Mou, Y., and Hu, Z. (2008). Quantitative trait loci controlling Cu Ca zn Mn, and fe content in rice grains. J. Genet. 87, 305–310. doi: 10.1007/s12041-008-0049-8

 Ludwig, Y., and Slamet-Loedin, I. H. (2019). Genetic biofortification to enrich rice and wheat grain iron: From genes to product. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00833

 MacKill, D. J., and Khush, G. S. (2018). IR64: A high-quality and high-yielding mega variety. Rice 11, 18. doi: 10.1186/s12284-18-0208-3

 Malik, P., Huang, M., Neelam, K., Bhatia, D., Ramanjeet, K., Yadav, B., et al. (2022). Genotyping-by-sequencing based investigation of population structure and genome wide association studies for seven agronomically important traits in a set of 346 oryza rufipogon accessions. Rice 15, 37. doi: 10.1186/s12284-022-00582-4

 Mansueto, L., Fuentes, R. R., Borja, F. K., Detras, J., Abriol-Santos, J. M., Chebotarov, D., et al. (2017). ). rice SNP-seek database update: New SNPs, indels, and queries. Nucleic Acids Res. 45, D1075–D1081. doi: 10.1093/nar/gkw1135

 Morales, K. Y., Singh, N., Perez, F. A., Ignacio, J. C., Thapa, R., Arbalaez, J. D., et al. (2020). An improved 7K SNP array, the C7AIR, provides wealth of validated SNP markers for rice breeding and genetic studies. PloS One 15 (5), e0232479. doi: 10.1371/journal.pone.0232479

 Murray, M. G., and Thompson, W. F. (1980). Rapid isolation of high molecular weight plant DNA.” Nucleic Acids Res. 18 (12), 4321–4326. doi: 10.1093/nar/8.19.4321

 Mwanga, R. O. M., Swanckaert, J., da Silva Pereira, G., ndrade, M. I., Makunde, G., Grüneberg, W. J., et al. (2021). Breeding progress for vitamin a, iron and zinc biofortification, drought tolerance, and sweetpotato virus disease resistance in sweetpotato. Front. Sustain. Food Syst. 5. doi: 10.3389/fsufs.2021.616674

 Norton, G. J., Deacon, C. M., Xiong, L., Huang, S., Meharg, A. A., and Price, A. H. (2010). Genetic mapping of the rice ionome in leaves and grain: Identification of QTLs for 17 elements including arsenic cadmium iron and selenium. Plant Soil 329, 139–153. doi: 10.1007/s11104-009-0141-8

 Norton, G. J., Travis, A. J., Douglas, A., Fairley, S., Alves, E. P., Ruang-Areerate, P., et al. (2018). Genome wide association mapping of grain and straw biomass traits in the rice Bengal and Assam aus panel (BAAP) grown under alternate wetting and drying and permanently flooded irrigation. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01223

 Palanog, A. D., Calayugan, M. I. C., Descalsota-Empleo, G. I., Amparado, A., Inabangan-Asilo, M. A., Arocena, E., et al. (2019). Zinc and iron status in the Philippines population and local soils. Front. Nutr. 6. doi: 10.3389/fnut.2019.00081

 Pandey, S., Reddy, C. S., Yaqoob, U., Negi, Y. K., Arora, S., and Kaul, T. (2015). Insilico analysis of cis acting regulatory elements CAREs in upstream regions of ascorbate glutathione pathway genes from oryza sativa. Biochem. Physiol. 4 (2), 159. doi: 10.4172/2168-9652.1000159

 Papierniak, A., Kozak, K., Kendziorek, M., Barabasz, A., Palusinka, M., Tiuryn,, et al. (2018). Contribution of NtZIP1-like to the regulation of zn homeostasis. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00185

 Pradhan, S. K., Pandit, E., Pawar, S., Naveenkumar, R., Barik, S. R., Nayak, D. K., et al. (2020). Linkage disequilibrium mapping for grain fe and zn enhancing QTLs useful for nutrient dense rice breeding. BMC Plant Biol. 20, 57. doi: 10.1186/s12870-020-2262-4

 Rakotondramana, M., Tanaka, R., Pariaska-Tanaka, J., Stangoulis, J., Grenier, C., and Wissuwa, M. (2022). Genomic prediction of zinc-biofortification potential in rice gene bank accessions. Theor. Appl. Genet. 135, 2265–2278. doi: 10.1007/s00122-022-04110-2

 Redoña, E. D., and Mackill, D. J. (1996). Genetic variation for seedling vigor traits in rice. Crop Sci. 36 (2), 285–290. doi: 10.2135/cropsci1996.011183X00360002001x

 Reyes, V. P., Kitony, J. K., Nishiuchi, S., Makihara, D., and Doi, K. (2022). Utilization of genotyping-by-Sequencing (GBS) for rice pre-breeding and improvement: A review. Life 12, 1752. doi: 10.3390/life12111752

 RStudio Team (2015). RStudio: Integrated Development Environment for R. Boston, MA. Availabl at: http://www.rstudio.com/

 Sevanthi, A. M., Sinha, S. K., Sureshkumar, V., Rani, M., Saini, M. R., Kumari, S., et al. (2021). Integration of dual stress transcriptomes and major QTLs from a pair of genotypes contrasting for drought and chronic nitrogen starvation identifies key stress responsive genes in rice. Rice (N Y) 14, 49. doi: 10.1186/s12284-021-00487-8

 Specht, J. E., Chase, K., Macrander, M., Graef, G. L., Chung, J., Maxwell, J. P., et al. (2001). Soybean response to water: A QTL analysis of drought tolerance. Crop Sci. 41, 493–509. doi: 10.1235/cropsci2001.412493x

 Srivastava, S. K., Wolinski, P., and Pereira, A. (2014). A strategy for genome-wide identification of gene based polymorphisms in rice reveals non-synonymous variation and functional genotypic markers. PloS One 9 (9), e105335. doi: 10.1371/journal.pone.0105335

 Stangoulis, J. C. R., and Knez, M. (2022). Biofortification of major crop plants with iron and zinc - achievements and future directions. Plant Soil 474, 57–76. doi: 10.1007/s11104-022-05330-7

 Swamy, B. P. M., Descalsota, G. I. L., Nha, C. T., Amparado, A., Inabangan-Asilo, M. A., Manito, C., et al. (2018). Identification of genomic regions associated with agronomic and biofortification traits in DH populations of rice. PloS One 13 (8), 1–20. doi: 10.1371/journal.pone.0201756

 Swamy, B. P. M., Marathi, B., Ribeiro-Barros, A. I. F., and Ricachenevsky, F. P. (2021a). Editorial: Development of healthy and nutritious cereals: Recent insights on molecular advances in breeding. Front. Genet. 12. doi: 10.3389/fgene.2021.635006

 Swamy, B. P. M., Marunadan, S. Jr., Samia, M., Ordonio, R. L., Ribong, D. B., Miranda, R., et al. (2021b). Development and characterization of GR2E golden rice introgression lines. Sci. Rep. 11, 2496. doi: 10.1038/s41598-021-82001-0

 Swamy, B. P. M., Rahman, M. A., Inabangan-Asilo, M. A., Amparado, A., Manito, C., Chadha-Mohanty, P., et al. (2016). Advances in breeding for high grain zinc in rice. Rice 9, 49. doi: 10.1186/s12284-016-0122-5

 Tang, W., Wu, T., Ye, J., Sun, J., Jiang, Y., Yu, J., et al. (2016). SNP-based analysis of genetic diversity reveals important alleles associated with seed size in rice. BMC Plant Biol. 16, 93. doi: 10.1186/s12870-016-0779-3

 The 3,000 rice genome project (2014). The 3,000 rice genome project. GigaSci 3, 7. doi: 10.1186/2047-217X-3-7

 Travis, A. J., Norton, G. J., Datta, S., Sarma, R., Dasgupta, R., Savio, F. L., et al. (2015). assessing the genetic diversity of rice originating from bangladesh, assam and west bengal. Rice 8, 35. doi: 10.1186/s12284-015-0068-z

 Tsakirpaloglou, N., Swamy, B. P. M., Acuin, C., and Slamet-Loedin, I. H. (2019). “Biofortified zn and fe rice: potential contribution for dietary mineral and human health,” in Nutritional quality improvement in plants. concepts and strategies in plant sciences. Eds.  P. Jaiwal, A. Chhilar, D. Chaudhary, and R. Jaiwal (Cham: Springer). doi: 10.1007/978-3-319-95354-0-1

 Varshney, R. K., Bohra, A., Yu, J., Graner, A., Zhang, Q., and Sorrells, M. (2021). Designing future crops; genomics-assisted breeding comes of age. Trends Plant Sci. 26 (6), 631–649. doi: 10.1016/j.tplants.2021.03.010

 Verdeprado, H., Kretzschmar, T., Begum, H., Raghavan, C., Joyce, P., Lakshmanan, P., et al. (2018). Association mapping in rice: Basic concepts and perspectives for molecular breeding. Plant Production Sci. 21 (3), 159–176. doi: 10.1080/1343943X.2018.1483205

 Wang, J. (2009). Inclusive composite interval mapping of quantitative trait genes. Acta Agronomica Sin. 35 (2), 239–245. doi: 10.3724/SP.J.1006.2009.00239

 Wang, W., Mauleon, R., Hu, Z., Chebatarov, D., Tai, S., Wu, Z., et al. (2018). Genomic variation in 3,010 diverse accessions of Asian cultivated rice. Nat. Publishing Group 557, 43–49. doi: 10.1038/s41586-018-0063-9

 Wang, X., Pang, Y., Zhang, J., Zhang, Q., Tao, Y., Feng, B., et al. (2014). Genetic background effects on QTL and QTL x environment interaction for yield and its component traits as revealed by reciprocal introgression lines in rice. Crop J. 2 (6), 345–357. doi: 10.1016/j.cj.2014.06.004

 Wei, X., JunFeng, X., Ling, X., Lun, W. H., Ling, Z., Qu, Z., et al. (2012). Genetic analysis for the diversity of heading date of cultivated rice in China. Acta Agron. Sin. 38(1), 10–22.

 Welch, R. M. (2004). Breeding strategies for biofortified staple plant food to reduce micronutrient malnutrition globally. J. Nutr. 132 (3), 495s–499s. doi: 10.1093/jn/132.3.495S

 Widodo, B., Broadley, M. R., Rose, T., Frei, M., Pariasca-Tanaka, J., Yoshihashi, T., et al. (2010). Response to zinc deficiency of two rice lines with contrasting tolerance is determined by root growth maintenance and organic acid exudation rates, and not by zinc-transporter activity. New Phytol. 186 (2), 400–414. doi: 10.1111/j.1469-8137.2009.031777.x

 Wu, W., Cheng, Z., Liu, M., Yang, X., and Qiu, D. (2014). C3HC4-type RING finger protein NbZFP1 is involved in growth and fruit development in Nicotiana benthamiana. PLoS One 9(6), e99352. doi: 10.1371/journal.pone.0099352

 Xiang, J., Lin, J., Tang, D., Zhou, B., Guo, M., He, R., et al. (2010). A DHHC-type zinc finger protein gene regulates shoot branching in Arabidopsis.  Afr. J. Biotechnol. 9(45), 7759–7766. doi: 10.5897/AJB10.650

 Xu, J., Xing, Y., Xu, Y., and Wan, J. (2021). Breeding by design for future rice: Genes and genome technologies. Crop J. 9, 491–496. doi: 10.1016/j.cj.2021.05.001

 Xu, Y., Li, P., Yang, Z., and Xu, C. (2016). Genetic mapping of quantitative trait loci in crops. Crop J. 5 (2), 175–184. doi: 10.1016/j.cj.2016.06.003

 Xu, K., Xu, X., Fukao, T., Canlas, P., Maghirang-Rodriguez, R., Heuer, S., et al. (2006). Sub1A is an ethylene-response-factor-like gene that confers submergence tolerance to rice. Nature 442, 705–708. doi: 10.1038/nature04920

 Xu, Q., Zheng, T. Q., Hu, X., Cheng, L. R., Xu, J. L., Shi, Y. M., et al. (2015). Examining two sets of introgression lines in rice (Oryza sativa l) reveals favorable alleles that improve grain zn and fe concentrations. PloS One 10 (7), 1–20. doi: 10.1371/journal.pone.0131846

 Yadaw, R. B., Khatiwada, S. P., Chaudhary, B., Adhikari, N. P., Baniya, B., Mudwari, A., et al. (2006). Participatory Varietal Selection (PVS) of rice varieties for rain fed conditions. International Rice Research Institute (IRRI).

 Yang, M., Li, Y., Liu, Z., Tian, J., Liang, L., Qiu, Y., et al. (2020). A high activity zinc transporter OsZIP9 mediates zinc uptake in rice. Plant J. 103(5), 1695–1709. doi: 10.1111/tpj.14855

 Yang, Y., Chou, H. L., Crofts, A. J., Zhang, L., Tian, L., Washida, H., et al. (2018). Selective sets of MRNAs localize to extracellular paramural bodies in a rice Glup6 mutant. J. Exp. Bot. 69 (21), 5045–5058. doi: 10.1093/jxb/ery297

 Yang, X., Ma, K., Zhao, Y., Wang, X., Zhou, K., Yu, G., et al. (2021). Genomic selection: A breakthrough technology in rice breeding. Crop J. 9 (3), 669–677. doi: 10.1016/j.cj.2021.03.008

 Yin, X., Liu, X., Xu, B., Liu, P., Dong, T., Yang, D., et al. (2019). OsMADS18, a membrane-bound MADS-box transcription factor, modulates plant architecture and the abscisic acid response in rice. J. Exp. Bot. 70 (15), 3895–3909. doi: 10.1093/jxb/erz198

 Yoo, J., Cao, X., Zhou, Q., and Ma, L. Q. (2006). Accumulation of Pb, Cu, and zn in native plants growing on a contaminated Florida site. Sci. Total Environ. 368 (2-3), 456–464. doi: 10.1016/j.scitoenv.2006.01.016

 Yu, X., Yuan, S., Tao, X., Huang, J., Yang, G., Deng, Z., et al. (2021). Comparison between main and ratoon crops in resources use efficiencies, environmental impacts, economic profits of rice ratooning system in central China. Science of the Total Environment 799, 149246. doi: 10.1016/j.scitotenv.2021.149246

 Zhang, H., Liu, Y., Wen, F., Yao, D., Wang, L., Guo, J., et al. (2019). A novel rice C2H2-type zinc finger protein, ZFP36, is a key player involved in abscisic acid-induced antioxidant defence and oxidative stress tolerance in rice.” J. Exp. Bot. 65 (20), 1–2. doi: 10.1093/jxb/eru313

 Zhang, M., Shannon, R., Pinson, M., Tarpley, L., Huang, X. Y., Lahner, B., et al. (2014). Mapping and validation of quantitative trait loci associated with concentrations of 16 elements in unmilled rice grain. Theor. Appl. Genet. 127 (1), 137–655. doi: 10.1007/s00122-013-2207-5

 Zhao, F. M., Zhang, G. Q., Zeng, R. Z., Yang, Z. L., Ling, Y. H., Sang, X. C., et al. (2011). Analysis of epistatic and additive effects of QTLs for grain shape using single segment substitution lines in rice (Oryza sativa l.). Acta Agron. Sin. 37, 469–476. doi: 10.3724/SP.J.1006.2011.00469

 Zhu, D., Kang, H., Li, Z., Liu, M., Zhu, Y., Wang, Y., et al. (2016). A genome-wide association study of field resistance to magnaporthe oryzae in rice. Rice 9, 44. doi: 10.1186/s12284-016-0116-3




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 © 2023 Palanog, Nha, Descalsota-Empleo, Calayugan, Swe, Amparado, Inabangan-Asilo, Hernandez, Sta. Cruz, Borromeo, Lalusin, Mauleon, McNally and Swamy. 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.




[image: image]


OPS/images/fpls.2022.1110910/fpls-13-1110910-g005.jpg
Gluster Dendrogram

K 0.9
P, Io.s
3 0
3 -0.4
2 .-0.9






OPS/images/fpls.2022.1110910/fpls-13-1110910-g006.jpg





OPS/images/fpls.2022.1110910/fpls-13-1110910-g007.jpg
Eggg; g'géggg CO2H:0
REAEY izlz%%szzéwi B it
. PGK bel PRK
1, 3bisphosphate-glycerate ¢— Glycerate-3P <—— Ribulose-5P

glycerate Hyde-3P

GAPA TR HI017533%7 RBLIBITII i
y SEE ===_ElnE

Ribose-5P
ALDO
\4
D-Fructosel,6P>
r"@E?: '%l %ééﬁg sedoheptulose-7P
¥ IRk

D-Fructose-6p —————— »  Erythrose-4P L}Ssdoheptulose-l,7-bisphosphate
[]ncbi 101765746

6
i i
bg“g ﬁ§$§§

T nehi_101771288 B-glucosidase B-glucosidase

i endoglucanase belX- bglB bglX. bglB
0-D-Glucose 6-P —» Cellulose — Cellodextrin —> Cellobiose ™ D-Glucose

Y
0-D-Glucose 1-P —) ADP-Glucos T} Amylose
glg g
Encgl |B|;§§ﬂ9 [T ncbi 101761472

ROW Z-Score

LD LDCK HD HDCK -13 -05 0.0 10 1.
B ROW Z-Score
LD LDCK HD HDCK -17-10 0.0 10 1.7
o s e S -
Gernaylgeranyl-] PP—} ent-Copalyl- PP—}cm Kaur-16-ene —} ent-Kaur-16-en-19- ol—) ent-Kaur-16-en-19-al
nehi-|8172 gu bl i _
B R = = =TSR )
GA34-catabolite €22 GA34 € SA2X Gy

T nebi_101760262 [ nebi_101760262

GAS -catabolte €—— GAS1 €5 GA9 &XGAM(— oals €« 22K G4 1) < GAl2-aldehyde

0X
nchi_ 5 nchi _:mbujowbo’é’
nchi % ncl L
nebi— nchi—
ncbi— ncbi—
EHCEL
nchi—
nchi~
nchi—
nchi—

5
%1%%352? [ nebi 101760262 I nebi_101760262 I nebi_101760262
- GA200x
GA9GA20X_ Grrg TR0 (10 GANON gy o GANN s

GA200x
==

GA?29-catabolite






OPS/images/fpls.2022.1110910/fpls-13-1110910-g008.jpg
A

phenylalanine

PTAL nebi- 101780143
=S

Cinnamic acid

v

P-Cinnamic acid ——)- Ferulic acid — 5-Hydroxyferulic acid ————> Sinapic acid

e 4cL 4cL acL
nchi_ 101764384 nebi_ 101764384 nchi_101764384
EEEE i R | EEEEE
p-coumaroyl-CoA Feruloyl-CoA 5-Hydroxyferulic CoA Sinapoyl-CoA
CCR CCR CCR CCR
=== R == = = PR === S At — = = S ER U
P-coumaralde hyde Coniferyl aldehyde 5-Hydroxyconiferaldehyde Sinapoy!ildehyde
CAD l CAD CAD
nepi_|0173633 — 10173 ] nchi | nchi 10173633
Sl = : S==SEEE N = — = = et
Coumaroyl alcohol Coniferyl alcohol 5-Hydroxyconiferyl alcohol Sinapyl alcohol
peroxidase peroxidase peroxidase FEToRTAT
i A ke
cR |81 32633k chi-l0 7ag3ss chi-]8] 73331
iR e == =S|
- ton e = Eh s
c i;ngngégﬁ c iflgwg?g% -E : i: g ?gégﬁ
Lt - e
110173714 I~ } —1— 110175714
ey Bl ====| sl
ol s |0 17538 = - - E T
nebi-101782378 1101782379 chi - e
18172333 |l chi- — cb 8335352
. i L =
i e = S
- g e :;lg H B -1
il i il
ngbglglégi’)ggg 1818328 chi- iglﬁ,ﬁgéﬁ
P-Hydroxy-phenyl lignin Guaiacyl lignin 5-Hydroxy-guaiacyl lignin Syringyl lignin
ROW Z-Score
| =]
LD LDCK HD HDCK 17 09 00 -0.8 -L8
ROW Z-Score
B o=
LD LDCK HD HDCK 1.5 0.7 0.0 -09 -1.6
Glutamate ——3 L-Glutampyl-P ——) Glutamate-5-semialde hyde ———»P5C ———>  proline
P5CS P5CS proC

nebi 101775420 chi BT nobi
B0 T e 191723439 noki 101764215





OPS/images/fpls.2022.1110910/fpls-13-1110910-g001.jpg
LDCK
HDCK

0c 6 8¢ LT 9 ST ¥ € T 1T 0C 6 81 LI 91 SI ¥l € T UL O 6 8 L 9 S ¥ ¢ ¢ I o 0 6 8T [z L ST ¥ € W IT 0C 61 81 LI oL sl 41 €I 2 o6 8 L 9 5 ¥ € T 1 0

1

LD

o6 8 L 9 S ¥ € T 1 0 0f 6T 8 LZ % ST ¥ € T 1T 0C 61 8T LI OL SI #1 €L Z IL O 6 8 L 9 S ¥ € T I 0

I Ve

0f 6T 8 LT 9T ST ¥ € T 1T 0T 61 8 LI 91T ST #I €I T






OPS/images/fpls.2022.1110910/fpls-13-1110910-g002.jpg
[__1 Drough
ek

iy

HD

1 p "

: _ q . — D“_
_ - L _
BEEEEN 5

& & 2 &8 & = g L e
& & = = L] (;_Se_WejotU)1],
[$) (o1d3/n)nun YIvVSY w (8/r)o1d Ic

500

LD

Yobat e

1D

T 2 Iz £ = S & & g ° g 2 2 5
& & 8 =8 g 8 8 =® 8 & 8 8 8
[ia) (m4+3/0)AnAn0EQOS w (mJe3/10wn XL = g S s S S

A_.mN.E._oEEVmO

[ El |
__ | |

LD
LD

S £ £ g g o nQ g & o g & a » =
2 s S S = S = W g g g - Alm EIHOU_QE-:-&
S s & 8.3 3 & 3

P-4 (=) (3/8w)SS o I






OPS/images/fpls.2022.1110910/fpls-13-1110910-g003.jpg
1.7
0.9
0.0
-0.9
-1.7

snoaTn—a
nmunﬂwnﬁnﬂnﬁwmmw R YESeR ISR o m2ad

SS55555585555555555555555-05555505

R T A e N b S D ey
AN SN A R e S A e

SEE:

mup
= DOWN

T =======
] [TTTT]
[T ====_

HD

HDCK-vs-HDCK

-HD
-vs-HD

LDCK
HDCK-vs-
HDCK.

3
3
g

LDCK-vs-LD
LDCK-vs-LD






OPS/images/fpls.2022.1110910/fpls-13-1110910-g004.jpg
Alpha-Linolenicacidmetabolism
Phenylalaninemetabolism
Phenylpropanoidbiosynthesis
Carotenoidbiosynthesis
Indolealkaloidbiosynthesis

Betalainbiosynthesis

Zeatinbiosynthesis

Arginineandprolinemetabolism
Brassinosteroidbiosynthesis
Aminosugarandnucleotidesugarmetabolism

Phenylalanine tyrosineandiryptophanbiosynthesis

Biosynthesisofaminoacids
MAPKsignalingpathway-plant

Glutathionemetabolism

Photosynthesis-antennaproteins
Carbonfixationinphotosyntheticorganisms
Planthormonesignaltransduction

Carbonmetabolism

Photosynthesis

Starchandsucrosemetabolism

Gene number

.4
® 188
@ 15
@43
@8

w43
Sl
g

S22
H &
g

* Moo

02 04 06
Gene Ratio

Argininebiosynthesis
Alanine,aspartateandglutamatemetabolism
Phenylalanine, tyrosineandiryptophanbiosynthesis
Aminosugarandnucleotidesugarmetabolism

Glutathionemetabolism
Biosynthesisofaminoacids
Starchandsucrosemetabolism
Flavonoidbiosynthesis
Carbonmetabolism
Phenylpropanoidbiosynthesis
Fructoseandmannosemetabolism
Galactosemetabolism
Arginineandprolinemetabolism
Carbonfixationinphotosyntheticorganisms
Inositolphosphatemetabolism
Phosphatidylinositolsignalingsystem
VitaminBémetabolism
Alpha-Linolenicacidmetabolism
Peroxisome
MAPKsignalingpathway-plant
Diterpenoidbiosynthesis

Photosynthesis

Planthormonesignaltransduction

02 03
Gene Ratio

Gene number

2.0
13
07
0.0

(anjenp)?+Bor-





OPS/images/fpls.2022.1091156/table6.jpg
Year Treatment

2020 Blank
Con.
Tr.

2021 Blank
Con.
OFT

ANOVA results
Tr.
Year

Treatment x year

Cell wall

834 *2la
81.2 £ 1.5ab
834+ 1.7a
72.8 £ 0.9b
84.9 +3.9a
80.3 + 2.1ab

0.210
0.165
0.069

Lignin

17.2 + 0.4b
17.0 £ 0.7b
15.7 £ 0.5b
24.2+0.2a
24.2 £ 0.6a
23.6 £ 0.5a

0.194
<0.001
0.780

Cellulose

44.4 + 0.5
44.3 £ 0.3a
428 +22a
62.3 £ 5.7a
53.3 £ 10.0a
66.3 + 7.5

0.693
0.012
0.589

Soluble sugar

8.8  0.7abc
8.0 £ 0.3bc
6.3 +0.7¢
11.5 + 14a
10.0 + 1.0ab
9.1 £ 0.4ab

0.091
0.012
0.923

Starch

4.2 £ 0.4ab
2.8 +0.3bc
25+0.2c
4.7 £ 04a
3.7 + 0.2abc
3.4 + 0.5abc

0.015
0.048
0.889

Blank, no fertilizer treatment; Con., control; STFFOF, soil-testing formula fertilization using organic fertilizer. Mean values + standard errors (n = 3) in the same column followed by

different letters are significantly different (P < 0.05). The values of ANOVA results in bold show significant treatment effects at P <0.1.
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Traits® aTL

VB Qub-2D

Qub-3A
Qub-4B
Qub-5A
Qub-7A
SD Qsd-2D

Qsd-3A

Qsd-38
Qsd-54
Qso-68

Qsd-7A
SWT Qswt-2D
Qswt-38

Qswt-3D
Qswt-7D.

PW Qow-30
RN an-28
an-2p
Qm-4B.1

Qm-4B.2
am-7A

am-78

PH Qph-28
Qph-2D

Qph-3A
Qph-7D

Chromosome

2D

3B
5A

7A
2D
3B

3D
7D

3D
28
2D
B

a8
7A

7B

28

2D

70

For trait abbreviations, see Table 2.
‘Percentage of the phenotypic variation explained by the QTL.

Additive effect: positive values mean genotype “

Po

ion (cM)

38.086

105.88

206.56
223.67
38.09

100.82

8.24
82.71
79.94

139.45
1822
185.37

54.01
178.44

5207
175.36
103.12

88.33

17213
223.67

103.7

136.82
4068

59.26
166.78

Nearest marker

D1179294-2D21.4

7487752-0
1120870-4B43.8
5357328
D1107943-7A1150
D1179294-2021.4

D4260815-3A41.9

3022720-389.02
D1164760-5A51.8
D1708171

D1182394-3A16.4
D5332256-2B41.5
D3942570-2881.7

D1116044-3D16.7
D4990057-7D97.7

D1104351-3D16.3
D1080886-2882.9
D1268308-2D60.6
D1084202-
4B45.30
05993254
D1107943-7A1150

D1243183-5B865

D2301818-2874.1
D7347063-0

D4320684
992105

2-LOD interval
(cM)

29.06-43.45

101.67-123.51
87.21-99.71

202.82-214.01

220.44-253.71
35.99-43.45

100.82-102.02

0-18.33
79.52-86.90
79.06-79.94

131.81-153.29
173.53-189.01
181.66-185.94

52.07-81.79
166.76-193.98

52.07-81.79
167.62-177.09
103.12-115.54

85.50-91.66

172.13-180.68
223.05-223.67

100.78-103.70

135.26-142.82
35.46-40.68

59.26-63.88
151.95-178.44

LOD score

402

855
3.44
6.28
3.46
803

514
3.73

305
3.7
537
5.18

7.33
213

5.18

495
9.56

525
439

Percent
phenotypic
variation
explained
(R?, %)*

5.7

32
5.4

79
27.3

5.4

71
158

76

alleles increased phenotypic values while negative values of the additive effect mean genotype “

Comparison

Allele effects®  with reported

atL

0.385831  RNI&/RNHL-DT

(Chaietal.,
2022; Xiong
etal, 2022)
-0.417795
-0.423922
~0634144
0370098
00922892 ANI&/RNHL-DT
(Chai et al.
2022; Xiong
etal, 2022)
-0.105789  3A (Berry and
Berry, 2015)
-0.0847802
-0.100992
-00901461 68 (Bery and
Berry, 2015)
-0.0646935
0.08053

-0.102763  Qss.msub-3BL
(iestad et al.,

2017)
-0.0806452
-00686018  TaSEPS-DI
(Zhang et al.,
2021)
~0.653604
0.277751
-0337096
-03377
0390091
0726702 WAPOT (Kuzay
etal, 2019)

-0.325627 WAPO1-78
(Kuzay et al.

2019)
-3.24011
-4.56189  Rht8/ANHL-DT
(Chai et al.
2022; Xiong
etal,, 2022)
3.18915

~2.89365 TaSEPS-D1
(zhang et al.
2021)

alleles decreased trait scores.
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QTL Chromosome Covariate Position Nearest marker Lop R
Qub-20 2D PH 38.09 D1179294-2D21.4 4.96 53
Qub-GA 3A PH 105.88 7487752--0 59 59
Qub-48 8 PH 93.63 1120870-4B43.8 5.76 6.2
Qub-5A 5A PH 206.56 5357328 16.3 185
Qub-7A A PH 22367 D1107943-7A1150 5.16 52
Qsd-2D 2D PH ns ns ns ns
Qsd-3A 3A PH 100.82 D4260815-3A41.9 8.35 1.9
Qsd-38 3B PH ns ns ns ns
Qsd-5A 5A PH 8271 D1164760-5A51.8 852 122
Qsd-68 68 PH 79.94 D1708171 6.23 9
Qsd-7A A PH 139.4 D1182394-3A16.4 453 6.2
Qswi-20 2D PH 182.20 D5332256-2B41.5 6.74 10.2
Qswi-38 3B PH 185.37 D3942570-2861.7 5.85 88
Qswi-3D 3D PH 54.01 D1116044-3D16.7 37 5.4
Qswi-7D 70 PH 178.44 D4990057-7D97.7 3.42 52
Qsd-2D 2D swr 36.49 1242814-2D209-0 957 7.3
Qsd-GA 3A swt 101.67 2254081-3A49 481 59
Qsd-38 3B swt ns ns ns ns
Qsd-5A 5A swt 8271 D1164760-5A51.8 6.1 76
Qsd-68 68 swt ns ns ns ns
Qsd-7A A swr ns ns ns ns
Qpw-3D 3D vB 52,07 D1104351-3D16.3 3.68 7.3
Qrn-28 28 vB ns ns ns ns
Qm-2D 20 vB 103.12 D1268308-2D60.6 327 32
Qrn-48.1 8 vB ns ns ns ns
Qn-48.2 48 vB ns ns ns ns
Qm-7A A vB 22367 D1107943-7A1150 18.07 209
Qm-78 78 vB ns ns ns ns

ns means not significant; trait abbreviations see Table 2.
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PW 141 473 8.14 3 2 0.28
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V,: genotype variance; V: resicual error variance; V,u: genotype by environment interaction variance; : narmow-sense heritabilty. VB: number of big vascular bundle; SD: stem
diameter; SWT: stem wall thickness; RN: the number of the spikelet; PW: panicle weight; PH: plant height.
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233+ 1.34a 301.3 +43.2a 3562.4 + 141.21ab
21.39 £ 1.93a 293.76 + 28.3a 3678.3 + 135.6a
1643 + 1.32b 287.13 + 26.48a 2856.5 + 318.3b
2201 + 1.84a 291.69 + 21.5a 375148 + 153.39a

Different lowercase letters show significant difference at the P=0.05 level in the same column.

3.15 + 0.09a

332 £0.152

273 + 0.14b

3.08 + 0.13a

13.6 + 0.04b

10.4 +0.02¢

15.3 £ 0.05a
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4376.4 + 483.71a
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LD 0.84 + 0.1a 0.19 + 0.03a 1.02 £ 0.13a 0.17 £ 0.01a ‘
LDCK 0.55 + 0.19ab 0.12 + 0.04ab 0.67 + 0.24ab 0.11 + 0.04a ‘
HD 0.47 + 0.03b 0.14 + 0.01b 0.61 £ 0.03b 0.12 £ 0.01a ‘
HDCK 0.71 + 0.14ab 0.17 + 0.03a 0.88 £0.17a 0.14 + 0.03a ‘

Ca, Chlorophyll a content; Cb, Chlorophyll b content; C(x-c),Carotenoid content.
Different lowercase letters show significant difference at the P=0.05 level in the same column.
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Index SLR
LI -0.076
BM 0.498+
Si0, -0.464
N 0.730°
P 0.644°
K 0.133
Ca -0.628"
Mg -0.269
cw -0.015
Lignin -0.069
Cellulose 0.485
ss -0.550+
Starch -0.611%

LI

0.624%
0.540+
-0.197
0.054
0.496
0.503
0.568+
0.011
0.466
0.165
0.356
0.003

BM

-0.007
0.340
0.366
0.620"
0.237
0.188
-0.107
0.602*
0.393
0.122
-0.117

Si0,

-0.746"
-0.316
0.109
0246
0.619°
0.098
0.094
-0.078
0299
0.167

0.787°
0213
-0.244
0475
-0.164
0.146
0506+
-0.169
-0.142

The P-values in bold show significant correlations at P <0.01. N = 12.
SLR, stem lodging rate; L1, lodging index; BM, bending moment; CW, cell wall; S8, soluble sugar.
“Statistically significant correlations at P < 0.05.
“Statistically significant correlations at P < 0.01.

0513+
-0.114
-0.281
-0.026
0418
0775
0.086
0.045

0521+
0.345
0.363
0.849"
0.755"
0.376
0.303

Ca

0.188
-0.045
0.748"
-0.006
0.815"
0.757°

Mg

0.345
0.093
0.074
0.070
-0.147

CW  Lignin  Cellulose
0.042

0456 0458

0333 0.668" -0.059
0276 0.638° 0010

SS

0.808"
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Index SLR

LI -0.076
BM 0.498+
TNP 0.546+
PH -0.123
EL 0.189
WE 0.304
PRP -0.860"
PRC -0.818"
SPAD 0.406
WSS 0.544+
BR 0.695"
SD 0.654"
SWT -0.016
CA 0.653*
CD 0.439

The P values in bold show significant correlations at P <0.01. N = 6 for PRPP, PRPC, and SPAD; N = 12 for others.

LI

0.624"
-0.497
-0.013
0.218
0.342
0.579
0.638
-0.817%
-0.349
-0.539+
-0.574+
-0.429
-0.576+
-0.346

BM

0.009
0.150
0.090
0.647*
-0.388
-0.253
-0.446
0.145
0.193
0.034
-0.223
0.038
0.005

TNP

0.143
-0.196
0.343

-0.775+

-0.865"
0.938"
0.882°
0.773
0.623°
0.123
0.620°
0426

PH

0.729°
0408
0390
0446

-0.767+
0071
0356
0,022
0292
0,013
-0.169

EL

-0.314
-0.340
-0.389
0.284
-0.207
-0.324
-0.025
-0.070
-0.029
-0.252

WE

-0.864"
-0.838"
0.358
0.581°
0.293
0.147
-0.209
0.147
0.133

PRP

0.987°
-0.640+
-0.831°
-0.940°
-0.991°
-0.277
-0.990°
-0.897°

PRC

0737
-0.894°
-0.903°
0.961°
-0.288
0.959"
-0.883"

SPAD WSS
0931°
0490  0714"
0563 0.697
20.009  -0.044
0555 0.693"
0.641 0387

BR

0.845"
0.264
0.849"
0.403

SD

0.248
10.000°
0.444

SWT

0.254
0.143

CA

0.438

SLR, stem lodging rate; L1, lodging index; BM, bending moment (cm-g); TNP, tiller number per plant; PH, plant height (cm); EL, ear length (cm); WE, weight of ear (g); PRP, pushing
resistance per plant (N); PRC, pushing resistance per stem (N); WSS, weight of a single stem, apart from ear (g); BR, breaking resistance (N); SD, stem diameter (mm); SW'T, stem wall

thickness (mm); CA, cross-sectional area; CD, stem density (mg/cm).
“Statistically significant correlation at P < 0.05.
PStatistically significant correlation at P < 0.01.





OPS/images/fpls.2022.1091156/table2.jpg
Year Treatment

2020 Blank
Con.

STFFOF
2021 Blank

Con.

STFFOF

ANOVA results
Treatment
Year

Treatment x
year

Tiller number
per plant

9.4 £ 0.6d
13.8 £ 0.3b
154 £ 0.5a
12.0 +0.3¢

13.8 + 0.1b
16.0 + 0.4a
<0.001

0.020
0.046

Plant
height/cm

100.7 + 2.0c
107.3 + 1.4b
1105 + 1.3ab
1139 + 0.9a

112.6 + 1.0ab
1104 + 1.2ab
0.165

0.001
0.006

Ear
length/cm

27.9 + 0.5bc
30.0 £ 0.1a
293 £ 0.5ab
27.6 + 0.5¢

28.9 + 0.2abc
29.2 £ 0.2ab
0.007

0.270
0.567

Weight per
ear/g

3.0+0.1d
3.8 £0.lcd
4.1+ 0.1c
6.3 + 0.4ab

59 +0.2b
7.0 £0.3a
0.013

<0.001
0.120

Pushing resistance
per plant/N

9.0 £ 0.3a
10.1 + 0.2a

6.5 + 0.4b

0.001

Pushing resistance
per stem/N

0.7 £ 0.0a
0.7 £ 0.0a

0.4 + 0.0b

<0.001

SPAD

19.0 +
0.2¢

26.5 +
0.4b

320+
1.6a

0.001

Mean values + standard errors (n = 3) in the same column followed by different letters are significantly different (P < 0.05). The values of ANOVA results in bold show significant treatment

effects at P < 0.1.

Blank, no fertilizer treatment; Con., control; STFFOF, soil-testing formula fertilization using organic fertilizer.
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Year Treatment The weight of a single Breaking Stem Stem wall Cross- Stem density
stem—apart from ear (g) resistance (N) diameter (mm) thickness (mm) sectional area (mg/cm)

2020  Blank 26.5 £ 0.5¢ 121 + Lla 5.2 +0.1bc 1.0 £ 0.0a 21.1 £ 0.8bc 37.5 + 1.7bc
Con. 395+ 1.1d 7.8 + 0.6b 51+0.1c 1.0 £ 0.0a 20.6 + 0.4bc 39.7 + 1.3abc
STFFOF 64.9 £ 2.6b 12.1 + 0.5 5.7 £0.0a 1.0 £ 0.0a 255+ 03a 38.7 £ 1.9abc

2021 Blank 57.5 + 3.3bc 122 + 14a 5.4+ 0.0b 0.8 +0.1a 22,6 +0.2b 43.6 + 0.5a
Con. 489 £ 2.5¢d 8.3 + 0.3b 5.0 £0.0c 0.9 £0.1a 19.8 + 0.4c 36.0 = 0.3¢
STFFOF 81.7 +5.1a 119 £ 0.7a 56 +0.1a 0.9 +0.0a 247 +0.8a 41.9 + 1.3ab

ANOVA results

Treatment <0.001 0.003 <0.001 0.649 <0.001 0.202
Year <0.001 0.857 0.984 0.159 0.997 0.174
Treatment x year 0.031 0.946 0.150 0.690 0.160 0.025

Blank, no fertilizer treatment; Con., control; STFFOF, soil-testing formula fertilization using organic fertilizer. Mean values + standard errors (n = 3) in the same column followed by
different letters are significantly different (P < 0.05). The values of ANOVA results in bold show significant treatment effects at P < 0.1.
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Year Treatment SiO, (g/kg) N (mg/g) P (mg/g) K (mg/g) Ca (mg/kg) Mg (mg/kg)

2020 Blank 69.1 + 4.6a 4.1 +0.5¢ 26 +0.3b 34 +0.2¢ 09 £0.1b 7.2+ 04a
Con. 51.0 + 2.4b 7.2 + 0.5bc 44 +0.3b 7.0 + 0.4bc 1.1 £ 0.0bc 9.5+ 0.5a
STFFOF 27.7 +£2.5d 123 £09a 49 +0.4b 6.0 + 0.2bc 1.0 £0.2b 6.9 + 0.6a

2021 Blank 41.3 +2.9bc 7.0 + 0.2bc 4.7 £ 1.0b 10.1 + 1.4ab 1.6 £ 0.2b 6.6 + 0.9a
Con. 45.3 + 0.6b 8.4 + 0.4b 5.0 + 0.5b 138 £1.7a 25+0.2a 9.7+ 0.7a
STFFOF 32,0 + 1.0cd 15.2 + 1.6a 11.7 £ 1.8a 12.8 £ 1.3a 1.4 +0.3bc 6.6 + 1.1a

ANOVA results
Treatment <0.001 0.000 0.003 0.043 0.015 0.013
Year 0.004 0.012 0.004 <0.001 <0.001 0.781
Treatment x year 0.001 0.637 0.033 0.998 0.045 0916

Mean values + standard errors (n = 3) in the same column followed by different letters are significantly different (P < 0.05). The values of ANOVA results in bold show significant treatment
effects at P < 0.1.
Blank, no fertilizer treatment; Con., control; STFFOF, soil-testing formula fertilization using organic fertilizer.
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Cultivar name  Breeding locations  Year of release or introduction ~ Sub-species  Days from transplanting to maturity

Shishoubaimao Hokkaido, Japan 1935 subsp.japonica 125
Hejiang 19 Heilongjiang, China 1978 subsp.japonica 125-130
Longjing 31 Heilongjiang, China 2011 subsp.japonica 130
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Genotype Lesion length (cm) mean + SD

Lemont
Taichung65
Yinhesizhan
8821

GD66

5877 238 ¢
47.86 £ 9.64 b
4239 + 5.17 ab
38.71 + 7.11 ab
33.68 +6.76 a

Visual rating mean + SD

726 +0.53d
579+ 126c
5.14 + 0.55 bc
4.49 + 0.63 ab
395+034a

Resistance evaluation

HS

MS
MR
HR
HR

HS, high sensitivity; MS, medium sensitivity; MR, medium resistance; HR, high resistance. Values in each column are significantly different (P = 0.05) if marked by different letters according

to the Duncan’s multiple range test.
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Gene Locus Name

Name

Gene Product
Name

Position

Ontology Classification

References

LOC_0S05G36090 Zn finger DHHC 21.39 signal transduction, multicellular organism development; (http://rice.uga.edu/cgi-bin/
domain-containing receptor activity; binding plasma membrane OREF _infopage.cgi?
protein, putative, orf=LOC_Os05g36090)
expressed
LOC_0S05G36310 | Zn finger C3HC4 type 2151 Zn ion binding; metal ion binding; protein binding (Wu et al., 2014; http://
containing protein, rice.uga.edu/cgi-bin/
expressed ORF_infopage.cgi?
orf=LOC_0s05g36310)
LOC_0805G37120  sec23/sec24 Zn finger 217 Zn ion binding; intracellular protein transport (http:/rice.uga.edu/cgi-bin/
family protein OREF _infopage.cgi?
orf=LOC_0s05g37120)
LOC_0850G37190 C2H2 zinc finger 21.73 metal ion binding; nucleic acid binding (Han et al,, 2020; http:/
protein, expressed rice.uga.edu/cgi-bin/
ORE _infopage.cgi?
orf=LOC_Os05g37190)
LOC_0850G37900  Zn finger C3HC4 type 22.21 Zn binding (Wu et al,, 2014; http:/
containing protein, rice.uga.edu/cgi-bin/
expressed OREF _infopage.cgi?
orf=LOC_0s05g37900)
LOC_0S05G38360 DHHC Zn finger 22.49 binding; biological processes (Xiang et al., 2010; http://
domain-containing rice.uga.edu/cgi-bin/
protein ORF_infopage.cgi?
orf=LOC_Os05g38360)
20820 LOC_0850G38620 Z0$20-10-C2H2 Zn 22.65 biosynthetic processes; nucleobase, nucleoside, nucleotide, (Fedotova et al, 2017; http:/
finger protein and nucleic acid metabolic process; binding; intracellular; rice.uga.edu/cgi-bin/
sequence-specific DNA binding transcription factor ORE _infopage.cgi?
orf=LOC_0s05g38620)
LOC_0805G39260 Zn finger, C3HC4 23.02 Zn ion binding; metal ion binding (http:/rice.uga.edu/cgi-bin/
type domain- ORE _infopage.cgi?
containing protein orf=LOC_Os05g39260)
LOC_0805G39380 Zn finger, C3HC4 23.1 Zn ion binding; metal ion binding; protein binding (http:/rice.uga.edu/cgi-bin/
type domain- ORF_infopage.cgi?
containing protein orf=LOC_0s05g39380)
OsZIP9  LOC_0S05G39540 Metal cation 2321 transmembrane transport; metal ion transport; Zn ion (Yang et al,, 2020)
transporter transmembrane transport; metal ion transmembrane
transport; an integral component of membrane
OsZIP5 LOC_0S05G39560 Metal cation 23.22 transmembrane transport; metal ion transport; Zn ion (Lee et al,, 2010)
transporter transmembrane transport; metal ion transmembrane
transport; an integral component of membrane
LOC_0805G40490 Zn knuckle domain- 23.78 Zn binding (http://rice.uga.edu/cgi-bin/
containing protein ORF_infopage.cgi?
orf=LOC_0s05g40490)
LOC_0S05G41520 Zn finger, C3HC4 2428 Zn binding (http://rice.uga.edu/cgi-bin/
type domain- ORF _infopage.cgi?
containing protein orf=LOC_0s05g41520)
Z0S5 LOC_0S805G41530 Z0S5-11-C2H2 Zn 2431 Zn binding (Malik et al., 2022; http://
finger protein rice.uga.edu/cgi-bin/
ORF_infopage.cgi?
orf=LOC_0s05g41530)
LOC_0805G41790  Zn finger C-x8-C-x5- 24.47 Zn ion binding; metal ion binding; nucleic acid binding; (Yang et al,, 2018; http:/
C-x3-H type family positive regulation of vernalization response rice.uga.edu/cgi-bin/
protein OREF _infopage.cgi?
orf=LOC_0805G41790)
OsAIRl | LOC_0S05G41795 = Zn finger C3HCA4 type 24.48 protein methylation; protein methyltransferase activity; Zn (http://rice.uga.edu/cgi-bin/
containing protein, ion binding; metal ion binding; protein ion binding ORF_infopage.cgi?
expressed orf=LOC_Os05g41795)
LOC_0805G44400 GATA Zn finger 25.83 biosynthetic process; nucleotide, nucleobase, nucleoside, (http://rice.uga.edu/cgi-bin/
domain-containing and nucleic acid metabolic process; response to an abiotic ORF_infopage.cgi?
protein stimulus; sequence-specific DNA binding transcription orf=LOC_Os05g44400)
LOC_0805G44550 Zn finger family 2591 binding (http://rice.uga.edu/cgi-bin/
protein OREF _infopage.cgi?
orf=LOC_0s05g44550)
LOC_0805G45020 Zn finger/CCCH 26.17 biosynthetic process; nucleotide, nucleobase, nucleoside, (http://rice.uga.edu/cgi-bin/
protein factor and nucleic acid metabolic process; nucleic binding; ORE_infopage.cgi?
sequence-specific DNA binding transcription factor activity orf=LOC_Os05g41795)
LOC_0S05G47670 Zn finger, C3HC4 27.32 Zn ion binding; metal ion binding; protein binding (http://rice.uga.edu/cgi-bin/

QTL, Quantitative Trait Loci; Chr, Chromosome; Mb, Megabase pairs.

type domain-
containing protein

ORE_infopage.cgi?
orf=LOC_Os05g47670)
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Chr Interval  Gene Gene ID Position Gene Ontology Reference

(Mb) (Mb)
qFez.; 7 24.48- MADSI8 = 0S07G0605200 & 24.78 Iron concentration, days to maturity, iron concentration, seed (Wei et al.,
27.54 maturation, intracellular iron storage, cellular response to iron, iron 2012; Yin
transporter etal, 2019)
4DF;, 7 27.54- HUA2 0S07G0655500 | 27.55 Regulator of flowering time and reproductive development (Chen &
27.67 Meyerowitz,
1999)
qPH, 1 39.07- 0S01G0899425 | 39.12 Plant height, disease control (Sevanthi et al.,
39.13 2021)
qPT,; 4 17.14- 0804G0350700 | 17.23 Productive tillers (Li et al., 2016)
18.06
qPL,; > 1 37.83- OsPdk1 0S1G0872800 37.85 Root hair length, panicle threshability (Jan et al,,
38.22 2006)
qTGWs,; | 5 6.59-7.50 GSK2 0805G0207500 | 6.67 Average grain weight, protein concentration, total amylase activity (Hu et al,
trait, days to maturity, potassium uptake, seed maturation, seed 2015)
weight, grain width
qGYi, 10 9.069.10 0810G0325400 | 9.00 grain number, days to maturity, seed maturation, brown shape rice
qGL3, 3 16.73- GS3 0S03G0407400 | 16.73 Grain length (Fan et al,
16.95 2006)
qGWs; 6 20.14- GSK4 0S06G0547900 = 20.72 Grain width, days to maturity, seed maturation, brown rice shape, (Yoo etal.,
20.98 average grain weight 2006)
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Mean + SD %CV Heritability

18DS 17 DS 17WS 18DS 17 17WS 17WS  18DS
DS
Zn POP1 10.25- 4.75- 8.50- 2022445 1597415 | 1817 £46 2200 | 2600 = 2531 0.89 0.84 0.87
41.10 36.35 35.70
POP2 10.40- 9.15- 10.80- 1915+ 468 | 1623428 | 1957434 2443 | 2637 | 2L17 0.94 0.84 0.93
38.40 3165 31.80
POP3  875-4630 5.40- 7.05- 2151£792  1480+516  18.82%652 3682 = 3486 | 2741 0.97 0.92 0.94
30.70 37.50
POP4  7.15-38.50 7.00- 9.45- 18.66 478 | 1345+319 | 19.28+452 2561 2371 2344 0.79 0.79 0.83
25.75 34.90
P1 = - E 13.1 10.6 1426 - - - - - -
P2 - - - 36.49 32.59 3279 - - - - - -
P3 - - - 12.00 10.90 1100 - - - - - -
P4 - - B 18.98 1355 16.83 - - - - - -
P5 = = - 16.06 11.39 16.58 - - = - & =
Fe POPI = 182175 | 0.05-9.25 1.60- 518+122  306+121 @ 487+103 2355 3954  2LI5 030 037 0.20
1030
POP2 = 14-1050 | 105-7.10 = 200-125 = 513+108  351+097 394+1.02 2105 3169 2589 058 0.62 0.24
POP3 = 19-17.35 | 015515 12590 530+130 | 236+ 108 & 418086 2452 = 4537 | 2057 0.50 042 0.59
POP4  0.80-12.10 0.20- 150-670 | 477+125 273+ 115  422+080 2621 | 4212 1895 0.11 0.46 032
10.10
Pl - - - 425 29 450 - - - - - -
P2 - - - 5.58 4.29 423 - - - - - -
P3 - - - 4.85 325 4.00 - - - - - -
P4 - - - 7.13 1.68 448 - - - - - -
PS - - - 5.44 311 479 - - - - - -
GY POP1 1313- 1929274 | 226-1006 | 4235+ 1294 2653 1157 | 2838+1293 | 30.55 | 43.61 45.56 055 049 0.50
10803
POP2  13322- | 905-8168  834-7152 | 5071+ 1618 = 3439+1322 3313+ 1106 3190 = 3844 3338 0.70 042 0.64
9603
POP3 1469- 166-6590 1647- 4940+ 1523 | 2928 £927 | 4956+ 1644 3083 = 2696 3317 047 0.46 0.60
10806 95705
POP4  999-8809 | 254-6017 = 771-7713 | 3964+ 1366 2605+ 954 | 3126+ 1073 = 3446 3661 3432 0.59 0.62 0.56
DF POP1 = 69-107 72-105 69-107 | 8679 £7.95 8725549 | 8681+7.96 = 9.6 629 9.17 0.99 0.76 0.65
FLW  POP2  73-101 79-101 7595 | 86.17+629 | 89.66 +542 | 84.02 + 475 7.30 6.06 5.60 0.98 093 0.93
POP3  76-108 73-108 69-97 8974736  89.95+593  86.6% 3.83 820 6.59 442 0.95 0.96 0.74
POP4  71-103 80-109 73-93 | 83.69 £5.95 | 8837 £550 | 8243 +2.90 7.10 622 376 0.81 079 0.58
PH POPI  72-181 68-187  69-164.70 12229 + 129.87 + 113.68 + 1673 16.12 16.85 0.96 0.85 0.73
20.46 20.94 19.16
POP2  68-181 82.83-174  75-165 119 £ 20 12549 + 14455 + 1680 = 1556 1297 0.82 0.90 0.88
19.52 1875
POP3 = 84-172 73-168 69-166 11642 + 117.18 + 109.25 + 1831 1997 1843 0.88 073 0.86
21.32 23.40 20.14
POP4  643-1853 = 61.7-186 67-151 107.64 + 111.88 + 10274 + 1819 1738 17.29 0.89 0.68 0.75
19.59 19.44 17.76
NT POP1 8-25 7-23 6-26 1457 £292 1320178 | 1150 £+2.64 = 2000 = 1348 2995 038 032 0.17
POP2 5-23 8-38 7-20 1338+327 1575381 | 1142+239 | 2443 | 2419 2092 022 039 0.28
POP3 8-24 7-45 6-48 1416 £345 1362341 | 1207 +282 2436 | 2506 2336 021 0.14 0.18
POP4 6-34 5-22 424 1338+£240 1268302 | 1130302 1793 | 2381 2672 047 0.12 0.28
PT POP1 8-25 7-23 6-26 1428 £2.87 1295+ 176 | 1158+270 = 2009 | 1359 = 2331 033 032 0.18
POP2 5-23 8-38 7-20 1316 £320 1553 +374 | 1139+242 2431 2408 2125 0.19 0.40 0.27
POP3 5-32 7-26 6-24 1464 +4.43 1301 £292 | 1236 +431 | 3025 | 2244 3487 0.06 0.04 0.18
POP4 8-24 5-22 424 1326239 | 1241 £3.0 1122 £ 30 1802 | 2417 | 2674 048 0.13 0.27
PL POP1 16-32 17-35 16-324 | 2393259 2432291 | 2392261 | 1082 1197 | 2091 0.79 053 0.60
POP2  9.8-322 17.33-33 18-28 | 2522+256 2465+252 | 225:179 | 1015 1022 7.96 0.79 0.61 032
POP3 17-30 19-30 1636 | 2425+220 | 2521+197 | 24.82+223 9.07 7.80 8.98 055 043 0.42
POP4 15.84- 16.3-30.7 1633-  2229+240 2370+3.0 | 2432+276 = 1076 = 1265 1135 0.82 0.40 0.50
29.86 29.67
TGW | POPI 19.00- 15.60- 2090- | 2647 £3.00 2413274 | 27.83+280 | 1133 11.36 10.06 0.83 0.81 0.70
40.00 32.30 37.30
POP2 20.04- 18.00- 1560- | 2577 £2.12 | 2427 £257 |2475+302 | 823 1059 1220 075 0.65 0.69
3172 39.20 32.80
POP3 13.60- 159-359 5.28- 2587 £2.95 | 2617+213 | 2651+283 1140 8.13 1067 0.86 0.80 0.76
3112 3468 [
POP4  8.08-3420  20.80- 1632- 2443 +3.13 2654 +266 | 25.11+358 1281 10.02 1425 0.89 0.19 0.55
328 39.68
GL POP1 = 7.47-11.10 7.82- 7.60-1L1 | 925065 929059 | 9.17+0.63 7.07 630 6.87 0.89 0.84 0.80
11.73
POP2  7.74-10.94 7.89- 7.77- 939+ 065 939068 | 9.58+0.64 590 7.24 6.68 0.92 0.84 0.89
11.70 1078
POP3 | 7.48-1874  803-8.79 8.13- 888078 935055  9.46 % 0.60 878 5.88 634 075 091 0.87
1079
POP4  6.73-10.99 7.60- 743- 876070 = 9.16+059 = 9.19+0.70 7.99 6.44 7.16 0.89 0.86 0.83
10.65 1098
GW | POPl = 228-354 | 175-221 & 220-870 | 290+024 | 198+008 | 277031 827 1.04 1119 071 0.72 0.49
POP2 | 224-322 | 174-353 | 2.18-473 | 272£022 | 199+022 | 2.65+031 8.09 1106 1170 078 0.69 0.41
POP3 | 190-432 | 2.17-3.66 | 223-692 | 247+038  283+024 | 277+125 1538 8.40 1515 073 0.10 0.16
POP4 = 192-3.03 | 215-3.10 135334 | 241+026 257+017  250:036 1079 6.66 14.40 0.65 0.69 033

GY, Grain Yield; DE/ELW, Days to flowering; PH, Plant Height; N, Number of Tillers; PT, Productive Tillers; PL, Panicle Length; TGW, Total Grain Weight; GL, grain length; GW, Grain width;
Pop, Population; Pop1, Population 1; Pop2, Population 2; Pop3, Population 3; Popd, Population 4; DS, Dry Season; WS, Wet Season; CV, Coefficient of Variation; SD, Standard Deviation; -, no
data available and not applicable.
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Chr.

11
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pdb.dna.affrc.go.jp/viewer/gbrowse_details/irgsp17n

Function in agronomic traits

Negatively regulating drought and salt tolerance, leaf width,
panicle length, grain number and heading date

Negatively regulating spikelet and grain length, and grain width

Positively regulating cold tolerance, pollen fertility and seed
setting under cold stress

Positively regulating drought resistance, plant height, panicle size,
and grain weight.

Negatively regulating plant height and leaf strength

Positively regulating drought tolerance

Positively regulating st tolerance

Positively regulating primary root length, the number of

adves

itious and lateral roots, as well as heat, salinity and drought
tolerance

Positively regulating the resistance to the southern rice
black-streaked dwarf virus

Negatively regulating internode clongation

Positively regulating salt tolerance
Negatively regulating seed germination under ABA treatment and

blast resistance

Positively regulating lateral root number

Negatively regulating leaf senescence, plant height, panicle length,
spikelet fertility and grain numbers

Positively regulating bacterial blight disease resistance

Positively regulating male fertility

Positively regulating drought tolerance
Positively regulating leaf senescence

Negatively regulating seed germination, leaf senescence and
photomorphogenesis of seedling

Positively regulating drought resistance and grain yield
Positively regulating stomata opening and leaf cooling.
Negatively regulating plant height, leaf size, and panicle and
internode length

Negatively regulating flowering time, grain size and flag leaf

Positively regulating tolerance to cold, salt, and drought

Negatively regulating culm strengthen, plant height and fertility

Positively regulating awn length
Positively regulating tiller numbers and tiller angle
Negatively regulating plant height but positively regulating
bacterial blight resistance

Positively regulating salt and cold tolerance

e=0s11g0340477).
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2020 SMISP
D
IMP
2021 SMISP
D
IMP
Year

Planting patterns

YearxPlanting patterns

Yield per
plant/g

485.56:£50.21b
203.3345.44c
587.7829.36a
355.56:+17.50b
240.00+46.43b
543.33£66.22
0.078
0.000
0.015

Maize

Ear
Length/
cm

125
152942400
17394235
16670252
1807£0.742
1750+2.162

Ear
coarse/
cm

1628%1.09
15.122051b
1608+0.83a
13370812
1580+ L4ga
1600+ 1562

Spike grain
number

605.28£60.08
505.4410031a
570,00+ 13245
544.00127.07b
567.17£2037

665.6773.38ab

Yield per
plant/g

30.93+2.062
290342620
1871£0.59b
293142126
37394323
1976+ 1L42¢
0.061
0.000
0019

Pods per
plant

19.60+0.33¢
24.53£025b
35474175

18.27+0.66¢

Peanut

Full pods
per plant

224740.68b
20134383
1653£0.93¢
18.40£3.82b
20074118
1140£4.70b

100-pod
weight/g

56.88:+ 18,961

170.83+ 12,842
1424543432

154.18+22.55
17237+ 13.5%
163.18:+32.932

100-kernel
weight/ g

67.4225.05ab
60.95+2.49b
6992+

1la

66536750
66406462
69759212

Different lowercase ltters represent significant difference level p=0.05 using Duncans test, as follows. SM: sole maize, SP: sole peant, ID: itercropping of maize and peanut with board
separation, IDM: intercropped maize with board separation, IDP: intercropped peanut with board separation, IMP: intercropping of maize and peanut, IM: intercropped maize, IP:

intercropped peanut.
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SMvs IM SPvs IP SMI vs IT SPIvs IT
Root exduates %
Up Down Up Down Up Down Up  Down

! Alkaloids and derivatives 1 1 5 1 4 2 3 6 173%
2 Benzenoids 30 13 E) 18 u 2 3 18 1494%
3 Homogencous non-metal compounds 1 1 1 0 0 1 0 1 038%
4 Hydrocarbon derivatives 0 0 0 0 1 0 1 0 0.15%
5 Hydrocarbons 0 0 0 0 0 0 1 1 0.15%
6 Lignans, neolignans and related compounds 2 1 0 0 2 0 2 2 0.68%
7 Lipids and lipid-like molecules 31 2 36 2 25 38 2 m 20.42%
8 Nucleosides, nucleotides, and analogues 4 1 4 0 2 1 5 3 150%
9 Organicacids and derivatives 4 7 2 10 9 20 12 13 811%
10 Organic nitrogen compounds 2 5 5 s 3 7 3 4 278%
11 Organic oxygen compounds 13 5 2 10 10 19 2 13 863%
12 Organohalogen compounds 0 0 3 1 2 0 0 1 053%
13 Organoheterocyclic compounds 2 20 31 2 19 2% 4 2 15929
14 Organometallic compounds 1 0 2 0 1 0 1 0 038%
15 Organosulfur compounds 2 2 1 0 1 5 1 0 0.90%
16 Phenylpropanoids and polyketides 9 8 7 3 14 12 17 9 593%
7o 3 23 2 15 2 2 6 2 16:89%

SM: sole maize, IM: intercropped maize, SP: sole peant, P: intercropped peanut, SMI: the shared soil of sole maize,
maize and peas

PI: the shared soil of sole peanut, 1: the shared soil of intercropped
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