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Wheat is one of the most important food crops in the world and drought can severely impact on wheat productivity. The identification and deployment of genes for improved water use efficiency (WUE) can help alleviate yield loss under water limitation. In this study, a high-density genetic linkage map of wheat recombinant inbred lines (Ningchun 4 x Ningchun 27) containing 8751 specific locus amplified fragment (SLAF) tags (including 14757 SNPs), with a total map distance of 1685 cM and an average inter-marker map distance of 0.19 cM was constructed by SLAF-seq technology. The economic yield WUE and nine related traits under three water treatments was monitored over four years. The results showed that loci conditioning WUE were also associated with grain carbon isotope discrimination (CID), flag leaf chlorophyll content, plant height, 1000-grain weight, grain weight per spike and grain number per spike. One locus on chromosome 2B explained 26.3% WUE variation in multiple environments. Under good soil moisture conditions before flowering, the high CID genotype QWue.acn-2BNingchun 27, was associated with WUE, high grain weight per spike, and kilo-grain weight. Under rain-fed conditions, the low CID genotype QWue.acn-2BNingchun 4 tended to maintain more spike number and was associated with improved WUE and yield. The introduction of good chromosome fragments of QWue.acn-2B into elite lines by molecular marker assisted selection will boost up the cultivation of high-yield and water-saving wheat varieties.
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Introduction

Wheat, as a staple food for about 40% of the world’s population, is one of the most important food crops, with the largest sown area and the widest distribution in the world (Acevedo et al., 2018). Drought is an increasingly important environmental factor restricting the productivity of wheat. With diminishing water resources for irrigation, improving yield under drought has become the main breeding goal for many crops (Sivamani et al., 2000). Breeding wheat varieties with high water use efficiency of economic yield is a major measure to increase productivity, especially under water-limited conditions (Ehdaie and Waines, 1993). At present, the cultivation of water-efficient varieties is generally carried out from two aspects: Leaf WUE or Population WUE and related agronomic traits (such as plant height, yield, and yield related traits) (Hsiao, 2000; Narasimhamoorthy et al., 2006; Kuneg et al., 2007). For leaf WUE, the two main parameters are considered, including intrinsic water use efficiency (WUEi) and instantaneous water use efficiency (WUEinst). The former is the ratio of net photosynthetic rate (Pn) to stomatal conductance (gs), which is used to evaluate the effect of genotype on plants, while the latter is the ratio of leaf Pn to transpiration rate (Tr), which is mainly used to estimate the impact of environmental factors on plants (Fischer and Turner, 1978; Gago et al., 2014; Franks et al., 2015; Khler et al., 2015). Population WUE was divided into biological yield WUE (Biomass/Total water consumption during growth period) and economic yield WUE (Economic yield/Total water consumption during growth period). From the perspective of breeding and agricultural production, screening and utilization of WUE genotypes with higher economic yield is a powerful means to address the contradiction between drought and high yield.

Drought induces a series of adaptive changes in the structure, physiology and biochemistry of cells in crops, resulting in differences in growth and development, whereas some morphological changes can affect economic WUE and yield. It has been reported that grain filling rate, grain yield, number of grains per ear, and 1000-grain weight under drought stress are effective indicators for the identification of crop drought resistance and water use efficiency (Li and Pan, 2005). There was a significant positive correlation between wheat canopy temperature depression below air temperature and stomatal conductance and yield (Amani et al., 2010), and under variable field conditions, the SPAD (Soil and plant analysis development) value of flag leaves was significantly positively correlated with yield (Islam et al., 2014). SPAD value and canopy temperature can be useful indicators for drought stress tolerance (Srivastava et al., 2017) of different wheat genotypes (Balota et al., 1999), and can also be used to predict wheat WUE and yield. For wheat, dwarf genes can enhance wheat lodging resistance, improve harvest index (Richards, 1992), and indirectly affect WUE. Previous studies have found that Rht1, Rht2 and Rht3 genes have negative effects on WUE (Ehdaie and Waines, 1994), while Rht13 and Rht8 genes have positive effects on WUE (Yan and Zhang, 2017). Currently, carbon isotope discrimination (Δ or CID) is widely used as an indirect assessment of the water status of C3 crops under water-limited conditions. A negative correlation between Δ and WUE was confirmed in multiple C3 species (Farquhar and Richards, 1984; Hubick et al., 1986; Hubick and Farquhar, 1989; Condon et al., 1990; Hall et al., 1990; Hall et al., 1992; Ismail and Hall, 1992; Rebetzke et al., 2002; Lambrides et al., 2004; Rytter, 2005). However, this conclusion is usually obtained in pot conditions or at the level of single plant and single leaf, and is less relevant to the relationship between Δ, WUE and yield at the population level. In fact, WUE of leaf does not always translate into higher crop WUE or yield (Condon et al., 2004). CID and grain yield differ depending on material source, tissue site, sampling time and water status can be positive, neutral or negative (Condon et al., 2002; Monneveux et al., 2005; Xing et al., 2007; Khazaei and Mohammady, 2010). It has been reported that Δ usually decreases from the oldest part of the plant to the youngest part under different water conditions (Hubick and Farquhar, 1989; Acevedo, 1993), and the mature grain is the most suitable part for measuring Δ. Compared with the leaf of Δ, the grain of Δ has higher generalized heritability, better correlation with harvest index and grain yield, can reflect the efficiency of carbon allocation to grain, and well predict yield (Merah et al., 2001).

Molecular biology and genomics have become major tools for dissecting trait potential and unearthing genes for trait improvement (Kole et al., 2015; Henry et al., 2018). Analysis of shoot δ13C (a natural isotope of carbon) of the Chinese Spring wheat-Betzes barley disomic addition line indicated that a gene controlling WUE was carried on chromosome 4H (Handley et al., 1994). A study of “chinese spring” group D chromosome substitution lines showed that the wheat chromosome 7D increased WUE (Gorny, 1999). Using Δ as as an indicator of WUE, the QTL controlling transpiration efficiency was mapped on the ERECTA marker on chromosome 2, and the ERECTA gene was cloned from Arabidopsis thaliana, it regulates transpiration efficiency by changing leaf stomatal number and leaf structure (Masle et al., 2005). It has been reported that genes associated with high photosynthetic rate and high WUE were detected on chromosome arms 1AL, 2AL, 2AS and 7AS, In addition, 2AL had a gene that controlled a low transpiration rate (Zhang and Shan, 2000). Three wheat mapping populations grown under well-watered conditions were used to identify identical or overlapping loci for numerous quantitative trait loci (QTL) for canopy temperature and leaf porosity and plant height (Rebetzke et al., 2013). These research studies provide a reference for utilization of high WUE genes for drought resistance in wheat, but they do not specify the impact of genes/QTL on economic yield.

QTL mapping studies can be used to identify molecular markers closely linked with functional genes and even the functional genes themselves, which provides a shortcut for molecular marker-assisted (MAS) breeding of high WUE materials (varieties) (Pinto et al., 2010; Sun et al., 2017; Yadav et al., 2022). Amongst molecular markers, SNPs markers are the most numerous, widely distributed and highly polymorphic, allowing the construction of high-density genetic maps that are conducive to the accurate positioning of QTLs. SLAF-seq is a high-throughput sequencing-based method for large-scale genotyping (Sun et al., 2013), which can obtain DNA fragments of specific length (SLAF tags) by restriction enzyme digestion. The advantages of this method include high throughput, high accuracy, low cost, and short cycle and has been successfully applied to many species such as crops, vegetables, forest trees and aquatic products (Zhang et al., 2013; Wei et al., 2014; Zhu et al., 2016; Hu et al., 2016; Yin et al., 2018; Zhang et al., 2020; Wei et al., 2020). At present, there are few reports on population-level mapping of wheat economic water use efficiency traits. In this study, SLAF-seq technology was used to construct a high-density genetic map of wheat recombinant inbred lines (RIL) that were evaluated for agronomic WUE-related phenotypes over multiple years.



Materials and methods


Plant materials

The F10:11 recombinant inbred lines (n=128) were derived from a cross between bread wheat Ningchun 4 and Ningchun 27. Ningchun 4 is the main variety in Ningxia Yellow River irrigation area, with high and stable yield and Ningchun 27 is the main variety planted in the dry land in the mountainous area of Southern Ningxia, with strong drought tolerance. They are the backbone materials of wheat breeding in Ningxia province, China. The former has higher WUE under irrigation conditions and lower WUE under dry farming conditions, and the latter is just the opposite. Genomic DNA for the SLAF-seq was extracted from young leaves at seedling stage of parents and RILs using the cetyltrimethylammonium bromide (CTAB) method.



Test design

The experiments were conducted in the Ningxia irrigation area (Yongning County: 1144 m above sea level, 150-200 mm annual rainfall, 1700-1900 mm evaporation, and less than 100 mm rainfall during the growth period of spring wheat), and the Ningxia rain fed area (Yuanzhou District: altitude 1567 m, annual rainfall 300-400 mm, evaporation 1700-1900 mm, rainfall 180-300 mm during the growth period of spring wheat). The climatic characteristics of the test site in the wheat growing season are shown in Supplementary Table S1. RILs were planted in plots, with 6 rows in each plot, a length of 3 m, a row spacing of 0.15 m, and a plot area of 2.7 m2. The field trial design used randomized complete block design. RILs were randomly arranged in each trial treatment and repeated twice.

Three treatments were designed among which two (T1 & T2) were irrigated and one (T3) was rainfed.Two water treatments were set in the irrigated area: normal irrigation (T1): irrigated a total of four times during the growth period at the tillering, jointing, heading and filling stages with 1200 m3/ha, 900 m3/ha, 900 m3/ha and 600 m3/ha, respectively. The irrigation quota was 3600 m3/ha. Water stress treatment after heading (T2): the plots were irrigated as described above the tillering and jointing stages (total irrigation of 2100 m3/ha). A water measuring weir was used to measure and control the amount of irrigation water. There was a protection area more than 5 m around the test area, and the agricultural film was pressed into a depth of 2 m to prevent lateral water leakage. In rain fed areas, no irrigation was used during the whole wheat growth period: rain-fed only (T3). Field irrigation amount of wheat under different treatments were listed in Supplementary Table S2.



Measurements of agronomic and physiological traits

Traits and measurement time are presented in Supplementary Table S3. The specific measurement methods of traits are as follows.

CT measurements: 15 days after flowering (milky stage), Model 2958 infrared thermometer (Spectrum Technologies Inc.) was used to measure the temperature of the wheat canopy in each plot three times from 13:00 to 15:00 in the afternoon of sunny days, and the mean value was recorded.

LCC measurements: 15 days after flowering (milky stage), the flag leaves of 10 wheat plants randomly selected from each plot were measured with a SPAD-502 chlorophyll meter (Spectrum Technologies Inc.), and the mean value was recorded.

SNUA and GYUA measurements: the number of spikes in the middle two rows of each plot at maturity was determined, and this was converted to the number of spikes per hectare. After harvest, plot yields were determined and converted into yield per hectare.

PH, FSN, KGW, GWS and GNS measurements: 10 plants were sampled from each plot at the maturity stage for testing, and the average value of each agronomic trait was taken. WUE calculation: grain yield/water consumption (ET) was used to calculate the economic yield and WUE of each variety for each treatment, and the water balance method was used to estimate ET, ET= (WH + R + E) - (WK+ F + N), where ET is crop water consumption; WH is the water storage in a two meters soil layer at the time of sowing; R is the sum of rainfall and irrigation during the growth period; E is the amount of water entering a two meters soil layer from the lower soil layer; WK is the water storage in two meters soil layer at harvest; F is the amount of water penetrating below two meters; N is runoff.

CID measurements: at maturity, 20 plants were randomly calibrated for each line, and the mixed grains were used as the samples to be tested. After the samples were washed with distilled water, they were dried at 70 °C for 48 hours to a constant weight, ground into a 100 mesh sieve, and put into a 1.5ml centrifuge tube. Bast (Beijing) Institute of desertification control technology was entrusted to determine the carbon isotopic composition of wheat samples with mat XP isotope mass spectrometer (δ13C), with PDB (PEE Dee belemnite) as the standard. δ13C formula is calculated as follows: δ13C (‰) = [(Rsample/RPDB - 1) × 1000] (R is 13C/12C ratio), and the calculation formula of carbon parity discrimination (△ or CID) is: △ (‰) = [(δ13Cair - δ13Csample) ×1000]/(1 + δ13Csample), where, δ13Cair = - 8‰ (Farquhar et al., 1989).



QTL analysis

SLAF-seq analysis was conducted by Biomarker Technologies Corporation (Address:12 Fuqian Street, Shunyi District, Beijing, China). The library was sequenced using the Illumina HiSeq platform. A high-density genetic map was drawn by HighMap software (Li et al., 2008). Multi-environmental traits were mapped using the additive effect model (ICIM-ADD) of IciMapping 4.2 software for complete interval mapping, and the QTL mapping function was used to convert the recombination rate to genetic distance (cM) using the Kosambi mapping function with a scan step size of 1 cM, a LOD critical value of 2.5, and using statistical detection threshold of P=0.001. Standard naming of QTL in wheat according to the standard nomenclature described in the Cataloque of Gene Symbols for wheat (Mcintosh et al., 2013), for example, QPh.acn-4D.1 was the first QTL associated with plant height on chromosome 4D, which was detected by Agricultural Biotechnology Research Center of Ningxia (ACN). Major QTLs were defined as those having a phenotypic variation explanation rate (PVE) of greater than 10%. The relative position and genetic positions of QTLs on chromosomes were drawn by R 4.1.0 and MG2C_v2.1 (Chao et al., 2021), respectively.



Data processing

A mixed linear model was used, with year as a random factor, and strain and treatment as fixed factors, to obtain the best linear estimator (BLUE value) of WUE of each variety and its main related traits. R studio version 4.1 was used to plot WUE and to generate the correlation heatmap of the main agronomic and physiological traits.




Results


Genetic map construction

For the SLAF-seq analysis, the average sequencing depth of parents was 18.8X, including 20.0X for Ningchun 4, 17.6X for Ningchun 27 and 6.3X for the offspring. A total of 1,270,454 SLAF tags were developed, including 186,087 polymorphic SLAF tags, with a polymorphism ratio of 14.65%. A total of 89968 (aa×bb type) SLAF tags suitable for wheat RILs were developed. After removing markers with low quality, low depth, low coverage and very significant partial separation, 8751 SLAF tags (including 14,757 SNPs) were finally obtained for genetic map construction. By comparing with the reference genome (IWGSC RefSeq v1.0: https://urgi.versailles.inra.fr/download/iwgsc/IWGSC_RefSeq_Annotations/v1.0/), the SLAF tags were divided into 21 linkage groups representing the 21 wheat chromosomes. The linear arrangement of markers in the linkage group was analyzed by HighMap software, and the genetic distance between adjacent markers was estimated. Finally, a genetic map with a total map distance of 1685.32 cM and an average map distance of 0.19 cM was obtained (Figure 1). The number of linkage group markers ranged from 53 (2D) to 1020 (2A), and the average genetic distance ranged from 0.06 cM (1B) to 0.69 cM (7D). The lowest proportion of gap length less than 5 cM in the linkage group was 97.73% (7D), the highest was 100% (3A, 3B, 6A, 6B and 7A), and the maximum gap was between 11.62 cM (1A) and 3.58 cM (6B). A total of 194 markers (2.2% of the total) with partial segregation were included in the construction of the map. The proportion of double exchange of markers in each linkage group was very low, ranging from 0.02% (1B) to 0.39% (5B), and the proportion of deletions ranged from 1.19% (1B) to 18.19% (6B). Spearman rank correlation coefficient revealed that the correlation coefficient between the sequence of markers of each linkage group of the determined map and their position in the reference genome is high, indicating that the map is of high quality. The marker number, total map distance, average map distance, gap < 5 cM ratio, maximum gap, the number of partial segregation markers, double exchange ratio, deletion rate, and collinearity correlation coefficient of each linkage group are shown in Table 1.




Figure 1 | Genetic linkage map of wheat.




Table 1 | Basic statistics of the genetic map.





Correlation of WUE with other traits

Water treatment affected both yield and WUE. With decreasing water treatments, yield decreased significantly, and the trend of GYUA was T1>T2>T3, while WUE showed a trend of first increasing and then decreasing, with high statistical significance. The tendency of WUE was T2> T1> T3 (Figure 2).




Figure 2 | GYUA and WUE under different water treatments. (A) GYUA in different treatments. (B) WUE in different treatments. ****P < 0.0001, *P <  = 0.05.



Correlation analysis illustrated that WUE was significantly correlated with other traits across treatments, and the degree of correlation varied with the environment. Except for KGW, SNUA and PH, the correlations between WUE and the other six traits were weakened with decreasing levels of irrigation, especially in the T3 treatment, which not only further weakened the correlations, but also changed the direction of some correlations (Figure 3). Specifically, under the T1 treatment, WUE was significantly positively correlated with KGW, FSN, CID, SWPS, LCC, GNS, and showed a strongly significant negative correlation with CT and PH. Under the T2 treatment the correlation between WUE and various traits were very similar to T1, except for a lack of correlation with PH.Under the T3 treatment, WUE was positively correlated with SNUA and PH, negatively correlated with FSN (P < 0.001), and negatively correlated with KGW and CID (Figure 3).




Figure 3 | Correlation between WUE and other traits in different treatments. Pearson correlation coefficient in 0.6-0.8 is strong correlation, 0.4-0.6 is medium correlation, 0.2-0.4 is weak correlation, 0.0-0.2 is very weak correlation or no correlation. *** is P< 0.001, ** is P< 0.01, * is P< 0.05.





QTL mapping of WUE and related traits

QTL mapping showed that the sites controlling WUE were distributed on 1A, 1B, 1D, 2A, 2B, 4B, 4D, 6D, 7A, 7B and 7D. Among these, the main effect locus was QWue.acn-2B (2B.2, 2B.3 and 2B.4; LOD 4.7-8.4), which was detected under different treatments in multiple years. The size of the QTL interval was ~2 cM and the phenotypic contribution rate was 15.6%-26.3%. The direction of the effect for WUE was environment specific for this locus: under T1 and T2 treatments Ningchun 27 had a positive effect, while under the T3 treatment the Ningchun 4 allele performed better. Chromosome 2B also harbored QTLs for KGW, GWS, GNS, PH, CID, LCC, and CT, which were mostly overlapping with QWue.acn-2B, and each of these has a fixed additive effect direction. The superior alleles for QLcc-2B, QCt-2B, and the inferior allele qPH-2B all came from Ningchun 27 (Figure 4, Table 2).




Figure 4 | Distribution of QTLs for WUE and related traits across wheat chromosomes. Relative position is the percentage of genetic distance of trait location of the total genetic distance of chromosome. In legend, F, G, H and I represent the years 2017, 2018, 2019 and 2020 respectively, and 1, 2 and 3 represent T1, T2 and T3 water treatments, respectively. The ellipse plots the major QTLs (n=20) of WUE and related traits.




Table 2 | Main effect loci for WUE and related traits.



The major QTL QFsn.acn-7A (7A.1, 7A.2, 7A.3, and 7A.4) controlling spikelet number was detected across multiple treatments and years, with a genetic interval of 5 cM, with PVE of 13.0-20.8%. The QCt.acn-1B.1 and QCt.acn-1B.2 were detected at similar positions, and QCt.acn-1B.2 explained more than 20% of canopy temperature variation. The QCid.acn-4D.1 was close to QCT.acn-4D.2, but their additive effects were in the opposite direction. The QCid.acn-5D.1 and QCid.acn-5D.2 were adjacent, but their additive effects were in the opposite direction.The QGws-3B was detected in the same water treatment in two years, which explained more than 20% of the grain weight per ear variation. In addition, stable QTL that control plant height were also detected on 1B, 4B, 2D, 4D, and 5D. Among these, the QPh.acn-2D interval contains the Reduced Height (Rht) dwarfing gene, and QPh.acn-4D is adjacent to TaTD1. Outside of chromosome 2B, with the exception of QPh.acn-4D.1, QCid.acn-4D.2 and QWue.acn-4D (EF1) which are similar in position, no co-localization of WUE QTL with those of related traits was found. For the locus, QWue.acn-4D (LOD of 3.8) with a PVE of 11.6%, the allele for increased WUE, decreased canopy temperature, and decreased plant height was from Ningchun 4 (Figure 5, Table 2, Supplementary Table S4).




Figure 5 | The map of WUE and related traits on chromosome 2B. (A) Genetic position of WUE and related traits on chromosome 2B. (B) Physical map of yield component traits on chromosome 2B (Dong et al., 2019; Cao et al., 2020).





Effects of different alleles of Qwue.acn-2B on WUE and related traits

We then grouped RILs as type B, having Ningchun 27 allele at QWue.acn-2B (QWue.acn-2BNingchun 27), or type N, having the Ningchun 4 allele (QWue.acn-2BNingchun 4), according to the flanking markers. Overall, the two groups responded consistently across environments for both WUE, T2 > T1 > T3, and yield, T1 > T2 > T3 (Figure 6). The effect of QWue.acn-2B was consistent across T1 and T2 environments, with type B being associated with significantly higher yield than type N, but this relationship was opposite in the T3 treatment (Figure 6). The performances of the other 9 traits (KGW, GWS, GNS, PH, CID, SNUA, LCC, CT and FSN) related to QWue.acn-2B under different treatments were compared, and the direction of the additive effect was consistent with that of parental phenotypic difference. In specific analysis, compared with type N, type B had higher grain CID, KGW, GWS, more GNS and FSN, and lower PH across treatments. Under the T2 treatment, type B LCC was higher than that of type N, CT was the opposite, whereas LCC or CT was little changed between types under T3 treatment (Figure 7).




Figure 6 | Allele effects for WUE and GYUA under different treatments (A) WUE of type B (QWue.acn-2BNingchun 27) and type N (QWue.acn-2BNingchun 4) lines under different treatments. (B) GYUA of type B and type N lines under different treatments. **** P < 0.0001.






Figure 7 | The performance of WUE related traits in different QWue.acn-2B genotypes.



The differences in yield and WUE were finally reflected in the difference in the dominant components of yield composition under the same water conditions. The analysis of the yield components of genotypes with different WUE shows that under T1 and T2 treatments, KGW and GWS are the main factors influencing WUE. Genotypes with higher KGW and GWS tend to have higher WUE, and under T3 treatment, SNUA is the main factor influencing WUE, and genotypes with fewer ears tend to have lower WUE (Table 3). Therefore, without water stress before flowering (T1&T2), type B with high grain weight was more dominant than type N in WUE and yield, but under rain-fed conditions (T3) type B had less harvest spikes and had lower WUE and yield.


Table 3 | Correlation of WUE related traits in different QWue.acn-2B genotypes.






Discussion

In this study, the loci controlling WUE and its main related traits were found to be scattered across the 21 wheat chromosomes. Most loci were environment-specific, and only a few loci were stable across environments, suggesting the quantitative inheritance of WUE and its related traits and the complexity of regulation of trait formation. QWue.acn-2B and some sites controlling CID, grain weight per ear, chlorophyll content, 1000 grain weight and plant height mapped to the same or similar positions to form gene clusters, showing pleiotropic effect, demonstrating that t high WUE materials can at the same time increase yield. The QWue.acn-2B locus has different effects on maintaining or increasing WUE or yield under different water use conditions. In the Yellow River irrigation area of Ningxia, the water-saving and yield increasing effect of families of the QWue.acn-2BNingchun 27 allele is stronger than that of families with QWue.acn-2BNingchun 4. In the rain fed area of Southern Ningxia, QWue.acn-2BNingchun 27 no longer contributes to water-saving and yield, and even reduces WUE. These opposing effects need to be further dissected through examining the trait changes closely related to WUE.

In the process of modern variety breeding, the number of grains per ear and 1000 grain weight often show a negative correlation. Finding the balance between the two is often the key to increasing yield. In the past 10 years (up to 2020), 205 QTLs related to yield component traits of wheat have been found in a multi repeat environments, most of which are QTLs for 1000 grain weight and grain number per ear. Through homology comparison, 33 and 9 yield component genes confirmed to be functional in wheat have been isolated from rice and wheat related species, respectively (Cao et al., 2020), but few genes/QTLs have positive effects on two or more yield components at the same time. In our study, QKgw.acn-2B and QGns.acn-2B loci overlapped, and the phenotypic variance explained was more than 15%. The direction of additive effect was the same, showing the coordination and unity of grain number per ear and 1000 grain weight, which promoted increased yield and high WUE under favorable conditions and showed great application potential and value.

The SPAD value of wheat varieties is positively correlated with the total nitrogen content in leaves (Zhu et al., 2005), which can accurately reflect the transpiration efficiency (TE) under drought conditions (Fotovat et al., 2007). Major SPAD QTLs were found in 2B and 3B of the durum wheat dihaploid population, with a contribution rate of about 14% (Knox, 2013). QTLs controlling SPAD were detected on chromosomes 6A, 7A, 1B and 1D of common wheat, with a contribution rate of 11.4-30.8% (Talukder et al., 2014). SPAD QTLs play an important role in drought resistance and heat tolerance. Lower leaf temperature is related to the adaptability of stomatal conductance and higher photosynthetic rate (Lu et al., 1998; Siddique et al., 2000). The colder canopy distributes assimilates to deeper roots to adapt to drought conditions and increase yield (Lopes and Reynolds, 2010). It is reported that the air crown temperature difference (CTD) and economic yield are similar to each other in 3BL and 5DL, which produce lower crop canopy temperature and higher economic yields (Mason et al., 2013). Consistent with the previous research results, this study found that the locus controlling SPAD/LCC and CT on chromosome 2B overlaps or is adjacent to QWue.acn-2B. The favorable allele has the effect of increasing chlorophyll content and reducing canopy temperature, and can promote the formation of high WUE traits.

Plant height has an important impact on yield components. Several studies have implicated Rht in yield (Tshikunde et al., 2019; Gao et al., 2020; Wen et al., 2022). For example, plant yield was increased by 16.4 and 8.2% in the Rht12 dwarf lines (Chen et al., 2018), Rht25b showed significant pleiotropic effects on yield components (Mo et al., 2018), Rht4 and Rht8 could reduce plant height to a desirable level and improve yield related traits in the rainfed environment (Du et al., 2018). It was shown that Rht-B1b(4BS) + Rht4(2BL) gene can increase the number of grains per ear and reduce 1000 grain weight (Liu et al., 2017). Similarly, was it was shown that Rht14 can reduce 1000 grain weight (Duan et al., 2020), and Rht24(6A) gene can increase 1000 grain weight (Tian et al., 2017). In this study, QPh.acn-2B overlaps QWue.acn-2B, but is not in the same position as Rht-B1b, Rht4, and Rht24. Although TaCOLD1-2B and QGns-2B1 are included in the QPh.acn-2B region, they are not related to QPh.acn-2B in this study, so it may be a new dwarf gene. QWue.acn-2B leads to higher grain number per ear, 1000 grain weight and grain weight per ear. We speculate that QPh.acn-2B may also make an important contribution to the increase of grain number per ear, 1000 grain weight and grain weight per ear, which needs to be further verified.

CID (Δ) is often used to indicate WUE and yield status of crops in arid and semi-arid areas. Many field experiments show that it is usually positively correlated with grain yield under both drought and sufficient water conditions (Condon et al., 1987; Craufurd et al., 1991; Morgan et al., 1993; Sayre et al., 1995). Especially when the soil water supply is sufficient in the early stage of growth, CID has a positive correlation with aboveground dry matter. When the soil is seriously dry in the late stage, the wheat yield of low CID genotype is often higher (Condon et al., 1993). Higher grain CID genotypes tend to have higher harvest index (HI), reflecting that grain filling is more dependent on pre anthesis dry matter reserves, which are obtained when the early growth of plants is not under water stress (Condon et al., 2004). This study found that under the condition of good soil water supply before anthesis (T1), grain CID was significantly positively correlated with yield. This relationship was maintained even if the soil water decreased after anthesis (T2), while under rain fed conditions (T3), grain CID was significantly negatively correlated with yield, consistent with previous findings. This can be explained by the fact that QCid.acn-2B and QWue.acn-2B are at the same or similar position, and the direction of their additive effects is the same under T1&T2, but opposite under T3. High CID is related to high CO2 concentration in the intercellular space which is caused by high stomatal conductance (Farquhar and Richards, 1984). When soil water content is very limited, the high-yield genotype (high CID) will be at a disadvantage due to its high stomatal conductance. In arid environments with deep soil water supplies, the high-yield genotype (high CID) will show the greatest advantage (Blum, 1993; Blum, 1996).

In this study, the economic yield or WUE of type B carrying many good traits in different environments (T1&T2 vs T3) were quite the opposite. This is because under the condition of good soil water supply before flowering, ear grain weight and 1000 grain weight are the main factors determining the height of WUE. The high CID genotype (B) tends to have higher WUE and yield because of its better filling characteristics (higher 1000 grain weight and ear grain weight). The number of ears harvested under rain-fed conditions is the main factor affecting the degree of WUE, and the high CID genotype will produce less ears. The reason why the number of harvested spikes is less may be that high CID induces greater stomatal conductance and transpiration dissipation, which intensifies the competition for limited soil water among individuals and makes it difficult for those individuals to form spikes in this adverse microenvironment. Based on the above analysis, for areas with good soil water storage or supply before flowering, the selection of characters for higher grain CID, 1000 grain weight and ear grain weight is helpful to improve economic yield and WUE. In rain fed areas, especially in areas with very limited soil water before flowering, the selection of characters for lower grain CID and more harvested ears is helpful to increase the economic yield and WUE. In conclusion, type B is suitable for use in irrigation areas, and type N is suitable for use in rain-fed areas.

Although QWue.acn-2B was identified as the main effect loci in the initial mapping, the physical interval is still large. In the future, it is necessary to construct a secondary segregating population for fine mapping. In addition, as multiple traits are located at similar or overlapping positions, it is also necessary to decompose the genetic effects based on the further segregation of traits to clarify the relationship between them. As QWue.acn-2B itself comes from the main varieties and is closely linked with many favorable traits, its flanking molecular markers can be used to introduce excellent chromosome fragments into other materials through molecular marker assisted technology in the future. This effort will verify the effectiveness of QWue.acn-2B and speed up the cultivation of high-yield, high-efficiency, and water-saving varieties.
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QTL Env. Pos. (cM) Left Marker Right Marker Left CI Right CI LOD PVE (%) Add.

QLcc.acn-2B E2 92.1 Marker352143 Marker762683 92.0 924 55 215 1.4
QCid.acn-2B.1 EG2 91.0 Marker650772 Marker580039 90.5 915 7.7 27.1 0.5
QCid.acn-2B.2 EF1 91.6 Marker650772 Marker580039 904 916 9.9 24.8 0.4
QCid.acn-2B.3 EG3 92.1 Marker352143 Marker762683 920 923 82 272 0.3
QCid.acn-2B.4 EGI 933 Marker1025623 Marker1330209 93.0 94.0 8.8 18.0 0.3
QGws.acn-2B EG3 921 Marker352143 Marker762683 92.0 924 54 17.0 0.1
QGws.acn-2B EI2 92.1 Marker352143 Marker762683 92.0 924 92 285 0.2
QKgw.acn-2B EG2 92.1 Marker352143 Marker762683 92,0 923 14.8 19.6 4.0
QKgw.acn-2B EI2 92.1 Marker352143 Marker762683 92.0 924 47 16.8 1.9
QGns.acn-2B EF2 91.0 Marker650772 Marker580039 90.5 915 6.3 20.9 25
QGns.acn-2B EIl 91.0 Marker650772 Marker580039 90.5 915 6.0 15.7 2.8
QPh.acn-2B.1 EH1 913 Marker650772 Marker580039 90.4 916 59 135 -4.3
QPh.acn-2B.2 EG3 91.6 Marker650772 Marker580039 90.5 91.6 6.9 20.9 -4.6
QPh.acn-2B.2 EH3 916 Marker650772 Marker580039 90.6 916 58 16.0 -4.1
QPh.acn-2B.2 EI3 91.6 Marker650772 Marker580039 90.7 916 12.0 122 -4.8
QWue.acn-2B.2 EGI1 90.5 Marker650772 Marker580039 90.4 91.6 47 15.6 0.9
QWue.acn-2B.2 EH1 90.5 Marker650772 Marker580039 904 916 7.0 22.8 0.8
QWue.acn-2B.3 EI2 91.0 Marker650772 Marker580039 90.5 91.5 4.0 26.3 L5
QWue.acn-2B.4 EI3 92.1 Marker352143 Marker762683 92.0 924 84 26.1 -0.8
QWue.acn-2B.5 EG3 953 Marker1025623 Marker1330209 94.1 96.2 50 16.0 -0.7

LeftCI and Right CI: Confidence interval calculated by one-LOD drop from the estimated QTL position. F, G, H and I represent the years 2017, 2018, 2019 and 2020 respectively, and 1, 2
and 3 represent T1, T2 and T3 water treatments, respectively. Env. stands for environment. Add. indicates additive effect. PVE the percentage of phenotypic variation explanations.
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T3 -0.11 0.62%* 025 0.16

P <0001, **is P <001, *is P < 0.05.
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Chromosome SLAF Total Distance Average Distance ~ Gaps <=5 Max BS SP Miss  Spearman

1D Number (cM) (cM) (%) Gap (%) (%)

1A 348 94.95 0.27 99.14 11.62 8 o021 11.62 1.00
1B 999 58.15 0.06 99.80 552 0 002 1.19 0.90
1D 110 36.26 033 99.08 7.19 0 043 9.19 0.99
24 1020 75.39 0.07 99.90 6.05 4 021 8.83 0.97
2B 873 12599 0.14 99.77 771 0 018 9.84 0.89
2D 53 30.40 0.58 98.08 6.22 17 031 14.24 091
3A 251 67.79 027 100.00 452 26 0.4 11.67 1.00
3B 911 922 0.10 100.00 428 9 02 9.8 0.94
3D 112 70.15 0.63 98.20 849 5 038 1722 1.00
4A 513 103.02 0.20 99.41 10.14 0 004 0.51 1.00
4B 360 78.41 0.22 99.72 6.52 17 032 10.59 0.87
4D 228 77.46 0.34 98.24 6.46 3 024 9.43 0.98
5A 312 11424 0.37 99.04 6.77 15 036 12.07 0.99
5B 417 102.51 0.25 99.04 6.99 24 039 13.85 0.98
5D 195 96.47 0.50 97.94 892 1 032 10.62 0.99
6A 277 68.17 0.25 100.00 497 0 o021 9.17 0.96
6B 110 38.94 0.36 100.00 358 1 136 18.19 0.99
6D 243 55.73 0.23 99.59 5.02 13032 9.44 0.86
7A 578 88.21 0.15 100.00 4.40 0 022 11.94 0.99
7B 664 89.51 0.14 99.70 9.39 34 02 9.49 0.99
7D 177 121.37 0.69 97.73 7.67 17033 1181 1.00
Total 8751 1685.32 - - - 194 — - -

Average - - 0.19 99.26

Chromosome ID, linkage group number; SLAF number, the number indicates the total number of markers on a linkage group; Total distance, the total genetic distance of markers on a
linkage group; Average distance Average genetic distance among all markers of linkage group; Max gap, the largest gap in the linkage group. The smaller the maximum gap, the more
uniform the map is; Gaps < = 5 (%), the proportion of gap length less than 5 cM in the linkage group. The higher the proportion, the more uniform the representative map. BS, the number of
partial segregation markers. SP (%), Singleton percent, the proportion of double exchange sites. Miss, missing proportion or deletion rate. Spearman: Spearman rank correlation coefficient.
The closer the coefficient is to 1, the better the collinearity.
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