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A pleiotropic QTL increased
economic water use efficiency
in bread wheat (Triticum
aestivum L.)

Jian Hui*, Haibo Bai, Xuelian Lyu, Sishuang Ma, Xiaojun Chen
and Shuhua Li*

Ningxia Key Laboratory of Agricultural Biotechnology, Agricultural Biotechnology Research Center,
Ningxia Academy of Agriculture and Forestry Science, Yinchuan, Ningxia, China
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 conditioningWUE 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.

KEYWORDS

water use efficiency of economic yield, carbon isotope discrimination, QTL,
recombinant inbred lines, bread wheat (Triticum aestivum L.)
Abbreviations: ACN, Agricultural Biotechnology Research Center of Ningxia; CID, Carbon isotope

discrimination (%); CT, Canopy temperature (°C); FSN, Fertile spikelet number per spike; GNS, Grain

number per spike; GWS, Grain weight per spike (g); GYUA, Grain yield per unit area (t·hm-2); KGW, Kilo-

grain weight (g); LCC, Leaf chlorophyll content; PH, Plant height (cm); SLAF-seq, Specific locus amplified

fragment sequencing; SNUA, Spike number per unit area (thousand·hm-2); WUE, Water use efficiency of

economic yield (kg·hm-2·mm-1).
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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
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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 (D or CID) is widely

used as an indirect assessment of the water status of C3 crops

under water-limited conditions. A negative correlation between

D andWUE 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 D, 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 D 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 D. Compared with

the leaf of D, the grain of D 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 d13C (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 D 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.
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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
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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 t ime 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
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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 (d13C), with PDB (PEE Dee belemnite) as the

standard. d13C formula is calculated as follows: d13C (‰) =

[(Rsample/RPDB - 1) × 1000] (R is 13C/12C ratio), and the

calculation formula of carbon parity discrimination (△ or

CID) is: △ (‰) = [(d13Cair - d13Csample) ×1000]/(1 +

d13Csample), where, d13Cair = - 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
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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.
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
frontiersin.org
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of first increasing and then decreasing, with high statistical

significance. The tendency of WUE was T2> T1> T3 (Figure 2).

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
Frontiers in Plant Science 05
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
TABLE 1 Basic statistics of the genetic map.

Chromosome
ID

SLAF
Number

Total Distance
(cM)

Average Distance
(cM)

Gaps <=5
(%)

Max
Gap

BS SP
(%)

Miss
(%)

Spearman

1A 348 94.95 0.27 99.14 11.62 8 0.21 11.62 1.00

1B 999 58.15 0.06 99.80 5.52 0 0.02 1.19 0.90

1D 110 36.26 0.33 99.08 7.19 0 0.43 9.19 0.99

2A 1020 75.39 0.07 99.90 6.05 4 0.21 8.83 0.97

2B 873 125.99 0.14 99.77 7.71 0 0.18 9.84 0.89

2D 53 30.40 0.58 98.08 6.22 17 0.31 14.24 0.91

3A 251 67.79 0.27 100.00 4.52 26 0.14 11.67 1.00

3B 911 92.2 0.10 100.00 4.28 9 0.2 9.8 0.94

3D 112 70.15 0.63 98.20 8.49 5 0.38 17.22 1.00

4A 513 103.02 0.20 99.41 10.14 0 0.04 0.51 1.00

4B 360 78.41 0.22 99.72 6.52 17 0.32 10.59 0.87

4D 228 77.46 0.34 98.24 6.46 3 0.24 9.43 0.98

5A 312 114.24 0.37 99.04 6.77 15 0.36 12.07 0.99

5B 417 102.51 0.25 99.04 6.99 24 0.39 13.85 0.98

5D 195 96.47 0.50 97.94 8.92 1 0.32 10.62 0.99

6A 277 68.17 0.25 100.00 4.97 0 0.21 9.17 0.96

6B 110 38.94 0.36 100.00 3.58 1 1.36 18.19 0.99

6D 243 55.73 0.23 99.59 5.02 13 0.32 9.44 0.86

7A 578 88.21 0.15 100.00 4.40 0 0.22 11.94 0.99

7B 664 89.51 0.14 99.70 9.39 34 0.2 9.49 0.99

7D 177 121.37 0.69 97.73 7.67 17 0.33 11.81 1.00

Total 8751 1685.32 — — — 194 — — —

Average — — 0.19 99.26 — — — — —
fro
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.
FIGURE 1

Genetic linkage map of wheat.
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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).
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
Frontiers in Plant Science 06
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).

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
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.
A B

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.
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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.

QTL Env. Pos. (cM) Left Marker Right Marker Left CI Right CI LOD PVE (%) Add.

QLcc.acn-2B EI2 92.1 Marker352143 Marker762683 92.0 92.4 5.5 21.5 1.4

QCid.acn-2B.1 EG2 91.0 Marker650772 Marker580039 90.5 91.5 7.7 27.1 0.5

QCid.acn-2B.2 EF1 91.6 Marker650772 Marker580039 90.4 91.6 9.9 24.8 0.4

QCid.acn-2B.3 EG3 92.1 Marker352143 Marker762683 92.0 92.3 8.2 27.2 0.3

QCid.acn-2B.4 EG1 93.3 Marker1025623 Marker1330209 93.0 94.0 8.8 18.0 0.3

QGws.acn-2B EG3 92.1 Marker352143 Marker762683 92.0 92.4 5.4 17.0 0.1

QGws.acn-2B EI2 92.1 Marker352143 Marker762683 92.0 92.4 9.2 28.5 0.2

QKgw.acn-2B EG2 92.1 Marker352143 Marker762683 92.0 92.3 14.8 19.6 4.0

QKgw.acn-2B EI2 92.1 Marker352143 Marker762683 92.0 92.4 4.7 16.8 1.9

QGns.acn-2B EF2 91.0 Marker650772 Marker580039 90.5 91.5 6.3 20.9 2.5

QGns.acn-2B EI1 91.0 Marker650772 Marker580039 90.5 91.5 6.0 15.7 2.8

QPh.acn-2B.1 EH1 91.3 Marker650772 Marker580039 90.4 91.6 5.9 13.5 -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 91.6 Marker650772 Marker580039 90.6 91.6 5.8 16.0 -4.1

QPh.acn-2B.2 EI3 91.6 Marker650772 Marker580039 90.7 91.6 12.0 12.2 -4.8

QWue.acn-2B.2 EG1 90.5 Marker650772 Marker580039 90.4 91.6 4.7 15.6 0.9

QWue.acn-2B.2 EH1 90.5 Marker650772 Marker580039 90.4 91.6 7.0 22.8 0.8

QWue.acn-2B.3 EI2 91.0 Marker650772 Marker580039 90.5 91.5 4.0 26.3 1.5

QWue.acn-2B.4 EI3 92.1 Marker352143 Marker762683 92.0 92.4 8.4 26.1 -0.8

QWue.acn-2B.5 EG3 95.3 Marker1025623 Marker1330209 94.1 96.2 5.0 16.0 -0.7
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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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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, theQPh.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).
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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
A B

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).
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higher than that of type N, CT was the opposite, whereas LCC

or CT was litt le changed between types under T3

treatment (Figure 7).

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 lowerWUE (Table 3). Therefore, without water
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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.
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
A B

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.
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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
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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 (D) is often used to indicateWUE 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
TABLE 3 Correlation of WUE related traits in different QWue.acn-2B genotypes.

QWue.acn-2B Treatment KGW SNUA GNS GWS

N (n=79) T1 0.14 0.30** 0.32** 0.34**

T2 0.17 0.28* 0.26* 0.29**

T3 -0.11 0.52*** 0.15 0.09

B (n=49) T1 0.27 0.15 0.46*** 0.53***

T2 0.31* 0.12 0.29* 0.41*

T3 -0.11 0.62*** 0.25 0.16
frontier
*** P < 0.001, ** is P < 0.01, * is P < 0.05.
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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 andWUE. In rain fed areas, especially in

areas with very limited soil water before flowering, the selection of

characters for lower grain CID andmore 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
Frontiers in Plant Science 11
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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Merah, O., Deléens., E., and Monneveux, P. (2001). Relationships between
carbon isotope discrimination, dry matter production, and harvest index in durum
wheat. J. Plant Physiol. 158, 723–729. doi: 10.1078/0176-1617-00273

Monneveux, P., Reynolds, M. P., Trethowan, R., Gonzalez-Santoyo, H., Pena, R.
J., and Zapata, F. (2005). Relationship between grain yield and carbon isotope
discrimination in bread wheat under four water regimes. Eur. J. Agron. 22, 231–
242. doi: 10.1016/j.eja.2004.03.001

Morgan, J. A., LeCain, D. R., McCaig, T. N., and Quick, J. S. (1993). Gas
exchange, carbon isotope discrimination and productivity in winter wheat. Crop
Sci. 33, 178–186. doi: 10.2135/cropsci1993.0011183X003300010032x

Mo, Y., Vanzetti, L. S., Hale, I., Spagnolo, E. J., Guidobaldi, F., Al-Oboudi, J.,
et al. (2018). Identification and characterization of Rht25, a locus on chromosome
arm 6AS affecting wheat plant height, heading time, and spike development. Theor.
Appl. Genet. 131, 2021–2035. doi: 10.1007/s00122-018-3130-6

Narasimhamoorthy, B., Gill, B. S., and Fritz, A. K. (2006). Advanced backcross
QTL analysis of a hard winter wheat × synthetic wheat population. Theor. Appl.
Genet. 112, 787–796. doi: 10.1007/s00122-005-0159-0

Pinto, R. S., Reynolds, M. P., Mathews, K. L., McIntyre, C. L., Olivares-Villegas, J.
J., and Chap-man, S. C. (2010). Heat and drought adaptive QTL in a wheat
population designed to minimize con-founding agronomic effects. Theor. Appl.
Genet. 121, 1001–1021. doi: 10.1007/s00122-010-1351-4

Rebetzke, G. J., Condon, A. G., Richards, R. A., and Farquhar, G. D. (2002).
Selection for reduced carbon isotope discrimination increases aerial biomass and
grain yield of rainfed bread wheat. Crop Sci. 42, 739–745. doi: 10.2135/
cropsci2002.7390

Rebetzke, G. J., Rattey, A. R., Farquhar, G. D., Richards, R. A., and Condon, A. G.
(2013). Genomic regions for canopy temperature and their genetic association with
stomatal conductance and grain yield in wheat. Funct. Plant Biol. 40, 14–33.
doi: 10.1071/FP12184

Richards, R. A. (1992). The effect of dwarfing genes in spring wheat in dry
environments. II. growth, water use and water-use efficiency. Aust. J. Agr. Res. 43,
529–539. doi: 10.1071/AR9920529

Rytter, R. M. (2005). Water use efficiency, carbon isotope discrimination and
biomass production of two sugar beet varieties under well-watered and dry
conditions. J. Agron. Crop Sci. 191, 426–438. doi: 10.1111/j.1439-037X.2005.00162.x

Sayre, K. D., Acevedo, E., and Austin., R. B. (1995). Carbon isotope
discrimination and grain yield for three bread wheat germplasm groups grown
at different levels of water stress. Field Crops Res. 41, 45–54. doi: 10.1016/0378-4290
(94)00105-L
Frontiers in Plant Science 13
Siddique, M., Hamid, A., and Islam, M. S. (2000). Drought stress effects on water
relation of wheat. Bot. Bull. Acad. Sinica. 41, 35–39. Available at: https://ejournal.
sinica.edu.tw/bbas/content/2000/1/bot11-06.html.

Sivamani, E., Bahieldin, A., Wraith, J. M., Al-Niemi, T., Dyer, W. E., Ho, T., et al.
(2000). Improved biomass productivity and water use efficiency under water deficit
conditions in transgenic wheat constitutively expressing the barley HVA1 gene.
Plant Sci. 155, 1–9. doi: 10.1016/s0168-9452(99)00247-2

Srivastava, A., Srivastava, P., Sharma, A., and Sarlach, R. S. (2017). Canopy
temperature an effective measure of drought stress tolerance in RIL population of
wheat. Int. J. Plant Sci. 30, 59. doi: 10.5958/2229-4473.2017.00011.8

Sun, X., Liu, D., Zhang, X., Li, W., Liu, H., Hong, W., et al. (2013). SLAF-seq: an
efficient method of large-scale de novo SNP discovery and genotyping using high-
throughput sequencing. PloS One 8, e58700. doi: 10.1371/journal.pone.0058700

Sun, C., Zhang, F., Yan, X., Zhang, X., Dong, Z., Cui, D., et al. (2017). Genome-
wide association study for 13 agronomic traits reveals distribution of superior
alleles in bread wheat from the yellow and huai valley of China. Plant Biotechnol. J.
15, 953–969. doi: 10.1111/pbi.12690

Talukder, S. K., Babar, M. A., Vijayalakshmi, K., Poland, J., Prasad, P.,
Bowden, R., et al. (2014). Mapping QTL for the traits associated with heat
tolerance in wheat (Triticum aestivum L.). BMC Genet. 15, 1–13. doi: 10.1371/
journal.pone.0058700

Tian, X. L., Wen, W. E., Xie, L., Fu, L. P., Xu, D. A., Fu, C., et al. (2017).
Molecular mapping of reduced plant height gene Rht24 in bread wheat. Front.
Plant Sci. 8, 1379. doi: 10.3389/fpls.2017.01379

Tshikunde, N. M., Mashilo, J., Shimelis, H., and Odindo, A. (2019). Agronomic
and physiological traits, and associated quantitative trait loci (QTL) affecting yield
response in wheat (Triticum aestivum L.): A review. Front. Plant Sci. 10.
doi: 10.3389/fpls.2019.01428

Wei, Q., Wang, W., Hu, T., Hu, H., and Bao, C. (2020). Construction of a SNP-
based genetic map using SLAF-seq and QTL analysis of morphological traits in
eggplant. Front. Genet. 11, 178. doi: 10.3389/fgene.2020.00178

Wei, Q., Wang, Y., Qin, X., Zhang, Y., Zhang, Z., Jing, W., et al. (2014). An SNP-
based saturated genetic map and QTL analysis of fruit-related traits in cucumber
using specific-length amplified fragment (SLAF) sequencing. BMC Genomics 15,
1158. doi: 10.1186/1471-2164-15-1158

Wen, S., Zhang, M., Tu, K., Fan, C., Tian, S., Bi, C., et al. (2022). A major
quantitative trait loci cluster controlling three components of yield and plant height
identified on chromosome 4B of common wheat. Front. Plant Sci. 12, 799520.
doi: 10.3389/fpls.2021.799520

Xing, X., Yuan, H., Li, S., Trethowan, R., and Monneveux, P. (2007).
Relationship between carbon isotope discrimination and, grain yield in spring
wheat cultivated under different water regimes. J. Integr. Plant Biol. 49, 1497–1507.
doi: 10.1111/j.1672-9072.2007.00562.x

Yadav, M. R., Choudhary, M., Singh, J., Lal, M. K., Jha, P. K., and Udawat, P.
(2022). Impacts, tolerance, adaptation, and mitigation of heat stress on wheat
under changing climates. Int. J. Mol. Sci. 23, 2838. doi: 10.3390/ijms23052838

Yan, J. K., and Zhang, S. Q. (2017). Effects of dwarfing genes on water use efficiency of
bread wheat. Front. Agri. Sci. Eng. 4, 126–134. doi: 10.15302/J-FASE-2017134

Yin, J. L., Fang, Z. W., Sun, C., Zhang, P., Zhang, X., Lu, C., et al. (2018). Rapid
identification of a stripe rust resistant gene in a space-induced wheat mutant using
specific locus amplified fragment (SLAF) sequencing. Sci. Rep. 8, 3086.
doi: 10.1038/s41598-018-21489-5

Zhang, Z. B., and Shan, L. (2000). Background analysis of genes controling water
use efficiency of triticum. Acta Genet. Sinica. 27, 240–246.

Zhang, Y., Wang, L., Xin, H., Li, D., Ma, C., Ding, X., et al. (2013). Construction
of a high-density genetic map for sesame based on large scale marker development
by specific length amplified fragment (SLAF) sequencing. BMC Plant Biol. 13, 141.
doi: 10.1186/1471-2229-13-141

Zhang, X. J., Yang, Y., Li, F. H., Xiang, J. H., and Liu, D. Y. (2020). Construction
of a high-density SNP genetic map for pacific white shrimp (Litopenaeus
vannamei). Front. Genet 11, 571880. doi: 10.3389/fgene.2020.571880

Zhu, W. Y., Huang, L., Chen, L., Yang, J. T., Wu, J. N., Qu, M. L., et al. (2016). A
high-density genetic linkage map for cucumber (cucumis sativus l.): Based on
specific length amplified fragment (SLAF) sequencing and QTL analysis of fruit
traits in cucumber. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00437

Zhu, X. K., Sheng, H. J., Gu, J., Zhang, R., and Li, C. Y. (2005). Primary study on
application of SPAD value to estimate chlorophyll and nitrogen content in wheat
leaves. J. Triticeae Crops. 25, 46–50. Available at: https://en.cnki.com.cn/Article_
en/CJFDTOTALMLZW200502011.htm.
frontiersin.org

https://doi.org/10.1007/s00122-007-0600-7
https://doi.org/10.2135/cropsci2004.1642
https://doi.org/10.1093/bioinformatics/btn025
https://doi.org/10.1093/bioinformatics/btn025
http://en.cnki.com.cn/Article_en/CJFDTotal-NKDB200501007.htm
http://en.cnki.com.cn/Article_en/CJFDTotal-NKDB200501007.htm
https://doi.org/10.1016/j.fcr.2017.01.020
https://doi.org/10.1071/FP09121
https://doi.org/10.1093/jxb/49.Special_Issue.453
https://doi.org/10.1038/nature03835
https://doi.org/10.1038/nature03835
https://doi.org/10.1007/s10681-013-0951-x
https://doi.org/10.1078/0176-1617-00273
https://doi.org/10.1016/j.eja.2004.03.001
https://doi.org/10.2135/cropsci1993.0011183X003300010032x
https://doi.org/10.1007/s00122-018-3130-6
https://doi.org/10.1007/s00122-005-0159-0
https://doi.org/10.1007/s00122-010-1351-4
https://doi.org/10.2135/cropsci2002.7390
https://doi.org/10.2135/cropsci2002.7390
https://doi.org/10.1071/FP12184
https://doi.org/10.1071/AR9920529
https://doi.org/10.1111/j.1439-037X.2005.00162.x
https://doi.org/10.1016/0378-4290(94)00105-L
https://doi.org/10.1016/0378-4290(94)00105-L
https://ejournal.sinica.edu.tw/bbas/content/2000/1/bot11-06.html
https://ejournal.sinica.edu.tw/bbas/content/2000/1/bot11-06.html
https://doi.org/10.1016/s0168-9452(99)00247-2
https://doi.org/10.5958/2229-4473.2017.00011.8
https://doi.org/10.1371/journal.pone.0058700
https://doi.org/10.1111/pbi.12690
https://doi.org/10.1371/journal.pone.0058700
https://doi.org/10.1371/journal.pone.0058700
https://doi.org/10.3389/fpls.2017.01379
https://doi.org/10.3389/fpls.2019.01428
https://doi.org/10.3389/fgene.2020.00178
https://doi.org/10.1186/1471-2164-15-1158
https://doi.org/10.3389/fpls.2021.799520
https://doi.org/10.1111/j.1672-9072.2007.00562.x
https://doi.org/10.3390/ijms23052838
https://doi.org/10.15302/J-FASE-2017134
https://doi.org/10.1038/s41598-018-21489-5
https://doi.org/10.1186/1471-2229-13-141
https://doi.org/10.3389/fgene.2020.571880
https://doi.org/10.3389/fpls.2016.00437
https://en.cnki.com.cn/Article_en/CJFDTOTALMLZW200502011.htm
https://en.cnki.com.cn/Article_en/CJFDTOTALMLZW200502011.htm
https://doi.org/10.3389/fpls.2022.1067590
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	A pleiotropic QTL increased economic water use efficiency in bread wheat (Triticum aestivum L.)
	Introduction
	Materials and methods
	Plant materials
	Test design
	Measurements of agronomic and physiological traits
	QTL analysis
	Data processing

	Results
	Genetic map construction
	Correlation of WUE with other traits
	QTL mapping of WUE and related traits
	Effects of different alleles of Qwue.acn-2B on WUE and related traits

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


