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Abstract: Many late-season physiological traits affect grain yield in wheat, either directly or indirectly.
However, information on the genetic control of yield-related traits is still limited. In this study,
we aimed to identify quantitative trait loci (QTL) for canopy temperature and chlorophyll content
index during anthesis (CTa and CCla, respectively), the mid grain-filling stage (CTgl and CClgl,
respectively), and the late grain-filling stage (CTg2 and CClIg2, respectively) as well as for plant
height (PH), thousand kernels weight (TKW), and grain yield (GY) using genome-wide linkage
mapping. To this end, a double haploid population derived from a cross between two high yielding
wheat cultivars, UI Platinum and SY Capstone, was phenotyped in four irrigated environments and
genotyped using the wheat 90K iSelect platform and simple sequence repeats. The genotypic data
were used to construct a high-density genetic map of 43 linkage groups (LGs) with a total length
of 3594.0 cm and a marker density of 0.37 cm. A total of 116 QTL for all nine traits was detected
on 33 LGs, spreading to all wheat chromosomes, except for Chr. 7D. Of these, six QTL (CTa.ui-4B.1,
Q.CTg1.ui-5B-2.1, Q.CTg2.ui-6B.1, Q.PH.ui-6A-2.1, Q. TKW.ui-2D-1, and Q.GY.ui-6B) were consistently
detected in more than three irrigated environments, called as stable QTL. Additionally, we identified
26 QTL clusters for more than two traits, of which the top four were located on Chromosomes 4A-1,
1B-1, 5B-2, and 2D-1. Overall, the stable QTL significantly related with grain yield, QTL clusters,
and linked molecular markers identified in this study, may be useful in marker-assisted selection in
early generation and early growth stage for grain yield improvement.

Keywords: linkage mapping; QTL; 90K SNP; canopy temperature; chlorophyll content index;
plant height; grain yield

1. Introduction

Wheat (Triticum aestivum L.) is one of the most important food crops worldwide [1] since it is a valuable
source of carbohydrates and protein suitable for human consumption [2]. However, wheat production is
negatively affected by the gradual reduction of arable land area due to climate change as well as biotic and
abiotic stresses [3-6]. Therefore, further improvement in grain yield (GY) is necessary to meet the current
and future demand.

Canopy temperature (CT) or CT depression and chlorophyll content index (CCI) or SPAD value of
leaf chlorophyll content are important physiological traits significantly associated with GY in wheat [7-11].
CT is considered an indicator of the transpiration level, whereas the chlorophyll content of flag leaf is
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used for the indirect estimation of photosynthesis capacity [12]. A high chlorophyll content in the flag leaf
during post-anthesis positively affects yield stability by extending photosynthesis under a wide range of
conditions [13]. Agronomic traits, such as plant height (PH) and thousand kernels weight (TKW), are also
closely related to GY [8,11]. Therefore, it would be useful to elucidate the genetic control of late-season
physiological traits that are closely related to GY in order to further improve wheat yield.

Molecular techniques have accelerated progress in plant breeding programs [14]. Of these, quantitative
trait locus (QTL) mapping that is carried out to detect potential chromosome regions associated with
important traits using molecular markers [15] has been proved to be an effective way to understand the
genetic architecture of physiological and yield-related traits in crops [16]. In wheat, QTL mapping has
been extensively conducted for PH, TKW, and GY [1,9,11,17-24] as well as for CT (or CT depression)
and CCI (or SPAD), since these two traits are significantly correlated with GY and its components [9-11].
Some QTL for CT (or CT depression) and CCI (or SPAD) have been identified during anthesis or at 10 d
(days) post-anthesis using different mapping populations and considered as potential tools for improving
wheat yield under different stress environments [7,9-11,21,25-27]. QTL for CT during the vegetative
and grain-filling stages have been identified on Chromosomes (Chr.) 1B, 2B, 3B, and 7A across different
environments, whereas one QTL for CT during the vegetative stage has been identified on Chr. 4A [28].
Previous study reported QTL for CT during the vegetative (25 d after emergence) and grain-filling stages on
Chr. 3A, 3BS, 3BL, 5B, and 7A under irrigated, heat, and drought conditions [21]. QTL for CT depression
during anthesis have been mapped on Chr. 2AL, 3BL, 4BS, 5BS, and 6BL, whereas QTL for CT depression at
10 d post-anthesis on Chr. 4AS, 4BS, and 5BS [10]. QTL for SPAD at 0 d, 7 d, and 14 d post-anthesis have been
detected on Chr. 1A, 1B, 1D, 2B, 3B, 4D, 6B, and 7B under unstressed conditions [29]; on Chr. 1A, 2B, 3A, 4A,
4D, 5B, and 6A at 0d, 7 d, and 14 d post-anthesis under high-light stress conditions [7]; on Chr. 3D and 7A at
the seeding stage under salt stress conditions [26]; on Chr. 7A during anthesis under different nitrogen and
water conditions [25]; and on Chr. 1B and on 1A, 1D, 3A, 3B, and 5A under heat and drought conditions [28].
Previous study reported QTL for SPAD during anthesis on Chr. 2AS, 2AL (2), 2DS, 2DL, 3AS, 4AL, 4DS,
5AS, and 5AL, and at 10 d post-anthesis on Chr. 2AL (2), 2BS, 2D, 5AL, 5BL, 6AS, and 7A [11].

However, only a few QTL for CT and CCI have been reported during the late growth stages under
irrigated conditions. Additionally, most studies used a limited number of markers and resulted in QTL
with relatively large genetic distances, which are not appropriate for marker-assisted selection (MAS).
The high-density single nucleotide polymorphism (SNP) technology is an efficient tool for QTL detection,
since it allows the construction of high-density linkage maps [30,31]. SNP makers are co-dominant, abundant,
and evenly distributed along the genome [32,33]. In wheat, the 9 K and 90 K iSelect SNP arrays have been
successfully applied for the QTL mapping of yield and yield-related traits [10,11,23,31,34,35].

Here, we aimed to identify QTL for CT and CCI during anthesis, the early grain-filling stage,
and the middle grain-filling stage as well as for PH, TKW, and GY in a double haploid (DH) population
that phenotyped under irrigated conditions and genotyped using genome-wide high-density SNP
markers combined with simple sequence repeats (SSRs).

2. Materials and Methods

2.1. Plant Materials and Field Experiments

In this study, we used a mapping population, consisting of 110 doubled haploid (DH) lines that
derived from a cross between two spring wheat cultivars, Ul Platinum and SY Capstone. The former
cultivar (PI 672533) was developed by the Idaho Agricultural Experimental Station and released in 2014 [36],
whereas the latter was developed by Syngenta Cereals and released in 2011 [37]. The DH lines were created
from F; under service from Heartland Plant Innovation using wheat by maize hybridization [38].

Four trials were performed in Aberdeen, Idaho, USA (42.96° N, 112.83° W; elevation 1342 m) in
the 2014/2015 and 2015/2016 cropping seasons under irrigated conditions (AB15E1, AB15E2, AB15E3,
and AB16E4). A detailed description of all environments is provided in Table 1. The precipitation of
four trails during the growing season was 217.4 mm, 217.4 mm, 217.4 mm, and 249.0 mm, respectively,



Agronomy 2018, 8, 60 3 of 25

and irrigation was applied from May to July with a total amount of 362.7 mm, 373.4 mm, 384.0 mm
and 453.4 mm, respectively, making total moisture 580.1 mm, 590.8 mm, 601.4 mm and 702.4 mm, using
aluminum sprinkler pipes. In AB15E1, and AB15E2, 120 entries were arranged in an augmented design.
120 replicated DH lines were assigned at random to four blocks, while two parents as checks were replicated,
being randomly assigned to plots within each of the four blocks, therefore, each sub-block comprised
28 un-replicated DH lines and the two cultivar checks. In AB15E3 and AB16E4, the DH and parental lines
were arranged in a randomized complete block design with two replications. Each plot included seven rows
(3.0 m in length, 1.5 m in width, 0.25 m in row spacing). The sowing density was 0.48 million seeds per ha
at each trial. Fertilization and weeding were applied, when necessary, to achieve the optimal cultivation
conditions. A wheat border was planted to minimize the edge effect in each trial.

Table 1. Rainfall and irrigation (mm) during the two wheat-growing seasons for the 4 trials.

) September—-March April May June July August
Trials Sowing Date Total
R R IRR R IRR R IRR R IRR R IRR
15ABE1 20 March 2015 92.4 2.5 427 836 533 198 1814 191 853 - / 580.1
15ABE2 26 March 2015 92.4 25 427 836 533 198 1814 191  96.0 - / 590.8
15ABE3 1 April 2015 92.4 2.5 42.7 83.6 53.3 198 1920 19.1 96.0 - / 601.4
16ABE4 8 April 2016 165.4 43.2 / 36.8 747 08 2187 28  160.0 0 / 702.4

15ABE1, 15ABE2, 15ABE3: trial 1, 2 and 3 in Aberdeen in 2015, respectively; 16ABE4, trial 4 in Aberdeen in 2016;
R, rainfall; IRR, irrigation water; -, not included; /, no irrigation.

2.2. Phenotypic Evaluation

CT, CCI, PH, TKW, and GY were recorded in all four environments in two seasons (AB15E1,
AB15E2, AB15E3, and AB16E4). CT (°C) was measured using an infrared thermometer (IRtec MicroRay
HVAC; Langhorne, PA) from noon to 2:00 PM on clear and non-windy days. The CCI of flag
leaves was measured from five randomly selected fertile plants using a portable chlorophyll content
meter (CCM-200; Opti-Sciences, Hudson, NH, USA). CT and CCI were measured during anthesis
(Feekes 10.5.2; CTa and CCla, respectively), the mid grain-filling stage (Feekes 11.1; CTg1 and CClg1,
respectively), and the late grain-filling stages (Feekes 11.2; CTg2 and CClg2, respectively) using the
Feekes growth scale [39].

PH (cm) was measured from the soil surface to the tip of the spike (awns excluded) at the maturity
stage (Feekes 11.3-11.4) [39]. Plots were harvested by a Wintersteiger Classic small plot combine
(Wintersteiger; Salt Lake City, UT, USA) equipped with a Harvest Master weighing system (Juniper
Systems; Logan, UT, USA). After harvest, GY was determined as grain weight extrapolated at the 12%
moisture content and expressed in t ha~!. TKW (g) was recorded using the single-kernel characteristics
system (SKCS 4100; Perten Instruments, Springfield, IL, USA).

2.3. Phenotypic Data Analysis

Phenotypic data analysis, including mean, genotype variance (5§), error variance (62), correlation
analysis between parameters, and broad-sense heritability (H3), was conducted using JMP 8.0 (SAS
Institute, Cary, NC, USA). The adjusted means of each trait measured in AB15E1 and AB15E2 were
estimated for block differences which were measured by the cultivar checks [40]. The analysis of
variance was performed with PROC GLM, in which genotypes were treated as fixed effects and
environments and the interaction of genotypes and environments and blocks nested in environments
were all treated as random effects [40]. The inverse of the variance of the individual environments
were treated as weights. H3 was estimated in all environments as follows:

Hp = o3/ (a§ +og./T+ (TZ/E?),

where (5§ is the genetic variance, ag%e is the genetic x environment interaction variance, 62 is the error
variance, r is the replicates per environment, and e is the number of environments.
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2.4. SNP Genotyping and Molecular Marker Analysis

Total genomic DNA was extracted from young leaves of the DH and parental lines using
the method as described by [41]. DNA concentration was estimated using a Nanodrop ND-1000
Spectrophotometer (Nanodrop; Wilmington, DE, USA) and then, adjusted to 80 ng puL.~! for SNP
assays and molecular marker analysis.

The DH and parental lines were genotyped at the USDA-ARS Small Grains Genotyping Laboratory,
Fargo, ND, USA, using the Illumina 90 K iSelect SNP array [31]. Genotype calling and SNP clustering were
conducted using GenomeStudio 2011 with the polyploid clustering V1-0 (Illumina, San Diego, CA, USA).
SNP names were designated as “IWB” followed by an index number.

A total of 300 SSRs was selected for genotyping the parental lines as described by [42]. Molecular
markers for dwarfing genes (Rht-B1b and Rht-D1b) were used for confirming the association with PH [43,44].

2.5. Linkage Map Construction and QTL Analysis

SNP markers were filtered for monomorphism, high frequency of missing values (>10%),
or segregation distortion (>0.35). The genetic linkage map was constructed using JMP Genomics 8.0
(SAS Institute) as described by [45] and [46]. The initial number of linkage groups (LGs) was identified
using interactive hierarchical clustering and K-means clustering (automated radius K-means) by
reducing the number of markers in the recombination and LG function. Markers were ordered on each
LG using the Kosambi mapping function and the accelerated map order optimization algorithm in the
linkage map order function. LGs were split when the genetic distance between adjacent markers was
higher than 35 cm by default.

QTL analysis was performed for each trait within and across four environments by composite
interval mapping (CIM) using JMP Genomics 8.0 [46]. CIM was used to find QTL with an expectation
maximization (EM) algorithm threshold of 2.5. Genetic distance between markers was calculated in
cm. The contribution of SY and UI toward higher trait values was indicated by positive and negative
signs of the estimates for additive QTL effects, respectively. The proportion of phenotypic variation
(R?) for each QTL was determined by the square of the partial correlation coefficient.

The final map was constructed using the linkage map viewer function of JMP Genomics, and LGs
were assigned to chromosomes based on the 90 K consensus map as described by [31]. Each linkage
map was named according to the wheat chromosome followed by a number. A QTL was characterized
as stable when it was identified in at least three or four environments.

3. Results

3.1. Phenotypic Evaluation

The analysis of variance showed that the effect of genotype was significant for all traits across
environments, except for CTa and CTgl(across 15ABE3 and 16ABE4) (p < 0.05), whereas the effect
of environment and that of genotype by environment were significant for CTa, CTg2, CCla, CCIg2
and GY across 15ABE1 and 15ABE2 as well as CCIg2, TKW and GY across 15ABE3 and 16ABE4
(p < 0.05) (Table 2). The phenotypic performance of DH and parental lines indicated that Ul and SY
were significantly different for CCI and TKW in all the environments (Table S1); UI had markedly
higher TKW, whereas SY had higher CCla, CCIgl, and CCIg2. The mean for most traits of DH
lines was near to the mid-parental value. The range of variation for each trait of DH lines showed
transgressive segregation in both directions across the environments, demonstrating that positive
alleles were present from both parental lines. All traits showed continuous frequency distribution
within and across the environments, indicating that they were under polygenic control (Figure S1). The
Hg? was the highest for TKW (0.81 across 15ABE1 and 15ABE2, 0.72 across 15ABE3 and 16ABE4) and
PH (0.77 across 15ABE1 and 15ABE2, 0.75 across 15ABE3 and 16 ABE4), indicating that both traits were
stable and mainly affected by the genotype, whereas the H, 52 was the lowest for CTa, CTgl, and CTg2,
suggesting that they were greatly affected by the environment.
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Table 2. Analysis of variance (ANOVA) and broad-sense heritability (H, 52) for the traits measured in four environments (110 doubled haploid (DH) lines and
two cultivar checks in 15ABE1 and 15ABE2, two replications in 15ABE3 and 16ABE4).

sv DF MS Across 15ABE1 and 15ABE2 DF MS Across 15ABE3 and 16ABE4
15ABE1 15ABE2 DF MS 15ABE3 16ABE4 DF MS
CTa
Block/Replication 3 0.08 0.36 0.79 163.57 ****
Genotype (G) 111 2.07 * 0.52 111 1.54 **+* 0.46 1.12 109 0.91
Environment (E) 1 4.46 ** 1 4531.88 ***
GxE 111 1.31 ** 109 0.67
Error 3 0.09 0.51 12 0.26 0.56 1.27 220 1.65
Hpg? 0.52 0.38
CTgl
Block/Replication 3 1.98 * 0.20 6.56 **** 79.32 *xx*
Genotype (G) 111 1.89* 0.15 111 1.84* 0.60 2.51 109 1.70
Environment (E) 1 1.16 1 0.57
GxE 111 1.98* 109 1.41
Error 3 0.15 0.06 12 0.60 0.50 2.38 220 1.81
Hy? 0.45 0.42
CTg2
Block/Replication 3 4.58 0.01 0.08 57.53 ****
Genotype (G) 111 7.13 0.21 111 6.56 ** 0.44 1.76 * 109 1.32*
Environment (E) 1 967.59 **** 1 23.60 ****
GxE 111 6.14 ** 109 0.89
Error 3 1.21 0.09 12 1.47 0.36 1.16 220 1.01
Hg? 0.49 0.49
CClIa
Block/Replication 3 5.31* 1.92 6.19 78.00 *
Genotype (G) 111 30.45 ** 19.18 * 111 27.36 **** 18.16 ** 28.15 *** 109 32.93 *¥**
Environment (E) 1 340.08 **** 1 2.11
GxE 111 23.74 ¥ 109 13.38
Error 3 0.43 1.05 12 2.18 11.52 14.89 220 13.47
Hg? 0.52 0.62
CCIg1
Block/Replication 3 8.44 2.81 2.86 61.16

Genotype (G) 111 36.31 26.20 111 38.21 *** 37.24 % 41.32 ** 109 56.37 ****
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Table 2. Cont.

sV DF MS Across 15ABE1 and 15ABE2 DF Across 15ABE3 and 16ABE4
15ABE1 15ABE2 DF MS 15ABE3 16ABE4 DF MS
Environment (E) 1 16.47 1 1600.20 ****
GxE 111 25.31 ** 109 22.19
Error 3 10.34 440 12 6.50 24.65 17.07 220 20.96
Hg? 0.57 0.63
CCIg2
Block/Replication 3 3.79 6.41 22.66 54.80
Genotype (G) 111 27.06 23.56 111 31.39 ** 25.43 *** 39.86 **** 109 45.84 *¥**
Environment (E) 1 127.22 *** 1 453.71 *#***
GxE 111 20.42 * 109 19.46 *
Error 3 12.25 4.69 12 6.79 13.72 16.05 220 15.10
Hg? 0.57 0.63
PH
Block/Replication 3 1.38 2.61 708.13 **** 3.07
Genotype (G) 111 22.31 27.57 111 43.20 *** 42.56 **** 55.95 **** 109 81.12 *¥**
Environment (E) 1 0.02 1 6763.57 ****
GxE 111 9.51 109 17.39
Error 3 18.38 4.65 12 6.75 16.30 14.94 220 18.71
Hpg? 0.77 0.75
TKW
Block/Replication 3 4.07 2.11 47.48 ** 38.89 *
Genotype (G) 111 13.74 9.87 111 21.21 *** 18.79 **** 19.60 **** 109 29.85 ****
Environment (E) 1 7.44 1 2480.45 ****
GxE 111 3.05 109 8.53*
Error 3 5.64 3.28 12 3.78 497 6.23 220 5.95
Hg? 0.81 0.72
GY
Block/Replication 3 0.20 0.13 5.06 **** 1.80
Genotype (G) 111 0.40 0.53 111 0.71 ** (.72 ##x% 1.59 *##* 109 1.67 ****
Environment (E) 1 66.28 **** 1 6.16 ***
GxE 111 0.32* 109 0.64 **
Error 3 0.11 0.08 12 0.13 0.26 0.55 220 0.43
Hg? 0.65 0.66

6 of 25

15ABE1, 15ABE2, 15ABE3: trial 1, 2 and 3 in Aberdeen in 2015, respectively; 16ABE4, trial 4 in Aberdeen in 2016; SV, Source of variation; DF, degree of freedom; MS, Mean square, CTa,
CTgl, CTg2, canopy temperature during anthesis, mid- and late grain-filling stage, respectively; CCla, CCIgl, CClg2, chlorophyll content index during anthesis, mid- and late grain-filling
stage, respectively; PH, plant height; TKW, thousand kernels weight; GY, grain yield; **, p < 0.01; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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3.2. Correlation between Traits

Pearson’s correlation between traits was analyzed across environments (Table 3). CTa, CTgl, and CTg2
were significantly negatively correlated with GY (r = —0.72-—0.89, p < 0.0001), whereas CCla, PH, and TKW
were significantly positively correlated with GY (r = 045-0.87, p < 0.001). CTa, CTgl, and CTg2 were
significantly negatively correlated with CCla, PH, and TKW (r = —0.30-—0.77, p < 0.01), whereas CCla was
significantly positively correlated with PH and TKW (r = 0.33-0.37, p < 0.0001). PH was significantly positively
correlated with TKW (r = 0.71, p < 0.0001). Significant positive correlations were also found between CTa, CTgl,
and CTg2 (r = 0.50-0.83, p < 0.0001) as well as between CCla, CClgl, and CClg2 (r = 0.33-0.65, p < 0.0001).

Table 3. Pearson’s correlations between phenotypic traits measured in DH population from UI
Platinum/SY Capstone over four environments.

CTa CTgl CTg2 CCla CCIgl  CCIg2 PH TKW

CTgl 0.50 ****
CTg2 0.61 **** 0.83 ****

CCla —0.30 ** —0.34** —0.44
CCIg1 0.24* 0.11 0.08 0.33 ****
CCIg2 0.02 —0.05 —0.13 0.60 **** 0.65 ****
PH —0.77 #x* —0.60 **** —0.77 *x* 0.37 *x** —0.11* 0.09
TKW  —0.71 #** —0.55 #** —0.62 **** 0.33 **** —-0.12* 0.05 0.77 *#*
GY —0.72 0 —0.72 #* —0.89 **** 0.45 **** —0.06 0.14 ** 0.87 **** 0.771 ****

CTa, CTgl, CTg2, canopy temperature during anthesis, mid- and late grain-filling stage, respectively; CCIa, CCIgl,
CClg2, chlorophyll content index during anthesis, mid- and late grain-filling stage, respectively; PH, plant height;
TKW, thousand kernels weight; GY, grain yield; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

3.3. Marker Analysis and Construction of LGs

Of 81,587 SNPs on the 90 K iSelect SNP array and 300 selected SSRs, only 9687 SNP marker and
44 SSRs were polymorphic between the parental lines and used for the construction of the linkage map.
Both parental lines carried Ppd-D1a and Rht-D1b, but not Rht-B1b.

We identified 43 LGs that represented all the 21 chromosomes of wheat (Table 52). Chr. 1A, 5A, 4B, 6B,
and 7B were represented by one LG each; Chr. 24, 4A, 6A, 1B, 3B, 5B, 1D, 2D, 3D, 4D, and 7D by two LGs
each; Chr. 3A, 7A, 5D, and 6D by three LGs each; and Chr. 2B by four LGs (Table S2). The linkage map had
a total length of 3633.19 cm, whereas each LG had an average length of 173.01 cm, ranging from 54.61 cm
(Chr. 1D) to 261.51 cm (Chr. 5A). The average number of markers on each chromosome was 463.5, ranging
from 15 on Chr. 3D to 1125 on Chr. 6A. Although markers on Chr. 1D, 3D, 4D, and 7D were low in number,
they had a good distribution. The average marker density was 0.37 cm, ranging from 0.19 (Chr. 6A) to
5.56 (Chr. 3D). The map of A genome included 4320 markers (44.4%) and had a total length of 1420.51 cm
with an average marker density of 0.33 cm; the map of B genome included 4367 markers (44.9%) and
had a total length of 1571.15 cm with an average marker density of 0.36 cm; and the map of D genome
included 1046 markers (10.7%) and had a total length of 641.53 cm with an average marker density of
0.61cm. The D genome had the lowest marker coverage, suggesting that more markers were polymorphic
in the A and B genomes. Of 9687 SNPs, only 357 were newly mapped (Table S3).

3.4. QTL Detection for Physiological and Agronomic Traits

After further optimization, 1002 SNP makers and 30 SSRs were used for QTL detection. We identified
116 QTL for all traits within and across environments; 71 QTL for CT and CCI, and 45 QTL for PH, TKW,
and GY (Tables 4 and 5 and Table S4; Figure 1).

Table 4. Quantitative trait locus (QTL) detected for canopy temperature in the DH population of UI

Platinum/SY Capstone.
Traits Trial QTL? Peak Marker LG Position P Marker Interval LOD ¢ Addd R2?¢
CTa 15ABE1 Q.CTa.ui-2A-2 IWB21598 2A-2 11.05 IWB3678-IWB21598 2.5 0.30 9.8
Q.CTa.ui-6B IWB10604 6B 3.64 IWB75959-IWB10604 5.8 —048 216

15ABE2  Q.CTa.ui-2B-2.1 IWB21394 2B-2 8.2 IWB21394-IWB67534 55 0.77 20.4
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Table 4. Cont.

Traits Trial QTL? Peak Marker LG Position P Marker Interval LOD ¢ Addd R2?¢
Q.CTa.ui-2B-2.2 TWB594 2B-2 44.63 IWB11092-TWB594 25 —0.51 10.0
Q.CTa.ui-2B-3 IWB35482 2B-3 63.36 IWB35482-IWB74377 2.7 0.40 10.3
Q.CTn.ui-4B.1 IWB10190 4B 29.65 IWB20226-IWB57507 4.0 —0.48 155
Q.CTa.ui-5B-2 IWB626 5B-2 429 IWB36579-IWB18101 5.8 -0.62 217

15ABE3 Q.CTa.ui-2B-3 IWB35482 2B-3 55.36 IWB35482-IWB74377 3.0 0.29 11.6
Q.CTn.ui-4B.1 IWB10190 4B 29.65 IWB20226-IWB57507 3.3 —0.44 128

16ABE4 Q.CTa.ui-3B-1 IWB10973 3B-1 82.18 IWB21837-IWB10973 2.6 0.62 10.4
Q.CTn.ui-4B.1 IWB10190 4B 29.65 IWB20226-IWB57507 2.6 —0.41 112
Q.CTa.ui-4B.2 IWB59992 4B 84.48 IWB27326-IWB21502 2.8 —-0.64 11.0

Average f Q.CTa.ui-1A IWB36144 1A 66.72 IWB21167-IWB36144 25 0.23 10.1
Q.CTu.ui-4B.1 IWB10190 4B 29.65 IWB20226-IWB57507 3.8 —0.47 146

CTgl 15ABE1  Q.CTgl.ui-5A.2 IWB65470 5A 14.26 IWB65470-IWB13571 34 -147 133
Q.CTgl.ui-3D-1 IWB63148 3D-1 45.53 TWB63148 -IWB51532 2.8 1.18 11.3

15ABE2  Q.CTgl.ui-6A-2 IWB12439 6A-2 88.2 IWB12439-IWB13795 2.5 0.20 9.8
Q.CTg1.ui-2B-4 Barc13 2B-4 26 Barc13-IWB22058 2.8 0.26 11.1
Q.CTgl.ui-5B-2.1  IWB80334 5B-2 10.96 IWB80334-IWB29709 3.1 —0.24 123
Q.CTgl.ui-5B-2.2  IWB19921 5B-2 20.97 IWB36033-IWB19921 3.3 —024 128

15ABE3  Q.CTgl.ui-7A-3 IWB49784 7A-3 52.99 IWB25307-IWB34223 4.7 0.41 17.8
Q.CTgl.ui-1B-1 IWB58775 1B-1 128 IWB10780-IWB58775 2.9 —031 136
Q.CTgl.ui-2B-3 IWB18944 2B-3 22 IWB18944-Wmc149 2.6 —-0.34 102
Q.CTgl.ui-5B-2.1  IWB80334 5B-2 10.96 IWB80334-IWB29709 2.8 -0.23 11.1

16ABE4  Q.CTgl.ui-5B-2.1 ~ IWB80334 5B-2 10.96 IWB80334-IWB29709 2.6 —0.35 104
Q.CTgl.ui-6B IWB10604 6B 3.64 IWB75959-IWB10604 2.9 —0.67 115

Average! Q.CTgl.ui-3B-1 IWB8756 3B-1 1.82 IWB11545-IWB63436 3.8 -037 148
Q.CTg1.ui-5B-2.1 ~ IWB80334 5B-2 10.96 IWB80334-IWB29709 2.6 -0.35 10.2
Q.CTgl.ui-5B-2.3  IWB36579 5B-2 41.08 IWB36579-IWB18101 42 0.49 16.2

CTg2 15ABE1  Q.CTg2.ui-1B-1 IWB58775 1B-1 128 IWB10780-IWB58775 35 6.69 13.6
Q.CTg2.ui-6B.1 IWB10400 6B 88.11 IWB65137-IWB10400 3.8 2.32 14.5
Q.CTg2.ui-5D-1 IWB79949 5D-1 0 IWB79949-IWB4139 3.7 —228 145

15ABE2  Q.CTg2.ui-2B-2 Barc18 2B-2 21.88 IWB22675-ITWB11319 39 0.30 15.1
Q.CTg2.ui-4B.1 IWB10190 4B 29.65 IWB20226-IWB57507 3.2 —-027 124
Q.CTg2.ui-5B-2 IWB29709 5B-2 13.69 IWB80334-TWB29709 33 -029 13.0

15ABE3  Q.CTg2.ui-3A-1 IWB33546 3A-1 2 IWB33546-IWB14315 25 0.26 9.8
Q.CTg2.ui-6B.1 IWB10400 6B 88.11 IWB65137-IWB10400 2.9 147 10.2
Q.CTg2.ui-2D-1 cfd73 2D-1 108.19 cfd73-IWB1093 3.1 0.29 12.1

16ABE4  Q.CTg2.ui-6B.1 IWB10400 6B 88.11 IWB65137-IWB10400 2.6 1.08 10.4
Q.CTg2.ui-6B.2 IWB75959 6B 0 IWB75959-IWB10604 5.2 —-0.76  19.7

Average!  Q.CTg2.ui-1A IWB36377 1A 33.94 IWB36377-IWB21518 4.0 —0.61 153
Q.CTg2.ui-7A-1 IWB46359 7A-1 48.95 IWB25077-IWB46359 2.6 -049 103
Q.CTg2.ui-6B.1 IWB10400 6B 88.11 IWB65137-IWB10400 2.6 047 10.3
Q.CTg2.ui-2D-2 IWB11455 2D-2 20.15 IWB12523-IWB11455 2.8 —-052 111

15ABEL1, 15ABE2, 15ABE3: trial 1, 2 and 3 in Aberdeen in 2015, respectively; 16ABE4, trial 4 in Aberdeen in 2016. ? CTa,
CTgl, CTg2, canopy temperature during anthesis, mid- and late grain-filling stage, respectively; ui, university of Idaho.
Different QTL on the same linkage group was indicated with 1 and 2 after the period following the linkage group.
b Position of QTL located on linkage group, as CM distance from the top of each linkage group. ¢ An LOD threshold of
2.5 was used for declaration of QTL. 4 Positive “additive effect” indicated effect from SY Capstone, negative “additive
effect” indicated effect from UI Platinum. © Percentage of phenotypic variation explained by the QTL. f Average data
across the four environments was used. LG, linkage group. Italic and bold showed the stable QTL for traits.

For CTa, 10 QTL were detected on Chr. 1A, 2A-2, 2B-2, 2B-3, 3B-1, 4B, 5B-2, and 6B, explaining 9.8-21.7%
of the phenotypic variation across environments (Tables 4 and S4; Figure 1). Two QTL on Chr. 2B-3 between
IWB35482 and IWB74377 at 55.36-63.62 cm and on Chr. 4B between IWB20226 and IWB57507 at 27.83-30.56 cm
were found in two (15ABE2 and 15ABE3) and four environments (15ABE2, 15ABE3, 16ABE4 and Average
environment), respectively, explaining 10.3%-11.6% and 11.2%-14.6% of the phenotypic variation, respectively.

For CTgl, 12 QTL were detected on Chr. 54, 6A-2, 7A-3, 1B-1, 2B-3, 2B-4, 3B-1, 5B-2, 6B, and 3D-1,
explaining 9.8%—-17.8% of the phenotypic variation across environments (Tables 4 and 54; Figure 1). A stable
QTL on Chr. 5B-2 tightly linked to IWB80334 at 10.96-13.69 cm was found in four environments (15ABE2,
15ABE3, 16ABE4 and Average environment), explaining 10.2%-12.3% of the phenotypic variation.

For CTg2, 12 QTL were detected on Chr. 1A, 3A-1, 7A-1, 1B-1, 2B-2, 4B, 5B-2, 6B, 2D-1, 2D-2, and 5D-1,
explaining 9.8%-19.7% of the phenotypic variation across environments (Tables 4 and S4; Figure 1). A QTL
on Chr. 6B between IWB65137 and IWB10400 at 87.2-88.11 cm was stable in four environments (15ABE1,
15ABE3, 16ABE4 and Average environment), explaining 10.2%-14.5% of the phenotypic variation.

For CCla, 15 QTL were detected on the homologous chromosome groups 2 and 6 as well as on
Chr. 3A-1, 3A-2, 4A-1, 5A, 7A-2, 7B, 3D-1, 3D-2, and 4D-1, explaining 9.9%-19.2% of the phenotypic
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variation across environments (Tables 5 and S4; Figure 1). Three QTL on Chr. 3A-2, 7A-2, and 3D-2
were found in two environments, each explaining 11.6%-19.1% of the phenotypic variation.

For CClg1, nine QTL were detected on Chr. 3A-2, 4A-1, 5A, 1D-1, 1D-2, 2D-1, and 2B-2, explaining
11.0%-31.3% of the phenotypic variation across environments (Tables 5 and S4; Figure 1). A QTL on
Chr. 5A between IWB14149 and IWB10765 at 91.35-93.17 cm was found in four environments (15ABE2,
15ABE3, 16ABE4 and Average environment), explaining 15.2%-30.6% of the phenotypic variation.
Additionally, two QTL on Chr. 3A-2 between IWB17683 and IWB13444 at 51.17-52.08 cm and on
Chr. 2D-1 between IWB15442 and IWB60397 at 133.01-134.83 cm were found in two environments,
explaining 11.9%-12.2% and 11.8%-20.6% of the phenotypic variation, respectively.

Table 5. QTL detected for chlorophyll content index in the DH population of UI Platinum/SY Capstone.

Traits Trial QTL? Peak Marker LG Position P Marker Interval LOD¢ Add¢ R2¢
CCla 15ABE1 Q.CCla.ui-3D-1 IWB45650 3D-1 18 IWB45650-Wms3 2.6 —3.44 10.3
15ABE2 Q.CCIa.ui-3A-2 TWB10063 3A-2 87.62 ITWB11450-IWB10063 3.9 2.99 15.1
Q.CCla.ui-7B IWB6754 7B 233.72 TWB25433-1WB6754 41 —3.23 15.9
Q.CCla.ui-3D-2 IWB9674 3D-2 1691 IWB9674-IWB71478 3.0 3.23 11.9
Q.CCla.ui-4D-1 TWB8050 4D-1 4541 IWB14984-TWB8050 2.9 —2.60 114
Q.CCla.ui-6D-3 IWB13767 6D-3 0.91 IWB13767-IWB46507 25 242 10.0

15ABE3 Q.CCla.ui-4A-1 TWB12946 4A-1 78.95 IWB37346-IWB10035 3.6 1.89 13.9
Q.CCla.ui-7A-2 TWB12020 7A-2 81.58 IWB39758-IWB12020 41 —1.45 15.9
Q.CCla.ui-2D-1 IWB15442 2D-1 133.01 IWB15442-IWB60397 3.4 1.86 134

16ABE4 Q.CCla.ui-2A-1 TWB10499 2A-1 12.87 IWB10836-IWB29812 3.2 3.26 125
Q.CCla.ui-3A-1 IWB33546 3A-1 2 IWB33546-IWB14315 2.8 —2.20 11.2

Q.CCla.ui-5A IWB21197 5A 165.38 IWB21197-IWB35869 29 2.16 114
Q.CCla.ui-6A-2 TWB19789 6A-2 70.82 IWB22680-IWB19789 33 —2.31 13.0

Average f Q.CCla.ui-3A-2 IWB10063 3A-2 87.62 IWB11450-IWB10063 29 1.20 11.6
Q.CCla.ui-7A-2 TWB12020 7A-2 81.58 ITWB39758-IWB12020 5.1 -1.71 19.1
Q.CCla.ui-2B-3 TWB18944 2B-3 22 TWB18944-Wmc149 2.5 —1.28 9.9

Q.CCIa.ui-6B TWB58083 6B 68.05 IWB52064-IWB58083 5.1 1.66 19.2
Q.CCla.ui-3D-2 TWB9674 3D-2 491 IWB9674-IWB71478 3.9 1.54 15.1

CClg1 15ABE1 Q.CCIgl.ui-2B-2.1 IWB67534 2B-2 10.93 IWB67534-IWB13631 4.2 9.26 16.3
Q.CCIg1.ui-2B-2.2 Barc18 2B-2 21.88 IWB22675-IWB11319 3.2 —6.80 12.5
Q.CCIgl.ui-2D-1 TWB15442 2D-1 133.01 IWB15442-IWB60397 3.0 3.68 11.8

15ABE2 Q.CCIgl.ui-4A-1 IWB12946 4A-1 78.95 IWB37346-IWB10035 2.8 2.73 11.1
Q.CCIg1.ui-5A.1 IWB14149 5A 91.35 IWB14149-IWB10765 3.9 3.09 15.2
Q.CCIgl.ui-5A.2 IWB35869 5A 166.29 IWB21197-IWB17983 9.0 —5.45 31.3

15ABE3 Q.CCIg1.ui-3A-2 TWB17683 3A-2 51.17 IWB17683-IWB13444 3.1 —2.70 12.2
Q.CCIg1.ui-5A.1 IWB14149 5A 91.35 IWB14149-IWB10765 4.7 3.36 17.8
Q.CCIgl.ui-2D-1 IWB15442 2D-1 133.01 IWB15442-IWB60397 4.7 3.02 18.0

16ABE4 Q.CCIgl.ui-3A-2 TWB17683 3A-2 51.17 IWB17683-IWB13444 3.0 —2.20 11.9
Q.CCIg1.ui-5A.1 IWB14149 5A 91.35 IWB14149-IWB10765 8.7 5.21 30.6
Q.CCIg1.ui-1D-2 IWB65713 1D-2 0 IWB65713-IWB55046 3.6 2.42 141

Average Q.CCIg1.ui-5A.1 IWB14149 5A 91.35 IWB14149-IWB10765 5.9 5.34 21.8
Q.CCIgl.ui-1D-1 TWB42629 1D-1 19.94 IWB42629-IWB80211 2.8 —1.64 11.0
Q.CCIg1.ui-2D-1 TWB15442 2D-1 133.01 ITWB15442-IWB60397 5.5 2.22 20.6

CClg2 15ABE1 Q.CCIg2.ui-1B-1 IWB58775 1B-1 128 IWB10780-IWB58775 3.0 3.08 11.7
Q.CCIg2.ui-6D-3 IWB46507 6D-3 0 IWB46507-IWB13767 29 -3.07 11.3

15ABE2 Q.CCIg2.ui-4A-1 TWB12946 4A-1 78.95 IWB37346-IWB10035 3.0 2.74 11.7
Q.CCIg2.ui-5A.1 IWB11865 5A 167.2 IWB21197-IWB17983 6.6 —4.33 241
Q.CCIg2.ui-1B-2.1 TWB27496 1B-2 38.81 TWB5753-IWB27496 3.1 4.99 12.2
Q.CCIg2.ui-1B-2.2 IWB21945 1B-2 53.38 IWB21945-IWB14060 2.7 —4.33 10.7
Q.CCIg2.ui-3B-1 TWB5790 3B-1 50.52 IWB5790-IWB10800 3.5 -3.12 13.7

15ABE3 Q.CCIg2.ui-1A TWB12695 1A 157.15 IWB11395-IWB13624 6.6 293 24.1
Q.CCIg2.ui-5B-2 IWB5882 5B-2 43.81 IWB36579-IWB18101 3.7 217 14.3
Q.CCIg2.ui-2D-1 TWB15442 2D-1 133.01 ITWB15442-TWB60397 6.9 2.98 25.2

16ABE4 Q.CCIg2.ui-3A-2 IWB29612 3A-2 100.63 IWB29612-IWB63761 2.6 —2.14 10.2
Q.CCIg2.ui-5A.1 IWB11865 5A 167.2 IWB21197-IWB17983 3.9 —3.73 149
Q.CCIg2.ui-5A.2 TWB14149 5A 91.35 IWB14149-IWB10765 6.2 4.58 22.7
Q.CCIg2.ui-7A-3 IWB27037 7A-3 0 IWB27037-IWB65210 4.0 —2.70 15.5

Average f Q.CCIg2.ui-1A IWB13624 1A 158.79 TWB44568-IWB13624 2.7 1.38 10.6
Q.CClIg2.ui-3B-1 TWB5790 3B-1 50.52 TWB5790-IWB10800 3.8 —1.59 14.6

15ABE1, 15ABE2, 15ABE3: trial 1, 2 and 3 in Aberdeen in 2015, respectively; 16ABE4, trial 4 in Aberdeen in 2016. # CCla,
CClIgl, CClIg2, chlorophyll content index during anthesis, mid- and late grain-filling stage, respectively; ui, university of
Idaho. Different QTL on the same linkage group was indicated with 1 and 2 after the period following the linkage group.
b Position of QTL located on linkage group, as CM distance from the top of each linkage group. ¢ A LOD threshold of
2.5 was used for declaration of QTL. ¢ Positive “additive effect” indicated effect from SY Capstone, negative “additive
effect” indicated effect from UI Platinum. © Percentage of phenotypic variation explained by the QTL. { Average data
across the four environments was used. LG, linkage group. Italic and bold showed the stable QTL for traits.



10 of 25

GY16ABE4

CClgl16ABE4 CClglAverage

CTal5ABE1

GY15ABE2
CTg115ABE2

—————————=m — [m— ] [—"]
m o O 0] ©o W O
g < p- 3 mW%BHw,ﬂG%W X © x 9 AP MR8 IS
E= «© Q O MTOANMOO O D < ~ o o) © O O M N
A - L - VOWNMAON~NOO — wn 0 - 0 N J - O O - o
Qo = N N W= <O MO — — O M a ) - &N — M O —
© oVo @ O O MmoMOaO dOaoaoaoaomom [~} o @ o) Y © 0o @ © o o
2 = = ZSEETSEEZTEE E £ E 2 8322222 3
Fy T g 3
1 )
] o) < o0 !
" - B / VIPZUA
o o @ (=) o — ~
: : : OT— OO~ VWO O ®© : : . O m O 1 O N ™M
ereCEI8RAL A > - S R8I & =
CClg215ABE1 L
GYAverage CTg215ABE1 CClg215ABE2
PH15ABE3 CTg115ABE3 e
= == o
— TMOONO OO —
D R385 RN RN TR RS o BRI T HEBAGORTS EEE TR fap e
O—ONINONOWVOOMANMNTOOTON—ROONNODNNOR — SOV S OSSO OLN T v= 00K O
QOOM—OVO—OMO—ONONMOVOV—TOVONTNODR T NOONNNT——LO IR ATMOAINISANOMDO
OA], INNAI— A=<t == LU = =<’ N v v F v OO = LN T 0 v v— OO T — I NN AN =N O~ — O
Yoo Yoo mmmom Yomomooooom 0 00 7000000000 mmom
SSZSSSSS333332333333333332===S3323333333 3353333333332
-— = == ﬁ/_._
)
a
m a1} ) =

COMOUNNTIAI—OONOVOVOTMANIONONTM—OIN—OOWTMANI—ONONO

NFTONO—T—ANNOVO M OMONO—ANITWNONWN
T ODNNNNOVVOVOOVOOOVOVONNNNNNOO NN T TNNNNNOON

OONANNONNO —AIM

OCWOWMO AT OVDNO ™M

T P P P P g P . g g

GY16ABE4

CClg2Average

oz PHI5ABE3 ==

Py CTg2Average CTaAverage PH15ABE2 GY16ABE4 CCIg215ABE3

% [— ] [— ] o — e
Ne—uno~aiotal  cor~oown M794552224651974 NOJOOOM—  COSE r—MO LN M T O MO v NN ST LN v MMLNONOWOLN
OIS — NN NIOO v < 0O 35&“80214424264 QOFTAIOWOOY NN T O AIAIOO NI OO NN AN — LN —O)
OO M = MNAINSLO ™ 00 MUNO 0 O O OOOOTTONN— ANOWOWONOOTUINST

%060101013.|613124204118511078168301434741248210ql —<TONTO AN

97444392823656“733 O T LIWDN
MO0

QO <T O —ONO ™

21111111193325821444632447145232111314651117531 =N = = < = NN OIS N —
foWeelealvalealoalealaalealealealealaalealsalealaalaaloalsalealaaleelealealealsaloalsaleeloaludoelsaleelsalealaaloalealsalealaalealealealealoalealsaloalealoalealoalealaaloalaaloaloaloalealaaloelaaleala0]

— L | [T L
=

ONTNOTNONNNMUNNO STINWON OO NMSTONM

Agronomy 2018, 8, 60

N

O OMO N OO NOICOOMO O ONTMNAI O NAI OO TN T M T AN OLN T AN OO LN =T AU COLN OO NN 0N T AIONMNOMAI—O)

WNOMNO —TOONOINT SOOI I IS O T UM 00 AN 0 O v <TLWON 00
OO ST ST T T ST <ST ST IDNNNINWOOOOO N OO0 OO O OO OO rr—r=r=r=r— AT UNNNNUNOWOWOWOO NS

-

TKW15ABE3

CClg215ABE2 GYAverage

= —m
wn o OWNO O ~—
WO T O o~ O
—N~NOOOONNOVD
VN O—FTVNO—O
OANANAN ™M r— —
oMo m Yoo
=223323332

7892357908
TLTLTODONNNNOO

Figure 1. Cont.



Agronomy 2018, 8, 60

2A-1

IWB48881
IWB12622

0.0
1.8
12.0 IWB10836
12.9 IWB10499
13.8 IWB10896
14.7 IWB29812
17.4 IWB17732
18.3 IWB1996
275 IWB50190
293 IWB11734
367 IWB11289
376 IWB22006
385 IWB1047
394 IWB11079
203 IWB1
412 IWB14710
430 IWB56873
449 IWB51843
54.0 IWB34603
55.9 IWB1036
623 Gwm312
74.4 IWB81109
809 IWB22524
8356 IWB76680
86.3 IWB22520
918 IWB10182
973 IWB28806
982 IWB77401
100.9%//4 IWB34219
101.9//4 \WB12477
1028 W\ WB81225
103.7
1046/
105.5
106.44
108.24
110.0
110.0 \ 1§IWB41520
1119 | WIwWB5752
1137 b WIWB47814
115.5 h\liWB65696
1295 A\ IWB68999
1322 IWB73789
152.3 IWB60824
1542 IWB24116
155.1 IWB35267
1897 IWB44066
0.0 28-1 IWB22941
0.9 IWB10954
2.7 IWB1382
36 IWB45670
5.5 IWB42883
6.4 IWB2281
7.3 IWB10588
10.0 IWB42693
12.7 IWB23764
13.7 IWB10853
14.6 IWB69836
16.4 IWB45886
18.2~ IWB10944
19.1— IWB14305
21.8 IWB10434
22 8 IWB14794
23.7 IWB10575
24.6 IWB12972
25.5 IWB32448
26.4 IWB32769
29.1 IWB6633

38v9TeIDD

a8e1aAYAD

TIGVSTAMIL T3GVSTMIL
a8esany ML a8esaAy MY L

239VSTAD
€39VSTAD
98eIAAYAD

a8esany My L

T39VSTHd

Figure 1. Cont.

b b

28-2 IWB35644
IWB52304
IWB23929
IWB21394
IWB67534
IWB13631
IWB11187
IWB10436
IWB10024
IWB22675
Barc18

IWB24942
IWB11319
IWB14855
IWB34793
IWB15495
IWB50665
IWB10507
IWB10410
IWB35548
IWB11092
IWB17472
IWB594

IWB47198
IWB102

IWB23553
IWB32418
IWB10081
IWB30560
IWB32188
IWB26896
IWB13786
IWB26416
IWB14614
IWB17880
IWB55826
IWB27744
IWB22935
IWB74

IWB23084
IWB23660
IWB57481
IWB54357
IWB10373
IWB45063
IWB13902
IWB10455
IWB1092
IWB10706

N SIS

SOLVNWNINOWRONNEON=OWOUNEWSOOVNBEWLONONSOOINW=SSANWNOOUNEAO
BDUOOOROLONWEBBONWDL=SVWOINOSNEONOLNBEDRDOSDRNNVORNNDONUNOO

OOWWOCCOIII~J~JOOOOVIVNIUNTNTUNTUNTUNIE B B B B UWUWWUWWUWNINNNN = -

0.0 IWB18944
245 Wmc149
425 IWB24454
444 IWB22771
453 IWB1524
462 IWB32365
55.4 IWB35482
636~ IWB74377
747 IWB29229
83.9 IWB11171
96.9 IWB6663

z3gvstern

T39VSTT81DD

138VSTTI8DD

z3gvsTeld  a8esanyAD z3gvsTzald
298eIaAYAD

€39VSTI81D
a8esanye|D)

z3gvsien
€39vsTeLd



Agronomy 2018, 8, 60

3A-1

w
5
n

1]

SN\

VB BWWWWNONNN OO OOOYVTUNTUTUVTUVTUNTE B B B WWWWWMNN

d%WWNwﬂhme#NO@W@@@WQ@@NWWHPSP?WNWWH@@Q
DWW OLROOOONND—ONOLVLLWOHRLONBONONNNONBNNO=O

ok sl onilh il wailh anl wlh mull call sl ol wlh sl ank aul

0.0
09T

2D-1

IWB33546
IWB14315
IWB13132
IWB32648
IWB10817
IWB40771
IWB34789
IWB12102
IWB29417
IWB11

IWB11432
IWB33232
IWB67819
IWB11436
IWB69564
IWB13780
IWB22997

IWB18436

IWB9674

IWB71478

IWB63643
IWB64535
IWB25281
IWB28504
PPO29
IWB53238
IWB7307
IWB10608
IWB50346
IWB54875
IWB1735
IWB51318
IWB22517
IWB25799
IWB13832
IWB32037
IWB23009
IWB10185
IWB59084
IWB56369
IWB52950
IWB75576
IWB29534
IWB40255
cfd73
IWB1093
IWB78851
IWB38687
IWB24133
IWB20112
IWB15442
IWB60397
IWB3207
IWB19009
IWB39419
IWB11266
IWB22901
Gwm484
IWB75962

€38VSTZ81D
¥38V9TeIDD

23avsTend
agesanye|Dd

239VSTMIL

€39VSTMIL
3GVITMIL
8.t any ML
€38VSTZ31D

£38vST eI
138VSTI81DD
€38aVSTI8100
a8eiany18 DD
£38vS128100
739VSTHd

738VITMIL

Figure 1. Cont.

3A-2 IWB68475
IWB7073
IWB30466
IWB34330

- IWB31321
IWB10148
IWB23458
IWB46039

7 IWB10189
IWB4110
IWB1239

= IWB64637
IWB23959
IWB72897
IWB35450
IWB10228
IWB11684

= IWB57435
IWB17683
IWB13444
IWB20567

/= IWB11155
IWB81439
IWB59680
IWB21475
W IWB10468
IWB28341
IWB57248
IWB10578
IWB77503
IWB11008
IWB6043
IWB11867
IWB47146
IWB11450
IWB10063
IWB29612
IWB63761
IWB32761
= IWB1957
IWB25454

S

WN=NONOEOWSOVOAWWNOINIWN=OWWOHINN=OINNOW==0LVNO
WHBUUNOONOUNVLNWENNVOOUNOINO =V EVONVO=UNVLONNVLO=S=WO

PNONOOWOOO IO NTNTNNTUVTNIE B B WWWWNININ =

b ed el e

0.0 3D-1

22.3
25.0
259
207
437
455
492

IWB45650
Wms3
IWB13317
IWB13197
IWB5966
IWB35432
IWB63148
IWB51532

Hee—

g IGVSTMIL

T39VSTT81DEIAVSTMIL

2D-2

0.0 IWB31559
0.9 IWB15863
1.3 IWB68413
9.1 IWB2494
1.0 IWB59814
11.9 IWB12523
20.2 IWB11455
21.1 IWB8481

£39vSTI810D
#39v9T18100

138VSTRIDD £38v9TZ810D23gvsTeidd

a8esanyz81D

adesanye D)

239VSTMIL
€38VSTAMIL

T39VSTAD

12 of 25



Agronomy 2018, 8, 60

3B-1

z l,."

BWoOVAW=S—ONNWOVONNONWONAWONNNNENSNONONOEWSLONOWW =00
NWUNONNVW B B UNOWONDPWLLNNO DB WENOONOSWANE B UNDWLONWEUNLOONDWOLO

gmmmﬂ\l\nw\l\tmmmmmmbwwww—- — A OOWVWVWOWOOYOYVILTLTUTUIUTUT L W

b cd and and e b and wmb cnh and b e and b el e anb cnh e end cnd cud and cnd axd b

00 4A-2

14.0
18.6
195
240
249

L

IWB11545
IWB12053
IWB8756

IWB63436
IWB26544
IWB23026

1/ \WB10800

IWB11562
IWB8467

IWB24979
IWB56978

IWB1925

IWB7464

IWB12963
IWB34803
IWB13513
IWB45836
IWB10016
IWB9677

IWB1758

IWB11941
IWB58218
IWB11046
IWB24469
IWB24234

IWB29891
IWB11755
IWB67913
IWB11650
IWB56689
IWB10658
IWB10279
IWB11828
IWB79148
IWB74676

IWB21392
IWB34577
IWB12285
IWB10748
IWB10389
cfa2173

a8esany181D

238vs1Z8100
a8e1anyz8D)

T3GVSTAMIL

v3gvoteLd

€39VSTAD

Y3GVITMIL

a8elany ML

Figure 1. Cont.

4A-1
IWB9058
IWB73932
IWB26470
IWB11490

WWWWWNONNNN = D

[l et

IWB37346
IWB12946
IWB10035
IWB24078
IWB34531
IWB80946
IWB44184
IWB51174
IWB62271
IWB42242
IWB60934
IWB1375

IWB23974

\|/ /(77

WRUNONSUNOOWNO =S NWORLOOBRNWEARNUNOINOONONOOUNNOO=NAODONWERND
(53]
—
O
@

—=LL D a0 O00OOWWO0OOOOO0O I~~~
PN B BB RSO AL BBAN IO DB E R DIBBS b i B IS DO S DOV O

b el el s sl sad wnb el ed

IWB77381

0.0 4D-1

9.2
1.9

IWB1427

IWB33071
IWB75657
IWB66595
IWB10179
IWB14984
IWB8050

15.6
40.9
418
454

€39VSTeIDD

73avsted

13 of 25

738vSTIT18100
z3avstz8nd



Agronomy 2018, 8, 60 14 of 25

]
00~ 48 _we11327 0022 _Gwmeas &
16.0 IWB50454 83 IWB65470 | &
205 IWB24458 339 IWB13571 g
224 IWB21233 213 IWB11245
\U /7 EEEEL o\ | s
297 IWB10190 | EEE5 ¢ 694 IWB15768
306 7/, /\WB57507 | BE %@ B 7434 W\ y WB40074
33 I\WB32486 rso\ o fiwsi22e  gagag
e fen g REN W [ /aesre |§§§§§
: 9321\ IWB10765 Il 2228 2
=S A
433 IWB15145 104 1\ R/ IWB11585
50.6 IWB11859 106,904 W #///IWB13655
252 :V\A\;ggg?;g }(1)?2 \& ! U AL £x1 C_F Intr1_A_R3
' ¥ = rn X ntr
53.4 IWB53155 115.1 IWB53813 ~ ~ ~ -
54.3 IWB72179 116.0\\ER///,IWB30519
58.8 IWB24856 116.9 IWB73408
62.5 IWB20754 117.8 IWB35164 22
643 IWB7462 118.7 IWB3132 o
65.2 / IWB32976 }ggg :nggggg lEa
. e
17 e 1345 IWB10684 " "
gg.gz we37s3e | & 1534 Wa 10865
: T 130.5 IWB59600
7 N A B
93.6 IWB30977 1654~ IWB21197 IS;? 888
94.5 IWB80693 166.3—7 B IWe35869 |8 e85t
i e 70\
114.2 IWB13107 169.9 IWB17983 gEE
115.1—S%F—|WB6977 170.8 IWB36245 _,
1169 IWB68811 1718 Weizils 3
q ; @
i = 2033 IWB17401 J &
00321 warssss | & o B
16. IWB41 i 2189 IWB64310
- s 2235 IWB53000
Y s 7 N !
18.7 IWB22376 gsgg :8&8?&287
24} IWB18067 . 2298 IWB12158
N A 21y | N
344 \WB71674 || £ 23 2615 IWB10092
@© g
36.2 wB35177 I B 5%
37.1 IWB50554

0.0 oD-3

1.8
14.8
20.3
314
39.7

ewews

IWB17912
IWB63558
IWB45668
Barc320
IWB58388
IWB1682

T38VSTHd

€38VSTAD

Figure 1. Cont.



Agronomy 2018, 8, 60

o
(o 9]

OO WEOo

OOOOOOODOJ\J\J\JG\O\%G\CDLHLBLHWNN
OB NO=DBNNOVWLTVNNOON=NENOWOVO—=0ONNNDPO

O
o

N\

— vk cd —d -l -
WWNONNDNNOVWOWY
WNONVNBRW-SUTWN —

6D-3 IWB46507

0.0

IWB75959
IWB24996
IWB10604
IWB10612
IWB54721
IWB42306
IWB46956
IWB36095
IWB65321
IWB44645

fi#IWB10502
11 1WB10871
1/ IWB52064

IWB58083
IWB13538
IWB13243
IWB11233
Barc101
IWB25823
IWB65137
IWB10400
IWB61228
IWB12330
IWB12804
IWB11071
IWB37759
IWB10166
IWB41570
IWB63870
IWB63786
IWB1654
IWB27763
IWB10041
IWB65215

IWB13767

TIGVSTAD T38VSTELD
739VSTAD t38V9TT81D
€39VSTAD $38v9TZ81D

738V9TAD
a8elaAyAD

a8esanye|D)

139vSTZ31D
€3avSTZ31D
¥38v91Z81D

a8esanyz31D

z3avsten
139vsTZ8100

Figure 1. Cont.

0.0 7A-1 IWB44173
17.0 IWB72485
17.9 IWB10383
19.7 IWB16697
28.0 IWB58801
289 IWB2736
30.7 IWB10481
32:5 IWB10036
344 IWB12655
38.0 Barc172
389 IWB10506
39.8 IWB10556
40.7 Barc49
48.0 IWB25077
490:§§ IWB46359
554 IWB5089
59.0 IWB21581
60.8 IWB57103
66.3 IWB286
68.1 IWB38282
69.0 IWB22437
69.9 IWB58299
T2.7 IWB38737

0.0 7A-2 IWB7853

0.9 Gwm350

2.7 IWB11467

4.6 IWB1044

6.4 IWB26590

8.2 IWB60011

9.1 IWB23840
10.0 IWB11365
109 IWB19974
11.8 IWB11685
14.6 IWB10369
16.4 IWB228
20.0 IWB50481
21.8 IWB10274
264 IWB12369
27.3 IWB11004
33.7 IWB12296
39.2 IWB29333
39.2 IWB81037
438 IWB31010
474 IWB59033
483 IWB71609
493 IWB35027
51.1 IWB13286
52.9 IWB22377
53.8 IWB67720
58.4 IWB38357
59.3 IWB4195
68.5 IWB35790
739 IWB14567
749 IWB39758
75.8 IWB58488
77.6 IWB12020
849 Barc219

T39VSTAD

a8esanyz31D

T39VSTHd
739VSTHd
a8eJ Ay Hd

€39vST eI
afesanyeD)



16 of 25

PH16ABE4 CCla15ABE2
= —
OO—MOWVOTO—NNO—O WO O TONDOM—IS  OUNNNONMONONOO O —OMM O NDNOT NSO M T N0

S22232332323232323232232232223223232323232323232222 SSS33333333332333333333333333333

OVNTMANI—OO OO TNOONT TM—OMNOWOTMOIN I ISM— OO OWNMANOONANIYO O™ )COLONIO 00 T N O M LONMUNM A MM OO N OO M~

OMNMNONONO O —OONTOONMN TN OO O TLNOO T N TNUNO 0N ONMOMN O T OO e ~ OV N OVNUIO N O — O S NLNN 00 — OO AMAIO O —
OO T T TUNOWOOOON NSNS N OO v = v == = r—= OO OO N NUOUOLOWD OOMN NN 000NN OO OO0 OO ST T <TUIWN
D et ke e e e e A e e e St et st Sl X [ SN [aN [ SN [oN TN [oNToN TaNToN TaN TN TN TaN TN |

CClg216ABE4 CTg115ABE3

OO~ ANMITANO—ANIMTNOO—ANMONANMT —OITON
e NN NN T T T T T TONNNOOSOO

—

Agronomy 2018, 8, 60

Figure 1. Quantitative trait locus (QTL) for physiological traits (CTa, CTgl, CTg2, CCl,, CCIgl and CClIg2),
PH, TKW and GY on the linkage groups of the doubled haploid (DH) population from UI Platinum/SY

Capstone. 15ABE1, 15ABE2, 15ABE3: trial 1, 2 and 3 in Aberdeen in 2015, respectively; 16ABE4, trial 4 in

Aberdeen in 2016; CTa, CTgl, CTg2, canopy temperature during anthesis, mid-grain-filling and late grain-filling

stage, respectively; CCla, CClgl, CClg2, chlorophyll content index during anthesis, mid-grain-filling and late
grain-filling stage, respectively; PH, plant height; TKW, thousand kernels weight; GY, grain yield.
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For CClg2, 13 QTL were detected on Chr. 1A, 3A-2, 4A-1, 5A, 7A-3, 1B-1, 1B-2, 3B-1, 5B-2, 2D-1,
and 6D-3, explaining 10.2%-25.2% of the phenotypic variation across environments (Tables 5 and S4;
Figure 1). A QTL on Chr. 5A between IWB21197 and IWB17983 at 165.38-169.93 cm was found in two
environments (15ABE2 and 15ABE4), explaining 14.9%-24.1% of the phenotypic variation.

For PH, 12 QTL were detected on Chr. 1A, 5A, 6A-2, 7A-2, 1B-1, 2B-1, 5B-2, 7B, 2D-1, and 5D-3,
explaining 9.9%-21.8% of the phenotypic variation across environments (Tables 6 and S4; Figure 1). A QTL
on Chr. 5A between IWB31050 and IWB54778 at 108.49-112.13 cm was found in four environments
(15ABE1, 15ABE2, 15ABE3 and Average environment), explaining 12.3%-19.6% of the phenotypic variation.
Additionally, a QTL on Chr. 7A-2 between IWB5048land IWB10274 at 20.02- 21.84 cm was found
in three environments (15ABE1, 15ABE2 and Average environment), explaining 9.9%-18.3% of the
phenotypic variation.

Table 6. QTLs for plant height (PH), thousand kernels weight (TKW) and grain yield (GY) detected in
the DH population of UI Platinum/SY Capstone.

Trial QTL? Peak Marker LG Position P Marker Interval LOD ¢ Addd R2¢
PH 15ABE1 Q.PH.ui-6A-2.1 IWB70003 6A-2 110.31 IWB31050-IWB54778 5.2 3.36 19.6
Q.PH.ui-7A-2 IWB10274 7A-2 21.84 IWB50481-IWB10274 2.7 —2.37 10.9

Q.PH.ui-2B-1 TWB42693 2B-1 10.01 ITWB10588-IWB42693 42 3.24 16.1
Q.PH.ui-5B-2.1 TWB626 5B-2 429 IWB36579-IWB18101 48 —3.55 18.3
Q.PH.ui-5B-2.2 TWB2079 5B-2 94.84 IWB19792-IWB1762 3.0 2.57 11.8
Q.PH.ui-5D-3 IWB17912 5D-3 0 IWB17912-IWB63558 2.6 2.50 10.3

15ABE2 Q.PH.ui-1A IWB13768 1A 96.17 ITWB34600-IWB67661 37 3.12 14.3
Q.PH.ui-6A-2.1 IWB70003 6A-2 110.31 IWB31050-IWB54778 34 3.06 13.3
Q.PH.ui-6A-2.2 TWB40830 6A-2 1185 ITWB40830-IWB52007 4.0 3.32 15.6
Q.PH.ui-7A-2 IWB10274 7A-2 23.84 IWB50481-IWB10274 2.5 —2.60 9.9

Q.PH.ui-2D-1 TTWB15442 2D-1 133.01 IWB15442-IWB60397 3.7 3.15 144

15ABE3 Q.PH.ui-1A IWB13768 1A 96.17 IWB34600-IWB67661 2.7 241 10.7
Q.PH.ui-6A-2.1 IWB70003 6A-2 110.31 IWB31050-IWB54778 3.3 2.76 12.8
Q.PH.ui-1B-1 Barc80 1B-1 14 Barc80-IWB26010 48 3.75 18.1

16ABE4 Q.PH.ui-5B-2.2 IWB2079 5B-2 94.84 IWB19792-IWB1762 32 2.68 12.7
Q.PH.ui-7B IWB72296 7B 0 IWB72296-IWB13270 43 2.99 16.6

Average f Q.PH.ui-6A-2.1 IWB70003 6A-2 110.31 IWB31050-IWB54778 3.6 1.88 14.2
Q.PH.ui-6A-2.2 TWB40830 6A-2 118.5 ITWB40830-IWB52007 35 1.88 13.7
Q.PH.ui-7A-2 IWB10274 7A-2 21.84 IWB50481-IWB10274 2.7 —1.52 10.8
Q.PH.ui-5B-2.1 TWB626 5B-2 429 IWB36579-IWB18101 2.8 —1.61 11.2

TKW 15ABE1 Q.TKW.ui-2A-1.1 IWB22006 2A-1 37.57 IWB11289-IWB1047 41 —2.45 15.7
Q.TKW.ui-2A-1.2 IWB51843 2A-1 44.85 IWB14710-IWB51843 29 —-2.11 11.3
Q.TKW.ui-3B-1 IWB5790 3B-1 50.52 IWB5790-TWB10800 5.3 —2.83 20.0
Q.TKW.ui-5D-1 IWB71674 5D-1 34.35 IWB22695-IWB35177 34 2.16 13.2

15ABE2 Q.TKW.ui-2D-1 cfd73 2D-1 108.19 cfd73-IWB1093 3.7 —2.07 14.3
Q.TKW.ui-3D-1.1 IWB35432 3D-1 43.71 IWB35432-IWB63148 2.6 —1.70 10.2
Q.TKW.ui-3D-1.2 TWB45650 3D-1 12 TWB45650-Wms3 5.3 —2.13 19.5

15ABE3 Q.TKW.ui-2B-4 IWB11240 2B-4 101.17 IWB11240-IWB42141 54 —2.54 20.4
Q.TKW.ui-2D-1 cfd73 2D-1 108.19 ¢fd73-IWB1093 3.8 —1.95 14.8
Q.TKW.ui-3D-1.1 IWB35432 3D-1 43.71 ITWB35432-IWB63148 37 —1.88 14.2
Q.TKW.ui-3D-1.2 TWB45650 3D-1 12 TWB45650-Wms3 4.8 —2.40 18.2
Q.TKW.ui-5D-1 IWB71674 5D-1 34.35 ITWB22695-IWB35177 33 1.74 12.8

16ABE4 Q.TKW.ui-4A-2 IWB21392 4A-2 12 IWB21392-IWB34577 39 1.79 15.2
Q.TKW.ui-5A IWB17401 5A 203.25 IWB17401-IWB56891 54 2.08 20.2
Q.TKW.ui-2D-1 cfd73 2D-1 108.19 cfd73-IWB1093 4.6 —1.68 17.5
Q.TKW.ui-2D-1.2 TWB22901 2D-1 161.07 IWB22901-Gwm484 5.1 —2.10 19.1

Averagef  QTKW.ui-2A-1.1 TWB22006 2A-1 37.57 TWB11289-IWB1047 74 —1.81 26.5
Q.TKW.ui-2A-1.2 TWB51843 2A-1 44.85 IWB14710-IWB51843 5.7 -1.72 21.1
Q.TKW.ui-2A-1.3 TWB10540 2A-1 108.22 IWB12554-IWB5752 54 148 20.1
Q.TKW.ui-3B-1 ITWB5790 3B-1 50.52 IWB5790-TWB10800 2.8 —1.04 10.9
Q.TKW.ui-2D-1 cfd73 2D-1 108.19 cfd73-IWB1093 57 —1.52 21.1
Q.TKW.ui-5D-1 IWB71674 5D-1 34.35 ITWB22695-IWB35177 42 1.28 16.0

GY 15ABE1 Q.GY.ui-7A-1 IWB10036 7A-1 32.53 IWB10481-IWB12655 48 0.48 182
Q.GY.ui-5B-2 IWB2079 5B-2 94.84 IWB19792-IWB1762 3.8 —0.46 14.6

Q.GY.ui-6B IWB42306 6B 34.61 IWB54721-IWB42306 4.4 —0.57 16.7

Q.GY.ui-3D-1 TWB35432 3D-1 43.71 IWB35432-TWB63148 32 —0.39 127

15ABE2 Q.GY.ui-2A-1.1 IWB14710 2A-1 41.21 IWB14710-IWB51843 25 -0.37 9.9
Q.GY.ui-5A IWB11626 5A 120.51 IWB11626-IWB35454 29 —0.40 113

Q.GY.ui-2B-4 IWB11240 2B-4 111.17 IWB11240-TWB42141 3.7 —2.04 145
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Table 7. QTLs for plant height (PH), thousand kernels weight (TKW) and grain yield (GY) detected in
the DH population of UI Platinum/SY Capstone.

Trial QTL? Peak Marker LG Position P Marker Interval LOD ¢ Addd R2%¢
Q.GY.ui-6B IWB42306 6B 34.61 IWB54721-IWB42306 51 —0.56 19.2

15ABE3 Q.GY.ui-2A-1.1 IWB14710 2A-1 41.21 IWB14710-IWB51843 2.7 -0.32 10.8
Q.GY.ui-3B-1 TWB58000 3B-1 169.8 IWB58000-IWB67913 4.0 —0.87 15.4

Q.GY.ui-5D-3 Barc320 5D-3 30.31 Barc320-IWB58388 4.8 0.45 18.4

16 ABE4 Q.GY.ui-1A.1 TWB13768 1A 96.17 TWB34600-IWB67661 2.9 -0.78 11.6
Q.GY.ui-1A.2 TWB52960 1A 110.81 IWB78643-IWB31771 52 1.16 19.6

Q.GY.ui-6A-2 IWB34744 6A-2 155.47 IWB34744-IWB199 2.7 -0.39 10.6

Q.GY.ui-6B IWB42306 6B 34.61 IWB54721-IWB42306 4.3 —0.60 16.6

Q.GY.ui-1D-1 TWB42629 1D-1 11.94 IWB42629-IWB80211 55 0.59 20.4

Average!  Q.GY.ui-2A-1.1 IWB14710 2A-1 41.21 IWB14710-IWB51843 3.6 0.20 13.8
Q.GY.ui-2A-1.2 TWB22006 2A-1 37.57 TWB11289-IWB1047 3.1 —0.19 12.2

Q.GY.ui-5A IWB11626 5A 120.51 IWB11626-IWB35454 2.6 —-0.18 10.4

Q.GY.ui-1B-1 Barc80 1B-1 4 Barc80-IWB26010 5.6 0.32 20.8

Q.GY.ui-1B-2 Barc152 1B-2 59.02 Barc152-IWB30286 2.7 0.18 10.6
Q.GY.ui-2B-2.1 TWB15495 2B-2 30.98 TWB14855-IWB50665 42 -0.23 16.3
Q.GY.ui-2B-2.2 TWB10507 2B-2 36.44 IWB10507-IWB17472 44 —0.23 16.8

Q.GY.ui-6B IWB42306 6B 34.61 IWB54721-IWB42306 2.8 —0.18 11.2

15ABE1, 15ABE2, 15ABES3: trial 1, 2 and 3 in Aberdeen in 2015, respectively; 16 ABE4, trial 4 in Aberdeen in 2016.
2 ui, university of Idaho. Different QTL on the same linkage group was indicated with 1 and 2 after the period
following the linkage group. ° Position of QTL located on linkage group, as CM distance from the top of each
linkage group. © A LOD threshold of 2.5 was used for declaration of QTL. d Positive “additive effect” indicated
effect from SY Capstone, negative “additive effect” indicated effect from UI Platinum. ¢ Percentage of phenotypic

variation explained by the QTL. f Average data across the four or five environments was used. LG, linkage group.
Italic and bold showed the stable QTL for traits.

For TKW, 15 QTL were detected on the homologous chromosome groups 2 and 5 as well as on
Chr. 4A-2, 3B-1, 3D-1, and 7B, explaining 10.2%-31.3% of the phenotypic variation across environments
(Tables 6 and S4; Figure 1). A QTL on Chr. 2D-1 between ¢fd73 and IWB1093 at 108.19-110.01 cm was found
four environments (15ABE3, 15ABE3, 16ABE4 and Average environment), explaining 14.3%-21.1% of the
phenotypic variation. Additionally, a QTL on Chr. 5D-1 between IWB 22695 and IWB35177 at 33.44-36.17 cm
was found in three environments (15ABE1, 15ABE3 and Average environment), respectively, explaining
10.2%-16.2% and 18.2%-31.1% of the phenotypic variation, respectively.

For GY, 18 QTL were detected on the homologous chromosome groups 1 and 5 as well as on
Chr. 2A-1, 6A-2, 7A-1, 2B-2, 2B-4, 3B-1, 6B, and 3D-1, explaining 9.8%—-20.8% of the phenotypic across
environments (Tables 6 and S4; Figure 1). A stable QTL on Chr. 6B between IWB54721 and IWB42306 at
26.2-32.61 cm was found in four environments (15ABE1, 15ABE2, 16ABE4 and Average environment),
explaining 11.2%-19.2% of the phenotypic variation. In addition, one QTL on Chr. 2A-1 between
IWB14710 and IWB51843 at 41.21-44.85 cm was found in three environments (15ABE2, 15ABE3 and
Average environment), each explaining 9.9%-13.8% of the phenotypic variation.

4. Discussion

Improving GY is an essential objective in wheat breeding programs worldwide. Physiological
traits, as well as PH and TKW, are critical elements of GY. The wide use of molecular markers has
made possible the study of quantitative traits [9,11,23] and detect QTL that allow the development of
high-yield cultivars via MAS. Previous studies identified numerous QTL associated with yield-related
traits in various populations [1,9,10,19-21,27]. However, the genetic architecture of these traits needs
further research. In this study, a DH population was phenotyped for CT (CTa, CTgl, and CTg2), CCI
(CCla, CClIgl, and CClIg2), PH, TKW, and GY under irrigated conditions and genotyped with SNP
markers and SSRs to better understand the genetic control of the studied traits.

4.1. Phenotypic Evaluation

In the present study, PH and TKW showed high heritability; CCla, CClIgl, and CCIg2 moderate
heritability; whereas CTa, CTgl, and CTg2 low heritability, results that were in agreement with those
reported in previous studies [10,11,47]. Environmental diversity affects CT heritability, which ranges from
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low under heat or water-stressed conditions [9] to high under irrigated conditions [28]. GY is a complex
trait highly affected by the environment and thus, has low heritability [48]. However, in the present study,
the heritability of GY was higher than that reported previously [49]. The higher heritability could be
attributed to the lower error variance. Overall, our results suggested that PH and TKW could be used for
early generation breeding because of their high heritability, whereas CT and CCI could be also used due to
their strong correlation with GY, similarly as reported by Zhang (2013) [49].

4.2. Linkage Map Construction

Molecular markers have been widely applied for genetic map construction, QTL detection, gene
cloning, and MAS [15]. SNP markers are the most abundant polymorphisms in plant genomes [32],
and thus, allow the high-throughput genotyping compared with previous marker platforms [30,31].
In the present study, we used the 90 K iSelect SNP array combined with SSRs to genotype a spring
wheat DH population derived from a cross between Ul and SY. Using 9687 polymorphic SNPs,
9330 previously mapped [31] and 357 newly mapped, we constructed a genetic map of 43 LGs that
represented all the 21 chromosomes of bread wheat (Table S2) and had a total length of 3633.19 cm and
an average marker density of 0.37 cm (Table 52). Our linkage map had a better marker distribution and
a higher density compared with those reported in previous studies [11,23,50-55]. However, some gaps
were observed in Chr. 1A and 1B-1. The A and B genomes were mapped by 4320 and 4367 markers,
respectively, whereas the D genome by 1046 markers (Table S2), suggesting that the former genomes
included more polymorphisms. These results were in agreement with those reported in previous
studies [11,31,56].

The average number of markers mapped per chromosome was 463.5, ranging from 15 on Chr. 3D
to 1125 on Chr. 6A (Table 52). Although 89.4% of mapped SNPs displayed redundancy, only 10.6% was
used to construct the linkage map, similarly as in previous studies, since many SNPs were co-located
at the same loci [11,57].

4.3. QTL Mapping

Previous studies reported a large number of QTL for several physiological and agronomic traits under
different conditions [9-11,27,28]. In the present study, we detected QTL for CTa, CTgl, and CTg2 on Chr. 2B,
4B, 5B-2, and 6B (Tables 4 and S3). Of these, the stable QTL Q.CTa.ui-4B.1 on Chr. 4B at 27.83-30.56 cm
(Table 4; Figure 1) was different from that reported by Gao et al. (2016) [10] linked to RAC875_c6749_954
at 42.0 cmy; the stable QTL Q.CTg1.ui-5B-2.1 on Chr. 5B at 10.96-13.69 cm was different from that reported
by [21] at 52.4-55.7 cm and from that reported by Gao et al. (2016) [10] close to wsnp_Ex_c10842_17637744
at 54.1 cm; and the stable QTL Q.CTg2.ui-6B.1 on Chr. 6B at 87.2-88.11 cm has not been reported in any
previous studies.

We also detected QTL for CCla, CCIgl, and CClIg2 on Chr. 2D-1, 3A-2, 4A-1, and 5A (Tables 5 and S3).
Of these, the QTL Q.CCIg1.ui-5A.1 on Chr. 5A tightly linked to IWB14149 at 91.35 cm was different from
that reported by Gao et al. (2015) [11] at 72 cm; and the minor QTL Q.CCIg2.ui-5A.1 of Chr. 5A has not been
reported in any previous studies.

PH is considered as a complex trait, consisted of internode and spike length [9,58]. Rht-B1b
and Rht-D1b (previously known as Rht1 and Rht2) on Chr. 4B and 4D, respectively [43], that result
in semi-dwarfism are widely used in wheat breeding. In the present study, both UI and SY carried
Rht-D1b, but not Rht-B1b, and thus, no QTL for PH were identified on Chr. 4B and 4D. However,
we detected the stable QTL Q.PH.ui-6A-2.1 on Chr. 6A-2 that has not been reported in any previous
studies as well as two QTL on Chr. 7A-2 and 5B-2 that were consistently detected in two environments,
explaining 9.9%-18.3% of the phenotypic variation (Table 7). Additionally, the minor QTL Q.PH.ui-5A
on Chr. 5A at 41.26 cm was likely the same as that previously reported by Lopes et al. (2013) [9] and
Gao et al. (2015) [11]. Additionally, two minor QTL identified for PH and GY on Chr. 1A and 1B-1
might indicate that other genes for PH probably have minor, but significant effects on GY.
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Previous studies reported major QTL on Chr. 54, affecting adaptability and productivity [59-61],
as well as QTL for yield-related traits on the homologous chromosome groups of 5, 6, and 7 [62].
In the present study, the stable QTL Q.TKW.ui-2D-1 on Chr. 2D-1 between cfd73 and IWB1093 at
108.19-110.01 cm (Table 5; Figure 1) and the QTL Q. TKW.ui-3D-1.2 on Chr. 3D-1 at 0-22.27 cm were
different from those previously reported for TKW by Gao et al. (2015) [11].

QTL for yield and yield-related traits have been identified on Chr. 4A under drought and other
stress conditions [9,28,63,64]. In the present study, we detected QTL for GY on Chr. 1A, 1B-1, 1B-2, 2A-1,
2B-2,2B-4, 3B-1, 3D, 5A, 5B-2, 5D-3, 6A-2, 6B, and 7A-1 across all environments (Table S3), but not any on
Chr. 4A. Differences in QTL locations could be attributed to the environmental conditions, which were
more favorable for wheat production in the present study. However, we detected QTL on Chr. 4A-1 with
pleiotropic effects on CCla, CCIgl, and CClIg2. The stable QTL Q.GY.ui-6B on Chr. 6B at 26.21-32.61 cm
(Table 7; Figure 1) was different from that reported by Zhang (2013) [49] at 51.9-57.3 cm.

Previous studies reported QTL clusters for various traits [10,11,65]. Here, we detected 26 QTL clusters
for more than two traits (Table 8; Figure 1) on Chr. 1A, 2A-1(2), 1B-1, 2B-2, 2B-4, 5B-2, 1D-2, and 3D-1.
Pleiotropic QTL for GY and PH were detected on Chr. 1A and 1B-1, and analysis of their allelic effects
showed that a decrease in GY due to the presence of the SY allele was accompanied by an increase in PH
(data not shown). Additionally, pleiotropic QTL for GY and KWT were found on Chr. 2A-1 and 2B-4 (2),
and analysis of their allelic effects showed that the presence of the Ul allele on Chr. 2A-1 increased TKW and
GY (data not shown). Therefore, pleiotropic QTL confirmed the positive correlation between TKW and GY
(Table 3). Pleiotropic QTL for GY and CTa and also for CTa and CTg2 were detected on Chr. 2B-2 and 4B (2),
respectively. Analysis of their allelic effects showed that the presence of the Ul allele reduced CTa and CTg2,
but increased GY (data not shown). Thus, pleiotropic QTL on Chr. 2B confirmed the negative correlation
between GY and CTa, whereas those on Chr. 4B the positive correlation between CTa and CTg2 (Table 3).

Table 8. Summary of pleiotropic QTLs identified in the SY Capstone/UI Platinum DH population.

Linkage Group  Cluster Traits Marker Interval Position ?
1A 1 PH, GY IWB34600-IWB67661  94.35-97.08
1B-1 1 PH, GY Barc80-IWB26010 0-18.01
2 CTgl, CTg2, CClg2 IWB10780-IWB58775  127.09-128
1D-1 1 CCIgl, GY IWB42629-IWB80211 11.94-23.0
2A-1 1 TKW, GY IWB11289-IWB1047  36.66-38.48
2 TKW, GY IWB56873-IWB51843  43.03—44.85
2B-2 1 CTg2, CCIgl IWB22675-IWB11319  20.97-25.52
2 CTa, GY IWB11092-IWB17472  41.9-43.72
2B-3 1 CTgl, CCla IWB18944-Wmc149 0-24.52
2B-4 1 TKW, GY IWB11240-IWB42141  91.17-111.28
2D-1 1 CTg2, TKW cfd73-IWB1093 108.19-110.01
CCla, CClgl,
2 CClg2, PH IWB15442-IWB60397  133.01-134.83
3A-1 1 CTg2, CCla IWB33546-IWB14315 0-5.58
3B-1 1 CClIg2, TKW IWB5790-IWB10800  50.52-54.16
3D-1 1 TKW, GY IWB35432-IWB63148  43.71-45.53
2 CCla, TKW IWB45650-Wms3 0-22.27
4A-1 1 CCla, CClgl, yB37346-1WB10035  78.04-79.86
CCIg2
4B 1 CTa, CTg2 IWB20226-IWB57507  27.83-30.56
2 CTa, CTg2 IWB12144-IWB35486  33.29-34.2
5A 1 CClg1, CCIg2 IWB14149-IWB10765  91.35-93.17
2 CClIg1, CCIg2 IWB21197-IWB17983  165.38-169.93
5B-2 1 CTgl, CTg2 IWB80334-IWB29709  10.96-13.69
2 CTa, CCIg2 IWB36033-IWB19921  18.24-20.97
3 CTa, PH IWB36579-IWB18101  41.08-44.72
4 PH, GY IWB19792-IWB1762  92.11-95.75
6B 1 CTa, CTgl IWB75959-IWB10604 0-3.64

2 Position of QTL located on chromosome, as CM distance from the top of each linkage group. PH, plant height;
GY, grain yield; TKW, thousand kernels weight; CTa, CTgl, CTg2, canopy temperature during anthesis, mid- and
late grain-filling stage, respectively; CCla, CCIg1, CCIg2, chlorophyll content index during anthesis, mid- and late
grain-filling stage respectively.
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4.4. Practical Applications in Wheat Breeding

Wheat GY is a complex, quantitative trait, highly affected by the environment; thus, early
generation selection for high yield is usually not effective. In the present study, we suggested that
CT, CCla, PH, and TKW could be used for increasing GY using stable QTL, similarly as reported in
previous studies [9,11]. GY was significantly positively correlated CCla, PH, and TKW, negatively
correlated with CTa, CTgl, and CTg2; therefore, these traits could be used for early generation and
early growth stage selections. Additionally, some stable QTL, such as Q.CTa.ui-4B.1, Q.CTg1.ui-5B-2.1,
Q.CTg2.ui-6B.1, Q.PH.ui-6A-2.1, Q. TKW.ui-2D-1, and Q.GY.ui-6B, could be applied in MAS for yield
improvement after validation.

5. Conclusions

Genome-wide linkage mapping was used to identify QTLs associated with CTa, CTgl, CTg2,
CCla, CCla, CClIg1, CCIg2, PH, TKW, and GY using high-density genetic linkage map in a spring wheat
DH population derived from a cross between ‘Ul Platinum’ and ‘SY Capstone’. The DH population
was genotyped using the wheat 90K iSelect platform and SSRs. The linkage map was constructed
using a total of 9687 SNP marker and 44 SSRs, with whole linkage map of 3594.0 cm and marker
density of 0.37 cm between adjacent markers. A total of 116 QTLs were detected for the nine traits
on 33 linkage groups, representing the whole 21 wheat chromosomes, except for Chr. 7D. Among
these QTLs, 71 QTL were for CT and CCI, and 45 QTL were for PH, TKW, and GY. Six QTLs were
consistently detected more than three irrigated environments, called as stable QTL. 26 QTL clusters
were identified for more than two traits, and four QTL-rich chromosome regions on these traits were
found on chromosomes 4A-1, 1B-1, 5B-2, and 2D-1. These QTLs, QTL clusters and linked molecular
markers may be very useful in assisted selection for improving grain yield in spring wheat breeding.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4395/8/5/60/s1,
Figure S1: The frequency distribution of canopy temperature (CT) (A), chlorophyll content index (CCI) (B), plant
height (PH), thousand kernels weight (TKW) and grain yield (GY) (C) in the DH population from UI Platinum/SY
Capstone in the four environments, Table S1: Phenotypic variations for physiological traits, plant height (PH),
thousand kernel weight (TKW) and grain yield (GY) in UI Platinum and SY Capstone and their DH population
across four trial, Table S2: Summary of the genetic linkage maps constructed with SNP, SSR and STS markers
using DH population derived from UI Platinum / SY Capstone, Table S3: The names and positions of 357 newly
mapped SNP markers, Table S4: Summary of QTLs detected for physiological traits, plant height (PH), thousand
kernels weight (TKW) and grain yield (GY) in the Ul Platinum/SY Capstone DH population.
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