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Abstract: Understanding genetic architectures of yield and yield-related traits of wheat (Triticum
aestivum L.) grown under dryland or irrigated conditions is pivotal for developing modern high-
yielding germplasm and cultivars. The objectives of this study were to detect quantitative trait
loci (QTL) linked to yield and yield components using a mapping population derived from ‘TAM
113’/‘Gallagher’, including 191 recombinant inbred lines (RILs). The population was grown in
McGregor, College Station, and Bushland, Texas, for three consecutive years from 2019 to 2021. A
high-density genetic map covering all 21 chromosomes was constructed using a set of 8,075 single
nucleotide polymorphisms (SNPs) obtained using genotyping-by-sequencing (GBS). A total of 147
QTLs for 16 yield-related traits were identified, which included 16 QTLs consistently detected in
multiple experiments and 8 QTLs that showed pleiotropic effects. Of them, five pleiotropic QTLs
overlapped with the consistent QTL. They increased grain yield (YLD) up to 37.64 g m−2, thousand
kernel weight (TKW) up to 1.33 g, harvest (HI) up to 0.97%, kernel length up to 0.08 mm, and kernel
width up to 0.04 mm with Gallagher alleles and increased YLD up to 22.21 g m−2, kernels spike−1

up to 1.77, TKW up to 1.14 g, and HI up to 3.72% with TAM 113 alleles. One major and consistent
QTL on chromosome 2D at 34.4 Mbp overlapped with the major photoperiod gene Ppd-D1 and was
affected by multiple traits, including kernel diameter (DIAM), TKW, kernel hardness index (KHI),
heading date (HD), and plant height (PH). Another QTL cluster region on 7D between 52 and 66 Mbp,
encompassing one consistent and three pleiotropic QTLs. One of the pleiotropic QTLs at 52 Mbp
increased YLD up to 24.16 g m−2, HI up to 1%, and DIAM up to 0.03 mm. This study dissected
genetic loci associated with yield and yield-related traits, providing valuable information on wheat
improvement using marker-assisted selection (MAS).
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1. Introduction

Wheat (Triticum aestivum L.) grows globally on more than 220 million hectares of
land and produces about 780 million metric tons of grain annually [1]. The current global
population is over seven billion, and it is projected to reach nine billion within the next
three decades [2]. Expanding production areas for agriculture is becoming increasingly
challenging due to the limited availability of arable land. Therefore, increasing yield per
unit area becomes a viable option to meet future demand using high-yielding varieties and
applying optimal management practices [3].

Grain yield (YLD) can be dissected into three components, including spike m−2 (SPM),
kernels spike−1 (KPS), and thousand kernel weight (TKW) [4,5]. Grain yield is a quantita-
tive trait significantly influenced by environmental factors and genotype-by-environment
interactions [6], but genetic factors remain the stable components controlling yield [7],
indicating a greater potential for improving the trait genetically [8–10]. Under adverse
environmental conditions, the heritability of overall yield may be low [11–13], but for
traits of yield components such as TKW, SPM, KPS, kernel length (KLEN), kernel width
(KWID), and kernel perimeter (KPERI), moderate to high heritability were reported [14,15].
Thousand-kernel weight contributes up to 20% of YLD improvement and is often consid-
ered one of the major factors in developing high-yielding wheat cultivars [16]. In addition,
agronomic traits such as heading date (HD) and plant height (PH) also have significant
impacts on wheat yield [17,18]. Vernalization response genes (Vrn-1, Vrn-2, Vrn-3, etc.)
play a critical role in initiating the transition to reproductive growth in wheat [19,20], and
photoperiod response genes (Ppd) control heading date by regulating plant physiology for
daylight perception and response [21,22]. Both types of genes influence the HD and further
affect yield [23].

Detecting and characterizing YLD genes in wheat is challenging due to their quantita-
tive characteristics and the complexity of the wheat genome. Quantitative trait loci (QTL)
analysis is a valuable tool to understand the genetic mechanism of complex traits [24]. Over
the last decade, next-generation sequencing technology has been extensively utilized to
identify single nucleotide polymorphisms (SNPs) for breeding and genetics studies [25],
such as identifying QTL associated with yield and yield components in wheat [26–28]. For
instance, Dhakal et al. [29] mapped 18 QTLs for YLD on eight chromosomes in a recom-
binant inbred line (RIL) population derived from ‘TAM 112’/‘TAM 111’. Yang et al. [30]
mapped eight QTLs associated with TKW on chromosomes 1D, 2D, 4D, and 7D using the
same RIL population.

In order to identify QTL conferring yield and its components in the two elite hard
red winter wheat cultivars, ‘TAM 113’ and ‘Gallagher’, the current study used 191 RILs
derived from TAM 113/Gallagher to investigate genomic regions associated with yield and
its component under multiple years and locations, particularly focused on QTL consistently
detected in multiple environments or QTL with pleiotropic effects on multiple traits.

2. Materials and Methods
2.1. Plant Materials, Field Trials, and Phenotypic Data Collection

A total of 191 F2:7 RILs derived from the cross between two winter wheat varieties,
TAM 113 and Gallagher, were used. TAM 113 was released by Texas A&M AgriLife Research
in 2010, with excellent yield potential and drought tolerance, a high level of resistance
against leaf rust [Puccinia recondite f. sp. tritici (Prt)], stripe rust [Puccinia striiformis f.
sp. tritici (Pst), and stem rust [Puccinia graminis f. sp. tritici (Pgt)] [31]. Wheat cultivar
Gallagher is an early maturing variety released by the Oklahoma Agricultural Experiment
Station (OAES) in 2012, and it also shows a good level of resistance to leaf rust [Puccinia
recondite f. sp. tritici (Prt)], stripe rust, [Puccinia striiformis f. sp. tritici (Pst), Hessian fly
[Mayetiola destructor (Say)], and soil-borne wheat mosaic virus (SBWMV) [32].

Field studies were conducted from 2019 to 2021 at the Texas A&M AgriLife Research
stations in College Station (30◦32′34.8′′ N lat.; 96◦25′47.3′′ W long.) designated as 19 CS and
20 CS, Bushland (35◦09′35.3′′ N lat.; 102◦05′02.9′′ W long.) designated as 19 BSP, 21 BD and
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20 EMN, and McGregor (31◦22′24.8′′ N lat.; 97◦27′05.9′′ W long.) designated as 19 MCG and
20 MCG across three years with data collected from a total of seven environments (Table S1).
Only 19 BSPs were irrigated among the seven environments. A subset of 137 RIL lines
were used for experiments in 2019, and the full population of 191 RILs was used in 2020
and 2021. A balanced alpha-lattice experimental design with two replications was used at
each site. For planting, 50 g seeds from each line were sown in each plot (4.57 × 1.52 m for
dryland and 3.05 × 1.52 m for irrigated land). Except for 19 BSP, all environments were
under dryland conditions, and standard agronomical practices were applied to all field
trials [30].

After the physiological maturity, whole plots were harvested using a combine har-
vester (Wintersteiger Inc., Salt Lake City, UT, USA), and YLD data were converted to grams
per square meter (g m−2) from above seven environments except for the experiment of
19 MCG with no combine harvesting (Table S1).

Yield-related traits were collected following the procedure described by Yang et al. [30].
Briefly, samples from a half-meter-long inner row were cut from the ground in each plot
after physiological maturity and dried in a drying room at 60 ◦C for three days. The dried
samples were measured for biomass grain yield (BMYLD) and total biomass (BM) from
three environments (19 BSP, 20 EMN, and 21 BD). Other yield-related traits, including thou-
sand kernel weight (TKW), kernel per spike−1 (KPS), spikes m−2 (SPM), harvest index (HI),
spike weight (SPW), single head grain weight (SHGW), single head dry weight (SHDW),
and single stem weight (SSW) were calculated using biomass samples as previously de-
scribed by Wang et al. [33] and Dhakal et al. [29]. SPM was calculated by counting spikes
from biomass samples and converted to per square meter area. KPS was computed using
BMYLD, TKW, and SPM. HI was calculated using BMYLD divided by BM. SHDW was
calculated using SPW divided by BM. SHGW was calculated using BMYLD divided by
SPM. SSW was calculated using BM divided by SPM.

For kernel-related traits, around 10 g of seeds from each biomass sample were scanned
with 300 dots per inch (dpi) and default color settings using a scanner (HP 11956A, Hewlett-
Packard, Palo Alto, CA, USA). Images were processed with Grain Scan software at 300 dots
per inch (dpi) to determine kernel area (KAREA), kernel perimeter (KPERI), kernel length
(KLEN,) kernel width (KWID), and kernel number (KN) [34]. TKW was calculated by
dividing scanned seed weight by seed number and multiplying results by one thousand.
In addition, Single Kernel Characterization System (SKCS) 4100 (SKCS 4100, Perten Instru-
ments, Springfield, IL, USA) was used to obtain single kernel weight (SKW), kernel diameter
(DIAM), and kernel hardness index (KHI) using one replication of biomass samples from
20 MCG. Since SKW and TKW were highly correlated, these two traits were considered
the same trait for determining the pleiotropic effect in the QTL result part. Simultaneously,
DIAM and KWID were also considered the same due to the high correlations.

Days to heading were recorded as the number of days according to the Julian cal-
endar [35] from 1 January to the date of 50% of spikes out of the flag leaf from seven
environments except 20 MCG. Plant height was calculated based on measurements from
the ground to the top of the spike, excluding awns at random spots in each plot.

2.2. Statistical Analyses

The distribution frequency of all traits in the RIL population at each environment
was tested using JMP Pro 16 [36] (Figure S1), and outliers were removed to improve data
reliability. The analysis of variance (ANOVA) for each trait was performed using META-R
4.0 to assess variations due to genotype (G), environment®, and genotype-by-environment
interaction (GbyE) (Table S2) [37]. The restricted maximum likelihood method (REML) was
used to calculate the values of the best linear unbiased predictor (BLUP) and best linear
unbiased estimate (BLUE) for each line using META-R 4.0 and the R package lme4 with the
following formula;

Yijkl = µ + Loci + Repj(Loci) + BlockK

(
LociRepj

)
+ Genl + Loci ∗ Genl + εijkl



Agronomy 2023, 13, 2402 4 of 19

where µ is the mean, Loci is the effect of ith, Repj is the replication of the jth, BlockK is

the effect incomplete block of the in kth iblock + Genl is the genotypic effect lth genotype,
Genl + Loci is the interaction of genotype and location, and εijkl is the effect of error. Fixed
assumption for genotype allows the calculation of BLUE values; while calculating BLUP
values, the genotype effect was accepted as a random effect [38].

Pearson’s correlation coefficiens® (r) were calculated among traits using BLUP values.
Further, broad-sense heritability was estimated using the following formula:

H = σ2
g /

(
σ2

g + σ2
g×ε/nEnv + σ2

ε / (nEnv× nRep)
)

where H = broad-sense heritability, σ2
g = the genotypic variance, σ2

g×ε = the genotype-
by-environment interaction variance, σ2

Є = the error variance, nEnv = the number of
environments, and nRep = the number of replications in analysis.

2.3. Genotyping, Linkage Mapping, and QTL Analysis

Genomic DNA was extracted from leaf samples of 191 RILs and parents during
the 2–3 leaf stage using the Cetyltrimethyl Ammonium Bromide (CTAB) method [39]
described by Yang et al. [30]. The DNA concentration was tested by a NanoDrop 1000
spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA) and agarose
gel; then, each DNA sample was diluted to the optimal concentration. Genotyping was
performed by the Texas A&M AgriLife Genomics and Bioinformatics Service (http://www.
txgen.tamu.edu/ (10 September 2021)) using the ddRADseq genotyping protocol on an
Illumina Hiseq400 sequencing system. The SNP calling was conducted by aligning the
Chinese Spring reference genome v1.0 [40] with the same procedure described by Dhakal
et al. [41].

For linkage analysis, SNPs were filtered to remove redundancy using the BIN function
of QTL IciMapping v4.0 [42]. Moreover, SNPs with high heterozygosity (>10%) or signifi-
cantly deviated from the 1:1 segregation ratio and high missing rate (>20%) were removed.
Double crossovers that happened within one kb were considered false and were manually
removed for further analysis. The filtered SNP data were used to construct linkage maps
using JoinMap v 4.0 [43] following procedures in Yang et al. [30] and Dhakal et al. [41].
Inclusive composite interval mapping of additive QTL (ICIM-ADD) method was performed
to identify QTL from individual environments (IE) and across multiple environments (MET)
using QTL IciMapping v4.0. LOD threshold was determined using 1000 times permutation
with type I error at p < 0.05. Physical locations of identified QTL were calculated using
the peak genetic positions and physical locations of flanking markers Peak Mb = (Right
Mb − Left Mb)/(Right cM − Left cM) * (peak_cM − Left cM) + Left Mb. Consistent QTL
was defined as the QTL significant in at least two individual environments. However, the
pleiotropic QTL was defined as a genomic region that affects more than two different traits
that were not highly correlated. The name of the detected QTL followed the customized
nomenclature rule of McIntosh et al. [44] in the format of Qtrait.tamu.chrom.Mbp, where
Q was the acronym of QTL, the trait was the corresponding trait abbreviation, Tamu was
the abbreviation of Texas A&M University, Chrom indicated chromosome number, and
Mbp was the peak physical position of QTL. Epistatic interactions were identified using
inclusive composite interval mapping of epistatic (ICIM-EPI) with the same LOD threshold
settings. The phenotypic variation explained (PVE), allele source, and additive effect of
each QTL were extracted from QTL IciMapping v4.0 outputs.

3. Results
3.1. Phenotypic Evaluation

According to the ANOVA (Table S2), except for BM, SPW, and BMYLD, all traits exhib-
ited significant genotypic effects (p < 0.01). Effects of genotype-by-environment interactions
were significant (p < 0.05) for all traits except BM, HI, SPM, and SPW. Environment effects
were significant (p < 0.05) for all traits except HI and kernel traits. Broad-sense heritability

http://www.txgen.tamu.edu/
http://www.txgen.tamu.edu/
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(H) for yield and yield components could be classified into three groups based on their
magnitude: low (<0.3), including BM, SPW, and BMYLD; moderate (0.3 to 0.6), including
SPM, HI, KPS, and SSW; and high (>0.6), including HD, PH, KAREA, PERI, KLEN, KWID,
TKW, YLD, SHDW, and SHGW (Table S2).

Pearson’s correlation coefficients for yield and yield components were reported in
Table S3 and categorized into three groups: low (<0.3), moderate (0.3–0.6), and high (>0.6).
Grain yield had a high positive correlation with HI and SHGW (r = 0.61–0.63, p < 0.01),
while correlations between YLD and TKW, KAREA, KWID, and SHDW were moderate
(r = 0.43–0.56, p < 0.001) across all environments. The correlation between TKW and YLD
(r = 0.40–0.56, p < 0.01) was higher than correlations between YLD and the other two yield
components (KPS and SPM) (r = −0.18–0.2, p < 0.5–0.001) under across all environments
and 19BSP. Meanwhile, KPS had higher significant positive correlations (r = 0.37–0.55,
p < 0.01) with yield in 21 BD and 20 EMN.

The correlation between SPM and YLD was not significant in any environments except
overall analyses. TKW had strong correlations with KWID (r = 0.82–0.92, p < 0.01), moderate
correlations with KLEN (r = 0.54–0.65, p < 0.01), but low to moderate correlations with
BMYLD (r = 0.15–0.38, p < 0.01) in both individual and across all environments. HD
had significant negative correlations with YLD, TKW, and kernel traits (r = −0.25–−0.6,
p < 0.01) in 19BSP but only significant for KWID, YLD, and HI in 21 BD. Moreover, PH had
significant positive correlations with kernel traits, TKW, YLD, and HI in 21 BD and 20 EMN
but not in 19 BSP.

3.2. Linkage Analysis and QTL Identification

A total of 8075 SNPs were retained after removing the SNPs with more than 20%
missing data and 10% heterozygosity from the raw data of 177,385 SNPs. A set of 25 linkage
groups covering all 21 chromosomes was created using 8075 SNPs and used for QTL
identification (Table S4). The total length of the genetic map was 4844 cM, and the average
length per linkage group was 193.8 cM. The physical distance of the linkage map was
14,753.1 Mb, and the average length per linkage group was 590.1 Mb. The average marker
density was 0.7 SNP cM−1 or 2.6 SNPs Mbps−1. B genome had the highest SNPs number
(3206, 39.7%), A genome had the second largest number of SNPs (3106, 38.4%), and D
genome had the lowest number of SNPs (1763, 21.8%).

There were 107 unique genomic regions associated with yield, yield components,
kernel, and agronomic traits on 19 chromosomes from within and across individual envi-
ronment analyses (Table S5). A total of 18 chromosome regions harboring 16 consistent
QTLs and eight pleiotropic QTL regions were identified, with five in common (Table 1 and
Figure 1).
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Table 1. Consistent and pleiotropic QTL for yield, yield components, agronomic, and kernel traits identified from individual and multi-environment analyses.

QTL
Region QTL Name Chr. a Peak Mbp b Trait c Env d LOD-

Threshold LOD e LOD (A) LOD
(AbyE) PVE f PVE

(A)
PVE

(AbyE) g Add h Con. i Plei. j

1 Qyld.tamu.1B.567 1B 566.97 YLD MET, 20 MCG,
20 CS 3.5–6.4 7.3–19.4 9.96 9.52 5.7–14.6 7.37 7.32 (−23.75)–(−8.38) y

2 Qyld.tamu.2B.58 2B 57.25 YLD 20 MCG, 19 CS 3.59–3.86 3.68–3.83 - - 3.82–4.34 - - 13.64–16.56 y y

2 Qhd.tamu.2B.58 2B 57.61 HD MET, 21 BD,19
MCG 3.54–6.38 4.96–16.11 5.11 11 2.15–1163 1.11 1.14 (−1.07)–(−0.48) y y

3 Qhd.tamu.2B.64 2B 63.96 HD MET, 19 BSP, 19
MCG 3.47–6.38 3.96–10.27 1.57 8.7 0.78–8.12 0.33 0.45 (−0.72)–(−0.26) y y

3 Qyld.tamu.2B.64 2B 63.96 YLD MET, 21 BD 3.54–6.4 6.18–7.77 3.05 4.72 4.26–13.11 2.2 2.07 4.58–14.46 y? y
4 Qbmyld.tamu.2B.69 2B 69.34 BMYLD 21 BD 3.54 4.24 - - 10.34 - - 37.0428 y
4 Qhi.tamu.2B.69 2B 69.34 HI MET, 21 BD 3.54–4.82 7.79–7.92 6.71 1.22 14.12–27.35 10.37 16.99 1.32–3.72 y? y
4 Qkps.tamu.2B.69 2B 69.34 KPS 21 BD 3.54 5.59 - - 11.54 - - 1.7685 y
4 Qshgw.tamu.2B.69 2B 69.34 SHGW MET 4.76 5.12 4.51 0.61 12.88 5.65 7.22 0.0243 y
5 Qkarea.tamu.2B.121 2B 120.96 KAREA MET, 21 BD 3.54–4.85 4.68–4.95 2.57 2.38 5.31–9.39 2.5 2.81 −0.0838 y?
5 Qklen.tamu.2B.121 2B 120.97 KLEN MET, 21 BD 3.54–4.86 7.01–9.44 8.46 0.98 9.69–14.13 7.22 2.47 (−0.08)–(−0.04) y?
5 Qkperi.tamu.2B.121 2B 120.97 KPERI MET, 21 BD 3.54–4.86 8.09–9.64 7.13 2.51 13.08–15.74 7.95 −0.13 (−0.24)–(−0.11) y?
6 Qdiam.tamu.2D.34 2D 34.43 DIAM 20 MCG 3.56 23.51 - - 35.05 - - −0.0744 y
6 Qkperi.tamu.2D.34 2D 34.43 KPERI MET 4.84 5.7 0.52 5.18 5.07 0.55 0.09 −0.0308 y
6 Qhi.tamu.2D.34 2D 34.43 HI MET, 19 BSP 3.47–4.82 10.95–15.66 2.04 13.63 3.44–21.80 3.05 0.38 (−0.94)–(−0.72) y? y
6 Qshgw.tamu.2D.34 2D 34.43 SHGW MET, 19 BSP 3.51–4.76 5.64–7.68 4.78 2.91 6.45–10.54 5.83 0.63 (−0.03)–(−0.02) y? y
6 Qtkw.tamu.2D.34 2D 34.43 TKW MET, 19 BSP 3.47–4.83 12.17–12.34 5.24 7.1 17.4519.13 7.65 11.49 (−1.33)–(−0.48) y? y
6 Qyld.tamu.2D.34 2D 34.43 YLD MET, 19 CS 3.86–6.4 17.42–21.12 9.22 11.9 17.57–20.23 6.9 10.67 (−31.45)–(−8.11) y? y
6 Qkhi.tamu.2D.34 2D 34.43 KHI 20 MCG 3.56 23.12 - - 29.85 - - 5.7068 y

6 Qhd.tamu.2D.34 2D 34.43 HD

MET, 19 BSP, 19
CS, 19 MCG, 20
CS, 20 MCG, 21

BD

3.47–6.38 21.89–
179.84 118.67 61.18 34.82–57.45 49.6 7.85 1.5–4.86 y y

6 Qph.tamu.2D.34 2D 34.43 PH 19 BSP, 20 MCG 3.47–3.48 11.35–19.84 - - 15.46–28.78 - - 2.11–3.48 y y

7 Qkarea.tamu.2D.37 2D 36.9 KAREA MET, 19 BSP, 20
EMN 4.85–4.87 8.67–17.54 12.6 4.95 14.89–18.15 12.71 5.45 (−0.29)–(−0.18) y y

7 Qkperi.tamu.2D.37 2D 36.9 KPERI 20 EMN 3.52 4.45 - - 8.81 - - −0.1652 y

7 Qyld.tamu.2D.37 2D 36.9 YLD MET, 20 CS, 20
MCG 3.59–6.4 9.13–33.40 11.37 22.03 11.72–26.14 8.53 17.62 (−37.64)–(−8.99) y y

7 Qbmyld.tamu.2D.37 2D 37.25 BMYLD MET, 19BSP 4.85 4.96–6.35 2.48 3.87 2.35–8.53 1.9 0.45 (−20.03)–(−12.42) y? y

7 Qkwid.tamu.2D.37 2D 37.25 KWID MET, 20 EMN,
19 BSP 3.47–4.99 5.29–18.58 15.95 2.63 12.68–17.48 14.75 2.49 (−0.04)–(−0.02) y y

7 Qshdw.tamu.2D.37 2D 37.25 SHDW MET, 21 BD 3.51–4.9 10.32–11.56 10.41 1.15 22.16–23.95 12.4 11.56 (−0.08)–(−0.03) y? y

7 Qtkw.tamu.2D.37 2D 37.25 TKW MET, 20 MCG,
20 EMN 3.48–4.83 5.62–8.40 3.23 2.61 10.09–12.55 4.65 5.44 (−1.01)–(−0.37) y y

8 Qklen.tamu.5B.497 5B 496.62 KLEN MET, 19 BSP, 20
EMN 3.47–4.86 3.92–8.34 6.34 2 4.91–7.71 5.62 1.06 0.04–0.05 y

9 Qtkw.tamu.6A.573 6A 573.37 TKW 20 MCG, 20
EMN, 21 BD 3.54 4.20–8.36 - - 8.37–12.97 - - (−1.03)–(−0.74) y

10 Qhd.tamu.6A.586 6A 586.24 HD MET 6.38 6.94 4.99 1.94 1.88 1.08 0.8 0.4775 y
10 Qkps.tamu.6A.586 6A 586.24 KPS MET, 19 BSP 3.47–4.79 6.71–7.14 2.59 4.56 7.82–16.17 5.15 2.68 0.49–0.94 y? y

11 Qkperi.tamu.6A.98 6A 98.34 KPERI MET, 19 BSP, 20
EMN 3.47–4.84 5.42–12.40 8.43 3.98 11.06–12.52 9.35 0.1 (−0.18)–(−0.12) y
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Table 1. Cont.

QTL
Region QTL Name Chr. a Peak Mbp b Trait c Env d LOD-

Threshold LOD e LOD (A) LOD
(AbyE) PVE f PVE (A) PVE

(AbyE) g Add h Con. i Plei. j

12 Qklen.tamu.6A.113 6A 113.23 KLEN MET, 19 BSP, 21
BD 3.47–4.86 5.38–11.21 8.22 2.99 10.99–11.48 7.06 3.94 (−0.07)–(−0.04) y

13 Qhi.tamu.7D.52 7D 52.32 HI MET, 19 BSP 3.47–4.82 4.89–6.75 2.53 4.22 4.60–9.81 3.56 1.05 0.63–0.77 y? y
13 Qyld.tamu.7D.52 7D 52.32 YLD MET, 19 BSP 3.47–6.4 9.68–21.59 7.27 14.32 12.87–16.87 5.28 7.59 7.07–13.16 y? y
14 Qhd.tamu.7D.65 7D 65.22 HD 21 BD 3.54 5.28 - - 6.71 - - −0.7312 y
14 Qtkw.tamu.7D.65 7D 65.22 TKW MET, 19 BSP 3.47 8.44 - - 12.89 - - 1.1414 y

14 Qkwid.tamu.7D.66 7D 66.02 KWID MET, 19 BSP, 19
MCG 3.47–4.99 5.55–9.23 5.01 4.22 6.99–12.64 4.03 2.96 0.015–0.037 y y

14 Qyld.tamu.7D.66 7D 66.02 YLD 20 MCG 3.59 5.62 - - 7.83 - - 22.2131 y

15 Qhd.tamu.7D.70 7D 70.03 HD MET, 19 BSP, 20
CS 3.47–6.38 3.78–16.11 7.55 8.57 1.81–5.10 1.62 0.2 (−0.96)–(−0.58) y

a Chromosome. b peak mega base pair (Mbp) position aligns to Chinese Spring reference IWGSC 1.0. c Traits: Heading Date (HD); Plant Height (PH); Grain Yield from combine harvester
(YLD); Single kernel weight (SKW); Kernel diameter (DIAM); Harvest index (HI); Biomass (BM); spikes m−2 (SPM); Biomass grain yield from 0.5 m inner row (BMYLD); Kernel area
(KAREA); Thousand kernel weight (TKW); Harvest index (HI); Kernel perimeter (KPERI); Kernel hardness index (KHI): Kernel length (KLEN); Kernel width (KWID); kernels spike−1

(KPS); Single head dry weight (SHDW); Single Stem Weight (SSW); Single head grain weight (SHGW). d Environments: Across Environments (MET), 19 CS: College Station 2019, 20 CS:
College Station 2020, 21 BD: Bushland Dryland 2021, 19 BSP: Bushland South Pivot 2019, 19 MCG: McGregor 2019, 20 MCG: McGregor 2020, 20 EMN: Emeny Land 2020. e Logarithm of
the Odds. f Phenotypic Variation Explained. g Additive by Environment Effect. h Additive Effect, negative sign means the trait increasing alleles from Gallagher while positive sign
means the trait increasing alleles from TAM 113; CI: Confidence Interval. i Consistent QTL, y?: the QTL appeared in an individual environment and across environments, y: the QTL
appeared at least two individual environments. j Pleiotropic QTL: affecting more than one trait.
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Figure 1. The chromosomal distribution of pleiotropic and consistent QTL regions associated with
yield, yield components, kernel traits, and agronomic traits from individual and combined envi-
ronments. Traits: heading date (HD); plant height (PH); grain yield from combine harvester (YLD);
single kernel weight (SKW); kernel diameter (DIAM); harvest index (HI); biomass (BM); spikes m−2

(SPM); biomass grain yield from 0.5 m inner row (BMYLD); kernel area (KAREA); thousand kernel
weight (TKW); harvest index (HI); kernel perimeter (KPERI); kernel hardness index (KHI): kernel
length (KLEN); kernel width (KWID); kernels spike−1 (KPS); single head dry weight (SHDW); single
stem weight (SSW); single head grain weight (SHGW).

3.2.1. QTL for Yield

A total of 23 QTL regions were detected for YLD based on individual and across-
environment analyses (Table S5). Three consistent and six pleiotropic QTLs were detected
on chromosomes 1B, 2B, 2D, and 7D (Table 1 and Figure 1). The first consistent QTL
on chromosome 1B at 566.9 Mbp explained up to 14.68% phenotypic variation (PVE)
and increased YLD up to 23.75 g m−2 in 20 MCG. Its additive effects explained yield
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variations up to 7.36% with favorable alleles from Gallagher. The second consistent QTL
was identified on 2B at 57.25 Mbp and explained 4.34% of phenotypic variation. TAM 113
allele increased YLD up to 16.56 g m−2 in 20 MCG. The third consistent QTL on 2D at
36.9 Mbp explained up to 26.15% of total PVE and increased YLD by 37.64 g m−2 with
favorable alleles from Gallagher in 20 CS. The additive effect explained 8.5% of the total
PVE. Seven additional yield QTL were identified from individual and across-environment
analyses on chromosomes 1A, 2B, 2D, 4A, and 7D. Three QTLs, one on 1A at 11.28 Mbp,
two on 2D at 34.42, and 483.8 Mbp with favorable alleles from Gallagher explained up to
20.23% total PVE and increased YLD up to 31.45 g m−2 in 19 CS. The rest four QTLs on
2B at 63.96 and 571.41 Mbp, on 4A at 75.9 Mbp, and on 7D at 52.31 Mbp with favorable
alleles from TAM 113 explained up to 16.87% PVE and increased YLD up to 16.87 g m−2 in
19 BSP. Thirteen QTLs on chromosomes 1A, 1B, 4A, 4B, 6D, 7B, and 7D were only identified
from individual or across environment analysis, which explained up to 13.24% PVE and
increased YLD by 27.68 g m−2 under 20 MCG (Table S5).

3.2.2. QTL for Yield Components and Kernel Traits

Four QTLs associated with KPS were mapped on chromosomes 2B, 5A, and 6A from
individual and across-environment analyses (Table S5). A QTL on chromosome 2B at
69.34 Mbp explained 22.32% of total phenotypic variations and showed the highest KPS
increment of 1.76 kernels spike−1 with the allele from TAM 113 in 21 BD. One QTL on
chromosome 6A at 586.24 Mbp was identified from one individual and across environment
analysis, explaining up to 16.17% phenotypic variations and increasing KPS up to 0.94 ker-
nels spike−1 with favorable alleles from TAM 113. Another two QTLs on 2B at 76.40 Mbp
and on 5A at 12.83 Mbp increased KPS up to 0.88 kernels spike−1 hand had favorable
alleles from TAM 113 and Gallagher, respectively. For SPM, only one QTL at 637.07 Mbp
on 5A was identified from individuals and across three environments. It explained up
to 10.67% total PVE and increased SPM up to 36.30 spikes m−2 with the favorable allele
from Gallagher in 20 EMN. Its additive effect explained 5.94% out of 7.66% of total PVE
(Table S5).

A total of 10 QTLs associated with TKW was detected on chromosomes 1B, 2D, 4D,
5A, 6A, 7A, and 7D (Table S5), including two consistent QTLs (Table 1 and Figure 1). The
first consistent QTL on chromosome 2D at 37.25 Mbp explained that 12.55% of PVE and
Gallagher alleles increased TKW up to 1.01 g in 20 MCG. The second consistent QTL on
6A at 573.37 Mbp explained that 12.92% of PVE and 1.03 g of TKW were increased by
Gallagher alleles in 20 MCG. Three TKW QTLs on chromosomes 2D at 34.43 Mbp, 6A
at 160.62 Mbp, and 7D at 64.42 Mbp were detected under both individual and across
environments, explaining up to 19.13% PVE and increasing TKW up to 1.33 g in 19BSP
with favorable alleles from Gallagher. Moreover, five TKW QTLs with favorable alleles
from TAM 113 were identified from one individual environment or across environment
analyses, explaining up to 13.14% total PVE with the effect that increased TKW up to 1.14
g in 19BSP (Tables 1 and S5, Figure 1). For HI, five QTLs were detected on chromosomes
2B, 2D, 4B, and 7D. Three were detected under one individual and across environments on
chromosomes 2B at 69.34 Mbp, 2D at 34.42 Mbp, and 7D at 52.31 Mbp. They explained up
to 27.35% phenotypic variation and increased HI up to 3.72% in 21 BD with TAM 113 allele.
Another two QTLs on chromosome 4B at 441.13 Mbp and 603.4 Mbp were only identified
from across-environment analyses.

Eight QTLs were mapped for KAREA from individuals and across three environment
analyses (Table S5). One consistent QTL on chromosome 2D at 36.90 Mbp explained up
to 18.15% total PVE and increased KAREA up to 0.29 mm2 in 20 EMN. Its additive effect
explained 12.70% of PVE with favorable alleles from Gallagher (Table 1 and Figure 1).
Two QTLs were detected from one individual environment and across three environment
analyses on chromosome 2B at 120.96 Mbp and on 6A at 573.08 Mbp, explaining up to
10.77% total phenotypic variation and increasing KAREA up to 0.21 mm2 with favorable
alleles from Gallagher in 19 BSP. Five other QTLs with minor effects were identified from
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only one individual or across environment analyses, explaining up to 8.23% and increasing
KAREA up to 0.20 mm2 with favorable alleles from TAM 113 in 20 EMN.

For KLEN, seven QTLs were mapped, and two of them were consistent QTLs
(Tables 1 and S5, and Figure 1). The first consistent QTL was located on chromosome
5B at 496.62 Mbp and explained KLEN PVE up to 7.71%. The favorable alleles were from
TAM 113 and increased KLEN up to 0.05 mm in 19 BSP. The additive effect is explained
by 5.62% out of 6.68% of total PVE. The second consistent QTL was located on 6A at
113.23 Mbp, explained up to 11.48% PVE and increasing KLEN by 0.07 mm with Gallagher
allele in 19 BSP. Its additive effect explained 7.06% out of 10.99% of total PVE when ana-
lyzed across three environments. Four additional QTLs were identified from one individual
environment and across three environments with favorable alleles, all from Gallagher that
increased KLEN up to 0.1 mm in 20 EMN.

Eight QTLs associated with KWID were mapped, and two were consistent QTLs
(Table S5). The first consistent QTL was identified on 2D at 37.25 Mbp (Table 1 and
Figure 1). It explained 17.48% of total phenotypic variation and increased KWID up to
0.04 mm with a favorable allele from Gallagher in 19 BSP. Its additive effect explained
14.79% out of 17.24% of the total PVE when analyzed across three environments. The
second consistent QTL was detected on 7D at 66.02 Mbp. TAM 113 allele increased KWİD
up to 0.037 mm in 19BSP. It explained 12.64% of the total PVE. One QTL was detected
by a single environment and across three environmental analyses on chromosome 4D at
253.31 Mbp. A favorable allele from Gallagher increased KWID up to 0.04 mm in 19 BSP
and explained 13.16% of total PVE in 21 BD. The rest of KWID QTLs only showed up in
one single environment or across three environments. Favorable alleles from Gallagher
increased KWID up to 0.07 mm in 20 MCG.

For KPERI, seven QTLs were identified on chromosomes 2B, 2D, 5B, and 6A (Table S5).
The only consistent QTL on chromosome 6A at 98.34 Mbp had favorable alleles from
Gallagher and increased KPERI up to 0.18 mm under 20 EMN. Its additive effect explained
9.34% out of 12.52% of total PVE when analyzed across three environments. Three QTLs
were detected from one single environment and across the three environmental analyses.
They explained up to 15.74% of total PVE and increased KPERI up to 0.25 mm in 21 BD.
Another three QTLs were identified from one individual environment or across environ-
ments on chromosomes 2B, 2D, and 6A. They increased KPERI up to 0.17 mm with a total
PVE value up to 11.55% in 19 BSP.

3.2.3. QTL for Agronomic Traits

A total of 14 QTL regions were detected for HD based on individual and across-
environment analyses (Table S5). Four consistent QTLs and five pleiotropic QTLs with three
in common were identified on chromosomes 2B, 2D, 6A, and 7D (Table 1 and Figure 1). The
first consistent QTL on chromosome 2B at 57.6 Mbp had PVE up to 11.63% and increased
HD by 1.07 days with favorable alleles from Gallagher in 20 CS. The second consistent QTL
on 2B at 63.96 Mbp explained up to 8.12% of total PVE in 19BSP. Allele from Gallagher
increased HD up to 1.22 days in 19 MCG. The third consistent QTL on 2D at 34.43 Mbp was
detected in all six environments. It explained up to 57.45% PVE (Figure S2). TAM 113 allele
increased HD by 4.86 days in 20 MCG. The fourth consistent HD QTL on chromosome
7D at 70.03 Mbp explained up to 5.10% of total PVE in 19 BSP and increased the HD by
0.96 days with the Gallagher allele in 20 CS. Four QTLs were detected from individual
environments and across environments analyses. With favorable alleles from TAM 113,
QTL on chromosomes 6B at 3.56 Mbp and 16.98 Mbp and 7D at 607.85 Mbp increased HD
by 3.69 days and explained up to 25.54% of total phenotypic variation in 20 CS. Meanwhile,
the Gallagher alleles increased HD up to 1.69 days for QTL on 2B at 46.85 Mbp, which
contributed 8.12% total PVE in 19 CS. Six QTLs were detected in a single environment or
multi-environment analysis with the favorable allele from TAM 113 except for QTL on 4B
at 659.62 Mbp, increasing HD up to 1.4 days.
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For PH, a total of 27 QTLs were identified from individual and across-environment
analyses (Table S5). The only consistent QTL on 2D at 34.43 Mbp explained up to 28.78%
of PVE with a favorable allele from TAM 113 that increased PH up to 3.48 cm in 20 MCG
(Table 1). Sixteen QTLs were detected from one environment and across environments
analysis, explaining up to 27.66% of total PVE and increasing PH up to 2.49 cm in 19 MCG
with TAM 113 allele. The rest of QTL with alleles from Gallagher on chromosomes 1A, 4B,
and 6A explained up to 22.35% of total PVE and increased PH by 3.22 cm in 19 MCG. Ten
PH QTLs were only identified from one individual environment or across environments
analyses, increasing PH up to 1.75 cm in 20 CS and explaining up to 27.66% of PVE.

3.3. Pleiotropic QTL

A set of 8 QTL regions on chromosomes 2B, 2D, 6A, and 7D were identified as
pleiotropic QTL affecting more than one trait (Tables 1 and S5 and Figure 1). A genomic
region associated with HD and YLD was identified on 2B at 57.61 Mbp. With TAM 113
alleles, it increased YLD by 16.56 g m−2 in 20 MCG and increased HD by 1.07 days with
the Gallagher alleles in 20 CS. Another genomic region on 2B at 63.96 Mbp increased HD
by 0.72 days with the Gallagher allele and increased YLD by 14.46 g m−2 with the TAM
113 allele in 21 BD. The QTL on 2B at 69.34 Mb was associated with BMLYD, HI, KPS, and
SHGW. This genomic region had a favorable allele from TAM 113, increased BMYLD by
37.04 g m−2, HI by 3.72%, KPS by 1.77 kernels, and SHGW by 0.02 mg. One major QTL
cluster region on chromosome 2D at 34.43 Mbp was associated with DIAM, HD, HI, KHI,
KPERI, PH, SHGW, TKW, and YLD. The favorable alleles from Gallagher increased YLD
by 31.45 g m−2, HI by 0.94%, DIAM by 0.07 mm, SHGW by 0.03 mg head−1, KPERI by
0.03 mm, and TKW by 1.33 g. In contrast, the TAM 113 allele increased HD by 4.86 days,
KHI by 5.71%, and PH by 3.48 cm. Another major QTL cluster region on chromosome 2D at
37.25 Mbp increased KAREA by 0.25 mm2, KWID by 0.04 mm, KPERI by 0.16 mm, TKW by
1.01 g, YLD by 37.64 g m−2, BMYLD by 20.03 g m−2, and SHDW by 0.08 mg head−1 with
Gallagher allele. A genomic region on 6A at 586.23 Mbp was colocalized with HD and KPS
QTL. This genomic region increased HD by 0.48 days and KPS up to 0.95 kernel spike−1

with favorable alleles from TAM 113. A genomic region on 7D at 52.32 Mbp increased HI
by 0.7% and YLD by 13.16 g m−2 with the favorable allele from TAM 113. The QTL region
on 7D at 65.22 Mbp was associated with HD, DIAM, KWID, and TKW, with the alleles from
TAM 113 that decreased HD by 0.73 days and increased TKW by 1.14 g. Overall, the QTL
at 34.43 Mbp on 2D had the largest effects on yield and its components.

3.4. Interactions of Epistasis and Epistasis-by-Environment

A total of 924 epistatic interactions with total LOD > 5 were summarized for yield,
yield components, agronomic, and kernel traits from multiple locations (Table S6 and
Supplemental Figure S3). Some QTLs are considered major QTLs, which is consistent or
pleiotropic QTL. A total of 286 epistatic interactions were associated with HD with LOD > 5,
and 60 epistatic interactions were detected with LOD > 10. One consistent HD QTL on 2D
at 36.90 Mbp interacted with a QTL on 6D at 437.60 Mbp, increasing HD up to 3.19 days.
Another consistent QTL, Qhd.tamu.7D.70, interacted with a QTL on 6B at 660.15 Mbp
and increased HD up to 3.21 days in 20 CS. For PH, a total of 266 epistatic interactions
were identified, and 19 of them had LOD > 10. Four major PH QTLs from individual
or multi-environment analyses were involved in epistasis interactions. The interaction
between QTL on 5B at 294.50 Mbp and 5B at 320.57 Mbp increased PH by 2.46 cm in
21 BD. For YLD, 109 epistatic (additive-by-additive), additive-by-environment (AbyE), and
epistasis-by-environment interactions were identified. Five yield QTLs, Qyld.tamu.2B.64,
Qyld.tamu.6D.10, Qyld.tamu.2D.34, Qyld.tamu.7D.66 and Qyld.tamu.7D.47, were involved
in epistasis interactions. Epistasis interaction between YLD QTL on 4A at 703.95 and
708.17 Mbp showed the highest YLD increase of 38.28 g m−2 by epistasis-by-environment
interaction in 20 MCG. One major YLD QTL Qyld.tamu.2D.34 interacted with a QTL on
3D at 577.85 Mbp, explaining 1.64% of total PVE and increasing YLD up to 9.60 g m−2 in
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20 MCG. Qyld.tamu.2B.64 interacted with a QTL on chromosome 6D at 433.13 Mbp and
increased YLD up to 9.97 g m−2 under 21 BD. The last QTL, Qyld.tamu.7D.66, interacted
with a QTL on chromosome 7A at 643.96 Mbp, explaining 1.36% of PVE and increasing
YLD up to 5.68 g m−2 in 20 CS. A total of 36 epistatic interactions were detected for KPS.
Only three epistasis interactions increased KPS, and no major QTL was involved. Another
yield component, SPM, had 32 epistatic interactions that increased SPM up to 25.26 spikes
m−2, and no major QTL was associated with epistasis interactions. Nevertheless, the
most significant epistasis interactions increased SPM over 25.17 spikes m−2 in 21 BD. Only
11 epistasis interactions were identified for TKW that increased up to 0.52 g of TKW. A
total of 104 epistasis interactions for kernel traits were identified with LOD > 5, but only
one with LOD > 10. Forty-six epistatic interactions with LOD > 5 were identified for
KAREA, including two major QTLs. The first QTL Qkarea.tamu.4D.19 interacted with QTL
on 4A at 680.55 Mbp, which increased KAREA by 0.07 mm2 in 19 BSP. The second QTL,
Qkarea.tamu.5B.497, interacted with a QTL on 5B at 705.24 Mbp and increased KAREA by
0.1 mm2. For KLEN, 36 interactions were identified. However, none of the major QTLs was
involved in these interactions.

4. Discussion

Improving yield is the primary objective for most wheat breeding programs. Under-
standing the genetic bases of yield and its components is critical in accelerating genetic
gain in wheat improvement. Among the various approaches that have been used to dissect
the genetic mechanisms of target traits. QTL mapping is one of the most efficient and
commonly used methods [28,30,33,41,45], which provides useful information and facilitates
marker-assisted selection (MAS) to accurately and effectively select lines carrying superior
alleles.

The BLUP values derived by fitting the model that contains genotypic and environmen-
tal factors were often used to reflect the breeding values of individuals [46]. In the current
study, analysis of variance showed that genotype variance was larger than environment
and GbyE interactions for all traits except for BM, YLD, and SPW, which suggested that
traits investigated in the RIL population have a strong genetic control (Table S2). Significant
variations due to environment and GbyE interaction were also observed for most traits
in this study. Environmental factors, such as biotic and abiotic stress, can strongly affect
genotype performance, which may lead to a yield reduction [47]. Some environments
may trigger the activation of environments-specific genes or mask the gene’s effects [48].
Heritability is another parameter that shows how genetic gain could be expected [49].
Except for BM, SPW, and BMYLD, moderate to high broad-sense heritability was found
for yield and yield-related traits (Table S2), which is consistent with reports from previous
studies by Garcia et al. [50] and Al-Tabbal and Al-Fraihat [51]. The low heritability of the
three traits made phenotypic selection less effective [33]. Broad-sense heritabilities for
agronomic and kernel-related traits in the current study were all over 0.8, consistent with
the results previously reported by Xin et al. [14], indicating that genotypic factors played
significant roles in the phenotypic variations of these traits.

Correlations among traits are essential for breeders to understand the relationship
among different traits and use different selection strategies in improving grain yield po-
tential [52]. Grain yield showed a positive significant correlation with many other traits.
However, YLD had a significant negative correlation with HD in all environments, which
is consistent with the result from Ali et al. [53]. Early development of wheat spikes is
usually desired, which completes the reproductive stage earlier and facilitates the initiation
of grain filling effectively before the start of the dry season [54]. Gonfa and Tesfaye [55]
have reported positive significant correlations between BM, HI, and YLD under moderate
drought conditions. Similarly, we observed a significant positive correlation between YLD
and BM under non-irrigated conditions, but it was insignificant in an irrigated location
19BSP, which suggests BM and HI can be used as selection indicators to improve grain
yield in dry environments. There were negative correlations between KPS and TKW in
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all environments except 20 EMN, suggesting that compensation effects existed between
KPS and TKW. Likewise, SPM had a negative correlation with TKW and KPS in most
cases, indicating that an increase in spike number per unit area will likely reduce the kernel
weight and kernel number. There were positive and significant correlations between kernel
traits and YLD, suggesting kernel traits could be used in the selection of high YLD geno-
types. A high correlation among kernel-related traits showed a common genetic structure
controlling phenotypic expression for these traits [56].

In this research, 118 QTLs were mapped on all chromosomes except for 1D and 3A
(Table S5). Sixteen QTLs were identified in two or more individual environments, and eight
genomic regions affected two or more traits (Table 1 and Table S5). Several QTLs detected
for PH in this study were physically close to previously reported QTL [30,56–58]. Two PH
QTLs, one was 3.8 Mbp away from a PH QTL located on 4B at 611.1 Mbp, and another
one was 10 Mbp away from QTL on 4B at 474.9 Mbp identified by Semagn et al. [57]. One
consistent YLD QTL identified at 58 Mbp on 2B was co-located with a YLD QTL reported
by Semagn et al. [57]. Wang et al. [33] identified stable yield QTL on 2D at 37.1 Mbp that
overlapped with Qyld.tamu.2D.37.

QTL controlling YLD located on 1B at 573 Mbp and 7D at 45.1 and 64.3 Mbp were
reported at the close regions by Dhakal et al. [29] and Wang et al. [33], which were relatively
close to Qyld.tamu.1B.567, Qyld.tamu.7D.47, and Qyld.tamu.7D.66 in our study. The similarity
of findings between Dhakal et al. [29] and our study can be explained by closely related
parents shared by both studies with similar genetic backgrounds. Moreover, two YLD
QTLs with relatively small effects on chromosome 6D and 7B at 10.33 Mbp and 4.2 Mbp
were reported by previous studies [30,56–59].

Several HD QTLs with both minor and major effects were identified on chromosomes
1A, 2B, 2D, 4A, 6A, 6B, 7A, and 7D. One QTL with a minor effect on 2B at 46.85 Mbp was
previously mapped by Wang et al. [33]. The consistent HD QTL located on 2B at 57.61 Mbp
may overlap with the significant photoperiod sensitivity gene, Ppd-B1, promoting early
flowering and emergence of ears [60,61]. Gallagher was identified as the donor parent of
Ppd-B1b alleles based on diagnostic maker analysis. We mapped a major HD QTL on 2D
at 36.90 Mbp that shared genetic location with previous findings [31]. This region may
overlap with another major photoperiod gene, Ppd-D1, which triggers early flowering. This
gene is important for wheat planted in dry environments to avoid drought stress during
the grain-filling stage [62,63]. In addition, one consistent HD QTL was mapped on 7D at
70.03 Mbp, co-locating with the HD QTL reported by Isham et al. [45] and Wang et al. [33],
which is close to the major flowering time regulating gene FT-D1. It significantly affects
inflorescence development at the beginning of the reproductive stage [20,22], and Gallagher
was the carrier of dominant alleles of FT-D1.

Several TKW QTLs were reported by Liu et al. [64], and one of them (qTgw.nwipb-6AL)
was mapped on 6A at 573.08 Mbp, which was also found in the present study. Moreover,
another QTL mapped on 2D near 28 Mbp was around 7 Mbp, away from our findings on 2D
at 34.43 Mbp. Another TKW QTL on 6D at 171.52 Mbp was previously mapped in several
studies and colocalized with the TaGW2-6D gene that affected kernel width and kernel
weight [65,66]. Dhakal et al. [29] reported a QTL associated with TKW on 7D at 65 Mbp,
which was 2 Mbp away from our mapped QTL. In the same study, another TKW QTL
region was 9–10 Mbp away from the QTL Qtkw.tamu.4D.19 identified in the current study.
Further, a QTL linked to SKW on 5A at 606.28 Mbp was also identified by another study
conducted by Yu et al. [67]. Some of the QTLs associated with seed-related traits match
the previous reports. For instance, one KWID QTL mapped at 36.90 Mbp on 2D, close to
a previously reported KWID QTL at 32 Mbp on 2D [33,59]. Ma et al. [59] also mapped a
KLEN QTL at 48 Mbp on 2D, which is seven Mbp away from what we detected in this
study. Dogan et al. [11] mapped KLEN QTL on 4A at 29.27 Mbp, which overlapped with
Qklen.tamu.4A.29, identified in the present study. One KLEN QTL on 7A at 638.6 from this
study was close to a previously reported QTL region on 7A between 624 and 639 Mbp [68].
A DIAM QTL identified on 7D at 66.02 Mbp was two Mbp away from a DIAM QTL on 7D
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at 64.3 Mbp, as reported by Dhakal et al. [41]. In addition, a KLEN QTL Qklen.tamu.5B.497
on 5B was consistent in all environments and had a pleiotropic effect on KAREA and
KPERİ that has not been reported before. Similarly, a KPERİ QTL Qperi.tamu.6A.98 on 6A
was consistent in all environments and controlling KLEN, which has not been reported in
previous studies. Another consistent KLEN QTL Qklen.tamu.6A.113 on 6A might be novel
QTL compared with previous studies.

Eight pleiotropic genomic regions containing QTL related to more than two traits
were identified using individual and cross-environment analyses. There were two major
QTL clusters on 2D. One was located at 34.4 Mbp, affecting YLD and kernel-related traits.
This QTL region was colocalized with the photoperiod gene Ppd-D1, which has pleiotropic
effects on HD, PH, YLD, TKW, KWID, and DIAM [33,69,70]. Another QTL cluster on
2D at 37 Mbp was associated with TKW, KWID, BMYLD, and YLD (Table S4). One QTL
cluster region was identified on 7D at 51.2–70 Mbp, affecting multiple traits, including
YLD, BMYLD, HI, SHGW, DIAM, HD, KWID, and TKW. Similarly, Yang et al. [30] also
reported that the physical interval between 64 and 68 Mb was associated with YLD and
kernel-related traits using the RIL population derived from TAM 112 and TAM 111. Wang
et al. [33] reported identical genomic regions on 7D between 62.2–69.2 Mbp in a RIL
population from TAM112/Duster for similar traits. These similarities between the three
RIL populations were caused by the relativeness between TAM 113 and TAM112. These
two varieties share a similar partial pedigree [71]. The QTL cluster can be used to design
markers for marker-assistant selection (MAS) [72,73].

The ICIM-EPI approach was performed to reveal epistasis and epistasis-by-environment
interactions among environments. However, some QTLs had higher epistatic interactions.
For example, four yield QTLs (Qyld.tamu.2B.64, Qyld.tamu.2D.34, Qyld.tamu.6D.10 and
Qyld.tamu.7D.66) involved in epistatic interactions in different chromosomes and additive-
by-additive interactions increased grain yield by 3.79, 6.23, 5.1, and 6.36 g m−2. In some
environments, epistasis-by-environment interactions had higher grain yield increments
than epistasis per se. Those interactions might be a concern for breeding selection since
breeders can only fix the additive effects by selection. Using these analyses, breeders can
better understand which QTL is worthy of selection in breeding practice.

5. Conclusions

This research used a population of 191 RILs derived from the cross between two hard
red winter wheat cultivars, TAM 113 and Gallagher. Yield, yield components, agronomic,
and kernel traits were evaluated at three different locations across Texas. Additionally, a
high-density genetic linkage map was constructed with a set of 8075 polymorphic SNPs
covering all 21 chromosomes.

We found 147 QTLs within 107 genomic regions associated with 20 different traits,
including 16 consistent QTLs and 8 pleiotropic QTLs. Five common pleiotropic and
consistent QTL regions were on 2B at 57.25 Mbp and 63.96 Mbp, on 2D at 34.43 Mbp and
37.25 Mbp, and on 7D at 66.02 Mbp. One HD QTL on 2B at 57.61 Mbp was co-located with
a major photoperiod gene Ppd-B1. Another HD QTL on 2D at 34.43 Mbp coincided with
another important photoperiod gene, Ppd-D1. The third QTL on 7D at 70.03 Mbp was close
to the flowering time regulating gene FT-D1. In addition, novel QTLs Qklen.tamu.5B.497
and Qklen.tamu.6A.113 were identified by this study with higher additive effects, which
would be useful in future marker assistant selection of high-yielding varieties.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agronomy13092402/s1, Table S1: Traits and individual en-
vironments evaluated; Table S2: Analysis of variance, broad sense heritability and mean performance
of yield components; Table S3: Pearson correlation for all traits for predicted means (BLUPs) derived
from individual and across environments; Table S4: mapped SNPs on 21 chromosomes, their genetic
and physical length; Table S5: QTL for yield and yield-related traits detected once from individual
and across environment analyses; Table S6: Epistasis and epistasis by environment interactional
effects of yield and yield-related traits; Figure S1: Histogram and Phenotypic distributions of the
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predicted (BLUP) values for all traits of recombinant inbreed lines (RIL) at individual environments;
Figure S2: Whole genome significance LOD(A) and LOD(AbyE) profiles of quantitative trait loci for
for yield, yield-related traits, and kernel-related traits based on across all the environments for each
trait; Figure S3: Whole genome significance profiles of epistasis at LOD > 5 for yield, yield-related
traits, and kernel-related traits.
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ANOVA analysis of variance
BM biomass
BMYLD biomass grain yield
BLUE best linear unbiased estimate
BLUP best linear unbiased predictors
CTAB cetyltrimethyl ammonium bromide
DIAM kernel diameter
GbyE genotype by environment interaction
PH plant height
SPW pike weight including glume
HI harvest index;
ICIM-ADD inclusive composite interval mapping of additive QTL
IWGSC International Wheat Genome Sequencing Consortium
KAREA kernel area
KHI kernel hardness index
KLEN kernel length
KPERI kernel perimeter
KPS kernels per spike
KWID kernel width
LOD logarithm of odds
MAS marker-assistant selection
PH plant height
PVE phenotypic variation explained
QTL quantitative trait loci
REML restricted maximum likelihood method
RIL recombinant inbred line
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SHDW single head dry weight
SHGW single head dry grain weight
SKW single kernel weight
SPM spikes per meter
SSW single stem weight
TKW thousand kernel weight
YLD grain yield
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