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Abstract: Root architectural traits at the seedling stage have been demonstrated to be crucial for the
efficient uptake of nutrients and drought tolerance in wheat. To dissect the genetic basis of these
traits from the D genome, 182 recombinant inbred lines (RILs) derived from the common wheat
TAA10 crossed with resynthesized allohexaploid wheat XX329 possessed similar AABB genomes
were used for QTL mapping of five root traits in hydroponic-cultured seedlings, including lateral root
number (LRN), seminal root number (SRN), root hair length (RHL), root diameter (RD), and total root
volume (TRV). A total of seven QTLs were identified for the five root traits, with six possible novel
QTLs for LRN, RHL, RD and TRV, accounting for 4.98–12.17% of phenotypic variation. One QTL
(QLrn.qau-5D.2), controlling lateral root number, was fine mapped an approximate 5.0-Mb interval
harboring 80 annotated genes, including five auxin-related genes. We further validated that QLrn.qau-
5D.2 in NILTAA10 significantly enhanced yield-related traits, such as plant height, spike length,
spike compactness, tiller number per plant and grain yield per plant, as comparison with NILXX329.
Collectively, these results provide vital insights for fine-mapping QTLs associated with LRN, SRN,
RHL, RD and TRV and facilitate the root morphologic designs for enhancing yield performance.

Keywords: wheat; root traits; QTL analysis; fine mapping; D genome; resynthetic allohexaploid

1. Introduction

Bread wheat (Triticum aestivum L.) is one of the earliest crop species to undergo domes-
tication about 10,000 years ago in a core area of the Fertile Crescent to global environments,
serving as more than 20% of human dietary calories and proteins [1,2]. Root system ar-
chitecture (RSA, the spatial and temporal colonization of root types), encompassing the
number, length, orientation, and branching of several root classes, plays a pivotal role
in both nutrients and water absorption, soil anchorage, nutrient storage and rhizosphere
microbial interaction, and serves as the primary plant organ responding to environmental
abiotic stresses, such as drought, salinity, waterlogging, heavy metal toxicity and nutrient
deficiencies [3–5]. Consequently, RSA directly influences the development and production
of wheat [5,6]. The domestication and subsequent evolutionary process of wheat has led
to a great deal of phenotypic variability in root systems morphology, such as longer root
hair, more lateral root number and seminal root. These changes contribute to enhanced
agronomic performance and a wider range of adaptability [7–9]. Historically, the primary
emphasis of wheat selection and breeding programs has been on above-ground traits and
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yield. However, recent advancements in high-throughput root phenotyping and marker-
assisted selections have made it increasingly feasible to genetically improve root system
architecture in wheat breeding [10–12]. As such, the identification and use of the crucial
genes or quantitative trait loci (QTL) that control root architectural traits are vital to expedite
molecular improvements in wheat breeding program.

The root architectural traits of wheat which are controlled by complexes of poly-
genes with quantitative effects. Measuring and assessing them is challenging due to their
susceptibility to environmental factors in field settings [13,14]. Traditionally, root archi-
tecture is described by multiple root parameters, such as root length, root number, root
hair length, root diameter, root surface area, and root volume [15–17]. Previous researches
have identified hundreds of QTL associated with wheat RSA traits in variable mapping
populations with various types of markers, and these findings are summarized in Soriano
and Alvaro (2019). Among them, several studies have indicated that QTLs of wheat root
traits overlapped with various previously reported QTLs for nutrient uptake, drought tol-
erance and production in wheat [16,18,19]. However, little is known about the underlying
genes controlling root traits in wheat, except two formally identified genes controlling
wheat RSA traits through the forward-genetics approach. The first one was VERNAL-
IZATION1 (VRN1) gene, a key regulator of flowering behavior in cereals, which has been
demonstrated to modulate root angle at all growth stages of wheat [20]. More recently,
the ENHANCED GRAVITROPISM 2 (EGT2) gene, an evolutionary conserved regulator of
root growth angle in barley and wheat, is proposed to be a valuable target for root-based
crop improvement [21]. Meanwhile, a few genes controlling root traits in wheat have
been discovered by reverse genetics approaches, focusing on wheat orthologues of genes
known to affect RSA in other species, such as TaWRKY51 [22] and TaLBD16 [8] regulating
lateral root formation, TaRSL4 [9] and TaRSL2 [23] associated with the elongation of root
hair, the LOB family member TaMOR [24] controlling number of roots, and transcription
factors TaNAC2-5A, TaNAC69-1, and TaRNAC1 related to increased root length [24–26].
Hence, pinpointing QTLs/genes controlling root traits is of great interest in improving root
function and contributing to increased wheat yields via these valuable genetic information
and beneficial resources.

Bread wheat (2n = 6x = 42, AABBDD) is a typical allohexaploid species, derived from
the hybridization of allotetraploid wheat (Triticum turgidum L., AABB) and diploid Aegilops
tauschii (DD) [27,28]. Compared to the A and B sub-genomes, the D sub-genome exhibits
limited genetic diversity in allohexaploid wheat, which is partly due to the involvement
of only a few accessions of Ae. tauschii in the formation of allohexaploid wheat. This
suggests that the D sub-genome holds significant potential for wheat improvement [29,30].
However, the genetic diversity of Ae. tauschii accessions has been found to be markedly
higher than that of the D sub-genome from allohexaploid Triticum aestivum [31,32]. Thus,
integrating alleles underlying beneficial traits from Ae. tauschii into allohexaploid wheat
using synthetic wheat and its introgression lines might be an efficient strategy to expand
D sub-genome diversity [33,34]. Specifically, extensive variation of seedling lateral root
number observed among Ae. tauschii accessions is retained in synthetic allohexaploid
wheat lines [8]. However, there have been relatively fewstudies focused on identifying
beneficial QTL for root morphological traits from the diploid D donor of bread wheat.
For instance, three QTL for root diameter were found to be associated with P-deficiency
tolerance on chromosomes (Chr.) 1D, 3D and 7D, with desirable alleles contributed by
synthetic allohexaploid wheat [35]. Positive alleles for two QTL controlling the fresh weight
of roots and number of root tips associated with drought tolerance on Chr. 7D and 3D were
derived from synthetic allohexaploid wheat [36]. Similarly, the synthetic allohexaploid
line (XX329) used in the current study is comprised of A and B sub-genomes from the
common allohexaploid bread wheat TAA10 (cv Canthach) and D sub-genome from the
Ae. tauschii subspecies strangulate with accession number of TQ18 [37]. Since XX329 and
TAA10 share almost identical AABB sub-genomes but have diversified D sub-genome, the
phenotypic variations between them are primarily due to the different genetic origin of the
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D sub-genome [38,39]. A recombinant inbred lines (RILs) population derived from a cross
between XX329 and TAA10 has been utilized to identify QTLs for various traits, including
grain size and shape [38], spike morphological traits, plant height and heading date [40], as
well as heat stress tolerance [41]. In this study, to unravel the underlying genetic basis on the
variations of root traits between XX329 and TAA10, we conducted QTL analysis for lateral
root number (LRN), seminal root number (SRN), root hair length (RHL), root diameter
(RD), and total root volume (TRV) with this RILs population. Moreover, we developed
near isogenic line (NIL) populations to validate the genetic effect of QLrn.qau-5D.2 and
identified possible candidate genes within the targeted QTL region. This research can offer
crucial insights into the genetic basis of root traits in wheat throughout its evolution and
domestication, thus laying the groundwork for future targeted selection of root traits in
wheat improvement and breeding programs.

2. Materials and Methods
2.1. Plant Materials

A population of 182 F8 RILs was used, following the protocol as described by Xu [40].
The RIL population was developed from the cross of common wheat TAA10 and resyn-
thesized allohexaploid wheat XX329 with similar AABB sub-genomes using a single seed
descent method. One line (RIL131) carrying heterozygous segment within the candidate
interval of QLrn.qau-5D.2 were selected out from RIL population. It was then self-pollinated
twice to the F10 generation. Afterwards, selfing of these plants was carried out to obtain
nine sets of NIL pairs (L1–L9) with overlapping heterozygous fragments genotyped with
QLrn.qau-5D.2 flanking markers. Each NIL set consisted of 30–107 TAA10-type homozy-
gotes (NILTAA10) and 33–98 XX329-type homozygotes (NILXX329) to evaluating the effect of
QLrn.qau-5D.2.

2.2. Root System Architecture Phenotyping

Seminal RSA traits except for root hair length were evaluated according to the protocol
described by Cane [42] and were further modified in the present work. Seeds for each
genotype were surface sterilized in 1% NaClO for 10 min, rinsed five times with distilled
water and placed in Petri dishes with one sheet of germinating paper moistened with 5 mL
of distilled water. The dishes were kept in the dark at 4 ◦C for 2 days and then cultured at
20 ◦C until germination. Seeds with uniform germination were cultivated for 2 days in a
glasshouse under controlled conditions (55% humidity; 16-h light at 24 ◦C and 8-h dark
at 18 ◦C). Next, the seedlings were transferred to a culture box with distilled water and
were further cultured for an additional 8 days. The distilled water was refreshed every
2 days. Each genotype was performed with three biological replicates and each replicate
comprised at least 8 plants. In addition, root hair phenotyping was conducted following
the method described by Han [9]. In brief, seeds with uniform germination were sown on a
medium containing 1% agar and were cultivated for 2 days in the above glasshouse. For
each genotype, we performed three biological replicates, each of which consisted of at least
five plants.

Seminal RSA traits were investigated on a single-plant basis: Lateral root number
(LRN) on the primary root and seminal root number (SRN) were determined by an Epson
Perfection LA2400 scanner (EPSON, Nagano, Japan) and analyzed using Adobe Photoshop
CS5 (Adobe Systems Inc., San Jose, CA, USA). Root hair length (RHL) was recorded with a
fluorescent stereomicroscope (SZX16; Olympus, Tokyo, Japan) attached to a digital imaging
system (DP72; Olympus, Tokyo, Japan) and measured by Adobe PHOTOSHOP CS5 (Adobe
Systems Inc., San Jose, CA, USA). Root diameter (RD) and total root volume (TRV) were
measured using a WinRHIZO image analyzing system (Zeal quest Scientific Technology
Co., Ltd., Shanghai, China). The phenotype for seminal RSA traits of RIL population was
displayed in Table S1.
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2.3. Field Evaluation of Yield-Related Traits

Phenotypic data for182 RILs as reported by Xu [40] including spike length (SL), fertile
spikelet number per spike (FSN), sterile spikelet number per spike (SSN), total spikelet
number per spike (TSN), spike compactness (SC), plant height (PH) and heading date
(HD) were used to investigate the relationships between root traits and yield-related traits.
The NIL pair (NIL-IITAA10 and NIL-IIXX329) from NIL pair L6 were planted in the field
at Qingdao (36.59◦ N, 120.12◦ E) in Shandong province in China during the 2021–2022
growing season. The field trials were conducted in randomized complete block design with
three replications. Each plot consisted of two rows that were 1.5 m long and 0.3 m apart
with a sowing rate of 15 seeds per row. For each replicate, 6 to 10 representative plants or
spikes were selected for phenotypic measurement of yield-related traits, i.e., PH, SL, FSN,
SSN, TSN, SC, thousand grain weight (TGW), grain length (GL), grain width (GW), tiller
number per plant (TN), and grain yield per plant (GYP).

2.4. QTL Analysis

The TAA10/XX329 genetic linkage map for the D genome used here has been reported
by Xu [40]. For the analysis of QTLs associated with seminal RSA traits, we employed the
composite interval mapping (CIM) method using Windows QTL Cartographer software
version 2.5 [43]. In this method, model 6 (standard model) with forward and backward
regression, five control markers as cofactors, a 10 cM scanning window size and a walk
speed of 1 cM were determined as QTL detection parameters.

The empirical genome-wide LOD threshold values were estimated by conducting 1000
random permutation tests at a significance level of p ≤ 0.05. Confidence intervals were
calculated based on position ±2 LOD away from the peak of likelihood ratios. All QTLs
were named following the recommendations of McIntosh [44].

2.5. InDel Markers Development

Whole genome re-sequencing of TAA10 and XX329 was conducted to obtain a poly-
morphism data set [40]. Polymorphic nucleotide sequences between TAA10 and XX329
within the QTL interval were utilized to develop InDel markers in Primer3 v0.4.0, available
at: http://bioinfo.ut.ee/primer3-0.4.0/ (accessed on 20 October 2020). The Polymerase
Chain Reaction (PCR) amplification was performed in a volume of 10 µL including 5 µL,
2 × Taq PCR StarMix, 2 µL primer (mixture of forward and reverse primers, 2 µM), 1.5 µL
DNA template and 1.5 µL sterilized ddH2O. The PCR program was carried out at 94 ◦C
5 min, followed by 32 cycles of 94 ◦C 30 s, 55–60 ◦C 30 s, 72 ◦C 30 s and 72 ◦C 5 min. The
PCR products were separated using 2% agarose gel or 8% non-denatured polyacrylamide
gel electrophoresis (PAGE) gels. The primer sequences of InDel markers used in this study
were listed in the Supplementary Table S2.

2.6. Prediction of Candidate Genes

To predict candidate/flanking genes, the interval flanking marker sequences were
blasted against the International Wheat Genome Sequencing Consortium and Ensembl
Plants databases to determine the physical position with the highest identity of the identi-
fied QTL. To further obtain candidate genes among the target interval of QLrn.qau-7D.2,
predicted genes of high-confidence were extracted from the JBrowse website, available at:
https://urgi.versailles.inra.fr/jbrowseiwgsc/gmod_jbrowse/ (accessed on 6 April 2023).
The gene expression pattern was determined in the Wheat eFP Browser, available at:
http://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.cgi (accessed on 15 April 2023). The
whole-genome resequencing data of TAA10 and XX329 were used to retrieve the sequences
of candidate genes, including the 2-kb upstream region of the translation start codon, exons,
introns and the 2-kb downstream region of the translation termination codon.

http://bioinfo.ut.ee/primer3-0.4.0/
https://urgi.versailles.inra.fr/jbrowseiwgsc/gmod_jbrowse/
http://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.cgi
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2.7. Auxin Treatment

The seeds of NILTAA10 and NILXX329 from NIL pair L6 were surface sterilized with
1% NaClO for 10 min and were then incubated in Petri dishes at 4 ◦C for 2 d in the dark
and exposed to white light for 1 d. The 2-day-old seedlings of NILTAA10 and NILXX329

were transferred to a culture box filled with different concentrations of 2,4-D (0.01, 0.1, 1,
and 10 µM) and 1/5th strength Hoagland solution for 10 days in the greenhouse. Lateral
root number on the primary root was measured as described previously Wang [8]. The
experiment was repeated three times, with at least eight plants per treatment group.

2.8. Detection of Candidate Gene Expression

The 2-day-old seedlings of NILTAA10 and NILXX329 were transferred to a culture box
filled with distilled water for 4 days in the greenhouse. The culture solution was changed
every 2 days. Then, the 6-day-old uniform seedlings were treated with 0.1 µM IAA. Total
RNA was extracted from wheat roots with SteadyPure Plant RNA Extraction Kit (Accurate
Biotechnology, Changsha, China). The RNA samples were digested with purified DNase
I, and first-strand cDNA synthesis was performed using HiScript II One-Step RT-PCR
Kit (Vazyme Biotech, Nanjing, China). SYBR Color qPCR Master Mix (Vazyme Biotech,
Nanjing, China) was used to perform reverse transcription qPCR (RT-qPCR) assays to
detect gene transcript levels. The RT-qPCR conditions and analytical methods were the
same as those described by Wang [8]. The wheat Actin gene was used as a standard
control. The accession numbers of TaActin homoeologous genes were TraesCS1A02G274400,
TraesCS1B02G283900, and TraesCS1D02G274400 (Wang [45]). Three independent biological
replicates were applied to each sample for RT-qPCR. A description of the RT-qPCR primers
is given in Table S2.

2.9. Statistical Analysis

Basic phenotypic statistical analyses, correlation coefficients among traits and Shapiro-
Wilk test for testing departures from normal distribution were conducted using IBM SPSS
Statistics 26.0 (SPSS, Chicago, IL, USA). The broad-sense heritability (HB

2) based on the
mean values of each trait among the three replications was calculated using IciMapping
software v4.0 following the formula: HB

2 = σg
2/(σg

2 + σe
2/r), where σg

2 is the genetic
variance, σe

2 is the residual variance, and r is the number of replications. In the progeny
test, the significance of the phenotypic variation between the NIL pairs was determined by
Student’s t test.

3. Results
3.1. Phenotypic Evaluation of Seminal Root Traits

The phenotypic performance and broad-sense heritability (HB
2) of five seminal RSA

traits (LRN, SRN, RHL, RD and TRV) from the RIL population and their parents are shown
in Table 1. Notably, XX329 had more LRN, SRN, RD and TRV compared to TAA10, while
TAA10 had longer RHL than XX329. Significant differences in root traits were observed
among the RILs. Specifically, LRN ranged from 36.98 to 2.35 roots per plant with a mean
value of 8.84, SRN varied from 4.22 to 6.00 roots per plant with an average of 5.18, RHL
spanned from 0.53 to 1.41 mm with a mean value of 0.96 mm, RD was between 0.20 and
0.13 mm with a mean value of 0.17 mm, and TRV varied from 0.14 to 0.02 cm3 with a
mean value of 0.05 cm3. The coefficient of variance (CV) of seminal RSA traits varied from
6.37% for SRN to 52.37% for LRN. The estimated HB

2 of these five root traits ranged from
76.25 to 98.49%, among which LRN, SRN and RHL exhibited higher heritability (98.01,
91.39 and 98.49%, respectively) compared to RD and TRV, which were 76.25% and 84.48%
respectively. The Shapiro-Wilk test for normality distribution showed that RD displayed
normal distributions (p > 0.05), while the distribution of LRN, SRN, RHL and TRV exhibited
deviations from normality (p < 0.05) (Figure 1). The frequency distribution histograms
showed pronounced transgressive segregation for each trait, indicating that TAA10 and
XX329 contributed positive alleles for these traits.
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Table 1. Two parental and RIL population means, ranges and broad-sense heritability for LRN, SRN,
RHL, RD and TRV.

Traits
Parents RIL Population

HB
2 (%)

TAA10 XX329 Difference Max Min Average SD CV (%)

LRN 6.62 8.86 −2.24 ** 36.96 2.35 8.84 4.63 52.37 98.01
RHL 1.16 0.81 0.35 *** 1.41 0.53 0.96 0.17 17.75 98.49
SRN 4.90 5.40 −0.50 ** 6.00 4.22 5.18 0.33 6.37 91.39
RD 0.16 0.20 −0.04 * 0.20 0.13 0.17 0.07 41.18 76.25

TRV 0.05 0.06 −0.01 * 0.14 0.02 0.05 0.01 27.92 84.48

* Significant at the 0.05 level; ** Significant at the 0.01 level; *** Significant at the 0.001 level (two-tailed Student’s
t-test).
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Figure 1. The frequency distribution histograms of lateral root number (LRN), seminal root number
(SRN), root hair length (RHL), root diameter (RD), and total root volume (TRV) for the TAA10 (T) ×
XX329 (X) recombinant inbred population. p < 0.05 indicates a significant departure from the normal
distribution (Shapiro-Wilk test).

3.2. Correlation among Seminal Root Traits and Yield Components

The BLUP values of yield-related traits including SL, FSN, SSN, TSN, PHT, HD from
the RIL population have been reported in Xu [40]. These values were utilized in the current
study to calculate correlation coefficients between seminal root traits and yield components.
Of all root traits, LRN exhibited a significantly positive correlation with HD (p < 0.05). SRN
showed a positive correlation with FSN and TSN (p < 0.01) (Table 2). Additionally, RD and
TRV were notably positively correlated with GL, GW and TGW (p < 0.05) (Table 2).

Table 2. Phenotypic correlations seedling root traits with yield components in the TAA10/XX329 RIL
population.

Traits SL FSN SSN TSN SC PHT HD GL GW TGW

LRN 0.022 −0.077 −0.003 −0.076 −0.077 0.145 0.151 * 0.044 −0.018 −0.031
RHL −0.034 −0.047 −0.042 −0.063 −0.004 −0.083 −0.144 −0.003 −0.023 0.043
SRN 0.029 0.251 ** −0.075 0.214 ** 0.077 −0.081 −0.011 0.126 0.126 0.046
RD −0.066 −0.028 0.003 −0.026 0.077 −0.015 0.028 0.148 * 0.209 ** 0.306 **
RV 0.015 0.014 0.082 0.046 0.011 0.101 −0.003 0.168 * 0.211 ** 0.203 **

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level (two-tailed Student’s
t-test).
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3.3. QTL Analysis

In this study, we detected seven QTL associated with LRN, SRN, RHL, RD and
TRV on chromosomes 2D, 4D, 5D and 7D (Table 3). Of these identified QTL, three QTL
associated with LRN (QLrn.qau-5D.1, QLrn.qau-5D.2 and QLrn.qau-7D) were identified
on chromosome arms 5DS, 5DL and 7DS, respectively. QLrn.qau-5D.1 and QLrn.qau-5D.2
carried the favorable alleles contributed by TAA10, while QLrn.qau-7D had the favorable
allele contributed by XX329. QLrn.qau-5D.1 had a LOD value of 2.55 and accounted for
4.98% of LRN variation. QLrn.qau-5D.2 had a LOD value of 5.78 and contributed to 12.17%
of phenotypic variation. QLrn.qau-7D had a LOD value of 2.84 and accounted for 5.35%
of LRN variation. For SRN, a major QTL (QSrn.qau-2D) with a LOD of 7.30 was detected
on chromosome arm 2DS to control SRN. This QTL explained 14.73% of the phenotypic
variance for SRN and was associated with positive alleles from XX329. For RHL, a major
QTL located in a region on chromosome 4DL (QRhl.qau-4D) explained 9.32% of the observed
RHL variation, with the positive allele contributed by TAA10. Additionally, a minor QTL
(QRd.qau-2D) with LOD of 2.86 was detected on chromosome arm 2DS, controlling RD.
This QTL explained 7.16% of the phenotypic variance for RD and was associated with
positive alleles from XX329. A QTL located on chromosome 5DL (QTrv.qau-5D) with a
LOD score of 2.95 explained 6.97% of phenotypic variation in TRV. The positive allele for
QTrv.qau-5D was contributed by XX329.

Table 3. The QTL regions associated with LRN, SRN, RHL, RD and TRV in the TAA10/XX329 RIL
population.

Trait QTL Nearest
Marker

Position
(cM) LOD Additive

Value CI (cM) R2 (%)
Positive
Allele

LRN QLrn.qau-5D.1 gwm190 3.95 2.55 −1.06 1.4–10.2 4.98 TAA10
QLrn.qau-5D.2 5D432 73.80 5.78 −1.64 65.7–82.6 12.17 TAA10
QLrn.qau-7D cfd68 92.29 2.84 1.11 90.9–97.1 5.35 XX329

SRN QSrn.qau-2D SSR2433 16.11 7.30 0.13 14.7–16.9 14.73 XX329
RHL QRhl.qau-4D 4D237 16.60 4.24 −0.06 15.5–17.3 9.32 TAA10
RD QRd.qau-2D 2S250 56.20 2.86 0.0045 53.8–57.4 7.16 XX329
TRV QTrv.qau-5D cfd183 121.90 2.95 0.0046 118.5–125.1 6.97 XX329

3.4. Fine Mapping and Verification of QLrn.qau-5D.2

Residual heterozygous line (RHL) is an efficient tool for QTL fine-mapping without
extensive backcrossing [46,47]. Fortunately, we successfully identified a RHL from the
RIL population that carries a heterozygous segment in the target region of QLrn.qau-5D.2.
Hence, we chose to focus on fine mapping the major QTL QLrn.qau-5D.2. The confidence
interval of this QTL was determined to be between marker 5D432 and 5D483 (Figure 2A,B).
To fine mapping QLrn.qau-5D.2, six new polymorphic InDel markers between TAA10 and
XX329 were developed to genotype the segregating populations the segregating progenies
of RHL (Table S2). Based on genotype of these markers, nine sets of NILs with overlapping
recombinant segments were developed (L1–L9) (Figure 2C). The phenotyping analysis on
LRN was applied among these homozygous non-recombinant lines. In the progeny test,
NILTAA10 (with TAA10 allele) exhibited a significantly larger lateral root number than that
of NILXX329 (with XX329 allele) within the populations L1, L2, L4, L6 and L8 (p < 0.01),
while no significant differences were observed between NILTAA10 and NILXX329 within the
populations L3, L5, L7 and L9. Taken together, QLrn.qau-5D.2 was precisely mapped to an
approximate 5.0 Mb interval flanked by markers of 5D1204 and 5D122, corresponding to
the genomic region from 386.3 Mb to 391.3 Mb in the IWGSC RefSeq v1.1. (Figure 2C).
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Figure 2. Remapped QLrn.qau-5D used saturated genetic linkage map on chromosome 5D. (A)
QTL mapping results for LRN on chromosome 5D. (B) Genetic map of chromosome 5D in the
RIL population. The genetic region of QTL is labeled in blue and flanked by markers 5D432 and
5D483 in red. (C) Physical mapping for QLrn.qau-5D.2. The chromosomal locations of markers were
defined according to Chinese Spring reference genome. Left side is the nine markers used to screen
recombinants and the graphical genotypes of nine recombinants Arrows represent the 5.0 Mb interval
of fine mapping. Right side is the comparisons of LRN between NILTAA10 (AA) and NILXX329 (BB)
within each family. The values of LRN are the means (mean ± SD) of the homozygous plants in NIL
families. a Represents the number of homozygous plants. White, gray and black bars represent AA
(TAA10), heterozygous haplotypes and BB (XX329), respectively. Significant differences are indicated
by ** (p < 0.01), *** (p < 0.001). “NS” indicates no significance (Student’s t test).

To further validate and assess the effect of QLrn.qau-5D.2 on LRN and yield component
traits, we evaluated the effect of a set of NIL pair (L6) under field conditions. The results
revealed that the average LRN of NILTAA10 was 33.33% higher than that of NILXX329 in
the NIL pair derived from L6 (Figure 2C). In addition, an analysis of RIL lines possessing
TAA10 or XX329 homozygous allele across the interval of QLrn.qau-5D.2 between markers
5D1204 and 5D122 revealed that the lines with the TAA10 allele exhibited a higher LRN than
those with the TAA10 allele, which suggested that the 5D1204-5D122 interval contained
a functional unit that controls LRN (Figure S1). To determine the possible pleiotropic
effects of QLrn.qau-5D.2 associated with the effect on LRN, we measured a series of other
yield-related traits in the set of NIL pair. Notably, NILTAA10 displayed significant increases
in PHT, SL, SC, TN and GYP, with improvements of 5.7%, 9.0%, 12.0%, 23.96% and 24.44%,
respectively (p < 0.05), when compared to NILXX329 in the L6-derived pair (Table S3).
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3.5. Analysis of Candidate Genes

To identify the candidate genes in the 5.0-Mb interval of QLrn.qau-5D.2 (5D1204-
5D122), we searched the annotated genes based on the gene annotations of the Chinese
Spring reference genome (IWGSC RefSeq v1.1). This interval contained 80 high-confidence
genes (Table S4). Utilizing the Wheat eFP Browser database, we analyzed 39 genes
primarily expressed in root tissues (Table S5). It is well-established that Auxin plays
a pivotal role in the formation of lateral and adventitious roots [48]. The orthologs of
the above 39 genes in Arabidopsis and rice were analyzed by using Triticeae-GeneTribe
(Table S6). Interestingly, five predicted genes (TraesCS5D02G286000, TraesCS5D02G286100,
TraesCS5D02G288000, TraesCS5D02G291800 and TraesCS5D02G293100) have been identified
to be associated with the auxin-related pathway, suggesting that they might be the candidate
genes (Table S7). DNA sequence analysis uncovered SNP variants of TraesCS5D02G286000
between TAA10 and XX329. These variants were found in the upstream region of the trans-
lation start codon and the downstream region of the termination codon, respectively. For
TraesCS5D02G286100, only one single InDel was found in the upstream region of translation
start codon and downstream region of the termination codon between TAA10 and XX329,
respectively. As for TraesCS5D02G288000, 6 SNPs were observed between two parent lines.
In particular, one SNP in the exon 3 was found in XX329, as compared with TAA10, which
led to the substitution of amino acid (Asn/Ile). For TraesCS5D02G291800, a total of 17 SNPs
and 11 InDels were found between TAA10 and XX329. These variants included 3 SNPs in
the upstream region of translation start codon, 1 SNP in the intron, as well as 13 SNPs and
11 InDels in the downstream region of the termination codon. For TraesCS5D02G293100,
altogether 17 SNPs and 3 InDels were identified between two parents. Notably, 4 SNPs
were located in the exon 1 and exon 3, resulting in 3 amino acid substitutions.

Given the missense mutations in TraesCS5D02G288000 and TraesCS5D02G293100,
which involved in auxin-associated pathways, between TAA10 and XX329, we hypothesize
that these genes may play a role in auxin-induced lateral root development. We first
examined the expression patterns of these two candidate genes in roots of NILTAA10 and
NILXX329 from one NIL pair of L6 under 0.1 µM IAA treatment. The results showed that the
accumulation of TraesCS5D02G28800 mRNA continued to increase in NILTAA10 after 3 h of
IAA treatment. In contrast, there was no dramatic change in the transcript level of this gene
in NILXX329 following IAA treatment (Figure 3A). Compared with NILXX329, the transcript
level of TraesCS5D02G28800 remained consistently higher in NILTAA10 throughout the 3 h
to 12 h period of IAA treatment (Figure 3A). As for TraesCS5D02G293100 mRNA, there was
a significant increase in the transcript level of this gene in NILTAA10 and NILXX329 after a 6-h
IAA treatment (Figure 3B). Moreover, the relative expression level of TraesCS5D02G293100
was significantly higher under IAA treatment for different durations in NILTAA10 than that
of NILXX329 (Figure 3B). Next, we examined how NILTAA10 and NILXX329 plants response
to different concentrations of IAA treatments. There was a noticeable difference in lateral
root number between NILTAA10 and NILXX329 in response to increasing IAA concentrations
from 0.01 to 1 µM. The NILTAA10 plants exhibited more lateral root number compared
to the NILXX329 plants (Figure 3C). These data indicated that TraesCS5D02G288000 and
TraesCS5D02G293100 may be involved in the development of lateral roots, partially in an
auxin-associated manner.
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Figure 3. Effects of TraesCS5D02G288000 and TraesCS5D02G293100 in NILTAA10 and NILXX329 from
one NIL pair L6 in response to IAA treatment. Expression analysis of TraesCS5D02G288000 (A) and
TraesCS5D02G293100 (B) by RT-qPCR in roots of NILTAA10 and NILXX329 under 0.1 µM IAA treatment.
TaActin was used as internal control. (C) Comparison of lateral root number between NILTAA10 and
NILXX329 with different concentrations of IAA at the seedling stage. The IAA concentrations were 0,
0.01, 0.1, 1, and 10 µM, respectively. Values are indicated as mean ± SD. Statistical differences between
NILTAA10 and NILXX329 are indicated by ** (p < 0.01). “NS” indicates no significance (Student’s t test).

4. Discussion
4.1. Novel QTLs for Root-Related Traits in the D Genome of Wheat

Allohexaploid common wheat is a product of hybridization between Triticum turgidum
and a single lineage of Ae. tauschii only once or at best a few times [32,49]. Possibly
because this, the genetic diversity of the D genome is far less than that of the A and B
genomes [50,51]. Synthetic allohexaploid wheats (AABBDD) provide promising resources
to widen the genetic diversity associated with the D genome of Ae. tauschii [52]. To date,
a number of genes/QTL controlling important agronomic traits have been found in the
D genome of synthetic allohexaploid wheat, such as pest and disease resistance, stress
tolerance, quality and yield [33,53–55]. Plant roots are important organs in determining
grain productivity. Early vigorous growth of roots can improve the efficient acquisition of
water and nutrients, and is closely related to plant adaptation and yield [56,57]. Although
root traits in the field are difficult to be directly selected by wheat breeders, identification
of QTLs for root traits and development of marker-assisted selection (MAS) can help
breeders to select wheat root traits desirable for improving wheat water-nutrient use
efficiencies [58–60]. Especially, some QTLs for root characteristics were co-located with loci
affecting plant height, grain-related traits or drought tolerance [36,61,62]. Thus, the loci
for root traits could be selected to enhance the potential and stability of yield and drought
tolerance by MAS.

Since the genome (AABB) of the resynthesized allohexaploid wheat XX329 is near-
identical to that of the allohexaploid common wheat TAA10 [38], the observed phenotypic
variation of root-related traits in this study could primarily be attributed to differences
on the D genome between TAA10 and XX329. Here, we identified 7 QTL for root traits
(LRN, SRN, RHL, RD and TRV) using the TAA10/XX329 RIL population, and these QTLs
were primarily located on chromosomes 2D, 4D, 5D and 7D (Table 3). Previous studies
showed that QTL for root traits (LRN, SRN, RHL, RD and TRV) have been detected on
various chromosomes [63,64]. To the best of our knowledge, only one of the seven QTLs
(QTrv.qau-5D) coincided with that of a previously reported QTL controlling root volume [65],
and the remaining six QTLs identified in this study, namely QLrn.qau-5D.1, QLrn.qau-
5D.2, QLrn.qau-7D, QSrn.qau-2D, QRhl.qau-4D and QRd.qau-2D, appear to be novel. These
findings provide valuable insights into the underlying mechanisms of root traits [62].
Among these QTLs, three novel ones (QLrn.qau-5D.1, QLrn.qau-5D.2 and QRhl.qau-4D) had
positive alleles originating from TAA10, while QLrn.qau-7D, QSrn.qau-2D, and QRd.qau-2D
were also novel QTLs with the increasing allele from XX329 (Table 3). Similarly, in a study
by [36], two novel QTLs for root fresh weight and root diameter, along with six novel
QTLs for root fresh weight, the ratio of root water loss, total root surface area, number of
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root tips, and number of root forks were detected in a synthetic allohexaploid wheat line.
Among these QTLs, four novel QTLs contributed by positive alleles from the synthetic
allohexaploid wheat line were mapped to the D genome [36]. Therefore, it is necessary
to further develop molecular markers linked to new QTL/genes controlling root traits
obtained from Ae. tauschii, which can provide more desirable targets for improving wheat
root traits through molecular breeding.

4.2. Candidate Genes of QLrn.qau-5D.2

To date, several wheat genes controlling lateral root number have been character-
ized using a homology-based approach, such as TaWRKY51, TaLBD16, TaSNAC8 and
TaMOR [8,22,24,66]. To identify the candidate genes for LRN, we conducted an analysis
of the annotated genes within the confidence interval of QLrn.qau-5D.2 which controls
lateral root number. Given that many genetic studies highlighted the pivotal role of
the plant hormone auxin in regulating lateral root development [67–69], this study fo-
cused on auxin-related genes that might be the candidate genes of QLrn.qau-5D.2. Based
on functional annotations and transcriptome analyses of 80 high confidence candidate
genes in the genetic interval of QLrn.qau-5D.2 (Table S4), this study identified five genes
(TraesCS5D02G286000, TraesCS5D02G286100, TraesCS5D02G288000, TraesCS5D02G291800,
and TraesCS5D02G293100 that have the potential to affect lateral root development. These
genes encode proteins involved in the auxin-related pathway (Tables S4 and S6). Of
these, two genes (TraesCS5D02G286000 and TraesCS5D02G286100) encode glycosylphos-
phatidylinositol tail anchored proteins related to root growth, which were both orthologs
of Arabidopsis AUXIN INDUCED IN ROOTS12 (AtAIR12). In Arabidopsis, the auxin-
responsive gene AtAIR12 plays a key role in regulating the formation of lateral roots [70,71].
Additionally, TraesCS5D02G288000 encodes a TRANSPORT INHIBITOR RESISTANT 1
(TIR1)/AUXIN SIGNALLING F-BOX (AFB) protein. The sequence variation of TaTIR1/AFB
(TraesCS5D02G288000) including one SNP in the exon and 4 SNPs in the upstream region
of the translation start codon was detected between two parents. Notably, the SNP in the
exon caused an amino acid substitution (Asn/Ile). Recent studies have demonstrated that
the TIR1/AFB proteins are essential in very rapid auxin responses in root growth, such as
lateral root formation [72,73]. In rice, downregulation of the auxin receptor genes OsTIR1
and OsAFB2 by overexpression of OsMIR393 affects plant height, tillering, grain yield,
and primary and crown root growth [74,75]. In wheat, the wheat auxin receptor TaTIR1
(TraesCS1A02G091300) negatively regulates defense against Fusarium graminearum [76], but
the function of this gene (TraesCS5D02G288000) has not been reported in wheat. Interest-
ingly, our results revealed that the positive allele of QLrn.qau-5D.2 increased not only lateral
root number, but also plant height, tillering number and grain yield per plant (Table S3),
suggesting that TraesCS5D02G288000 (TaTIR1/AFB) may play a similar role in wheat, root
system, plant height, tillering, and grain yield. Analysis of another two candidate genes
(TraesCS5D02G291800 and TraesCS5D02G293100) showed that both genes encode an ER-
localized protein, and its homologous gene OsPIN5b in rice. OsPIN5b participates in auxin
homeostasis and regulates plant architecture and yield. Specifically, overexpression of
the OsPIN5b leads to reduced plant height, tiller number, yield, root length and root tips
number. In contrast, reduced expression of OsPIN5b results in higher tiller number, more
vigorous root system and increased yield [77]. Moreover, both TraesCS5D02G291800 and
TraesCS5D02G293100 have several sequence variations between TAA10 and XX329, but only
TraesCS5D02G293100 has 4 SNPs in exon that caused the substitution of 3 amino acids (Table
S7). Notably, TraesCS5D02G288000 (CTIR1/AFB) and TraesCS5D02G293100 (TaPIN5b) have
missense mutations between TAA10 and XX329 (Supplementary Table S7). The transcript
level of TraesCS5D02G288000 (TaTIR1/AFB) continued to increase in NILTAA10 after 3 h IAA
treatment, whereas no drastic change in NILXX329 was detected in the transcript level of this
gene after IAA treatment (Figure 3A). The relative expression level of TraesCS5D02G288000
(TaTIR1/AFB) at peaks was significantly higher throughout the period of 3–12 h IAA treat-
ment in NILTAA10 than that of NILXX329 (Figure 3A). TraesCS5D02G293100 (TaPIN5b) mRNA
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showed that there was a remarkable increase in the transcript level of this gene in NILTAA10

and NILXX329 after a 6-h IAA treatment, respectively (Figure 3B). The transcript level of
this gene was significantly higher under IAA treatment for different durations in NILTAA10

than that of NILXX329 (Figure 3B). Interestingly, there was a noticeable difference in lateral
root number between NILTAA10 and NILXX329 in response to increasing IAA concentrations
from 0.01 to 1 µM, and The NILTAA10 plants exhibited more lateral root number compared
to the NILXX329 plants (Figure 3C). This indicates that TraesCS5D02G288000 (TaTIR1/AFB)
and TraesCS5D02G293100 (TaPIN5b) may be involved in lateral root development partly
in an auxin-associated manner. More further experiments, such as more in-depth map,
quantitative PCR, targeted gene sequencing, and genetic transformation of wheat, is needed
to validate which one is the causal gene for QLrn.qau-5D.2.

5. Conclusions

In this study, we identified seven root QTLs including six novel loci for LRN, RHL,
RD and TRV. One QTL (QLrn.qau-5D.2) for LRN on chromosome 5DL was fine mapped
an approximate 5.0-Mb interval harboring 80 annotated genes. Field trials showed that
the allele of QLrn.qau-5D.2 from TAA10 significantly increased enhanced yield-related
traits, such as plant height (PH), spike length (SL), spike compactness (SC), tiller number
per plant (TN) and grain yield per plant (GYP), as comparison to the allele from XX329.
These QTLs facilitate the identification of candidate genes and root morphologic designs
for enhancing yield performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14030608/s1, Figure S1: Difference in LRN between
two alleles within the genetic interval flanking by the molecular markers 5D1204 and 5D122 in
the TAA10/XX329 RIL population; Table S1: Phenotypic data in the TAA10/XX329 recombinant
inbred line (RIL) population; Table S2: Sequences of developed markers used in this study; Table S3:
Statistical analysis for plant height (PH), spike length (SL), fertile spikelet number per spike (FSN),
sterile spikelet number per spike (SSN), total spikelet number per spike (TSN), spike compactness
(SC), grain length (GL), grain width (GW), thousand grain weight (TGW), tiller number per plant
(TN) and grain yield per plant (GYP) between the two homozygous genotypes from NIL pairs
L6; Table S4: Annotated genes in the interval between the molecular markers 5D1204 and 5D122;
Table S5: Expression profile of 39 high confidence genes based on the wheat expression atlas; Table S6:
The orthologs of 39 genes in Arabidopsis and rice; Table S7: Sequence variation analysis of the
candidate genes.
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