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Abstract: Seedling vigor and regrowth ability are important traits for the forage production of winter
wheat. The objectives of this study were to map quantitative trait loci (QTL) associated with seedling
vigor and regrowth vigor traits using a genome-wide association mapping study (GWAS). Seedling
vigor and regrowth vigor were evaluated with shoot length, the number of shoots per plant and
shoot dry weight per plant 45 days after planting and 15 days after cutting. A large phenotypic
variation was observed for all the traits studied. In total, 12 significant QTL for seedling vigor and
16 for regrowth vigor traits were detected on various chromosomes. Four QTL on chromosomes
2B, 4B, 5A and 7A for seedling vigor co-localized with QTL for regrowth vigor due to significant
correlations between corresponding traits of the initial growth and regrowth. A BLAST search using
DNA sequences of the significant loci revealed candidate genes playing roles in vegetative and
reproductive development in different crop species. The QTL and single-nucleotide polymorphism
(SNP) markers identified in this study will be further validated and used for marker-assisted selection
of the traits during forage wheat breeding.

Keywords: coleoptile length; forage biomass; regrowth vigor; seedling vigor; winter wheat

1. Introduction

Seedling vigor and regrowth vigor are crucial traits for the forage production of winter
wheat grown for cattle grazing. Rapid early development of seedling growth, denoted
as seedling vigor, contributes to both high forage production and grain yield in the dual-
purpose grazing-grain system [1,2]. Winter wheat pasture with vigorous early seedling
growth also quickly covers the soil, enhancing water-use efficiency by reducing evaporative
losses from the soil surface [1,3,4]. Good seedling vigor also improves light interception
and the ability of the crop to compete with weeds for soil water and nutrients [4].

On the other hand, seedling regrowth vigor, exhibited in wheat pasture after being
grazed, is an important trait of the sustainable production of forage biomass for multi-cycles
of cattle grazing [5,6]. A good winter wheat pasture should be able to regenerate vigorously
after initial and subsequent grazing for the continued production of forage biomass.

However, seedling vigor and regrowth vigor are genetically complex traits, controlled
by minor genes spread across the genome, and they are associated with different plant
growth and developmental traits, ranging from cell level to whole plant [7]. Seedling
vigor correlates with coleoptile length, shoot length, number of shoots per plant and shoot
dry weight [4,8–10]. Both seedling vigor and regrowth vigor are influenced by genotype,
environmental conditions and genotype–environment interaction. Therefore, phenotyping
seedling vigor and regrowth vigor using phenotypic selection is a time-consuming and
costly challenge. Marker-assisted selection (MAS) may provide a viable alternative to
phenotypic selection if diagnostic markers can be identified.
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To date, some QTL studies have been conducted to map quantitative trait loci (QTL)
for seedling vigor traits in wheat (Triticum aestivum L.) [11–13], sorghum (Sorghum bicolor L.
Moench) [14] and rice (Oryza sativa L.) [15] using different types of mapping populations,
including bi-parental mapping population. In wheat, QTL associated with seedling vigor
traits, such as shoot length, number of shoots per plant and shoot dry weight have been
found on chromosomes 1D, 2A, 2B, 2D, 3A, 4B, 6A, and 7D [10,16–18]. However, the
regrowth vigor of wheat has rarely been studied.

Compared to traditional QTL mapping based on bi-parental populations, GWAS is an
alternative tool for locating QTL of complex traits using diverse genotypes. Genome-wide
association mapping can link genotype to phenotype in natural diversity populations for
identifying natural allelic variations associated with traits of interest [19]. Over the years,
GWAS has been successfully used to identify genomic regions associated with quantitative
traits in different crop species, such as wheat [20–23], sorghum [24,25], rice [26–28], barley
(Hordeum vulgare L.) [29,30] and maize (Zea mays L.) [31,32].

However, most of the GWAS reported have been based on single-locus mixed mod-
els, such as the mixed linear model (MLM) [33] and the compressed mixed linear model
(CMLM) [34]. In single-locus mixed models, multiple tests are employed, with the test num-
ber undergoing a Bonferroni correction, which is often too conservative [35]. As a result,
some significant loci can be eliminated. By contrast, multi-locus mixed models do not re-
quire the Bonferroni correction, leading to the identification of more significant marker-trait
associations [36]. Recently, new multi-locus GWAS models, such as the multi-locus mixed
linear model (MLMM) [37], have been developed. With MLMM, a forward-backward step-
wise linear mixed-model regression is used during analysis, whereby associated markers
are included in the model as covariates [37,38].

In this study, we characterized seedling vigor and regrowth vigor traits, including
shoot length, the number of shoots per plant and the shoot dry weight per plant of a winter
wheat diversity population, and performed GWAS on these traits using two single-locus
mixed models, MLM [33] and CMLM [34], and one multi-locus GWAS model, MLMM. The
objectives of this study were to map the QTL contributing to seedling vigor and regrowth
vigor in winter wheat and to identify single-nucleotide polymorphism (SNP) markers
associated with the traits for MAS during wheat breeding.

2. Materials and Methods
2.1. Plant Materials

This study was conducted using 200 diverse representative lines selected from the
hard winter wheat association mapping panel (HWWAMP), consisting of 299 winter wheat
lines originating from different geographical areas across the Great Plains of the United
States [20,39]. The panel is archived in the T3 wheat database generated by the Triticeae
Coordinated Agricultural Project (TCAP).

2.2. Phenotyping Seedling Vigor and Regrowth Vigor

The panel was grown and evaluated for seedling vigor and regrowth vigor traits under
climate-controlled greenhouse conditions at the Noble Research Institute, LLC (Ardmore,
Oklahoma, USA). The experiment was repeated three times. Each repeat was laid out in a
randomized complete block design with a total of six plant replicates per line grown in
two pots (4.5 inch), three plants per pot, for mimicking field planting density. The pots
were filled with Metro Mix 360 growing medium. Data were collected on seedling vigor
and regrowth vigor traits, including shoot length, number of shoots per plant and shoot
dry weight per plant. The seedling vigor traits were collected 45 days after planting. After
recording the seedling vigor data, the plants were then cut at the base one inch above the
soil surface for regrowth. The regrowth vigor data of the same traits were collected 15 days
after cutting (i.e., 60 days after planting).

For both the initial growth and regrowth, the shoot length was determined by mea-
suring the length of the shoot from the base to the tip of the longest leaf. The number of
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shoots per plant was recorded before cutting for biomass. The shoot dry weight per plant
was the weight of tissue dry biomass harvested 45 after planting and 15 days after cutting
for seedling vigor and regrowth vigor assessment, respectively.

2.3. Phenotypic Data Analysis

Phenotypic data analysis was conducted using the analysis of variance with PROC
GLM in SAS v 9.3 [40]. The genotypes were considered fixed effects, whereas the exper-
iments (runs) and the replicates nested within the experiment were considered random
effects. The relationship between the seedling vigor and regrowth vigor traits was assessed
by conducting Pearson correlation analysis in the R program [41]. A correlation scatterplot
was generated using the R package Performance Analytics [42].

2.4. Genotyping and Population Structure

Genotyping was performed using the wheat 90K SNP array. A total of 15,574 SNPs
with less than 10% missing data and more than 5% minor allele frequency (MAF) were
used in this study [20,23]. The marker data file included only SNP markers with known
chromosome numbers and chromosomal positions of the SNPs based on the 90K SNP
consensus map [43] because many SNPs were not able to be mapped to the wheat reference
sequence [44]. A genome-wide linkage disequilibrium decay curve for the panel is shown
in Figure S1. The population structure was assessed using the principal component analysis
with the princomp function in the R program and the results were reported in a previous
publication [20].

2.5. Genome-Wide Association Mapping Analysis

A genome-wide association mapping analysis was performed in R package GAPIT [45]
using two single-locus models, MLM [33] and CMLM [34], and one MLMM [37,38]. For all
the models, we included three principal components and familial relatedness (K-matrix)
during the GWAS analysis as fixed and random-effect covariates, respectively, to reduce the
detection of false positives. Firstly, we declared significant QTL and SNPs based on a false
discovery rate (FDR) of <0.05 as a cut-off point. However, the FDR < 0.05 was too stringent
in this study, so we eventually used a lower cut-off threshold, using an unadjusted p-value
of <0.001 to declare significant QTL [20,46]. We used Manhattan plots, generated with the
qqman R package [47], to visualize significant QTL and SNPs. To identify genes or related
proteins with DNA sequences similar to those of significant SNP markers associated with
seedling vigor and regrowth vigor traits detected in the present study, we conducted a
basic local alignment search tool (BLAST) search using the URGI-INRA [48] platform.

3. Results
3.1. Phenotypic Data Analysis

The phenotypic variation of seedling vigor and regrowth vigor (i.e., regrowth after
cutting) traits of the population are presented in Table 1. A large phenotypic variation was
observed in all the traits. For shoot length, the mean value of initial growth measured
45 days after planting was 56.1 cm, ranging from 38.3 to 79.8 cm, while the mean shoot
length of regrowth, measured 15 days after cutting, was 51.3 cm, ranging from 40.0 to
68.3 cm. For number of shoots, the mean value of initial growth per plant was seven, while
it was six from regrowth. The number of shoots per plant ranged from 3 to 15 and 3 to 13
for initial growth and regrowth, respectively. For shoot dry weight per plant, the initial
growth ranged from 0.35 to 1.10 g with the mean value of 0.84 g per plant, while regrowth
ranged from 0.27 to 1.00 g, with a mean value of 0.71 g per plant.
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Table 1. Phenotypic variation in seedling vigor and regrowth vigor traits of the winter wheat diversity
population.

Trait Seedling Vigor Regrowth Vigor

Mean Range SD Mean Range SD

Shoot length (cm) 56.1 38.3–79.8 6.6 51.3 40.0–68.3 5.6
Number of shoots per plant 7 3–15 2.4 6 3–13 1.9

Shoot dry weight per plant (g) 0.84 0.35–1.10 0.12 0.71 0.27–1.00 0.13
SD, Standard deviation.

3.2. Correlations between Seedling Vigor and Regrowth Vigor Traits

Pearson correlations of the traits are presented in Figure 1. Of the seedling traits
measured from initial growth, shoot length (SL1) was negatively correlated (r = −0.18)
with number of shoots (SN1), and positively correlated (r = 0.25) with shoot dry weight
(SDW1). However, the three traits from regrowth (SL2, SN2 and SWD2) were positively
correlated to each other with correlation coefficients r = 0.22 for SL2 and SN2, r = 0.15 for
SL2 and SDW2, and r = 0.10 for SN2 and SDW2, although the last value is not significant
(Figure 1).
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Figure 1. Correlation scatterplots of seedling vigor and regrowth vigor traits of the winter wheat
diversity population. SL, SN and SDW denote shoot length, number of shoots, and shoot dry weight,
respectively, for initial growth (1) and regrowth (2). For significance, the p-values of 0.001, 0.01, and
0.05, correspond to “***”, “**”, and “*”, respectively.

Furthermore, when the traits were compared between seedling vigor and regrowth
vigor, significant correlations were observed between pairs of corresponding traits. Specif-
ically, SL1 exhibited a significant and positive correlation (r = 0.79) with SL2. Similarly,
significant correlations were observed for SN1 and SN2 (r = 0.71), and SDW1 and SDW2
(r = 0.83). In addition, SDW1 was positively correlated with SL2 (r = 0.30) and SN2 (r = 0.16)
(Figure 1).

3.3. Genome-Wide Association Analysis

The GWAS results of the two single-locus mixed models, CMLM and MLM, were
similar; therefore, only the results from MLM and MLMM are presented in this paper. The
results of the genome-wide association mapping analyses are presented in Figures 2–4 for
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the early vigor traits, and Supplementary Figures S1–S3 for the regrowth vigor traits. Using
FDR < 0.05, significant SNPs were declared only for shoot length; however, significant
SNPs were detected at an unadjusted p-value < 0.001 for all the traits evaluated. The QTL
and SNP markers significantly associated with the seedling vigor and regrowth vigor traits
are summarized in Table 2, with additional details presented in Supplementary Table S1.

Table 2. Significant QTL associated with seedling vigor and regrowth vigor traits of the winter wheat diversity population.

Trait QTL Name Peak SNP Chr Pos (cM) MAF
MLM MLMM

p-Value R2 (%) p-Value

Seedling
vigor

Shoot
length (cm)

QSLeV.nri-1A IWB43660 1A 29 0.36 6.25 × 10−4

QSLeV.nri-2B IWB36210 2B 163 0.49 9.15 × 10−6 9.3 2.82 × 10−4

QSLeV.nri-4B.1 IWB31302 4B 37 0.42 3.85 × 10−4

QSLeV.nri-4B.2 IWB7508 4B 55 0.07 2.43 × 10−5 8.4 2.47 × 10−4

QSLeV.nri-5A IWB43526 5A 86 0.25 6.81 × 10−4

QSLeV.nri-7A IWB9062 7A 136 0.17 7.57 × 10−4 5.2 4.45 × 10−4

Number of
shoots

QSNeV.nri-2A IWB28627 2A 143 0.13 6.44 × 10−4 6.2 4.39 × 10−4

QSNeV.nri-5A IWA2445 5A 53 0.43 8.99 × 10−4

QSNeV.nri-7A IWB8896 7A 44 0.32 2.03 × 10−4 7.3 1.17 × 10−4

Shoot dry
weight (g)

QSDWeV.nri-6A IWB50 6A 141 0.21 9.59 × 10−4

QSDWeV.nri-7A IWB42636 7A 228 0.11 6.72 × 10−5 8.4 3.21 × 10−4

QSDWeV.nri-7D IWB21364 7D 138 0.13 6.86 × 10−4 6.0 4.71 × 10−4

Regrowth
vigor

Shoot
length (cm)

QSLrV.nri-2A IWB70425 2A 126 0.12 7.67 × 10−4

QSLrV.nri-2B IWB36210 2B 163 0.49 1.46 × 10−4 5.8 2.33 × 10−4

QSLrV.nri-4B IWB35611 4B 57 0.42 2.72 × 10−6 9.1 4.77 × 10−4

QSLrV.nri-5A IWB38719 5A 89 0.17 1.30 × 10−4

QSLrV.nri-6B.1 IWB2837 6B 67 0.07 2.95 × 10−4 5.3 6.76 × 10−4

QSLrV.nri-6B.2 IWB59306 6B 114 0.33 3.64 × 10−4

QSLrV.nri-7B IWB8019 7B 54 0.20 3.21 × 10−4 5.2 8.44 × 10−4

Number of
shoots

QSNrV.nri-4B IWB27735 4B 105 0.15 7.29 × 10−4 6.0 5.04 × 10−4

QSNrV.nri-6A IWB71326 6A 141 0.13 6.88 × 10−4 6.0 4.72 × 10−4

QSNrV.nri-7B IWA4802 7B 134 0.45 4.80 × 10−4 6.4 3.15 × 10−4

Shoot dry
weight (g)

QSDWrV.nri-1B IWB66973 1B 118 0.15 7.79 × 10−4 6.1 5.42 × 10−4

QSDWrV.nri-2B IWB4865 2B 134 0.06 1.86 × 10−4 7.6 1.06 × 10−4

QSDWrV.nri-4A IWA5968 4A 109 0.15 8.64 × 10−4 6.0 6.10 × 10−4

QSDWrV.nri-4B IWB24289 4B 78 0.39 9.35 × 10−4

QSDWrV.nri-6A IWB12052 6A 26 0.22 9.85 × 10−4

QSDWrV.nri-7A IWB42636 7A 228 0.11 7.76 × 10−4 6.1 5.40 × 10−4

MAF: minor allele frequency; MLM: mixed linear model; MLMM: multi-locus mixed linear model. R2 is phenotypic variance explained as
a percentage.

3.3.1. QTL for Seedling Vigor
Shoot Length

Using the single-locus mixed linear model, MLM, three significant QTL for shoot
length, represented by six SNPs, were found on chromosomes 2B, 4B and 7A based on
an unadjusted p-value < 0.001 (Figure 2a and Table 2). The first QTL, QSLeV.nri-2B, was
mapped at 163 cM on chromosome 2B and accounted for 9.3% of the total phenotypic
variation in shoot length. The second QTL region, QSLeV.nri-4B.2, represented by four
SNPs for an 8.4% variation of the trait, was mapped at 55–60 cM on chromosome 4B.
The third QTL, QSLeV.nri-7A, was mapped at genetic distance position of 136 cM on
chromosome 7A, explaining 5.2% of the total phenotypic variation of the trait. Overall, the
most significant SNPs were IWB36210 and IWB7508 on chromosomes 2B (163 cM) and 4B
(55 cM), respectively.
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By contrast, using the multi-locus mixed linear model, MLMM, six QTL for shoot
length were found on chromosomes 1A, 2B, 4B, 5A and 7A (Figure 2b and Table 2). On 1A
and 2B, two QTL regions, QSLeV.nri-1A and QSLeV.nri-2B, were mapped at 29 and 163 cM,
respectively. On 4B, two QTL, QSLeV.nri-4B.1 and QSLeV.nri-4B.2, were found at the genetic
positions of 37 and 55–60 cM, respectively. In addition, QSLeV.nri-5A and QSLeV.nri-7A
were mapped at 86 and 136 cM on chromosomes 5A and 7A, respectively. Compared to
MLM mapping, MLMM detected additional QTL on chromosomes 1A, 4B, and 5A. Again,
with MLMM, the two most significant SNPs were the same SNPs detected by MLM.

Number of Shoots

Using MLM, two QTL significantly associated with number of shoots per plant were
found on chromosomes 2A and 7A, according to an unadjusted p-value < 0.001 (Figure 3a
and Table 2). The first QTL, QSNeV.nri-2A, at 143 cM on 2A, explained 6.2% of the total
phenotypic variation in number of shoots per plant. The second QTL, QSNeV.nri-7A, was
detected by two SNPs at 43–44 cM on chromosome 7A and caused a variation of about
7.3% in the number of shoots per plant.

Using MLMM, besides the same QTL for number of shoots per plant mentioned above,
an additional QTL, QSNeV.nri-5A, at 53 cM on chromosome 5A was detected (Figure 3b
and Table 2). Overall, SNP marker IWB8896, at 44 cM on 7A, was the most significant SNP
detected by both MLM and MLMM.

Shoot Dry Weight

Using MLM, two QTL for shoot dry weight per plant were detected at 228 and 138 cM
on chromosomes 7A and 7D, respectively, at an unadjusted p-value < 0.001 significance
(Figure 4a and Table 2). The two QTL, QSDWeV.nri-7A and QSDWeV.nri-7D, explained
8.4% and 6.0% of the total phenotypic variation in shoot dry weight per plant, respectively.
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Using MLMM, an additional SNP representing QSDWeV.nri-6A was mapped at 141 cM
on 6A (Figure 4b and Table 2). Overall, the most significant SNP associated with shoot dry
weight per plant was IWB42636 at 228 cM on chromosome 7A.

3.3.2. QTL for Regrowth Vigor
Shoot Length

Using MLM, four QTL significantly associated with shoot length were found on
chromosomes 2B, 4B, 6B and 7B, based on an unadjusted p-value < 0.001 (Figure S2a
and Table 2). On chromosome 2B, a QTL region, QSLrV.nri-2B, was mapped at a genetic
distance position of 163 cM, explaining 5.8% of the total phenotypic variation of the trait.
On chromosome 4B, QSLrV.nri-4B was mapped at 55–64 cM, and it was the most significant
QTL, responsible for 9.1% of the total phenotypic variation in shoot length of regrowth. In
addition, two QTL, QSLrV.nri-6B.1 and QSLrV.nri-7B, were found on chromosomes 6B and
7B, which together accounted for 10.5% of the total phenotypic variance of the trait. Overall,
the most significant representative SNPs were IWB35611 and IWB36210 on chromosome
4B (57 cM) and 2B (163 cM), which accounted for 9.1 and 5.8%, respectively, of the total
phenotypic variance of the trait.

Using MLMM, seven QTL significantly associated with shoot length of regrowth were
found on chromosome 4B based on an FDR of <0.05 and on chromosomes 2A, 2B, 5A, 6B
and 7B according to unadjusted p-value < 0.001 (Figure S2b and Table 2). The first QTL,
QSLrV.nri-2A, was found at 126 cM on chromosome 2A. On chromosomes 2B, 4B and 5A,
three QTL regions, QSLrV.nri-2B, QSLrV.nri-4B and QSLrV.nri-5A, were detected at 163, 57
and 89 cM, respectively. On 6B, two QTL, QSLrV.nri-6B.1 and QSLrV.nri-6B.2, were mapped
at the genetic distance positions of 66–67 cM and 114 cM, respectively. The seventh QTL,
QSLrV.nri-7B, was identified at 54 cM on 7B. The QTL regions on 2B, 4B, 6B and 7B were
detected with both MLM and MLMM, with an additional QTL by MLMM on 6B, while the
QTL on 2A and 5A were only identified using MLMM. Again, the most significant SNP
from MLMM analysis was IWB35611 on chromosome 4B.

Number of Shoots

Using MLM, three QTL were significantly associated with number of shoots per plant,
based on an unadjusted p-value < 0.001 (Figure S3a and Table 2). These QTL, QSNrV.nri-
4B, QSNrV.nri-6A and QSNrV.nri-7B, were mapped at 105, 141 and 134 cM positions on
chromosomes 4B, 6A and 7B, respectively, and together accounted for 18.3% of the total
phenotypic variation of the trait. The MLMM analysis detected the same QTL as the MLM
results above (Figure S3b and Table 2).

Shoot Dry Weight

Using MLM, four QTL associated with shoot dry weight per plant were found on
chromosomes 1B, 2B, 4A and 7A, according to p-value < 0.001 (Figure S4a and Table 2).
QSDWrV.nri-1B was mapped at the genetic distance position of 118 cM on 1B, explaining
6.1% of the total phenotypic variation in shoot dry weight per plant. QSDWrV.nri-2B was
located at 134 cM on 2B, accounting for 7.6% of the phenotypic variation. In addition,
two QTL, QSDWrV.nri-4A and QSDWrV.nri-7A, were detected at 109 and 228 cM on
chromosomes 4A and 7A, respectively, and each accounted for about 6.0% of the total
phenotypic variation of the trait.

Using MLMM, six QTL significantly associated with shoot dry weight per plant
were found on chromosomes 1B, 2B, 4A, 4B, 6A and 7A (Figure S4b and Table 2). On
chromosome 1B, QSDWrV.nri-1B, represented by nine SNPs, was mapped at 118 cM.
A further five QTL, QSDWrV.nri-2B, QSDWrV.nri-4A, QSDWrV.nri-4B, QSDWrV.nri-6A
and QSDWrV.nri-7A, were located at 134, 109, 78, 26 and 228 cM, respectively, on their
corresponding chromosomes. Among those, the QTL regions on 1B, 2B, 4A and 7A were
detected by both MLM and MLMM.
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4. Discussion

Seedling vigor and regrowth vigor are important traits of winter wheat for the in-
creased and sustainable production of autumn-winter forage for cattle grazing. Breeding
for improved seedling vigor and regrowth vigor is critical for sustainable forage production
of winter wheat. However, the phenotyping of seedling vigor and regrowth vigor is diffi-
cult and time-consuming under field conditions. Marker-assisted selection could provide a
complementary approach to address this limitation. Therefore, a GWAS was conducted to
map QTL and identify SNP markers associated with seedling vigor and regrowth vigor
traits for MAS during wheat breeding.

In the present study, two single-locus mixed models, MLM and CMLM, and one multi-
locus mixed model, MLMM, were used to map QTL and identify SNP markers associated
with seedling vigor and regrowth vigor traits. Morphological traits, such as shoot length,
number of shoots and shoot dry weight, have been used previously to evaluate plant or
seedling vigor in different crops, including wheat [10] and rice [15,26,27]. In the present
study, winter wheat lines in the wheat diversity panel showed significant phenotypic
variation in shoot length, number of shoots and shoot dry weight from both the initial
growth and the regrowth of the plants. This result suggests that the panel can be used to
mine desirable alleles, contributing to seedling vigor and regrowth vigor for forage wheat
improvement.

Using MLM and MLMM, we identified multiple significant QTL associated with
seedling vigor and regrowth vigor traits, including shoot length, number of shoots per
plant and shoot dry weight per plant. Significant QTL for shoot length of initial growth,
as a seedling vigor trait, were found on chromosomes 1A, 2B, 4B, 5A and 7A, with more
QTL identified using MLMM. Similarly, significant QTL for shoot length of regrowth were
found on chromosomes 2A, 2B, 4B, 5A, 6B and 7B. Shoot length has been shown to be
positively correlated with coleoptile length, which is essential for early establishment, as
reported in wheat [49] and barley [50]. Among the chromosomes with associated QTL in
this study, chromosomes 2A, 2B, 4B, and 6B were also reported to harbor QTL for coleoptile
length in a different study using the same diversity panel [51]. Furthermore, QTL for
coleoptile length were also found on chromosomes 2B, 5A, 6B and 7B in a different wheat
panel [49]. Similarly, under growth chamber conditions, nine significant QTL associated
with coleoptile length were found on seven chromosomes, including 2B and 4B [51], which
were associated with shoot length in this study. Chromosome 4B harbors the Rht-B1 locus,
which has a significant impact on morphological vigor traits [17]. The present study found
additional QTL on chromosomes 1A and 7A (Table 2), which were not reported in the
aforementioned studies.

A BLAST search revealed that some of the significant SNP markers feature high
similarities with candidate genes involved in plant developmental processes in different
crops, including wheat (Table S1). For example, on chromosome 1A, the significant SNP
IWB43660 for shoot length features a 96% sequence similarity with E3 ubiquitin-protein
ligase HERC2-like. This candidate gene plays an important role in plant development [52].
Similarly, on chromosome 4B, significant SNP IWB31302 for shoot length features a 97%
sequence similarity with a candidate gene, aminopeptidase M1-B, which plays a role in em-
bryonic, vegetative and reproductive development in Arabidopsis (Arabidopsis thaliana) [53].
In addition, the significant SNP IWB8217 for shoot length on chromosome 4B features a
94% sequence similarity with 4-hydroxy-3-methylbut-2-enyl diphosphate reductase, which
regulates the early development of chloroplast in rice [54]. Chloroplast is one of the com-
partments in a plant cell that contains chlorophyll, which positively correlates with shoot
length in rice [55].

Furthermore, we found QTL associated with number of shoots per plant of initial
growth on chromosomes 2A, 5A and 7A. This result agrees with previous studies on wheat,
which demonstrated QTL for number of shoots per plant and coleoptile length on the
same chromosomes as found in the present study [17,51]. In addition, in this study, we
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detected significant QTL for number of shoots from regrowth on chromosomes 4B, 6A and
7B, which were also mapped with QTL for coleoptile length in wheat [49,51].

This study also found significant QTL for shoot dry weight per plant from initial
growth on chromosomes 6A, 7A and 7D, and from regrowth on 1B, 2B, 4A, 4B, 6A and 7A.
Previously, QTL for shoot dry weight per plant were also found on chromosomes 4B, 6A
and 7D, while chromosomes 2B, 4A, 4B and 6A were reported to harbor QTL associated
with coleoptile length in wheat [10,17,49,51].

Overall, a total of 12 significant QTL for seedling vigor traits were found in this
study. Shoot length featured the highest number (6) of QTL followed by number of shoots
per plant (3) and shoot dry weight per plant (3), spreading across eight chromosomes.
Chromosome 7A harbors three QTL for the three seedling vigor traits (Table 2 and Table
S1). Increasing the marker density for this chromosome would increase the resolution to
unravel genes associated with seedling vigor.

On the other hand, a total of 16 significant QTL on 10 chromosomes for regrowth vigor
were found in this study, with the highest number (7) of QTL for shoot length followed
by shoot dry weight per plant (6) and number of shoots per plant (3). In addition, three
QTL involving all three regrowth vigor traits were commonly mapped on chromosome 4B.
Overall, significantly more QTL were found with MLMM than with MLM, suggesting that
MLMM increased the power of detecting additional significant QTL and, therefore, that it
is the preferred method compared to MLM (Tables 2 and S1).

Furthermore, we identified four common QTL regions on chromosomes 2B, 4B, 5A
and 7A for common traits of seedling vigor and regrowth vigor due to significant correla-
tions between the corresponding traits of initial growth and regrowth (Tables 2 and S1).
QSLeV.nri-2B and QSLrV.nri-2B for shoot length of initial growth and regrowth, respectively,
were detected by the same SNP IWB36210 at 163 cM on 2B. Furthermore, for shoot length
of initial growth and regrowth, QSLeV.nri-4B.2 and QSLrV.nri-4B co-localized at 55-60 cM
on chromosome 4B with several common SNP representatives, and QSLeV.nri-5A and
QSLrV.nri-5A co-localized at 86-89 cM on 5A, although they were detected by different
SNPs (IWB43526 vs. IWB38719). Similarly, for shoot dry weight of initial growth and
regrowth, QSDWeV.nri-7A and QSDWrV.nri-7A were detected by the same SNP IWB42636
at 228 cM on chromosome 7A.

In addition, two common QTL regions were also detected for different traits between
initial growth and regrowth. QSNeV.nri-2A for number of shoots per plant of initial growth
was mapped with QSLrV.nri-2A for shoot length of regrowth at 126–143 cM on 2A. In
addition, QSDWeV.nri-6A for shoot dry weight per plant of initial growth co-localized
with QSNrV.nri-6A for number of shoots per plant of regrowth at 141 cM on 6A. The SNP
markers tightly linked to these common QTL regions associated with traits of both seedling
vigor and regrowth vigor are more important for MAS during forage wheat breeding.

5. Conclusions

This study identified QTL for seedling vigor and regrowth vigor traits on different
chromosomes, spreading across the genome. Some QTL for seedling vigor traits were
found on the same chromosomes previously reported to harbor QTL for seedling vigor
in wheat. In addition, several QTL for seedling vigor co-localized with QTL for regrowth
vigor due to significant correlations between corresponding traits of the initial growth
and regrowth. A BLAST search using the DNA sequences of significant loci found in the
present study revealed candidate genes known to play a role in vegetative, reproductive
and physiological processes essential for plant development in different crop species. The
QTL and SNP markers identified in this study will be further validated and used for MAS
of the traits during wheat breeding.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/crops1030015/s1. Figure S1: Genome-wide linkage disequilibrium decay curve for the
panel; Figure S2: Manhattan plots of shoot length of regrowth detected by (a) MLM and (b) MLMM;
Figure S3: Manhattan plots of number of shoots of regrowth detected by (a) MLM and (b) MLMM;
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Figure S4: Manhattan plots of shoot dry weight of regrowth detected by (a) MLM and (b) MLMM;
Table S1: BLAST hits of the significant SNPs detected in this study.
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