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Abstract: The foxtail millet exhibits a diverse range of hull colors, which are crucial indica-
tors for assessing its nutritional and economic value. However, the molecular regulatory
mechanisms that govern the hull color of foxtail millet are largely unknown at present.
This gap in knowledge significantly impedes efforts to enhance the quality traits of foxtail
millet. This study utilized a population of 250 F6 recombinant inbred lines (RILs) generated
from a cross between two foxtail millet varieties: Yugu18 (with light yellow seeds) and
Hongjiugu19 (with red seeds). Four methods, the visual grouping method (I), the visual
colorimetric method (II), the Lab determination method (III), and the RGB determination
method (IV), were employed to determine the hull color of each line across four environ-
ments and QTL identification were conducted subsequently. It showed that there were 10,
12, 69 and 56 QTLs were detected for hull color through four methods, and these QTLs
were integrated into 4, 6, 27 and 25 unique QTLs, respectively. There were three, four,
four and four major QTLs. Of which, three major QTLs (qHC1.1, qHC1.2 and qHC9.3) on
chromosomes 1 and 9 could be detected by all 4 methods. qHC9.1 was detected by all four
methods except for method I. There were also one, one, seven and four minor identity QTLs
identified across the 4 methods. Four minor QTLs (qHC3.1, qHC3.3, qHC4.1 and qHC5.1)
can be stably detected only in method III, and two minor QTLs (qHC8.2 and qHC9.2) can be
stably detected only in method IV. Generally, method I is fast, efficient and cost-effective,
which is suitable for the rapid detection of hull color. Method II is also low-cost; however,
it can detect more QTL for hull color, making it suitable for identifying major QTL loci in
large populations. Methods III and IV can map more minor QTL and are more accurate
in hull color characterization. This study identified four important hull color QTL for
foxtail millet, which largely align with those reported in previous research. These findings
establish a foundation for characterizing hull color indices and further advancing QTL
mapping for grain color.
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1. Introduction
Foxtail millet [Setaria italica (L.) P. Beauv.] is an annual herb belonging to the genus

Setaria of the Poaceae family, with its origin in China around 11,500 years ago [1,2]. This
cereal exhibits a nutritional profile rich in vitamins, proteins, fats, carbohydrates and
essential nutrients like calcium, phosphorus and iron, surpassing major crops such as
rice and wheat in comprehensive nutritional performance [3,4]. Its exceptional drought
resistance, adaptability to barren soil and cultivation feasibility in arid and semiarid regions
make it a crucial crop for mitigating water scarcity challenges and supporting water-saving
agricultural practices [5,6]. Enhancing foxtail millet production is pivotal for improving
dietary diversity in drought-prone regions, alleviating agricultural water demands and
bolstering economic resilience for farmers.

Hull color, a key phenotypic trait in foxtail millet, ranges from yellow, light yellow,
white, and green to red, with light yellow and yellow being predominant [7,8]. The nutrient
composition of foxtail millet shows considerable variation correlating with the color of the
hull. He et al. [9] discovered that foxtail millet possessing cyan-colored grains contains
higher levels of protein, fat and lysine, thus facilitating the indirect selection of varieties
with enriched nutrient content. Significantly, brown grain varieties exhibit reduced yield
loss from bird predation compared with yellow and red counterparts, suggesting their
potential for minimizing crop losses [10]. Empirical studies attribute color variation in
plant organs primarily to flavonoid composition [11–13]. Flavonoids, a major class of plant
secondary metabolites, are ubiquitous across species [14]. Flavonoids play a pivotal role in
enhancing plant resilience to environmental stress. For example, flavonols contribute to
the absorption of UV-B radiation and the scavenging of reactive oxygen species, thereby
protecting plants from oxidative damage [15]. The accumulation of anthocyanins and
flavonols has been shown to improve the antioxidant capacity and drought resistance of
plants [16,17]. Furthermore, flavonoids confer human health benefits, including cardiovas-
cular and cerebrovascular disease prevention [18]. Carotenoids and flavonoids, the primary
yellow pigments in de-husked grains, serve as direct quality indicators for consumers and
are linked to nutritional and pharmacological benefits [19]. Therefore, the hull color of
foxtail millet is a crucial indicator for assessing its nutritional quality and market value.
Unraveling the genetic mechanisms of hull color variation is essential for enhancing both
the nutritional quality and yield of foxtail millet [7].

Current hull color phenotyping lacks standardized methods, hindering research
progress. Existing techniques include visual classification, Lab/RGB color spaces and
pigment extraction [20–23]. The visual grouping method is a widely utilized, straightfor-
ward and direct approach to color classification. It has been applied in foxtail millet [24],
sesame [20], sorghum [25], soybean [26] and pepper [27]. Lab color space, common in food
science, quantifies color attributes in Brassica napus [28], black beans [29], cherries [30],
foxtail millet [31], cucumbers [32], peppers [27] and sesame [20]. The RGB color space is
often utilized in plant color measurement and image processing, and it has been extensively
applied to wheat [33], peanuts [12], corn [34] and soybeans [35]. Organ color is a complex
trait influenced by various metabolites, affecting its external appearance. Accurate color
determination is essential for mapping and cloning genes associated with color-related
traits in plants. Existing studies typically employ only one method for phenotypic determi-
nation; however, the precise comparison of corresponding color determination techniques
remains unreported.

Genetic studies on hull color have identified key loci using molecular markers, in-
cluding Restriction Fragment Length Polymorphism (RFLP) [36], Amplified Fragment
Length Polymorphism (AFLP) [37], Single Nucleotide Polymorphism (SNP) markers [38]
and Simple Sequence Repeats (SSRs) markers [39]. Wang et al. [40] mapped the gene
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responsible for white hull color in foxtail millet to chromosome 4 and the gene for green
hull color to chromosome 6 through trisomic analysis. Subsequently, Jia et al. [41] analyzed
916 diverse foxtail millet varieties using genome-wide association studies (GWASs) and
pinpointed genes linked to hull color on chromosomes 1, 6, and 9. In a later study, Wang
et al. [42] employed reduced representation genome sequencing (RAD-seq) to identify a
quantitative trait locus (QTL), Sihc1, located at the terminal region of chromosome 6, which
explains 80.26% of the phenotypic variation in hull color. This locus corresponds with the
results identified in the GWAS conducted by Jia [41]. Xie et al. [24] employed recombinant
inbred lines derived from a cross between Yugu 18 and Jigu 19 to identify three QTL on
chromosome 1 that influence foxtail millet hull color, pinpointing Seita.1G057300.v2.2 as
the pivotal gene for this trait. Consequently, Tian et al. [38] utilized a recombinant inbred
line population (F2:6) from a cross between Yugu 5 and Jigu 31 to identify a novel QTL,
QHC.czas1, which governs hull color on chromosome 1. However, due to the complex
genetic basis of foxtail millet hull color, its genetic mechanism remains unclear. Precise
QTL mapping associated with foxtail millet hull color is pivotal for delving into the genetic
mechanisms governing foxtail millet hulls.

To address the deficiency of rapid and effective analytical techniques for determining
grain hull color in foxtail millet, this study utilized four distinct methods to assess hull
color traits: visual grouping, visual colorimetry, Lab measurement and RGB measurement.
Phenotypic assessments of grain hull color were executed on 250 families within the RYRIL
recombinant inbred line population across four distinct environments over two years.
Additionally, the genotypic data of each family was synthesized to conduct QTL mapping
of the color metrics obtained from these methods. The results of QTL mapping were
subsequently leveraged to evaluate the advantages and limitations of each method, along
with their potential application scenarios. This analysis provides technical insights and
establishes a theoretical foundation for enhancing the visual quality of millet varieties.

2. Materials and Methods
2.1. Plant Materials

Yugu 18 was selected as the paternal parent and the local variety Hongjiugu as the
maternal parent for crossbreeding. Using the single-seed descent method from the F2

generation, a recombinant inbred line (RIL) population comprising 250 lines was developed
and designated as RYRIL. Field trials utilizing the RIL population were implemented at
two locations in Shaanxi Province, China: Yulin (37◦56′26′′ N, 109◦21′46′′ E) and Baoji
(34◦26′36′′ N, 107◦37′15′′ E). The experiments followed a randomized complete block
design (RCBD) with three replications conducted during the growing seasons (May to
October) of 2020 and 2021. At the start of the field experiment, the entire field was plowed,
thoroughly mixed and harrowed to ensure uniform soil conditions across all experimental
plots. Each plot contained four rows, each 2 m long, with a row spacing from 0.30 to 0.40 m.
All plants were cultivated following standard agronomic practices.

2.2. Phenotypic Determination Method for Hull Color
2.2.1. Method I: Visual Grouping Method

The visual grouping method relies on direct observation with the unaided eye to
classify hull colors at maturity based on their pigmentation depth. Numerical values
are assigned in ascending order from light to dark. The value was used for subsequent
QTL mapping.
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2.2.2. Method II: Visual Colorimetric Method

Within the population, foxtail millet hull color shows a continuous spectrum from light
to deep shades. The precise categorization of certain variants can be challenging during
direct observation. To accurately discern these subtle color variations, we implemented the
visual colorimetric method. Hull color is assessed visually, with the first line’s color being
categorized into Group A. Should the second line’s color align with the first, it is likewise
grouped into Group A; otherwise, it is designated to Group B. After categorizing all lines,
the groups are ordered by color depth and assigned values. The lightest color is assigned a
value of 1, followed by 2, 3, 4 and so on, until the darkest group. The value also was used
for subsequent QTL mapping.

2.2.3. Method III: Lab Determination Method

The Commission Internationale de l’Éclairage L*a*b* color space comprises three
components: L* (luminance), a* (red-green value) and b* (yellow-blue value). L* values
span from 0 to 100, indicating a continuum from black to white. The a* value delineates
the spectrum from green to red, while the b* value indicates the spectrum from blue to
yellow. Both a and b values range from +120 to −120 [29,30,32]. Additionally, the chroma
(C*) value is derived from the a* and b* values using the following formula:

C*2 = a*2 + b*2 (1)

2.2.4. Method IV: RGB Determination Method

The Red-Green-Blue (RGB) color space represents colors through additive combina-
tions of three primary components: red (R), green (G) and blue (B), each quantified on a
scale from 0 to 255. This system enables the generation of 16,777,216 (2563) distinct color
variants [43]. At maturity, three representative panicles were collected from each plot,
threshed, and evaluated for hull color under ambient indoor light. Color measurements
were obtained using a CS-820N spectrophotometer (Hangzhou Caipu Technology Co., Ltd.,
Hangzhou, China) under D65 illumination (10 mm diameter aperture). The instrument
was calibrated using white and black standards prior to and every 15 min during data
acquisition. For the Lab color determination, L*, a* and b* values were recorded, from
which the chroma (C*) value was derived. For RGB parameters, spectral reflectance data
were converted to R, G and B values through manufacturer-provided algorithms. To min-
imize spatial heterogeneity effects, triplicate measurements were taken from the upper,
middle, and lower regions of each millet grain’s dorsal surface. The arithmetic mean of
these replicates served as the final color metric.

2.2.5. QTL Mapping

The high-density genetic linkage map employed in this study was pre-constructed by
our laboratory. It encompasses 20,748 SNP markers and 1759 InDels, with 1420 bin mark-
ers distributed across nine linkage groups. The map spans a total length of 1227.382 cm,
with an average map distance of 0.879 cm [31]. QTL analysis for hull coloration was con-
ducted across four distinct environments (20YL, 20BJ, 21YL and 21BJ) using complementary
approaches. Primary QTL detection was performed with IciMapping software (v4.2) em-
ploying the inclusive composite interval mapping (ICIM) method within the biparental
populations (BIP) module. A conservative logarithm of odds (LOD) threshold of 2.5 was
implemented to balance detection sensitivity (α = 0.05) and type I error control. Epistatic
interactions were analyzed through QTLNetwork (v2.0) using mixed-model-based com-
posite interval mapping (MCIM) to identify additive × additive (AA) effects. QTLs that
exhibited overlapping or adjacent confidence intervals across various environments were
consolidated as unique QTLs. Those identified in at least two environments were deemed
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to be stably expressed QTLs, whereas QTLs with a contribution rate greater than 10%
were designated as major QTLs [44]. Considering the extensive range of color parameters
measured by both Lab and RGB methods, for comparative purposes, QTL loci linked to
identical color parameters in both methods and identified in numerous environments were
regarded as stable QTL loci.

2.3. Statistics Analysis

The arithmetic mean, standard deviation and coefficient of variation were computed
using Microsoft Excel 2019. The RYRIL population’s distribution normality was assessed
via the Shapiro–Wilk test (α = 0.05) implemented in SPSS Statistics 21.0. Parental line
differences were evaluated through independent two-tailed Student’s t-tests (α = 0.01)
using the same statistical package. Variance analysis of genotype (σg

2), environment (σe
2),

genotype–environment interaction (σge
2) and error (σε

2) was conducted using the ANOVA
module in QTL IciMapping v4.2 software [45]. Broad-sense heritability (H2) was calculated
using the following formula:

H2 = σg
2/(σg

2 + σge
2/n + σε

2/nr) (2)

where n represents the number of environments, and r represents the number of replicates
per environment [46].

3. Results
3.1. Phenotypic Variation of Hull Color in RYRIL Population by Four Methods

The visual grouping method categorized grain color into four groups, from light to
dark, assigning sequential values of 1 through 4 to each: light yellow is designated as 1,
yellow as 2, dark yellow as 3 and red as 4 (Figure 1a). In contrast, the visual colorimetric
method sorted grain hull color into 38 groups, also from light to dark, with respective
values ranging from 1 to 38 (Figure 1b). Because both methods depend on visual observa-
tion, the consistent outcomes from repeated measurements rendered t-tests and variance
analysis superfluous.
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The results of the independent samples t-test on the color parameters (L*, a*, b* C*
R, G and B) show that there are significant differences between the two parents in the
RYRIL population (p < 0.01), which provides a good genetic background for QTL analysis.
In method I, the mean value of VGM is 2.47, and the coefficient of variation is 47.66%.
In method II, the mean value of VCM is 18.22, with a coefficient of variation of 57.24%.
Regarding method III, the mean values of the color parameters L*, a*, b* and C* are 57.73,
8.29, 18.65 and 20.64, respectively, and their corresponding coefficients of variation are
6.53%, 32.24%, 13.72% and 10.58%, respectively. In method IV, the mean values of R, G
and B are 163.83, 132.25 and 106.15, respectively, and the coefficients of variation are 5.07%,
8.32% and 6.69%, respectively. (Table 1).

Table 1. Descriptive statistical analysis of hull color in parent and RIL populations across
four environments.

Method Trait Environment
Parents RIL Population

Yugu 18 Hongjiugu Means ± SD Range Skewness Kurtosis Variable
Coefficient (%)

I VGM
20YL 1.00 4.00 2.48 ± 1.19 1.00–4.00 −0.08 −1.52 47.81
20BJ 1.00 4.00 2.45 ± 1.15 1.00–4.00 −0.08 −1.46 46.92
21YL 1.00 4.00 2.54 ± 1.19 1.00–4.00 −0.21 −1.49 46.70
21BJ 1.00 4.00 2.40 ± 1.18 1.00–4.00 0.01 −1.53 49.19

II VCM
20YL 6.00 32.00 17.91 ± 10.93 1.00–37.00 0.20 −1.21 61.02
20BJ 6.00 32.00 17.70 ± 10.04 1.00–37.00 0.20 −1.09 56.69
21YL 6.00 32.00 20.27 ± 10.97 1.00–38.00 0.04 −1.29 54.10
21BJ 6.00 32.00 17.01 ± 9.72 1.00–37.00 0.22 −1.13 57.14

III

L*

20YL 62.60 ** 53.47 58.61 ± 4.97 49.46–67.21 −0.04 −1.16 8.48
20BJ 64.21 ** 54.46 59.17 ± 3.43 52.93–67.57 0.36 −0.60 5.79
21YL 63.93 ** 51.09 55.42 ± 3.41 49.08–62.78 0.19 −0.99 6.15
21BJ 62.32 ** 52.90 57.73 ± 3.28 50.58–68.15 0.34 0.03 5.68

a*

20YL 6.06 11.06 ** 10.00 ± 3.83 4.77–18.75 0.71 −0.62 38.30
20BJ 5.49 7.46 ** 7.70 ± 2.18 2.73–14.44 0.29 −0.30 28.37
21YL 6.63 13.83 ** 7.65 ± 2.43 3.04–14.04 0.70 −0.15 31.76
21BJ 5.77 8.79 ** 7.82 ± 2.39 2.58–14.42 0.34 −0.50 30.54

B*

20YL 23.44 ** 17.56 20.42 ± 2.92 12.50–27.35 −0.45 −0.32 14.31
20BJ 22.69 ** 12.79 18.91 ± 2.70 12.95–25.24 0.07 −0.75 14.30
21YL 25.25 ** 16.25 16.83 ± 2.45 10.68–22.66 0.06 −0.34 14.57
21BJ 22.11 * 14.05 18.43 ± 2.15 13.65–23.73 0.08 −0.50 11.68

C*

20YL 24.21 ** 20.77 23.15 ± 2.07 18.28–29.54 0.27 −0.25 8.94
20BJ 23.35 ** 14.81 20.54 ± 2.70 14.93–26.36 −0.03 −0.70 13.13
21YL 26.11 ** 21.35 18.71 ± 1.93 12.96–23.70 −0.04 0.37 10.29
21BJ 22.85 ** 16.59 20.18 ± 2.01 14.78–25.15 −0.02 −0.14 9.97

IV

R

20YL 176.00 ** 155.83 169.67 ± 9.87 150.00–189.33 −0.03 −0.96 5.82
20BJ 179.22 ** 150.78 166.96 ± 8.65 147.67–186.67 0.07 −0.77 5.18
21YL 181.33 ** 153.00 155.70 ± 7.49 138.00–173.67 0.24 −0.75 4.81
21BJ 174.00 * 149.33 162.98 ± 7.29 146.00–188.33 0.47 0.35 4.47

G

20YL 145.89 ** 119.67 133.38 ± 14.90 106.67–158.67 −0.09 −1.17 11.17
20BJ 150.44 ** 124.67 136.30 ± 9.71 118.33–161.33 0.39 −0.58 7.13
21YL 149.00 ** 111.67 126.81 ± 9.83 107.00–147.00 0.11 −0.98 7.75
21BJ 145.56 ** 120.00 132.54 ± 9.56 111.67–161.67 0.27 −0.15 7.21

B

20YL 109.56 ** 97.50 105.32 ± 9.30 91.00–126.33 0.52 −0.98 8.83
20BJ 115.11 ** 108.11 109.24 ± 6.76 96.00–128.00 0.54 −0.50 6.19
21YL 110.00 ** 94.00 103.55 ± 5.86 94.00–118.00 0.58 −0.61 5.66
21BJ 111.22 ** 102.00 106.51 ± 6.50 96.00–125.33 0.68 −0.36 6.10

I: visual grouping method; II: visual colorimetric method; III: Lab determination method; IV: RGB determination
method. 20YL: 2020 Yulin; 20BJ: 2020 Baoji; 21YL: 2021 Yulin; 21BJ: 2021 Baoji. * and ** mean significant differences
at the 0.05 and 0.01 probability levels, respectively.

The phenotypes of the nine color parameters (VGM, VCM, L*, a*, b* C* R, G and B)
exhibited a continuous distribution across the four environments. The absolute kurtosis
values of VGM and VCM exceeded 1, showing steeper, higher-peaked and heavier-tailed
distributions than the normal one. For most cases, the absolute values of both kurtosis
and skewness of RGB and Lab color parameters were less than 1, indicating near-normal
distributions with data fairly evenly spread around the mean and approximate symmetry
(Table 1, Figure 2). In contrast, the parameter L* exhibited a multi-peak distribution in
20YL and 21YL, and the parameter a* showed a similar characteristic in 20BJ and 21BJ.
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An analysis of variance (ANOVA) was performed on the color parameters measured
using the Lab and RGB methods. The results showed that L*, a*, b*, C*, R, G and B
values were significantly influenced by genetic factors, environmental factors and their
interactions (p < 0.01). The broad-sense heritability of these seven grain color parameters
across combined environments ranged from 0.76 to 0.93, indicating that genetic factors are
the main contributors to phenotypic variation (Table 2).

Seeds 2025, 4, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 2. The frequency distribution of hull color-related parameters in four environments. VGM: 
visual grouping method; VCG: visual colorimetric method; L, a*, b* and C: parameters of the Lab 
determination method; R, G and B: parameters of the RGB determination method. 

Table 2. Variance analysis of hull color parameters in foxtail millet. 

Trait Source DF Sum of Square 
Mean 

Square F-Value p-Value H2 

L* 

G 249.00 33,194.66 133.31 142.71 <0.001 0.92  
E 3.00 5669.19 1889.73 2022.98 <0.001  

G × E 656.00 7533.67 11.48 12.29 <0.001  
Error 1816.00 1696.38 0.93    

a* 

G 249.00 17,718.18 71.16 161.23 <0.001 0.92  
E 3.00 2806.67 935.56 2119.79 <0.001  

G × E 656.00 4008.35 6.11 13.84 <0.001  
Error 1816.00 801.48 0.44    

b* 

G 249.00 11,903.01 47.80 50.60 <0.001 0.83  
E 3.00 4713.88 1571.29 1663.27 <0.001  

G × E 656.00 6290.05 9.59 10.15 <0.001  
Error 1816.00 1715.58 0.94    

C* 

G 249.00 7268.45 29.19 28.11 <0.001 0.76  
E 3.00 7360.86 2453.62 2362.70 <0.001  

G × E 656.00 5761.24 8.78 8.46 <0.001  
Error 1816.00 1885.88 1.04    

R G 249.00 137,940.86 553.98 73.80 <0.001 0.87  

Figure 2. The frequency distribution of hull color-related parameters in four environments. VGM:
visual grouping method; VCG: visual colorimetric method; L, a*, b* and C: parameters of the Lab
determination method; R, G and B: parameters of the RGB determination method.

Table 2. Variance analysis of hull color parameters in foxtail millet.

Trait Source DF Sum of Square Mean Square F-Value p-Value H2

L*
G 249.00 33,194.66 133.31 142.71 <0.001 0.92
E 3.00 5669.19 1889.73 2022.98 <0.001

G × E 656.00 7533.67 11.48 12.29 <0.001
Error 1816.00 1696.38 0.93

a*
G 249.00 17,718.18 71.16 161.23 <0.001 0.92
E 3.00 2806.67 935.56 2119.79 <0.001

G × E 656.00 4008.35 6.11 13.84 <0.001
Error 1816.00 801.48 0.44

b*
G 249.00 11,903.01 47.80 50.60 <0.001 0.83
E 3.00 4713.88 1571.29 1663.27 <0.001

G × E 656.00 6290.05 9.59 10.15 <0.001
Error 1816.00 1715.58 0.94
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Table 2. Cont.

Trait Source DF Sum of Square Mean Square F-Value p-Value H2

C*
G 249.00 7268.45 29.19 28.11 <0.001 0.76
E 3.00 7360.86 2453.62 2362.70 <0.001

G × E 656.00 5761.24 8.78 8.46 <0.001
Error 1816.00 1885.88 1.04

R
G 249.00 137,940.86 553.98 73.80 <0.001 0.87
E 3.00 78,684.20 26,228.07 3494.23 <0.001

G × E 656.00 54,585.31 83.21 11.09 <0.001
Error 1816.00 13631.10 7.51

G
G 249.00 290,243.59 1165.64 162.86 <0.001 0.93
E 3.00 32,300.08 10766.69 1504.27 <0.001

G × E 656.00 60,297.04 91.92 12.84 <0.001
Error 1816.00 12,997.91 7.16

B
G 249.00 118,416.31 475.57 91.49 <0.001 0.92
E 3.00 11,400.34 3800.12 731.03 <0.001

G × E 656.00 25,628.89 39.07 7.52 <0.001
Error 1816.00 9440.11 5.20

G: genotype; E: environment; G × E: interaction between genotype and environment.

3.2. Identification of QTL Associating with Hull Color in Foxtail Millet

Method I identified 10 quantitative trait loci (QTL) in four environments (Tables S1 and S2,
Figure 3). Among them, two stable major-effect QTLs, qVGM1.2 and qVGM9.1, were recog-
nized across all environments. qVGM1.2 is located on chromosome 1 and explains between
50.14% and 69.63% of the variation; qVGM9.1 is located on chromosome 9 and has a contri-
bution rate of 8.94% to 19.23%. The enhancing genes for both major-effect QTLs come from
Hongjiugu. Additionally, two minor effect QTLs, qVGM1.1 and qVGM1.3, were identified
in only one environment, with contribution rates of 8.09% and 1.37%, respectively. Their
enhancing genes are derived from Hongjiugu and Yugu 18, respectively.

Method II identified 12 QTLs across four environments (Tables S1 and S2, Figure 3).
Two major QTLs, qVCM1.2 and qVCM9.2, were consistently detected in all environments.
qVCM1.2, positioned on chromosome 1, explains 33.23% to 60.32% of the variation, while
qVCM9.2, on chromosome 9, accounts for 15.79% to 16.91%. The major QTL qVCM1.1,
also on chromosome 1, was identified in a single environment, contributing 25.42%. The
enhancing genes of all three major QTLs are derived from Hongjiugu. The three minor
QTLs, qVCM1.3, qVCM8.1 and qVCM9.1, were detected only in one environment, with
contribution rates ranging from 1.36% to 1.73%, and their enhancing genes all originated
from Yugu 18.

Method III identified 69 QTLs across four environments (Tables S1 and S2, Figure 3),
which were consolidated into 27 unique QTLs located on nine chromosomes. These
QTLs include 5 major QTLs and 22 minor QTLs. The QTLs qLab1.1 and qLab1.2, both
located on chromosome 1, were consistently detected in at least two different environments.
Their contributions varied from 4.59% to 21.33% for qLab1.1 and from 8.89% to 62.84%
for qLab1.2, with enhancing genes sourced from Yugu 18. Similarly, qLab9.1 and qLab9.5
were consistently detected across at least two environments on chromosome 9, with their
contributions ranging from 2.05% to 16.95% and 4.43% to 28.14%, respectively. Their
enhancing genes were derived from Hongjiugu and Yugu 18. Seven stable minor QTL loci,
qLab1.3, qLab3.3, qLab3.4, qLab3.6, qLab4.3, qLab5.2 and qLab8.1, were detected in at least
two environments. These QTLs were distributed across chromosomes 1, 3, 4, 5 and 8, with
phenotypic contribution rates ranging from 1.21% to 9.36%. Other QTLs were identified in
only one environment, contributing between 2.54% and 10.48%.
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Method IV identified 56 QTLs across four environments (Tables S1 and S2, Figure 3),
which were consolidated into 25 unique QTLs distributed over nine chromosomes. These
QTLs include 4 major QTLs and 21 minor QTLs. The QTL qRGB1.2 was consistently
identified in all four environments and is located on chromosome 1. It accounts for phe-
notypic variations between 18.07% and 62.73%, with all enhancing genes derived from
Yugu 18. In contrast, the QTLs qRGB9.1 and qRGB9.3, both on chromosome 9, showed
stability in at least two environments. The contributions of qRGB9.1 and qRGB9.3 varied
from 1.37% to 19.67% and 4.86% to 20.69%, respectively, with enhancing genes sourced
from Hongjiugu and Yugu 18. Five stable minor-effect QTLs, qRGB1.1, qRGB3.3, qRGB8.1,
qRGB8.2 and qRGB9.2, were identified in at least two environments on chromosomes 1,
3, 8 and 9, with phenotypic contributions ranging from 1.20% to 8.62%. The remaining
QTLs were detected in a single environment, contributing between 0.95% and 11.47% to
the phenotypic variation.

3.3. QTL Analysis with Epistatic Interactions for the Foxtail Millet Hull Color Under Different
Detection Methods

Four different detection methods (I, II, III and IV) identified one, two, five and four
pairs of significant interactive QTLs, respectively. These 12 pairs of interactive QTLs
together explained 0.03~2.53% of the phenotypic variation, with the range of their epistatic
effects between -2.41 and 1.58. Among all identified interactive QTL, the major-effect
QTLs with strong environmental stability, qHC1.2 (qGM1.2, qCM1.2, qa*1.2 and qG*1.2)
and qHC9.3 (qGM9.1, qCM9.2, qa*9.1 and qG*9.3), showed significant interactions across all
four detection methods. The QTLs qa*1.3 and qb*1.3 showed significant interactions with
qa*9.2 and qb*9.4, respectively, explaining 0.42% and 0.96% of the phenotypic variation in
foxtail millet hull color. Additionally, the QTL qR*1.2 interacted significantly with qR*9.3
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and qR*9.4, explaining 0.51% and 0.03% of the phenotypic variation, respectively (Table 3).
Notably, other stable major-effect and minor-effect QTLs under different environmental
conditions were not involved in any epistatic interactions, indicating that the variation in
millet hull color is primarily regulated by the additive effects of these major-effect QTLs and
is less regulated by the epistatic interactions of QTLs. Apart from one pair of interacting
major-effect QTLs, the other interacting QTLs were not identified during the initial QTL
mapping process, suggesting that these QTLs may only play a role through interactions
under specific genetic backgrounds or phenotypic contexts.

Table 3. Summary of the epistatic and epistatic × environment interaction effect of QTL associated
with hull color traits in the YRRIL population.

Methods Traits QTLi
Marker
Interval

QTLj Marker
Interval

Epistatic Effect (AA) Epistatic × Environment
Interaction Effect

AA h2/% AA-E1 AA-E2 AA-E3 AA-E4 h2/%

I HCVGM qGM1.2 C01B039–
C01B040 qGM9.1 C09B174–

C09B175 0.22 c 2.34 0.00 0.00 0.00 0.00 0.03

II
HCVCM qCM1.2 C01B039–

C01B040 qCM9.2 C09B174–
C09B175 0.82 c 2.53 0.00 0.00 0.00 0.00 0.03

HCVCM qCM1.4 C01B042–
C01B043 qCM9.2 C09B174–

C09B175 1.58 c 0.57 0.00 0.00 0.00 0.00 0.10

III

HCL qL*2.4 C02B060–
C02B061 qL*3.7 C03B022–

C03B023 0.37 c 0.60 0.00 0.00 0.00 a 0.00 0.03

HCa qa*1.2 C01B039–
C01B040 qa*9.1 C09B174–

C09B175 0.31 c 2.52 0.36 c -0.15 −0.09 −0.12 0.67

HCa qa*1.3 C01B041–
C01B042 qa*9.2 C09B172–

C09B173 0.36 c 0.42 0.00 0.00 0.00 a 0.00 0.01

HCb qb*1.3 C01B041–
C01B042 qb*9.4 C09B175–

C09B176 −0.47 c 0.96 −0.53 c 0.10 0.32 0.10 0.70

HCC qC*7.2 C07B139–
C07B140 qC*9.3 C09B021–

C09B022 0.33 c 1.17 −0.03 0.17 −0.04 −0.09 0.31

IV

HCR qR*1.2 C01B053–
C01B054 qR*9.3 C09B092–

C09B093 1.55 c 0.51 0.00 0.00 0.00 0.00 0.13

HCR qR*1.2 C01B053–
C01B054 qR*9.4 C09B100–

C09B101 −2.41 c 0.03 0.00 0.00 0.00 0.00 0.01

HCG qG*1.2 C01B039–
C01B040 qG*9.3 C09B174–

C09B175 0.97 c 0.68 −0.76 0.04 0.55 0.18 0.29

HCG qG*2.1 C02B061–
C02B062 qG*3.2 C03B024–

C03B025 1.00 c 0.45 0.00 0.00 0.00 0.00 0.09

a The significances at the probability level of 0.05; c The significances at the probability level of 0.005.

3.4. Comparison Analysis of Four Hull Color Detection Methods

Because the Lab and RGB measurement methods have numerous color parameters
and map many QTLs, it is hard to affirm if QTL loci detected in a single environment relate
to grain color. Therefore, this study focused exclusively on the comparative and analytical
evaluation of consistent QTL loci detected by both the Lab and RGB methods. The number
of QTLs detected by the four methods was 10, 12, 69 and 56. The average number of QTLs
identified in a single environment was 2.5, 3, 17.25 and 14. The counts of unique QTLs were
4, 6, 27 and 25. Additionally, the number of stable QTLs was 2, 2, 11 and 8 (Table S1).

Thirteen stably expressed QTL sites, including four major and nine minor QTLs, were
identified through four measurement methods (Tables 3 and S1, Figure 3). The number of
major QTLs detected by the four methods was 2, 3, 5 and 4, respectively. Among them, three
major QTL loci, qHC1.1, qHC1.2 and qHC9.3, were consistently identified across all four
methods. qHC1.1 was mapped to the marker interval c01b028–c01b030 (31.5–33.5 cm) on
chromosome 1, with a maximum phenotypic contribution rate of 25.42%. Similarly, qHC1.2
was located within the marker interval c01b037–c01b040 (35.5–39.5 cm) on chromosome
1, showing the highest phenotypic contribution rate of 69.63%. Meanwhile, qHC9.3 was
positioned in the interval c09b174–c09b176 (168.5–172.5 cm) on chromosome 9, with a peak
phenotypic contribution rate of 28.14%. Additionally, qHC9.1 was detected by methods
II, III and IV. It was mapped to the marker interval c09b008–c09b017 (6.5–16.5 cm) on
chromosome 9, with the highest phenotypic contribution rate of 19.67%.
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The number of stable minor-effect QTLs identified by the four methods was one, one,
seven, and five (Table S1). Among these, qHC1.3 was detected by methods I, II and III,
while qHC3.2 and qHC8.1 were consistently identified by methods III and IV. Furthermore,
qHC3.1, qHC3.3, qHC4.1 and qHC5.1 were exclusively detected by method III, whereas
qHC8.2 and qHC9.2 were only detected by method IV. The minor QTL locus, qVCM8.1,
identified by method II, was located in an adjacent interval to qHC8.1 (Table S3). These
findings suggest that QTLs identified by methods I and II are associated with hull color, and
method II can detect all major QTL loci related to hull color. Methods III and IV, however,
can stably identify more minor-effect QTL associated with hull color. Notably, method III
identified a greater number of minor-effect loci than method IV, but neither method could
stably detect all minor QTLs.

4. Discussion
4.1. Foxtail Millet Exhibits a Rich Variation in Grain Hull Color

Grain hull color constitutes an essential agronomic trait in crops, closely associated
with their biochemical characteristics, antioxidant content, activity and disease resis-
tance [47]. In foxtail millet, hull color is linked to variations in nutritional components. Hull
color in foxtail millet is closely linked to nutritional quality, with studies showing that green
grains are richer in protein, fat and lysine, white grains have higher protein and moderate
calcium, and red grains contain significantly more selenium [1,9,48]. Thus, hull color can
serve as a key indicator for selecting foxtail millet with different nutritional qualities. The
RYRIL population employed in this study exhibits rich phenotypic variations in grain
hull color. Among these materials, families with high levels of protein, fat, anthocyanins,
and other nutrients can be further selected based on hull color for applications in food
production or crop breeding.

4.2. Comparison of the Four Phenotype Characterisation Methods

The hull color of crops is a prominent phenotypic characteristic that is easily visu-
alized. However, the diverse and complex coloration of seed grains presents challenges
for accurate assessment. Previous studies primarily relied on a single method to detect
seed grain color. Xie et al. [24] identified anther and hull colors using the visual grouping
method. Guo et al. [49] employed the Lab method to identify the hull color of foxtail millet.
Zhu et al. [20] integrated the visual grouping and Lab measurement methods to ascertain
the hull color of sesame. This study employed four methods for detecting color: the visual
grouping method (I), the visual colorimetric method (II), the Lab determination method (III)
and the RGB determination method (IV). These methods were applied across four different
environments to improve the accuracy and precision of hull color assessment and localiza-
tion in the RYRIL population of foxtail millet. The number of QTLs detected by the four
methods ranked from highest to lowest were as follows: III (69) > IV (56)> II (12) > I (10).
Method I, which only detected two major QTLs and two minor QTLs, is recognized for
its simplicity, efficiency and low cost. These qualities make it suitable for rapid pheno-
typic detection in large populations, though it remains vulnerable to subjective bias and
environmental variability [22]. Method II detected three major QTLs and three minor
QTLs, serving as a novel detection approach in this study. It enhanced the precision of
distinguishing between similar hull colors by intensifying shade differentiation, thereby
enabling partial quantification of plant color traits. However, both methods I and II are
susceptible to variability caused by human perceptual differences. Method III identified
5 major QTLs and 22 minor QTLs. The Lab color space is a nearly uniform color space that
generates colors closely resembling those perceived by the human eye [50,51]. The primary
advantage of the Lab measurement method is its ability to quantitatively assess plant
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color, precisely measuring differences in color depth and glossiness. Method IV identified
4 major and 21 minor QTLs. The RGB color space is the most fundamental color space from
which other color spaces can be derived. Its primary advantage lies in the RGB model, an
international standard for quantitative color evaluation, which effectively describes seed
coat color [51]. While method II is effective for detecting major QTL, it is influenced by
human factors. Therefore, combining methods III and IV is recommended for accurate
determination of grain hull color.

4.3. The Main Effect of QTL with a Stable Environment Is Generally Consistent with
Previous Studies

In this study, we identified four major QTLs: qHC1.1, qHC1.2, qHC9.1 and qHC9.3 (S3).
These QTLs are located near the positions reported in previous studies, although slight
differences were observed. These discrepancies in the genomic regions of QTL across
studies may result from variations in mapping populations, phenotypic observation errors,
sequencing inaccuracies or differences in analytical methods. Jia et al. [39] genome-wide
association analysis to identify loci associated with hull color on chromosomes 1 and 9,
partially coinciding with the positions of qHC1.2 and qHC9.3. Additionally, the QTL Sihc1,
which governs grain hull color and was detected by Wang et al. [40] using restriction site-
associated DNA sequencing, overlaps with a gene locus at chromosome 6’s terminus, as
reported by Jia et al. [39] In our study, we also identified a minor QTL, qHC6.2, controlling
grain hull color on chromosome 6. Additionally, the QTL qHC.czas1 on the chromosome 1,
discovered by Tian et al. [38], and the locus on chromosome 1, identified by Xie et al. [24],
both of which control grain hull color, overlap with qHC1.2 identified in this study (S4).
These findings suggest that candidate genes controlling hull color in foxtail millet may be
located within the overlapping regions of chromosomes 1 and 9, providing a foundation
for further gene cloning and functional analysis.

5. Conclusions
This study employed four distinct color detection methodologies to analyze the pheno-

typic characteristics of foxtail millet hulls. Genotypic data from each family were integrated
to perform QTL analysis based on the phenotypic values obtained from each method. By
comparing the QTL mapping results of the four methods and evaluating their unique
characteristics, the practical applicability of each method was assessed. The analysis re-
vealed that combining the Lab determination method (III) and the RGB determination
method (IV) enables accurate grain color determination. QTL analysis identified four major
QTLs, qHC1.1, qHC1.2, qHC9.1 and qHC9.3, which provide a basis for further cloning of
functional genes in foxtail millet and for studying the genetic mechanisms underlying hull
color variation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/seeds4010010/s1, Table S1: Summary of the number of
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QTL and the QTL identified in previous studies.
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