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Abstract: As a nutrient-rich multigrain crop, buckwheat is a typical “medicinal food homology” crop
that is rich in flavonoids, including rutin and various vitamins. It has positive anti-oxidant and anti-
tumour properties and lowers blood pressure. However, due to strict self-crossing characteristics, slow
progress has been made in Tartary buckwheat (TB) cross-breeding, resulting in the slow breeding of
new varieties of new TB varieties, which has limited the improvement of yield and quality. Therefore,
mutant breeding is a rapid and effective technique for broadening and innovating TB breeding. In
recent years, improving qualities related to yield, lodging resistance, and stability have become key
points in TB breeding. Based on the above findings, excellent, potentially valuable TB lines with rich
phenotypes were obtained for the TB mutation library via ethyl methanesulfonate (EMS), laying a
foundation for creating new TB germplasms. In this study, we systematically investigated more than
10 agronomic traits of JQ2 and JQ4 mutants, including plant type, leaf colour, grain type, grain colour,
grain number per plant, grain length, grain width, grain weight per plant, and 1000-grain weight.
The results show that the maximum number of grains per plant was 1956, the weight was 32.84 g, and
the 1000-grain weight was 30.89 g. The maximum number of grains per JQ4 plant was 2308, and the
weight was 44.82 g. The maximum 1000-grain weight was 24.7 g. Among the 295 JQ2 mutants and
153 JQ4 mutants, 10 flavonoids (orientin, morin, quercetin, kaempferol, luteolin, naringin, hesperetin,
myricetin, hesperidin, and rutin) were detected with near infrared spectroscopy (NIR). The mutants
were divided into five groups according to the flavonoid content of the JQ2 mutants, of which the
first group included 31 individual lines. and the second to fifth groups included 70, 69, 72, and
53 lines, respectively. The JQ4 mutants were divided into four classes, of which 41, 50, 32, and 30 were
individual lines, respectively, with the highest rutin content being 82.06 mg/g. In summary, through
systematic analysis and screening of the agronomic traits and flavonoid contents of JQ2 and JQ4
mutant seeds, we obtained three lines with a high 1000-grain weight, including two JQ2 mutant lines
(30.89 g) and one JQ4 mutant line, which reached 24.70 g and ten lines with high grain weight per
plant. This included 8 JQ2 mutants and 2 JQ4 mutants, as well as 72 high-rutin mutants (including
31 lines from JQ2 and 41 lines from JQ4 mutants). These elite lines provide the material basis for
creating TB germplasms with excellent qualities and cultivation characteristics.

Keywords: Tartary buckwheat; ethyl methanesulfonate (EMS); mutation library; flavonoid mutant;
agronomic traits

1. Introduction

Tartary buckwheat (Fagopyrum tataricum (L.) Gaertn.) is a minor crop but is a source
of high-quality agricultural products that can be used in both medicine and food. Tartary
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buckwheat (TB) has comprehensive nutritional value because it is rich in protein, fat, high-
quality starch, and rutin. It has excellent potential for development and application due
to these characteristics [1]. TB plants are rich in flavonoids (such as rutin), which have
specific efficacy in softening blood vessels and lowering the “three highs” (hyperlipaemia,
hyperglycaemia, and hypertension). They also assist in the treatment of diabetes and
cancer [2,3]. It has been reported that the flavonoid compound content in TB is 10 to
100 times greater than that in common buckwheat [4,5], a phenomenon that has important
research value.

Mutants are essential basic materials in genetic research and play a critical role in
genetics research and quality improvement. The establishment of a mutant library is also
important for accelerating crop breeding and broadening plant genetic resources. The
establishment of mutant libraries for Arabidopsis [6], rice [7], maize [8], foxtail millet [9],
and wheat [10] has played an essential role in plant germplasm innovation and functional
genome research. The methods of inducing mutations include physical and chemical tech-
niques. Physical mutagenesis methods can be divided into nonionizing radiation-induced
and ionizing radiation methods [11]. Common physical mutagens include various kinds
of rays (X-rays, gamma rays, beta rays, alpha rays, etc.), different abnormal temperatures
(high, low, variable), centrifugal forces, and mechanical damage. In wheat, mutants of
various specific traits or genes, such as those conferring powdery mildew resistance and
rust resistance [12,13], have been generated through various physical mutagenic methods,
such as radiation and fast neutrons. Chemical mutagenesis involves treating plant materials
with chemical mutagens, which can cause DNA damage and mutation. In the creation
of plant mutants, ethyl methylsulfonate (EMS) is the most widely used alkylating agent,
and EMS mutagenesis has been widely used for improving the quality of oil crops such
as peanut, soybean, sunflower, and Brassica napus [14–16]. Mixed physical and chemical
methods have been used, such as for rice seeds, which were first treated with gamma
radiation and then treated with EMS, resulting in high-yield and high-quality varieties.
This utilization was widely promoted [17].

There are four standard screening and identification methods for mutants: phenotypic
identification, cytological identification, molecular biological identification, and genetic
identification [18]. Currently, the available methods for buckwheat breeding include
selection, mutagenesis, ploidy, cross-breeding, and marker-assisted breeding [19]. With
the increasing market demand for high-quality buckwheat varieties, traditional breeding
or introduced varieties are lagging. The breeders accelerated the material renewal and
development of innovative varieties through mutagenesis. Li et al. [20] treated dried
seeds with 100–500 Gy of Co60 γ-rays and screened 10 high-flavonoid mutants (with
contents ranging from 11.37% to 14.91%). There were eight ‘Yu-621’ high-flavonoid mutants,
and the flavonoid content of the mutants ranged from 10.67% to 12.46%. There were
six ‘KP9920’ high-flavonoid mutants, with flavonoid content ranging from 11.32% to 12.95%.
Zhao et al. [21] selected a new Tartary buckwheat variety (‘Xiqiao 1’) by combining Co60 γ-
rays with colchicine and a dimethyl sulfoxide mixture. Zhang et al. [22] reported that many
excellent qualities, such as drought resistance, lodging resistance, barrenness resistance, and
stable yield, were obtained from ‘Jinqiao No. 3’, respectively, after treatment with Co60 γ-ray
radiation. Ma et al. [23] treated buckwheat seeds with EMS and characterized the biological
and agronomic traits of the obtained M2 generation materials. Four hundred eighty mutant
materials were obtained, with characteristics mainly related to leaf, stem, plant type, seed,
growth period, fertility, and other phenotypes. Among the grain variations, large grain,
long grain, and multiedge variations were all stable and inherited by the M3 generation.
Shimizu et al. [24] obtained a new TB variety, ‘Darumadattan’, by mutagenizing ‘Hokkai T8’
at a total dose of 500 Gy (25 Gy/h × 20 h). ‘Darumadattan’ was approximately 100 cm
shorter than ‘Hokkai T8’, and its height decreased. However, the yield did not decrease,
and the plants exhibited strong lodging resistance.

The main objectives of TB breeding are to generate varieties that exhibit high and
stable yields, high quality, strong stress resistance, and adaptability. In terms of quality, a
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high flavonoid content is a crucial breeding index. This study investigated the excellent TB
varieties Jinqiao No. 2 (JQ2) and Jinqiao No. 4 (JQ4) from Shanxi Province. The mutants
obtained through EMS mutagenesis showed variation in terms of the rich phenotype. The
results of this study will enrich TB gene resources and accelerate the breeding process of
buckwheat. Furthermore, this study provides a good material basis for using buckwheat
germplasm and for molecular biology research.

2. Materials and Methods
2.1. EMS Mutation Library Construction

Healthy and whole JQ2 and JQ4 seeds were selected, soaked in 1.2% EMS solution,
shaken at 300 r/min overnight (16–18 h), neutralized with 0.2 M Na2S2O3, rinsed, and
dried repeatedly before use [25].

2.2. Planting and Phenotypic Characteristic Screening of Mutagenic Materials

The JQ2 and JQ4 mutagenized seeds (0.5 kg for each variety) were sown in the ex-
perimental field with a row spacing of 30 cm in June 2020. Seeds of the M1 generation
were harvested in October of the same year (plot harvest). From June 2021 to 2022, M1
generation JQ2 and JQ4 seeds were sown in line, each with a length of 2.5 m, and M2 to M3
plants were harvested to construct the mutation library (single plant harvest).

The number of seedlings, seedling emergence rate, etiolated seedlings, number of
non-etiolated seedlings, and etiolated rate of the mutants were analysed in 2020.

Generation rate = Number of seedlings/seed number × 100%

Etiolation rate (%) = Number of etiolated seedlings/non etiolated seedlings × 100%

In the field investigation of agronomic traits, lines with noticeable variation in morpho-
logical traits, such as plant height, leaf colour, and plant shape, were screened, documented,
and photographed.

2.3. Grain Morphology and Data Measurement

The whole grain size, longitudinal length and width, and cross-cut area were measured
and compared. The measurement software used was OLYMPUS cellSens Standard (https:
//www.olympus-lifescience.com/en/software/cellsens/, accessed on 10 March 2023),
data were statistically analyzed using Excel 2023.

The seeds from 954 lines were analysed via digital seed analyser (YTS-5D), which
included the number of seeds per plant, number of grains per plant, grain length (mm),
grain width (mm), grain circumference (mm), length-to-width ratio, grain weight per plant
(g), and thousand-grain weight (g).

Evaluation of relations among agronomy traits was performed via Pearson correlation.
The data were statistically analysed with R 4.2.3.

2.4. Flavonoid Content Determination via Near-Infrared Reflectance Spectroscopy (NIR)
NIR Model Establishment

Thirty-two TB varieties with different rutin contents were selected, and a near-infrared
reflectance spectroscopy analysis model of buckwheat was established [26]. The contents
of orientin, morin, quercetin, kaempferol, luteolin, naringin, hesperetin, myricetin, rutin,
and hesperidin. It was performed via ultrahigh-performance liquid chromatography-mass
spectrometry (Waters, TQ-XS, Milford, CT, USA) (Supplementary Materials, Table S1).
Targeted metabolomics were used to quantify 10 flavonoids in 32 TB varieties. The chro-
matograms of the 10 flavonoid standards are shown in Figure S1. The sample analysis
was repeated 3 times. A grain analyser (Foss, DS2500, Hilleroed, Denmark) was used
to perform near-infrared spectroscopy. The absorbances were recorded at 400–2500 nm.
Five scans were performed for each sample, and the average spectrum was used to establish

https://www.olympus-lifescience.com/en/software/cellsens/
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the spectrum-based TB flavonoid quantification model (Figure S2). All the data statistical
analyses were performed using Excel 2023 and SPSS 21.0.0.

3. Results
3.1. Construction of the Mutant Library

After EMS mutagenesis, 12,924 JQ2 and 14,278 JQ4 seedlings were obtained in the M0
generation (Year 2020), for which the generation rates were 51.69% and 57.11%, respec-
tively. The generation rate reached the semi-lethal level, and the mutagenesis effect was
significant. In 2021, 13,464 seedlings were planted from JQ2, and 10,788 were planted from
JQ4. There were 7666 JQ2-treated and 3184 JQ4-treated M2 generation seedlings. Etiolation
is an essential phenotypic characteristic reflecting the occurrence of mutations (Figure S3).
According to the statistics, in 2020, 257 JQ2 and 200 JQ4 etiolated seedlings were observed
in the M0 generation, for which the etiolation rates were 2.03% and 1.42%, respectively
(Table 1).

Table 1. Statistics of the number of emergence and etiolation seedlings of ‘JQ2’ and ‘JQ4’ mutants.

Year Variety
Number of
Etiolated
Seedlings

Number of
Non-Etiolated

Seedlings

Number of
Seedling

Emergence

Seeding
Number

Etiolation
Rate (%)

Germination
Rate (%)

2020 M0-JQ2 257 12,677 12,924 25,000 2.03 51.69

M0-JQ4 200 14,078 14,278 25,000 1.42 57.11

2021 M1-JQ2 93 13,371 13,464 49,497 0.70 27.3

M1-JQ4 11 10,777 10,788 33,845 0.10 31.9

2022 M2-JQ2 53 7613 7666 0.70

M2-JQ4 47 3137 3184 1.50

3.2. Screening of Mutant Phenotypes
3.2.1. Plant Type and Leaf Colour Variation

When investigating the main agronomic traits of M2 generation mutants, we focused
mainly on plant type, leaf colour, and grain variation. Dwarfing is an essential type of
plant variation. In 2020, 13 plants of the M1 generation were found to be dwarfed. After
single-plant harvest and single-row sowing in 2021, dwarf phenotypes were found in all 13
of the above lines. Within two years, a total of 94 strains of dwarfism were found (Table S2).
Comparing the mutant dwarf lines with ‘JQ2, JQ4’ (Figure 1A,E) lines, the dwarf line
JQ2-1510-1 was 44.5 cm tall and presented increased lateral branching and late maturation
(Figure 1B). Line JQ2-319-2 had a plant height of 38.4 cm, with compact plant type, dark
green leaf colour, and leaf curl (Figure 1C). Line JQ4-7-17-1 plants were 84.1 cm tall and had
more lateral branches, more dispersed plant types, dark green leaves, and later maturity
(Figure 1F). The height of the JQ4-8-22-4 plants was 90.4 cm, and these plants were loose
(with more branches) and had light-green coloured leaves (Figure 1G). The height of the
mutant plants was significantly reduced, and the height of the plants treated with JQ2
(110.4 cm) was 60.5 cm higher than that of JQ2-1510-1 (49.5 cm), and that of JQ4 (99 cm)
was higher than JQ4-7-17-1 (87.2 cm) (Figure 1D,H).

Two variation types, light green and dark green, were observed. According to the
statistical results, 16 plants with light green leaves and 13 plants with dark green leaves
were found in the M1 generation. There were 97 light green leaves and 81 dark green leaves
in the M2 generation. As shown in Figure 2, which presents leaf colour for JQ2 and JQ4
(Figure 2A,E), some mutants had pale yellow leaves (Figure 2B), and green colouration was
unevenly distributed (Figure 2C). However, the leaves of some of the mutants were darker
than those of their parents (Figure 2D,H).
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3.2.2. Grain Variation

Grain variation included grain type variation and grain colour variation. Five grain
type variations were found: barbs (i.e., spiny outgrowth at the outer wing edge of the
pericarp), thin shells, four edges, and shorter or longer grains (Table S3). For example, the
grains of the JQ2-281-2 mutant were longer grain (Figure 3B), while those of the JQ2-125-3
mutant were shorter than those of the JQ2 mutant (Figure S4B). Crosscutting of the grains
showed that the grain edges of the JQ2-1-2 mutant did not exhibit starch filling (Figure S5B).
When the grain was cut longitudinally, protruding parts on both sides could be observed,
and barbs were present on the three edges of the grain (Figure S5B). The thin hull mutant
JQ2-1253 had smaller grains, with an average length of 5.10 mm and a width of 2.86 µm
(Figure 4C).
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Figure 4. Grain variation of ‘JQ2’ and ‘JQ4’ mutants—thin shell. (A) Comparison of grain types
between JQ2 and JQ2-1253, JQ4 and JQ4-1551. (B) Comparison of grain morphology of JQ2, JQ4,
and mutant under microscope (whole grain from top to bottom, longitudinal cut, transverse cut,
respectively). (C,D) Comparative analysis of grain length. (E) Comparative analysis of grain cross-cut
thickness. (F) Comparative analysis of grain cross-cut area. Through Duncan’s multiple comparative
analysis, the difference of ‘**’ p < 0.01 was significant.

By screening the seeds of the JQ2 and JQ4 mutants, we found that some of the seeds
were larger or smaller than those of the JQ2 and JQ4 strains, and their length and width
differed. By taking pictures of the seeds, we showed that the mutant had obvious variation
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in grain size. The size of the JQ2 mutant seeds decreased, the size of some of the mutant
seeds increased, the seeds became black, and the seeds of JQ2 were grey. As shown in
Figure S6, compared with those of JQ4 and JQ4-116-12, those of the mutant seed (length:
4.08 mm, width: 2.29 mm) decreased than those of the JQ4 seed (length: 6.59 mm, width:
3.94 mm). Additionally, for JQ4-509-2, the seeds became larger and black, while those of
the JQ4 seeds became grey.

In addition to the above four types of grain variation, we also found that TB was
more likely to have triangular grains, and the mutant had four edges with obvious barbs
(Figure S7A). The top of the grains can be seen more clearly (Figure S7B).

3.2.3. Analysis of the 1000-Grain Weights (TGWs) of the Mutants

The obtained mutants were graded according to the standard of JQ2 and JQ4, and the
difference was 10% a grade; that is, 10% above the JQ2 and JQ4 was marked as +10%, and
otherwise, it was marked as 10%, −10%, and so on. The classification of the JQ2 and JQ4
mutants is shown in Table S4, and the TGW of JQ2 was 18.41 g. There were 124 lines in
Grade I, with TGWs ranging from 18.41 g to 20.23 g. There were 56 lines in Grade II with
TGWs ranging from 20.27 g to 22.09 g, 7 lines in Grade III with TGWs ranging from 22.17 g
to 23.09 g, and 2 lines in Grade IV with TGWs of 27.09 g and 30.89 g, respectively. There
were 408 plants in the negative grade, and the TGWs ranged from 11.20 to 18.4 g. The
highest TGWs were exhibited by two lines, and they reached 27.09 g and 30.89 g, increasing
by 47.14% and 67.79%, respectively, which was greater than that of JQ2 (18.41 g).

The TGW of JQ4 was 17.31 g. There were 71 lines in Grade I, with TGWs ranging from
17.36–18.99 g; 57 lines in Grade II, with TGWs ranging from 19.09–20.72 g; and 37 lines in
Grade III, with TGWs ranging from 20.79–22.4 g. Moreover, there were three lines in Grade
IV, with TGW ranging from 22.67–23.19 g; 80 plants had a negative primary TGW (ranging
from 15.57–17.29 g); 38 plants had a negative secondary TGW (ranging from 13.97–15.54 g);
and 21 lines had a negative tertiary TGW (ranging from 11.59–13.79 g). The maximum
TGW in the JQ4 mutant was 24.7 g, which was 42.69% greater than that in the JQ4 mutant.

3.2.4. Mutant Analysis of Grain Weight per Plant (GWP)

Similarly, the mutants were classified according to the grain weight per plant (GWP)
of JQ2 and JQ4; a 20% difference was defined as a grade greater than that of JQ2 and JQ4
(20%), marked as +20%; otherwise, a difference lower than that of JQ2 and JQ4 (20%) was
defined as −20%.

The JQ2 and JQ4 mutants were classified according to GWP (Table S5). There were
12 levels of total GWP in the JQ2 mutant. There were 75 lines in Grade I, with grain weights
ranging from 10.32–12.33 g per plant. Grade II included 54 lines, with grain weights ranging
from 12.35–14.38 g. There were 35 lines in Grade III, with grain weights ranging from
14.43–16.45 g. Grades IV–VI included 10, 11, and 5 lines, respectively, with grain weights
ranging from 16.86–21.88 g. Eight lines at Grade VII had the highest GWPs, ranging from
24.86–32.84 g. The other 428 lines had lower GWPs than did the JQ2 line.

According to the classification method, we investigated 319 lines from JQ4 mutants,
which were divided into 12 grades, of which 84 lines showed a greater GWP. The details
are as follows: Grade I included 21 lines (GWP ranged from 10.42–12.16 g). Grade II
included 19 lines (12.51–14.27 g). In addition, 21 Grade III lines (14.71–16.41 g), 15 Grade IV
plants (16.51–18.37 g), 3 Grade V lines (18.69, 18.97 g, and 20.08 g, respectively), and
3 Grade VI lines had grain weights of 22.1 g, 23.04 g, and 25.49 g, respectively. In Grade VII,
which included 2 lines, the grain weights per plant were 43.08 g and 44.82 g, respectively,
which were 32.8 g and 34.54 g greater than that of JQ4 at 10.28 g. The greater the grain
weight per plant was, the more grains per plant there were or the more significant the grain
weight was. These results show that both yield and quality were high.
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3.2.5. Correlation Analysis of Mutant Grain Traits

Correlation analysis of JQ2 mutant seeds revealed the total number of grains per plant,
total number of grains per plant, number of complete seeds per plant, and the weight of
grain per plant, with a significant positive correlation (Figure S8A). Grain length, grain
width, and grain circumference were also strongly positively correlated. The greater the
grain length and width were, the greater the grain circumference was. There was also a
slight positive correlation between GWP and TGW. That might indicate that the thousand-
grain weight of the plant is affected not only by the grain weight of the single plant but
also by the grain size.

3.3. Analysis of Differences in Flavonoid Content in the Mutants

The flavonoid content of the JQ2 and JQ4 mutants were determined via near-infrared
spectroscopy. According to the flavonoid content of the JQ2 mutants, these mutants were
divided into five clusters by clustering using Euclidean distance (Figure 5). The first cluster
included 31 lines in which the contents of hesperidin, kaempferol, luteolin, and quercetin
were greater than those in the other lines. The highest hesperidin content was 1.65 mg/g,
the kaempferol content was 23.08 mg/g, and the quercetin content reached 45.77 mg/g.
The second category included 70 individual plants whose hesperidin, kaempferol, and
quercetin contents were lower than those in the first category. There were 69 plants in the
third group, and the hesperidin and kaempferol contents were greater than those in the
second group; however, the rutin content was lower than that in the first two groups. In
the fourth and fifth groups, the contents of kaempferol, morin, rutin, and quercetin were
lower than those in the first three groups. The contents of these four compounds in the
fifth group were the lowest, with the lowest content of kaempferol being 15.82 mg/g, that
of morin being 25.52 mg/g, that of rutin being 82.90 mg/g, and that of quercetin being
41.25 mg/g. The highest rutin content was 82.60 mg/g, representing an increase of 19.30%
from the JQ2 rutin content, which was 69.24 mg/g.
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The JQ4 mutants could be classified into four classes according to differences in rutin
content. The first class contained 41 individual lines and 10 kinds of flavonoids, each with a
moderate content. The second class contained 50 individual lines where the highest content
of morin was 28.48 mg/g, the content of rutin was 82.00 mg/g, and the content of quercetin
was 43.32 mg/g. All of these values were high; however, the content of kaempferol was
low, and the lowest was 18.83 mg/g. There were 32 individual plants in the third class,
among which the kaempferol content was the highest (17.98 mg/g), the luteolin content
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was 0.22 mg/g, and the morin content was 26.25 mg/g. There were 30 individual plants in
the fourth class, among which the rutin content was the highest, with a maximum content
of 82.06 mg/g, exhibiting an increase of 86.31% from that of JQ4, which was 44.04 mg/g.

4. Discussion

Mutants are essential materials for basic crop breeding research. Researchers have
created crop mutants and bred new plant varieties. However, whether these mutant mate-
rials can aid in molecular-assisted breeding still needs to be determined, and determining
whether their mutation is stable requires ongoing planting of the next generation to observe
their mutation stability. In addition, analysis of the causes of mutations from a genomic
perspective has become an essential direction of functional genomics research. Yield is an
important trait for crop improvement. The standard components of TB yield include GWP,
TGW, and field planting density, etc. [27–29]. In our study, we also found potential high-
yield lines with a larger grain sizes or high GWPs. Through EMS mutagenesis, buckwheat
germplasms with 100 grain weights and yields per plant were obtained. Qin et al. (2020) [30]
treated ‘18-1’ bean seeds with EMS, conducted field phenotype screening on 2128 individual
M2 plants throughout the growth period, and screened out 107 mutant lines, accounting
for 5.03% of the population. Mutants with variations in leaf, stem, flower, pod, plant type,
fertility, and maturity were constructed. The number and type of mutants related to middle
lobe colour were the greatest, accounting for 27.0% of the total number of mutants. The
numbers of mutants related to stem, flower, and fertility were equal and the lowest, account-
ing for 10.3% of the total number of mutants. This study provides new materials for the
construction and innovation of mutant libraries. Studying the relationship between genome
functional phenotypes and genetic breeding is important. On this basis, we screened the
lines whose 1000-grain weight and grain weight per plant significantly increased, providing
a material basis for selecting varieties with high and stable yields in the future. By investi-
gating crop agronomic traits, we can obtain excellent mutants via selection or from hybrid
materials and ultimately select excellent varieties. Ahmad et al. (2023) [31] compared the
effects of different doses of gamma rays and EMS mutagenesis on the agronomic traits of
TB and reported that plant height and 100-grain weight were greater in response to 0.3%
EMS mutagenesis than in response to other treatments (gamma rays and 0.1% or 0.2% EMS
treatment). On the basis of previous reports from our research group, when we screened
the concentration of EMS, we found that the optimal concentration for TB variety HF was
1.2%; therefore, this concentration was used in this study, and better experimental results
were obtained.

Flavonoids are a class of secondary metabolites that play a critical physiological role
in buckwheat plants and are widely distributed in plant organs, such as seeds, buds, stalks,
leaves, flowers, and roots [32–34]. Wang et al. [35] determined the contents of six flavonoids
in 12 buckwheat varieties from different regions. The results showed that the contents of
the six flavonoids and the total flavonoids in buckwheat from different regions significantly
differed (p < 0.05); the content of rutin was the highest (0.1180~0.3768%), and the contents of
kaempferol and hypericin were relatively low. Qin et al. [36] studied 21 TBs and 18 common
buckwheat varieties and reported that the contents of rutin, quercetin, and total flavonoids
in TBs were 606–1867 mg/100 g, 31–238 mg/100 g, and 665–2274 mg/100 g, respectively.
The contents of rutin and total flavonoids in common buckwheat were 15–168 mg/100 g and
67–25 mg/100 g, respectively, and quercetin was detected in only two buckwheat samples,
the contents of which were 5 mg/100 g and 9 mg/100 g, respectively. Researchers have
evaluated the agronomic and quality traits of TB from Guizhou Province [37]. In studies
of lettuce, Gurdon et al. [38] reported that mutants with high flavanol (2–4-fold increase)
and phenol contents could be obtained, as could flavonoid loss mutants obtained from
grass pea via EMS mutagenesis; these findings could lead to the development of good tools
for gene function research and material innovation. These materials were subsequently
subjected to gene function and genetic population mapping analyses, and excellent alleles
for controlling flavonoid metabolism were identified.
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In this study, the flavonoid content of JQ2 and JQ4 mutants was determined. Through
cluster analysis, the flavonoid content of the JQ2 mutants was divided into five categories,
and that of the JQ4 mutants was divided into four categories; from these categories, lines
with excellent flavonoid content variation, such as those concerning the content of rutin
and quercetin, were selected. Through this analysis, we screened the strains with high rutin
and quercetin contents, which can provide some support for our research on rutin. Most
of the literature reports that phenolic substances mainly affect crop stress tolerance and
insect resistance [39,40], and these indicators could improve crop yield. However, there
may be a lack of evidence, for a direct relationship between these compounds, and the
relationship between high yield and high phenolic content needs further study. In addition,
we found that the contents of various flavonoid compounds in the mutant grains were
significantly different, indicating that some of the flavonoid compounds in the mutant lines
were superior to those in the parental lines, which laid a material foundation for our later
experiments and crop breeding.

5. Conclusions

The strict self-pollination traits of TBs hinder the process of cross-breeding, which
limits the improvement of TB breeding. Unlike conventional breeding, mutational breed-
ing is a rapid, efficient, and large-scale directional breeding method for new varieties.
Combined with phenotype and chemical analysis, this approach can shorten the artificial
breeding cycle and reduce labour costs. At the same time, combined with genetic analysis,
this approach can quickly locate target genes and provide genetic resources with breed-
ing value. In this study, two TB mutant libraries were constructed based on EMS, and
high-yielding TB lines were screened by phenotype. Then, new lines with high levels of
flavonoid metabolites were screened using the NIR method combined with hierarchical
cluster analysis, which provided available materials and germplasm resources for further
breeding of high-yielding and flavonoid-rich TB varieties.

Supplementary Materials: The following supporting information can be downloaded at https:
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(G) Quercetin. (H) Orientin. (I) Naringin. (J) Myricetin; Figure S2: A near-infrared spectroscopy model
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(A) JQ2. (B) JQ2 mutant. (C) JQ4. (D) JQ4 mutant; Figure S4. Grain variation of ‘JQ2’ and ‘JQ4’
mutants—short grain. (A) Comparison of grain length between JQ2 and JQ2-125-3 or between JQ4
and JQ4-315-4. (B) Comparison of the grain lengths of ‘JQ2’, ‘JQ4’ and the mutant under a microscope
(whole grains from top to bottom, longitudinally cut, transverse cut, respectively). (C, D) Comparative
analysis of grain length. (E, F) Comparative analysis of the grain cross-cut area. ‘*’ p < 0.05. ‘**’ p < 0.01;
Figure S5: Grain variation of ‘Jinqiao 2’ and ‘Jinqiao 4’ mutants–barbs. (A) Comparison of grain
types between JQ2 and JQ2-1-2 or between JQ4 and JQ4-1211. (B) Comparison of the morphology of
JQ2, JQ4 and mutant grains under a microscope (whole grains from top to bottom, longitudinally
cut, transverse cut, respectively). (C, D) Comparative analysis of grain length. (E, F) Comparative
analysis of the grain cross-cut area. ‘*’ p < 0.05. ‘**’ p < 0.01; Figure S6: Comparison of mutant grain
size. (A-C) Comparison of the grain size of JQ2-treated and mutant strains. (D) 1000-particle weight
statistics of the JQ2 mutant. (E-G) Comparison of grain size between the JQ4-treated and mutant
strains. (H) 1000-particle weight statistics of the JQ4 mutant; Figure S7: Variation in the grains of
the ‘JQ2’ mutant–four edges. (A) Comparison between JQ2 and the quadrangle. (B) The grains were
compared by overhead shot. (C) Grain cross cut comparison; Figure S8: Correlation analysis of ‘JQ2’
and ‘JQ4’ mutants. (A) JQ2. (B) JQ4; Table S1: Flavonoid standard quality spectrum information;
Table S2: Type and leaf colour statistics of ‘JQ2’ and ‘JQ4’ mutant plants; Table S3: Grain type and
grain colour statistics of ‘JQ2’ and ‘JQ4’ mutants; Table S4: Classification statistics of thousand-grain
weight in ‘JQ2’ and ‘JQ4’ mutant lines; Table S5: Classification statistics of grain weight per plant in
the ‘JQ2’ and ‘JQ4’ mutant lines.
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