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Abstract: Metabolite composition and concentrations in seed grains are important traits of cereals.
To identify the variation in the seed metabolotypes of a model grass, namely Brachypodium distachyon,
we applied a widely targeted metabolome analysis to forty inbred lines of B. distachyon and examined
the accumulation patterns of 183 compounds in the seeds. By comparing the metabolotypes with
the population structure of these lines, we found signature metabolites that represent different
accumulation patterns for each of the three B. distachyon subpopulations. Moreover, we found that
thirty-seven metabolites exhibited significant differences in their accumulation between the lines
Bd21 and Bd3-1. Using a recombinant inbred line (RIL) population from a cross between Bd3-1 and
Bd21, we identified the quantitative trait loci (QTLs) linked with this variation in the accumulation
of thirteen metabolites. Our metabolite QTL analysis illustrated that different genetic factors may
presumably regulate the accumulation of 4-pyridoxate and pyridoxamine in vitamin B6 metabolism.
Moreover, we found two QTLs on chromosomes 1 and 4 that affect the accumulation of an anthocyanin,
chrysanthemin. These QTLs genetically interacted to regulate the accumulation of this compound.
This study demonstrates the potential for metabolite QTL mapping in B. distachyon and provides new
insights into the genetic dissection of metabolomic traits in temperate grasses.
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1. Introduction

Cereal grains provide important nutrients in the human diet [1,2]. Therefore, grain quality is
an agronomically important trait influenced by genetic factors, which are related to the metabolism
of various phytochemicals in seeds [3]. Due to the growing awareness of the requirements for
healthy foods for humans and livestock, the discovery of genes and alleles associated with metabolic
phenotypes in cereal seeds has become a focus of breeding in order to generate more nutrient-rich
cereals [4,5].

Metabolite quantitative trait locus (mQTL) analysis and metabolite-based genome-wide association
studies (mGWAS) have enabled us to identify relationships between genetic and metabolic variation [6,7]
and have led to advances in the discovery of genes involved in metabolic pathways and their regulatory
networks [8–10]. In plants, these genetic approaches combined with high-throughput metabolomics
have allowed researchers to discover genes associated with an abundance of metabolites in model plants,
such as Arabidopsis thaliana, and in various crop species (such as Beta vulgaris, Brassica napus, Brassica
oleracea, Capsicum annuum, Cucumis melo or yza sativa, Prunus persica, Solanum lycopersicum, Solanum
tuberosum, Triticum aestivum and Zea mays) [7,11]. For example, in Arabidopsis, mQTL analysis [12]
and mGWAS [13] identified several genes encoding enzymes that have roles in specific metabolic
pathways. Similarly, in crop species, mQTL analysis [14] and mGWAS [15] have led to the identification
of functional relationships between genes and metabolite accumulation. Thus, genetic approaches
coupled with metabolomics-based phenotyping enables us to identify genetic factors involved in
metabolic pathways and metabolite phenotypes. The model grass Brachypodium distachyon is a
good model system for studying biological phenomena specific to temperate cereals as well as
high-carbohydrate crops in the grass family due to its small size, short life cycle, self-fertility and fully
sequenced diploid genome [16–18]. B. distachyon is phylogenetically close to crops within the tribe
Triticeae, including wheat, which is one of the most important dietary sources of carbohydrates for
humans [19]. Genetic tools, such as the TILLING platform [20,21], T-DNA insertion mutants [22,23]
and a diverse collection of inbred lines [24,25], are available for B. distachyon. The B. distachyon lines
exhibit wide phenotypic variation for many traits, including flowering time [26–28], root system
architecture [29], resistance to barley stripe mosaic virus [30] and Rhizoctonia solani [31], water-use
efficiency [32], freezing tolerance [33] and drought tolerance [34–36]. More recently, pan-genome
sequencing highlighted the population structure and genomic variation across a diverse panel of
lines [37]. We previously demonstrated metabolome-wide differences in the seeds and early vegetative
stages between inbred lines of B. distachyon [38]. However, to our knowledge, this variation in
metabolite abundance has not been exploited to identify the genetic factors associated with metabolite
abundance in temperate grasses.

In this study, we performed a preliminary mQTL analysis on the accumulation of seed metabolites
in B. distachyon. Using a widely targeted metabolome analysis of forty B. distachyon lines, we attempted
to identify signature metabolites that displayed distinctive accumulation patterns across B. distachyon
subpopulations. We also identified metabolites that differentially accumulated in seeds of the lines Bd21
and Bd3-1 before identifying QTLs linked with the variation in accumulated levels of 13 metabolites
between these two lines. Our mQTL analysis further illustrated genetic factors that may regulate
differences in the accumulation of 4-pyridoxate and pyridoxamine in the vitamin B6 metabolism
pathway as well as the accumulation of chrysanthemin (Cyanidin 3-glucoside) in B. distachyon seeds.
These findings demonstrate the feasibility of metabolome QTL mapping in B. distachyon and provide
new insights into the genetic regulation of metabolite traits in temperate grasses.

2. Results

2.1. Genetic and Metabolic Variation among Forty B. distachyon Inbred Lines

First, we identified 2564 biallelic SNPs across the forty lines based on their GBS and whole-genome
sequencing datasets (Table S1) and verified their phylogenetic relationships. The principal component
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analysis (PCA) plot showed that they were classified into two major groups, one of which was further
separated into two groups (Figure 1A). This was consistent with its estimated population structure
based on a previous pan-genome analysis [37]. When we compared the accumulation patterns of
183 metabolites (Table S2) from these lines through PLS-DA analysis with the metabolotype datasets
from our widely-targeted metabolome analysis, we found that the forty lines were again classified into
two major groups, one of which could be further separated into two groups based on their metabolotypes.
This suggests that the observed metabolotype variation reflected the population structure of B. distachyon
(Figure 1B). To identify metabolites whose accumulation patterns were related to the population groups,
we examined the variable importance of projection (VIP) scores based on the results of PLS-DA and
identified thirty-six metabolites with VIP scores of >1.5 for at least one of the three components
(Figure 1C). Specifically, 4-pyridoxate, DL-pipecolinic acid, 1-amino-1-cyclopentanecarboxylic acid,
betaine and pyridoxine showed VIP scores of >2.5 for component 1, suggesting clear differences
in accumulation patterns for these metabolites in relation to the metabolotypes associated with the
stratified population groups of B. distachyon.

2.2. Metabolotype Differences Between Bd21 and Bd3-1

To identify genetic factors related to the differences in metabolite accumulation that were observed
between the inbred lines from the same subpopulation and to link metabolic variation to genetic
variation, we identified seed metabolites that differentially accumulated in Bd21 and Bd3-1, for which
a recombinant inbred line (RIL) population exists [30]. We quantified 183 metabolites in mature
Bd21 and Bd3-1 seeds and found that thirty-seven of these metabolites differentially accumulated
(p < 0.05) between the two lines (Figure 2A). A total of twenty-nine and eight of those metabolites
were more abundant in Bd21 and Bd3-1, respectively (Figure 2B, Table S3). We found differential
accumulation patterns in a variety of amino acids between the two strains, which may have resulted
from differences in the metabolic pathways related to amino acid biosynthesis. Moreover, we found
differentially accumulating metabolites between the two lines that may be co-regulated through related
metabolic pathways. Specifically, we found that Bd3-1 abundantly accumulated both tryptophan
and kynurenine, an intermediate metabolite in the kynurenine pathway that is metabolized from
tryptophan, which suggests variation in the metabolic regulatory networks of Bd21 and Bd3-1.
In contrast, Bd21 abundantly co-accumulated pyridoxamine, 4-pyridoxate and pyridoxal phosphate,
which are namely a compound of vitamin B6, a catabolite of vitamin B6 and the active form of
vitamin B6, respectively. This suggests a difference in vitamin B6 metabolism between the two strains.
These differentially accumulated metabolites represent distinct metabolic phenotypes between the
closely related lines within a subpopulation of B. distachyon.

2.3. QTL Mapping of Metabolite Accumulation Using RILs Derived from a Cross Between Bd21 and Bd3-1

To identify genetic loci related to the metabolic phenotypes of the thirty-seven differentially
accumulating metabolites in Bd21 and Bd3-1, we performed QTL mapping for each metabolite using an
F6-derived RIL population derived by crossing those lines. After this, we reconstructed a linkage map
based on 551 SNP markers distributed across the five B. distachyon chromosomes and previously used
to genotype each RIL [30]. We found QTLs linked to thirteen metabolites that showed logarithm of the
odds (LOD) scores higher than the threshold of 5% significance level between the two lines (Figure 3).
Using our replicated metabolome measurements in the RIL population, we identified QTLs for the
accumulation of chrysanthemin, catabolic products of vitamin B6 and the flavonoid anthocyanin,
respectively (Figure 3). QTL analysis for the other differentially accumulating metabolites in the
parental lines did not show well-defined or significant LOD peaks, suggesting that the underlying
QTLs may have been composed of many genes with limited individual effects and/or that they may
have strong interactions with environmental factors during seed maturation.



Int. J. Mol. Sci. 2019, 20, 2348 4 of 15  

 

Figure 1. Genotype and metabolotype variation across forty B. distachyon inbred lines. (A) PCA plot of 
the forty natural B. distachyon lines based on the biallelic SNP dataset generated using publicly 
available GBS and whole-genome sequencing data. (B) PLS-DA plot of the forty B. distachyon lines 
based on accumulation profiles of the 183 metabolites in mature seeds. The colors for individuals are 
the same as in (A). (C) The signature metabolites based on the variable importance of projection (VIP) 
score (>1.5) of PLS-DA analysis. (D) Accumulation patterns of the signature metabolites across the 
forty B. distachyon lines. The heatmap represents hierarchically clustered accumulation patterns of 

Figure 1. Genotype and metabolotype variation across forty B. distachyon inbred lines. (A) PCA plot
of the forty natural B. distachyon lines based on the biallelic SNP dataset generated using publicly
available GBS and whole-genome sequencing data. (B) PLS-DA plot of the forty B. distachyon lines
based on accumulation profiles of the 183 metabolites in mature seeds. The colors for individuals are
the same as in (A). (C) The signature metabolites based on the variable importance of projection (VIP)
score (>1.5) of PLS-DA analysis. (D) Accumulation patterns of the signature metabolites across the
forty B. distachyon lines. The heatmap represents hierarchically clustered accumulation patterns of the
signature metabolites based on the normalized binary logarithm (log2) values of their quantitative data.
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Figure 2. Differentially accumulating metabolites in Bd21 and Bd3-1 seeds. (A) Volcano plot representing 
metabolites in seeds between Bd21 and Bd3-1 (p < 0.05). (B) Accumulation patterns of thirty-seven 
differentially accumulating metabolites in Bd21 and Bd3-1 seeds as well as their fold change. 

Figure 2. Differentially accumulating metabolites in Bd21 and Bd3-1 seeds. (A) Volcano plot representing
metabolites in seeds between Bd21 and Bd3-1 (p < 0.05). (B) Accumulation patterns of thirty-seven
differentially accumulating metabolites in Bd21 and Bd3-1 seeds as well as their fold change.
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Figure 3. Results of mQTL analysis using an RIL population from the cross Bd3-1 × Bd21. Heat map 
representing the distribution of LOD scores for 17 metabolites across five chromosomes (Bd1, Bd2, Bd3, 
Bd4 and Bd5) in B. distachyon. The heat map for each metabolite is created using three replicates. 

2.4. QTLs Related to Vitamin B6 Metabolism in B. distachyon 

From our metabolome phenotyping of the RIL population, we identified QTLs for the 
accumulation of metabolites in the vitamin B6 metabolism pathway that affect 4-pyridoxate and 
pyridoxamine on chromosomes 3 and 1, respectively (supported by 1000 permutation tests; α = 0.05) 
(Figure 3 and Table 1). We identified a single major QTL for the accumulation of 4-pyridoxate on 
chromosome 3 in the B. distachyon genome (Figure 4A). This was located near the SNP marker 
BD1742_2, for which the LOD score and percentage of variance explained by the QTL were large 
(LOD = 17.3–21.4 and 38.4–45.2%, respectively). These statistics, the clear co-segregation of the 
genotype from the closest marker and the accumulation of 4-pyridoxate across the RIL population 
(Figure 4B) suggest that the identified QTL was a major genetic factor regulating the differential 
accumulation of 4-pyridoxate in Bd21 and Bd3-1 seeds. We explored annotated genes in the 
chromosomal region flanked by the SNP markers BD1381_1 and BD0507_4, in which 284 genes were 
annotated in the Bd21 genome (Table S4). Additionally, we identified a QTL for the accumulation of 
pyridoxine on chromosome 1 with a threshold of α = 0.05 in 1,000 permutations. We found that the 
QTL was located near the SNP marker BD1723_1, for which the LOD score and percentage of variance 
explained by the QTL were LOD = 4.7 and 12.3%, respectively, suggesting a weak effect on the 
accumulation of pyridoxine. The results of interval mapping showed multiple LOD peaks on 
chromosome 1, 2 and 3, most of which were below the threshold (Figure 3). This suggests that the 
accumulation of pyridoxine may be regulated by multiple genes with weak effects. Using our 
metabolome analysis of Bd21 and Bd3-1, we found differences in the accumulation of pyridoxamine 
and 4-pyridoxate between the two lines (Figure 2) and our mQTL analysis illustrated that different 
genetic factors may regulate the accumulation level of these two compounds in vitamin B6 
metabolism in B. distachyon seeds. 

Figure 3. Results of mQTL analysis using an RIL population from the cross Bd3-1 × Bd21. Heat map
representing the distribution of LOD scores for 17 metabolites across five chromosomes (Bd1, Bd2, Bd3,
Bd4 and Bd5) in B. distachyon. The heat map for each metabolite is created using three replicates.

2.4. QTLs Related to Vitamin B6 Metabolism in B. distachyon

From our metabolome phenotyping of the RIL population, we identified QTLs for the accumulation
of metabolites in the vitamin B6 metabolism pathway that affect 4-pyridoxate and pyridoxamine on
chromosomes 3 and 1, respectively (supported by 1000 permutation tests; α = 0.05) (Figure 3 and
Table 1). We identified a single major QTL for the accumulation of 4-pyridoxate on chromosome 3
in the B. distachyon genome (Figure 4A). This was located near the SNP marker BD1742_2, for which
the LOD score and percentage of variance explained by the QTL were large (LOD = 17.3–21.4 and
38.4–45.2%, respectively). These statistics, the clear co-segregation of the genotype from the closest
marker and the accumulation of 4-pyridoxate across the RIL population (Figure 4B) suggest that the
identified QTL was a major genetic factor regulating the differential accumulation of 4-pyridoxate
in Bd21 and Bd3-1 seeds. We explored annotated genes in the chromosomal region flanked by the
SNP markers BD1381_1 and BD0507_4, in which 284 genes were annotated in the Bd21 genome
(Table S4). Additionally, we identified a QTL for the accumulation of pyridoxine on chromosome 1 with
a threshold of α = 0.05 in 1,000 permutations. We found that the QTL was located near the SNP marker
BD1723_1, for which the LOD score and percentage of variance explained by the QTL were LOD =

4.7 and 12.3%, respectively, suggesting a weak effect on the accumulation of pyridoxine. The results
of interval mapping showed multiple LOD peaks on chromosome 1, 2 and 3, most of which were
below the threshold (Figure 3). This suggests that the accumulation of pyridoxine may be regulated
by multiple genes with weak effects. Using our metabolome analysis of Bd21 and Bd3-1, we found
differences in the accumulation of pyridoxamine and 4-pyridoxate between the two lines (Figure 2)
and our mQTL analysis illustrated that different genetic factors may regulate the accumulation level of
these two compounds in vitamin B6 metabolism in B. distachyon seeds.
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Figure 4. Genetic mapping of QTLs for 4-pyridoxate accumulation in the Bd3-1 × Bd21 RILs. (A) A 
QTL likelihood (LOD) map of the genomic region that covers the QTL region of interest, with a LOD 
significance threshold of p < 0.05. The colored LOD curves correspond to three replicates of 
metabolome measurements. (B) Average relative abundance of 4-pyridoxate in seeds for the 
genotypes nearest to the closest marker, BD1742_2, in the RILs. 

2.5. Interaction of QTLs for Accumulation of Chrysanthemin in B. distachyon 

Using our metabolome QTL analysis, we found two QTLs for the accumulation of 
chrysanthemin on chromosomes 1 and 4 in the B. distachyon genome. We found that the QTL on 
chromosome 4 was located near the SNP markers BD3636_1 and/or BD4076_1, with LOD scores and 
percentage of variance explained by the QTL of LOD being 4.9–8.3 and 13.0–20.9%, respectively. The 
other QTL, positioned on chromosome 4, was located near BD1893_1 or BD3589_1, with LOD scores 
and percentage of variance explained by the QTL of LOD being 4.0–4.9 and 10.7%–12.9%, respectively 
(Table 2). By estimating the additive effects of these QTLs, we found that the QTLs on chromosomes 
1 and 4 showed negative and positive effects on this metabolotype, respectively, and originated from 
Bd3-1 and Bd21, respectively. We explored annotated genes in the chromosomal regions of these 
QTLs flanked by the SNP markers BD0454_1–BD1404_2 and BD0833_2–BD4222_1 and found that 107 
and 1120 genes are annotated in the Bd21 genome, respectively (Table S5). To assess the interactions 
between these two QTLs, we performed two-way interval mapping and calculated the likelihood 
under an additive QTL model and a full (additive + interaction) QTL model. We found a slight 
difference between the LOD scores of these two models (full model: 10.88 and additive model: 10.37) 
(Figure 5A), suggesting that they displayed additive effects rather than epistatic interactions for the 
accumulation of chrysanthemin in B. distachyon seeds. We also examined the distribution of allelic 
combinations for the closest SNP markers linked to the QTLs (BD3636_1 and BD1893_1) and the 
accumulation of chrysanthemin in the RIL population. We confirmed that the lines with allelic 
combinations of BD3636_1Bd3-1–BD1893_1Bd21 and BD3636_1Bd21–BD1893_1Bd3-1 showed more and less 
accumulation of chrysanthemin compared to other lines, respectively, further confirming the additive 

Figure 4. Genetic mapping of QTLs for 4-pyridoxate accumulation in the Bd3-1 × Bd21 RILs. (A) A
QTL likelihood (LOD) map of the genomic region that covers the QTL region of interest, with a LOD
significance threshold of p < 0.05. The colored LOD curves correspond to three replicates of metabolome
measurements. (B) Average relative abundance of 4-pyridoxate in seeds for the genotypes nearest to
the closest marker, BD1742_2, in the RILs.

2.5. Interaction of QTLs for Accumulation of Chrysanthemin in B. distachyon

Using our metabolome QTL analysis, we found two QTLs for the accumulation of chrysanthemin
on chromosomes 1 and 4 in the B. distachyon genome. We found that the QTL on chromosome 4 was
located near the SNP markers BD3636_1 and/or BD4076_1, with LOD scores and percentage of variance
explained by the QTL of LOD being 4.9–8.3 and 13.0–20.9%, respectively. The other QTL, positioned on
chromosome 4, was located near BD1893_1 or BD3589_1, with LOD scores and percentage of variance
explained by the QTL of LOD being 4.0–4.9 and 10.7%–12.9%, respectively (Table 2). By estimating the
additive effects of these QTLs, we found that the QTLs on chromosomes 1 and 4 showed negative and
positive effects on this metabolotype, respectively, and originated from Bd3-1 and Bd21, respectively.
We explored annotated genes in the chromosomal regions of these QTLs flanked by the SNP markers
BD0454_1–BD1404_2 and BD0833_2–BD4222_1 and found that 107 and 1120 genes are annotated
in the Bd21 genome, respectively (Table S5). To assess the interactions between these two QTLs,
we performed two-way interval mapping and calculated the likelihood under an additive QTL model
and a full (additive + interaction) QTL model. We found a slight difference between the LOD scores
of these two models (full model: 10.88 and additive model: 10.37) (Figure 5A), suggesting that they
displayed additive effects rather than epistatic interactions for the accumulation of chrysanthemin in B.
distachyon seeds. We also examined the distribution of allelic combinations for the closest SNP markers
linked to the QTLs (BD3636_1 and BD1893_1) and the accumulation of chrysanthemin in the RIL
population. We confirmed that the lines with allelic combinations of BD3636_1Bd3-1–BD1893_1Bd21 and
BD3636_1Bd21–BD1893_1Bd3-1 showed more and less accumulation of chrysanthemin compared to other
lines, respectively, further confirming the additive effect of the QTLs (Figure 5B). Thus, these findings
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mQTL mapping.
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Figure 5. Interaction of QTLs in the accumulation of chrysanthemin in the Bd3-1 × Bd21 RILs. (A) LOD 
scores corresponding to additive or full (additive and interaction) models for each combination of 
chromosomes 1 and 4 QTLs for the accumulation of chrysanthemin. The upper left and lower right 
triangles represent the results of the full and additive models, respectively. The color scale indicates 
separate LOD score scales for the full and additive models. LOD scores computed using five models are 
represented on the two-dimensional QTL scan. (B) Combined effects of the two QTLs on the 
accumulation of chrysanthemin in the RILs. The histogram represents the phenotypic distribution of 
chrysanthemin accumulation in the RILs for the four genotype combinations corresponding to the two 
SNP markers Bd3534_1 and BD1893_1, located on chromosomes 1 and 4, with the maximum LOD score. 

Figure 5. Interaction of QTLs in the accumulation of chrysanthemin in the Bd3-1 × Bd21 RILs. (A) LOD
scores corresponding to additive or full (additive and interaction) models for each combination of
chromosomes 1 and 4 QTLs for the accumulation of chrysanthemin. The upper left and lower right
triangles represent the results of the full and additive models, respectively. The color scale indicates
separate LOD score scales for the full and additive models. LOD scores computed using five models
are represented on the two-dimensional QTL scan. (B) Combined effects of the two QTLs on the
accumulation of chrysanthemin in the RILs. The histogram represents the phenotypic distribution of
chrysanthemin accumulation in the RILs for the four genotype combinations corresponding to the two
SNP markers Bd3534_1 and BD1893_1, located on chromosomes 1 and 4, with the maximum LOD score.
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Table 1. Summary of mQTLs related to vitamin B6 metabolism.

Metabolite Replicate Chromosome QTLs (cM) Maximum LOD Percentage of
Additive Effect (%)

Percentage of Variance
Explained (%)

LOD Support Interval
(1.5-LOD Dropping from

the Maximum LOD)

Closest SNP
Maker

Physical Location
of Closest SNP

Marker *

4-Pyridoxate
1 3 171.0 17.3 −62.8 38.4 168.3–173.0 cM (15.3–15.6)

BD1742_2 22,818,9452 3 171.0 20.7 −64.7 44.1 170.0–173.4 cM (19.1–18.2)
3 3 171.0 21.4 −67.2 45.2 168.3–174.0 cM (19.2–19.6)

Pyridoxamine 3 1 108.4 4.7 −34.3 12.3 98.0–113.0 (2.8–2.7) BD1723_1 30,380,964

* Physical location of SNP positions based on Cui et al. (2012) [30].

Table 2. Summary of mQTLs related to chrysanthemin accumulation.

Replicate Chromosome QTLs (cM) Maximum
LOD

Percentage of additive
effect (%)

Percentage of Variance
Explained (%)

LOD Support Interval
(1.5-LOD Dropping from

the Maximum LOD)

Closest SNP
Maker

Physical Location of
Closest SNP Marker *

1 1 262.0 8.3 45.6 20.9 258.0–268.0 (6.7–5.9) BD3636_1 63,763,612
2 1 261.0 4.9 35.4 13.0 256.0–266.0 (3.4–3.1)

BD4076_1 63,379,714
3 1 261.0 6.2 39.5 16.1 242.0–265 (4.7–4.6)
1 4 136.0 4.0 –33.3 10.7 122.0–146.0 (2.3–2.0) BD1893_1 23,806,368
3 4 138.4 4.9 –35.7 12.9 127–141.7 (3.4–3.0) BD3589_1 26,658,442

* Physical location of SNP positions based on Cui et al. (2012) [30].
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3. Discussion

After comparing the genetic population structure and metabolotypes of the forty B. distachyon
inbred lines, our results suggested that seed metabolotypes may be stratified according to their
subpopulations. Our multivariate analysis based on the metabolome dataset identified a list of
signature metabolites whose accumulation patterns appear to represent specific characteristics in each
of the B. distachyon subpopulations. International efforts focusing on genetic resource development
for Brachypodium research [24,25] have contributed to an increase in the number of unique genotypes
submitted to databases in various institutions. Due to its small genome size, small physical size
and short life cycle, the large-scale exploration of genetic associations with phenotypic differences in
B. distachyon will enable us to comprehensively identify genetic and environmental factors related
to a variety of traits in the life cycles of temperate grass species. In addition to the pan-genome
analysis in Brachypodium distachyon [37], the results from population-wide genotyping and population
structure analyses will be a valuable resource for gene discovery through GWAS as it will describe the
phenotypic differences found within a subpopulation [39]. Moreover, because the population structure
is one of the major factors of genomic inflation in GWAS [40], QTL analysis with RIL populations
will provide a useful complemental approach, especially for genetic analysis of phenotypic variations
correlated with the population stratification. Therefore, the RIL populations across the subpopulations,
such as Bd3-1/Bd1-1 [36] and Bd21/Bd1-1 [41], will provide us with opportunities to identify genetic
factors associated with wide ranges of phenotypic variations. In addition to the recent advances
in high-throughput genotyping [42] and plant phenotyping [43], widely targeted metabolomics can
provide a useful analytical framework for chemical-based phenotyping to identify genes associated
with metabolic phenotypes [6,7] in addition to providing metabolic insights into phenotypic plasticity
and local adaptations mediated by chemical diversity in B. distachyon [24,25]. Moreover, such chemical
diversity may be useful as an integrator to predict external phenotypes from genotypes [44].

Using a RIL population generated from a cross between Bd21 and Bd3-1, we performed an mQTL
analysis that aimed to identify genetic factors related to the accumulation of several metabolites in B.
distachyon seeds. Several previous studies have attempted mQTL identification in various plant species,
which have found QTLs in 84 out of 181 metabolites (46.4%) in A. thaliana shoots [45], 58 out of 311
metabolites (18.6%) in A. thaliana seeds [46] and 453 out of 759 metabolites (59.7%) in rice grains [47].
In comparison to previous reports on mQTL identification, we identified a low number of QTLs in this
present study (13 out of 37 metabolites that differentially accumulated between the parental strains;
35.1%). This may have been due to the small variation in the numbers of differentially accumulated
metabolites found between the two strains as well as their genetic relatedness since both lines were
collected in Iraq [48]. In this study, using our analysis of QTLs related to the accumulation of vitamin
B6-related metabolites and the anthocyanin chrysanthemin, we demonstrated the effectiveness of
this approach for exploring the genetic basis of the B. distachyon metabolome through our genetic
dissection of metabolomics quantitative traits. Viewing the list of genes annotated in the QTL region of
the accumulation of vitamin B6-related metabolites (Table S4), we found that the gene Bradi3g23340
encodes a putative pyridoxamine 5′-phosphate oxidase (PPOX), which plays a role in vitamin B6
metabolism. Regarding the QTL region of the anthocyanin chrysanthemin, the list still contains many
genes annotated on the QTL intervals (Table S5). Because further investigation is needed to determine
the causal gene of the QTL, various genome resources developed in Brachypodium [20,23] will facilitate
the process of genetically narrowing down the candidate genes and functional analysis through a
detailed gene expression study and metabolome profiling during seed development and maturation
process. Vitamins and anthocyanins are important nutritionally for both plants and humans [49–52].
Because vitamin B6 biofortification in staple crops has been shown to be a promising strategy for
reducing the risk of vitamin B6 deficiency in human populations [53], understanding the genetic and
chemical basis of vitamin B6 metabolism and phenotypic variation for its accumulation in cereal grains
may improve our ability to successfully breed enhanced vitamin B6 levels. Other desired metabolites
may be enhanced through similar strategies. Anthocyanins have also been a breeding target in staple
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crops, such as wheat, because of their benefits for human health [54]. Therefore, the genetic basis for
the accumulation of these useful metabolites from B. distachyon will provide clues for the breeding
of cool season crops, such as wheat, barley, rye and oat, in order to improve their nutritional content
through comparative analysis between B. distachyon and these Triticeae crops.

4. Materials and Methods

4.1. Plant Materials

We used mature seeds from forty inbred lines of B. distachyon [24,25,55], whose genome-wide
sequence datasets are available (whole genome sequencing datasets [37,56] or genotyping by sequencing
datasets (Table S1). We used a recombinant inbred line (RIL) population derived from a cross between
Bd3-1 (female) and Bd21 (male) [30] for our widely targeted metabolome analyses. We harvested mature
seeds from these B. distachyon lines, which were grown under the conditions described previously [38].

4.2. Metabolome Analysis

We obtained quantitative data for metabolite accumulation using an ultra-performance liquid
chromatography tandem/triple quadrupole mass spectrometer (Waters, Tokyo, Japan) as described
previously [57]. For our metabolome analysis, we measured three independent samples from bulked
seeds of the inbred lines and the RIL population. We replaced all missing values from the MS data
area in the raw MS data with a value of 1 and divided the data area for each metabolite by the area
of the internal standard and log 2-transformed for downstream analysis. We performed a partial
least squares regression discriminant analysis (PLS-DA) of the processed MS data and calculated the
variable importance in projection (VIP) score for each metabolite using the MetaboAnalyst 4.0 web
interface with its auto-normalization (https://www.metaboanalyst.ca/, accessed on 27 Sep. 2018) [58].

4.3. Genetic Map Construction and QTL Analysis

We used the previously characterized SNPs [30] for genetic map construction in the Bd3-1 x Bd21
RIL population. A total of 551 SNP markers previously used to genotype the population were used
to reconstruct a genetic map using the “plotMap” function after the conversion of the data type to
RIL selfing using the “convert2riself” function and imputation of the missing genotypes using the
“fill.geno” function of the R/qtl package “qtl” (version 1.40.8) [59]. Interval mapping was conducted
using the “scanone” function of the R/qtl package with default parameters after the calculation of
QTL genotype probabilities at a 1-cM step size across the genome using the “calc.genoprob” function.
We used 1000 permutations to determine the genome-wide logarithm of the odds (LOD) threshold at a
5% significance level.

4.4. Genome-Wide SNPs

To examine the relationship between metabolite accumulation and genetic variation in the
B. distachyon RIL population, we retrieved whole-genome sequences and genotyping-by-sequencing
(GBS) datasets of forty B. distachyon inbred lines from the DDBJ sequence read archive (DRA)
(https://www.ddbj.nig.ac.jp/dra/index-e.html, accessed on 14th September, 2018) (Table S1) and analyzed
genomic sequence variation among the lines. The raw reads were trimmed using Trimmomatic
(v0.36) [60] with the LEADING:20 TRAILING:20 MINLEN:50 commands. The trimmed reads were
mapped to the B. distachyon Bd21 genome sequence retrieved from Phytozome (Bdistachyon_314_v3.0).
Genome-wide SNPs were identified using the mpileup command of samtools [61].

4.5. Data Accessibility

Data on the metabolome analyses are available at Data Resources Of Plant Metabolomics (DROP
Met), accessible via the Platform for RIKEN Metabolomics (PRIMe) website at http://prime.psc.riken.jp
(accessed on 10 May 2019).

https://www.metaboanalyst.ca
https://www.ddbj.nig.ac.jp/dra/index-e.html
http://prime.psc.riken.jp
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Supplementary Materials: Can be found at http://www.mdpi.com/1422-0067/20/9/2348/s1. Supplementary Table
S1. Genome sequence datasets from the forty B. distachyon inbred lines analyzed in this study. Supplementary
Table S2. Metabolome profiles of the 183 metabolites measured by widely-targeted metabolome analysis in seeds
grains of the forty B. distachyon inbred lines. Supplementary Table S3. Metabolome profiles of the thirty-seven
metabolites measured by widely-targeted metabolome analysis in seed grains of the B. distachyon Bd3-1 × Bd21
RILs. Supplementary Table S4. Genes annotated in the QTL region of 4-Pyridoxate content. Supplementary Table
S5. Genes annotated in the QTL region of chrysanthemin content.
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