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研究テーマ
１．植物⽣理学、分⼦⽣物学的解析による形質の評価
２．メタボローム解析による形質特異的バイオマーカーの探索
３．新しい形質を持った作物の開発

植物育種学研究分野では、植物に普遍的に存在する⼀次代謝物から植物特有の⼆次代謝
物のプロファイルを基に、植物の形質特異的な代謝物(バイオマーカー)の合成経路を特
定し、その関連遺伝⼦を⽬標に育種を⾏うことで、耐乾性や節⽔性に優れた植物を作出
することを最終⽬標として研究を⾏っています。

バイオマーカー探索

原因遺伝⼦の同定

新規系統の開発

Agilent 6420 
Triple Quadrupole LC/MS

形質評価および系統選抜
• 乾燥ストレス耐性
• 節⽔性

LC-MSあるいはGC-MSなどの分析
機器を⽤いたメタボローム解析

次世代シークェンサーを利⽤した遺伝⼦
発現あるいはゲノム解析

実験系統の作出
組換え⾃殖系統(RIL)など交配による
実験系統の作出

代謝物反応経路解析

各種サンプル間⽐較

乾燥ストレス下での種⼦の形態解析

植物体の形態⽐較

灌漑区、⾮灌漑区での⽣育⽐較

⼈⼯気象機を利⽤した実験
系統の促成栽培

育成系統への原因遺伝⼦の戻し交配もしくはゲノム編集など
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Fig. 1 | Molecular characterization of wheat ABA receptors. a, Phylogenetic tree for ABA receptors (black, Arabidopsis thaliana; red, Triticum aestivum 
(‘Chinese Spring’); blue, Hordeum vulgare) constructed using the maximum-likelihood method in MEGA 6.06 followed by bootstrapping with 1,000 
replicates. b, Inhibition assay of TaPYLs towards TaPP2C4 (n!= !3 biologically independent samples; central values and error bars represent means!± !s.d.). 
DMSO, dimethyl sulfoxide. c,d, Expression of TaPYL genes under various stresses (c) and at different developmental stages (d). Water was used as a 
control (c). For the stress treatments in c, 7-day-old seedlings were subjected to 20!µ M ABA, 150!mM NaCl, 200!mM mannitol (Man) or dehydration 
(Dry). Numbers are treatment times (h). TaPYL expression levels were evaluated according to copy number and normalized relative to TaActin (n!= !3 
biologically independent samples). e, Expression of ABA-responsive genes in Null and TaPYLox seedlings. Seven-day-old seedlings were treated 
without (0!h) or with 0.5!µ M ABA for 6!h (n!= !3 biologically independent samples; central values and bars represent means!± !s.d.). Different letters 
denote significant differences (P!< !0.05) based on the Tukey–Kramer test. Gene expression levels measured by qRT-PCR in c–e represent the sum of the 
expression levels of the three homeologues. f, Volcano plots of expression comparisons (L8 versus Null) under WWC (left), ABA (middle) and drought 
treatments (right). Differentially expressed transcripts were defined as those with a fold change ≥ 2 and false discovery rate (FDR)!< !0.05 using the 
likelihood ratio test for multiple comparison (n!= !3 biologically independent samples). Red and blue numbers represent upregulated and downregulated 
transcripts of L8 compared to Null, respectively.
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遺伝⼦発現による、バイオマーカー
合成に関わる遺伝⼦の同定

Except for DAP epimerase, which is required for the biosynthesis
of Lys in bacteria and plants, ProR in Trypanosoma cruzi, the pro-
tozoan parasite responsible for Chagas disease, has been the only
known eukaryotic PLP-independent racemase (15). The Arabidopsis
amino acid racemase that we describe in this paper is a new
member of the PLP-independent family, making its identification a
significant addition to this class of enzymes.

Results
Genome Wide Association Analysis Revealed a Strong QTL for an
Unknown Metabolite. A total of 440 natural A. thaliana acces-
sions were chosen for this study due to their genetic diversity and
the availability of their genome-wide single nucleotide poly-
morphism (SNP) data. LC-MS–based untargeted metabolite
profiles of leaf tissue were collected for each accession. The
metabolite phenotypes were subjected to linear mixed-model–
based genome wide association (GWA) analysis using the avail-
able SNP data (16, 17). The strongest association revealed from
this analysis was for a metabolite feature with a mass-to-charge
ratio of 172 and a retention time of 666 s (M172T666) (Fig. 1). In
LC-MS–based experiments, each metabolite often gives rise to
multiple metabolite features. These features were grouped into a
pseudospectrum of the metabolite during mass data analysis.
Another two features, M130T666 and M216T665, were grouped
with M172T666. All these features gave similar GWA results,
showing a strong QTL at the top of chromosome 4 (SI Appendix,
Table S1). For the convenience of discussion, we name this un-
known metabolite by its molecular weight and will refer it as
“M217” in the rest of the paper.

Accumulation of M217 Is Controlled by DAAR1. Loci near the best-
associated SNP (4-1266038) were investigated as potential can-
didate genes controlling the accumulation of M217. Although
there are several unknown and uncharacterized genes in the in-
terval of interest, AT4G02850 (D-amino acid racemase1, DAAR1)
and AT4G02860 (DAAR2) were deemed promising candidates
for further study as both genes share sequence similarity with the
PhzF gene involved in the biosynthesis of phenazines (18), a class
of bacteria-specific metabolites, suggesting that they may encode
enzymes for plant specialized metabolism (SI Appendix, Figs. S1
and S2). To investigate whether one of these two genes are in-
volved in the accumulation of M217, T-DNA insertion lines for
AT4G02850 and AT4G02860 (daar1 and daar2) were obtained
from the Arabidopsis Biological Resource Center (ABRC) (19).
The expected insertions were confirmed by PCR amplification

of the expected insertion site (Fig. 2A). Homozygous T-DNA
mutants were compared with wild-type plants, and disruption of
neither gene resulted in obvious morphological defects. Metabolite
profiles comparing levels of M217 showed that accumulation of
M217 was severely decreased in daar1 but unaffected in daar2
compared with wild type (Fig. 2B). These data indicate that
DAAR1 is responsible for the majority of M217 accumulation.

Identification of N-Malonyl-D-allo-Isoleucine. The chemical identity
of M217 was needed to further elucidate biochemical basis for
the genetic link found between this metabolite and DAAR1. By
using a variety of chemical analysis techniques, including MS,
MS/MS, NMR, and HPLC, we determined that M217 is NMD-
Ile (Fig. 3).
The accurate mass and isotope profile information obtained

from the MS data suggested a molecular formula of C9H15NO5.
More structural insights were obtained by NMR analysis on M217
purified from Arabidopsis leaf tissue using semipreparative
HPLC. All assignments were done using 1H, 13C, heteronuclear
single quantum coherence (HSQC), and correlation spectroscopy
(COSY) spectra (Table 1). The COSY spectrum was especially
useful in identifying the isoleucine moiety as there is a high de-
gree of proton–proton coupling (J-coupling) in the R-group.
Once the R-group was assigned, comparison with spectra of
isoleucine standards confirmed the identity of the amino acid.
Identification of the malonyl derivatization was based on

several lines of chemical evidence. Two carbonyl groups and a
methylene (CH2) group remained to be accounted for in the
NMR spectrum after isoleucine was assigned. Although no addi-
tional direct structural information could be obtained from NMR,
the lower-than-expected integration of C8 methylene (CH2) in the
1H spectrum was suggestive of a β-dicarbonyl group. Methylene
protons in this group exchange with the solvent through a keto-
enol tautomerization mechanism resulting in lower integration
(20). In addition, MS/MS analysis suggested the presence of a
very labile carboxylic acid group and an acetyl group; malonyl
groups are known to degrade easily to acetyl groups by loss of a
carboxylic acid, thus corroborating the MS/MS data.
The common presence of malonyl conjugates of D-amino acids

in plants (21) led us to further investigate the stereo-configuration

Fig. 1. Manhattan plot showing GWAS results for M172T666. The −log10

P values for association with M172T666 for each SNP (y axis) are plotted
against chromosome positions (x axis). The horizontal dashed line corre-
sponds to a Bonferroni-corrected α < 0.05.

Fig. 2. Accumulation of M217 in wild-type and T-DNA insertion mutants of
DAAR1 and DAAR2. (A) Schematic representation DAAR1 and DAAR2 genes
with arrows marking the position of T-DNA insertions in daar1 and daar2.
Introns are gray lines, and white boxes represent exons. (B) Accumulation of
M217 (mean peak areas) with SDs from four biological replicates of wild-
type (WT) daar1 and daar2.
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ゲノム解析による、バイオマーカー合成に
関わる遺伝⼦の同定
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