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Metabolomic analysis coupled with advanced genetic populations represents a powerful tool with which to investigate the
plant metabolome. However, genetic analyses of the rice (Oryza sativa) metabolome have been conducted mainly using natural
accessions or a single biparental population. Here, the flag leaves from three interconnected chromosome segment substitution
line populations with a common recurrent genetic background were used to dissect rice metabolic diversity. We effectively used
multiple interconnected biparental populations, constructed by introducing genomic segments into Zhenshan 97 from ACC10
(A/Z), Minghui 63 (M/Z), and Nipponbare (N/Z), to map metabolic quantitative trait loci (mQTL). A total of 1,587 mQTL
were generated, of which 684, 479, and 722 were obtained from the A/Z, M/Z, and N/Z chromosome segment substitution
line populations, respectively, and we designated 99 candidate genes for 367 mQTL. In addition, 1,001 mQTL were generated
specifically from joint linkage analysis with 25 candidate genes assigned. Several of these candidates were validated, such as
LOC_0s07g01020 for the in vivo content of pyridoxine and its derivative and LOC_Os04¢25980 for cis-zeatin glucosyltransferase
activity. We propose a novel biosynthetic pathway for O-methylapigenin C-pentoside and demonstrated that LOC_Os04¢11970
encodes a component of this pathway through fine-mapping. We postulate that the methylated apigenin may confer plant dis-
ease resistance. This study demonstrates the power of using multiple interconnected populations to generate a large number
of veritable mQTL. The combined results are discussed in the context of functional metabolomics and the possible features of
assigned candidates underlying respective metabolites.

Avastnumber of metabolites are produced by plants,
many of which are essential for plants to interact with
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the environment (Schwab, 2003; Saito and Matsuda,
2010) and represent important constituents of the hu-
man diet and development (Keurentjes, 2009; Saito
and Matsuda, 2010; De Luca et al., 2012). For exam-
ple, the water-soluble B6 group of metabolites not only
function in cellular defense against oxidative stress in
plants (Herrero et al., 2011) but also may reduce the
incidence of important human diseases, such as hy-
pertension and diabetes (Hellmann and Mooney, 2010;
Fitzpatrick et al., 2012). Similarly, it has been reported
that specialized metabolites such as flavonoids are in-
volved in biotic and abiotic stress tolerance in plants
(Luo et al., 2009; Kaur et al., 2010; Saito et al., 2013)
and confer health-promoting effects against chronic
diseases and certain cancers in humans (Niggeweg
etal., 2004; Butelli et al., 2008). Therefore, in view of the
importance of metabolites, it is necessary both to fur-
ther study their in planta functions and explore their
value for humans. However, this is a somewhat daunt-
ing task, since it was estimated that more than 200,000
metabolites are produced in the plant kingdom (Dixon
and Strack, 2003), and these metabolites exhibit severe
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qualitative and quantitative variation in abundance
between species (Keurentjes et al., 2006; Morohashi
etal., 2012). Therefore, it is necessary to unveil the plant
metabolome in a more efficient and systemic way.

Metabolomics represents one of the major tools of
experimental systems biology and, as such, has driven
the understanding of the complex genetic traits both in
isolation (Ritchie et al., 2015; Fernie and Tohge, 2017)
and in combination with other omics tools (Keurentjes
etal., 2008; Tohge et al., 2016; Wen et al., 2016; Westhues
et al.,, 2017; Zhu et al., 2018). In recent years, tremen-
dous progress has been made in utilizing metabolom-
ics as a tool to explore metabolic diversity in various
species and to dissect the underlying biosynthetic and
regulatory pathways by studying germplasm collec-
tions (Riedelsheimer et al., 2012; Angelovici et al., 2013;
Chen et al., 2014; Shang et al., 2014). Although recently
becoming more popular given the constraint of hidden
population structure and limited collective resources
for association mapping (Flint-Garcia et al., 2003), met-
abolic quantitative trait loci (mQTL) analyses of natu-
ral variation thus far have been carried out largely in
single biparental segregating populations of multiple
species, including Arabidopsis (Arabidopsis thaliana;
Knoch et al., 2017), tomato (Solanum lycopersicum; Liu
et al., 2016; Rambla et al., 2017), rice (Oryza sativa; Xu
et al., 2016), wheat (Triticum aestivum; Hill et al., 2015),
and maize (Zea mays; Wen et al., 2015). Although sim-
ple to develop and efficient for QTL mapping (Xu et al.,
2017), the combination of only two genomes in biparen-
tal populations may result in inadequate allelic diver-
sity for QTL mapping (Jannink, 2007). Consequently,
this may limit the discovery of mQTL to the diversity
exhibited by the two parents. To circumvent this prob-
lem, nested association mapping populations of maize
(Yu et al., 2008) and multiple advanced genetic inter-
cross populations from multiple crops (Kover et al.,
2009; Huang et al., 2012a; Bandillo et al., 2013; Pascual
et al., 2015; Sannemann et al., 2015) were proposed as
multiparental population solutions. In the meantime, it
has been demonstrated that utilizing multi-biparental
populations also can improve the efficiency of map-
ping (Bardol et al., 2013; Yao et al., 2016).

Rice is one of the most important crops worldwide
and provides starch and many other metabolites that
serve as nutrients to a considerable proportion of glob-
al human consumers. mQTL mapping or genome-wide
association study coupled with metabolomics analyses
(mGWAS) have been performed previously in rice to
dissect the genetic basis of metabolite content regula-
tion (Gong et al., 2013; Chen et al., 2014). The mGWAS
(Chen et al., 2014) suggested the importance of in-
vestigating the biochemical diversity of the two ma-
jor subspecies (indica and japonica) that have evolved
with high genetic diversity from the wild progenitors
(Huang et al., 2011; Chen et al., 2017). In view of the
connection between metabolites and crop yield or nu-
trition (Fridman et al., 2004; Li et al., 2013; Tieman et al.,
2017), it is envisaged that such mGWAS and mQTL
studies will provide important insights in understand-
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ing the genetic basis for the biochemical diversity of
rice cultivars and facilitating the use of functional me-
tabolomics approaches (Fernie and Tohge, 2017) in
breeding elite varieties with both increased resistance
to stress and enhanced nutritional properties (Okazaki
and Saito, 2016). To elucidate the genetic basis of these
important metabolic traits, we performed metabolite
profiling of 281 metabolites in three independent chro-
mosome segment substitution line (CSSL) populations,
which were generated from four parents, including
two typical indica cultivars (Minghui 63 [MH63] and
Zhenshan 97 [Z597]), one japonica cultivar (Nipponbare
[Nip]), and one wild accession (Oryza rufipogon ACC10),
using Z597 as a common recurrent background and
the other three genotypes as independent donors. We
demonstrate that utilizing three connected CSSL pop-
ulations results in greater mQTL identification and
more facile pathway elucidation. Furthermore, joint
linkage analysis was proven to be even more powerful
in mapping some of the metabolites. These combined
observations suggest that populations from diverse
parents may accelerate gene identification and pathway
elucidation for metabolites. We subsequently identi-
fied and validated candidate genes for pyridoxine (one
of the vitamers of vitamin B6) and cis-zeatin O-gluco-
side. Moreover, the biosynthetic pathway underlying
the production of methylated apigenin was postulated
and tested. The combined results, therefore, demon-
strate the enhanced power of using such a genetic
design strategy in the identification and validation of
metabolites as well as in identifying the genes involved
in their respective biosynthetic pathways. Considering
the potential disease resistance activities of the candi-
date assigned metabolites, such discovery (i.e. those
of biologically functional metabolites and their under-
lying biosynthetic pathways) achieved by metabolic
analysis will provide key leads for further studies of
specific metabolites. Such studies ultimately may be
essential in attempts to metabolically fortify plants in
order to secure future rice yields.

RESULTS

Metabolic Profiling of Rice Flag Leaves

Flag leaves at heading stage were collected from the
four parental lines, namely ACC10 (a wild accession of
O. rufipogon), MHG63 (an indica cultivar), Nip (a japonica
cultivar), and ZS97 (an indica cultivar), and individuals
from the three CSSL populations created using these
parental lines (the A/Z, M/Z, and N/Z populations),
to perform metabolic profiling analysis. By utilizing
a previously established widely targeted metabolom-
ics method (Chen et al., 2013), we detected a total of
281 metabolites (82 of them were confirmed by stan-
dards) in rice flag leaves, comprising 29 amino acids
and their derivatives (AAs), 124 flavonoids (Flas), 10
lipids (Lips), 23 nucleotides, 20 phenolamides (PAs), 30
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phytohormones and their derivatives (PHs), 36 poly-
phenols (PPs), and nine vitamins (Vits; Fig. 1A; Sup-
plemental Table S1). A principal component analysis of
the metabolic diversity indicated that the four parental
lines exhibited major differences in their metabolomes
(Fig. 1B). The first and second principal components
(PC1 and PC2) explained 41.7% and 33.1% of total
variance, respectively, and these components were
contributed mainly by different metabolite classes
(Supplemental Table S2): when assessing the 100 most
divergent metabolite abundances among the three
parents (ACC10, MH63, and Nip) compared with that
in ZS97 (Supplemental Table S3), Flas and AAs were
the most divergent in Nip and ACC10, respectively,
whereas PPs were the most divergent in MH63 (Sup-
plemental Fig. S1A). We next evaluated the coefficient
of variation (CV) on the 281 metabolites in the three in-
dependent CSSL populations (Fig. 1C), which revealed
that a lower proportion of relatively high variances
(CV of 30%-90%) was apparent in the M/Z lines com-
pared with the A/Z and N/Z populations, suggesting
that these metabolites were less variable among the
M/Z lines. Moreover, the M/Z lines have relatively
higher heritability of metabolites when compared with
that in the remaining two populations (Supplemental
Fig. S1B). These observations on CV and heritability
among the three CSSL populations are consistent with
the closer relationship between MH63 and ZS97 (Fig.
1B; Supplemental Fig. S2, A and B) and the lower me-
tabolite diversity in the M/Z population than in the
other two CSSL populations (Supplemental Fig. S2C).

Bin Mapping of mQTL in Different CSSL Populations

Following the metabolite profiling of the different
lines, we next performed mQTL analyses based on
the high-density maps of the CSSL populations (Sup-
plemental Table S4). Totals of 684, 479, and 722 mQTL
were mapped for 239, 216, and 232 metabolites in the
A/Z, M/Z, and N/Z populations, respectively, and
they constituted 1,587 nonduplicated loci when con-
sidering mQTL for the same metabolites from the three
respective CSSL populations (A/Z, M/Z, and N/Z)
that were within 1 Mb of one another to be redundant
(Fig. 2A; Supplemental Tables S5 and S6). We observed
the clustering of multiple hotspots, some of which
were colocalized in different populations (indicated
by red arrows in Fig. 2B). For example, 43, 42, and 54
mQTL were mapped within the 8- to 12-Mb block on
chromosome 6, which respectively comprised 60.6%,
45.7%, and 61.4% of the total mQTL mapped on chro-
mosome 6 from the A/Z, M/Z, and N/Z populations
(Fig. 2B; Supplemental Table S7). Additional hotspots
were mapped mainly on chromosomes 1, 7, and 10
(Fig. 2B; red-marked cells in Supplemental Table S7).

Given that the variation among the four parental
lines was contributed by different classes of metab-
olites (Supplemental Figs. S1 and S2; Supplemental
Tables S2 and S3), it was perhaps unsurprising that the
mapping outcome of the respective CSSL populations
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Figure 1. Schematic representation of metabolic profiles of different
lines. A, A total of 281 metabolites, comprising AAs (29), Flas (124),
Lips (10), nucleotides (NTs; 23), PAs (20), PPs (36), PHs (30), and Vits
(nine), were detected in this study. B, Principal component analysis of
the 281 metabolites in the four parental lines ACC10, MH63, Nip, and
7597. PC1 and PC2 refer to the first and second principal components,
respectively. C, Distribution of CV among the three independent CSSL
populations. A/Z, M/Z, and N/Z represent the ACC10/ZS97, MH63/
7597, and Nip/ZS97 CSSL populations, respectively.

also was quite different. More mQTL were mapped in
the A/Z population for most metabolic classes (except
Flas, which were highest in the N/Z lines; Fig. 2A),
and a better mapping outcome could be expected for
AAs, PAs, PHs, and Vits in the A/Z population and
Flas in the N/Z lines when considering the average
number of mQTL mapped per metabolite (Supple-
mental Fig. S1C; Supplemental Tables S5 and S6). In
addition, more candidate genes for Flas were uniquely
assigned from the N/Z lines, whereas more candidates
were obtained for AAs, PAs, and Vits in the A/Z pop-
ulation (Supplemental Tables S8 and S9). The preferen-
tial mapping of AAs in the A/Z CSSL populations and
Flas in the N/Z population coincided with increased
variation in the levels of the corresponding metabolites
in the respective populations (Supplemental Tables
510 and S11). The M/Z population exhibited less total
mQTL as well as less mQTL per each metabolite class
and broader mapping interval mapped in each metab-
olite class (Fig. 2; Supplemental Fig. S1C).

Aside from utilizing the three mapping populations
M/Z, A/Z, and N/Z) individually, a joint linkage
analysis was conducted on the integrated population
MAN-Z (indicating that the chromosome segments
of Z597 were substituted by that from MH63, ACC10,
and Nip) in order to enhance the mapping output. Fol-
lowing this approach, more mQTL were obtained for
each metabolite class (Fig. 2A; Supplemental Tables
55-57) with increased resolution (Fig. 2C) when com-
pared with the results obtained from the individual
CSSL populations. This trend also is reflected in the
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Figure 2. Statistical results of mQTL. A, Number of mQTL mapped for each class of metabolites (AAs, Flas, Lips, nucleotides
[NTs], PAs, PHs, PPs, and Vits; Total represents the sum of all classes) in the four populations. B, Heat map of hotspots mapped
on each chromosome from the three independent CSSL populations (A/Z, M/Z, and N/Z). mQTL were counted for each of
the continuous chromosomal regions spanning 2-Mb intervals. Red arrows indicate the comapped hotspots from at least two
populations. C, Intervals of mQTL mapped from the four CSSL populations. The dashed lines indicate the average intervals for

each population of the corresponding color.

number of mQTL identified per metabolite, especially
for Lips and PHs (Supplemental Fig. S1C). For in-
stance, 12 mQTL were mapped with the highest log of
the odds (LOD) value of 9 for Lips from the three CSSL
populations, whereas 54 mQTL were obtained with
the highest LOD value of 19.5 following analysis of the
joint population (Supplemental Table S12). Similarly,
70 and 140 mQTL were mapped for PHs from the three
CSSL populations and the joint population, respectively
(Supplemental Table S13). The specifically mapped
loci that were obtained only by this approach and were
absent from any of the three CSSL populations (Sup-
plemental Table S14) further exemplified the enhanced
mapping performance of the integrated population.

Identification of Candidate Genes Underlying Metabolic
Traits

We then went on to assign candidate genes underly-
ing the mQTL. Generally, annotations of genes within
or around the mapped intervals (as well as the chem-
ical characters of corresponding metabolites) were
evaluated for candidate gene selection (Chen et al.,
2014). For example, several AAs (Asp, m0018; His,
mO0036; and serotonin, m0051) were mapped in the
37.99- to 38.47-Mb and 38.1- to 38.47-Mb intervals on
chromosome 1 from the A/Z and N/Z populations, re-
spectively (Supplemental Table S8). LOC_Os01g65660/
LOC_0Os01¢65670, which encodes a putative amino
acid transporter and lies within the mapping interval,
was assigned as a candidate due to its high sequence
identity to Arabidopsis Amino Acid Permease5 (AAP5;
At1¢44100), which is essential for the uptake and trans-
portation of amino acids in Arabidopsis (Svennerstam
et al., 2008). Similarly, multiple loci were mapped for
pyridoxine, one of the vitamers of vitamin B6, includ-
ing a commonly mapped region in the block 9.8 to
823.7 kb of chromosome 7 exhibiting high LOD val-
ues (Fig. 3A; Supplemental Table S15). After manually
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screening the annotations of genes within this block,
LOC_0Os07g01020 was selected as a candidate gene
given its high shared sequence identity to At5g01410
and At2¢38230 (85% and 81% at the amino acid level,
respectively). These genes are reported to catalyze the
biosynthesis of vitamin B6 in Arabidopsis (Leuendorf
etal., 2010). Our candidate gene was confirmed in vivo
by the increased accumulation of pyridoxine and pyr-
idoxine O-glucoside in lines of the rice cv Zhonghua
11 overexpressing LOC_0Os07g01020 (Fig. 3, B-D). A
total of 99 candidate genes responsible for 367 mQTL
mapped from the three independent CSSL populations
were assigned via this strategy (Table 1; Supplemental
Tables S8 and S9).

The above strategy in candidate gene assignment
is workable for loci with relatively narrow intervals
but difficult for an mQTL that is across a wide range
of chromosomal regions. In this study, several flavo-
noids, specifically m0424, O-methylapigenin C-pentoside;
m0467, O-methylapigenin 6-C-hexoside; mO0506,
O-methylluteolin C-hexoside; and m0545, O-methyl-
chrysoeriol C-hexoside, were mapped to the block 5.99
to 15.49 Mb on chromosome 4 with LOD values of 69.8,
116.6, 82.1, and 71.8, respectively, from the N/Z pop-
ulation (Supplemental Table 516). Map-based cloning
was conducted on the F2 progeny of IL4 and Z597, gen-
erating 1,728 individuals, and the QTL was mapped
to an approximately 1.4-Mb region between the two
molecular markers RM16494 and ID3 on chromosome
4. Further analysis on an additional 2,880 plants from
the BC,F, population further narrowed the interval to a
34.8-kb segment between the markers M23 and RM16497,
which contains two transposons, two conserved hypo-
thetical proteins, three expressed proteins, and one pu-
tative O-methyltransferase. The O-methyltransferase
coding gene, LOC_Os04¢11970, thus was considered
the most likely candidate gene (Fig. 4A). Sequence
variation among the three parents compared with
7597 indicated a 2-bp deletion near the 3’ end of
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the gene in Nip that introduces a stop codon (Fig. 4B),
which we believed to be the causal polymorphism for
decreased content of O-methylapigenin C-pentoside
(m0424) in the N/Z CSSL population (Fig. 4C). The
correlation between the polymorphism and metabolite
content (m0424 as an example) was confirmed via further
study of the rice germplasms (Supplemental Fig. S3A).
The function of the candidate gene also was confirmed
in vivo, with the contents of the corresponding flavo-
noids being significantly lower in the RNA interfer-
ence (RNAI) plants of the Z597 background (Fig. 4D;
Supplemental Fig. S3B).

For mQTL specifically identified from the joint link-
age analysis (MAN-Z population), candidate genes also
were assigned and validated. Specifically, the 18.53-
to 18.84-Mb interval on chromosome 4 was mapped
(Supplemental Table S12), corresponding to the abun-
dance of four 1-acyl lysophosphatidylcholines [LPC
(1-acyl 16:0), LPC (1-acyl 18:1), LPC (1-acyl 18:3), and
LPC (1-acyl 18:2)]. A putative acyl desaturase-encod-
ing gene, LOC_Os04¢31070, which showed 81% iden-
tity at the amino acid level to At2¢g43710 that encodes
a desaturase involved in fatty acid desaturation (Yang
et al.,, 2016), was assigned as the candidate gene for

Table 1. Summary of novel candidate genes that were newly disclosed by examining the mQTL data from various populations

Oapi C-pen, O-Methylapigenin C-pentoside; Tri O-rham-O-malhex, tricine O-rhamnosyl-O-malonylhexoside. More information is given in Sup-

plemental Table S8.

Metabolite Population  Chromosome Interval LOD  PVE Candidate Gene Description
Mb %
Asp AZ 1 3.04-3.87 13.6  35.55 LOC_Os01g08270 Aminotransferase
Peonidin O-hexoside A/Z 1 22.10-22.24 14.6 12.07 LOC_Os01g39480 Anthocyanin regulatory
Lc protein
N-Feruloyl agmatine AZ 7 9.00-14.82 11.1 12.60 LOC_0Os07g23960 Transferase
Pyridoxine AZ 7 0.00-0.82 9.9 27.93 LOC_0Os07g01020 SOR/SNZ family protein
Pro AZ 10 15.07-15.77 16.5 44.02 L[OC_Os10g30090 Amino acid permease
Met A/Z 11 19.50-20.48 25.1 84.94 L[OC_Osl11g35040 Aminotransferase
Ser Mz 6 8.09-9.66 9.5 21.80 LOC_Os06g16420 Amino acid transporter
Cyanidin 3-O-rutinoside M7z 8 25.49-26.10 47.0 87.87 LOC_Os08g40440 Dihydroflavonol-4-reductase
Oapi C-pen N/Z 4 5.99-15.49 69.8 11.82 LOC_Os04g11970 O-Methyltransferase
Apigenin 8-C-glucoside N/Z 6 12.05-14.41 25.7 28.18 LOC_Os06g23560 Glucosyltransferase
Val N/Z 7 5.90-6.90 10.5 2221 [OC_Os07g12330 Trp/Tyr permease
Indole-3-carboxaldehyde N/Z 7 7.65-8.40  10.8 22.45 [OC_Os07g14610 IAA-amino acid hydrolase
Tri O-rham-O-malhex N/Z 7 5.90-6.90 29.3 17.98 LOC_Os07g11440 Chalcone synthase
Apigenin 5-O-glucoside MAN-Z 2 7.78-8.00  19.8 2.28 [OC_0Os02g14630 Glucosyltransferase
LPC (1-acyl 18:3) MAN-Z 4 18.53-18.84 7.2 637 LOC_Os04g31070 Acyl-desaturase
Cis-zeatin O-glucoside MAN-Z 4 15.49-15.53 8.1  5.25 [OC_0Os04g25980  Cytokinin-O-glucosyltransferase
LOC_Os04g25970
Linoleic acid MAN-Z 8 21.75-21.83 11,5  8.02 LOC_0Os08g34220 w-6 fatty acid desaturase
Ala MAN-Z 12 26.20-26.67 14,5 13.90 LOC_Os12g42850 Amino acid permease
616 Plant Physiol. Vol. 178, 2018
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this mQTL. Further phylogenetic analysis on addition-
al acyl desaturase-coding genes (Supplemental Fig.
S4) indicated that LOC_0Os04¢31070 shares highest se-
quence similarity with At2¢43710 among others, thus
strengthening our claim of its involvement in fatty
acid metabolism. For PHs such as salicylic acid (SA),
which serves as an important plant defense hormone
(Herrera-Véasquez et al., 2015), the 33.3- to 34.3-Mb in-
terval on chromosome 1 was acquired for its derivative
methyl SA as a specific mQTL from the MAN-Z pop-
ulation (Supplemental Table S17). We tentatively as-
signed LOC_0Os01g57770 as the candidate gene for its
high sequence similarity to tobacco (Nicotiana tabacum)
SABP2, encoding a protein reported to display high af-
finity to bind SA (Kumar and Klessig, 2003) and cata-
lyze the conversion of methyl SA to SA (Forouhar et al.,
2005). Similarly, the 15.49- to 15.53-Mb block on chro-
mosome 4 was mapped specifically from the MAN-Z
population (Fig. 5A; Supplemental Table S13), and the
candidate genes LOC_0s04¢25970/LOC_0Os04g25980
(annotated as encoding cytokinin-O-glucosyltransfer-
ase) were assigned for cis-zeatin O-glucoside (mr2132)
abundance, and an in vitro assay using recombinant
enzyme confirmed that LOC_Os04g25980 does indeed
have cis-zeatin glucosyltransferase activity (Fig. 5,
B and C). An additional 25 candidate genes were as-
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signed to mQTL generated specifically from the joint
analysis (Table 1; Supplemental Table S8).

Dissection of Genetic Models and Elucidation of the
Metabolic Pathway

Having assigned and validated candidate genes for
the above metabolites, we next studied the mapping
information for one of the metabolites in more detail.
First, we evaluated the interaction between significant
loci and elucidated the biosynthetic pathway from
apigenin (m0164) to O-methylapigenin C-pentoside
(m0424) by utilizing a previously described genetic
logistic approach (Kliebenstein et al., 2001, 2002). Three
loci were mapped for O-methylapigenin C-pentoside
on chromosomes 2 (specifically mapped from the
A/Z population), 4 (specifically mapped from the N/Z
population), and 6 (mapped from the A/Z and N/Z
populations; Fig. 6A), whereas only two of them (loci
from chromosomes 2 and 6) were obtained for apigen-
in 6-C-pentoside. This enabled us to place the locus on
chromosome 4 downstream of that on chromosome
6, which was confirmed by the epistasis analysis of
these loci (Fig. 6B). We furthermore placed the locus on
chromosome 2 upstream of the locus on chromosome
6 based on the epistasis analyses of the two loci for
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O-methylapigenin C-pentoside (Fig. 6C) and apigenin
6-C-pentoside (Fig. 6D). Taken together, these analyses
suggest that the loci on chromosomes 2 (22.11- to 23.7-
Mb interval mapped from the A /Z population), 6 (8.23-
to 9.78-Mb and 8.37- to 10.61-Mb intervals mapped
from the A/Z and N/Z populations, respectively), and
4 (5.99- to 15.49-Mb interval mapped from the N/Z
population; Supplemental Table S5) acted sequentially
in the accumulation of O-methylapigenin C-pentoside
(m0424) from apigenin (m0164). LOC_Os06918010
and LOC_0Os06¢18670 were assigned as candidates for
mQTL on chromosome 6 based on a previous report
(Brazier-Hicks et al., 2009; Chen et al., 2016), and LOC_
Os04¢11970 was assigned as the underlying locus on
chromosome 4 via fine-mapping (Fig. 4), whereas the
candidate gene underlying the locus on chromosome 2
remains unclear.

Combining the epistasis analyses and the annota-
tions of the assigned candidates, we assumed that
apigenin was first glycosylated (catalyzed by LOC_
0Os06g18010/LOC_0Os06g18670) and then O-methylated
(by LOC_Os04g11970) to form O-methylapigenin
C-pentoside. To confirm this notion, we performed
in vitro enzyme assays using apigenin and apigenin
C-hexoside (at the same molar concentration) as sub-
strates. The extremely low (~1%) relative catalytic ac-
tivity of LOC_Os04g11970 with apigenin compared
with that with apigenin C-hexoside (Fig. 6E) indicated
that LOC_Os04g11970 likely is an apigenin hexoside
methyltransferase in vivo. Consistent with this no-
tion, knockdown of LOC_Os04¢11970 in the ZS97
background (functional for LOC_Os04¢11970 and
LOC_0s06g18010/LOC_0Os06g18670; Fig. 6B) resulted
in decreased levels of O-methylapigenin C-pentoside
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(m0424) and other Flas (Fig. 4D; Supplemental Fig.
S3B), whereas no significant differences in the contents
of these Flas were observed between the wild type and
LOC_0Os04411970-overexpressing lines in the Nip back-
ground (nonfunctional for LOC_Os04g11970 and LOC_
Os06¢18010/LOC_Os06¢18670; Fig. 6B; Supplemental
Fig. S3B). Moreover, in assuming that methylated api-
genin may confer disease resistance activities, a more
severe disease index appeared for individuals with
lowered LOC_0Os04g11970 expression levels (LOC_
Os04¢11970-RNAL lines; Supplemental Fig. S5), further
supporting the notion that LOC_Os04g11970 functions
as a methyltransferase. On the basis of all these data,
the pathway for the biosynthesis of O-methylapigenin
C-glycoside from apigenin is proposed (Fig. 6F).

DISCUSSION

Metabolomics studies coupled with genetic ap-
proaches have been proven to be efficient and powerful
in mapping mQTL underlying phenotypic diversity
(Suhre et al., 2011; Li et al., 2013), in which two map-
ping strategies were applied (Chapman et al., 2012;
Angelovici et al., 2013; Gong et al., 2013; Wen et al.,
2014). Within the two strategies, the association map-
ping is constrained by multiple drawbacks, such as
hidden population structures (Flint-Garcia et al., 2003)
and hard-to-detect rare variants (Breseghello and Sor-
rells, 2006). Alternatively, numerous populations are
available for linkage mapping, and the biparental pop-
ulations are most widely used (Bernardo, 2008), for
they are simple to develop and efficient for detecting
QTLs (Xu et al., 2017).
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Figure 6. Pathway dissection for the biosynthesis of O-methylapigenin C-pentoside. A, Mapping result for metabolite m0424
(putative O-methylapigenin C-pentoside) in the three CSSL populations. Vertical gray lines indicate the separation of chromo-
somes. B, Epistasis analysis of loci on chromosomes 6 and 4 for O-methylapigenin C-pentoside (m0424). C, Epistasis analysis
of loci on chromosomes 2 and 6 for metabolite O-methylapigenin C-pentoside (m0424). D, Epistasis analysis of loci on chro-
mosomes 2 and 6 for apigenin 6-C-pentoside (m0400). E, LC-MS chromatograms of in vitro enzyme assays showing the enzyme
activity of recombinant LOC_Os04g11970. Protein extract from E. coli containing the pGEX-6p-1 empty vector was used as a
negative control. OM-api, O-Methylapigenin; api-C-hex, apigenin C-hexoside; OM-api-C-hex, O-methylapigenin C-hexoside;
RT, retention time. F, Predicted pathway from m0164 (standard apigenin) to m0424 (putative O-methylapigenin C-pentoside)
based on the epistasis analyses and a previous report (Shimizu et al., 2012). The CSSL populations in which the respective QTLs
mapped are indicated with different arrows consistent with those in A: gray solid arrows for A/Z and black dashed arrows for

N/Z populations.

However, single biparental populations were main-
ly employed in previous mQTL studies (Matsuda et al.,
2012; Alseekh et al., 2015; Knoch et al., 2017), which
may have caused many overlooked mQTL, since the
recombination of only two genomes may result in in-
adequate allelic diversity for QTL mapping (Jannink,
2007). Thus, we applied a design using three connected
biparental populations, which provides richer allelic
diversity without obvious additional background noise
by introducing segments from various rice subspecies,
specifically indica MH63, japonica Nip, and wild acces-
sion ACC10, to the same genetic background Z597. The

Plant Physiol. Vol. 178, 2018

observed metabolic variation among the CSSL individ-
uals (Supplemental Fig. S2C) implies the causation of
genetic difference (introduced segments in this study);
thus, numerous mQTL were obtained.

It has long been assumed that the significant varia-
tion between the two rice subspecies indica and japon-
ica was driven by divergent natural selection (Kovach
et al., 2007). Meanwhile, selective breeding of cultivated
rice has caused significant changes in agricultural traits
(Huang et al., 2012b). As one of the phenotypic traits
subject to change, metabolite contents, although per-
haps only selected indirectly, experience progressive
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changes corresponding to genetic reshaping during
selection (Shang et al., 2014; Zhu et al., 2018). Thus, it is
pivotal to understand the connection between genetic
divergence (genotype) and metabolic difference (phe-
notype) in a more efficient way if we are to fully exploit
the functional metabolomics tools coupled with other
omics tools in facilitating a more comprehensive and
more precise manner to conduct future rice breeding
programs.

Here, we demonstrated that the three donor parents
ACC10, MH63, and Nip varied in metabolic diversity
compared with ZS97 for different metabolite classes
(Supplemental Fig. S2). By introducing segments from
the respective parents, new allelic variations (single-nu-
cleotide polymorphisms [SNPs]/insertions/deletions
[InDels]) affecting metabolite contents were harbored
among the CSSL individuals, and these metabolites
could be mapped preferentially from designated bi-
parental populations. Indeed, AAs were mapped pref-
erentially in the A/Z population (61 mQTL mapped,
whereas 28 and 53 mQTL were mapped from the M/Z
and N/Z populations, respectively; Fig. 2A; Supple-
mental Table S6). This coincided with the highly varied
AA content diversity from the respective donor par-
ents compared with ZS97, in that 16 of 29 amino acids
displayed a variation above 2.5-fold between ACC10
and ZS97, but only 10 displayed variation above this
threshold in the comparison between Nip and ZS97
and zero reached this threshold in the comparison be-
tween MH63 and ZS97 (Supplemental Table S10).

That said, the ability to predict the best populations
for mQTL breeding had not been tested empirically
when this suggestion was made, and the results pre-
sented here comparing three different germplasm
sources suggest that predictions can be made faithfully
and, therefore, that such predictions may be useful in
breeding more nutritious rice (with higher amino acids
contents). This is not only the case for the AA contents
in this population, as similar observations were made
for flavonoids that were mapped preferentially in the
N/Z population (Supplemental Table S6), which was
consistent with the highest content diversity between
its parental lines (Supplemental Table S11; Supplemen-
tal Fig. S2A). By contrast, the M/Z population was
less preferred in almost all statistical features (Fig. 2),
presumably because of the lower metabolic diversity
between its parental lines (MH63 and ZS97; Supple-
mental Fig. S2). However, it is important to note that
this additionally could be the consequence of the small
population size and the lower marker density in the
M/Z population (Supplemental Table 54).

Mapping and identifying loci or genes underlying
different metabolite contents is an essential initial step
in rendering functional metabolomics approaches
(Fernie and Tohge, 2017) as an important additional
tool in existing genomics-assisted strategies for crop
improvement (Fernie and Schauer, 2009). Many of
these metabolites play important roles in the inter-
action between plants and their environment (Luo
et al., 2009; Kaur et al., 2010; Herrero et al., 2011; Saito
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et al., 2013; Chen et al., 2018), and candidates assigned
here may reinforce the findings of previous reports or
provide new resources for further functional validation.
For instance, grain protein content is an important nu-
tritional index for rice. Although amino acid permease/
transporter genes responsible for it were reported at the
molecular level (Zhao et al., 2012; Taylor et al., 2015),
few of them have been genetically mapped. Here, we
tentatively assigned several amino acid permease/
transporter coding genes responsible for amino acid
contents (Supplemental Table S8), and one of them was
designated LOC_0s01g65670, underlying the mQTL
responsible for the contents of multiple amino acids in
rice (Supplemental Fig. 56). This gene has been reported
previously as OsAAP6, which affects rice nutritional
quality by enhancing grain protein content (Peng et al.,
2014). Moreover, numerous mQTL for metabolites that
may confer disease resistance or plant defense activi-
ties, such as flavonoids (Treutter, 2006; Luo et al., 2009;
Saito et al., 2013), Ala (Park et al., 2009), His (Seo et al.,
2016), serotonin (Jin et al., 2015), vitamin B6 (Zhang
et al., 2014, 2015), methyl salicylate (Park et al., 2007),
and zeatin (Choi et al., 2011; Grosskinsky et al., 2013),
were mapped with possible candidate genes assigned
or validated (Supplemental Table S8).

Furthermore, we suggest that flavonoid-methylated
apigenins may possess disease resistance activities,
which supports our notion that such metabolic stud-
ies are informative for future crop improvement. The
basis of this suggestion is, first, that 7-O-methylation
of the two structurally similar substrates, apigenin
and naringenin, is catalyzed by the same enzyme,
OsNOMT (Shimizu et al., 2012), whereas the product
corresponding to naringenin O-methylation, sakurane-
tin, was reported to play roles in multiple biotic and
abiotic stress processes (Kodama et al., 1992). Second,
the association of O-methylation of a metabolite with
increased resistance against biotic stresses has been
demonstrated previously for the conversion of 2,4-
dihydroxy-7-methoxy-1,4-benzoxazin-3-one glucoside
(DIMBOA-GIc) to 2-hydroxy-4,7-dimethoxy-1,4-
benzoxazin-3-one glucoside (Dafoe et al., 2011; Glauser
et al., 2011). Third, lowering the contents of methyl-
ated apigenins (O-methylapigenin C-pentoside as an
example; Fig. 4D) resulted in a more severe disease
index against rice bacterial blight appearing in RNAi
7597 individuals (Supplemental Fig. S5). Therefore,
the above resource of metabolites associated with
mQTL loci and candidate genes will be highly infor-
mative in breeding rice with improved disease resis-
tance after intensive studies. Nonetheless, to conduct
such studies more efficiently, some elusive features
of the pathway underlying the methylated apigenin
proposed in this study (Fig. 6F) should be addressed
faithfully. We postulate that an alternative route exists
within the raised pathway (Fig. 6F) when it is consid-
ered that the methylation of both apigenin and narin-
genin can be catalyzed by the same enzyme, OsNOMT
(Shimizu et al., 2012), and the fact that DIMBOA-Glc
is stored as an inactive form in the vacuole, being
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transformed to active DIMBOA by the action of gluco-
sidases during tissue maceration (Meihls et al., 2013).
For this purpose, future experiments that are required
include probing the flux between O-methylapigenin
and O-methylapigenin C-glycoside under different
circumstances to confirm the alternative pathway in-
dicated by the dashed line with arrowheads at both
sides in Figure 6F. They also should compare the sim-
ilarities and differences in the biological function(s) of
methylated apigenins with sakuranetin to provide in-
sights on the potential of utilizing methylated apigen-
ins as biologically active compounds in plant disease
defense. Taken together, the reconstructed pathway
(Supplemental Fig. S7) including metabolites that may
be involved in plant defense processes (and the corre-
sponding candidate genes involved in their synthesis
and/or degradation) provides fruitful candidates for
future studies in disease resistance signaling path-
ways. We intend to update these lists with every fu-
ture study of the genotypes used here.

CONCLUSION

In summary, in this study, we demonstrated the
power of using interconnected biparental populations
not only in providing higher resolution mQTL but also
in improving the analysis of epistatic interactions in a
manner that allows reconstruction of the biosynthetic
pathway for O-methylapigenin C-pentoside, a metab-
olite that we postulate to possess disease resistance ac-
tivity. As such, this study uses genetics to deliver on
the promise, suggesting on theoretical grounds that
metabolomics can be used as an approach to elucidate
metabolic pathways (Weckwerth and Fiehn, 2002).
Since the flux of primary metabolites can be traced by
isotopes, which is not as facile for secondary metabo-
lism, the approach described here and in the studies of
Kliebenstein et al. (2001, 2002 likely will prove highly
useful for fully defining the currently fragmentary
pathway structures of plant secondary metabolism,
thus improving our fundamental understanding of
plant metabolism. Ultimately, more comprehensive
pathway networks will facilitate better decisions in
crop improvement endeavors.

MATERIALS AND METHODS

CSSL Population Construction

Three CSSL populations were used to dissect the genetic architecture of
the rice (Oryza sativa) metabolome. The three CSSL populations, named N/Z,
M/Z, and A/Z, were developed previously using a marker-assisted selection
backcross scheme in which the recurrent parent was indica variety ZS97 and
the donor parents were the japonica variety Nip, the indica variety MH63, and
the Oryza rufipogon accession IRGC105491 (ACC10), respectively. There were
146, 132, and 155 lines in the N/Z, M/Z, and A/Z CSSL populations, respec-
tively (Chen et al., 2007; Zhang et al., 2010; Sun et al., 2015). Each line con-
tained a substituted donor segment of a particular chromosomal region within
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the common genetic background of ZS97, and all the substitution segments
together covered the entire donor genome in each CSSL population.

All the CSSLs were genotyped using an Infinium RICE6K array (Illumina)
containing 5,102 SNP/InDel markers distributed evenly on the 12 rice chro-
mosomes with an average density of 12 SNPs/InDels per Mb. The released
assembly version 6.1 of genomic pseudomolecules of japonica Nip, consistent
with that described when this chip was developed (Yu et al., 2014), was used
as the reference genome to indicate the physical positions of markers and an-
notated genes. The chip hybridization, polymorphism calling, genotyping,
and map construction for the CSSLs were conducted as described previously
(Yu et al., 2014). Bin genotyping of a single CSSL population was construct-
ed using polymorphic genotyping as described previously (Paran and Zamir,
2003). In order to increase the mapping resolution, joint analysis (Li et al., 2015;
Hoyos-Villegas et al., 2016) was conducted on the MAN-Z population, which
was integrated from the three CSSL populations. The bin genotyping of the
MAN-Z population was defined according to that of a single population.

Metabolic Profiling

All the CSSL lines were grown in a two-row plot for each line with 10 indi-
viduals per row in the experimental field of Huazhong Agricultural Univer-
sity at Wuhan (30.4_N, 114.2_E) under normal field management conditions.
Since there was about a 4-week difference in maturity for each of the three
CSSL populations and among parental lines (roughly, July 20 for ACC10, Au-
gust 1 for ZH97, August 20 for Nip and MH63; July 25 to August 25 for A/Z
and M/Z and August 1 to September 10 for N/Z), samples were collected at
the day of 50% panicle emergence for each line. All samples were collected
within a narrow time window (from 8 to 9:30 AM) to minimize the variation
caused by sampling time. Three biological replicates of flag leaves were col-
lected from independent plants at the heading stage and instantly snap frozen
by liquid nitrogen prior to being freeze dried for metabolite extraction. The
extracts were absorbed (CNWBOND Carbon-GCB SPE Cartridge, 250 mg,
3 mL; Shanghai ANPEL Scientific Instrument) and analyzed using an LC-
electrospray ionization-MS/MS system as described previously (Chen et al.,
2013). The quantification of metabolites was conducted using a scheduled
multiple reaction monitoring (MRM) method (Dresen et al., 2010), with an
MRM detection window of 80 s and a target scan time of 1.5 s.

Statistical Analysis

Metabolite data were first log, transformed to improve the normality of
distribution, and the biological replicates were then averaged for downstream
analysis (Gong et al., 2013). The principal component analyses of the data were
conducted by an online tool (http://www.metaboanalyst.ca/; Xia et al., 2015).
The values of the CV were calculated for each metabolite: 6/11, where ¢ and p
are the sp and mean of each metabolite in the CSSL populations, respectively,
and the heritability of the detected metabolites was calculated as described
(Chen et al., 2014): H* = Var./(Var, + Var,), in which Var_ and Var, are for
variations of genotype and environment.

QTL Mapping

QTL analyses of the log,-transformed metabolite data with the bins as
markers were performed using a likelihood ratio test based on a stepwise
regression (RSTEP-LRT) method in CSL mode in the software IciMapping
version 4.0 (http://www.isbreeding.net/software/; Wang et al., 2006). The
threshold value of the condition number for reducing multicollinearity among
marker variables and the probability in stepwise regression were set as 1,000
and 0.001 by default, respectively. The LOD threshold was set as 2.5 to declare
the presence of a putative QTL in a given bin. Additional study was performed
based on the mQTL mapped in at least two of three replicates.

Fine-Mapping of LOC_Os04g11970

Several flavonoids (m0424, O-methylapigenin C-pentoside; m0467,
O-methylapigenin C-hexoside; m0506, O-methylluteolin C-hexoside; and
m0545, O-methylchrysoeriol C-hexoside) were mapped to the wide range
(5.99-15.49 Mb) of chromosome 4 from the N/Z population. One of the
mapped metabolites (m0545), owing to its extremely high content in ZS97
compared with that in Nip, was selected as an indicator to narrow down the
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mapping interval. Subsequently, IL4, one of the N/Z CSSLs (Supplemental
Table S18), was selected to construct an F2 population by crossing with ZS97
because its metabolite content (i.e. content of m0545) was comparable to that
of Nip. By analyzing the metabolite contents and marker profiles among the
generated 1,728 individuals, the mapping interval was narrowed down to an
approximately 1.4-Mb segment between molecular markers RM16494 and
ID3. Afterward, a BC,F, population consisting of 2,880 lines was generated
with ZS97 as a recurrent parent, and the interval was further located to the
34.8-kb segment between molecular markers M23 and RM16497, in which
LOC_0Os04¢11970 was selected as the candidate gene.

Plasmid Construction and Rice Transformation

Primers Designed

Primers used in this study are listed in Supplemental Table S19.

RNAi Vector Construction and Transformation

A 310-bp ¢cDNA fragment amplified from ZS97 by primers DS970F and
DS970R (Supplemental Table 519) was inserted into the vector PDS1301 (a
modified vector of PCAMBIA 1301; Chu et al., 2006) and transformed into
7597.

Overexpression Vector Construction and Transformation

Overexpression vectors (pJC034 for LOC_0Os07g01020 and pUC1301 for
LOC_0s04¢11970; Sun et al., 2015) for rice were constructed with the 35S
promoter replaced by the maize (Zea mays) ubiquitin promoter. The overex-
pression constructs were generated by directionally inserting the full cDNAs
from ZS97 first into the entry vector pDONR207 and then into the destination
vectors using the Gateway recombination reaction (Invitrogen). The constructs
were introduced into Agrobacterium tumefaciens strain EHA105 and then trans-
ferred into japonica ZH11 (LOC_Os07g01020) or Nip (LOC_0Os04¢11970) as
described previously (Hiei et al., 1994). Targeted metabolite analysis for each
construct was performed on at least three independent T2 progeny using the
MRM method as described above.

Expression Analyses

Total RNA was isolated from rice flag leaves using an RNA extraction kit
(TRIzol reagent; Invitrogen). First-strand cDNA then was synthesized using
3 pg of RNA with 200 units of M-MLV reverse transcriptase (Invitrogen).
Quantitative reverse transcription-PCR was performed on an optical 96-well
plate in an AB StepOnePlus PCR system (Applied Biosystems) using SYBR
Premix reagent F-415 (Thermo Scientific). All the experiments were performed
following the manufacturers’ protocols. The relative expression quantities
were calculated using the relative quantification method (Livak and Schmitt-
gen, 2001) using Ubiquitin as an endogenous control.

In Vitro Validation of Candidate Genes

First, full-length cDNAs (LOC_Os04¢25980 from MH63 and LOC_Os04¢11970
from ZS97) were amplified using the respective primers listed in Supplemental
Table S19. Clones were digested by BamHI/EcoRI and directionally ligated to
pGEX-6p-1. Error-free recombinant vectors were transformed into BL21 (DE3)
pLysS cells (Novagene), which was cultured subsequently on a Luria-Bertani
plate. A single colony was grown in Luria-Bertani medium overnight, and
recombinant proteins were expressed after induction by the addition of 0.4
mwm isopropyl f-p-1-thiogalactopyranoside and growing continually for 12 h
at 16°C. Cells were harvested and suspended in 50 mM sodium phosphate
buffer (pH 7.8) and lysed by sonication. The crude extract was collected and
clarified by centrifugation at 12,000¢ for 1 h at 4°C, and supernatant of the
crude enzyme was stored at —80°C.

Standard in vitro enzyme assays for the role of enzymes encoded by
LOC_0s04¢25980 (cis-zeatin as substrate) and LOC_Os04¢11970 (apigenin and
apigenin C-hexoside as substrate) were performed in a total volume of 20 uL
containing 3 puL of purified protein (i.e. the purified expression product of LOC_
0504825980 or LOC_0Os04¢11970), 100 pm substrate, 100 um SAM (in validating
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LOC_0s04g11970) or 750 pm UDP-Glc (in validating LOC_Os04g25980), and
5 mm MgCl, in 100 mm Tris-HCl buffer (pH 7.4). After incubating at 37°C for
30 min, the reaction was stopped by adding 60 pL of methanol. The reaction
mixture then was filtered through a 0.2-um filter (Millipore) before being used
for LC-MS analysis. Each enzyme assay, as well as those that utilize expressed
protein from pGEX-6p-1 empty vector, was repeated three times to eliminate
possible false results.

Pathogen Inoculation and Disease Scoring

Bacterial inoculum was prepared as described previously (Lin et al.,
1996). The leaf-clipping method (Sun et al., 2004) was conducted to inoculate
Xanthomonas oryzae pv oryzae strain PXO61 on RNAi and normal ZS97 indi-
viduals at the booting stage in the field. Lesion lengths were scored (in cm)
at 3 weeks after inoculation, and Student’s ¢ test (P < 0.05) was performed to
analyze the data.

Accession Numbers

Sequence data from this article can be found on the Web sites http:/ /rice.
plantbiology.msu.edu/ and http://www.arabidopsis.org/ for rice and Arabi-
dopsis genes, respectively, with respective locus identifiers provided in this study.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Statistical information regarding mQTL analysis
among the CSSL populations.

Supplemental Figure S2. Metabolic profiles of multiple lines.

Supplemental Figure S3. Metabolite contents of rice germplasms and
transgenic plants of LOC_Os04¢11970.

Supplemental Figure S4. Phylogenetic analysis of acyl desaturase-coding
genes.

Supplemental Figure S5. Potential role of methylated apigenin in disease
resistance against rice bacterial blight.

Supplemental Figure S6. An mQTL responsible for multiple amino acid
contents.

Supplemental Figure S7. Pathway for metabolites that may possess dis-
ease resistance activities by consolidating newly assigned candidate
genes.

Supplemental Table S1. Metabolites detected in the screening.

Supplemental Table S2. Contribution of each metabolite in the principal
components.

Supplemental Table S3. Main principal components of the three parental
lines compared with ZS97.

Supplemental Table S4. Bin information of different populations.
Supplemental Table S5. Mapping results of the CSSL populations.

Supplemental Table S6. Numbers of mQTL mapped of the 281 metabolites
in different populations.

Supplemental Table S7. Numbers of mapped mQTL within chromosomal
blocks from the four populations.

Supplemental Table S8. List of candidate genes corresponding to respec-
tive mQTL.

Supplemental Table S9. Numbers of candidate genes assigned to metab-
olite classes.

Supplemental Table S10. Ratios of AA metabolites in the three donor par-
ents compared with ZS97.

Supplemental Table S11. Ratios of Fla metabolites in the three donor par-
ents compared with ZS97.
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