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SUMMARY

Plants produce numerous metabolites that are important for their development and growth. However, the
genetic architecture of the wheat metabolome has not been well studied. Here, utilizing a high-density
genetic map, we ducted a comprehensive metabolome study via widely targeted LC-MS/MS to analyze
the wheat kernel metabolism. We further combined agronomic traits and dissected the genetic relationship
between metabolites and agronomic traits. In total, 1260 metabolic features were detected. Using linkage
analysis, 1005 metabolic quantitative trait loci (mQTLs) were found distributed unevenly across the genome.
Twenty-four candidate genes were found to modulate the levels of different metabolites, of which two were
functionally annotated by in vitro analysis to be involved in the synthesis and modification of flavonoids.
Combining the correlation analysis of metabolite-agronomic traits with the co-localization of methylation
quantitative trait locus (mQTL} and phenotypic QTL [pQTL), genetic relationships between the metabolites
and agronomic traits were uncovered. For example, a candidate was identified using correlation and co-lo-
calization analysis that may manage auxin accumulation, thereby affecting number of grains per spike
(NGPS]. Furthermore, metabolomics data were used to predict the performance of wheat agronomic traits,
with metabolites being found that provide strong predictive power for NGPS and plant height. This study
used metabolomics and association analysis to better understand the genetic basis of the wheat metabo-
lism which will ultimately assist in wheat breeding.

Keywords: Triticum aestivum L., mature seed, metabolic quantitative trait loci, agronomic trait, metabolic
prediction.

INTRODUCTION

Plants are highly enriched in specific metabolites that play
important roles in the plant life cycle and mediate their
interactions within the complex environments in which
they live (Dixon and Strack, 2003; Saito and Matsuda, 2010;
Peng er al., 2017). Metabolomics aims to be the qualitative
and quantitative analysis of all metabalites in a biological
sample (Fighn et al., 2000, however current methodologies
fall well short of this goal (Alseekh et al., 2017). That said,
combining metabolomics with genomice and transcrip-
tomics has proven powerful in analyzing metabolic

0 2020 The Authors.

diversity and its underlying ganetic variation, as well as in
identifying numerous new genes and metabolic pathways
{Tohge and Fernie, 2010; Fernie and Tohge, 2017; Alseekh
and Fernie, 2018; Fang et al., 2019). For example, hundreds
of metabolic quantitative trait loci (mQTLs) have been
detected in Arabidopsis, tomato, maize, and rice by linkage
analysis (Lisec et al., 2009; Matsuda st al., 2012; Toubiana
et al, 2012; Alseekh ef al, 2015; Jin at al,, 2017), with the
identification a large number of structural and regulatory
genes involved in managing crop metabolite abundances.
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Summary

The marriage of metabolomic approaches with genetic design has proven a powerful tool in
dissecting diversity in the metabolome and has additionally enhanced our understanding of
complex traits. That said, such studies have rarely been carried out in wheat. In this study, we
detected 805 metabolites from wheat kernels and profiled their relative contents among 182
wheat accessions, conducting a metabalite-based genome-wide association study (mGWAS)
utilizing 14 646 previously described polymarphic SMP markers. A total of 1098 mGWAS
assaciations were detected with large effects, within which 26 candidate genes were tentatively
designated for 42 loci. Enzymatic assay of two candidates indicated they could catalyse
glucosylation and subseguent malonylation of vanous flavonoids and thereby the major
flavonoid decoration pathway of wheat kernel was dissected. Moreover, numerous high-con-
fidence genes associated with metabolite contents have been provided, as well as more
subdivided metabolite networks which are yet to be explored within our data. These combined

Keywords: flavonond decoration,
metabolite-based genome-wide
assocation study (mGWAS),
metabolomics-associated breeding,

pathway elucidation, wheat kernels.

efforts presented the first step towards realizing metabolomics-associated breeding of wheat,

Introduction

Plant metabolites play crucial roles in the interaction of plants
with their surrounding environments (Saito and Matsuda, 2010;
Schwab, 2003) and are necessary for humans in that they directly
or indirectly constitute our nutritional supply (De Luca et af,
2012; Keurentjes, 2009, Saito and Matsuda, 2010, Wang er af.,
2009). One class of specialized metabolites {also called secondary
metabolites), the flavonoids, have been proposed to possess a
range of functional roles. For instance, different decorations of
the basic flavonoid structure were associated with varied UV
tolerance in both rice cultivars and Arabidopsis ecotypes dis-
persed in various latitudes {Peng et al., 2017; Tohge et al., 2016),
and flavonoid metabolites are believad to confer, among other
bioactivities, anti-inflammatory activity when provided in the diet
(Kang et al,, 2016; Martin and Li, 2017, Zhou and lorahim, 2009).
However, the enormous number of predicted metabolites {Dixon
and Strack, 2003) and the severe variation in their abundance
between species (Morohashi ef al,, 2012) mean that vast majority
of metabolic pathways remain to be fully unveiled. Indeed, unlike
primary metabolites which are similarly present across the plant
kingdom, secondary metabolic pathways are highly divergent
between species. An elegant recent study revealed that part of
the previously known pathway for flavenoid syntheses was
reconstructed in rice, in which the naringenin-to-tricin route was
redirected bypassing the formation of tricetin (Lam et al., 2015).
More recently, the progress in flavonoid biosynthesis pathways in
madel plants and several crop species has been reviewed (Tohge

et al, 2017). These studies demonstrated the essentiality of
applying metabolomics as a systematic approach to study
specalized plant metabolism. Specifically, metabolomic gen-
ome-wide association study (mGWAS) or metabolomic quantita-
tive trait loci mapping (mQTL) has proven highly powerful in
understanding the diversification of metabolites (Chen et al,
2014, Gong et al, 2013; Zhu et al, 2018), as wel as the
association of these metabolites with biotic and abiotic stress
defence processes (Chen et al, 2018; Glauser et al, 2017; Peng
et al., 2017} or with food quality and flavour (Peng et af,, 2016,
Sharma et al,, 2016; Tieman et al, 2017). However, to date only
very fews mGWAS or mOTL studies have been conducted in wheat
(Hill et al., 2013; Hill et al., 2015; Matros et al, 2017).

Wheat (Triticurn aestivun L) is 3 leading ceraal crop ultimately
accounting for approximately 20% of the calories consumed by
humans {Simmonds et al, 2016y To secure worldwide food
supply, intense selection of high-yield and broad-adaptation
wheat cultivars has been the primary breeding target in wheat
breeding programmes (Dubcovsky and Dvorak, 2007). However,
owing to linkage drag and relatively low recambination frequen-
cies, conventional breeding processes are usually ime-consuming
and have low efficiency and predictability (Holland, 2007), which
renders it necessary to develop and incorporate genomic tools to
assist wheat breeding programmes (Simmonds et af, 2076).
Indeed, the available genomic information of hexaploid wheat
(MGSC, 2018) and its tetraploid {Avni et al, 2017) and diplod
progenitors Ling et al, 2018, Luo ef al, 2017} has greatly
facilitated fundamental research in wheat (Cui et al, 2019; Ju
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Genome-wide association studies (GWAS) have been widely used to dissect the
complex biosynthetic processes of plant metabolome. Most studies have used single-
locus GWAS approaches, such as mixed linear model (MLM), and little is known
about more efficient algorithms to implement multi-locus GWAS. Here, we report a
comprehensive GWAS of 20 free amino acid (FAA) levels in kernels of bread wheat
(Tnticum aestivum L.) based on 14,646 SNPs by six multi-locus models (FASTmrEMMA,
FASTmrMLM, ISISEM-BLASSO, mrMLM, pKWmEB, and pLARmMEB). Our results
showed that 328 significant gquantitative trait nucleotides (QTNs) were identified in total
(38, 8, 92, 45, 117, and 28, respectively, for the above six models). Among them, 66
were repeatedly detected by more than two models, and 155 QTNs appeared only
in one model, indicating the reliability and complementarity of these models. We also
found that the number of significant QTNs for different FAAs varied from 8 to 41,
which revealed the complexity of the genetic regulation of metabolism, and further
demonstrated the necessity of the multi-locus GWAS. Around these significant QTNs,
15 candidate genes were found to be involved in FAA biosynthesis, and one candidate
gene (TraesCS1001G052500, annotated as tryptophan decarboxylase) was functionally
identified to influence the content of tryptamine in vitro, Our study demonstrated the
power and efficiency of multi-locus GWAS models in crop metabolome research and
provided new insights into understanding FAA biosynthesis in wheat.

Keywords: wheat, free amino acid (FAA), vidh studies, multi-l models, QTNs

INTRODUCTION

Genome-wide association studies (GWAS) have largely been applied to the genetic dissection of
complex traits in plants, With the landmark GWAS study of 107 phenotypes in Arabidopsis (Atwell
etal, 2010), numerous other studies have been successfully performed, including those addressing
the flowering time and grain yield in rice (Huang et al., 2012; Yang W. et al., 2014), salinity tolerance
in barley (Fan et al., 2016), male inflorescence size in maize (Wu et al., 2016), floret fertility in wheat
{Guo et al,, 2017), and the reducing levels of cucurbitacin in cucumber domestication (Shang et al.,
2014). Of these studies, the mixed linear model (MLM) has been adopted most frequently owing
to its effective control of spurious associations (Yu et al., 2006). However, as a single-locus GWAS
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Comparative and parallel genome-wide association
studies for metabolic and agronomic traits
in cereals
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The plant metaboleme is characterized by extensive diversity and is often regarded as
a bridge between genome and phenome. Here we report metabolic and phenotypic
genome-wide studies (mGWAS and pGWAS) in rice grain that, in addition to previous
metabolic GWAS in rice leaf and maize kernel, show both distinct and overlapping aspects
of genetic control of metabolism within and between species, We identify new candidate
genes potentially influencing important metabelic and/or morphelogical traits. We show
that the differential genetic architecture of rice metabolism betwsen different tissues is in
part determined by tissue specific expression. Using parallel mGWAS and pGWAS we
identify new candidate genes potentially responsible for variation in traits such as grain colour
and size, and provide evidence of metabotype-phenotype linkage, Our study demonstrates a
powerful strategy for interactive functional genomics and metabolomics in plants, especially
the cloning of minor QTLs for complex phenotypic traits.
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Phenolamides (PAs) are specialized (secondary) metabolites mainly synthesized by BAHD N-acyltransferases. Here, we
report metabolic profiling coupled with association and linkage mapping of 11 PAs in rice (Oryza sativa). We identified 22 loci
affecting PAs in leaves and 16 loci affecting PAs in seeds. We identified eight BAHD N-acy ferases ted on five
chromosomes with diverse specificities, including four aromatic amine N-acyltransferases. We show that genetic variation in
PAs is determined, at least in part, by allelic variation in the tissue specificity of expression of the BAHD genes responsible
for their biosy is. Tryptamine hydroxyci oyl 1/2 (Os-THT1/2) and tryp benzoyl tr 1/2
{0s-TBT1/2) were found to be bifunctional tryptamine/tyramine N-acyltransferases. The specificity of Os-THT1 and Os-TBT1
for agmatine involved four arginine r which have not been identified as specificity determinants for other
plant BAHD transferases, illustrating the versatility of plant BAHD transferases in acquiring new acyl acceptor specificities.
With phylogenetic analysis, we identified both divergent and convergent evolution of N-acyltransferases in plants, and we
suggest that the BAHD family of tryptamine/tyramine N-acyltransferases evolved conservatively in monocots, especially in

Gramineae. Our work demor that omic: i
identification and crop genetic improvement.

INTRODUCTION

Plants produce a large number of specialized (secondary) metab-
alites that are crucial for their interactions with the ever-changing
environment (Keurentjes, 2009; Saito and Matsuda, 2010). Much of
the enormous diversity of specialized metabolites in plants comes
from modifications or decorations of core structures by differant
tailing reactions such as acylation (Bontpart et al., 2015), glyco-
sylation (Bowles et al., 2005), methylation (Lam et al., 2007), and so
on [Schwab, 2003). In addition, many studies have revealed that
plant specialized metabolites accumulate with tissue specificity
(Schilmiller et al, 2010; McDowell et al., 2011; Kim et al, 2012;
Toubiana et al., 2012; Watanabe et al., 2013; Dong et al., 2015; Wen
et al, 2015).

Phenolamides (PAs), also referred to as hydroxycinnamic acid
amides or phenylamides, are the hydroxycinnamoyl acylated

1 These authors contributed equally to this work.

2 Address corespondence to jie luo@mail hzau.edu.cn.

The author responsible for distribution of materals integral to the findings
presentad in this article in accordance with the paolicy described i the
Instructions for Authars www.plantcalloeg) is: Jie Lua (ieduofmail.hzau.
adu.cn).

OEEH Articles can be viewed without a subscription,
www.plantcell.org/egiidoi/10.1105/4pe.16.00265

1 gene-to-metabolite analysis provides a useful tool for bulk gene

products of the mono-, di-, or triphenolic acid {coumanc, caffeic, or
ferulic acid) substitutions of pelyamines (putrescine, spermidine,
agmatine, tryptamine, and serotonin) or anylmoncamines such as
tyraming, octopamine, and anthranilate (Figure 1; Bienz et al., 2005;
Edrevaetal., 2007; Bassard etal., 2010). PAs are a diverse group of
specidlized metabolites found in many pants, including wheat
(Trticum aestivurm), barey (Hordeumn vulgare), rice (Onyza sativa),
andmaize (Feamays) (Martin-Tanguy et al., 1978; Martinetal., 1885;
Facchini et al., 2002; Edreva et al, 2007; Bassard et al., 2010).
Accumulating evidence shows that PAs play an important role in
plant defense responses against pathogens and insect herbivores
(Newman et al,, 2001; Tanaka et al., 2003; Kaur et al., 2010; Park
et al., 2014). They are also suggested to play roles in suliur star-
wation, heat shock, and protection against UV irmadiation (Klapheck,
1983; Edreva et al,, 1988; Kaur etal,, 2010), although clear evidence
to support these roles is yet to be reported (Fellenberg and Vogt,
2015).

Condensation of the hydroxycinnamoyl and amine moieties
is the key step for the biosynthesis of PAs and is catalyzed by
a diversity of hydroxycinnamoyl transferases (Petersen, 2015).
One of the first genes encoding this type of enzyme to be char-
acterized was the gene encoding tyramine:N-hydroxycinnamaoyl
transferaze (THT; Hohlfeld ot al., 1995; Schmidt et al., 1999; Yu
and Facchini, 1999; Back et al., 2001; Von Roepenack-Lahaye
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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 ACCI10
(A/Z), Minghui 63 (M/Z), and Nipponbare (M/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_Os04g25980 for cis-zeatin glucosyltransferase
activity. We propose a novel biosynthetic pathway for O-methylapigenin C-pentoside and demonstrated that LOC_OsiMg 171970
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.

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

Avast number of metabolites are produced by plants,
many of which are essential for plants to interact with
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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
et al., 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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SUMMARY

Plants are considered an important food and nutrition source for humans. Despite advances in plant seed
metabolomics, knowledge about the genetic and molecular bases of rice seed metabolomes at different
developmental stages is still limited. Here, using Zhenshan 97 (2597) and Minghui 63 (MH6E3), we performed
a widely targeted metabolic profiling in seeds during grain filling, mature seeds and germinating seeds. The
diversity between MHE3 and Z597 was characterized in terms of the content of metabolites and the meta-
bolic shifting across developmental stages. Taking advantage of the ultra-high-density genetic map of a
population of 210 recombinant inbred lines (RILs) derived from a cross between Z597 and MHE3, we identi-
fied 4681 putative metabolic quantitative trait loci (mQTLs] in seeds across the three stages. Further analysis
of the mQTLs for the codetected metabolites across the three stages revealed that the genetic regulation of
metabolite accumulation was closely related to developmental stage. Using in silico analyses, we character-
ized 35 candidate genes responsible for 30 structurally identified or annotated compounds, among which
LOC 0s07g04970 and LOC_Os06g03990 were identified to be responsible for feruloylserotonin and L-as-
paragine content variation across populations, respectively. Metabolite—agronomic trait association and
colocation between mQTLs and phenotypic quantitative trait loci (pQTLs) revealed the complexity of the
metabolite -agronomic trait relationship and the corresponding genetic basis.

Keywords: rice seeds, metabolome, seeds during grain filling, mature seeds, germinating seeds, metabolic
quantitative trait loci.

INTRODUCTION

As readouts of the physiological or biochamical status of
an organism, metabolites are essential for plant growth
and plant—environment interactions, as well as for human
health {Keurentjes, 2009; Saito and Matsuda, 2010; De Luca
et al, 2012; Wurtzel and Kutchan, 2018). Benefiting from
the extreme diversity of metabolites, plants have become
ideal models for dissecting the mechanism of metabolite
biogynthesis and its regulation (Keurentjes ef al., 2006;
Marohashi et al, 2012; Luo, 2015; Fang et al, 2019ab;
Fang and Luo, 2019). In plants, which are sessile in nature,
the number of metabolites is estimated to be between
100 000 and 1 million (Dixon and Strack, 2003; Afendi
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et al, 2012). Many metabolites display differential shifts
during development. For instance, the contents of the
majority of C-glycosylated and O-glycosylated flavonoids
significantly increase in seedlings during the first 10 days
after germination, which decrease slightly during later
stages (Dong et al,, 2014}, Furthermore, the accumulation
of anthocyanins and most of the indele-derived glucosino-
lates in leaves largely increases continuously throughout
leaf senescence (Watanabe et al, 2013). Development-de-
pendent accumulation is also observed concerning the
content of primary metabolites (Mounet et al, 2007; Hu
et al, 2016; Silva et al., 2017). For instance, Hu et al. (2016}
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Here, we want to introduce our new automatic data analysis
platform for untargeted metabolomic analysis of complex plant
samples. Many laboratories across the world have adopted ultra-
high performance liquid chromatography-high resclution mass
spectrometry (UPLC-HRMS) as they seek to thoroughly charac-
terize metabolites in complex plant samples, with the larger aim
of identifying compounds with impactful biclegical functions
(Rinschen et al., 2019; Shen et al,, 2019). Despite the widespread
deployment of analytical hardware that is capable of capturing
robust data sets for many types of biclogical samples, it is the
data analysis steps for UPLC-HRMS — seeking to accurately extract
qualitative and quantitative information for thousands of metabo-
lites — that continuas to be one of the most challenging tasks and
has become a frustrating bottleneck for metabelomics and
lipidomics (Domingo-Almenara et al., 2018).

A number of proprietary and freely available methodologies
have been developed for such analyses, including AntDAS (Fu
at al., 2017), Mzmine2 (Pluskal et al., 2010), XCMS (Smith et al.,
2006) and MS-DIAL (Tsugawa et al, 2015). These methods
typically integrate the entire data analysis workflow for untargeted
metabolomics (i.e. EIC construction, peak detection, peak anno-
tation and peak alignment) and connect to chemometrics methods
for screening out functionally impactful metabolites that exhibit
significant differences amongst various experimental groups.

In practical applications, especially for complex plant sample
analysis, however, researchers are still faced with the challenge
that many identified signals can correspond to the same
biological metabolite, because hundreds of jons can screen out
based on analysis of variance (ANOVA) or popular algorithms in
chemometrics ke partal least sguare. Auming to address this
problem, researchers seeking to perform compound identification
must manually identify ions that putatively originate from a single
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metabolite (e.q. neutral loss and fraqment ions), which is certainly
a very time-consuming task. Aiming to address this problem, we
have developed an ion clustering-based fragment identification
algonthm. We combine this new algorithm with our previoushy
developed data analysis methods (Fu et al, 2016a; Yu et al,
2019), including peak detection and time shift comection and
registration modules, to provide an integrated data analysis
platform for UPLC-HRMS-based untargeted metabolomics. The
platform comprises five modules, including one for EIC peak
extraction, one for time shift correction, one for peak registration
across samples, one for peak screening module and finally our ion
clustering-based peak annotation module (3 full flow chart of the
platform is presented in Figure 1),

EIC peak extraction module

The acguired UPLC-HRMS data files from an instrument are
transformed into mzxm! file format using Protec\Wizard (httpuf
proteowizard. sourceforge net/). EICs are constructed using an ion
density clustering algorithm{Yu er al., 2019}, which extracts EICs
based on the fact that ions from a metabolite exhibit almost
identical myz values so that, within a small mdz tolerance like
0.01 Da, the specific ion density will be higher than any particular
background noise signal. Peak detection is performed for each
EIC. First, a local-minimal value-based baseline dnft correction
algorithm {Fu et &, 2016h) is introduced for baseline corraction

Mext, chromatographic peaks are extracted using a Gaussian
smoothing-based strategy (Fu et al., 2016a), which extracts peaks
by smoothing the EIC under different smoothing scales; it then
searches the ridge lines across successively increased smoothing
scales, An example of peak extraction is provided in Figure 1a1-
a3, where three chromatographic peaks in the EIC have been
extracted. Then, retention time and myiz value of the ion acquired
at the peak apex are wsed to characterize each EIC peak
(Figure 1a4). Quantitative information based on peak area and
peak height is extracted, respectively, as the sum of responses in
the elution EIC peak and as the intensity at the peak apex.

Time shift correction module

Time shift correction is performed for each EIC. First, the total
number of peaks in each EIC is counted, and the EIC wath the
maximum number of components is selected as the referance
sample (Figure 1b1). For each peak in the reference, its candidate
fraces in a test sample must satisfy both miz and retention
tolerances, which are set as 0.01 Da and 0.5 min, respectively.
The sirmilarity between a test peak and a reference peak
assessed based on the Pearson correlation coefficient values of
EIC curves. A similarity matrix can thus be constructed based on
the test and reference peaks (Figure 1b2). We align all reference
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