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ABSTRACT
FARIDA YASMIN. Investigating the Genetic Basis and Selection of Diverse Plant
Specialized Metabolites in Wild Soybean, Glycine soja. (Under the direction of DR.
BAO-HUA SONG)

Plant-specialized metabolites, such as glyceollins and soyasaponins, play vital roles in
adapting to dynamic environments and promoting human health. Glyceollins, induced
phytoalexins derived from the isoflavonoid branch of the phenylpropanoid pathway, and
soyasaponins, triterpenoid class compounds naturally abundant in legume species, have
particular importance in responding to environmental stresses and contributing to
sustainable human nutrition. However, the genetic basis of glyceollin induction and
soyasaponin production, especially in wild crop species like wild soybean (G. soja),
remains poorly studied. To bridge these knowledge gaps, our study focused on G. soja,
which has abundant genetic diversity. Our objective was to unravel the genetic basis of
glyceollin induction as well as phytochemical diversity with respect to soyasaponin
variation. For insights into glyceollin induction, we employed a targeted metabolite-based
genome-wide association (MGWA) approach utilizing 264 G. soja ecotypes and
identified eight significant SNPs associated with glyceollin induction on chromosomes 3,
9, 13, 15, and 20. Among these, six genes near a significant SNP (ss715603454) on
chromosome 9 formed two clusters, encoding enzymes of the glycosyltransferase class.
We also discovered transcription factor genes, including MYB and WRKY, within the
linkage disequilibrium of the significant SNPs on chromosome 9. Epistasis and strong
selection signals were detected for four of the significant SNPs on chromosome 9,
indicating their major evolutionary influence on glyceollin induction. For the genetic

basis of phytochemical diversity with respect to soyasaponin biosynthesis, we utilized an



untargeted metabolomics approach in an association panel of 190 G. soja ecotypes from
diverse natural environments. Among the 874 detected metabolite peaks, we annotated
485 metabolites and identified 1155 SNPs significantly associated with 359 metabolites
through a genome-wide association study. Clustering analysis revealed eight QTLs,
named QTL-multiple metabolite clusters. Mining data within the linkage disequilibrium
blocks of these QTLs led to the identification of 612 annotated genes. From this set, we
selected 16 candidate genes relevant to the triterpenoid and phenylpropanoid-derived
isoflavonoid biosynthetic pathways, with UDP-dependent glycosyltransferase (UGT)
emerging as a promising candidate gene on chromosome 15. Sequence analysis of the
UGT gene in 46 different wild soybean ecotypes revealed two haplotypes with three
SNPs on exon-1 for 29 ecotypes, resulting in amino acid changes. These haplotypes were
significantly associated with varying soyasaponin-producing ecotypes and exhibited
notable expression level differences. We also observed the same two haplotypes in
different cultivated G. max ecotypes. Incidentally, there was a higher frequency of the
haplotype associated with relatively low soyasaponin Il accumulation in 29 out of 34 G.
max ecotypes. Our findings provide valuable insights into the genetic basis of glyceollin
induction and phytochemical diversity, with a focus on soyasaponin variation. This
knowledge will be a good resource for developing phytochemicals-fortified climate-
resilient, high-value soybean crops employing metabolic engineering, ultimately

benefiting plant and human health.
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CHAPTER 1: INTRODUCTION

Some of the ideas presented in this chapter have been derived from a review article

referenced below, where | was one of the co-authors.

ZHANG, H., YASMIN, F. & SONG, B.-H. 2019. Neglected treasures in the wild —
legume wild relatives in food security and human health. Current Opinion in Plant

Biology, 49, 17-26.

The intricacies of plant specialized metabolism

Plants exhibit a remarkable capacity to produce an extensive range of metabolites,
including primary metabolites, secondary metabolites, and plant hormones, each serving
distinct biological functions. Primary metabolism encompasses essential life activities of
plants, involving the production of sugars, amino acids, nucleotides, lipids, and high-
energy metabolites through processes like respiration and photosynthesis. Plant
hormones, on the other hand, are small compounds that interact with receptor proteins to
regulate various organismal processes, such as abscisic acid (ABA) binding to ABA-
RESPONSIVE ELEMENT BINDING FACTORS (AREB/ABFs) to control cellular and

tissue level responses (Sun et al., 2022).

In addition to these fundamental activities, plants possess an extraordinary ability to
synthesize specialized metabolites (also called secondary metabolites or natural
products), which utilize the aforementioned primary metabolites as precursors. Unlike
primary metabolism, specialized metabolism in plants serves the purpose of producing
numerous unique and biologically active substances. Approximately 30% of the carbon

fixed through photosynthesis, for example, is allocated towards the biosynthesis of



phenylpropanoids (Rippert and Matringe, 2002). Julius Sachs, a pioneer in modern plant
physiology, emphasized that these compounds are not mere "waste products” but rather
do not participate in the plant's "inner economy" or are "no longer necessary for the
formation of new cells" (Sachs, 1874, Hartmann, 2008). However, the multifunctionality
of plant specialized metabolism, as highlighted by Erb and Kliebenstein et al. (2020),
demonstrates the integration of specialized metabolites with primary metabolites and
plant hormones. Reevaluating this aspect can enhance our comprehension of how these
compounds can act as both primary metabolites and regulators, expanding our knowledge
and insight into their roles and functions (Erb and Kliebenstein, 2020). The significance
of specialized metabolism lies in its role in ensuring plant survival and its potential
applications for human use. These compounds have garnered increasing attention due to
their diverse biological activities and potential benefits in various fields, including
medicine and agriculture (Medema et al., 2021, Weng et al., 2021, Fang et al., 2019,
Wourtzel and Kutchan, 2016). Hence, our research endeavors were directed towards
investigating the genetic foundations of phytochemical diversity and their induction,
specifically targeting isoflavonoids (glyceollin) and triterpenoids (soyasaponins). This
choice was driven by our overarching goal to contribute to sustainable agriculture and

promote human nutrition through a deeper understanding of these key compounds.

Isoflavonoids and triterpenoids in plants

Plants synthesize a variety of specialized metabolites, which can be categorized into three
main classes: phenolic compounds, terpenes, and nitrogen- or sulfur-containing
compounds such as alkaloids and glucosinolates. To generate a wide range of specialized

metabolites, plants rely on precursors synthesized through fundamental and well-
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preserved primary metabolic pathways, including glycolysis, the TCA cycle, aliphatic
amino acids, the pentose phosphate pathway, and the shikimate pathway (Figure 1.1)
(Fernie and Pichersky, 2015, Wang et al., 2022). Several plant species, including
Arabidopsis, rice, corn, soybean, and the model legume Medicago truncatula, are
renowned for their abundance of antimicrobial indole, terpenoid, benzoxazinone, and
flavonoid/isoflavonoid natural products. Within the realm of specialized metabolites,
isoflavonoids stand out as a notable subclass of flavonoids. They showcase a distinct
structural feature, characterized by a phenyl ring fused with a six-membered heterocyclic
C-ring, along with another phenyl ring (referred to as the B-ring) positioned at the C3
position. This sets them apart from flavonoids, where the B-ring is substituted at the C2
position. Isoflavonoids exhibit this intriguing structural twist, lending them a unique
identity within the family of flavonoids (Han et al., 2009). They are synthesized through
the phenylpropanoid pathway and encompass a diverse group of compounds, including
phytoalexins, which are predominantly produced by leguminous plant species.
Isoflavonoids play a critical role in enhancing plant resistance against biotic stress
(Veitch, 2007, Dixon, 2001). Among isoflavonoids, genistein and daidzein serve as the
fundamental scaffolds from which thousands of isoflavonoid derivatives are derived
through various structural modifications, including hydroxylation, methylation,
glycosylation, and molecular rearrangements (Dixon and Steele, 1999, Dixon and
Pasinetti, 2010, Sharma and Ramawat, 2013).

In soybean, the predominant isoflavonoids are daidzein, genistein, and glycitein (Graham
and Graham, 1991). Furthermore, upon germination and exposure to stress conditions

such as soybean cyst nematode infection, seedlings produce phytoalexins such as the



glyceollins (Yasmin et al., 2022). Glyceollin, a pterocarpan phytoalexin, is synthesized in
various tissues of soybean plants as a response to pathogenic infection. It has been
extensively studied and is recognized as one of the first phytoalexins to be investigated in
detail (Paxton, 1975). The accumulation of glyceollin has been linked to its role in
enhancing soybean resistance against Phytophthora sojae, as evidenced by various
studies (Ayers et al., 1976, Albersheim and Valent, 1978, Zahringer et al., 1978,
Bhattacharyya and Ward, 1985, Ebel and Grisebach, 1988, Graham and Graham, 1991,
Morris et al., 1998).

Triterpenoids, one of the largest and most diverse classes of natural compounds found in
plants, have been extensively studied, with over 20,000 triterpenes identified so far (Hill
and Connolly, 2013). These compounds exhibit a remarkable range of structural
variations and possess significant potential for both plant defense and medicinal
applications. While plant is the primary source of triterpene diversity, other organisms
also produce triterpenes. Bacteria, for instance, are capable of synthesizing hopene, a
simple triterpene derived from squalene (Ourisson and Albrecht, 1992), while sea
cucumbers produce triterpene glycosides known for their defensive properties (Van Dyck
etal., 2010).

The biosynthesis of triterpenes occurs through the mevalonic acid (MVA) pathway,
where the conversion of 2,3-oxidosqualene by oxidosqualene cyclases (OSCs) plays a
crucial role in generating a wide variety of triterpene scaffolds. This enzymatic process is
considered one of the most intricate reactions in terpene metabolism (Abe, 2007, Phillips
et al., 2006, Wendt, 2005). Through cyclization, a diverse range of triterpene structures

can be formed, leading to the existence of over 100 distinct triterpene scaffolds in plants



(Xu et al., 2004a). These scaffolds serve as a foundation for further modifications
facilitated by triterpene-modifying enzymes, including cytochrome P450s, sugar
transferases, and acyltransferases. The interplay between cyclization and enzymatic
modifications contributes significantly to the remarkable structural diversity observed in

triterpenes (Thimmappa et al., 2014).
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Figure 1.1 The interplay between plant primary and specialized metabolism (adapted
from Wang et al. (2022) (Wang et al., 2022). This figure depicts the relationship
between plant specialized and primary metabolic pathways, highlighting how the
former utilizes products from the latter. The dashed boxes represent isoflavonoids and
terpenoids, showcasing specific examples within the realm of specialized metabolism.
3PGA, 3-phosphoglycerate; E4P, Erythrose-4-phosphate; Trp, Tryptophan, Phe,
Phenylalanine; 4HPP, 4-hydroxyphenylpyruvate; PEP, Phosphoenolpyruvate; 3MOB,
3-methyl-2-oxobutanoate; BCAA, Branched-chain amino acid; MEP, methylerythritol

phosphate; MVA, Mevalonate; TAG, triacylglycerol.
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Enzymatic modifiers unleashing phytochemical diversity

The pivotal role of enzymatic reactions in shaping the remarkable diversity of
phytochemicals, including isoflavonoids and triterpenes, is evident. Among these
reactions, glycosylation stands out as a prominent process facilitated by UDP-
glycosyltransferases (UGTS), which belong to the glycosyltransferase superfamily family
1. UGTs utilize uridine diphosphate sugar as a sugar donor, enabling the transfer of
glycosyl groups from nucleotide diphosphate-activated sugars to a diverse array of
substrates, including specialized metabolites (Brazier-Hicks et al., 2018). This enzymatic
pathway plays a vital role in expanding the repertoire of phytochemicals through
glycosylation reactions. These modifications have a significant impact on the solubility,
chemical properties, bioavailability, stability, and biological activity of these
phytochemicals (Pollak et al., 1993). An example is the prevalence of glycosylated forms,
such as daidzin, glycitin, and genistin, which are more abundant than their aglycone
counterparts. These glycosylated forms play a crucial role in regulating the interactions
between legumes and their symbiotic and pathogenic microorganisms, as well as
influencing the dietary effects of these flavonoids on human health (Liu et al., 2002, Yu
etal., 2000, Yu et al., 2003).

The process of glycosylation alters the physiological, chemical, and biological
characteristics of triterpenes, making UDP-glycosyltransferases (UGTSs) an intriguing
target for metabolic engineering (Bonisch et al., 2014, Rahimi et al., 2019). While a small
number of UGT enzymes have been discovered to facilitate the glycosylation of
triterpene aglycones, the understanding of UDP-glycosyltransferases (UGTS) in

triterpenes lags behind that of isoflavonoids. This is because the majority of UGTs still



lack comprehensive understanding regarding their biochemical functions and substrate
specificities (Rahimi et al., 2019). Glycosylation of hydroxyl and/or carboxyl groups in
triterpenoids leads to the production of diverse triterpenes. As a result, the expansion of
large UGT multigene families reflects the chemical diversification of plants and their
adaptations to terrestrial life (Caputi et al., 2012, Yonekura-Sakakibara and Hanada,
2011). However, further research is needed to bridge the knowledge gap and gain deeper
insights into UGTS' role in triterpene metabolism.

The extensive diversity of plant specialized metabolites remains largely unexplored,
presenting a vast realm of untapped potential (Figure 1.2). Even subtle shifts in genetic
diversity can have profound implications on specialized metabolism, giving rise to the
synthesis of novel molecules whose biological activities are largely unknown (Firn and
Jones, 2000). This diversity of metabolites holds significant ecological and practical
value for both natural and cultivated ecosystems (Bustos-Segura et al., 2017).
Nevertheless, limited research has focused on investigating the broader connections
between genetic diversity and chemical diversity within species, particularly examining
the variation in chemical compound composition among individuals within a population
(Pais et al., 2018). Therefore, it is imperative to elucidate the genetic foundations

underlying this diversity.
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Figure 1.2 A comparative overview of the extensive diversity and scope of plant

specialized metabolites. The information has been adapted from Alseekh et al. (2018)
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(Alseekh and Fernie, 2018). The larger circles indicate an estimate of the number of
metabolites present in E. coli (3,700), humans (114,100), and plants (>200,000).
Additionally, the smaller circles represent the approximate number of metabolites we can
measure (700 for E. coli, 8,000 for humans, and 14,000 for plants). The figures regarding
metabolite numbers are derived from various studies, including Guo et al. (2012) and
Sajed et al. (2016) for E. coli (Guo et al., 2012, Sajed et al., 2016), Wishart et al. (2018)
for humans (Wishart et al., 2018), and Dixon et al. (2003), Saito and Matsuda (2010),
Afendi et al. (2012), Wink et al. (2015), and Rai et al. (2017) for plants (Dixon, 2003,

Saito and Matsuda, 2010, Afendi et al., 2012, Wink, 2015, Rai et al., 2017).
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Exploring crop wild relatives for a sustainable agriculture and human nutrition

The legume family (Fabaceae) is of great significance, encompassing numerous
cultivated species worldwide such as soybeans, peas, lentils, and chickpeas. These plants
are rich reservoirs of essential nutrients such as proteins, fats, carbohydrates, dietary
fibers, B-group vitamins, and minerals, underscoring their immense nutritional value
(Bourion et al., 2018, Fabbri and Crosby, 2016). Legumes are low in fat and devoid of
saturated fat, offer a cholesterol-free option. A single serving of legumes, equivalent to
half a cup, supplies approximately 115 calories, 20 grams of carbohydrates, 7-9 grams of
fiber, 8 grams of protein, and 1 gram of fat. Additionally, they exhibit a low glycemic
index, typically falling within the range of 10 to 40 (Polak et al., 2015). During the
domestication of legume crops, specific traits related to nutrient content were selectively
enhanced. Adzuki beans, for example, exhibit increased starch and fat content (Yang et
al., 2015), while soybeans gained attention for their elevated protein and oil content
(Zhou et al., 2015). Extensive research has delved into the genetic basis of these traits,
unveiling novel loci within the genome (Obala et al., 2019, Patil et al., 2018, Leamy et
al., 2017). In soybeans, for instance, stable QTLs (quantitative trait loci) for seed protein
and oil on chromosome 20 have been consistently identified across diverse interspecific
populations, offering valuable insights (Patil et al., 2018, Lu et al., 2016). A recent study
conducted by Goettel et al. (2022) highlighted the role of the POWR1 gene in influencing
a major QTL related to protein and oil content in soybean. The findings of this study
revealed that the POWRL1 gene has a substantial impact on enhancing seed quality and
yield in soybean (Goettel et al., 2022). Identifying favorable haplotypes/alleles within

these regions can significantly accelerate seed improvement efforts.
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Legumes are widely recognized for their ability to accumulate a wide range of
phytochemicals, making them an invaluable and captivating subject of study. This is
especially true due to the abundant genetic diversity found in wild legumes. Thus, wild
legumes play a critical role as a substantial source of diverse phytochemicals, which
serve as valuable components in improving human health, offering opportunities for
disease prevention and the development of alternative medicines (Figure 1.3) (Grela et
al., 2017). For instance, the isoflavonoid formononetin, commonly found in wild legume
species, exhibits anti-hyperglycemic activity, holding promise for diabetes treatment by
reducing insulin resistance and hyperglycemia (Qiu et al., 2017, Oza and Kulkarni,
2018). Moreover, wild soybean (Glycine soja) demonstrates high levels of phenolics,
flavonoids (Takahashi et al., 2016), and saponins (Takahashi et al., 2016, Takahashi et
al., 2017), which contribute to its resilience under environmental stresses (Figure 1.3). In
both soybean and its wild relative, G. soja, the induction of phytoalexin glyceollins has
been observed (Yasmin et al., 2022), demonstrating notable anti-proliferative effects on
breast cancer cells as well as pathogen resistance such as Phytophthora sojae and
soybean interaction (Lecomte et al., 2017, Jahan et al., 2020). Furthermore, the wild
relatives of chickpeas have been found to contain health-beneficial phytochemicals such
as polyphenolics and flavonoids, demonstrating their potential value (Von Wettberg et

al., 2018).

These findings highlight the exceptional range of phytochemicals found in cultivated
legumes, with particular emphasis on their wild relatives. Wild soybeans offer a plethora
of beneficial compounds such as soyasaponins, soybean agglutinin, bioactive peptides,

lunasin, genistein, and formononetin. These compounds have been found to possess

12



various health-promoting properties, including anti-inflammatory, antioxidant,
vasodilation, and anticancer activities (Jing et al., 2017, Sureda et al., 2017, Zhu et al.,
2018a). These compounds showcase remarkable resilience when confronted with
dynamic environmental stresses (abiotic and biotic), underscoring their potential not only
in enhancing human nutrition but also in promoting sustainable agriculture (Morrissey
and Osbourn, 1999, Fujimatsu et al., 2020, Marone et al., 2022). However, under stressful
environmental conditions, legume yields often experience significant declines. One
crucial factor contributing to this challenge is the loss of genetic diversity during the
domestication process, which has limited the adaptability of cultivated crops (Zhang et
al., 2017b, Bai and Lindhout, 2007, Gorim and Vandenberg, 2017, Prasanna, 2012).
Furthermore, compared to cereals, the legume community faces funding limitations,
impeding extensive research efforts for improving legumes. Fortunately, emerging
evidence suggests that wild relatives of leguminous plants harbor a wealth of novel
alleles with tremendous potential for enhancing crops (Kofsky et al., 2018). This
revelation provides an intriguing pathway for further exploration, offering immense
potential to advance human health and address the challenges posed by dynamic

environmental changes.

13



Biotic stresses

Abiotic stresse\s/\

M Herbivores
Extreme
- temperatures Other plants
Salinity Nematodes

Phytochemicals (Glyceollins and
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Figure 1.3 The dynamic roles of phytochemicals in sustainable agriculture and
human nutrition. When plants experience biotic and abiotic stresses, they have the
ability to accumulate a significant number of phytochemicals. This accumulation
aids plants in developing resistance to environmental stresses. These phytochemicals
also offer various health benefits to human. Thus, the high accumulation of
phytochemicals in plants not only contributes to their own resilience but also offers

advantages for human well-being.
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Approaches to investigate wild relatives for sustainable solutions

It is estimated that global agricultural output must double by 2050 to adequately meet the
growing demand for food (Ray et al., 2013). However, the current pace of crop
production growth is insufficient to keep up with the pressing issue of food security,
primarily due to two key factors. Firstly, modern crop cultivars possess limited capacity
to adapt to challenging environments or changing climatic conditions, which can be
largely attributed to their low genetic diversity resulting from the domestication
bottleneck. Secondly, agricultural land is steadily diminishing as a consequence of
urbanization, industrialization, and the increasing demand for animal production, leading

to intensified competition for available land resources (Alexander et al., 2015).

On the other hand, crop wild relatives (CWRs), which are the precursors of modern
cultivated crops, possess the remarkable ability to thrive in various challenging
environments. A substantial proportion of CWRs remains insufficiently investigated,
underutilized, and inadequately conserved, however. These wild relatives contain a vast
reservoir of genetic diversity that can provide valuable genes and alleles for the breeding
and development of phytochemicals-fortified crop varieties with enhanced resilience to
demanding growing conditions (Zhang et al., 2019, Zhuang et al., 2022). It is crucial to
recognize that only a small portion of the vast array of plant metabolites has been
comprehensively investigated regarding their potential for sustainable agriculture and
human nutrition. Additionally, the research focused on unraveling the genetic
mechanisms responsible for the synthesis or activation of these compounds is currently
lacking in quantity. In recent decades, substantial endeavors have been directed towards

the exploration and utilization of the genetic variability inherent in CWRs to enhance
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crop improvement focusing plant specialized metabolic pathways. Figure 1.4 illustrates
strategies toward plant specialized metabolic pathway gene discovery leveraging omics

approaches.
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Figure 1.4 Advancing the understanding and manipulation of the genetic foundations

underlying a wide range of phytochemicals through the application of systems biology
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approaches adapted from Dixon (2001), Kim et al. (2015) and Kangmei et al. (2022)

(Dixon, 2001, Zhao and Rhee, 2022, Kim and Buell, 2015).
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This study focuses on investigating the genetic underpinnings of phytochemical diversity
in natural population and their induction in response to biotic stressors, utilizing the
genetic diversity present in wild soybeans. To achieve this, we employed a metabolite-
based genome-wide association (MGWA) approach. The specific aims of this research

are listed below.

Aim-1: Genetic basis and selection of phytochemical accumulation upon biotic stress.

After encountering biotic elicitors, plants have the ability to synthesize small
antimicrobial compounds called phytoalexins as a defense mechanism (VanEtten et al.,
1994, Ahuja et al., 2012, Dakora and Phillips, 1996). Within the Leguminosae family,
soybeans serve as a prominent source of glyceollins, a type of phytoalexin that provides
resistance against pathogens (Keen et al., 1989). The molecular mechanisms by which
these elicitors induce the production of glyceollin are still not fully understood.
Furthermore, the potential involvement of gene clusters in the synthesis of glyceollin in
response to elicitor induction represents a novel and unexplored area of research. In
chapter 2, our objective was to investigate the genetic basis and selection for the
conversion of daidzein to glyceollin, shedding light on this crucial branch-point in the

glyceollin biosynthetic pathway.

Aim-2: Exploring the genetic basis of phytochemical diversity in wild soybeans with a

specific focus on soyasaponin biosynthesis pathway.

In order to explore the genetic underpinnings of the natural variation in phytochemical
diversity found in wild soybean (Glycine soja), we employed a metabolite-based genome-

wide association study (mGWAS). In chapter 3, we investigated eight QTLs-multiple
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metabolite clusters and identified candidate genes associated with specific plant
specialized metabolic pathways. Through this analysis, we aimed to showcase the
underexplored yet significant role of higher genetic diversity of wild soybean in shaping
phytochemical diversity. Additionally, we focused on the soyasaponin biosynthesis
pathway, aiming to uncover the genetic basis behind the accumulation patterns of
soyasaponins in wild soybeans. Despite extensive studies on the biosynthetic pathway,
structural diversity, composition, and distribution of soyasaponins in soybean, the
molecular mechanisms governing the variation in soyasaponin production remain elusive
(Kurosawa et al., 2002, Sayama et al., 2012, Shibuya et al., 2010, Yano et al., 2017).
Gaining a comprehensive understanding of these molecular mechanisms is crucial as it
represents the initial step towards developing soybean crops with enhanced value in the

future.
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CHAPTER 2: GENETIC BASIS AND SELECTION OF GLYCEOLLIN INDUCTION

IN WILD SOYBEAN
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BROUWER, C. R. & SONG, B.-H.” 2022. Genetic basis and selection of glyceollin
induction in wild soybean. bioRxiv, 2022.12.17.520864. (submitted to Frontiers in Plant
Science; “Equal contribution; “Corresponding author)

Author Contributions

BHS conceived the idea and initiated the project. FY, HZ, LL, BW, JW, RR, and CB
performed experiments and analyzed data. FY, HZ, LL, BW, and BHS wrote and
improved the manuscript. All authors have read and agreed to the published version of

the manuscript.

Introduction

Plants produce diverse specialized metabolites (also known as secondary metabolites or
phytochemicals), which play a vital role in adapting to changing environments.
Phytoalexins are specialized metabolites synthesized de novo in response to various
biotic and abiotic stresses. Examples include indole alkaloid camalexin in Arabidopsis,
phenolic aldehyde gossypol in cotton, phenylpropanoid stilbenes in grapevines,
isoflavonoid-derived glyceollins in legume, and momilactones and phytocassanes
terpenoids in rice (Jahan et al., 2019, Donnez et al., 2011, Jeandet et al., 2002, Jeandet et
al., 2020, Wang et al., 2009, Saga et al., 2012, Yamamura et al., 2015). Isoflavonoids
have become a research focal point due to their various pharmacological properties and
essential roles in plant defense. The major isoflavones in soybeans are genistein,

daidzein, and glycitein, and they make up about 50%, 40%, and 10%, respectively, of the
21



total isoflavone content. Trace amounts of glyceollins are induced transiently with abiotic
and biotic stresses (Jahan et al., 2019, Subramanian et al., 2006). They have multiple
effects, including fostering symbiosis between soybean and Bradyrhizobium japonicum
and inhibiting the growth of various microbes (Subramanian et al., 2006, Graham and
Graham, 1996). Moreover, they have anti-cancer, antioxidant, and neuroprotective
properties (Kim et al., 2012, Bamji and Corbitt, 2017, Nwachukwu et al., 2013, Seo et al.,
2018). However, studies on glyceollins are mainly focused on their medicinal properties,

while little is known about how their induction is regulated.

Phytoalexins have been considered the target of natural selection due to their activities in
biotic and abiotic stress responses in natural environments (Miyamoto et al., 2016, Qi et
al., 2004, Pichersky and Gang, 2000). Therefore, in our study, we chose wild soybean
(Glycine soja), a wild relative of soybean (Glycine max), to delineate genetic basis and
evolution of glyceollin accumulation resulting from biotic stress, i.e., soybean cyst
nematode (SCN), the most devastating soybean pest worldwide (Tylka and Marett, 2021).
Wild soybeans thrive in diverse habitats and harbor much higher, underexplored genetic
diversity than cultivated soybeans (Zhang et al., 2019). Hence, it is an ideal system to
understand the genetic basis and evolution of glyceollin variation. Eventually, the
essential genes identified in wild soybean can be used for metabolic engineering or in a
breeding program to develop nutrition-rich biofortified soybean cultivars as they exhibit
similar genome size and content with small reproductive isolation (Singh and Hymowitz,

1999).

A metabolic gene cluster is a group of (two or more) genomically co-localized and
potentially coregulated non-homologous genes that encode enzymes involved in a
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particular metabolic pathway (Topfer et al., 2017, Nutzmann et al., 2016). They have
been a common phenomenon since the early days of microbial genetics (Zheng et al.,
2002, Rocha, 2008, Koonin, 2009). However, gene clusters in plant metabolic pathways
have been discovered only recently, even though microbes and plants are both extremely
rich sources of metabolic diversity. A study by Chae et al. (2014) on metabolic gene
clusters in Arabidopsis, soybean, sorghum, and rice suggested that approximately one-
third of all the metabolic genes in Arabidopsis, soybean, and sorghum, and one-fifth in
rice were rich in gene clusters across primary and specialized metabolic pathways (Chae
et al., 2014). There is compelling evidence indicating that the highly plastic plant genome
itself generates metabolic gene clusters via gene duplication, neofunctionalization,
divergence, and genome reorganization instead of horizontal gene transfer from microbes
(Osbourn and Field, 2009). This suggests that plants rewire their genome to gain new
adaptive functions driven by the need to survive in distinct environments. Mining and
functional validation of the candidate genes in such clusters will facilitate the discovery
of new enzymes and chemistries that render pathway prediction. Moreover, metabolic
gene clusters are likely to be located within dynamic chromosomal regions, and thus,
many identified so far may be due to recent evolution (Qi et al., 2004, Field et al., 2011,
Matsuba et al., 2013). If so, investigation of these clusters can provide insights into their
evolutionary history. The vast and diverse array of specialized metabolites that are
produced through multi-step metabolic pathways play an important role in plant
adaptation to various ecological niches. However, the occurrence, prevalence, and
evolution of such gene clusters in plants are largely unknown. Thus, the study of plant

metabolic gene clusters has implications for molecular biology and evolutionary
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genomics (Nitzmann et al., 2016, Yeaman and Whitlock, 2011, Takos and Rook, 2012,

Chavali and Rhee, 2018).

Due to the extraordinary metabolic diversity, to date, less than 50 plant-specialized
metabolic pathways have been biochemically and genetically identified (Niutzmann et al.,
2016). Metabolomic GWAS (mGWAS) offers an effective approach to understand the
genetic basis of metabolites and their associated traits (Luo, 2015, Riedelsheimer et al.,
2012, Chan et al., 2011, Chan et al., 2010). mGWAS allows the identification of common
polymorphic regions controlling complex metabolic traits by substantially increasing
association panel and genome-wide molecular markers. Besides elucidating genetic
architecture, mMGWAS can also be used to infer gene functions (Luo, 2015). Hence,
MGWAS provides a comprehensive approach to discovering candidate genes. Thus far, it
has been used to uncover the genetic basis of variations of a number of different
metabolites. For example, Chen et al. (2014) carried out a rice mGWA study that
identified 36 candidate genes influencing the variation of metabolites with physiological

and nutritional importance (Chen et al., 2014b).

The isoflavonoid pathway has been relatively well studied (Figure 2.1) (Sukumaran et
al., 2018, Yoneyama et al., 2016). However, it is still not clear how glyceollin induction
is regulated. This study is the first to employ genomic and evolutionary approaches to
understand the genetic basis and selection of glyceollin induction. Our study provides a
fundamental basis for the long-term goal of developing glyceollin-fortified soybean
cultivars that would improve plant and human health to meet current and future global
challenges. In this study, we aim to address these three questions: (1) What is the genetic
basis of variation in glyceollin induction by SCN? (2) Are there any gene clusters and
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transcription factors involved in glyceollin variation? (3) Are epistatic interactions and
natural selection important evolutionary factors influencing the variation of glyceollin

induction?
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production of inducible phytoalexins (marked in blue text) and constitutively synthesized
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Figure 2.1 The biosynthetic pathway of isoflavonoids



isoflavone conjugates (highlighted within rectangular boxes shaded in black), both of
which originate from the isoflavone intermediates daidzein or genistein. The figure has

been adapted from the study conducted by Jahan et al. (2009) (Jahan et al., 2019).
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Materials and methods

Plant materials
A total of 264 accessions of wild soybean, Glycine soja, from a wide geographic range,
originally collected from China, Japan, Russia, and South Korea, were utilized
(Supplementary Table 2.1). The seeds of these ecotypes were obtained from the USDA

national germplasm resources laboratory (https://www.ars-grin.gov/).

Plant preparation, SCN inoculation, and sample collection
Seed preparation, germination, transplanting, and soybean cyst nematode (SCN,
Heterodera glycines Ichinohe, HG type 1.2.5.7) inoculation were performed following a
previously developed protocol (Zhang and Song, 2017, Zhang et al., 2017c, Zhang et al.,
2017a). Whole root tissues were collected and weighed five days post-infection (dpi).
The 5 dpi time point was chosen because our previous study suggested a significant
inhibition in SCN development in a resistant genotype compared to normal growth in a
susceptible genotype (Zhang et al., 2017a, Zhang et al., 2017c). All samples were flash
frozen in liquid nitrogen and stored at -80 °C. Four biological replicates per wild soybean

ecotypes were used, eventually a total of 1,020 samples.

Metabolite extraction and quantification
We employed the extraction method of metabolites from root tissue described in (Strauch
et al., 2015). The metabolite profiling was provided by the service from David H.
Murdock Research Institute at the North Carolina Research Campus employing UPLC-
MS/MS (ultraperformance liquid chromatography-tandem mass spectrometry). Peaks that
were consistently detected in at least three biological replicates within each ecotype were
used for downstream analyses. Each metabolite was confirmed using pure standard
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compounds, including daidzein, daidzein-d6, and glyceollin. Due to the low
concentrations of these compounds and the small sample masses of the wild soybean root
samples that had been collected, we used a signal-to-noise ratio of >10 for the
measurement of the peaks for glyceollin and daidzein. Our method successfully measured
daidzein (ug/g root) and glyceollin (unitless) in 264 accessions of wild soybean G. soja
roots quantitatively and semi-quantitatively, respectively. Following method
development, optimization, and analyses of the test samples, calibration curves were
designed using at least six different concentrations of daidzein, created in triplicate to
quantify known concentrations of daidzein and glyceollin. A second-degree polynomial
was derived from the known concentrations of the standard curve samples and the mass
spectrometer response (daidzein/internal standard) from the standard curve data. The
resulting polynomial was used to calculate the concentrations of daidzein in the
experimental samples. Low, medium, and high QC (quality control) samples were created
to assess the accuracy of the calculations. We used the ratio of glyceollin (unitless) to
daidzein (pg/g root) (GVSD) as our phenotypic trait. This phenotype henceforth is

denoted GVSD.

Genotypic data
Genotype data for the 264 accessions were obtained from SoySNP50K (Song et al.,
2013), which included 32,976 genome-wide single nucleotide polymorphic markers

(SNPs) with a minor allele frequency (MAF) of at least 5%.

Metabolite-based genome-wide association study and linkage disequilibrium

estimation
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Our genome-wide association analysis was conducted on GVSD (a ratio of glyceollin
mean to daidzein mean) in response to SCN infection on all 264 ecotypes using the
BLINK algorithm implemented in the GAPIT R package (2.0) (Tang et al., 2016). To
minimize false-positive associations, we controlled population structure among
genotypes with four principal components. Heritability estimate and SNP effect were
calculated by running GWAS applying CMLM and MLM methods, respectively,

implemented in the GAPIT R package (2.0) (Tang et al., 2016).

A conventional Manhattan plot was generated using the ggman R package to visualize
the SNPs (Turner, 2014). In addition to the genome-wide significant threshold, we also
calculated the chromosome-wide Bonferroni thresholds using independent SNPs
estimated on each chromosome following the method of Li and Ji (2005) (Li and Ji,
2005). Linkage disequilibrium (LD) was calculated across the panel with the TASSEL
program, version 5 (Bradbury et al., 2007), for the significant SNPs identified from the
GWAS analysis. LD was measured using squared correlation R-squared (r?) of 0.2 (upper
right in the LD plot) and P-value < 0.05 (the lower left in the LD plot). A pairwise LD
was generated following the R function described by Shin et al. (2006) (Shin et al.,
2006). Genes within LD blocks containing significant SNPs were identified as potential

sources of candidates for further analyses.

Identification of candidate genes
For extensive gene mining of our identified gene pool, we used an array of bioinformatics
tools. Such an approach can improve the accuracy of candidate gene and gene cluster
predictions and resolve inconsistencies among the bioinformatics tools (Chavali and
Rhee, 2018). Specifically, a pairwise linkage disequilibrium (LD) analysis was initially
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used for potential candidate gene identification. Then, genes in each LD block were
examined as potential candidate genes, and their annotations were obtained from the
Phytozome v13 database (Goodstein et al., 2011). Afterward, a GO enrichment analysis
of the identified candidate genes was performed using ShinyGO v0.66: Gene Ontology
Enrichment Analysis (P-value cut-off (FDR, false discovery rate) = 0.05) (Ge et al.,
2020), SoyBase GO Enrichment Data (Grant et al., 2010). To investigate the involvement
of these potential candidate genes in metabolic pathways, a database search was
performed through an annotation file from Phytozome v13 (Goodstein et al., 2011),
SoyBase (Grant et al., 2010), SoyCyc 10.0 Soybean Metabolic Pathway (Hawkins et al.,
2021), and Pathview databases (Luo et al., 2017). Finally, a PMN plant metabolic cluster
viewer was applied to categorize enzymes into classes (signature or tailoring) and

metabolic domains (Hawkins et al., 2021).

Analysis of epistatic interactions
For any significant SNPs uncovered in the GWAS analysis, it is useful to test whether,
beyond their direct effects, they also exhibited interactive effects on GVSD. To
accomplish this, we first produced numerically formatted genotypes, in which the
homozygous genotype index value is 1 and -1 and the heterozygous 0. This allows us to
test for epistasis for each pairwise combination in a simple general linear model with 1
degree of freedom for the additive effects of each of the two SNPs and their interaction.
We included the first four principal components from the GAPIT analysis in the model to
be consistent with the GWAS scan, where these components were used to adjust for
structural relatedness (see below). The significance of all interactions was evaluated with

the sequential Bonferroni procedure. To illustrate the interactions of SNP pairs, we also
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calculated regressions of GVSD on each SNP, but at each of the three genotypes (using

the -1, 0, and 1 index values) of the second SNP involved in the significant interaction.

Extended haplotype homozygosity analysis
To test allele-specific selection patterns of the identified significant SNPs, we analyzed
extended haplotype homozygosity (EHH, (Sabeti et al., 2002)) for each significant SNP.
The EHH analysis was conducted in SELSCAN v.1.2.0a (Szpiech and Hernandez, 2014)

with default parameters, and only SNPs with MAF > 0.05 was used in this analysis.

Results

Genomic dissection of glyceollin accumulation upon biotic interaction
We identified a total of eight significant SNPs, with four located on chromosome 9 and
the others on chromosomes 3, 13, 15, and 20 (Figure 2.2A, Table 2.1). These SNPs were
identified based on both genome-wide Bonferroni threshold of 5.104 and chromosome-
wide Bonferroni thresholds that varied narrowly from 3.79 to 3.82 among the 20
chromosomes (3.803 on chromosome 9) (Figure 2.2A, B, Supplementary Table 2.2).
The Manhattan and Q-Q (quantile-quantile) plots are shown in Figure 2.2A, B, C. The
four significant SNPs on chromosome 9 are located close to each other within a 535 kb
region (Supplementary Table 2.2). The broad-sense heritability (4°) was estimated at

35% (Supplementary Table 2.2).
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Figure 2.2 GWAS of glyceollin induction with SCN stress: A genome-wide (A) and
chromosome-wide (B) Manhattan plots, with thresholds of 5.104 and 3.803, respectively;
(C) quantile-quantile (QQ) plot. Significant SNPs are found on chromosomes 3, 9, 13, 15
and 20 at a 5% genome-wide threshold, the probability of 7.86x10® resulted in a
threshold of 5.01 (solid red line in the genome-wide Manhattan plot) (A). The 5%
chromosome-wide LOD threshold resulted in significant P-values of 1.57x10 (threshold

3.803, solid blue line) (B).
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Table 2.1 Identification of significant SNPs and functional annotation of the plausible

candidate genes.

Significant Chromosome Functional annotation of associated genes
SNP
$5715585948 GmO03 WRKY family transcription factor family protein
Zinc fingers superfamily protein
ss715603454  GmO09 UDP-glucosyl transferase 88A1
ss715603455  GmO09 RING/U-box superfamily protein, RING/FYVE/PHD zinc
$s715603462 GmO09 finger superfamily protein
$s715603471 Gm09 WRKY family transcription factor family protein
MYB domain
Zinc fingers superfamily protein
Cytochrome P450 enzyme family
Zinc finger, RING-type; Transcription factor
jumonji/aspartyl beta-hydroxylase
ss715615975 Gm13 bZIP transcription factor
RING/U-box superfamily protein, RING/FYVE/PHD zinc
finger superfamily protein
Zinc fingers superfamily protein
NAC transcription factors
Cytochrome P450 enzyme family
$s715620269 Gm15 RING/U-box superfamily protein, RING/FYVE/PHD zinc

finger superfamily protein
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WRKY family transcription factor family protein
MYB domain

$5715636844 Gm20 UDP-Glycosyltransferase superfamily protein
UDP-glucosyl transferase 85A2
hydroxy methylglutaryl CoA reductase 1
Cytochrome P450, family 71, subfamily B, polypeptide 34
cytochrome p450 79a2
RING/U-box superfamily protein, RING/FYVE/PHD zinc
finger superfamily protein

Zinc fingers superfamily protein

Linkage disequilibrium analysis and candidate gene identification
We identified a total of 666 possible candidate genes within the linkage disequilibrium
(LD) blocks of the eight significant SNPs (soybean reference genome Glycine max
Wm82.a2.v1) (Goodstein et al., 2011, Zhou et al., 2015). The LD block on chromosome
9 showed the strongest LD with a long range compared to the others (Figure 2.3B,
Supplementary Figure 2.1, Supplementary Figure 2.2). We considered r>>0.2 as a
cutoff for our LD analysis, where r? is the extent of allelic association between a pair of
sites (Weir, 1990). Candidate gene Glyma.09G128200 shows the highest level of LD near
the significant SNPs on chromosome 9 compared to the LD block for the rest of the
significant SNPs on this chromosome (Figure 2.3B, Supplementary Figure 2.1). The
functional annotation of the candidate genes within this block is biosynthetic enzymes

involved in isoflavonoid pathway, as well as regulatory genes such as WRKY and MYB
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transcription factors (Table 2.1, Supplementary Table 2.3, and Supplementary Table
2.4), which may indicate their transcriptional level involvement in glyceollin induction in

response to SCN stress (Colinas and Goossens, 2018).
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Figure 2.3 Linkage disequilibrium analysis and candidate gene identification. An LD
decay measured as R square for pairwise markers and plotted against their distance (A)
and LD plot for chromosome 9 for significant SNPs (B). The black diagonal denotes LD
between each site and itself (B). Geographic range of the alleles of significant SNPs close
to the gene clusters on chromosome 9 (C). Allele frequency in each population. Allele
frequency in different geographic regions for a significant SNP was generated using

JMP®, Version 15. SAS Institute Inc., Cary, NC, 19892021 (D).
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We also found putative genes encoding enzymes involved in the specialized metabolic
pathways within the LD blocks of the significant SNPs on chromosomes 3, 13, 15, and
20. The enriched GO category includes flavonoid biosynthesis pathway, phenylpropanoid
metabolic process, linamarin biosynthesis, and terpenoid biosynthesis (Supplementary
Table 2.5). Apart from the biosynthetic enzymes on these chromosomes, we also found

transcription factor genes, such as WRKY, MYB, and NAC (Supplementary Table 2.5).

Metabolic gene clusters identification
We were particularly interested in the candidate genes in the branch from daidzein to
glyceollin in the isoflavonoid biosynthesis pathway (Lozovaya et al., 2007). We found
that the identified candidate genes on chromosome 9 are clustered together, and they fall
into two clusters. These clusters belong to tailoring enzyme glycosyltransferase within
phenylpropanoid specialized metabolic domain. And six genes are within the branch of
isoflavonoid biosynthesis pathway. Two of these six genes, Glyma.09G127200 and
Glyma.09G127300, are called cluster 1, while the rest four (Glyma.09G127700,
Glyma.09G128200, Glyma.09G128300, and Glyma.09G128400) are called cluster 2

(Supplementary Table 2.3).

Following further investigation of annotation of these candidate genes within the gene
clusters (Supplementary Table 2.4), we found Glyma.09G127200 gene encodes a
glucosyltransferase that may act on 4'-methoxy isoflavones biochanin A, formononetin,
4'-hydroxy isoflavones genistein, and daidzein substrates. However, the enzyme does not
act on isoflavanones, flavones, flavanones, flavanols, or coumarins (Koster and Barz,
1981). Within the same cluster, Glyma.09G127300 has similar annotations and functions

as Glyma.09G127200. Interestingly, the four genes within cluster 2 have a similar
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functional annotation as Glyma.09G127200 and Glyma.09G127300 in cluster 1, and all
these four genes encode isoenzymes (Supplementary Table 2.4). Such a link between

these two gene clusters indicates their proximity in the metabolic pathway.

Epistatic interactions among all significant SNPs
The results of the epistasis tests for each of the 28 pairwise combinations of the eight
significant SNPs are shown in Table 2.2. Three probabilities, all associated with the SNP
on chromosome 20, were not estimable (Table 2.2). Among the remaining 25 SNP pairs,
21 show statistical significance. Particularly noticeable is the high significance for all
interactions of the SNPs on chromosomes 3, 13, and 15. Three of the six pairs among the
four SNPs on chromosome 9, all involving ss715603462, are also statistically significant.
In general, therefore, this is evidence for substantial epistasis among these SNPs affecting

GVSD.

Table 2.2 Epistasis for the eight significant SNPs.

Ch9a Chob Ch9c Chod Ch13 Chi5 Ch20
Ch3 <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*  0.002*
Ch9a 0.10 0.053 0.007*  <0.001* <0.001*  0.907
Chob 0.012* 0.006* <0.001* <0.001* 0.835
Ch9c <0.0001* <0.001* <0.001* n.e.
Chad <0.001* <0.001* n.e.
Ch13 <0.001* n.e.
Chi5 0.001*

Shown are the probabilities for each pairwise interaction of SNPs. * = P < 0.05 from
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sequential Bonferroni tests. n.e. = not estimable. Ch3 = ss715585948, Ch9a =
$5715603454, Ch9b = ss715603455, Ch9c = 55715603462, Ch9d = 55715603471, Ch13 =

$5715615975, Ch15 = 55715620269, Ch20 = 55715636844

These epistatic interactions of the SNP pairs are illustrated in Figure 2.4 for each of the
four chosen combinations. For example, in panel A (Figure 2.4A), it can be seen that
regression slopes of GVSD on ss715603454 are close to 0 for ss71585948 CC genotype
but are positive for TC and especially TT genotypes. In panel D (Figure 2.4D),
regression slopes of GVSD on ss715603471 are negative for ss715603462 AA and GA
genotypes but positive for GG genotypes. With no epistasis, these slopes would be
expected to be roughly parallel, but in fact, they diverge considerably from parallelism in

these four examples.
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(A) (B)
55715585948 x 55715603454 55715585948 X 55715603462

(€ (D)

55715585948 x 55715615975

Figure 2.4 Epistatic interactions of the SNP pairs for each of four chosen combinations.
Regression slopes of GVSD on ss715603454 are close to 0 for ss715585948 CC
genotype but are positive for TC and especially TT genotypes (A). Regression slopes of
GVSD on ss715603462 are close to 0 for ss715585948 CC genotype but are negative for
TC and especially TT genotypes (B). Regression slopes of GVSD on ss715615975 are
close to 0 for ss715585948 TT genotype but are negative for TC and especially CC
genotypes (C). Regression slopes of GVSD on ss715603471 are negative in sign for

ss715603462 AA and GA genotypes, but positive in sign for GG genotype (D).
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Significant SNPs exhibited extended haplotype homozygosity
The extended homozygosity analysis (EHH) analyses revealed allele specific EHH values
of the significant SNPs (55715603454, ss715603455, ss715603462, and ss715603471) on
chromosomes 9 (Figure 2.5). For example, T allele of ss715603454 showed much higher
EHH value than G allele. Alleles of significant SNPs on the other chromosomes showed

compatible EHH values (Supplementary Figure 2.3).
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Figure 2.5 Allele-specific Extended Haplotype Homozygosity (EHH) for four significant

SNPs on chromosomes 9. Haplotype lengths are shown flanking the T (red) and G (grey)

alleles.

43



Discussion

Metabolic gene clusters in glyceollin induction

Gene clusters have been reported to play important roles in phytochemical diversity in
Arabidopsis, sorghum, soybean, tomato and rice (Chae et al., 2014, Fan et al., 2020) as
well as their roles in important ecological functions in plants i.e., allelopathic,
antibacterial, anti-herbivore, antifungal and insecticidal activities (Polturak and Osbourn,
2021, Polturak et al., 2022). However, their roles in regulating metabolic variation in wild
species are relatively less investigated. Even though the isoflavonoid biosynthesis
pathway is moderately well studied, the genetic regulation of glyceollin induction is
unclear. Particularly, the contribution, prevalence, and occurrence of gene clusters in
plant metabolic diversity are largely unclear. Our mGWAS results suggest there are two
probable gene clusters with functionally related but non-homologous genes, which may
involve in glyceollin induction in wild soybean. Thus far, the genes within these plausible
clusters are the first reported candidate genes located on chromosome 9 involved in
glyceollin accumulation induced by biotic stimuli in wild soybeans. To date, the reported
glyceollin biosynthesis genes are associated with chromosomes Gm01, Gm02, GmO03,
GmO04, Gm06, Gm07, Gm10, Gm11, Gm13, Gm15, Gm19 and Gm20 (Jahan et al., 2020,
Sukumaran et al., 2018, Yoneyama et al., 2016, Akashi et al., 2009). Our predicted gene
clusters suggest that glyceollin may be synthesized where the enzyme-encoding genes are
adjacent to each other on the same chromosome (Chavali and Rhee, 2018). Physical
clustering of genes with similar functions can facilitate co-inheritance of alleles with
favorable combinations and their coordinated regulations at chromatin level (Chu et al.,

2011, Osbourn, 2010a). Besides, such clusters incline to locate in the sub-telomeric
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regions (Gierl and Frey, 2001, Qi et al., 2004, Sakamoto et al., 2004), near the ends of
chromosomes that are known to harbor mutations. For example, an examination of the
complete genome sequence revealed that the maize DIMBOA cluster is located close to
the end of chromosome 4 (Farman, 2007, Jonczyk et al., 2008). Thus, identifying the
positions of the genes can contribute to inferences of possible mechanisms underlying

chemical diversity in natural populations.

Tailoring enzymes, such as methyltransferases, glycosyltransferases, CYPs,
dehydrogenases/reductases, and acyltransferases are responsible for modifying the
chemical backbone of specialized metabolites (Osbourn, 2010b). The gene clusters we
found are associated with tailoring or regulating glycosyltransferase enzymes. A common
defense mechanism of plants involves glycosylation of secondary metabolites by
involving these enzymes (Mylona et al., 2008). Therefore, the clustering of the genes
encoding glycosyltransferase on chromosome 9 indicates the formation of stress-induced
(i.e., SCN stress in our study) protective compounds. For example, the cyclic hydroxamic
acid (DIBOA) in maize (Gierl and Frey, 2001, Frey et al., 1997), the triterpene avenacin
in oat (Mugford et al., 2009, Qi et al., 2004, Qi et al., 2006, Field and Osbourn, 2008),
and two gene clusters associated with diterpene (momilactone and phytocassane)
synthesis in rice, which may be pre-formed or synthesized after stress induction for plant
defense. Disruption of such gene clusters may compromise pest and disease resistance
and lead to the accumulation of toxic pathway intermediates (Chu et al., 2011). In the
multi-step plant specialized metabolic pathways, rapid adaptation to a particular
environmental niche could result in highly diverse and rapidly evolving metabolic gene

clusters (Osbourn and Field, 2009). Hence, the level of conservation of the identified
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gene clusters in this study across different G. soja ecotypes can shed light on
evolutionary insight of these clusters (Field and Osbourn, 2008). Synthetic biology and
functional genetics can further help investigate the organization and contribution of these
clusters in metabolite diversity, as well as decipher the mechanism of adaptive evolution

and genome plasticity (Osbourn, 2010b, Chu et al., 2011).

Plausible transcriptional factors in glyceollin induction

Advancement of genetics, genomics, and bioinformatic approaches facilitate the
prediction and identification of a large number of genes, including transcription factors
associated with plant-specialized metabolic pathways (Anarat-Cappillino and Sattely,
2014, Moore et al., 2019). However, the transcriptional regulators of specialized
metabolism are less well characterized (Shoji and Yuan, 2021). The regulation of plant
specialized metabolic pathways is highly dynamic, responding to the constant changes in
the environment. Such regulation generally occurs at transcription level, and thus, it
requires coordinated regulation often mediated by transcription factors (TFs) (Colinas
and Goossens, 2018, Shoji, 2019). For instance, MYB and basic helix-loop-helix (bHLH)
TF family genes were reported to regulate anthocyanin and related flavonoid biosynthetic
pathways in a wide range of species (Chezem and Clay, 2016). Moreover, significant
modifications of these regulatory genes give rise to the vast diversity in plant specialized

metabolism (Huang et al., 2018, Springer et al., 2019).

It is possible that transcription factors, such as MYB and WRKY TFs on chromosome 9,
may influence glyceollin induction. This indicates regulation of glyceollin induction with
SCN stress may involve a highly complex interplay among multiple genes and pathways.

Previous studies reported that gene families of transcription factors, such as NAC, MYB,
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bHLH, and WRKY, exhibited conservative patterns among Arabidopsis, cotton,
grapevine, maize, and rice (Ibraheem et al., 2015, Ogawa et al., 2017, Saga et al., 2012,
Xu et al., 2004b, Yamamura et al., 2015, Zheng et al., 2006). These plant species produce
various phytoalexins, such as indole alkaloids, terpenoid aldehydes, stilbenoids,
deoxyanthocyanidins, and momilactones/ phytocassanes, respectively. This gives rise to
the question of whether these TFs are as diversified as the metabolic pathways, or they
maintain conservative patterns among species. The investigation of TFs binding promoter
regions can give insights if the pathways are co-opted into stress-inducible regulation by
the respective TFs (Jahan et al., 2019). The homology of TFs among different plant
species can help metabolic engineering a wide variety of crop plants to produce

phytoalexins in greater amounts.

In addition to enzyme-encoding genes, TF genes can also be found as gene clusters. For
example, the gene cluster of TF ERF (jasmonate (JA)- responsive ethylene response
factor) consists of five ERF genes in tomato (Cardenas et al., 2016, Thagun et al., 2016),
while eight in potato (Céardenas et al., 2016), two clusters of ten and five in tobacco
(Kajikawa et al., 2017), five in C. roseus (Singh et al., 2020), four in Calotropis gigantea
(Singh et al., 2020), and four in Glesemium sempervirens (Singh et al., 2020). Besides,
TFs involved in plant specialized metabolism can be found in arrays (Zhou et al., 2016,
Shoji and Yuan, 2021). So, it is possible that the TFs we identified are located in the
same genomic neighborhood as arrays or biosynthetic gene clusters (BGCs). The co-
regulation hypothesis of gene clusters poses that clustering of TFs can help co-regulate

genes in a pathway. Although co-regulation also exists between un-clustered metabolic
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pathways, clustering may accelerate the recruitment of genes into a regulon (Smit and

Lichman, 2022, Wisecaver et al., 2017).

Epistasis and plausible selection on glyceollin induction

Metabolic traits have been reported to have low heritability due to environmental effects
on their accumulations (Rowe et al., 2008). Recent studies have shown strong epistatic
interactions of genes influencing variation of plant specialized metabolites, which may
impact fitness in the field (Brachi et al., 2015, Kerwin et al., 2015, Kerwin et al., 2017).
For example, numerous epistatic interactions influence the highly complex genetic
architecture responsible for Arabidopsis metabolism (Kliebenstein, 2001, Kliebenstein et
al., 2001). Moreover, a mixture of positive and negative epistatic interactions can help
identify significant QTLs located within a biosynthetic pathway (Rowe et al., 2008).
Compared to expression regulations, the power of epistasis in metabolomics is that they
can better indicate the interconnectedness of metabolites within the metabolic pathway
(Fell and Wagner, 2000, Jeong et al., 2000, Arita, 2004). The widespread interactive
effects found among our identified significant SNPs affecting targeted metabolic traits

may be a consequence of the interconvertibility between daidzein and glyceollin.

Genes containing causal variation for plant defensive compounds may influence field
fitness and thus are likely under natural selection (Kroymann, 2011). For example,
Benderoth et al. (2006) detected positive selection in glucosinolate diversification in
Arabidopsis thaliana and its relatives (Benderoth et al., 2006). Prasad et al. (2012)
showed positive selection for a mutation on a metabolic pathway gene could enhance
resistance to herbivory in natural populations of a rocky mountain cress species (Prasad

et al., 2012). We detected strong signals of selection on the SNPs significantly associated
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with glyceollin phenotypes with EHH and LD analyses (Figure 2.5, Figure 2.3B, and
Supplementary Figure 2.1). For example, the LD surrounding the significant SNP
ss715603454 that is next to the identified gene clusters is more extensive, suggesting
strong selection in this region (Figure 2.3B, Supplementary Figure 2.1). Meanwhile,
the two alleles of this significant SNP, G and T, showed different EHH values, with T
exhibiting much longer haplotype homozygosity. This indicates that this T allele may be
under recent positive selection. Interestingly, the T allele is significantly associated with
higher induction of glyceollin and has a higher frequency in South Korea (Figure 2.3C,
D). The allele specific EHH pattern and their geographic distribution may be due to

heterogeneous selection pressure in nature.

Perspectives and future directions of our study

Plant specialized metabolites exhibit extreme quantitative and qualitative variation.
Therefore, high-throughput metabolite profiling, such as UPLC-MS/MS analysis coupled
with GWAS (as applied here) can help better understand the genetic contributions to
metabolic diversity in natural populations. A common assumption is that biological
variables or traits should show a normal distribution, and skewed data may indicate
measurement error. However, the scenario is different in metabolomics, especially in
secondary metabolism. For instance, a ratio of two related compounds, rather than their
separate values, may provide a comprehensive understanding of the underlying
enzymatic process (Kliebenstein, 2007a, Kliebenstein et al., 2001, McMullen et al., 1998,
Byrne et al., 1996, Kliebenstein, 2001, Yencho et al., 1998, Chan et al., 2011, Prasad et
al., 2012, Petersen et al., 2012). We used a ratio of glyceollin and daidzein concentrations

as the phenotypic trait for our association study. The use of a metabolic ratio also may
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produce: (1) a reduction in the variability of the data collected for the biological
replicates and thus increase statistical power and (2) a reduction in overall noise in the
dataset by canceling out systemic experimental errors. Most importantly for our purposes,
the glyceollin to daidzein metabolite ratio is correlated to the corresponding reaction rate
under optimal steady-state assumptions, as this metabolite pair is connected in the

phenylpropanoid biosynthetic pathway (Petersen et al., 2012, Suhre et al., 2011).

The natural world has a lot to offer in tackling diseases and global food scarcity. There is
a need to develop new medicines and future value-increased food by unlocking the
uncharted gene pools of wild plants. Our chosen study system crop wild relative of
soybean poses much higher and underexplored genetic diversity than its domesticated
descendants. Given that glyceollin is produced in trace amounts, it is an exciting
challenge to define the plant metabolic gene clusters and transcriptional regulators in the
glyceollin biosynthesis pathway. Besides complex cancer treatment and therapies, the rise
of different types of tumors and tumor subtypes urges the need for new drugs. Along with
glyceollin’s role in plant defense, it has been well-documented for anti-cancer activities.
Our follow-up studies will apply transcriptomics and functional validation of the
candidate genes, which can expand our focus to explore associations of genes in clusters
to understand their involvement in regulating glyceollin biosynthesis at the systems level.
As phytochemical variation can be caused by both structural genes and their expression
differences, it will be interesting to explore the role of pathway-specific regulators (i.e.,
transcription factors) in glyceollin induction (Osbourn, 2010b). Our results suggest that

improving our fundamental knowledge of plant specialized metabolic gene clusters and
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regulators will facilitate metabolic engineering with improved metabolic traits for

sustainable agriculture and novel pharmaceuticals.
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Introduction

Plants possess an extraordinary ability to synthesize an extensive array of specialized
metabolites, commonly known as secondary metabolites, natural products, or
phytochemicals, which exhibit diverse sizes, shapes, and levels of complexity. These

metabolites serve various crucial functions in plant survival, ecosystem dynamics, human
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nutrition, and the development of novel pharmaceuticals (Medema et al., 2021, Weng et
al., 2021, Fang et al., 2019, Wurtzel and Kutchan, 2016). Despite their importance, our
understanding of the molecular basis underlying the immense diversity of plant
specialized metabolic pathways remains limited (Caspi et al., 2014, Zhao and Rhee,
2022). Currently, only a small fraction (<50) of these pathways have been characterized

in terms of their specific genes (Nitzmann et al., 2016, Schldpfer et al., 2017).

Phytochemical diversity, both in terms of quantity and quality, exhibits intrinsic variation
within and among plant individuals, offering benefits to the plants themselves (Wetzel
and Whitehead, 2020, Moore et al., 2014). Genetic variations, such as mutations and gene
duplications, are responsible for both qualitative diversity and quantitative variation in
plant specialized metabolites (Moore et al., 2014, Zhou and Liu, 2022). Even small
modifications to the active site of these enzymes can influence the relative amounts of
each product produced (Kollner et al., 2004). Given the significance of phytochemical
diversity, it is essential to unravel the genetic foundations that give rise to this remarkable
variability within species and environments. However, genetic variation is not the sole
driver of phytochemical diversity. Certain enzymes involved in biosynthesis have many
functions and catalyze many reactions, like terpene synthases, have the ability to produce
different products using the same starting material (Aharoni et al., 2005, Zulak and
Bohlmann, 2010). Furthermore, enzymes belonging to extensive gene families exhibit
low substrate specificity, leading to functional divergence among these enzymes. This
divergence contributes to the generation of metabolic diversity, as seen in the case of
carboxyl methyltransferases and acetyltransferases (Negre et al., 2003, Pichersky et al.,

2006).
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Phytochemical diversity can also arise from plant adaptation to abiotic and biotic stresses
(Weng, 2014, Endara et al., 2017, Salazar et al., 2018). Differences in abiotic and biotic
conditions among various natural environments have the potential to result in distinct
chemical profiles within populations of a given species (Forrister et al., 2023, Thompson,
2019). The existence of phytochemical diversity is considered an adaptive trait (Richards
et al., 2015, Salazar et al., 2018, Endara et al., 2022a). Forrister et al. (2023) hypothesized
that selection may play a crucial role in generating phytochemical diversity (Forrister et
al., 2023). Rather than focusing solely on structurally related compounds, selective
pressures arising from abiotic and biotic factors tend to favor structurally unrelated
diverse phytochemicals that provide functional advantages (Weng, 2014, Endara et al.,
2017, Salazar et al., 2018). Moreover, recent studies have highlighted the importance of
preserving a distinct chemical profile for a particular species in comparison to other
species within its ecological community. This aspect holds importance alongside the
species' ability to produce a wide variety of compounds. For example, certain plant
lineages may exhibit specificity towards particular classes of phytochemicals, indicating
co-evolutionary dynamics with biotic stressors (Kursar et al., 2009, Forrister et al., 2019,
Endara et al., 2022b). Additionally, the growth and development of plants play a
significant role in shaping phytochemical diversity (Moore et al., 2014, Weng et al.,

2012).

Investigating the genetic, environmental, and ecological drivers of this phytochemical
diversity can provide valuable insights into the intricate mechanisms that shape plant
chemical defenses and their ecological consequences. This knowledge has practical

implications for crop improvement, ecological interactions, and human health. While
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numerous compounds identified in this research may contribute to plant defense and
human health, deciphering the precise functions of these compounds poses significant
challenges in metabolomics studies (Tsugawa et al., 2021). Therefore, in this study, we
focus on delineating the genetic basis of the comprehensive chemical profile, which
encompasses a range of compounds that are likely selected for various functional

purposes.

Soyasaponins are a diverse group of specialized metabolites categorized under the
triterpenoid class and found abundantly in legume species, particularly in soybeans.
Soybeans are a vital staple crop known for their provision of plant-based protein, oil, and
micronutrients. Soyasaponins exhibit well-documented evidence of their effectiveness
against both biotic and abiotic stressors, as well as their influence on plant growth and
development (Moses et al., 2014, de Costa et al., 2013, Augustin et al., 2011, Morrissey
and Osbourn, 1999, Osbourn et al., 2011, Sparg et al., 2004, Tsuno et al., 2018,
Berendsen et al., 2012, Hacquard et al., 2015, Andreote and e Silva, 2017, Jacoby et al.,
2017). Moreover, saponins have a long history of use as key components in traditional
medicines for their cardioprotective effects (Waller and Yamasaki, 2013, Wang et al.,
2021). Recent studies have highlighted their antiviral, anti-inflammatory, anticancer,
antioxidant, and immunomodulatory properties (Moses et al., 2014, Wu and Kang, 2011,
Kang et al., 2010, Zha et al., 2011, Lee et al., 2010, Ahn et al., 2002, Oh et al., 2000, Sun

etal., 2014).

The presence and arrangement of sugar moieties in triterpenoid saponins, including
soyasaponins, have been found to influence their bioactivities and chemical properties

(Bowles et al., 2005). The biosynthesis of soyasaponins involves key enzymes belonging
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to multi-gene families, namely oxidosqualene cyclases (OSCs), cytochrome P450-
dependent monooxygenases (P450s), and UDP-dependent glycosyltransferases (UGTS)
(Augustin et al., 2011). Among these enzymes, UGTSs play a crucial role in the final step
of soyasaponin biosynthesis, contributing to their structural and chemical diversity.
UGTSs, which are members of family 1 uridine diphosphate glycosyltransferases, are
responsible for conferring biological activity to saponins through glycosylation, likely
involving the sequential activity of various enzymes within this enzyme family (Augustin
et al., 2011). Specifically, UGTs catalyze the transfer of sugar molecules from UDP-
sugars to the soyasapogenol moiety (aglycone), making them an ideal target for
investigating enzyme efficiency and sugar donor specificity (Shibuya et al., 2010, Tantry

and Khan, 2013).

Considerable research efforts have been devoted to studying the biosynthetic pathway,
structural diversity, composition, and distribution of soyasaponins in soybeans. So far,
researchers have identified five UGTSs responsible for the diversification of soybean
saponin sugar moieties (Sayama et al., 2012, Shibuya et al., 2006, Shibuya et al., 2010,
Yano et al., 2017). These include Sg-1 (UGT73F2, Glyma.07G254600), Sg-3 (UGT91H9,
Glyma.10G104700), Sg-4 (UGT73P10, Glyma.01G046300), GmSGT2 (UGT73P2,
Glyma.11G053400), and GmSGT3 (UGT91H4, Glyma.08G181000). However, many
aspects related to UGTs governing DDMP saponin biosynthesis remain relatively
unexplored at the molecular level (Figure 3.1) (Sundaramoorthy et al., 2019). Therefore,
UGTSs represent essential targets in our attempt to comprehend the genetic basis that

regulates the variation in soyasaponin production.
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Figure 3.1 A potential biosynthetic pathway of DDMP-conjugated
soyasapogenol/saponins in soybean (Glycine max), adapted from Sudaramoorthy et al.
(2019) (Sundaramoorthy et al., 2019). The biosynthesis of soyasaponins involves several

enzyme families, with the final step being carried out by UDP Glycosyl transferases
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(UGTSs) that play a crucial role in creating structural and chemical diversity. However,
the molecular details of many UGT-dependent steps in soyasaponin biosynthesis remain
largely unexplored (dashed arrows indicate knowledge gap). DDMP: 2,3-dihydro-2,5-

dihydroxy-6-methyl-4H-pyran-4-one.
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In this study, we utilized mMGWAS to elucidate the genetic underpinnings of
phytochemical diversity. The combination of GWAS with metabolomics (MGWAS)
offers a powerful approach in deciphering the genetic contributions to the vast amount of
metabolic diversity and hence the complex traits behind those (Luo, 2015, Riedelsheimer
etal., 2012, Chan et al., 2011, Chan et al., 2010, Chen et al., 2021). In recent years,
metabolite-based genome-wide association studies (MGWAS) have been instrumental in
unraveling the genetic mechanisms underlying plant specialized metabolism in major
crops such as rice (Dong et al., 2015, Peng et al., 2016, Peng et al., 2017, Chen et al.,
2014a, Matsuda et al., 2015, Fang et al., 2016) and maize (Wen et al., 2014). Recent
studies on rice using mMGWAS showed that metabolic pathways renovation is possible by
extracting information from genotype-metabolite associations. Chen et al. (2014)
identified candidate genes encoding O-methyltransferase, transferase, UGT, and another
transferase associated with trigonelline, N-feruloylagmatine, apigenin 5-O-glucoside, and
N-feruloylputrescine metabolites, respectively, that possess plausible physiological and
nutritional importance for rice (Chen et al., 2014b). Moreover, Dong et al. (2014)
proposed six possible candidate genes associated with biosynthesis and regulation of
flavonoid pathway in rice (Dong et al., 2014). The majority of mMGWAS studies focused
on model or crop species. However, thus far, little is known about the genetic basis of

phytochemical diversity in wild plant species, such as wild soybean.
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To comprehensively understand the intraspecific diversity of plant specialized
metabolites, it is crucial to leverage crop wild relatives (CWRs) and explore the genetic
variations that contribute to the richness and vast diversity of these compounds. In line
with our aim to decipher the genetic foundations of phytochemical diversity in crop wild
relatives, we have chosen wild soybean as a unique study system that may provide
valuable insights into the complexity and variability of these traits. Several factors make
wild soybean an ideal choice: (1) Wild soybean exhibits significantly higher genetic
diversity compared to domesticated soybeans (Li et al., 2013). Our own data further
support this observation, revealing a wide range of diversity in phytochemical production
among wild soybean populations. (2) Wild soybean serves as the wild ancestor of
cultivated soybean, and there are no breeding barriers between the two. This close
relationship allows for direct transfer of essential genes identified in wild soybean to
cultivated varieties (Kofsky et al., 2018). These genes can be utilized in metabolic
engineering approaches or incorporated into breeding programs to develop nutritionally

enriched soybean cultivars with enhanced phytochemical content.

Our study aimed to establish a foundation for future research by tapping into the vast and
relatively unexplored genetic diversity of wild soybeans, which gives rise to a wide range
of phytochemicals. We sought to address several key questions throughout our research:
How does the genetic diversity present in wild soybeans influence the diversity of
phytochemicals? Our findings have prompted additional inquiries that can be explored in
future studies, such as: Are there any wild soybean genes that have been lost in modern
cultivars as a result of domestication? If so, do these genes play a role in the

accumulation of essential phytochemicals? Do the geographic origins of wild relatives of
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soybean contribute to genetic variability, ultimately shaping the diversity of
phytochemicals for local adaptation in the face of changing environments? This study
investigated the genetic basis of qualitative phytochemical diversity among different
populations of wild soybeans. Additionally, we sought to uncover the quantitative
variations of specific phytochemicals, particularly soyasaponin. The insights gained from
our research will significantly contribute to the advancement of metabolic engineering,
enabling the development of crops fortified with phytochemicals with enhanced health-

promoting properties and capable of withstanding future agricultural challenges.

Materials and methods

Plant materials

The seeds were obtained from the USDA National Germplasm Resources Laboratory
through a request made via the Germplasm Resources Information Network (GRIN). To
ensure a broad representation of genetic diversity, our sample set consisted of 195
samples. This included 190 accessions of Glycine soja originating from different regions
within the original geographic distribution, namely China, Japan, Russia, and South
Korea, covering a range of maturity groups. Additionally, to facilitate a preliminary
comparison of metabolite profiles between species, five soybean cultivar samples

(Glycine max) were included (Supplementary Table 3.1).
Plant growth condition and sample collection

Seed preparation, germination, and transplanting procedures were conducted following
established protocols (Zhang and Song, 2017, Zhang et al., 2017c¢). In brief, soybean

seeds were subjected to surface sterilization by treating them with 0.5% sodium
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hypochlorite for 60 seconds, followed by rinsing with autoclaved water. To enhance
germination rates, the seed coat was carefully sliced. The prepared seeds were then
placed on a moist sterile filter paper in a petri dish for germination. After 2-3 days,
seedlings with healthy roots were individually transplanted into cones (Greenhouse

Megastore, Danville, IL, USA) containing sterile sand as the growing medium.

Germination and subsequent growth were carried out in an environmentally controlled
chamber set at a temperature of 27 °C with a 16-hour photoperiod (16 hours of light and
8 hours of darkness). For sample collection, trifoliate leaf tissues were carefully harvested
and weighed. To preserve the samples' integrity, all collected samples were immediately
flash-frozen in liquid nitrogen and stored at -80 °C until further analysis. Each ecotype
was represented by four biological replicates to ensure robustness and reliability of the

data.
Metabolite profiling

LC-MS (liquid chromatography-mass spectrometry)-based untargeted metabolite
profiling was conducted on a total of 606 samples, consisting of 195 soybean accessions,
including 190 G. soja (wild soybean) and 5 G. max (cultivated soybean) samples. Leaf
tissue was extracted using a tissue-to-solvent ratio (w/v) of 1:10 with 50% (v/v) methanol
at 60 °C for 30 minutes. Prior to analysis on a G6530A Q-TOF LC/MS system (Agilent
Technologies, USA), the extract was filtered through a 0.2-pum filter.

Metabolite separation was achieved using an Agilent Eclipse Plus C18 column (3 x 100
mm; 1.8 um) and a binary gradient of solvent A (0.1% formic acid in water) and solvent
B (0.1% formic acid in acetonitrile) at a flow rate of 0.6 mL min—1. Mass spectra

acquisition was performed in negative ion mode with the following parameters: drying
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gas temperature, 300 °C; drying gas flow rate, 7.0 L min—1; nebulizer pressure, 40 psi;
sheath gas temperature, 350 °C; sheath gas flow rate, 10.0 L min—1; Vcap, 3500 V;
Nozzle Voltage, 500 V; Fragmentor, 150 V; Skimmer, 65 V; Octopole RF Peak, 750 V.
The obtained raw data were processed using Agilent Masshunter Profinder software to
generate a peak matrix across all samples. A total of 874 peaks detected in at least one
biological replicate of any accession were retained for subsequent analysis. To annotate
the peaks, an accurate mass search was performed against multiple databases, including
SoyCyc (https://www.plantcyc.org/) and KNApSAcK
(http://kanaya.naist.jp/KNApSAcK/). The identification of metabolites was further
confirmed by comparison with chemical standards for daidzein, formononetin, genistein,

glycitein, daidzin, genistin, and glyceollin.
Metabolite-based genome-wide association study and LD estimation

Genotype data for a diverse collection of 190 wild soybean ecotypes and 5 soybean
cultivars were obtained from SoySNP50K dataset, which provided a dataset of 41,896
genome-wide single nucleotide polymorphic markers (SNPs) (Song et al., 2013). To
account for missing genotypes, imputation was performed using Beagle 4.0. Following
data pre-processing, SNPs with a minor allele frequency of less than 5% were filtered
out, resulting in a final genotype dataset of 34,819 SNPs. For the GWAS analysis, to
prepare the phenotype data, the peak area values of 874 metabolites were logarithmically
(log2) transformed. For the association analysis, three different methods were employed:
simple linear regression (LR), linear mixed model (LMM) with a Kinship matrix (K), and
LMM with both K and principal component analysis (PCA) (P). To account for multiple
testing, the raw P-values were adjusted using the simpleM method, which was more
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effective than the overly conservative Bonferroni correction (Gao et al., 2008). Using a
corrected P-value threshold of 0.05, statistically significant associations for 727, 426, and
440 metabolite peaks were identified using LR, LMM with K, and LMM with K + P
methods, respectively. Consistent with expectations, both LMM methods demonstrated
better control over population structure and reduced spurious results compared to LR
(Supplementary Figure 3.2). The Kinship method appeared to be the most conservative
in our dataset, yielding the fewest significant results, with all 426 metabolite traits
showing significance in at least one of the other two methods (Supplementary Figure
3.2). Further analysis focused on the 359 metabolite traits that were significant across all
three methods, with the LMM with K results selected for subsequent investigation

(Supplementary Figure 3.2).

To examine the linkage disequilibrium (LD) patterns across the panel, the TASSEL
program (version 5) was utilized to calculate LD (Bradbury et al., 2007). Our objective
was to identify potential candidate genes for further analysis. The LD analysis included
all the significant SNPs identified from the GWAS analysis. Our linkage disequilibrium
analyses encompassed both patterns: multiple SNPs-multiple metabolites, referred to as
QTL-multiple metabolites, and single SNP-multiple metabolites. LD was measured using
squared correlations (r2) with a threshold of 0.2 (displayed in the upper right of the LD
plot) and a significant threshold of P-value < 0.05 (displayed in the lower left of the LD
plot). Pairwise LD was generated following the approach described by Shin et al. (2006)
(Shin et al., 2006). In order to identify potential candidate genes for further analysis,

genes within LD blocks containing the significant SNPs were determined. These genes
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represent promising candidates that may contribute to the observed associations in the

GWAS analysis.
Hierarchical clustering

Hierarchical clustering analysis was performed on the metabolite profiles within the
QTL1 cluster using a total of 195 samples, which comprised 190 accessions of G. soja
and 5 accessions of G. max. The analysis was conducted using JMP® software, Version

15 (SAS Institute Inc., Cary, NC, 1989-2021).
Gene enrichment analysis

To conduct an extensive gene mining of our identified candidate genes, we performed a
comprehensive database search using multiple resources. These included Phytozome v13,
ShinyGO v0.66: Gene Ontology Enrichment Analysis, SoyBase GO Enrichment Data,
SoyCyc 10.0 Soybean Metabolic Pathway, and the metabolic cluster viewer PMN (Plant

Metabolics Network) (Luo et al., 2017, Goodstein et al., 2011, Grant et al., 2010).

To identify potential candidate genes, our pairwise linkage disequilibrium (LD) analysis
involved examining a 50-kb window surrounding each significant SNP. Genes located
within each LD block were considered as candidate genes, and their annotations were
obtained from the Phytozome database, resulting in a total of 612 candidate genes for

QTL-multiple metabolite clusters.

To further explore the functional implications of these candidate genes, GO enrichment
analysis was performed using ShinyGO v0.66: Gene Ontology Enrichment Analysis, with
a significance threshold set at a P-value cut-off (FDR) of 0.05. Additionally, we utilized

the SoyBase GO Enrichment Data to gain insights into the gene ontology annotations.
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To investigate the involvement of these candidate genes in metabolic pathways, we
thoroughly searched through annotation files from Phytozome v13, SoyBase, SoyCyc
10.0 Soybean Metabolic Pathway, and Pathview databases. This comprehensive analysis
allowed us to explore the potential roles of the candidate genes in various metabolic

pathways.

Finally, we utilized the PMN plant metabolic cluster viewer to further investigate the
enzyme class and metabolic domains associated with the identified candidate genes. This
analysis provided valuable insights into the functional aspects of the candidate genes

within the context of plant metabolism.
DNA sequencing and statistical analysis for association analysis

DNA was extracted from 46 G. soja and 34 G. max ecotypes using the CTAB method as
described by Doyle and Doyle (1990). Gene-specific primers were designed using
Primer3plus (see Supplementary Table 3.5). Subsequently, PCR (polymerase chain
reaction) was conducted using the gene-specific primers, and the PCR products were
analyzed by gel electrophoresis. The purified PCR products were subjected to Sanger
sequencing using the Sanger sequencing method (Sanger et al., 1977), and the sequencing
results were analyzed using SnapGene® software (from Dotmatics; available

at snapgene.com).

To investigate the association between high and low-soyasaponin producing ecotypes and
haplotypes, we performed a one-way analysis using haplotypes as the factor of interest.
An unpaired t-test with Welch’s correction was performed using GraphPad Prism version
9.0.0 for Windows, GraphPad Software, San Diego, California USA,

www.graphpad.com.
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In addition, a subset of 12 ecotypes from the previously mentioned 46 ecotypes was
selected for promoter region sequence analysis. For this purpose, gene-specific primers
targeting a 3.5 kb region upstream of the gene were designed (see Supplementary Table
3.6). The correctness of the PCR products was confirmed by agarose gel electrophoresis.
Subsequently, the purified PCR products were sent for Sanger sequencing, and the
sequencing results were analyzed using SnapGene® software (from Dotmatics; available

at snapgene.com).

Gene expression analysis

Gene expression patterns in wild soybean ecotypes with high and low soyasaponin 11
production were investigated using quantitative real-time PCR (qPCR). To select the
ecotypes, preliminary metabolite data were used to identify those with high and low
abundance of soyasaponin. RNA was extracted from the young leaves of these ecotypes
using the RNeasy Plant Mini Kit (QIAGEN). Subsequently, cDNA synthesis was
performed through reverse transcriptase-polymerase chain reaction (RT-PCR) using the
Thermo Scientific RevertAid RT Kit and primers specifically designed for the entire
target gene (refer to Supplementary Table 3.5). Quantitative real-time PCR (qPCR) was
conducted to target the key candidate gene that may involve in soyasaponin synthesis,
utilizing gene-specific primers designed through PrimerQuest™ program, IDT,
Coralville, lowa, USA. Accessed 12 December, 2018. https://www.idtdna.com/SciTools
(Supplementary Table 3.7) (Green et al., 2012). Each gPCR analysis consisted of three
biological replicates, and each reaction was repeated twice. The soybean ubiquitin gene

(GmUBI) was employed as an internal control for normalization purposes.

Designing plasmid constructs for functional analysis of candidate gene
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For virus-induced gene silencing, the infectious plasmid DNA used in this study was
kindly provided by Dr. Steve Whitham's lab at lowa State University in Ames, 1A, USA.
It is engineered to carry a modified viral genome controlled by the 35S promoter,
effectively creating a recombinant virus. 300 bp from exon-1 of our target UGT gene was
cloned to the constructs pPBPMV-IA-V1 (sense orientation) and 1A-1033_pBPMV-IA-V2

(both sense and antisense orientations).

The CRISPR/Cas9 expression vector was designed following the protocol outlined by
Han et al. (2019) (Han et al., 2019). The vector will then be introduced into
Agrobacterium strain EHA105 using the electroporation technique. For our genetic
transformation experiments, the soybean cultivar Williams 82 will be utilized. To achieve
genome editing using the CRISPR/Cas9 system, soybean whole-plant transformation will
be employed using half-seed explants, as described in the protocol adapted from Paz et al.
(2005) (Paz et al., 2006) by Jean-Michel Michno, with any necessary modifications or

optimizations.

Results

Exploring the variability of phytochemicals in distinct wild soybean varieties

Through a comprehensive analysis of metabolic traits utilizing untargeted LC-MS, we
measured and annotated a total of 874 diverse metabolic traits, resulting in the
identification of 485 metabolites through database matches (Supplementary Table 3.2).
Based on shared significant SNPs, we grouped these metabolites into 74 clusters (Figure
3.2). We selected one particular cluster, QTL1, for a comparative analysis between wild

and cultivated soybean. Hierarchical clustering of metabolite profiles within the QTL1
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cluster revealed no significant differences between wild and cultivated soybean ecotypes.
However, when considering the geographic origin, clear patterns in metabolite profiles
corresponding to different geographic regions became evident. Particularly, the South
Korean population displayed a distinct pattern characterized by higher accumulation of
all the metabolites clustered into QTL1 compared to the other three regions

(Supplementary Figure 3.1).
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Identification of unique quantitative trait loci (QTLs) associated with varied

metabolic pathways

Through genomic analysis, we identified 1155 SNPs that showed significant associations
with 359 metabolites, representing a diverse range of phytochemicals. Given the
complexity of the genomic regions involved, we employed clustering analysis to focus on
specific groups of metabolites. Our clustering analysis revealed two distinct patterns:
QTL-multiple metabolite clusters, which involve multiple SNPs and multiple
metabolites, and single-SNP and multiple metabolite patterns (Figure 3.2). To delve
deeper into our investigation, we narrowed our focus to the QTL-multiple metabolite
clusters and identified eight QTLs. These QTLSs represent multiple metabolites
significantly associated with several SNPs within specific genomic regions. The complete
list of these eight QTLs, provided in Supplementary Table 3.3 serves as a valuable
resource for functional validation of candidate genes in subsequent studies. Table 3.1
provides comprehensive information on the QTL1-multiple metabolite clusters, for
example grp 70, grp 553, and grp 766. It includes the associated SNPs along with their

corresponding P-values and R-squared values.
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Table 3.1 Detailed information on the QTLs and their associated SNPs for the QTL1-

multiple metabolite cluster.

QTL-multiple metabolite SNP P-value R-
cluster squared
value

QTL1.grp70.Gm15-38276224 Gm15-38276224 7.63E-08 0.14
QTL1.grp70.Gm15-38575222 Gm15-38575222 2.20E-06 0.11
QTL1.grp70.Gm15-39570425 Gm15-39570425 1.17E-07 0.14
QTL1.grp70.Gm15-39945568 Gm15-39945568 2.72E-15 0.28
QTL1.grp553.Gm15-34552298  Gm15-34552298 5.89E-07 0.12
QTL1.grp553.Gm15-38241517  Gm15-38241517 2.18E-06 0.11
QTL1.grp553.Gm15-38575222  Gm15-38575222 5.96E-07 0.12
QTL1.grp766.Gm15-37622758  Gm15-37622758 7.03E-07 0.12
QTL1.grp766.Gm15-38029609  Gm15-38029609 4.86E-07 0.12
QTL1.grp766.Gm15-38276224  Gm15-38276224 3.50E-10 0.19
QTL1.grp766.Gm15-38380213  Gm15-38380213 1.45E-07 0.14
QTL1.grp766.Gm15-38447399  Gm15-38447399 3.86E-09 0.17
QTL1.grp766.Gm15-38575222  Gm15-38575222 8.07E-08 0.14
QTL1.grp766.Gm15-39570425  Gm15-39570425 3.90E-10 0.19
QTL1.grp766.Gm15-39945568  Gm15-39945568 4.30E-14 0.26

To visually represent our findings, we generated Manhattan plots for QTL1 (Figure 3.3

and Supplementary Figure 3.3), which corresponds to chromosome 15 and includes
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triterpenoid derivative soyasaponin, as well as other known and unknown metabolites
within the cluster. The QTL1 cluster comprises a total of 31 metabolites, including grp41,
grp70, grp87, grpl85, grpl87, grp311, grp321, grp326, grp371, grp447, grp450, grp492,
grp553, grp557, grp573, grp574, grp630, grp641l, grp652, grp668, grp718, grp738,
grp766, grp799, grp921, grp943, grp960, grp982, grpl005, grp1025, and grp1033. The
metabolites within the QTL1 cluster exhibit variations in mass (m/z value) and retention
time (RT) (as shown in Supplementary Table 3.2). We utilized MS/MS spectra to
annotate the exact mass number, retention time and fragmentation pattern, comparing

them with the standards mentioned in the methods.

Among these metabolites, we successfully annotated grp 70 and grp 553 (Table 3.2).
Within the QTL1 cluster, we were able to specifically annotate Grp 70 as Soyasaponin I1.
The remaining 30 metabolites within this cluster share the same set of SNPs as Grp 70.
Furthermore, to enhance our annotation process, we utilized functionally related genes
for the putative metabolites that share the same set of SNPs within the QTLs. For
instance, the SNPs (55715621590, 5715621696, ss715621697, ss715621701,
§5715621702, ss715581532, 55715621790, ss715621794, and ss715621800) within QTL1
that are located in the chromosome 15 region are associated with a group of metabolites
(Supplementary Figure 3.3, Supplementary Table 3.3). For a comprehensive list of all
compound annotations, please refer to Supplementary Table 3.2. Both known and
unknown metabolites within QTL1 (Table 3.1 and 3.2) shared significant SNPs, namely
$5$715621590, ss715621696, ss715621697, ss715621701, ss715621702, ss715581532,
§5$715621790, ss715621794, and ss715621800. An example of these significant SNPs on

chromosome 15 for soyasaponin, belonging to QTL1, is depicted in Figure 3.3. The plot
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visually highlights genomic regions potentially influencing soyasaponin variation, aiding

in the identification of genetic factors impacting this trait.
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Table 3.2 Annotation of the identified peaks in QTL1 including their mass, retention

time (RT) and formula.

ID Mass RT Formula Cpd

70 912.508 12503  C47H76017 Soyasaponin Il
553 434.2488 7.472 C21H3907P 1-oleoyl-2-lyso-glycerone

phosphate
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Figure 3.3 A Manhattan plot illustrating significant SNPs associated with
soyasaponin variation on chromosome 15. Each point represents a SNP, with the y-
axis indicating the statistical significance (-log10 P-value) and the x-axis
representing the genomic position. Significant SNPs are indicated above the

threshold of significance.

76



Candidate genes within various quantitative trait loci (QTLS)

Through our gene annotation and enrichment analyses, we successfully identified 16
candidate genes associated with nine significant SNPs (Table 3.3). Figure 3.4 depicts a
concise flow chart illustrating our approach for conducting linkage disequilibrium (LD)
analysis to identify candidate genes. The aforementioned nine SNPs were found within
the LD blocks of the previously mentioned eight QTLs (Figure 3.5 and Table 3.3). In
addition, we identified clusters of single SNPs associated with multiple metabolites, as
well as candidate genes related to these clusters (Supplementary Figure 3.4). However,
the primary focus of our study was on the QTL-multiple metabolite clusters and the
candidate genes derived from it, with a specific emphasis on the soyasaponin

biosynthesis pathway candidate gene.
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Figure 3.4 A flowchart illustrating the process of candidate gene selection through

linkage disequilibrium (LD) analysis.
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Figure 3.5 Linkage disequilibrium (LD) plots highlight significance of SNPs for eight

QTL-multiple metabolite clusters.

80



Within QTL1, a cluster of SNPs on chromosome 15 exhibited strong linkage
disequilibrium (LD), indicating close genetic linkage and limited recombination in this
region. Our LD analysis revealed a 5393.3 kb window containing the significant SNP
$s715621800, spanning from bp 34552298 to 39945568 on chromosome 15, indicating a
high level of linkage within this region. The levels of soyasaponin were significantly
associated (P-value of 1.15 x 107*%) with the SNP ss715621800 located on chromosome
15. Interestingly, the candidate gene Glyma.15G221300 was found to be in closer
proximity to the SNP ss715621800 compared to the other SNPs within QTL1 (as shown
in Figure 3.6). The marker is located 6.3 kb upstream of the candidate gene and exhibits
linkage disequilibrium (LD) (r2 = 0.26) with it. We employed a cutoff of r2>0.2 for our
LD analysis, where r2 represents the extent of allelic association between a pair of sites

(Weir, 1990).

81



Pairwise LD

* Glyma 156221300

Physical Length:5420.4kb

R Color Key

L] 0.2 0.4 e 0.8 1

Figure 3.6 A pairwise linkage disequilibrium analysis between the target SNP
(ss715621800, indicated in blue text) and the candidate gene Glyma.15G221300
(represented by a black asterisk). This analysis is conducted within the context of
our QTL-multiple metabolite cluster 1 (QTL1). The plot provides a visual
representation of the extent of allelic association and LD between the SNP and the
candidate gene, indicating their proximity and potential functional relationship

within the genomic region of interest.
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The identified candidate gene showed enrichment in the triterpenoid pathway, which
aligns well with our target metabolites within QTL1. To be specific, the
Glyma.15G221300 gene encodes a protein identified as a soyasapogenol B glucuronide
galactosyltransferase, suggesting its potential function as a UDP-glucosy! transferase
involved in the critical step of soyasaponin biosynthesis (Table 3.3). The
Glyma.15G221300 gene has three homologous UGT genes
(GlysoP1483463.15G190800.1, GlymaLee.15G192500.1, and
GlymaFiskll1.15G208700.1). The coding sequences of GlysoP1483463.15G190800.1 and
Glymalee.15G192500.1 gene are similar to Glyma.15G221300, consisting of 1506 bp,

while GlymaFiskl11.15G208700.1 has a coding sequence of 1452 bp.

Table 3.3 The following is a compilation of eight Quantitative Trait Loci (QTLS) along
with their respective significant SNPs, candidate genes, and brief descriptions.
Metabolite Significant Candidate gene Description
SNP
Triterpenoids  ss715621800 Glyma.15G221300  UDP-glucosyl transferase
(Soyasaponin) 73B3/ soyasapogenol B
QTL1 glucuronide
galactosyltransferase-like
(LOC100810117)
Isoflavonoids  ss715632654 Glyma.18G010400  Protein phosphatase 2A
QTL2 regulatory B subunit
family

protein/serine/threonine
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protein phosphatase 2A
57 kDa regulatory
subunit B' theta isoform-
like (LOC100797758)

Epibreynin H  ss715594698 Glyma.06G285700  UDP-Glycosyltransferase

QTL3 superfamily protein
No annotation Metabolic domain:
Carbohydrates

metabolism; Nucleotides
metabolism;
Phenylpropanoid
derivatives; Specialized
metabolism*
” » Glyma.06G286200  O-methyltransferase
family protein
Metabolic domain:
Phenylpropanoid
derivatives; Specialized
metabolism
Phenolic §5715628514 Glyma.18G103400  spermidine
acid/Polypheno ss715628531 Glyma.18G103500  hydroxycinnamoyl
Is Glyma.18G103600  transferase

QTL4 Glyma.18G104000
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QTL5

No annotation

Isoflavonoids

QTL6

Isoflavonoids

QTLY

Alkaloids

QTLS

$s715583518

$s715599702

$s715614341

$s715587592

Glyma.18G104100

Glyma.02G057500

Glyma.08G020000

Glyma.11G209900
Glyma.11G210300
Glyma.11G210400
Glyma.11G210500

Glyma.04G156700
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Metabolic domain:
Phenylpropanoid
derivatives; Specialized
metabolism

Cytochrome P450
superfamily
protein/cytochrome P450
90B1-like
(LOC100800210)
Disease resistance-
responsive (dirigent-like
protein) family protein/
disease resistance
response protein 206-like
(LOC100820276)
Specialized metabolism;
Terpenoids;
Phenylpropanoid
derivatives

biosynthesis of terpenoid

indole alkaloids (TI1AS)



Metabolic domain:
Nitrogen-containing
compounds;
Specialized metabolism
QTL (Quantitative Trait Locus): Multiple Metabolites within a cluster and their
associated SNPs
*Primary-specialized interface metabolism
* Please note that these descriptions are summarized and further investigation (i.e.,
functional validation) is required for a comprehensive understanding of the exact roles
and functions of these candidate genes within their respective QTLSs.

Genetic variations among ecotypes

Our study identifies the UDP-dependent glycosyltransferase (UGT) gene as a potential
candidate responsible for the variation in soyasaponin production. Specifically, the gene
Glyma.15G221300 consists of exon-1, intron, and exon-2 with lengths of 513 bp, 425 bp,
and 993 bp, respectively. Sequence analysis comparing 46 ecotypes with varying
soyasaponin production revealed specific coding sequence variations within exon-1 at
positions 302, 451, and 500 for 29 ecotypes. These variations led to amino acid changes,
namely from proline to glycine, serine to glycine, and serine to leucine, respectively
(Figure 3.7). The frequency of CAC haplotype was higher in South Korea and Japan,
while AGT haplotype frequency was higher in China and Russia (Supplementary

Figure 3.5).
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Exon 2 | —

302
C. 'GGGATTTGGTCCCCAAAATCTACCAG
! ! '

451

[TATGTTAGTGGAGGTTACCTTGCTCA
- ! ! !

500

e AATTGAACAATTCTCACCTCACACCAAI
- L L ! s |

T T T
JICCCTAAACCAGGGGTTTTAGATGGTC

Arg Asp Leu Val Lys Ile Tyr Gin
Pro lle Gin Asp Gly Phe Asp Val Leu
J666ATTTGGTCCCCAAAATCTACCAG
Ecotype 1:}666ATTTGGTCCCCAAAATCTACCAG
Ecotype 2::66GATTTGGTCCAEAAAATCTACCAG
Ecotype 3::GGGATTTGGTCCCCAAAATCTACCAG
Ecotype 4:)GGGATTTGGTCOE'3AAAATGTACGAG
Ecotype 5::66GATTTGGTCCCCAAAATCTACCAG
Ecotype 6::66GATTTGGTCCACAAAATCTACCAG

T T T
AATACAATCACCTCCAATGGAACGAGT

Tyr val [EEll Gly Gly Tyr Leu Ala Hi

[TATGTTAGTGGAGGTTACCTTGCTCA
[TATGTTAGTGGAGGTTACCTTGCTCA
FTATGTTIQSTGGAGGTTACCTTGCTCA
[TATGTTAGTGGAGGTTACCTTGCTCA
FTATGTTGGAGGTTACCTTGCTCA
TATGTTAGTGGAGGTTACCTTGCTCA

[TATGTTBBTGGAGGTTACCTTGCTCA

t + t
TTAACTTGTTAAGAGTGGAGTGTGGTT
© le Glu Gin phe 530 Pro His Thr Lys

AATTGAACAATTCTCACCTCACACCAA!
AATTGAACAATTCTCACCTCACACCAA!
AATTGRACAATTCCCTCACAC CAAI
AATTGAACAATTCTCACCTCACACCAAI
AATTGAACAATTCCCTCACAC CAAI
AATTGAACAATTCTCACCTCACACCAAI

AATTGAACAATTCTIACCTCACACCAAL

. TTTATGTTAGTGGAGGTTAC

AAATACAATCACCTCCAATG
tle Tyr val B34 Gly Gly Tyr

TTTATGTTAGTGGAGGTTAC

TTTATGTTAGTGGAGGTTAC

Figure 3.7 Genetic variations within the identified UGT gene among different G. soja

ecotypes. Figure (a) depicts a schematic diagram of the UDP-glucosyl transferase

(UGT) gene, which is a potential candidate involved in soyasaponin variation. In

Figure (b, c, d, €), an overview of SNPs in the coding sequence is depicted,

highlighting the specific amino acid changes among ecotypes with varying

soyasaponin production. Figure (f) represents a chromatogram of the sequencing

data’s peaks.
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Further analysis using unpaired t-test with Welch’s correction revealed a highly
significant difference (P-value < 0.0001, specifically P-value = 0.00002) in soyasaponin
accumulation between ecotypes with sequence variation (AGT haplotype blocks) and
those without any sequence variation (CAC haplotype blocks, which are similar to the

reference G. max Wm82.a4.v1 gene). (Figure 3.8).
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Figure 3.8 Association of two haplotypes with soyasaponin accumulation in wild
soybean ecotypes. The X-axis represents haplotypes, with the AGT haplotype
associated with sequence variation in wild soybean ecotypes compared to the
reference G. max Wm82.a4.v1 gene, and the CAC haplotype representing wild
soybean ecotypes with no sequence variation compared to the reference gene. The
Y-axis corresponds to soyasaponin accumulation (Grp 766 shown here; Grp 70
shows similar significant association), measured on a logarithmic scale (log2

transformed). **** indicates extremely significant P-value (P-value <0.0001).
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We conducted a comprehensive analysis of sequence variation among various G. max
cultivars, which yielded intriguing findings. Upon examining 34 G. max cultivars, we
observed sequence variations at multiple positions. Specifically, we identified two
haplotypes, namely AGT (with sequence variation) and CAC (with no sequence
variation), similar to the haplotypes for wild soybean ecotypes mentioned above.
Notably, among these cultivars, the 29 ecotypes exhibited sequence variations (AGT
haplotype) specifically at positions 302, 451, and 500. These variations closely resembled
those observed in G. soja ecotypes known for their soyasaponin production variation
(Supplementary Figure 3.6). Additionally, preliminary data from partial sequencing of
the promoter region of 12 G. soja ecotypes shows a pattern of sequence variation among
different ecotypes associated with soyasaponin production variation (Supplementary
Figure 3.7). To draw conclusive evidence regarding the influence of the regulatory
region on soyasaponin accumulation pattern, a comprehensive sequencing of the

promoter region including more G. soja ecotypes is necessary.

Variability in gene expression of the candidate gene

Our study sheds light on the gene expression variation observed among different
ecotypes, specifically between varying soyasaponin-producing ecotypes (Figure 3.9a, b
and c). The targeted gene, characterized by exon-1 (513 bp) and exon-2 (993 bp), with an
intron spanning 425 bp, displayed intriguing sequence distinctions between the ecotypes.
We uncovered significant gene expression variations in both exon-1 with or without SNP
and exon-2. The results obtained from the unpaired t-tests with Welch's correction
provide additional evidence to support this finding. Specifically, we observed a

significant association, indicated by the low P-values, between gene expression variation
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and soyasaponin accumulation. For exon-1 (Figure 3.9a), the P-value was 0.0007 when
considering the SNP at position 302; while for exon-1 without any SNP coverage (Figure
3.9b), the P-value was 0.0005. Additionally, for exon-2 (Figure 3.9c), the P-value was

0.0009.
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Figure 3.9 Differential expression of the candidate gene (UGT) between ecotypes with

soyasaponin production variation. The results of the unpaired t-tests with Welch's
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correction further support this finding, with a P-value of 0.0007 for exon-1 covering SNP
at position 302 (a), a P-value of 0.0005 for exon-1 without covering any SNP (b), and a
P-value of 0.0009 for exon-2 (c). *** indicates extremely significant P-value (P-value is

in between 0.0001 to 0.001).
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These statistical findings reinforce the strong relationship between gene expression
patterns and the observed variations in soyasaponin levels in different G. soja ecotypes.
These findings, coupled with the identified promoter region sequence variations
(preliminary data, Supplementary Figure 3.7), provide an indication that transcriptional
regulation may play a pivotal role in modulating the expression pattern of this gene and
thus influencing soyasaponin variations. For further investigation, a comprehensive
understanding of the promoter region sequence with an increased number of sample sizes

is essential.

Discussion

Understanding the genetic basis of trait variation within a population is crucial for
unraveling the complexity of biosynthetic pathways. Recent studies have made
significant progress in uncovering the genetic basis of natural variations in metabolic
traits across various plant species, including Arabidopsis, tomato, maize, rice, wheat, and
potato (Chan et al., 2011, Tieman et al., 2017, Harjes et al., 2008, Riedelsheimer et al.,
2012, Wen et al., 2014, Chen et al., 2014a, Matsuda et al., 2015, Itkin et al., 2013, Sue et
al., 2011). These studies have provided insights into the genetic mechanisms responsible
for the considerable variation in plant metabolomes within a species, highlighting the
presence of diverse and distinct metabolic pathways (Fernie and Tohge, 2017). Besides,
metabolic diversity could be influenced by the environmental conditions of their habitats
(Futuyma and Agrawal, 2009, Li et al., 2015). To comprehensively study the metabolome
variation, nGWAS emerges as a suitable approach. It not only provides insights into the
genetic basis of phytochemical diversity but also offers potential biochemical and

functional understanding of the underlying metabolic pathways (Chen et al., 2014b).
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However, the majority of these pathways remain unexplored and our study represents a

step in the direction of exploring these pathways.

Motivated by this knowledge gap, our study aimed to investigate the genetic basis
underlying the wide array of specialized metabolites found in diverse wild soybean
ecotypes. To accomplish this, we employed an untargeted metabolomics approach to
assess the abundance and diversity of metabolites present in G. soja leaves across North-
East Asia, encompassing China, Japan, Russia, and South Korea. It is worth noting that a
substantial portion of these metabolites still remains unknown, fueling the researchers'

curiosity about the uncharted territory of these compounds.

Genetic basis of phytochemical diversity in wild soybean

In our analysis, we identified a significant number of associations between genetic
variations (i.e., 1155 SNPs) and a diverse set of specialized metabolites (359 metabolites)
within different metabolic pathways. The higher number of associations identified in our
study compared to maize may be attributed to the greater genetic diversity observed in G.
soja (Riedelsheimer et al., 2012, Zhang et al., 2017b). This observation underscores the
complex genetic architecture underlying metabolite production in wild soybean.
Furthermore, previous GWA studies conducted on the metabolomes of rice and the
model plant Arabidopsis, in addition to our own study, have provided evidence of a
complex genetic architecture, indicating intricate genetic regulation of these compounds

(Chan et al., 2011, Chen et al., 2014a).

By clustering the metabolites into eight QTLs based on the associated SNPs, we

facilitated large-scale gene-metabolite annotation in wild soybeans. This approach along
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with linkage disequilibrium analysis enabled us to uncover potential causative genes and
their associated SNPs that contribute to the accumulation of specialized metabolites
within these ecotypes (Table 3.3). Metabolite-based genome-wide association studies
that utilize linkage disequilibrium analysis offer a highly precise approach for identifying
candidate genes responsible for phenotypic variation. Thus, providing us a
comprehensive and detailed understanding of the genetic basis underlying diverse
metabolite profiles (Remington et al., 2001). Our findings shed light on the genetic
foundations of the wild soybean metabolome, with a particular emphasis on alkaloid,
isoflavonoid, polyphenol, and triterpenoid pathways. Moving forward, future research
could delve deeper into the molecular mechanisms of these pathways, building upon the

insights gained from our study (Chen et al., 2016).

Unveiling a promising candidate gene in soyasaponin biosynthesis pathway

We focused our investigation on a specific QTL associated with the soyasaponin
biosynthesis pathway and discovered probable genetic control over soyasaponin
production variation. In soybean, the glycosyltransferase (GT) family 1 of the GT
superfamily, particularly the UGTs (UDP-dependent glycosyltransferases), play a crucial
role in the glycosylation of saponins (Campbell et al., 1997, Lairson et al., 2008).
Previous studies have identified five UGT genes encoding enzymes involved in the
glycosylation process, with four of them (GmSGT2, GmSGT3, Sg-3, and Sg-4)
responsible for sugar transfer at the C-3 position of soyasaponins, and the Sg-1 gene
encoding enzyme involved in sugar chain formation at the C-22 position of
soyasapogenol A (Shibuya et al., 2010, Takada et al., 2012, Chitisankul et al., 2015,

Yano et al., 2018, Sayama et al., 2012).
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In this study, our identified UGT gene (Glyma.15G221300) encodes an enzyme named
Soyasapogenol B glucuronide galactosyltransferase. Our analysis revealed that
Glyma.15G221300 is a single copy gene with three SNPs (AGT haplotype for low
soyasaponin Il producing ecotypes) located within exon-1, resulting in amino acid
changes. These sequence variations indicate that natural variation may contribute to the
variations observed in soyasaponin abundance (Soltis and Kliebenstein, 2015, Huang and
Han, 2014). Moreover, the discovery of similar haplotypes in cultivated soybeans
highlights the presence of shared genetic traits between G. max ecotypes containing AGT
haplotype and low-soyasaponin Il-producing G. soja ecotypes, suggesting potential links
in their metabolic pathways. Interestingly, among the 34 different G. max cultivars, a
higher frequency of AGT haplotypes (29 ecotypes with AGT haplotype) and their
incidental association with metabolite groups exhibiting low soyasaponin Il accumulation
raises questions. Studies have shown an association between soyasaponin and bitter taste
in pea seeds (Roland et al., 2017, Munakata, 2021). Our hypothesis suggests that the
higher frequency of the AGT haplotype and its incidental association with low
soyasaponin Il levels might be linked to selection pressures aimed at bitterness control,
which in turn could have influenced the prevalence of AGT haplotypes in different
cultivated soybeans. Crop domestication and cultivation have significantly impacted the
selection of desirable traits in crops, leading to notable changes in their phenotypic
variation. These alterations encompass increased biomass, reduced or eliminated toxic
compounds, and modifications in flavor profiles (Evans, 1996, Ladizinsky, 2012, Meyer

etal., 2012).
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Furthermore, our analysis, which includes UGT gene expression variations, as well as
preliminary data on promoter region sequence variations, suggests a possible
involvement of the regulatory region of the gene in shaping the pattern of soyasaponin
accumulation. It is important to consider that several factors may contribute to the
generation of metabolic variance in this context. These factors encompass: (i) variations
in promoter strength caused by variations in methylation or copy number in the promoter
region; (ii) single-nucleotide polymorphisms in the coding region affecting enzymatic
activity, substrate preference, or both; (iii) polymorphisms leading to a premature stop
codon; and (iv) transposons-induced significant gene deletions or insertions (Fernie and
Tohge, 2017). For instance, variations in the Game9 transcription factor gene in tomato
and the promoter of DXS in kiwifruit lead to changes in the accumulation pattern of
steroidal glycoalkaloid and monoterpene metabolites, respectively (Zhu et al., 2018b,

Nieuwenhuizen et al., 2015).

At the transcriptional level, gene regulation plays a crucial role in modulating the
expression patterns. The binding of transcriptional regulatory factors to promoter regions
of target genes, as well as their interactions with DNA-binding proteins, can result in
variations in gene expression patterns (Tamura et al., 2018, Yang et al., 2012). This raises
the question of whether the difference in soyasaponin abundance is influenced by the
combined effects of gene sequence variation and the regulatory region. Secondary
metabolism in plants demonstrates a higher capacity to tolerate mutations and adapt to
changing environments compared to primary metabolism, which is more evolutionarily
constrained (Weng et al., 2012, O'Maille et al., 2008). The observed difference in

soyasaponin abundance could be solely attributed to the identified sequence variation in
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exon-1, highlighting the crucial role of coding sequence variation that directly affects the
enzymatic activity and substrate preference (Fernie and Tohge, 2017). A pairwise linkage
analysis revealed that the significant SNP ss715621800 is located 6.3 kb upstream of the
UGT gene. The presence of the SNP in close proximity to the UGT gene suggests a
potential genetic linkage or association between the SNP and the gene (Brodie et al.,
2016). This proximity indicates the existence of a possible complex genetic control
mechanism, as the SNP's location could influence the regulation or expression of the

UGT gene (Shastry, 2009).

Overall, our study highlights the potential influence of genetic variations, enzymatic
activity and regulatory mechanisms in shaping the abundance of soyasaponin,
particularly with regards to the identified UGT gene (Glyma.15G221300). Exploring the
mechanistic impact of selection on determining the optimal combination of haplotypes
that enhance metabolic fitness at the individual or species level would be a fascinating
area of study (Soltis and Kliebenstein, 2015). Further research is needed to explore the
intricate relationship between gene sequence variations, enzymatic activity, regulatory

regions, and the resulting soyasaponin accumulation patterns.

Limitations, opportunities and future directions

In our study, we aimed to uncover the molecular basis of phytochemical diversity in wild
soybean, specifically focusing on the soyasaponin biosynthesis pathway. To achieve this,
we employed a combination of GWAS, metabolomics, and molecular biology techniques.
The identification and annotation of these phytochemicals still present some challenges
due to their high diversity. For example, in untargeted metabolomics, annotating

metabolites involves a mass-based search against databases, followed by manual
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verification, which can be both costly and labor-intensive (Xiao et al., 2012).
Nonetheless, metabolomics has emerged as a crucial tool for annotating genes' functions
and gaining a comprehensive understanding of cellular responses in various biological
scenarios (Schauer and Fernie, 2006, Hegeman, 2010, Xiao et al., 2022). Our study
encompassed 190 wild soybean ecotypes, representing their original geographic
distribution. To enhance the resolution of our study, a sample size of 400-500 would be
ideal for mMGWAS analysis. Increasing the sample size would provide a more
comprehensive understanding of the molecular and evolutionary factors influencing

phenotypic variation within a population (Korte and Farlow, 2013, Kliebenstein, 2007b).

Metabolite annotation poses a well-known challenge in untargeted metabolomics studies,
and as expected, we encountered humerous unknown metabolites. Synthesizing standard
compounds is both time-consuming and cost-intensive. Additionally, in our genotyping
process, we utilized 41,896 known SNPs, which, although not densely distributed, still
provided a solid foundation for our analysis. However, a study by Katz et al. (2021)
revealed that in Arabidopsis, complications arose when the number of genotypes and
SNP marker density increased, potentially due to an uneven and sparse sampling across
Europe (Katz et al., 2021). Despite this, the known SNPs we employed serve as valuable
starting points, laying the groundwork for exploring the unexplored realm of
phytochemical diversity. Our findings will greatly contribute to the identification of
causal sequence variants, particularly with the assistance of advanced genotyping
platforms such as next-generation sequencing (NGS) (Elshire et al., 2011, Davey et al.,

2011).

100



Our study system benefits from the availability of functional study toolkits, providing a
valuable advantage. Detailed information on the plasmid constructs that will be used for
the functional validation of our identified candidate gene through virus-induced gene

silencing and CRISPR/Cas9 technologies is provided in the following sections.

Plasmid constructs for functional validation of candidate genes

To confirm the functional role of the selected candidate genes such as candidate gene
UGT in soyasaponin biosynthesis pathway, we will utilize virus-induced gene silencing
(VIGS) as a potent tool in plant functional genomics. VIGS utilizes the plant's natural
defense mechanism called post-transcriptional gene silencing (PTGS) (Kumagai et al.,
1995, Robertson, 2004). A crucial step in our methodology will involve the application of
Agrobacterium-mediated infiltration, also known as agro-infiltration, to introduce an
infectious plasmid DNA harboring the Bean pod mottle virus (BPMV) vector into the

leaves of soybean (Glycine max) (Zhang et al., 2010, Zhang et al., 2013).

Following the delivery of the viral vector (Figure 3.10), PTGS initiates the degradation
of the target gene's mMRNA in a sequence-specific manner, resulting in the
downregulation of the UGT gene (Burch-Smith et al., 2004). To evaluate the gene
function, we will assess the soyasaponin production using liquid chromatography-mass
spectrometry (LC-MS). Through VIGS, we anticipate achieving knockdown of the UGT
gene in different soybean ecotypes, which will validate its role in soyasaponin
biosynthesis. Additionally, we will analyze the expression levels of the UGT gene in
infected plants using RT-gPCR. BPMV-based VIGS vectors are extensively utilized in
legumes because of their ability to efficiently silence native genes. They are favored for

their ease of use and speedy process (achieving silencing within 3-4 weeks after
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infection), eliminating the requirement for establishing stable transformants (Burch-
Smith et al., 2004). However, VIGS does have certain limitations that should be taken
into account. A notable limitation is its inclination to entirely silence the target gene,
posing challenges when conducting comparative analysis between soybean ecotypes
exhibiting soyasaponin production variation (Burch-Smith et al., 2004). Complete
suppression hinders the observation of the specific phenotype of interest and complicates
the determination of the UGT gene's involvement in our proposed functional context.
Furthermore, VIGS frequently falls short in achieving consistent gene silencing across
the entire infected plant and can unintentionally suppress non-target genes (Burch-Smith

et al., 2004).
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Figure 3.10 Plasmid constructs for virus-induced gene silencing of the target gene.
Gene of interest in sense orientation in pPBPMV-IA-V1 (A); gene of interest in sense
orientation in 1A-1033_pBPMV-1A-V2 (B); gene of interest in antisense orientation

in 1A-1033_pBPMV-IA-V2 (C).
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To overcome these limitations and ensure more precise functional validation of the
identified UGT gene, we intend to utilize state-of-the-art genome editing technology
CRISPR/Cas9. It is a widely adopted technique in various crops, including soybeans.
This advanced technique will provide us with greater control and specificity in
confirming our findings, thereby circumventing the pitfalls associated with VIGS.
Quantification of soyasaponin production will be performed using LC-MS on the leaves
of T2 plants. We will ensure a sufficient number of independent replicates for robust
statistical analysis. Furthermore, the expression levels of the UGT gene in the edited
plants will be assessed using RT-gPCR. Through gene knockout using the CRISPR/Cas9
system (Figure 3.11), we anticipate a complete absence of soyasaponin production, thus

confirming the involvement of the identified UGT gene in soyasaponin biosynthesis.
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Figure 3.11 CRISPR/Cas9 constructs for gene editing and transformation.
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Conclusion

This study represents an application in unraveling the genetic foundations of
phytochemical diversity, specifically focusing on the soyasaponin pathway in wild
soybean. By delving into the genetic underpinnings of phytochemical diversity, our
research lays the groundwork for understanding biosynthetic pathways, enabling the
development and integration of genomic tools for applications in metabolic engineering

and molecular breeding of desirable plant compounds.

Throughout our investigation, we have identified several candidate genes that are
associated with a wide range of metabolic pathways. These findings have significant
implications for promoting higher genetic diversity within populations. We utilized a
candidate-gene association approach to narrow down the number of candidate genes
located within the metabolic clusters, which were then subjected to further evaluation.
This strategy proved effective in reducing the scale of genotyping required and
minimizing the need for scanning a large number of markers across the entire genome
(Flint-Garcia et al., 2003). However, it is important to note that validation experiments
for all associations, including 16 candidate genes and 9 SNPs, exceed the scope of a
single study. Our research findings highlight the potential of the reported UGT gene as a
promising candidate responsible for the variation in soyasaponin production among wild
soybean ecotypes. In our future endeavors, we intend to conduct experimental
characterization of the Glyma.15G221300 gene, which encodes the UDP-
glucosyltransferase enzyme, thereby providing novel biochemical and functional insights.
Furthermore, this study has contributed an additional 15 high-confidence candidate genes

associated with diverse metabolite contents and elucidated the subdivisions within
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metabolic networks (refer to Table 3.3). It is evident that both genetic factors and
environmental influences play a role in determining metabolite levels. For example, a
study on Arabidopsis thaliana demonstrated how metabolic profiles are influenced by
geographic variability, highlighting the significance of local adaptation strategies in
response to a changing environment (Kleessen et al., 2012). By exploring the
metabolome, we can expand our understanding of effective defense mechanisms against
biotic and abiotic stresses and contribute to improving the nutritional quality of plants,

thus promoting sustainable agriculture.

Additionally, our study provides a valuable platform for addressing a relatively neglected
question regarding the impact of genetic variation on changes in metabolome levels
during the domestication process. We also investigate how the geographical structure of
natural populations shapes metabolite profiles. Similar studies conducted on essential
crop species such as maize, rice, and durum wheat have utilized metabolite profiling as a
molecular phenotyping tool to explore the process of crop domestication (Riedelsheimer
etal., 2012, Wen et al., 2014, Skogerson et al., 2010, Chen et al., 20144, Beleggia et al.,
2013). In essence, our research opens up new avenues for examining the soybean crop
domestication process and the adaptation of plants in their natural geographic distribution
from a metabolic perspective. By investigating into the intricate metabolic aspects, we
can gain valuable insights into the evolution and development of this important crop. In
future research, phylogenetic comparative methods can be utilized to explore the
evolutionary mechanisms that contribute to the development and diversification of

phytochemical diversity (Forrister et al., 2023).
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CHAPTER 4: OVERALL CONCLUSION

Plant science is instrumental in addressing the urgent challenges faced by floral and
faunal habitats, safeguarding the future of our planet. Plants have evolved to produce a
wide range of specialized metabolites, which enable them to adapt to their ever-changing
environment (i.e., heat, drought, salt stress, flooding, disease outbreaks). With the
escalation of climate change's effects on agricultural systems, there is a growing demand
to cultivate crops capable of withstanding stress, as a means to address the issue of food
insecurity. Hence, it is crucial to understand how plants respond and adapt to various
stresses, both biotic (caused by living organisms) and abiotic (caused by environmental
factors). Some of these metabolites can potentially improve human health. Therefore, the
study of plant-specialized metabolism offers opportunities for advancing agricultural
sustainability and holds biomedical relevance, aiming to develop sustainable nutrition
sources and novel pharmaceuticals. Unraveling the wide range of specialized metabolites
produced by plants constitutes a fundamental aspect of this research endeavor.

The specific focus of this study is twofold. Firstly, in chapter 2, this research investigates
the genetic basis and selection processes involved in the glyceollin pathway, mainly
when plants interact with biotic stressors in a controlled laboratory environment.
Secondly, in chapter 3, it aims to unravel the genetic basis that governs the diversity of
phytochemicals and variations in soyasaponin production within natural plant
populations. By understanding these mechanisms, we can gain insights into the factors
influencing the synthesis of beneficial plant compounds. By undertaking this research, we
anticipate to advance our knowledge of plant responses to stresses, the genetic factors

influencing specialized metabolite production, and the potential for optimizing plant-
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derived compounds to address global challenges. Ultimately, these insights will
contribute to the development of sustainable strategies for both environmental
conservation and human well-being.

Glyceollins, a type of phytoalexin found in soybean plants, play crucial roles in plant
responses to the environment and human health. However, our understanding of the
genetic mechanisms and factors governing glyceollin production remains limited. In
chapter 2, we investigated the genetic components underlying glyceollin production in
wild soybeans exposed to soybean cyst nematode using a metabolite-based genome-wide
association (MGWA) approach. Through this analysis, we identified specific genetic
variations, known as single nucleotide polymorphisms (SNPs), on chromosomes 3, 9, 13,
15, and 20, strongly associated with glyceollin induction. Notably, we observed a cluster
of genes closely located near one of these significant SNPs on chromosome 9, encoding
enzymes that may play a vital role in the production of glyceollins.

Additionally, we found transcription factors (genes that regulate the activity of other
genes), such as MYB and WRKY, close to these genetic variations on chromosome 9.
Furthermore, our findings revealed interactions between various genetic variations and
provided evidence of natural selection, suggesting the potential impact of evolutionary
processes on glyceollin production in wild soybeans. Overall, our findings shed light on
the key genes and factors in controlling glyceollin induction in wild soybeans, further
enhancing our understanding of this critical plant defense mechanism.

Moreover, in order to address the limited understanding of genetic factors contributing to
phytochemical diversity in wild plant species, particularly in understudied wild soybeans,

we conducted a comprehensive investigation described in chapter 3. Wild soybeans,
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known as Glycine soja, possess a vast and untapped genetic diversity compared to
cultivated soybeans. We employed a metabolite-based genome-wide association
(mGWA) approach, which involved analyzing a diverse set of 190 wild soybean ecotypes
collected from a range of geographic origins. We successfully identified and annotated
485 out of 874 metabolite peaks through untargeted metabolite profiling using LC-MS
analysis. Leveraging 41,896 genome-wide SNPs, we performed a thorough genome-wide
association study (GWAS) on these 874 metabolite peaks and discovered significant
associations between 1155 SNPs and 359 metabolites. Clustering analysis allowed us to
identify eight quantitative trait loci (QTLS) representing clusters of multiple metabolites.
Further investigation of these QTLs within linkage disequilibrium blocks led us to
identify 612 annotated genes as potential candidate genes.

Among these candidates, we focused on 16 candidate genes relevant to triterpenoid and
phenylpropanoid-derived isoflavonoid biosynthesis pathways. Notably, our analysis
highlighted the gene responsible for UDP-dependent glycosyltransferase (UGT) as a
promising candidate that likely plays a key role in soyasaponin production variation, an
important phytochemical. Sequence analysis revealed two distinct haplotypes associated
with varying soyasaponin-producing ecotypes, with three specific SNPs located at exon-1
resulting in amino acid changes. Furthermore, substantial differences in expression levels
were observed between the two haplotypes when comparing varying soyasaponin-
producing ecotypes. An intriguing observation is the coincidental connection between the
AGT haplotype and low soyasaponin Il accumulation, coupled with its higher frequency
in various cultivated soybean ecotypes. This puzzling finding warrants further evaluation

and investigation to better understand its significance and implications. Our study
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represents a significant step toward unraveling the genetic foundations of phytochemical
diversity in understudied wild non-model species, specifically wild soybeans. By
shedding light on the intricate genetic basis underlying the phytochemical diversity of
wild soybeans, our findings contribute to a broader understanding of the genetic
landscape of specialized metabolism in plant species.

The discoveries resulting from this study have the potential to revolutionize metabolic
engineering and contribute to the development of biofortified crops that are resilient to
future challenges, ensuring a sustainable future. As described in chapter 2, understanding
the metabolic gene clusters associated with the induction of glyceollins in response to
biotic elicitors in wild soybean will shed light on the plant's defense mechanisms.
Additionally, the findings from chapter 3 can contribute to unravel the molecular
mechanisms underlying the variation in soyasaponin production within genetically
diverse wild soybean populations. Our study will enable the discovery of new and exotic
genetic resources within natural populations and offer valuable insights into the
glyceollin and soyasaponin biosynthesis pathways. Additionally, wild soybean serves as
an exceptional study system, facilitating the transfer of identified candidate genes to
cultivated soybeans, thus enabling the development of soybean cultivars rich in unique
and valuable phytochemicals. Lastly, this project embodies a highly interdisciplinary
approach, integrating molecular genetics, metabolomics, and genome-wide association
studies (GWAS) to address the research objectives comprehensively.

In future studies, an RNA-seq analysis could be conducted to explore the co-expression
of genes within gene clusters, potentially revealing their involvement in glyceollin

induction. Furthermore, investigating environmental factors could help elucidate their
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contribution to the selection of glyceollin induction. To achieve genomic dissection of
phytochemical diversity, the identified candidate genes will undergo functional validation
using advanced techniques, such as virus-induced gene silencing and state-of-the-art gene
editing technologies like CRISPR/Cas9. These approaches will enable us to gain deeper
insights into the functions of these candidate genes and their impact on specialized
metabolite production. Additionally, future research may focus on the biochemical
characterization of the UGT gene, which possibly encodes the enzyme responsible for
soyasaponin biosynthesis pathway. By studying this enzyme's characteristics and
mechanisms, we can better understand its role in the production of soyasaponins,
contributing to our knowledge of plant specialized metabolism. Overall, these proposed
future studies will expand our understanding of the genetic and biochemical factors
underlying glyceollin induction and soyasaponin biosynthesis, paving the way for
advancements in plant science and potential applications in agriculture and human health.
The findings derived from our study hold significant potential in developing climate-
resilient crops with enhanced value, benefiting both plant and human health. If
successful, the resulting biofortified soybean could become a daily staple accessible to
people worldwide, including socio-economically disadvantaged regions, addressing
nutritional deficiencies and improving overall well-being. Moreover, the insights gained
from our study will serve as a foundation for generating and testing new hypotheses,
advancing our understanding of complex traits related to plant and human health and
paving the way for similar strategies in future research. With its highly interdisciplinary

approach integrating molecular genetics, phytochemistry, metabolomics, and genome-
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wide association studies (GWAS), our study comprehensively addresses the research

objectives while contributing to the broader scientific community.
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APPENDIX A: CHAPTER 2 SUPPLEMENTARY FIGURES AND TABLES
Supplementary Figures
Supplementary Figure 2.1 A pairwise linkage disequilibrium between target SNP
(ss715603454) and candidate gene Glyma.09G128200 (location of the gene is indicated

as a gray hexagon) from our metabolic gene cluster of interest.

' Physical length: 2,690 kb |

® Glyma 09G128200 %

136



Supplementary Figure 2.2 Significant SNPs ss715585948 (A), ss715615975 (B),
§5715620269 (C), and ss715636844 (D) on chromosomes 3, 13, 15, and 20, respectively,

show narrow LD blocks.

(A) L3 (B) Rosquand
s
. ™ 0
o0 o0
3 v » 1 a 000 080
g 0.2 070
. L - 000 000
Significant SNP on ] 020 s
chromosome 3: bo 0w
$5715585948 . n o 030
o | 7 ¥ :: om0
m
1 i 1 How oo
-- vk e
. - e Significant SNP on 01
' ) chromosome 13:
i w . $5715615975
Y ol a5 an
s i
om0
om0
(€) (D)
R squmns ®
. A .
» om0 030
i ¥ e 030
- n 070
III om0 LT 050
L] 0% 050
i e oo
T o !. o2 030
ce W . . Significant SNP »
on chromosome M -
Significant SNP on 1 : ol e 20: 55715636844 . e
chromosome 15; - o 020
$5715620269 = = u
4 :‘l 1 s . e A
i & 0 oo
T T |
TR d et
.
1 &1 s
S 'I - s 1 0 I
(- 1 ses t ™
i [l " s i
.
=

137



Supplementary Figure 2.3 Allele-specific Extended Haplotype Homozygosity

(EHH) for significant SNPs on chromosomes 3, 13, 15 and 20. Haplotype lengths are

shown flanking the T (red) and G (grey) allele.
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Supplementary Tables

Supplementary Table 2.1 Wild soybean ecotypes and metabolite data used in this study.

Pl# Daidzein Daidzein Daidzein Daidzein |Daidzein |Glyceollin |Glyceollin |Glyceollin |Glyceollin [Glyceollin |GLYmean:
(?g/g root) (?g/g root) (?g/groot) |(?g/groot) DZNmean
(GVSD)
T1 T2 T3 T4 mean T1 T2 T3 T4 mean

PI 101404 B |383.27 592.04 574.57 376.76 481.66 9.74 12.77 14.33 12.28 0.025
PI1339732 |120.39 79.79 160.04 120.07 29.69 44.85 40.13 38.23 0.318
PI 366120 |158.44 140.07 162.14 153.55 7.06 10.57 9.49 9.04 0.059
Pl 366122 479.48 486.39 323.98 429.95 33.47 47.69 59.8 46.99 0.109
P1366123 |413.58 450.62 494.51 452.9 112.96 36.45 98.95 22.14 67.63 0.149
P1406684 |119.74 22.19 60.02 257.04 114.75 8.76 10.24 10.95 9.98 0.087
PI1 407037 |172.28 327.4 375.64 291.78 12.53 6.14 7.63 8.76 0.03
P1 407047 |325.11 189.88 225.25 246.75 6.64 2.67 2.33 3.88 0.016
PI1 407050 |156.73 95.96 121.66 124.78 25.95 27.71 12.28 5.34 17.82 0.143
PI1407053 |52.79 266.17 125.33 67.5 127.95 13.56 14.39 14.73 14.23 0.111
P1 407089 143.66 182.14 265.2 197 13.01 9.93 13.76 12.23 0.062
P1 407097 |431.12 291.61 287.07 336.6 15.71 17.88 30.89 21.49 0.064
P1 407120 |265.52 369.54 357.44 330.83 5.74 10.14 3.94 6.6 0.02
PI1 407167 |297.14 177.74 157.72 210.86 23.57 34.36 16.85 24.92 0.118
Pl 407174 |306.96 226.41 185.78 239.72 10.45 23.92 18.5 17.63 0.074
Pl 407198 |166.55 170.29 103.12 146.65 8.16 8.04 6.98 7.72 0.053
P1 407201 |276.46 361.51 280.38 255.9 293.56 11.12 5.11 7.16 7.8 0.027
P1 407202 |289.8 358.94 239.4 296.04 8.72 4.05 9.7 7.49 0.025
P1407217 |360.99 320.66 217.49 299.71 11.06 4.61 36.14 65.45 29.32 0.098
Pl 407221 |204.08 534.68 391.65 504.82 408.81 6.66 13.69 4.24 8.2 0.02
Pl 407246 |188.39 312.71 248.87 198.58 237.14 2.59 1.32 1.79 1.9 0.008
P1 407249 |484.36 370.37 528.12 460.95 5.26 7.35 11.48 8.03 0.017
P1 407254 |616.11 463.03 456.93 512.02 3.06 6.12 4.68 4.62 0.009
P1 407267 |336.6 441.75 318.53 365.62 14.64 14.04 19.83 16.17 0.044
P1 407271 ]92.43 49.27 155.9 33.88 82.87 21.13 10.05 9.9 13.69 0.165
PI1 407275 |204.98 267.1 237.06 236.38 7.78 13.22 8.24 9.75 0.041
P1 407278 |240.08 283.77 248.15 257.34 2.42 2.12 2.4 2.31 0.009
PI 407302 256.25 188.91 241.47 228.88 4.52 4.57 8.61 12.25 7.49 0.033
PI1 407304 |306.58 274.6 146.31 129.91 214.35 8.5 13.95 7.8 10.08 0.047
P1 424059 B |177.58 77.43 178.21 79.42 128.16 7.72 1.52 7.87 5.71 0.045
Pl 424063 222.15 386.14 301.84 303.37 1.71 4.04 4.24 3.33 0.011
Pl 424064 |278.15 302.85 377.86 319.62 4.29 2.96 4.65 3.97 0.012
PI1 424088 |312.28 393.73 252.41 319.47 4.09 10.62 8.87 7.86 0.025
PI 424093 |205.54 154.22 381.2 246.99 5.11 5.76 13.5 8.13 0.033
Pl 424102 A |302.11 408.96 294.42 335.17 11.83 11.15 5.36 9.45 0.028
Pl1424117 |288.15 191.82 199.54 226.5 3.62 3.53 3.79 3.65 0.016
P1 468396 B |1497.02 471.44 332.81 433.76 21.25 21.84 10.3 17.8 0.041
P1 468397 A 281.27 167.09 189.64 212.67 28.63 30.96 36.24 31.95 0.15
P1 468398 B |120.38 200.54 42.46 101.3 91.17 51 34.99 69.09 51.69 0.567
PI1 468399 B |192.42 128.05 135.58 152.02 58.99 27.19 5.62 12.54 26.08 0.172
Pl 483466 |401.92 507.26 414.84 591.31 478.83 24.79 16.34 15.86 19 0.04
Pl 483468 A |346.27 261.14 494.63 367.35 8.27 16.39 16.3 13.65 0.037
P1 487430 |206.11 214.76 285.26 264.83 242.74 6.31 8.86 8.35 7.84 0.032
P1 507582 355.54 348.96 440 381.5 7.88 11.74 5.22 8.28 0.022
PI 507632 |187.64 347.63 163.38 232.88 5.75 14.8 11.38 10.64 0.046
PI 507644 |148.95 205.46 203.36 125.58 170.84 8.56 10.21 11.79 7.93 9.62 0.056
PI 508067 |128.78 267.22 112.23 147.42 163.91 41.96 61.05 42.16 0.257
PI 522179 369.46 208.57 248.69 275.57 41.25 33.27 63.64 46.06 0.167
PI 522180 213.28 139.48 191.98 60.98 68.29 63.71 0.332
P1 549037 297.35 237.95 287.13 274.15 28.64 20.86 35.66 28.39 0.104
P1 549046 |147.55 93.55 130.12 123.74 12.13 8.7 11.93 10.92 0.088
PI1 562544  |265.23 232.64 382.27 293.38 8.68 12.63 15.83 12.38 0.042
PI 562550 |393.54 352.86 267.69 338.03 46.11 17.94 45.89 36.65 0.108
PI 578345 416.6 361.25 406.05 394.63 5.43 4.51 12.83 7.59 0.019
Pl 163453 |65.82 119.63 67.38 157.15 102.5 5.49 15.41 15.95 12.28 0.12
Pl 366121 300.1 241.41 189.32 243.61 3.65 10.23 6.34 6.74 0.028
P1 378695 A |324.5 433.88 309.84 356.08 15.66 5.17 3.98 8.27 0.023
PI1 378701 A |82.52 123.05 184.34 129.97 2.26 28.07 53.17 27.83 0.214
P1 407030 |178.1 53.99 118.81 420.19 192.77 11.19 10.62 26.46 16.09 0.083
PI1 407034 430.6 180.95 175.91 262.49 12.64 10.44 12.38 11.82 0.045
Pl 407124 106.98 118.77 99.4 108.38 18.58 24.85 20.47 21.3 0.197
P1 407200 |462.23 463.74 408.52 444.83 3.04 12.24 6.14 7.14 0.016
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Pl# Daidzein Daidzein Daidzein Daidzein |Daidzein |Glyceollin |Glyceollin |Glyceollin |Glyceollin |Glyceollin |GLYmean:
(?g/g root) (?g/g root) (?g/groot) |(?g/groot) DZNmean
(GVSD)
T1 T2 T3 T4 mean T1 T2 T3 T4 mean
P1407279 |425.93 320.9 248.36 331.73 4.5 6.11 2.22 4.28 0.013
P1407296 [284.57 341 404.82 343.46 9.95 7.13 6.15 7.74 0.023
P1423993 [358.8 488.04 385.19 410.68 24 24.4 19.84 22.75 0.055
P1 423996 |179.91 368.4 327.21 207.54 270.76 4.74 4.22 4.43 4.46 0.016
P1464934 [237.67 219.58 253.75 237 6.67 5.36 2.88 4.97 0.021
P1464936B [351.1 475.66 317.82 381.53 5.99 5.94 4.38 4.6 5.23 0.014
P1464937 A [568.6 232.66 317.26 600.8 429.83 19.66 86.05 16.13 45.08 41.73 0.097
Pl 423988 |432.52 478.55 214.13 182.6 326.95 4.03 4.06 5.55 4.55 0.014
P1 479749 85.83 33.43 92.19 70.48 14.34 8.09 19.88 14.11 0.2
P1479751 [113.52 269.1 248.46 210.36 13.75 10.35 11.52 11.88 0.056
P1483466 [556.66 267.21 297.6 373.82 10.24 12.07 8.16 10.16 0.027
P1 504287 A |279.95 590.42 403.97 424.78 8.75 8.6 8.94 8.76 0.021
P1507727 [294.8 575.34 355.01 502.98 432.03 22.87 19.91 22.04 21.61 0.05
P1 507787 301.28 337.48 162.33 267.03 19.84 12.09 17.97 16.63 0.062
PI 507798 [222.4 193.88 480.17 620.69 379.29 8.78 10.44 11.59 10.27 0.027
P1508066 [29.55 44.36 30.76 34.89 8.58 21.14 20.42 16.71 0.479
P1508069 [21.32 6.89 9.86 12.69 4.05 11.31 3.8 6.39 0.503
P1522211B 307.97 335.41 312.09 318.49 12.49 11.37 17.67 13.84 0.043
Pl 522234 |256.85 274.96 398.62 324.68 313.78 9.47 21.09 10.39 5.67 11.66 0.037
P1135624 [699.08 420 697.32 605.46 21.8 11.29 12.77 7.58 13.36 0.022
P1339731 [131.8 291.67 451.6 291.69 13.57 13.35 7.31 11.41 0.039
P1339735A [215.62 361.42 191.26 410.67 294.74 8.51 28.04 16.95 40.8 23.58 0.08
PI 366119 |164.38 123.86 241.27 99.08 157.15 15.1 15.42 15.6 15.37 0.098
P1378685 [321.31 120.61 286.09 242.67 9.18 44.57 3.38 19.04 0.078
P1378687 A [199.53 179.79 370.99 250.1 3.66 7.53 2.89 4.69 0.019
P1378689 [211.93 252.25 66.83 177 12.28 22.36 13.48 16.04 0.091
P1378700 |[56.19 157.97 109.18 107.78 32.19 7.05 17.9 19.05 0.177
Pl 378702 131.39 111.85 100.35 114.53 4.62 28.66 5.49 18.15 14.23 0.124
P1407020 [124.04 96.44 82.7 139.86 110.76 21.17 20.93 22.63 21.58 0.195
P1 407026 215.04 262.97 264.37 247.46 5.2 6.12 15.58 8.97 0.036
P1407029 [113.38 87.37 302.1 167.62 11.4 13.96 10.12 11.83 0.071
P1407032 B [150.41 222.87 30.56 60.73 116.14 19.23 27.93 28.23 25.13 0.216
P1 407044 201.28 137.9 135.07 158.08 20.1 6.16 9.06 17.1 13.11 0.083
P1 407048 |231.92 177.2 165.43 288.49 215.76 9.27 3.89 8.66 7.27 0.034
P1407055 [136.01 111.18 169.12 138.77 28.16 15.64 19.1 20.97 0.151
P1407060 |[247.07 91.71 35.17 124.65 6.96 6.07 2.78 5.27 0.042
P1407063 [125.16 374.4 67.13 312.63 219.83 8.28 12.87 15.74 12.3 0.056
P1407069 |[80.55 190.4 120.27 63.16 113.59 25.09 28.91 21.04 25.01 0.22
P1 407072 377.45 91.83 202.98 224.09 12.68 36 31.08 11.15 22.73 0.101
P1407085 [0 120.2 123.33 81.18 3.96 12.52 7.33 7.94 0.098
P1407092 [185.26 56.8 2.25 6.59 62.73 0.47 6.92 3.88 23.82 8.77 0.14
P1407094 [184.99 126.61 358.89 61.32 182.95 9.76 8.53 8.74 9.01 0.049
P1407096 (27.5 123.16 112.47 28.13 72.82 29 13.3 10.23 17.51 0.24
P1407099 [136.42 9.07 17.73 49.19 53.1 2.17 0.33 0.52 1.01 0.019
Pl 407100 |393.72 139.6 44.89 20.73 149.74 17.66 15.74 13.4 15.6 0.104
P1407102 [328.8 70.52 225.24 67.39 172.99 22.86 20.03 25.07 22.66 0.131
P1 407107 157.25 237.91 275.16 223.44 10.58 25.13 59.08 31.6 0.141
P1407109  [206.2 153.09 111.29 156.86 25.67 25.2 38.72 29.86 0.19
Pl 407113 |140.67 79.33 93.07 104.36 7.33 4.29 12.72 5.34 7.42 0.071
P1407119 |[176.67 172.8 62.69 137.38 16.33 15 3.99 11.78 0.086
P1407121 |475.92 317.61 108.33 172.02 268.47 23.95 41.73 63.54 67.76 49.25 0.183
P1407126  [383.76 336.44 183.33 196.22 274.94 14.68 14.98 14.39 14.69 0.053
P1 407131 [127.6 197.76 71.36 132.24 6.2 7.09 6.79 6.7 0.051
P1407137 |475.88 341.05 304.56 422.65 386.04 12.62 9.83 11.49 11.31 0.029
P1407142 [341.05 198.67 250.98 167.43 239.53 3.24 5.74 3.03 4.01 0.017
P1 407145 268.14 252.57 280.96 267.22 13.17 14.99 8.26 12.14 0.045
P1407147 [279.96 295.6 248.26 274.61 6.45 15.71 8.56 10.24 0.037
P1407149 [305.12 339.75 260.63 301.83 7.62 6.76 4.49 6.29 0.021
P1 407151 362.86 295.98 385.7 348.18 5.63 13.95 8.74 9.44 0.027
Pl 407153 |518.01 344.52 448.28 299.53 402.59 11.58 8.94 7.11 9.21 0.023
P1407155 [116.5 241.6 206.51 100.13 166.19 9.24 5.8 6.77 0.041
P1407159 [203.87 150.82 177 177.23 26.59 47.3 13.5 29.13 0.164
P1407172  [234.93 357.82 111.7 126.5 207.74 16.57 12.44 12.33 13.78 0.066
P1 407178 |194.27 201.11 306.08 278.28 244.94 13.42 4.88 23.6 6.52 12.1 0.049
P1407187 [131.35 232.29 249.81 133.03 186.62 14.52 9.48 11.31 11.77 0.063
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Pl# Daidzein Daidzein Daidzein Daidzein |Daidzein |Glyceollin |Glyceollin |Glyceollin |Glyceollin |Glyceollin |GLYmean:
(?g/g root) (?g/g root) (?g/groot) |(?g/groot) DZNmean
(GVSD)
T1 T2 T3 T4 mean T1 T2 T3 T4 mean
P1407191 |[161.93 253.07 177.99 197.66 10.38 14.76 13.38 12.84 0.065
P1407193 [201.39 241.84 378.33 273.85 10.3 17.11 7.97 11.79 0.043
Pl 407194 297.71 379.1 266.95 314.59 17.07 18.06 17.43 17.52 0.056
Pl 407203 180.81 167.34 345.64 254.93 131.65 83.85 87.28 0.342
P1407205 |[154.52 247.34 212.39 160.47 193.68 14.27 36.63 13.45 21.45 0.111
P1407207 |401.49 444.2 405.68 417.13 22.65 29.44 17.03 23.04 0.055
P1407208 [215.57 274.63 349.46 279.89 13.65 11.98 15.04 13.56 0.048
Pl 407211 |260.62 88.16 56.51 322.89 182.04 0.02 20.92 50.84 23.93 0.131
P1407214 [272.03 225.79 90.16 137.86 181.46 7.73 12.01 5.58 8.44 0.047
P1407222 [118.15 63.5 7.19 0 47.21 20.04 17.65 11.03 16.24 0.344
P1407223 [316.45 342.96 753.55 42.38 363.84 32.1 9.78 12.94 18.27 0.05
P1 407233 |170.73 277.6 18.81 58.68 131.46 14.3 14.09 15.62 14.67 0.112
P1407236 [11.83 17.92 29.7 19.81 25.97 56.58 86.96 20.54 47.51 2.398
P1407252 [118.41 191.72 110.52 140.21 0 2.18 0.29 0.82 0.006
P1 407256 |139.02 107.77 13.93 86.91 12.52 10.45 3.17 8.71 0.1
P1407258 |[62.86 148.51 182.85 131.4 15.04 7.52 17.2 13.25 0.101
P1407260 [425.52 140.49 417.45 766.46 437.48 95.24 71.37 23.57 21.59 52.94 0.121
P1407261 [62.28 312.69 195.79 190.26 69.53 20.37 7.72 32.54 0.171
Pl 407272 234.5 308.19 143.33 228.67 50.2 26.82 17.03 31.35 0.137
P1407274 [169.19 155.88 310.48 211.85 19.82 6.63 5.01 10.49 0.05
P1407285 [231.74 300.41 6.33 46.33 146.2 28.85 24.39 37.85 30.36 0.208
P1407290 [276.63 394.77 200.5 290.63 8.32 6.02 4.95 6.43 0.022
P1 407292 |266.72 177.22 135.64 224.72 201.08 5.7 5.23 10.36 7.1 0.035
P1 407294 286.87 350.27 191.6 276.25 10.77 5.81 9.26 8.61 0.031
P1407298 [390.66 466.7 313.47 390.28 66.66 42.4 35.59 48.21 0.124
P1 407300 39.01 125.75 135.57 100.11 91.24 64.65 59.33 71.74 0.717
P1407310 |[388.57 223.84 74.94 131.93 204.82 28.19 87.71 16.12 82.63 53.66 0.262
P1 407312 394.99 204.26 321.37 44.79 55.97 43.39 0.135
P1407319 153.72 167.81 294.39 205.31 79.08 43.37 72.23 64.89 0.316
P1407320 [39.82 135.77 63.08 79.55 17.94 11.79 14.18 14.64 0.184
P1407322 |493.87 502.7 492.6 496.39 8.19 10 25.31 14.5 0.029
P1424006 A [190.32 388.93 136.78 238.68 20.12 15.26 23.61 19.66 0.082
P1424010 [104.9 266.19 564.47 433.75 342.33 17.6 48.98 38.98 14 29.89 0.087
Pl 424012 |587.27 238.44 337.7 410.59 393.5 24.72 44.7 30.51 33.31 0.085
P1424017 A 143.65 143.89 144.69 144.08 22.99 9.86 17.78 16.88 0.117
P1424022 A 47.74 45.19 75.29 56.07 28.36 23.21 30.45 27.34 0.488
P1424023 [139.97 147.92 273.59 187.16 13.89 17.52 40.01 23.81 0.127
P1424027 B [57.71 148.58 139.71 115.34 0.55 0 130.53 43.69 0.379
P1 424039 A [395.66 156.16 296.53 187.71 259.01 13.83 16.56 10.69 13.69 0.053
Pl 424040 |178.51 150.51 250.88 193.3 28.74 25.43 36.43 30.2 0.156
P1424042  [36.25 205.03 291.04 177.44 28.05 61.8 17.31 35.72 0.201
P1 424043 A [266.06 119.16 283.88 223.03 22.13 23 16.94 20.69 0.093
Pl 424044 238.4 296.68 154.77 229.95 21.45 24.44 26.49 24.13 0.105
Pl 424046 A |197.98 261.77 276.27 245.34 42.05 59.2 41.17 47.47 0.194
Pl 424047 181.6 208.1 249.43 213.04 27.76 19.05 35.39 27.4 0.129
P1424051 B [200.82 238.42 332.52 257.25 24.78 21.97 23.56 23.44 0.091
P1424052 [123.76 175.66 163.49 104.39 141.83 34.71 36.1 10.2 14.14 23.79 0.168
P1424056  [53.98 296.65 149.71 166.78 10.71 9.57 0.3 6.86 0.041
Pl 424058 |202.2 168.11 122.81 164.37 30.52 23.06 31.75 28.44 0.173
P1424061 A [50.87 71.36 61.11 9.3 10.54 9.92 0.162
P1424067 [130.05 137.96 79.72 52.44 100.04 7.52 4.94 2.58 5.01 0.05
P1424068 [87.43 40.18 167.61 176.03 117.81 5.63 4.12 12.56 7.44 0.063
Pl 424070 A |81.48 231.61 256.27 81.26 162.66 26.16 18.13 32.16 25.48 0.157
P1424072 A [384.86 238.42 376.7 333.33 31.82 43.06 24.2 33.03 0.099
Pl 424074 |153.97 142.11 132.57 142.88 9.18 1.61 6.26 5.68 0.04
P1424080 [296.97 202.48 273.12 257.52 1.69 0.03 3.4 171 0.007
P1424085 A 241.85 250.81 259.77 28.27 25.6 28.51 0.11
Pl 424086 340.8 366.57 185.88 265.98 26.61 37.18 35.25 29.75 0.112
P1 424091 A [96.3 51.82 185.36 111.16 34.68 13.46 9.05 19.06 0.171
Pl 424094 ]639.71 478.01 440.36 519.36 72.64 66.08 346.17 161.63 0.311
P1424095 [29.62 106.98 97.56 39.03 68.3 5.15 5.55 7.08 5.93 0.087
P1424100A [82.73 38.91 62.83 61.49 26.64 41.07 14.24 27.32 0.444
P1424101 92.04 96.22 96.05 94.77 23.99 20.75 12.47 19.07 0.201
Pl 424104 |535.19 422.18 225.39 394.26 45.15 171.16 33.13 83.15 0.211
P1424105 |[147.75 155 47.33 50.46 100.14 7.74 19.74 3.18 10.22 0.102

141




Pl# Daid! Daid: Daid: Daid: Daid: Glyceollin |Glyceollin |Glyceollin [Glyceollin |Glyceollin |GLYmean:
(?g/g root) (?g/g root) (?g/groot) |(?g/groot) DZNmean
(GVSD)
T1 T2 T3 T4 mean T1 T2 T3 T4 mean
P1 424110 329.61 604.14 549.57 494.44 124.56 111.81 68.23 101.53 0.205
P1 424112 [174.31 89.35 295.43 186.37 12.82 27.46 23.46 21.25 0.114
PI1424115A (121.43 362.58 350.45 278.15 39.39 163.66 34.48 79.17 0.285
P1424123  [259.17 292.18 259.02 270.12 41.9 62.5 46.39 0.172
P1424125 [44.1 79.91 9.69 44.57 33.72 31.67 74.99 46.79 1.05
P1 447004 [389.7 463.37 354.77 402.61 29.56 31.01 79.28 50.82 47.67 0.118
Pl 458535 229.24 396.23 194.95 273.47 52.01 23.01 69.34 36.78 45.29 0.166
P1458536  [192.96 181.31 181.13 185.13 25.25 21.41 27.02 24.56 0.133
PI 458539 A [159.42 291.87 313.99 255.09 20.9 35.21 29.59 28.57 0.112
PI 458540 A [33.65 75.32 55.85 54.94 55.98 52.7 105.84 175.61 97.53 1.775
Pl 464867 [191.56 179.02 227.06 220.92 204.64 32.99 48.57 55.24 45.6 0.223
Pl 464868 A 176.61 159.05 128.8 154.82 68.4 25.75 63.4 343 47.96 0.31
P1464869 A [203.08 3375 256.1 265.56 31.38 17.85 26.25 14.78 22.57 0.085
P1 464870 [140.47 156.17 80.82 125.82 43.42 32.29 23.28 32.99 0.262
PI 464871 A (60.38 19.59 32.28 37.42 36.71 23.91 5.84 22.15 0.592
Pl 464889 A 327.38 303.74 209.76 280.3 23.19 32.96 23.07 26.41 0.094
P1464890 B 292.78 215 257.72 255.16 49.65 20.78 43.29 23.8 34.38 0.135
P1 464892  [235.29 388.78 181.63 386.21 297.98 30.97 3.67 31.01 21.88 0.073
P1 464929 A [370.88 189.22 467.01 172.31 299.85 72.78 53.81 28.31 130.87 71.44 0.238
P1464939 A |64.63 25.65 28.37 39.55 19.15 9.57 6.61 23.05 14.6 0.369
P1468398 A [122.85 173.52 81.68 126.02 8.51 15.08 2.26 8.62 0.068
PI 468400 A 24.74 74.76 38.16 45.89 12.74 0.02 0 4.25 0.093
P1 468916  [25.1 91.92 112.7 76.58 2.57 6.66 6.33 3.29 4.71 0.062
P1 479746 A [285.38 148.5 149.07 194.32 42.99 16.73 23.35 27.69 0.143
P1479747 [383.14 466.45 360.44 403.34 15.36 12.92 11.06 13.11 0.033
PI1 479748  [10.44 12.59 136.99 53.34 5.75 52.91 18.45 25.7 0.482
P1 479750 [102.18 343.72 342.83 65.4 213.53 6.8 5.96 3.08 5.28 0.025
P1 479753 A [626.24 306.15 607.82 106.6 411.71 100.3 78.9 52.53 77.25 0.188
P1479767 [253.5 2349 283.31 257.23 37.83 6.19 13.69 44.77 25.62 0.1
P1 483071 A [547.66 580.31 615.65 581.21 25.17 28.12 37.92 30.4 0.052
Pl 483461 707.75 622.13 439.53 589.8 100.32 116.56 94.31 103.73 0.176
Pl 483463 21.27 27.03 54.18 34.16 59.61 15.36 13 38.88 31.71 0.928
P1483464 A [408.33 496.19 294.83 243.05 360.6 19.18 19.61 17.5 18.76 0.052
P1483465  [396.52 517.71 58.34 112.01 271.14 33.6 27.65 24.19 28.48 0.105
PI1 504289 [227.3 48.25 112.61 129.38 42.28 50.84 15.87 36.33 0.281
PI 507581 [43.33 98.7 34.01 58.68 10.74 13.24 17.69 13.89 0.237
P1507584 [303.25 320.02 359.42 327.56 66.24 49.76 23.36 46.45 0.142
PI 507585 54.25 61.34 91.19 68.93 23.63 22.99 16.42 21.01 0.305
PI1 507590 A [276.82 210.69 416.26 301.26 14.16 72.41 26.3 37.62 0.125
PI1 507590 B [55.4 56.85 271.4 127.89 1.36 7.77 10.59 6.57 0.051
P1507591 |151.46 199.04 165.14 171.88 14.34 10.65 8.3 11.09 0.065
PI 507599 [184.49 370.1 582.79 379.13 0.02 0.02 47.47 15.83 0.042
PI 507600 [241.43 146.57 109.22 165.74 105.29 16.04 6.78 42.7 0.258
Pl 507601 A [110.6 182.67 225 172.76 36.51 8.84 15.05 20.13 0.117
P1507605 [366.24 220.18 107.26 231.23 12.08 1111 8.69 10.63 0.046
PI 507606 (17.74 346.28 206.54 190.19 0.21 32.69 0.06 10.99 0.058
PI1 507607  [36.78 183.56 98.48 106.27 20.23 102.6 104.98 50.29 69.53 0.654
PI 507617 [325.92 484.69 237.26 349.29 56.11 17.36 10.87 28.11 0.08
P1507618 383.89 287.94 324.33 32.27 28.47 24.72 0.076
PI 507619 A 200.13 234.91 22.8 26.12 0.111
PI 507621 [216.29 279.49 133.03 209.61 10.22 7.31 8.51 8.68 0.041
PI 507626  [321.41 280.28 326.69 309.46 4.5 6.25 8.67 6.47 0.021
P1507627 |317.4 349.33 242.42 303.05 5.78 7.28 9.98 7.68 0.025
PI 507628 [143.1 40.17 44.04 75.77 8.71 5.82 9.64 8.06 0.106
PI 507631 [175.12 240.86 367.92 261.3 6.26 11.19 3.73 7.06 0.027
Pl 507633 65.52 107.64 86.32 86.49 4.32 3.93 7.56 5.27 0.061
P1507639 [131.54 72.28 227.63 143.81 2.91 1.92 25.76 10.2 0.071
PI 507640 [146.94 75.64 64.47 166.99 113.51 7.6 13.24 9.05 9.97 0.088
PI 507641 (83.87 20.52 51.74 52.04 11.58 16.73 8.31 12.21 0.235
PI 507653 [313.44 75.06 249.59 507.74 286.46 11.88 13.66 7.81 11.11 0.039
P1507655 |177.6 132.02 286 198.54 6.86 9.87 8.18 8.3 0.042
P1507658  [240.12 290.16 219.09 249.79 2.74 8.07 8.67 6.49 0.026
PI1 507662 [86.57 151.16 118.65 118.79 2.78 2.76 4.29 3.28 0.028
PI1 507665 [268.51 278.55 232.21 259.76 1.92 2.23 9.29 4.48 0.017
Pl 522181 [145.27 84.19 133.25 120.9 31.63 10.21 28.22 23.36 0.193
P1522183 A [240.83 211 540.23 704.86 424.23 8.63 9.82 14.89 11.12 0.026
PI 522184 92.35 155.03 88.36 111.91 19.29 31.28 12.5 21.02 0.188
Pl 532449 284.79 296.8 313.32 28.38 19.75 14.25 20.79 0.066
Pl 532452 A [418.02 200.72 372.63 209.16 300.13 4.27 8.04 6.16 6.16 0.021
P1549032  [76.52 137.82 93.09 215.21 130.66 2.94 3.01 4.09 3.35 0.026
PI 549035 A [99.29 139.56 389.28 209.38 7.38 7.36 9.21 7.98 0.038
PI1 549036  [409.65 247.56 325.22 294.1 319.13 19.57 12.79 12.72 15.03 0.047
PI1 549039 [243.26 237.39 472.34 360.63 328.41 5.1 4.6 1.96 3.89 0.012
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Supplementary Table 2.2 SNP effect and heritability estimate for the significant SNPs

related to plant specialized metabolic pathways.

Significant  Chromosome Position LOD SNP % R- h?
SNP score effect squared (%)
value
$s715585948 GmO03 38591888 3.80 -0.31 10.58 35
$s715603454 GmO09 30262482 3.80 0.06 4.22
$s715603455 GmO09 30191235 3.80 0.05 3.32
$s715603462 GmO09 30393285 3.80 -0.06 3.96
$s715603471 GmO09 30725658 3.80 -0.06 3.86
$s715615975 Gml3 37748250 3.81 0.22 12.59
$s715620269 Gml5 11003656 3.81 -0.20 11.42
$s715636844 Gm20 15930392 3.79 -0.13 4.16

Locations of the significant SNPs shown in base pairs, bp; standardized SNP effects, and

the percentage (%) of the total phenotypic variation (glyceollin induction) explained by

significant SNPs (% R- squared values) on different chromosomes. LOD scores represent

the chromosome-wide significant level from 3.79 to 3.82. Heritability (h?) of glyceollin

induction was calculated with all SNPs.
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Supplementary Table 2.3 Gene of interest with enzyme class and associated metabolic

domain for chromosome 9.

Gene Gene Name Enzyme Class Signature  Metabolic
Cluster or Domain
Tailoring?
Cluster1  Glyma.09G127200 glycosyltransferase tailoring Phenylpropanoid
Glyma.09G127300 Derivatives;

Specialized
Metabolism

Cluster 2 Glyma.09G127700 glycosyltransferase tailoring Phenylpropanoid

Glyma.09G128200
Glyma.09G128300

Glyma.09G128400

Derivatives;
Specialized

Metabolism
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Supplementary Table 2.4 Annotation of candidate genes of gene clusters 1 and 2.

Genes Annotation

Glyma.09G127200 UGT88AL (AT3G16520.3); isoflavone 7-0O-

(cluster 1) glucosyltransferase (2.4.1.170); metabolic process
(GO:0008152); hexosyltransferase activity (GO:0016758),
glucosyl/glucuronosyl transferases (PTHR11926); UDP-
glucoronosyl and UDP-glucosyl transferase (PF00201)

Glyma.09G127300 UGT88A1 (AT3G16520.3); isoflavone 7-O-

(cluster 1) glucosyltransferase  (2.4.1.170); metabolic ~ process
(GO:0008152); hexosyltransferase activity (G0O:0016758);
glucosyl/glucuronosyl transferases (PTHR11926); UDP-
glucoronosyl and UDP-glucosyl transferase (PF00201);
glycosyltransferases (K08237)

Glyma.09G127700 UGT88A1 (AT3G16520.3); isoflavone 7-O-

(cluster 2) glucosyltransferase  (2.4.1.170); metabolic  process
(GO:0008152); hexosyltransferase activity (GO:0016758),
glucosyl/glucuronosyl transferases (PTHR11926); UDP-
glucoronosyl and UDP-glucosyl transferase (PF00201)

Glyma.09G128300 UGT88A1 (AT3G16520.3); isoflavone 7-0O-

(cluster 2) glucosyltransferase (2.4.1.170); metabolic process

(GO:0008152); hexosyltransferase activity (GO:0016758),
glucosyl/glucuronosyl transferases (PTHR11926); UDP-

glucoronosyl and UDP-glucosyl transferase (PF00201)
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http://www.pantherdb.org/panther/family.do?clsAccession=PTHR11926
http://pfam.xfam.org/family/PF00201
http://www.pantherdb.org/panther/family.do?clsAccession=PTHR11926
http://pfam.xfam.org/family/PF00201
http://www.pantherdb.org/panther/family.do?clsAccession=PTHR11926
http://pfam.xfam.org/family/PF00201
http://www.pantherdb.org/panther/family.do?clsAccession=PTHR11926
http://pfam.xfam.org/family/PF00201

Glyma.09G128200

(cluster 2)

UDP-glucosyl transferase 88A1 (AT3G16520.3); metabolic
process (G0:0008152); intracellular membrane-bounded
organelle (G0:0043231); transferase activity; transferring
hexosyl groups  (G0O:0016758); quercetin 3-0-
glucosyltransferase activity (G0:0080043); quercetin 7-O-
glucosyltransferase activity (PWY-2345); biochanin A
conjugates interconversion (PWY-2861); isoflavone 7-O-

glucosyltransferase (GN7V-57685)

Glyma.09G128400

(cluster 2)

UGT88AL (AT3G16520.3), metabolic process (GO:0008152),
hexosyltransferase activity (GO:0016758),
glucosyl/glucuronosyl transferases (PTHR11926), and UDP-

glucoronosyl and UDP-glucosyl transferase (PF00201)
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http://arabidopsis.org/servlets/TairObject?type=gene&name=AT3G16520.3
http://amigo.geneontology.org/amigo/term/GO:0008152
http://amigo.geneontology.org/amigo/term/GO:0043231
http://amigo.geneontology.org/amigo/term/GO:0016758
http://amigo.geneontology.org/amigo/term/GO:0080043
https://soycyc.soybase.org/SOY/NEW-IMAGE?type=PATHWAY&detail-level=2&object=PWY-2345
https://soycyc.soybase.org/SOY/NEW-IMAGE?type=PATHWAY&detail-level=2&object=PWY-2861
https://soycyc.soybase.org/SOY/NEW-IMAGE?type=REACTION&detail-level=2&object=GN7V-57685
http://arabidopsis.org/servlets/TairObject?type=gene&name=AT3G16520.3
http://amigo.geneontology.org/amigo/term/GO:0008152
http://amigo.geneontology.org/amigo/term/GO:0016758
http://www.pantherdb.org/panther/family.do?clsAccession=PTHR11926
http://pfam.xfam.org/family/PF00201

Supplementary Table 2.5 Annotation of candidate genes other than genes within cluster

1and 2.

Genes Annotation

Glyma.20G052000, UDP-Glycosyltransferase superfamily protein

Glyma.20G052400

Glyma.20G057500 UDP-glucosyl transferase 85A2

Glyma.20G058000 hydroxy methylglutaryl CoA reductase 1 (Mevalonate
pathway |I; isoprenoid biosynthetic process; sterol
biosynthetic process; coumarin biosynthetic process;

oxidoreductase activity)

Glyma.20G053900 cytochrome P450, family 71, subfamily B, polypeptide 34

(Oxidoreductase activity)

Glyma.20G065000, cytochrome p450 79a2

Glyma.20G065100

Glyma.13G272500 bZIP transcription factor

Glyma.09G125400, RING/U-box superfamily protein, RING/FYVE/PHD zinc
Glyma.13G272700, finger superfamily protein

Glyma.13G273500,

Glyma.13G277600,

Glyma.15G134700,

Glyma.20G064600
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Glyma.03G176600, WRKY family transcription factor family protein
Glyma.09G129100,
Glyma.09G127100
Glyma.15G139000,

Glyma.15G135600

Glyma.09G113000, myb domain
Glyma.09G113100,

Glyma.15G134100

Glyma.03G173100, zinc fingers superfamily protein
Glyma.03G173200,
Glyma.03G173300,
Glyma.09G128700,
Glyma.09G115100,
Glyma.09G107400
Glyma.13G274600,

Glyma.20G059300

Glyma.13G274300, NAC transcription factors
Glyma.13G279900,

Glyma.13G280000

Glyma.09G115900, cytochrome P450 enzyme family
Glyma.09G117400,
Glyma.09G123200,

Glyma.13G277100,
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Glyma.20G053900,

Glyma.20G065000,

Glyma.20G065100

Glyma.20G065000, cytochrome p450 79a2 (oxidoreductase activity; Linamarin

Glyma.20G065100 biosynthesis)

Glyma.09G108800 Zinc  finger, RING-type;  Transcription  factor
jumonji/aspartyl beta-hydroxylase

Glyma.09G109500, Terpenoid cyclases family protein, terpene synthase 03

Glyma.09G122500

Glyma.03G176300 Glutathione S-transferase family protein (glucosinolate
biosynthetic process)

Glyma.09G126500 phenylpropanoid metabolic process

Glyma.09G126900

Glyma.15G139200
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APPENDIX B: CHAPTER 3 SUPPLEMENTARY FIGURES AND TABLES

Supplementary Figures
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Supplementary Figure 3.1 Hierarchical clustering of QTL1 metabolite traits. A two-way
clustering of QTL1 metabolite traits and ecotypes based on the geographic region (A).
Metabolite accumulation pattern represented by a color scale, with high values shown in

red and low values shown in blue (B).
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Supplementary Figure 3.2 The Venn diagram illustrates the results obtained from three
different methods: LR, LMM with K, and LMM with K + P. A total of 727 metabolite
peaks were identified using the LR method, 426 peaks using LMM with K, and 440
peaks using LMM with K + P. There were 359 metabolite traits that showed significance

across all three methods, indicating a robust and consistent association.

LR LMM_K

LMM_KP
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Supplementary Figure 3.3 The Manhattan plots depict the significant loci identified for
the QTL-multiple metabolite cluster 1 (QTL1). QTL1 encompasses a diverse set of
metabolite groups, including Grp 41, Grp 70, Grp 87, Grp 185, Grp 187, Grp 311, Grp
321, Grp 326, Grp 371, Grp 447, Grp 450, Grp 492, Grp 553, Grp 557, Grp 573, Grp 574,
Grp 630, Grp 641, Grp 652, Grp 668, Grp 718, Grp 738, Grp 766, Grp 799, Grp 921, Grp
943, Grp 960, Grp 982, Grp 1005, Grp 1025, and Grp 1033. These plots provide a visual
representation of the genetic association results, highlighting the significance and

distribution of the identified loci within the QTL1 cluster.
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Supplementary Figure 3.4 Linkage disequilibrium (LD) plots highlight significance of

SNPs for single SNP-multiple metabolite clusters.
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Supplementary Figure 3.5 Haplotype frequency of different G. soja ecotypes in

. ICAC |
. . AGT |
China Japan Russia  South Korea
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different geographic regions.
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Supplementary Figure 3.6 The sequence alignment map in this figure illustrates the
variation observed in the UDP-glucosyl transferase (UGT) gene among 34 different
G. max cultivars. The map highlights the sequence variations present within the UGT

gene across these cultivars.
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Supplementary Figure 3.7 A sequence alignment map was generated for the

promoter region of the UGT gene, comparing 12 G. soja ecotypes and revealing

sequence variations.
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Supplementary Tables

Supplementary Table 3.1 The plant ID and geographic origins used for the mGWAS

study.

ID Pl # Country Maturity group
Gs_1 P1101404 B China 1
Gs_10 PI1366122 Japan [\
Gs_1001 P1479752 Jilin Sheng, China

Gs_101 P1464868B Heilongjiang Sheng, China

Gs_103 P1464889 B Jilin Sheng, China

Gs_104 P1464889 C China 1l
Gs_105 P1464890 A China 1l
Gs_106 PI464891 B China 1]
Gs_107 P1464925 C China |
Gs_108 P1464926 China 0
Gs_109 P1464927 A China 0
Gs_11 P1366123 Japan [\
Gs_110 PI464927 B China 0
Gs_111 P1464928 China 0
Gs_113 PI468396 B China \
Gs_114 PI468397 A China \Y
Gs_116 P1464938 Jiangsu Sheng, China X
Gs_117 P1464936 B China VI
Gs_118 PI464937 A China VI
Gs_119 PI468398 B China 1\
Gs_120 PI468399 A Shandong Sheng, China X
Gs_121 PI468399 B China \Y
Gs_122 P1468918 China 11
Gs_123 P1479745 China |
Gs_124 PI479746 B China 1l
Gs_125 P1479749 China 11
Gs_126 P1479750 China |
Gs_127 PI479751 China 11
Gs_128 P1483466 China Vv
Gs_129 P1483467 Henan Sheng, China X
Gs_130 P1483468 A China V
Gs_132 P1487428 Japan V
Gs_133 P1487430 Japan V
Gs_134 PI487431 Japan IX
Gs_135 PI504287 A Japan [\
Gs_136 P1507582 Japan V
Gs_139 PI1507632 Japan VII
Gs_14 P1378686 A Japan VII
Gs_140 PI507644 Japan VI
Gs_143 PI507667 Japan Vi
Gs_146 P1507722 Russian Federation 0
Gs_147 PI507723 B Russian Federation 1l
Gs_148 P1507725 B Russian Federation 0
Gs_149 P1507727 Russian Federation 0
Gs_15 PI378691 Japan VII
Gs_150 P1507729 Russian Federation 0
Gs_151 P1507730 Russian Federation 0
Gs_152 PI507731 Russian Federation 0

172



ID Pl # Country Maturity group
Gs_153 PI1507734 Russian Federation 0
Gs_154 P1507735 Russian Federation 0
Gs_155 PI507736 Bmur, Russian Federation

Gs_156 P1507738 Russian Federation 0
Gs_157 P1507739 B Russian Federation 0
Gs_158 P1507740 Russian Federation 0
Gs_159 P1507742 Russian Federation 0
Gs_16 PI378695 A Japan VI
Gs_161 P1507749 Russian Federation 0
Gs_163 PI1507757 Russian Federation 0
Gs_164 P1507759 Russian Federation 0
Gs_165 P1507760 Russian Federation 0
Gs_167 PI1507764 Russian Federation 0
Gs_168 PI1507774 Russian Federation Il
Gs_169 P1507776 Russian Federation |
Gs_17 P1378698 Japan VI
Gs_170 PI1507777 Russian Federation |
Gs_171 P1507780 Primorye, Russian Federation

Gs_172 P1507782 Russian Federation 0
Gs_174 PI507784 Russian Federation 1
Gs_175 P1507787 Russian Federation Il
Gs_176 P1507788 Russian Federation 1l
Gs_177 PI1507794 Russian Federation |
Gs_178 P1507798 Russian Federation Il
Gs_179 P1507799 Russian Federation |
Gs_18 PI378701 A Japan Vv
Gs_180 P1507803 Russian Federation 0
Gs_181 P1507805 Russian Federation 0
Gs_182 P1507806 A Russian Federation 0
Gs_183 PI507808 Russian Federation

Gs_184 P1507814 Russian Federation 0
Gs_185 PI507815 Amur, Russian Federation

Gs_186 PI1507816 Russian Federation 0
Gs_187 P1507818 B Russian Federation 0
Gs_188 P1507821 Russian Federation 0
Gs_189 P1507826 Russian Federation 0
Gs_190 P1507830 B Russian Federation 0
Gs_191 P1507833 Russian Federation 0
Gs_192 P1507836 Russian Federation 0
Gs_193 P1507839 Russian Federation 0
Gs_194 PI1507841 B Amur, Russian Federation

Gs_195 PI1507847 Russian Federation 1
Gs_197 PI508066 Japan I\
Gs_199 P1508069 Japan v
Gs_2 P1163453 China VII
Gs_20 P1406684 Japan 11
Gs_201 P1522179 China 0
Gs_202 P1522180 China 0
Gs_203 PI522182 A China 0
Gs_204 P1522182 B China |
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ID Pl # Country Maturity group
Gs_205 P1522193 Russian Federation 0
Gs_206 PI522194 B Brimorye, Russian Federation

Gs_207 P1522196 A Russian Federation 0
Gs_208 PI522198 A Russian Federation |
Gs_209 P1522200 A Russian Federation 1
Gs_209332 P1209332 Hokkaido, Japan

Gs_21 P1407030 Rkita, Japan

Gs_210 P1522211 B Russian Federation 11
Gs_211 PI522212 B Primorye, Russian Federation

Gs_213 P1522217 Russian Federation 1
Gs_214 P1522223 Russian Federation 1
Gs_215 P1522226 Russian Federation 1
Gs_216 P1522227 Russian Federation 0
Gs_217 P1522229 Russian Federation 0
Gs_218 P1522230 A Russian Federation 0
Gs_219 P1522234 Russian Federation |
Gs_220 P1522235 A Russian Federation |
Gs_221 PI532453 A China 11
Gs_222 PI538411 A Amur, Russian Federation

Gs_223 P1549037 China 11
Gs_224 PI549046 China \Y/
Gs_226 PI1562544 Korea, South Unkown
Gs_227 PI1562550 Korea, South Unkown
Gs_23 P1407034 Japan Vv
Gs_231 P1578338 A Russian Federation Unkown
Gs_232 P1578345 Russian Federation Unkown
Gs_25 P1407037 Japan Vv
Gs_27 P1407047 Japan Vv
Gs_28 P1407050 Japan Vv
Gs_29 P1407053 Japan VI
Gs_3 P1326581 Russian Federation

Gs_32 P1407089 Japan VI
Gs_33 P1407097 Japan VI
Gs_34 P1407115 Hyo6go, Japan

Gs_35 P1407120 Japan Wil
Gs_36 Pl1407124 Hyogo. Japan

Gs_38 P1407162 Kyonggi, Korea, South

Gs_39 P1407167 Korea, South \Y
Gs_4 P1326582 A Russian Federation 1l
Gs_40 P1407174 Korea, South Vv
Gs_43 P1407198 Korea, South \Y
Gs_437654 P1437654 China

Gs_44 P1407200 Korea, South \V4
Gs_45 P1407201 Korea, South \Y
Gs_46 P1407202 Korea, South Vv
Gs_48 P1407217 Korea, South \V4
Gs_49 PI1407221 Korea, South \Y
Gs_5 PI1339732 Korea, South \V4
Gs_50 P1407229 Korea, South Vv
Gs_53 P1407246 Korea, South Vv
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ID Pl # Country Maturity group
Gs_54 P1407249 Korea, South V
Gs_548316 PI548316 Zhejiang Sheng, China
Gs_55 P1407254 Korea, South VI
Gs_57 P1407271 Korea, South Vv
Gs_58 P1407275 Korea, South I\
Gs_59 P1407278 Korea, South \Y
Gs_6 PI339871 A Korea, South \V
Gs_60 P1407279 Jeju-teukbyeoljachido, Korea,

South
Gs_62 P1407296 China 1]
Gs_64 P1407298 China 1]
Gs_65 P1407302 China Vv
Gs_66 P1407304 China VI
Gs_68 P1423988 Amur, Russian Federation
Gs_69 P1423990 A Russian Federation 0
Gs_7 P1342621 C Russian Federation 0
Gs_72 P1423993 Russian Federation 0
Gs_73 P1423995 Russian Federation 0
Gs_75 P1423996 Bmur, Russian Federation
Gs_76 P1423997 Russian Federation 0
Gs_78 P1423999 B Russian Federation 0
Gs_8 P1366120 Japan [\
Gs_80 P1424000 Russian Federation 0
Gs_81 P1424001 Russian Federation 0
Gs_83 P1424002 Russian Federation 0
Gs_85 P1424032 Korea, South v
Gs_86 P1424059 B Korea, South V
Gs_87 P1424063 Korea, South v
Gs_88 P1424064 Korea, South Vv
Gs_88788 P1088788 Liaoning Sheng, China
Gs_89 P1424088 Korea, South v
Gs_89772 PI089772 China
Gs_9 PI366121 Hukusima, Japan
Gs_90763 PI090763 Beijing Shi, China
Gs_91 P1424093 Korea, South Vv
Gs_92 P1424096 Korea, South \V
Gs_93 P1424102 A Korea, South Vv
Gs_94 Pl1424117 Korea, South \Y
Gs_95 P1458537 A China 0
Gs_96 P1458538 Heilongjiang Sheng, China
Gs_97 P1458539 B Heilongjiang Sheng, China
Gs_98 P1458540 D China 0
Gs_99 P1464866 A China 0
Gs_essex P1548667 Virginia, United States

'Essex’
Gs_hut PI518664
Gs_lee74 PI548658 BArkansas, United States

'Lee 74'
Gs_peking PI1548402 Beijing Shi, China

'Peking'
Gs_w82 PI518671 Illinois, United States

'Williams 82'
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Supplementary Table 3.2 Detailed information of the peak annotation for all the

compounds.

ID Mass RT hits delta_ppm |Formula NeutralMass Cpd KEGG [CAS ChemSpider
4 382.126 10.665 1 -13.1531568 [C15H2807P2 |382.1310262 (2E,6E)-farnesyl diphosphate C00448 11633047
7 356.0733 |4.726 1 -0.0411786 [C9H17N4O9P |356.0733147  |5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA
11 368.1106 [9.631 2 -0.3592362 [C17H2009 368.1107322 O-feruloylquinate C02572 NA
11 368.1106 |9.631 2 17.3670479 |C16H20N206S|368.1042071 indolylmethyl-desulfoglucosinolate C16517 NA
12 626.1489 |7.409 4 0.95898033 [C27H30017  [626.1482995 |delphinidin 3,5-di-O-beta-D-glucoside C16312 NA
12 626.1489 |7.409 4 0.95898033 [C27H30017  |626.1482995 |delphinidin 3-O-sophoroside C16307 NA
12 626.1489 |7.409 4 0.958980: C27H30017  |626.1482995 in 3-O-sophoroside C12667 [18609-17-1 |NA
12 626.1489 |7.409 4 0.95898033 [C27H30017 |626.1482995  |Quercetin 3-gentiobioside 7431-83-6 NA
13 610.1538 |7.834 8 0.68029812 [C27H30016 [610.1533849 [cyanidin 3,5-di-O-beta-D-glucoside C08639 NA
13 610.1538 |7.834 8 0.68029812 [C27H30016  [610.1533849  [delphinidin 3-O-rutinoside NA
13 610.1538 |7.834 8 0.68029812 |C27H30016 [610.1533849 |cyanidin 3,7-di-O-beta-D-glucoside NA
13 610.1538 |7.834 8 0.68029812 |C27H30016 [610.1533849 |cyanidin 3-O-sophoroside C16306 NA
13 610.1538 [7.834 8 0.68029812 [C27H30016 |610.1533849 in 3-O-rhamnoside-7-O-glucoside NA
13 610.1538 |7.834 8 0.68029812 [C27H30016 |610.1533849 3-O-beta-D-glucosyl-(1->2)-glucoside C12634 [19895-95-5 |NA
13 610.1538 |7.834 8 0.68029812 [C27H30016 |610.1533849 Kaempferol 3-O-gentiobioside 22149-35-5 |NA
13 610.1538 |7.834 8 0.68029812 [C27H30016 [610.1533849  |Quercetin 3-O-neohesperidoside 32453-36-4 |NA
17 356.0745 |6.507 1 3.32891388 [C9H17N40O9P |356.0733147 5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA
19 382.1257 |10.744 1 -13.9382278 |C15H2807P2 [382.1310262 (2E,6E)-farnesyl diphosphate C00448 11633047
20 594.1593 [8.299 4 1.39644311 |C27H30015 [594.1584703 pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA
20 594.1593 [8.299 4 1.39644311 |C27H30015 [594.1584703 pelargonidin 3-O-sophoroside C16305 NA
20 594.1593 [8.299 4 1.39644311 |C27H30015 [594.1584703 k | 3-O- ide-7-O-glucoside NA
20 594.1593 [8.299 4 1.39644311 |C27H30015 [594.1584703 Kaempferol 3-neohesperidoside 32602-81-6 |NA
22 772.2065 [6.918 4 0.37769147 [C33H40021 [772.2062083 _|delphinidin 3-O-rutinoside-7-O-glucoside NA
22 772.2065 [6.918 4 0.37769147 [C33H40021 |772.2062083 |Kaempferol 3-glucosyl-(1->2)-gentiobioside 55696-59-8 |NA
22 772.2065 [6.918 4 0.37769147 [C33H40021 |772.2062083  |Quercetin 3-(2G-glucosylrutinoside) 55696-55-4 |NA
22 772.2065 |6.918 4 0.37769147 [C33H40021 |772.2062083  |Quercetin 3-(2G-rhamnosylgentiobioside) 55780-29-5 |NA
23 464.0958 |8.077 5 0.69790467 [C21H20012 |464.0954761 |quercetin 4'-O-glucoside NA
23 464.0958 |8.077 5 0.69790467 |C21H20012 |464.0954761 |quercetin 3-O-glucoside NA
23 464.0958 |8.077 5 0.69790467 |C21H20012 |464.0954761 |delphinidin-3-O-beta-D-glucoside C12138 NA
23 464.0958 |8.077 5 0.69790467 [C21H20012 |464.0954761 q in-3-glucoside C05623 NA
23 464.0958 |8.077 5 0.69790467 [C21H20012 |464.0954761 in 7-O-glucoside NA
25 356.074 6.243 1 1.92470868 |C9H17N4O9P [356.0733147  |5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA
27 740.2177 |7.563 2 1.78447862 |C33H40019 |740.2163791 pelargonidin-3-O-rutinoside-5-O-beta-D-glucoside C12645 NA
27 740.2177 |7.563 2 1.78447862 |C33H40019 |740.2163791  |Clitorin 55804-74-5 |NA
33 942.5207 [12.516 1 1.99922842 |C48H78018 |942.5188157 |soyasaponin | 51330-27-9 |NA
34 796.4605 [12.925 1 -0.51086173 [C42H68014 [796.4609069 |soyasaponin lil NA
36 |190.083  |7.584 1 -5.91084662 |C8H1405 190.0841236 | (R)-3-((R)-3-hydroxybutanoyloxy)-butanoate NA
46 448.0996 |8.559 6 -2.14568644 [C21H20011 |448.1005615 isoorientin NA
46 448.0996 |8.559 6 -2.14568644 [C21H20011 |448.1005615 |cyanidin-3-O-beta-D-galactoside NA
46 448.0996 |8.559 6 -2.14568644 |C21H20011 |448.1005615 |cyanidin-3-O-beta-D-glucoside C08604 [7084-24-4 NA
46 448.0996 |8.559 6 -2.14568644 [C21H20011 |448.1005615 |orientin NA
46 448.0996 |8.559 6 -2.14568644 |C21H20011 |448.1005615 q in 3-O-rhamnoside NA
46 448.0996 |8.559 6 -2.14568644 [C21H20011 |448.1005615 -3-glucoside C12249 NA
51 594.1589 [8.147 4 0.72322204 [C27H30015 |594.1584703 pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA
51 594.1589 |[8.147 4 0.72322204 [C27H30015 |594.1584703 pelargonidin 3-O-sophoroside C16305 NA
51 594.1589 |[8.147 4 0.72322204 [C27H30015 |594.1584703 kaempferol 3-O-rhamnoside-7-O-glucoside NA
51 594.1589 [8.147 4 0.72322204 [C27H30015 |594.1584703 Kaempferol 3-neohesperidoside 32602-81-6 |NA
55 356.0729 |3.483 1 -1.16454276 |C9H17N4O9P [356.0733147  |5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA
57 268.0723 [12.233 2 -4.69599466 [C16H1204 268.0735589 isoformononetin C12125 [486-63-5 3632
57 268.0723 [12.233 2 -4.69599466 [C16H1204 268.0735589  |formononetin C00858 [485-72-3 4444070
60 326.0993 [8.109 4 -2.66038686 |C15H1808 326.1001676 cis-coumarinic acid-beta-D-glucoside C05839 NA
60 326.0993 [8.109 4 -2.66038686 [C15H1808 326.1001676  |4-O-beta-D-glucosyl-4-hydroxycinnamate NA
60 326.0993 [8.109 4 -2.66038686 |C15H1808 326.1001676 |trans-beta-D-glucosyil-2-hydroxycinnamate NA
60 326.0993 |8.109 4 -2.66038686 |C15H1808 326.1001676 1-O-(4-coumaroyi)-beta-D-glucose NA
70 912.508 12.503 1 -0.27506984 |C47H76017  [912.508251 Soyasaponin Il 55319-36-3  |NA
72 240.063 6.49 1 -1.6167255 |C11H1206 240.0633881 (1R,6R)-6-hydroxy-2-succinyicyclohexa-2,4-diene-1-carboxylate C05817 NA
80 788.1965 |6.574 3 -5.86521189 [C33H40022 |788.201123 delphinidin 3,3',5-tri-O-beta-D-glucoside C16314 NA
80 788.1965 [6.574 3 -5.86521189 [C33H40022 |788.201123 quercetin 3-O-beta-D-glucosyl-(1->2)-glucosyl-(1->2)-beta-D-glucoside NA
80 788.1965 |6.574 3 -5.86521189 [C33H40022 |788.201123 Quercetin 3-(2G-glucosyigentiobioside) 55696-56-5 |NA
81 300.0837 |5.963 4 -2.72419519 |C13H1608 300.0845175  |4-(beta-D-glucosyloxy)benzoate NA
81 300.0837 |5.963 4 -2.72419519 |C13H1608 300.0845175 licylate beta-D-glucose ester NA
81 300.0837 [5.963 4 -2.72419519 [C13H1608 300.0845175 licylate 2-O-beta-D-glucoside NA
81 300.0837 |5.963 4 -2.72419519 [C13H1608 300.0845175 1-0O-4-hydroxybenzoyl-beta-D-glucose NA
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ID Mass [RT hits delta_ppm |Formula NeutralMass Cpd KEGG CAS ChemSpider
83 316.08 [3.313 |1 -2.948977 |C13H1609 |316.0794321 2,5-dihydroxybenzoate 5-O-beta-D-glucoside NA

84 4321 |8.261 |7 -2.422697 |C21H20010432.1056469 kaempferol-3-rhamnoside NA

84 432.1 [8.261 |7 -2.422697 |C21H20010432.1056469 isovitexin NA

84 432.1 |8.261 |7 -2.422697 |C21H20010432.1056469 luteolinidin 5-O-glucoside NA

84 432.1 [8.261 |7 -2.422697 |C21H20010432.1056469 pelargonidin-3-O-beta-D-glucoside C12137 NA

84 4321 |8.261 |7 -2.422697 |C21H20010432.1056469 vitexin 3681-93-4 NA

84 432.1 [8.261 |7 -2.422697 |C21H20010432.1056469 genistin C09126 529-59-9 19265428
84 432.1 |8.261 |7 -2.422697 |C21H20010432.1056469 Demethyitexasin 4'-O-glucoside 34307-23-8 NA

86 270.05 [9.096 |11 4.7271104 |C15H1005 |270.0528234 2'-hydroxydaidzein C02495 4444153
86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 6,7,4'-trihydroxyisoflavone C14314 4447693
86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 quinol vinyl ether NA

86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 phenoxy radical VIl NA

86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 luteolinidin NA

86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 pelargonidin C05904 0134-04-03 NA

86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 apigenin C01477 520-36-5 NA

86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 baicalein C10023 4444924
86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 genistein C06563 446-72-0 NA

86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 Demethyitexasin 17817-31-1 NA

86 270.05 |9.096 |11 4.7271104 |C15H1005 [270.0528234 8-Hydroxydaidzein 75187-63-2 NA

97 460.1 11.394 |1 -2.741756 |C22H20011{460.1005615 wogonin 7-O-beta-D-glucuronate NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 2'-hydroxydaidzein C02495 4444153
98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 6,7,4'-trihydroxyisoflavone C14314 4447693
98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 quinol vinyl ether NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 phenoxy radical VIl NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 luteolinidin NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 pelargonidin C05904 0134-04-03 NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 apigenin C01477 520-36-5 NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 baicalein C10023 4444924
98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 genistein C06563 446-72-0 NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 Demethyitexasin 17817-31-1 NA

98 270.05 |11.116 |11 -4.530338 |C15H1005 [270.0528234 8-Hydroxydaidzein 75187-63-2 NA

110 286.04 |10.175 |4 -16.91345 |C15H1006 [286.0477381 2'-hydroxygenistein C12134 NA

110 286.04 110.175 |4 -16.91345 |C15H1006 [286.0477381 luteolin C01514 491-70-3 NA

110 286.04 |10.175 |4 -16.91345 |C15H1006 [286.0477381 cyanidin C05905 NA

110 286.04 110.175 |4 -16.91345 |C15H1006 [286.0477381 kaempferol C05903 NA

112 460.1 10.893 |1 -3.393787 |C22H20011{460.1005615 wogonin 7-O-beta-D-glucuronate NA

118 594.16 (8.147 |4 0.3866115 |C27H30015594.1584703 pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA

118 594.16 |8.147 |4 0.3866115 |C27H30015594.1584703 pelargonidin 3-O-sophoroside C16305 NA

118 594.16 (8.147 |4 0.3866115 |C27H30015594.1584703 kaempferol 3-O-rhamnoside-7-O-glucoside NA

118 594.16 |8.147 |4 0.3866115 |C27H30015594.1584703 Kaempferol 3-neohesperidoside 32602-81-6 NA

122 416.11 [7.385 |5 -0.077476 |C21H2009 |416.1107322 apigeninidin 5-O-glucoside NA

122 416.11 |7.385 |5 -0.077476 |C21H2009 [416.1107322 8C-hexosyl chrysin NA

122 416.11 |7.385 |5 -0.077476 |C21H2009 [416.1107322 6C-hexosyl chrysin NA

122 416.11 [7.385 |5 -0.077476 |C21H2009 [416.1107322 daidzin C10216 552-66-9 10164919
122 416.11 |7.385 |5 -0.077476 |C21H2009 [416.1107322 Hispidol 6-glucoside NA

128 578.15 |5.387 |1 6.873225 |C30H26012/578.1424263 pelargonidin 3-O-beta-D-p-coumaroyiglucosid{C16368 NA

130 338.11 |14.956 |4 -5.393678 |C20H1805 [338.1154237 glyceollin Il C10422 67314-98-1 158203
130 338.11 |14.956 |4 -5.393678 |C20H1805 [338.1154237 glyceollin | C01701 57103-57-8 142931
130 338.11 |14.956 |4 -5.393678 |C20H1805 [338.1154237 glyceollin lil C15511 61080-23-7 10128488
130 338.11 |14.956 |4 -5.393678 |C20H1805 [338.1154237 Canescacarpin 79082-46-5 NA

134 450.12 |7.077 |2 1.0851706 [C21H22011{450.1162115 8C-glucosyl-2-hydroxynaringenin NA

134 450.12 |7.077 |2 1.0851706 [C21H22011)450.1162115 6C-glucosyl-2-hydroxynaringenin NA

135 608.17 [9.675 |1 -0.362323 |C28H32015608.1741204 6-C-Glucopyranosyl-8-C-galactopyranosylgenkwanin NA

149 356.07 [4.002 |1 -0.041179 |C9H17N409356.0733147 5-amino-6-(5-phospho-D-ribitylamino)uracil | C04454 NA

156 208.15 [13.831 |2 -1.584859 |C13H2002 |208.1463299 3-hydroxy-9-apo-delta-caroten-9-one NA

156 208.15 |13.831 |2 -1.584859 |C13H2002 [208.1463299 3-hydroxy-beta-ionone NA

159 756.21 [7.268 |3 0.5372546 |C33H40020756.2112937 Kaempferol 3-(2G-glucosyirutinoside) 55696-58-7 NA

159 756.21 |7.268 |3 0.5372546 |C33H40020756.2112937 Kaempferol 3-(2G-rhamnosylgentiobioside) 55780-30-8 NA

159 756.21 |7.268 |3 0.5372546 |C33H40020756.2112937 Manghaslin 55696-57-6 NA

162 336.1 14.648 |2 -5.872131 |C20H1605 [336.0997736 Sojagol 18979-00-5 NA

162 336.1 14.648 |2 -5.872131 |C20H1605 [336.0997736 Clandestacarpin 79002-16-7 NA

163 210.04 |3.022 |1 -3.177038 |C6H1008 [210.0375673 2-carboxy-L-threo-pentonate NA

169 138.03 [9.238 (4 -4.303782 |C7H603 138.0316941 4-hydroxybenzoate C00156 99-96-7 132
169 138.03 [9.238 (4 -4.303782 |C7H603 138.0316941 salicylate C00805 69-72-7 4964
169 138.03 [9.238 (4 -4.303782 |C7H603 138.0316941 3-hydroxybenzoate NA
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169 138.03 9.238 |4 -4.3037819 |C7H603 138.0316941 |protocatechualdehyde C16700 8438

179 4481 18399 |6 -2.5920148 |C21H20011 448.1005615 _|isoorientin NA

179 448.1 |8.399 |6 -2.5920148 |C21H20011 448.1005615 _|cyanidin-3-O-beta-D-galactoside NA

179 448.1 |8.399 |6 -2.5920148 |C21H20011 448.1005615 |cyanidin-3-O-beta-D-glucoside C08604 |7084-24-4 NA

179 448.1 |8.399 |6 -2.5920148 |C21H20011 448.1005615 |orientin NA

179 448.1 |8.399 |6 -2.5920148 |C21H20011 448.1005615 |quercetin 3-O-rhamnoside NA

179 448.1 |8.399 |6 -2.5920148 |C21H20011 448.1005615 _|kaempferol-3-glucoside C12249 NA

180 296.05 [7.239 |1 -2.0853048 |C13H1208 296.0532174 |phaselate C10483 NA

186 912.51 [12.869 [1 -2.2476547 |C47H76017 912.508251 Soyasaponin Il 55319-36-3 NA

189 164.05 [10.406 |5 -6.9743409 |C9HBO3 164.0473441 _|enol-phenylpyruvate C02763 |5801-57-0 20058468
189 164.05 [10.406 [5 -6.9743409 |C9HBO3 164.0473441 |4-coumarate C00811 |7400-08-0 4450678
189 164.05 [10.406 |5 -6.9743409 |C9H803 164.0473441 |2-coumarate NA

189 164.05 [10.406 |5 -6.9743409 |C9HBO3 164.0473441 |coumarinate C05838 20118034
189 164.05 [10.406 |5 -6.9743409 |C9HBO3 164.0473441 | 2-ox0-3-phenylpropanoate C00166 |0156-06-09 |3784710
191 338.11 |11.405 (4 -5.0979209 |C20H1805 338.1154237 |glyceollin Il C10422 |67314-98-1 158203
191 338.11 [11.405 (4 -5.0979209 |C20H1805 338.1154237 |glyceollin | C01701 |57103-57-8 142931
191 338.11 [11.405 |4 -5.0979209 |C20H1805 338.1154237 _ [glyceoliin Il C15511 |61080-23-7 10128488
191 338.11 [11.405 |4 -5.0979209 |C20H1805 338.1154237 |Canescacarpin 79082-46-5 NA

192 268.04 [11.154 [2 -7.3622874 |C15H805 268.0371734 |6,7-dehydrobaicalein NA

192 268.04 [11.154 [2 -7.3622874 |C15H805 268.0371734 | Coumestrol 479-13-0 NA

193 434.12 |8.748 |3 -3.2178214 |C21H22010 434.1212969  |6C-glucosyl-2,5,7-trihydroxyflavanone NA

193 43412 |8.748 |3 -3.2178214 |C21H22010 434.1212969  [8C-glucosyl-2,5,7-trihydroxyflavanone NA

193 434.12 |8.748 |3 -3.2178214 |C21H22010 434.1212969 | Dihydrogenistin 441045-21-2 [NA

194 240.06 |6.657 |1 -4.9491787 |C11H1206 240.0633881 | (1R,6R)-6-hydroxy-2-succinylcyclohexa-2 4-diene-1-carboxylate |C05817 NA

205 154.03 |6.709 |2 -5.899504 |C7H604 154.0266087 | protocatechuate NA

205 154.03 [6.709 |2 -5.899504 |C7H604 154.0266087 | gentisate NA

208 164.05 |7.779 |5 -2.0976999 |C9H8O3 164.0473441 |enol-phenylpyruvate C02763 |5801-57-0 20058468
208 164.05 |7.779 |5 -2.0976999 |C9H8O3 164.0473441 |4-coumarate C00811 |7400-08-0 4450678
208 164.05 [7.779 |5 -2.0976999 |C9HBO3 164.0473441 |2-coumarate NA

208 164.05 |7.779 |5 -2.0976999 |C9H8O3 164.0473441 |coumarinate C05838 20118034
208 164.05 |7.779 |5 -2.0976999 |C9H8O3 164.0473441 | 2-ox0-3-phenylpropanoate C00166 |0156-06-09 3784710
210 268.07 [10.138 |2 0.52645252 |C16H1204 268.0735589 _|isoformononetin C12125 |486-63-5 3632

210 268.07 [10.138 [2 0.52645252 |C16H1204 268.0735589 |formononetin C00858 |485-72-3 4444070
211 594.16 8.297 (4 -0.4549148 |C27H30015 594.1584703 | pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA

211 594.16 |8.297 |4 -0.4549148 [C27H30015 594.1584703  |pelargonidin 3-O-sophoroside C16305 NA

211 594.16 [8.297 |4 -0.4549148 |C27H30015 594.1584703 | kaempferol 3-O-rhamnoside-7-O-glucoside NA

211 594.16 [8.297 |4 -0.4549148 |C27H30015 594.1584703 |Kaempferol 3-nechesperidoside 32602-81-6 NA

212 254.06 |9.825 |3 -6.3324468 |C15H1004 254.0579088 | hispidol 5786-54-9 4824659
212 254.06 [9.825 |3 -6.3324468 |C15H1004 254.0579088 |apigeninidin NA

212 254.06 [9.825 |3 -6.3324468 |C15H1004 254.0579088 |daidzein C10208 |486-66-8 4445025
215 756.21 |7.235 |3 1.19844547 |C33H40020 756.2112937 |Kaempferol 3-(2G-glucosylrutinoside) 55696-58-7 NA

215 756.21 |7.235 |3 1.19844547 |C33H40020 756.2112937 _|Kaempferol 3-(2G-rhamnosylgentiobioside) 55780-30-8 NA

215 756.21 |7.235 |3 1.19844547 |C33H40020 756.2112937 |Manghaslin 55696-57-6 NA

224 204.1 18999 |1 -16.922346 |C7FH13N402 |204.1022539 |(E)-alpha-monofiuoromethyldehydroarginine 4943693
226 298.08 [10.11 |2 -6.1175955 |C17H1405 298.0841236 |apigenin-7,4'-dimethyi ether C10019 |5128-44-9 NA

226 298.08 [10.11 |2 -6.1175955 |C17H1405 298.0841236 | Afrormosin 550-79-8 NA

240 594.16 |7.9 4 0.3866115 |C27H30015 594.1584703 | pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA

240 594.16 |7.9 4 0.3866115 [C27H30015 594.1584703 |pelargonidin 3-O-sophoroside C16305 NA

240 594.16 |7.9 4 0.3866115 |C27H30015 594.1584703 | kaempferol 3-O-rhamnoside-7-O-glucoside NA

240 594.16 |7.9 4 0.3866115 |C27H30015 594.1584703 |Kaempferol 3-nechesperidoside 32602-81-6 NA

241 306.08 [6.724 |2 7.66872607 |C15H1407 306.0739528 |gallocatechin C12127 NA

241 306.08 [6.724 |2 7.66872607 |C15H1407 306.0739528 |leucocyanidin C05906 389677
246 194.06 [10.663 [2 -5.7138006 |C10H1004 194.0579088 | 5-hydroxy-coniferaldehyde C12204 4445308
246 194.06 [10.663 [2 -5.7138006 |C10H1004 194.0579088 |ferulate C01494 |1135-24-6 4573888
251 210.04 |5.678 |1 -3.6531436 |C6H1008 210.0375673 | 2-carboxy-L-threo-pentonate NA

258 368.11 |9.63 2 -4.1624396 |C17H2009 368.1107322 | O-feruloylquinate C02572 NA

258 368.11 |9.63 2 13.5637771 |C16H20N206S|368.1042071 |indolyimethyl-desulfoglucosinolate C16517 NA

261 330.24 |11.612 |1 -0.6788871 |C18H3405 330.2406242  |(92)-12,13,17-trihydroxyoctadeca-9-enoate NA

269 180.04 |9.626 |6 -4.2142573 |C9H80O4 180.0422587 | (E)-2,4-dihydroxycinnamate NA

269 180.04 |9.626 |6 -4.2142573 |C9H80O4 180.0422587  |(2)-2,4-dihydroxycinnamate NA

269 180.04 |9.626 |6 -4.2142573 |C9H80O4 180.0422587 |trans-caffeate C01197 4450294
269 180.04 [9.626 |6 -4.2142573 |C9H80O4 180.0422587 |cis-caffeate NA

269 180.04 |9.626 |6 -4.2142573 |C9H804 180.0422587 | 4-hydroxyphenylpyruvate C01179 |156-39-8 5341947
269 180.04 |9.626 |6 -4.2142573 |C9H8O4 180.0422587 | Caffeic acid 501-16-6 NA

273 314.06 [6.66 2 -17.276407 |C10H2007P2 |314.068426 geranyl diphosphate C00341 14211068
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273 314.06 [6.66 2 -17.27641 |C10H2007P2 |314.068426 |(+)-bornyl-diphosphate NA

277 450.11 |7.608 [2 -4.024621 [C21H22011 450.1162115 |8C-glucosyl-2-hydroxynaringenin NA

277 450.11 [7.608 |2 -4.024621 |C21H22011 450.1162115 |6C-glucosyl-2-hydroxynaringenin NA

278 246.1 [8.238 |3 11.704406 |C8H14N405 246.0964196 |3,6,8-trimethyi-2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline NA

278 246.1 [8.238 |3 -4.641716 |C13H14N203 |246.1004423 |indole-3-acetyl-alanine NA

278 246.1 [8.238 |3 -18.33855 |C10H18N203S |246.1038132 |9-mercaptodethiobiotin NA

284 4481 (7438 |6 -1.922522 |C21H20011 448.1005615 |isoorientin NA

284 4481 (7438 |6 -1.922522 |C21H20011 448.1005615 |cyanidin-3-O-beta-D-galactoside NA

284 4481 (7438 |6 -1.922522 |C21H20011 448.1005615 |cyanidin-3-O-beta-D-glucoside C08604 7084-24-4 NA

284 4481 (7438 |6 -1.922522 |C21H20011 448.1005615 |orientin NA

284 448.1 (7438 |6 -1.922522 |C21H20011 448.1005615 |quercetin 3-O-rhamnoside NA

284 4481 (7438 |6 -1.922522 |C21H20011 448.1005615 |kaempferol-3-glucoside C12249 NA

291 192.03 |5.098 |5 -2.617399 |C6H8O7 192.0270026 |citrate C00158  |77-92-9 29081
291 192.03 |5.098 |5 -2.617399 |C6H8O7 192.0270026 |2,3-dioxo-L-gulonate C04575 20015966
291 192.03 [5.098 |5 -2.617399 [C6H80O7 192.0270026 |dehydroascorbate (bicyclic form) NA

291 192.03 |5.098 |5 -2.617399 |C6H8O7 192.0270026 |2-carboxy-L-xylonolactone NA

291 192.03 |5.098 |5 -2.617399 |C6H8O7 192.0270026 |D-threo-isocitrate C00451 320-77-4 4573553
292 298.04 [11.035 |1 -9.522142 [C16H1006 298.0477381 |[2'-hydroxypseudobaptigenin C16226 NA

303 328.08 [6.838 |1 -3.145918 [C14H1609 328.0794321 |2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate |C16519 NA

304 594.16 [8.147 |4 0.2183062 |C27H30015 594.1584703 |pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA

304 594.16 [8.147 |4 0.2183062 |C27H30015 594.1584703 |pelargonidin 3-O-sophoroside C16305 NA

304 594.16 [8.147 |4 0.2183062 |C27H30015 594.1584703 |kaempferol 3-O-rhamnoside-7-O-glucoside NA

304 594.16 |8.147 |4 0.2183062 |C27H30015 594.1584703 |Kaempferol 3-neohesperidoside 32602-81-6 |NA

308 594.16 |7.906 |4 0.3866115 |C27H30015 594.1584703 |pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA

308 594.16 |7.906 |4 0.3866115 |C27H30015 594.1584703 |pelargonidin 3-O-sophoroside C16305 NA

308 594.16 |7.906 |4 0.3866115 [C27H30015 594.1584703 |kaempferol 3-O-rhamnoside-7-O-glucoside NA

308 594.16 [7.906 (4 0.3866115 |C27H30015 594.1584703 [Kaempferol 3-neohesperidoside 32602-81-6 [NA

313 284.07 [13.826 |9 -5.891165 [C16H1205 284.0684735 |2-hydroxyformononetin C02920 1890-99-9 4444180
313 284.07 [13.826 |9 -5.891165 [C16H1205 284.0684735 |prunetin C10521 4445116
313 284.07 [13.826 |9 -5.891165 [C16H1205 284.0684735 |(+)-maackiain C16229 141688
313 284.07 [13.826 |9 -5.891165 [C16H1205 284.0684735 |(-)-maackiain C10502 82631
313 284.07 [13.826 |9 -5.891165 [C16H1205 284.0684735 |wogonin NA

313 284.07 [13.826 |9 -5.891165 [C16H1205 284.0684735 [genkwanin NA

313 284.07 [13.826 |9 -5.891165 [C16H1205 284.0684735 |calycosin C01562 20575-57-9 4444104
313 284.07 |13.826 |9 -5.891165 |C16H1205 284.0684735 |biochanin-A C00814  |491-80-5 NA

313 284.07 |13.826 |9 -5.891165 |C16H1205 284.0684735 |Glycitein 40957-83-3 |NA

316 164.05 |10.564 |5 -6.974341 |C9H8O3 164.0473441 |enol-phenyipyruvate C02763  |5801-57-0  [20058468
316 164.05 |10.564 |5 -6.974341 |C9H8O3 164.0473441 |4-coumarate C00811 |7400-08-0  [4450678
316 164.05 |10.564 |5 -6.974341 |C9HBO3 164.0473441 |2-coumarate NA

316 164.05 |10.564 |5 -6.974341 [C9H803 164.0473441 |coumarinate C05838 20118034
316 164.05 |10.564 |5 -6.974341 |[C9H803 164.0473441 |2-0x0-3-phenylpropanoate C00166 0156-06-09 |3784710
322 436.14 [6.876 |1 -2.859168 |C21H24010 436.136947 _ |phlorizin C01604 NA

329 210.04 [5.246 |1 -4.605354 |C6H1008 210.0375673 |2-carboxy-L-threo-pentonate NA

331 164.05 |7.582 |5 -6.364761 [C9H80O3 164.0473441 |enol-phenylpyruvate C02763 5801-57-0 20058468
331 164.05 |7.582 |5 -6.364761 [C9H80O3 164.0473441 |4-coumarate C00811 7400-08-0  |4450678
331 164.05 |7.582 |5 -6.364761 [C9H80O3 164.0473441 |2-coumarate NA

331 164.05 |7.582 |5 -6.364761 |C9H80O3 164.0473441 |coumarinate C05838 20118034
331 164.05 |7.582 |5 -6.364761 |C9H80O3 164.0473441 |2-ox0-3-phenylpropanoate C00166  |0156-06-09 [3784710
338 356.11 |6.751 |1 -7.39163 C16H2009 356.1107322 |1-O-feruloyl-beta-D-glucose NA

341 338.11 |14.048 |4 -5.393678 |C20H1805 338.1154237 |glyceollinll C10422 |67314-98-1 [158203
341 338.11 |14.048 |4 -5.393678 |C20H1805 338.1154237 |glyceollin| C01701 |57103-57-8 [142931
341 338.11 [14.048 |4 -5.393678 [C20H1805 338.1154237 |glyceollin il C15511 61080-23-7 10128488
341 338.11 [14.048 |4 -5.393678 [C20H1805 338.1154237 |Canescacarpin 79082-46-5 |NA

352 326.1 |6.653 |4 -5.113621 |C15H1808 326.1001676 |cis-coumarinic acid-beta-D-glucoside C05839 NA

352 326.1 [6.653 |4 -5.113621 [C15H1808 326.1001676 |4-O-beta-D-glucosyl-4-hydroxycinnamate NA

352 326.1 [6.653 |4 -5.113621 [C15H1808 326.1001676 |trans-beta-D-glucosyl-2-hydroxycinnamate NA

352 326.1 [6.653 |4 -5.113621 [C15H1808 326.1001676 [1-O-(4-coumaroyl)-beta-D-glucose NA

353 300.06 [9.264 |5 -1.959975 [C16H1206 300.0633881 |(-)-sophorol C16228 NA

353 300.06 |9.264 |5 -1.959975 |C16H1206 300.0633881 |chrysoeriol C04293 NA

353 300.06 |9.264 |5 -1.959975 |C16H1206 300.0633881 |pratensein C10520 NA

353 300.06 |9.264 |5 -1.959975 |C16H1206 300.0633881 |(+)-6a-hydroxymaackiain C16230 7822419
353 300.06 |9.264 |5 -1.959975 |C16H1206 300.0633881 |scutellarein 7-methyi ether NA

354 176.07 16.043 |2 -4.393145 |C7H1205 176.0684735 |(2S)-2-isopropyimalate C02504 4925359
354 176.07 16.043 |2 -4.393145 |C7H1205 176.0684735 |(2R,3S)-3-isopropylmalate C04411 5256741
355 192.03 |5.759 |5 -0.534359 [C6H8O7 192.0270026 |citrate C00158 77-92-9 29081
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355 192.03 [5.759 |5 -0.534 [C6H8O7 192.027 2,3-dioxo-L-gulonate C04575 20015966
355 192.03 [5.759 |5 -0.534 |C6H807 192.027 dehydroascorbate (bicyclic form) NA

355 192.03 |5.759 |5 -0.534 |C6H807 192.027 2-carboxy-L-xylonolactone NA

355 192.03 |5.759 |5 -0.534 |C6HBO7 192.027 D-threo-isocitrate C00451  |320-77-4  |4573553
357 4321 [8.648 |7 -1.728 |[C21H20010 [432.10565 |kaempferol-3-rhamnoside NA

357 4321 [8.648 |7 -1.728 [C21H20010 [432.10565 |isovitexin NA

357 4321 [8.648 |7 -1.728 [C21H20010 [432.10565 |luteolinidin 5-O-glucoside NA

357 4321 [8.648 |7 -1.728 [C21H20010 [432.10565 |pelargonidin-3-O-beta-D-glucoside C12137 NA

357 4321 [8.648 |7 -1.728 |[C21H20010 [432.10565 |vitexin 3681-93-4 [NA

357 4321 [8.648 |7 -1.728 |C21H20010 |432.10565 |genistin C09126 _ [529-59-9 19265428
357 4321 [8.648 |7 -1.728 |C21H20010 |432.10565 |Demethyltexasin 4'-O-glucoside 34307-23-8 [NA

358 594.16 [8.302 |4 -1.128 |C27H30015 |594.15847 |pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA

358 594.16 [8.302 |4 -1.128 |[C27H30015 [594.15847 |pelargonidin 3-O-sophoroside C16305 NA

358 594.16 |8.302 |4 -1.128 |C27H30015 [594.15847 |kaempferol 3-O-rhamnoside-7-O-glucoside NA

358 594.16 [8.302 |4 -1.128 [C27H30015 |594.15847 |Kaempferol 3-neohesperidoside 32602-81-6 |[NA

359 316.08 [5.377 |1 -3.582 |C13H1609 316.07943 [2,5-dihydroxybenzoate 5-O-beta-D-glucoside NA

360 434.25 |8.464 |1 15.107 [C21H3907P |434.24334 |1-oleoyl-2-lyso-glycerone phosphate NA

362 314.06 |[5.739 |2 -17.28 |C10H2007P2 |314.06843 |geranyl diphosphate C00341 14211068
362 314.06 [5.739 |2 -17.28 |C10H2007P2 |314.06843 |(+)-bornyl-diphosphate NA

365 356.07 [5.711 |1 4.4523 |C9H17N4O9P |356.07331 |5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA

389 310.21 [14.682 |3 -3.576 [C18H3004 310.21441 |2-R-hydroperoxy-linolenate NA

389 310.21 [14.682 |3 -3.576 [C18H3004 310.21441 [13(S)-HPOTE C04785 NA

389 310.21 [14.682 |3 -3.576 [C18H3004 310.21441 [9(S)-HPOTE C16321 NA

390 356.07 |5.36 1 2.4864 |C9H17N4O9P |356.07331 |5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA

398 300.06 {11.335 |5 -4.959 [C16H1206 300.06339 |(-)-sophorol C16228 NA

398 300.06 [11.335 |5 -4.959 [C16H1206 300.06339 |chrysoeriol C04293 NA

398 300.06 [11.335 |5 -4.959 [C16H1206 300.06339 |pratensein C10520 NA

398 300.06 [11.335 |5 -4.959 [C16H1206 300.06339 |(+)-6a-hydroxymaackiain C16230 7822419
398 300.06 [11.335 |5 -4.959 [C16H1206 300.06339 |scutellarein 7-methyl ether NA

407 314.06 |5.05 2 -14.41 [C10H2007P2 |314.06843 |geranyl diphosphate C00341 14211068
407 314.06 |5.05 2 -14.41 |C10H2007P2 |314.06843 |(+)-bornyl-diphosphate NA

409 354.11 [12.581 |2 -7.168 [C20H1806 354.11034 |2,3-dehydrokievitone NA

409 354.11 [12.581 |2 -7.168 |[C20H1806 354.11034 |Glyceofuran 78873-52-6 |NA

410 130.06 |5.575 |2 -5.337 |C6H1003 130.06299 |4-methyl-2-oxopentanoate C00233 |816-66-0  [2766269
410 130.06 [5.575 |2 -5.337 [C6H1003 130.06299 |(S)-3-methyl-2-oxopentanoate C00671 [1460-34-0 119951083
413 634.41 [14.018 |1 -2.338 [C36H5809 634.40808 |soyasapogenol B-3-O-beta-glucuronide NA

415 210.04 16.501 |1 -1.749 |C6H1008 210.03757 |2-carboxy-L-threo-pentonate NA

417 298.05 [11.599 |1 -8.851 [C16H1006 298.04774 |2'-hydroxypseudobaptigenin C16226 NA

420 224.14 113.172 |3 -4.214 |C13H2003 224.14124 |5 ,6-epoxy-3-hydroxy-9-apo-beta-caroten-9-one NA

420 224.14 [13.172 |3 -4.214 [C13H2003 224.14124 |grasshopper ketone NA

420 224.14 [13.172 |3 -4.214 [C13H2003 224.14124 |methyl jasmonate C11512 4519204
434 234.1 [8.49 1 -3.826 [C10H1904P [234.1021 |geranyl monophosphate NA

444 194.06 [8.115 |2 -6.229 [C10H1004 194.05791 |5-hydroxy-coniferaldehyde C12204 4445308
444 194.06 [8.115 |2 -6.229 [C10H1004 194.05791 |ferulate C01494 [1135-24-6 4573888
453 192.03 [6.241 |5 -1.576 [C6H8O7 192.027 citrate C00158 [77-92-9 29081
453 192.03 [6.241 |5 -1.576 [C6H80O7 192.027 2,3-dioxo-L-gulonate C04575 20015966
453 192.03 [6.241 |5 -1.576 |C6H807 192.027 dehydroascorbate (bicyclic form) NA

453 192.03 [6.241 |5 -1.576 [C6H8O7 192.027 2-carboxy-L-xylonolactone NA

453 192.03 |6.241 |5 -1.576 |C6HBO7 192.027 D-threo-isocitrate C00451  |320-77-4  |4573553
459 608.17 [9.802 |1 -1.349 [C28H32015 |608.17412 |6-C-Glucopyranosyl-8-C-galactopyranosylgenkwanin NA

462 290.09 [8.621 |1 -8.175 |C14H14N205 |290.09027 |indole-3-acetyl-L-aspartate NA

464 251.08 [7.142 |1 -0.687 [C12H13NO5 [251.07937 |N-benzoyl-L-glutamate 11310035
467 210.04 |5.828 |1 -3.653 |C6H1008 210.03757 |2-carboxy-L-threo-pentonate NA

481 294.22 [16.267 |6 -7.46 C18H3003 294.21949 |[colneleate NA

481 294.22 [16.267 |6 -7.46 C18H3003 294.21949 ((92,127)-15,16-epoxyoctadeca-9,12-dienoate NA

481 294.22 [16.267 |6 -7.46 C18H3003 294.21949 [(92,1527)-12,13-epoxy-octadeca-9,15-dienoate NA

481 294.22 [16.267 |6 -7.46 C18H3003 294.21949 [(127,152)-9,10-epoxyoctadeca-12,15-dienoate NA

481 294.22 [16.267 |6 -7.46 C18H3003 294.21949 [9,10-epoxy-10,12Z-octadecadienoate NA

481 294.22 [16.267 |6 -7.46 _ [C18H3003 294.21949 |3-ox0-2-(cis-2'-pentenyl)-cyclopentane-1-octanoate  |C04780 NA

491 356.07 [5.078 |1 3.6098 |C9H17N4O9P |356.07331 |5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA

493 116.08 [5.455 |1 -4.562 [C6H1202 116.08373 |hexanoate C01585 [142-62-1 3599616
504 210.04 |6.251 |1 -4.605 |C6H1008 210.03757 |2-carboxy-L-threo-pentonate NA

516 204.09 [5.335 |1 -4.3 C11H12N202 |204.08988 |L-tryptophan C00078 16912-86-3 [NA

531 356.11 [8.403 |1 -2.899 |C16H2009 356.11073 |1-O-feruloyl-beta-D-glucose NA

534 580.14 [8.177 |3 0.9994 [C26H28015 [580.14282 |cyanidin 3-O-[2"-O-(xylosyl) glucoside NA
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534 580.14 |8.177 |3 0.99936133 |C26H28015 |580.1428202 |cyanidin 3-O-(beta-D-xylosyl-(1->2)-beta-D-galactoside) NA

534 580.14 |8.177 |3 0.99936133 |C26H28015 |580.1428202 Isocarlinoside 83151-90-0 [NA

549 251.08 |7.773 |1 -2.28028927 |C12H13NO5 |251.0793725 N-benzoyl-L-glutamate 11310035
553 43425 [7.472 |1 12.5733875 [C21H3907P [434.2433401 1-oleoyl-2-lyso-glycerone phosphate NA

554 2341 19.157 |1 -2.97129036 |C10H1904P |234.1020956 |geranyl monophosphate NA

561 326.1 7511 |4 -3.88700383 |C15H1808 326.1001676 |cis-coumarinic acid-beta-D-glucoside C05839 NA

561 326.1 7511 |4 -3.88700383 |C15H1808 326.1001676  |4-O-beta-D-glucosyl-4-hydroxycinnamate NA

561 326.1 |7511 (4 -3.88700383 |C15H1808 326.1001676 trans-beta-D-glucosyl-2-hydroxycinnamate NA

561 326.1 7511 (4 -3.88700383 |C15H1808 326.1001676 1-O-(4-coumaroyl)-beta-D-glucose NA

582 192.03 |5.832 |5 -4.17967936 |C6H8O7 192.0270026 |citrate C00158 |77-92-9 29081
582 192.03 |5.832 |5 -4.17967936 |C6H8O7 192.0270026 2,3-dioxo-L-gulonate C04575 20015966
582 192.03 |5.832 [5 -4.17967936 |C6H807 192.0270026 dehydroascorbate (bicyclic form) NA

582 192.03 |5.832 |5 -4.17967936 |C6H8O7 192.0270026 2-carboxy-L-xylonolactone NA

582 192.03 |5.832 [5 -4.17967936 |C6H80O7 192.0270026 D-threo-isocitrate C00451 [320-77-4 4573553
590 338.11 |10.538 |4 -3.91489298 |C20H1805 |338.1154237 |glyceollinll C10422 |67314-98-1 [158203
590 338.11 |10.538 |4 -3.91489298 |C20H1805 |338.1154237 |glyceollin| C01701 |57103-57-8 [142931
590 338.11 |10.538 |4 -3.91489298 |C20H1805 |338.1154237 |glyceollin lll C15511 |61080-23-7 [10128488
590 338.11 |10.538 |4 -3.91489298 |C20H1805 |338.1154237 Canescacarpin 79082-46-5 [NA

614 138.03 |5.96 4 -5.75272444 |C7H603 138.0316941  |4-hydroxybenzoate C00156 |99-96-7 132

614 138.03 |5.96 4 -5.75272444 |C7H603 138.0316941  |salicylate C00805 |69-72-7 4964
614 138.03 |5.96 4 -5.75272444 |C7H603 138.0316941 3-hydroxybenzoate NA

614 138.03 |5.96 4 -5.75272444 |C7H603 138.0316941 protocatechualdehyde C16700 8438
616 47412 [9.097 |1 -1.71170502 |C23H22011 |474.1162115 Genistin 6"-O-acetate 73566-30-0 [NA

617 502.11 |8.751 |1 -5.23025534 |C24H22012 |502.1111262 malonyldaidzin C16191 NA

619 326.1 |6.373 (4 -1.43376989 |C15H1808 326.1001676 cis-coumarinic acid-beta-D-glucoside C05839 NA

619 326.1 16.373 |4 -1.43376989 |C15H1808 326.1001676  |4-O-beta-D-glucosyl-4-hydroxycinnamate NA

619 326.1 16.373 (4 -1.43376989 |C15H1808 326.1001676 trans-beta-D-glucosyl-2-hydroxycinnamate NA

619 326.1 16.373 (4 -1.43376989 |C15H1808 326.1001676 1-O-(4-coumaroyl)-beta-D-glucose NA

625 284.07 |11.115 |9 -6.59522078 |C16H1205 |284.0684735 2-hydroxyformononetin C02920 |1890-99-9 [4444180
625 284.07 |11.115 |9 -6.59522078 |C16H1205 |284.0684735 prunetin C10521 4445116
625 284.07 |11.115 |9 -6.59522078 |C16H1205 |284.0684735 (+)-maackiain C16229 141688
625 284.07 |11.115 |9 -6.59522078 |C16H1205 |284.0684735 (-)-maackiain C10502 82631
625 284.07 |11.115 |9 -6.59522078 |C16H1205 284.0684735 wogonin NA

625 284.07 |11.115 (9 -6.59522078 |C16H1205 284.0684735 genkwanin NA

625 284.07 |11.115 |9 -6.59522078 |C16H1205 |284.0684735 |calycosin C01562 |20575-57-9 4444104
625 284.07 |11.115 |9 -6.59522078 |C16H1205 |284.0684735 biochanin-A C00814 [491-80-5 NA

625 284.07 |11.115 |9 -6.59522078 |C16H1205 |284.0684735 Glycitein 40957-83-3 [NA

626 302.17 |10.614 |1 -1.78230123 |C15H2606 302.1729386 _|tributyrin C13870 13849665
631 254.06 |8.337 |3 -3.57716949 |C15H1004 |254.0579088 hispidol 5786-54-9 |4824659
631 254.06 |8.337 (3 -3.57716949 |C15H1004 254.0579088 apigeninidin NA

631 254.06 |8.337 |3 -3.57716949 |C15H1004 |254.0579088 |daidzein C10208 |486-66-8 4445025
634 47412 [9.089 |1 -1.71170502 |C23H22011 |474.1162115 Genistin 6"-O-acetate 73566-30-0 [NA

645 356.08 |7.144 |1 14.0008734 |C9H17N409P|356.0733147 5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA

647 284.07 |10.045 |9 -5.89116518 |C16H1205 |284.0684735 2-hydroxyformononetin C02920 |1890-99-9 [4444180
647 284.07 |10.045 |9 -5.89116518 |C16H1205 |284.0684735 prunetin C10521 4445116
647 284.07 110.045 |9 -5.89116518 |C16H1205 |284.0684735 (+)-maackiain C16229 141688
647 284.07 |10.045 (9 -5.89116518 |C16H1205 284.0684735 (-)-maackiain C10502 82631
647 284.07 |10.045 |9 -5.89116518 |C16H1205 |284.0684735 |wogonin NA

647 284.07 |10.045 |9 -5.89116518 |C16H1205 |284.0684735 |genkwanin NA

647 284.07 |10.045 |9 -5.89116518 |C16H1205 |284.0684735 |calycosin C01562 |20575-57-9 4444104
647 284.07 |10.045 |9 -5.89116518 |C16H1205 |284.0684735 biochanin-A C00814 [491-80-5 NA

647 284.07 110.045 |9 -5.89116518 |C16H1205 |284.0684735 Glycitein 40957-83-3 [NA

648 310.21 |14.462 (3 -4.2211005 |C18H3004 310.2144094 2-R-hydroperoxy-linolenate NA

648 310.21 |14.462 |3 -4.2211005 |C18H3004 |310.2144094 [13(S)-HPOTE C04785 NA

648 310.21 |14.462 |3 -4.2211005 |C18H3004 |310.2144094 |[9(S)-HPOTE C16321 NA

662 354.11 |11.553 |2 -7.16812735 |C20H1806 354.1103383 2,3-dehydrokievitone NA

662 354.11 |11.553 |2 -7.16812735 |C20H1806 354.1103383 Glyceofuran 78873-52-6 [NA

672 532.08 |8.074 |1 -7.56745518 |C16H26N2014532.0859265 |dTDP-D-oliose NA

680 740.22 |8.87 2 -0.64724277 |C33H40019 [740.2163791 pelargonidin-3-O-rutinoside-5-O-beta-D-glucoside C12645 NA

680 740.22 |8.87 2 -0.64724277 |C33H40019 [740.2163791 Clitorin 55804-74-5 [NA

690 192.03 |5.825 |5 -0.5343587 |C6H8O7 192.0270026 [citrate C00158 |77-92-9 29081
690 192.03 |5.825 |5 -0.5343587 |C6H8O7 192.0270026 2,3-dioxo-L-gulonate C04575 20015966
690 192.03 |5.825 |5 -0.5343587 |C6H807 192.0270026 _|dehydroascorbate (bicyclic form) NA

690 192.03 |5.825 |5 -0.5343587 |C6H807 192.0270026 2-carboxy-L-xylonolactone NA

690 192.03 |5.825 |5 -0.5343587 |C6H80O7 192.0270026 D-threo-isocitrate C00451 [320-77-4 4573553
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692 342.09 [5.827 |1 -2.8710582 |C15H1809 342.0950822 |1-O-caffeoyl-beta-D-glucose NA

693 294.22 [16.111 |6 -9.8389942 |C18H3003 294.2194948 |colneleate NA

693 294.22 |16.111 |6 -9.8389942 |C18H3003 294.2194948 |(97,127)-15,16-epoxyoctadeca-9,12-dienoate NA

693 294.22 |16.111 |6 -9.8389942 |C18H3003 2942194948 |(97,152)-12,13-epoxy-octadeca-9,15-dienoate NA

693 294.22 116.111 |6 -9.8389942 |C18H3003 294.2194948 |(127,152)-9,10-epoxyoctadeca-12,15-dienoate NA

693 294.22 |16.111 |6 -9.8389942 |C18H3003 294.2194948 |9,10-epoxy-10,12Z-octadecadienoate NA

693 294.22 [16.111 |6 -9.8389942 |C18H3003 294.2194948 |3-0x0-2-(cis-2'-pentenyl)-cyclopentane-1-octanoate C04780 NA

696 356.08 |7.59 1 55756422 |C9H17N4O9P |356.0733147 |5-amino-6-(5-phospho-D-ribitylamino)uracil C04454 NA

715 356.11 |7.529 |1 -3.4602684 |C16H2009 356.1107322 |1-O-feruloyl-beta-D-glucose NA

719 338.06 [6.335 |1 -0.7394382 |C9H15N408P |338.06275 5-amino-1-(5-phospho-D-ribosyl)imidazole-4-carboxamide C04677 |3031-94-5 NA

735 458.12 [8.339 |1 1.31640944 |C23H22010  |458.1212969 |Daidzein 6"-O-acetate 71385-83-6  [NA

745 270.05 |8.261 |11 -4.1600398 |C15H1005 270.0528234 | 2"-hydroxydaidzein C02495 4444153
745 270.05 [8.261 |11 -4.1600398 |C15H1005 270.0528234 |6,7 4"trihydroxyisoflavone C14314 4447693
745 270.05 [8.261 |11 -4.1600398 |C15H1005 270.0528234 _|quinol vinyl ether NA

745 270.05 |8.261 |11 -4.1600398 |C15H1005 270.0528234 |phenoxy radical VII NA

745 270.05 [8.261 |11 -4.1600398 |C15H1005 270.0528234 |luteolinidin NA

745 270.05 |8.261 |11 -4.1600398 |C15H1005 270.0528234 _|pelargonidin C05904 |0134-04-03 [NA

745 270.05 |8.261 |11 -4.1600398 |C15H1005 270.0528234 |apigenin C01477 |520-36-5 NA

745 270.05 [8.261 |11 -4.1600398 |C15H1005 270.0528234 |baicalein C10023 4444924
745 270.05 |8.261 |11 -4.1600398 |C15H1005 270.0528234 |genistein C06563 |446-72-0 NA

745 270.05 |8.261 |11 -4.1600398 |C15H1005 270.0528234 |Demethyitexasin 17817-31-1 |NA

745 270.05 [8.261 |11 -4.1600398 |C15H1005 270.0528234 |8-Hydroxydaidzein 75187-63-2  |NA

765 238.12 |12.603 [1 -2.1378394 |C13H1804 238.1205091 |3-[(3aS,4S,7aS)-7a-methyi-1,5-dioxo-octahydro-1H-inden-4-yilpropanoate NA

768 284.07 |8.505 [9 -6.9472486 |C16H1205 284.0684735 | 2-hydroxyformononetin C02920 |1890-99-9 4444180
768 284.07 [8.505 |9 -6.9472486 |C16H1205 284.0684735 |prunetin C10521 4445116
768 284.07 |8505 [9 -6.9472486 |C16H1205 284.0684735 | (+)-maackiain C16229 141688
768 284.07 |8.505 [9 -6.9472486 |C16H1205 284.0684735 |(-)-maackiain C10502 82631
768 284.07 [8.505 |9 -6.9472486 |C16H1205 284.0684735 |wogonin NA

768 284.07 |8505 [9 -6.9472486 |C16H1205 284.0684735 _|genkwanin NA

768 284.07 [8.505 |9 -6.9472486 |C16H1205 284.0684735 |calycosin C01562 [20575-57-9  |4444104
768 284.07 [8.505 |9 -6.9472486 |C16H1205 284.0684735 |biochanin-A C00814 |491-80-5 NA

768 284.07 |8505 [9 -6.9472486 |C16H1205 284.0684735 |Glycitein 40957-83-3  [NA

786 338.06 [11.403 |1 -3.6974689 |C9H15N408P |338.06275 5-amino-1-(5-phospho-D-ribosyl)imidazole-4-carboxamide C04677 |3031-94-5 NA

794 508.12 [8.473 |1 -0.5724131 |C23H24013 |508.1216909 |eupatolitin 3-glucoside NA

798 298.08 |12.445 |2 -8.4659259 |C17H1405 298.0841236 |apigenin-7,4'-dimethyl ether C10019 |5128-44-9 NA

798 298.08 [12.445 |2 -8.4659259 |C17H1405 298.0841236 |Afrormosin 550-79-8 NA

817 606.25 [7.565 |1 3.73634654 |C35H34N406 |606.2478348 |pheophorbide b NA

839 342.09 |7.028 |1 -2.2864254 |C15H1809 342.0950822 |1-O-caffeoyl-beta-D-glucose NA

842 354.11 [9.729 |2 -3.4969552 |C20H1806 354.1103383 |2 3-dehydrokievitone NA

842 354.11 [9.729 |2 -3.4969552 |C20H1806 354.1103383 | Glyceofuran 78873-52-6  [NA

851 356.11 |7.004 |1 -5.4259491 |C16H2009 356.1107322 |1-O-feruloyl-beta-D-glucose NA

854 594.16 [8.305 |4 -1.6330517 |C27H30015 594.1584703 _|pelargonidin-3,5-di-O-beta-D-glucoside C08725 NA

854 594.16 [8.305 |4 -1.6330517 |C27H30015  |594.1584703 |pelargonidin 3-O-sophoroside C16305 NA

854 594.16 [8.305 [4 -1.6330517 |C27H30015 |594.1584703 |kaempferol 3-O-rhamnoside-7-O-glucoside NA

854 594.16 [8.305 (4 -1.6330517 |C27H30015 |594.1584703 |Kaempferol 3-neohesperidoside 32602-81-6  |[NA

857 614.15 16.415 |1 2.16973155 |C20H31N4016H614.1472675 |CMP-N-acetyl-beta-neuraminate NA

884 532.12 |8.974 |2 -2.2379383 |C25H24013 532.1216909 |(-)-maackiain-3-O-glucoside-6"-malonate C16231 NA

884 532.12 [8.974 |2 -2.2379383 |C25H24013 532.1216909 |biochanin A-7-O-glucoside-6"-malonate C12625 NA

890 958.51 [10.408 |1 0.49001708 |C48H78019  |958.5137303 |Soyasaponin V. 114590-20-4 [NA

918 338.06 |10.895 [1 -6.0638935 |C9H15N408P |338.06275 5-amino-1-(5-phospho-D-ribosyl)imidazole-4-carboxamide C04677 |3031-94-5 NA

919 326.1 [7.894 |4 -1.4337699 |C15H1808 326.1001676 |cis-coumarinic acid-beta-D-glucoside C05839 NA

919 326.1 [7.894 |4 -1.4337699 |C15H1808 326.1001676 |4-O-beta-D-glucosyi-4-hydroxycinnamate NA

919 326.1 |7.894 |4 -1.4337699 |[C15H1808 326.1001676 |[trans-beta-D-glucosyl-2-hydroxycinnamate NA

919 326.1 [7.894 |4 -1.4337699 |C15H1808 326.1001676 |1-O-(4-coumaroyi)-beta-D-glucose NA

925 756.22 [10.654 |3 14.6867391 |C33H40020  |756.2112937 |Kaempferol 3-(2G-glucosyirutinoside) 55696-58-7  [NA

925 756.22 |10.654 |3 14.6867391 |C33H40020 756.2112937 |Kaempferol 3-(2G-rhamnosylgentiobioside 55780-30-8 |NA

925 756.22 [10.654 |3 14.6867391 |C33H40020  |756.2112937 |Manghaslin 55696-57-6  |[NA

934 446.12 |9.705 |4 -2.0104954 |C22H22010 446.1212969 |(-)-maackiain-3-O-glucoside C10538 NA

934 446.12 |9.705 |4 -2.0104954 |C22H22010 446.1212969 |wogonin 7-O-beta-D-glucoside NA

934 446.12 [9.705 |4 -2.0104954 |C22H22010  |446.1212969 |biochanin A-7-O-glucoside C05376 16498850
934 446.12 |9.705 |4 -2.0104954 |C22H22010 446.1212969 |Glycitein 7-O-glucoside NA

946 450.11 |10.658 [2 -9.1344124 |C21H22011 450.1162115 |8C-glucosyi-2-hydroxynaringenin NA

946 450.11 [10.658 |2 -9.1344124 |C21H22011  |450.1162115 |6C-glucosyl-2-hydroxynaringenin NA

959 314.08 |11.182 |3 -8.7181253 |C17H1406 314.0790382 | (+)-pisatin C10516 91879
959 314.08 |11.182 (3 -8.7181253 |C17H1406 314.0790382 |ladanein NA
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959 314.08 11.182 |3 -8.718125 |C17H1406 314.0790382_|cirsimaritin NA
976 286.04 [10.145 |4 -13.41753 |C15H1006 286.0477381 |2-hydroxygenistein C12134 NA
976 286.04 [10.145 |4 -13.41753 |C15H1006 286.0477381 |luteolin C01514 [491-70-3 NA
976 286.04 [10.145 |4 -13.41753 |C15H1006 286.0477381 |cyanidin C05905 NA
976 286.04 [10.145 |4 -13.41753 |C15H1006 286.0477381 |kaempferol C05903 NA
978 594.13 [12.893 |3 -7.979501 |C30H26013 594.1373409 |cyanidin 3-(p-coumaroyl)-glucoside C12095 NA
978 594.13 [12.893 |3 -7.979501 |C30H26013  |594.1373409 |pelargonidin 3-O-beta-D-caffeoylglucoside C16297 NA
978 594.13 [12.893 |3 -7.979501 |C30H26013 594.1373409 |cyanidin 3-O-p-coumaroyiglucoside NA
992 354.11 |10.541 |2 -2.93216 |C20H1806 354.1103383 |2,3-dehydrokievitone NA
992 354.11 [10.541 |2 -2.93216 |C20H1806 354.1103383 |Glyceofuran 78873-52-6 [NA
1031 508.12 |8.733 |1 -2.737249 |C23H24013 508.1216909 |eupatolitin 3-glucoside NA
1055 [958.51 [12.438 |1 -0.970578 |C48H78019 |958.5137303 |SoyasaponinV 114590-20-4 |NA
1062  [362.17 [14.93 |6 -9.218146 |C20H2606 362.1729386 |(-)-secoisolariciresinol C18167 58845
1062 362.17 [1493 |6 -9.218146 |C20H2606 362.1729386 |(+)-secoisolariciresinol C20456 NA
1062 [362.17 [14.93 |6 -9.218146 |C20H2606 362.1729386 |gibberellin A36 C11862 NA
1062 362.17 |1493 |6 -9.218146 |C20H2606 362.1729386 |gibberellin A38 NA
1062 362.17 [14.93 |6 -9.218146 |C20H2606 362.1729386 |gibberellin A19 C02034 |6980-44-5 NA
1062 [362.17 [14.93 |6 -9.218146 |C20H2606 362.1729386 |gibberellin A25 NA
1063 562.26 |7.576 |1 2.4799942 |C34H34N404 [562.2580056 |[protoporphyrin IX C02191 |0553-12-8 20171337
1104 [610.15 [7.654 |8 0.3525117 |C27H30016 [610.1533849 [cyanidin 3,5-di-O-beta-D-glucoside C08639 NA
1104 610.15 |7.654 |8 0.3525117 |C27H30016 610.1533849 |delphinidin 3-O-rutinoside NA
1104 [610.15 [7.654 |8 0.3525117 |C27H30016 |610.1533849 |cyanidin 3,7-di-O-beta-D-glucoside NA
1104 [610.15 [7.654 |8 0.3525117 |C27H30016 [610.1533849 |cyanidin 3-O-sophoroside C16306 NA
1104 [610.15 |7.654 |8 0.3525117 |C27H30016 610.1533849 |quercetin 3-O-rhamnoside-7-O-glucoside NA
1104 [610.15 [7.654 |8 0.3525117 |C27H30016 [610.1533849 |kaempferol 3-O-beta-D-glucosyl-(1->2)-glucoside C12634 |19895-95-5 |[NA
1104 [610.15 [7.654 |8 0.3525117 |C27H30016 [610.1533849 |Kaempferol 3-O-gentiobioside 22149-35-5 [NA
1104 610.15 |7.654 |8 0.3525117 |C27H30016 610.1533849 |Quercetin 3-O-neohesperidoside 32453-36-4 [NA
1119 [532.12 [8.924 |2 -2.989646 |C25H24013 [532.1216909 |(-)-maackiain-3-O-glucoside-6"-malonate C16231 NA
1119 532.12 |8.924 |2 -2.989646 |C25H24013 532.1216909 |biochanin A-7-O-glucoside-6"-malonate C12625 NA
1120 532.12 [9.383 |2 -1.674157 |C25H24013 532.1216909 |(-)-maackiain-3-O-glucoside-6"-malonate C16231 NA
1120 |532.12 |9.383 |2 -1.674157 |C25H24013  |532.1216909 |biochanin A-7-O-glucoside-6"-malonate C12625 NA
1122  [730.17 |9.591 |1 -0.019565 |C34H34018 730.1745143 |cyanidin 3-O-glucoside-7-O-(6-O-(p-hydroxybenzoyl)-glucoside) NA
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Supplementary Table 3.3 A comprehensive information on the eight QTL-multiple
metabolite clusters, including their associated single nucleotide polymorphisms (SNPs)

along with corresponding P-values and R-squared values.

QTL-multiple metabolite cluster |SNP pval Rsq
QTL01.9rp41.Gm15-38575222 Gm15-38575222 |1.89E-07 |0.132807498
QTLO01.grp70.Gm15-38276224 Gm15-38276224 |7.63E-08 [0.140744196
QTLO01.grp70.Gm15-38575222 Gm15-38575222 |2.20E-06 [0.110969809
QTLO01.grp70.Gm15-39570425 Gm15-39570425 |1.17E-07 [0.137024514
QTLO01.grp70.Gm15-39945568 Gm15-39945568 |2.72E-15 [0.279524997
QTLO01.grp87.Gm15-38241517 Gm15-38241517 |1.23E-07 |0.136566043
QTLO01.grp87.Gm15-38276224 Gm15-38276224 [1.78E-06 |0.112889854
QTLO01.grp87.Gm15-39945568 Gm15-39945568 [5.09E-13 |0.239551221
QTL01.grp185 Gm15-39945568 [5.67E-11 [0.201765253
QTL01.grp187 Gm15-39945568 [4.18E-10 |0.185236979
QTLO01.grp311.Gm15-38241517 Gm15-38241517 |1.44E-06 [0.1147904
QTLO01.grp311.Gm15-38575222 Gm15-38575222 |1.05E-07 [0.137958612
QTLO01.9rp311.Gm15-39945568 Gm15-39945568 |3.26E-12 [0.224855717
QTLO01.9rp321.Gm15-39945568 Gm15-39945568 |9.30E-11 [0.197698665
QTLO1.grp326 Gm15-39945568 [5.34E-07 |0.123613537
QTLO1.grp371.Gm15-38276224  |Gm15-38276224 |1.44E-06 |0.114786919
QTLO01.grp447.Gm15-38241517 Gm15-38241517 |1.10E-06 [0.117174787
QTL01.9rp447.Gm15-38575222 Gm15-38575222 |1.38E-06 |0.115161673
QTL01.9rp450.Gm15-38241517 Gm15-38241517 |[9.11E-13 |0.234971476
QTLO01.grp450.Gm15-38276224 Gm15-38276224 |6.19E-08 [0.142573968
QTL01.grp450.Gm15-38380213 Gm15-38380213 |7.16E-07 [0.121010282
QTLO01.9rp450.Gm15-38447399 Gm15-38447399 |3.70E-07 [0.126863384
QTLO01.9rp450.Gm15-38547411 Gm15-38547411 |1.01E-07 [0.138276314
QTLO01.grp450.Gm15-38575222  |Gm15-38575222 [2.12E-20 |0.362193025
QTLO01.9rp450.Gm15-39520837  |Gm15-39520837 [1.01E-07 [0.138276314
QTL01.9rp450.Gm15-39570425 Gm15-39570425 |4.57E-07 |0.125001032
QTLO01.9rp450.Gm15-39747988  |Gm15-39747988 |5.50E-08 [0.143599806
QTL01.grp450.Gm15-39945568 Gm15-39945568 |1.80E-13 [0.247653269
QTL01.grp492.Gm15-38241517 Gm15-38241517 |1.89E-12 [0.229205601
QTLO01.9rp492.Gm15-38276224 Gm15-38276224 |1.31E-10 [0.194856531
QTLO01.9rp492.Gm15-38380213 Gm15-38380213 |2.03E-06 [0.111708869
QTL01.grp492.Gm15-38447399  |Gm15-38447399 [1.05E-10 |0.196666635
QTL01.9rp492.Gm15-38547411 Gm15-38547411 |3.01E-08 |0.148828614
QTL01.grp492.Gm15-38575222  |Gm15-38575222 [2.87E-22 [0.390037308
QTLO01.9rp492.Gm15-39520837  |Gm15-39520837 [3.01E-08 |0.148828614
QTL01.9rp492.Gm15-39570425 Gm15-39570425 |1.78E-07 |0.133304004
QTLO01.grp492.Gm15-39747988 Gm15-39747988 |1.17E-08 [0.156964698
QTL01.9rp492.Gm15-39945568 Gm15-39945568 |1.46E-21 |0.37965756
QTL01.9rp492.Gm15-39981697 Gm15-39981697 |4.79E-09 [0.164649411
QTLO01.grp553.Gm15-34552298 Gm15-34552298 |5.89E-07 [0.122742343
QTL01.grp553.Gm15-38241517 Gm15-38241517 |2.18E-06 |0.111067627
QTLO01.grp553.Gm15-38575222  |Gm15-38575222 [5.96E-07 |0.1226315
QTL01.grp557.Gm15-34552298 Gm15-34552298 |5.57E-07 |0.123240707
QTL01.grp557.Gm15-38241517 Gm15-38241517 |5.50E-08 10.143601108
QTLO01.grp557.Gm15-38575222 Gm15-38575222 |1.14E-07 [0.137229191
QTLO01.grp573.Gm15-37752199 Gm15-37752199 |2.02E-06 [0.111768898
QTLO01.grp573.Gm15-38241517 Gm15-38241517 |1.86E-07 [0.132930397
QTLO01.grp573.Gm15-38276224 Gm15-38276224 |9.15E-09 [0.159106631
QTLO01.grp573.Gm15-38575222  |Gm15-38575222 [1.29E-06 |0.115743563
QTLO1.grp573.Gm15-39570425  |Gm15-39570425 |4.60E-09 [0.165002368
QTLO1.grp573.Gm15-39945568  |Gm15-39945568 [2.36E-18 |0.33024404
QTLO01.grp574.Gm15-38241517 Gm15-38241517 |7.83E-07 |0.120208845
QTLO01.grp574.Gm15-38276224 Gm15-38276224 |3.94E-10 |0.185739031
QTLO01.grp574.Gm15-38380213 Gm15-38380213 |1.14E-06 [0.116860361
QTLO01.9rp574.Gm15-38447399 Gm15-38447399 |2.44E-08 [0.150659167
QTLO01.grp574.Gm15-38575222 Gm15-38575222 |2.09E-08 [0.152011173
QTLO01.9rp574.Gm15-39570425 Gm15-39570425 |1.15E-09 |0.17674683
QTLO1.grp574.Gm15-39945568  |Gm15-39945568 |1.75E-20 |0.363436928
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QTL-multiple metabolite cluster |SNP pval Rsq
QTLO01.grp574.Gm15-40010479 Gm15-40010479 ([1.63E-06 |0.11366
QTLO1.grp630 Gm15-39945568 ([5.18E-08 |0.14412
QTLO01.grp641.Gm15-39945568 Gm15-39945568 [6.03E-08 |0.14279
QTLO01.grp652.Gm15-39570425 Gm15-39570425 [1.11E-06 |0.1171
QTLO01.grp652.Gm15-39945568 Gm15-39945568 [1.50E-09 |0.17453
QTLO01.grp668.Gm15-39945568 Gm15-39945568 ([1.83E-13 |0.24753
QTLO01.grp718.Gm15-39945568 Gm15-39945568 ([1.70E-07 |0.13375
QTL01.grp738.Gm15-38575222 Gm15-38575222 |3.31E-07 |0.12785
QTLO01.grp766.Gm15-37622758 Gm15-37622758 ([7.03E-07 |0.12117
QTLO1.grp766.Gm15-38029609 Gm15-38029609 ([4.86E-07 |0.12445
QTLO1.grp766.Gm15-38276224 Gm15-38276224 ([3.50E-10 |0.18672
QTLO1.grp766.Gm15-38380213 Gm15-38380213 [1.45E-07 |0.13509
QTLO1.grp766.Gm15-38447399 Gm15-38447399 ([3.86E-09 |0.16649
QTLO01.grp766.Gm15-38575222 Gm15-38575222 |8.07E-08 |0.14025
QTL01.grp766.Gm15-39570425 Gm15-39570425 ([3.90E-10 |0.18581
QTLO1.grp766.Gm15-39945568 Gm15-39945568 ([4.30E-14 |0.25869
QTLO01.grp799.Gm15-38241517 Gm15-38241517 ([4.60E-14 |0.25818
QTLO01.grp799.Gm15-38276224 Gm15-38276224 ([5.93E-10 |0.18231
QTLO01.grp799.Gm15-38380213 Gm15-38380213 ([1.14E-06 |0.11688
QTL01.grp799.Gm15-38575222 Gm15-38575222 |1.48E-15 |0.28405
QTLO01.grp799.Gm15-39945568 Gm15-39945568 ([2.78E-15 |0.27937
QTLO01.grp921.Gm15-38241517 Gm15-38241517 [1.70E-13  |0.24809
QTLO01.grp921.Gm15-38276224 Gm15-38276224 ([5.29E-12  |0.22099
QTLO01.grp921.Gm15-38380213 Gm15-38380213 [1.06E-06 |0.11756
QTLO01.grp921.Gm15-38447399 Gm15-38447399 ([9.57E-10 |0.17829
QTLO01.grp921.Gm15-38575222 Gm15-38575222 ([1.78E-18 |0.3322
QTL01.grp921.Gm15-39570425 Gm15-39570425 |[1.55E-08 |0.1546
QTLO01.grp921.Gm15-39945568 Gm15-39945568 [6.62E-17 |0.30669
QTLO01.grp943.Gm15-38241517 Gm15-38241517 [3.74E-14 |0.25974
QTLO01.grp943.Gm15-38276224 Gm15-38276224 ([1.68E-11 |0.21166
QTLO01.grp943.Gm15-38380213 Gm15-38380213 [1.24E-06 |0.1161
QTLO01.9rp943.Gm15-38447399 Gm15-38447399 ([3.00E-09 |0.16864
QTL01.grp943.Gm15-38547411 Gm15-38547411 |1.06E-07 |0.13788
QTL01.grp943.Gm15-38575222 Gm15-38575222 |4.74E-24  |0.41551
QTLO01.grp943.Gm15-39520837 Gm15-39520837 [1.06E-07 |0.13788
QTLO01.grp943.Gm15-39570425 Gm15-39570425 ([2.55E-08 |0.15026
QTLO01.grp943.Gm15-39747988 Gm15-39747988 ([3.12E-08 |0.14853
QTLO01.grp943.Gm15-39945568 Gm15-39945568 ([7.35E-19 |0.33828
QTLO01.grp943.Gm15-39981697 Gm15-39981697 ([1.91E-06 |0.11226
QTLO01.grp960.Gm15-38241517 Gm15-38241517 |2.62E-09 |0.16979
QTL01.grp960.Gm15-38575222 Gm15-38575222 ([5.08E-13  |0.23956
QTLO01.grp960.Gm15-39945568 Gm15-39945568 [5.37E-11  |0.2022
QTLO01.grp982.Gm15-38276224 Gm15-38276224 |[7.50E-07 |0.1206
QTLO01.grp982.Gm15-39945568 Gm15-39945568 ([1.91E-06 |0.11226
QTLO01.grp1005.Gm15-39945568 [Gm15-39945568 [1.73E-07 |0.13356
QTLO01.grp1025.Gm15-38029609 [Gm15-38029609 [2.11E-06 |0.11137
QTLO01.grp1025.Gm15-38241517 [Gm15-38241517 [3.29E-11 |0.20621
QTLO01.grp1025.Gm15-38276224 |Gm15-38276224 [1.52E-11 |0.21249
QTLO01.grp1025.Gm15-38380213  |Gm15-38380213 [6.76E-08 |0.1418
QTLO01.grp1025.Gm15-38447399 [Gm15-38447399 [1.70E-10 |0.19271
QTLO01.grp1025.Gm15-38547411 |Gm15-38547411 [1.90E-06 |0.11231
QTLO01.grp1025.Gm15-38575222 |Gm15-38575222 [3.94E-15 |0.27676
QTLO01.grp1025.Gm15-39520837  [Gm15-39520837 [1.90E-06 |0.11231
QTLO01.grp1025.Gm15-39570425 [Gm15-39570425 [1.50E-07 [0.1348
QTLO01.grp1025.Gm15-39747988  |Gm15-39747988 [9.84E-07 |0.11818
QTLO01.grp1025.Gm15-39945568 |Gm15-39945568 [3.14E-26  |0.44523
QTLO01.grp1025.Gm15-39981697 [Gm15-39981697 [1.14E-07 |0.13727
QTLO01.grp1025.Gm15-40010479 [Gm15-40010479 ([1.11E-06 |0.11709
QTLO01.grp1033.Gm15-34848274 |Gm15-34848274 [2.05E-07 |0.13209
QTL02.grp45.Gm18-747851 Gm18-747851 9.58E-07 ]0.11842
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QTL-multiple metabolite cluster [SNP pval Rsq
QTL02.9rp45.Gm18-754053 Gm18-754053 9.58E-07 0.118418
QTL02.grp45.Gm18-867515 Gm18-867515 1.06E-08 0.157882
QTL02.grp46.Gm18-867515 Gm18-867515 1.55E-06 0.114103
QTL02.grp65.Gm18-747851 Gm18-747851 9.99E-07 0.118043
QTLO02.g9rp65.Gm18-754053 Gm18-754053 9.99E-07 0.118043
QTL02.9rp65.Gm18-867515 Gm18-867515 4.90E-07 0.124375
QTL02.grp68.Gm18-747851 Gm18-747851 4.03E-07 0.12611
QTL02.grp68.Gm18-754053 Gm18-754053 4.03E-07 0.12611
QTL02.9rp68.Gm18-867515 Gm18-867515 1.28E-06 0.11584
QTL02.9rp84.Gm18-747851 Gm18-747851 7.15E-08 0.141316
QTL02.grp84.Gm18-754053 Gm18-754053 7.15E-08 0.141316
QTL02.grp84.Gm18-867515 Gm18-867515 1.37E-09 0.175291
QTL02.grp86.Gm18-747851 Gm18-747851 1.28E-06 0.115806
QTL02.grp86.Gm18-754053 Gm18-754053 1.28E-06 0.115806
QTL02.9rp86.Gm18-867515 Gm18-867515 1.15E-06 0.11681
QTL02.grp98.Gm18-747851 Gm18-747851 9.14E-11 0.197841
QTL02.grp98.Gm18-754053 Gm18-754053 9.14E-11 0.197841
QTL02.9rp98.Gm18-867515 Gm18-867515 1.27E-09 0.175939
QTL02.9rp98.Gm18-963384 Gm18-963384 5.90E-07 0.122729
QTL02.grp107.Gm18-747851 Gm18-747851 5.13E-07 0.123977
QTL02.grp107.Gm18-754053 Gm18-754053 5.13E-07 0.123977
QTL02.9rp107.Gm18-867515 Gm18-867515 1.28E-08 0.156238
QTL02.9rp125.Gm18-703188 Gm18-703188 1.40E-08 0.155472
QTL02.9rp134.Gm18-867515 Gm18-867515 3.25E-07 0.128003
QTL02.9rp169.Gm18-747851 Gm18-747851 6.34E-08 0.142357
QTL02.9rp169.Gm18-754053 Gm18-754053 6.34E-08 0.142357
QTL02.9rp169.Gm18-867515 Gm18-867515 2.86E-08 0.149289
QTL02.grp170.Gm18-703188 Gm18-703188 6.47E-07 0.121913
QTL02.grp170.Gm18-747851 Gm18-747851 2.90E-07 0.129022
QTL02.9rp170.Gm18-754053 Gm18-754053 2.90E-07 0.129022
QTL02.9rp170.Gm18-867515 Gm18-867515 4.49E-08 0.145373
QTL02.9rp179.Gm18-747851 Gm18-747851 1.64E-07 0.134051
QTL02.grp179.Gm18-754053 Gm18-754053 1.64E-07 0.134051
QTL02.grp179.Gm18-867515 Gm18-867515 3.43E-09 0.167491
QTL02.9rp179.Gm18-963384 Gm18-963384 8.30E-07 0.119697
QTL02.9rp231.Gm18-703188 Gm18-703188 2.46E-10 0.189659
QTL02.9rp231.Gm18-867515 Gm18-867515 6.97E-07 0.121246
QTL02.grp245.Gm18-867515 Gm18-867515 1.32E-06 0.115585
QTL02.grp263.Gm18-867515 Gm18-867515 3.52E-07 0.127312
QTL02.grp287.Gm18-747851 Gm18-747851 1.42E-06 0.114913
QTL02.grp287.Gm18-754053 Gm18-754053 1.42E-06 0.114913
QTL02.9rp287.Gm18-867515 Gm18-867515 1.45E-06 0.114724
QTL02.grp350.Gm18-747851 Gm18-747851 5.13E-07 0.123965
QTL02.9rp350.Gm18-754053 Gm18-754053 5.13E-07 0.123965
QTL02.grp355.Gm18-867515 Gm18-867515 9.10E-07 0.118879
QTL02.9rp419.Gm18-703188 Gm18-703188 6.45E-09 0.162105
QTL02.9rp419.Gm18-867515 Gm18-867515 1.96E-06 0.112037
QTL02.grp432.Gm18-747851 Gm18-747851 7.65E-07 0.120424
QTL02.9rp432.Gm18-754053 Gm18-754053 7.65E-07 0.120424
QTL02.9rp432.Gm18-867515 Gm18-867515 1.24E-06 0.116148
QTL02.9rp436.Gm18-867515 Gm18-867515 4.34E-07 0.125443
QTL02.grp453.Gm18-747851 Gm18-747851 1.45E-06 0.114736
QTL02.grp453.Gm18-754053 Gm18-754053 1.45E-06 0.114736
QTL02.9rp453.Gm18-867515 Gm18-867515 1.09E-07 0.137605
QTL02.9rp458.Gm18-703188 Gm18-703188 1.84E-06 0.112576
QTL02.9rp458.Gm18-747851 Gm18-747851 6.74E-07 0.121545
QTL02.grp458.Gm18-754053 Gm18-754053 6.74E-07 0.121545
QTL02.grp458.Gm18-867515 Gm18-867515 3.00E-07 0.128728
QTL02.grp477.Gm18-747851 Gm18-747851 1.11E-06 0.117084
QTL02.grp477.Gm18-754053 Gm18-754053 1.11E-06 0.117084
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QTL-multiple metabolite cluster |SNP pval Rsq

QTL02.grp997.Gm18-867515 Gm18-867515 1.93E-07 [0.132601
QTL02.grp1026.Gm18-747851 Gm18-747851 4.44E-07 0.125248
QTL02.grp1026.Gm18-754053 Gm18-754053 4.44E-07 |0.125248
QTL02.grp1026.Gm18-867515 Gm18-867515 1.37E-06 [0.115242
QTL02.grp1039.Gm18-703188 Gm18-703188 9.86E-08  |0.138506
QTL02.grp1039.Gm18-747851 Gm18-747851 2.51E-08 0.150414
QTL02.grp1039.Gm18-754053 Gm18-754053 2.51E-08 0.150414
QTL02.grp1039.Gm18-867515 Gm18-867515 2.11E-09 [0.171607
QTL02.grp1039.Gm18-963384  |Gm18-963384 7.70E-07  [0.120357
QTL02.grp1106.Gm18-747851 Gm18-747851 1.17E-06  [0.116611
QTL02.grp1106.Gm18-754053 Gm18-754053 1.17E-06 0.116611
QTL02.grp1106.Gm18-867515 Gm18-867515 1.80E-06  [0.112807
QTL02.grp1124.Gm18-747851 Gm18-747851 1.64E-06 0.113627
QTL02.grp1124.Gm18-754053 Gm18-754053 1.64E-06 0.113627
QTL03.grp125.Gm06-47356973 |Gm06-47356973 |4.83E-07  |0.124504
QTL03.grp125.Gm06-47473722 |Gm06-47473722 [1.66E-07 0.133932
QTL03.grp170.Gm06-47473722 |Gm06-47473722 |1.86E-06  |0.112506
QTL03.grp231.Gm06-47356973 |Gm06-47356973 |7.29E-09  |0.161058
QTL03.grp231.Gm06-47473722 |Gm06-47473722 |2.04E-09  |0.171897
QTL03.grp378.Gm06-47431561 |[Gm06-47431561 |3.76E-07 |0.12673
QTL03.grp378.Gm06-47431886 |Gm06-47431886 |1.83E-08 |0.153165
QTL03.grp378.Gm06-47433724 |Gm06-47433724 |8.67E-07 |0.11931
QTL03.grp419.Gm06-47356973 |Gm06-47356973 |1.26E-07  |0.136354
QTL03.grp419.Gm06-47473722 |Gm06-47473722 |1.90E-08  |0.15281
QTL03.grp495.Gm06-47431886 |Gm06-47431886 |2.58E-07 |0.130048
QTL03.grp552.Gm06-47356973 |GmO06-47356973 |2.43E-09  |0.170414
QTL03.grp552.Gm06-47473722 |GmO06-47473722 |2.72E-10  |0.18881
QTL03.grp632.Gm06-47431561 |Gm06-47431561 [3.03E-14 0.261357
QTL03.grp632.Gm06-47431886 |Gm06-47431886 |3.25E-20  |0.359353
QTL03.grp632.Gm06-47433724 |Gm06-47433724 [4.31E-08 0.145715
QTL03.grp651.Gm06-47356973 |Gm06-47356973 |1.31E-08 |0.156012
QTL03.grp651.Gm06-47473722 |Gm06-47473722 |5.91E-09 |0.162849
QTL03.grp689.Gm06-47356973 |GmO06-47356973 |5.06E-08  |0.144326
QTL03.grp689.Gm06-47473722 |GmO06-47473722 |1.98E-08 |0.152481
QTL03.grp738.Gm06-47431561 |Gm06-47431561 [5.23E-12 0.221073
QTL03.grp738.Gm06-47431886 |Gm06-47431886 |1.28E-17 |0.318377
QTL03.grp738.Gm06-47433724 |Gm06-47433724 [9.94E-08 0.138431
QTL03.grp746.Gm06-47431561 |Gm06-47431561 |1.31E-09 |0.175622
QTL03.grp746.Gm06-47431886 |Gm06-47431886 [9.81E-17 0.303868
QTL03.grp746.Gm06-47433724 |Gm06-47433724 |1.33E-06  |0.115502
QTL03.grp826.Gm06-47431561 |Gm06-47431561 |3.78E-13  |0.241883
QTL03.grp826.Gm06-47431886 |Gm06-47431886 |1.65E-20 |0.363821
QTL03.grp826.Gm06-47433724 |Gm06-47433724 |4.14E-08  |0.146069
QTL03.grp840.Gm06-47431561 |Gm06-47431561 [1.29E-06 0.115735
QTL03.grp840.Gm06-47431886 |Gm06-47431886 |1.56E-11  |0.212252
QTL03.grp843.Gm06-47431561 |GmO06-47431561 |1.68E-13 |0.248173
QTL03.grp843.Gm06-47431886 |Gm06-47431886 |7.08E-26  |0.440511
QTL03.grp843.Gm06-47433724 |Gm06-47433724 |1.71E-07 |0.133662
QTL03.grp846.Gm06-47473722 |Gm06-47473722 [1.76E-06 0.112985
QTL03.grp905.Gm06-47431886 |Gm06-47431886 |1.09E-06 |0.117236
QTL03.grp937.Gm06-47431561 |Gm06-47431561 [3.36E-10 0.187046
QTL03.grp937.Gm06-47431886 |Gm06-47431886 |4.52E-18 |0.325702
QTL03.grp993.Gm06-47431561 |GmO06-47431561 |1.76E-09 |0.173149
QTL03.grp993.Gm06-47431886 |Gm06-47431886 |8.23E-17  |0.305129
QTL03.grp993.Gm06-47433724 |GmO06-47433724 |3.52E-08 |0.147472
QTL03.grp995.Gm06-47356973 |Gm06-47356973 |2.58E-07  |0.130051
QTL03.grp995.Gm06-47473722 |Gm06-47473722 |1.54E-07 0.134591
QTL03.grp1020.Gm06-47431561 |Gm06-47431561 [4.98E-07 0.124224
QTL03.grp1020.Gm06-47431886 |[Gm06-47431886 |8.25E-10  |0.179542
QTL03.grp1039.Gm06-47356973 |Gm06-47356973 [1.02E-06 0.117887
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QTL03.grp1039.Gm06-47473722 Gm06-47473722 |3.94E-07 0.12631
QTL03.grp1075.Gm06-47431561 Gm06-47431561 |[2.04E-07 0.13211
QTL03.grp1075.Gm06-47431886 Gm06-47431886 [3.39E-13 0.24273
QTL03.grp1100.Gm06-47431561 Gm06-47431561 [2.63E-09 0.16977
QTL03.grp1100.Gm06-47431886 Gm06-47431886 |[3.02E-12 0.22548
QTL04.grp3.Gm18-11294665 Gm18-11294665 |[3.11E-08 0.14856
QTL04.grp3.Gm18-11296601 Gm18-11296601 |9.79E-08 0.13857
QTLO4.grp4.Gm18-11294665 Gm18-11294665 |[1.40E-07 0.13541
QTL04.grp4.Gm18-11296601 Gm18-11296601 |[3.48E-07 0.1274
QTLO04.grp9.Gm18-11294665 Gm18-11294665 |3.40E-08 0.14778
QTL04.grp9.Gm18-11296601 Gm18-11296601 [1.08E-07 0.13774
QTL04.grp11.Gm18-11294665 Gm18-11294665 |[1.52E-08 0.15475
QTLO4.grp11.Gm18-11296601 Gm18-11296601 |[3.72E-08 0.147
QTL04.grp19.Gm18-11294665 Gm18-11294665 |[1.49E-07 0.13488
QTLO04.grp19.Gm18-11296601 Gm18-11296601 |3.67E-07 0.12693
QTL04.grp97.Gm18-11553151 Gm18-11553151 [8.21E-08 0.14011
QTL04.grp112.Gm18-11553151 Gm18-11553151 |[7.52E-09 0.16079
QTL04.grp131.Gm18-11054301 Gm18-11054301 ([8.46E-07 0.11952
QTL04.grp131.Gm18-11072903 Gm18-11072903 [2.07E-06 0.11152
QTL04.grp131.Gm18-11080478 Gm18-11080478 |[8.86E-07 0.11912
QTLO04.grp131.Gm18-11112407 Gm18-11112407 |[1.88E-07 0.13285
QTL04.9rp131.Gm18-11165192 Gm18-11165192 |[9.56E-11 0.19747
QTLO04.grp131.Gm18-11193191 Gm18-11193191 ([2.53E-10 0.18943
QTL04.grp131.Gm18-11199726 Gm18-11199726 [2.53E-10 0.18943
QTL04.grp131.Gm18-11287106 Gm18-11287106 |5.85E-10 0.18243
QTLO04.grp131.Gm18-11292588 Gm18-11292588 [2.38E-08 0.15089
QTL04.grp131.Gm18-11294665 Gm18-11294665 |[6.30E-10 0.1818
QTL04.grp131.Gm18-11296601 Gm18-11296601 |2.17E-09 0.1714
QTL04.grp131.Gm18-11320837 Gm18-11320837 |5.85E-10 0.18243
QTL04.grp131.Gm18-11367109 Gm18-11367109 |[8.65E-08 0.13965
QTL04.grp131.Gm18-11383891 Gm18-11383891 [9.52E-11 0.1975
QTL04.grp131.Gm18-11386229 Gm18-11386229 |[1.44E-10 0.19409
QTLO04.grp131.Gm18-11408064 Gm18-11408064 |9.52E-11 0.1975
QTL04.grp131.Gm18-11492415 Gm18-11492415 |[8.29E-07 0.1197
QTL04.grp131.Gm18-11553151 Gm18-11553151 ([2.13E-10 0.19083
QTLO04.grp167.Gm18-11165192 Gm18-11165192 |[1.30E-06 0.11572
QTL04.grp167.Gm18-11193191 Gm18-11193191 |[1.58E-06 0.11396
QTL04.grp167.Gm18-11199726 Gm18-11199726 |1.58E-06 0.11396
QTLO04.grp167.Gm18-11294665 Gm18-11294665 |[9.92E-07 0.11811
QTL04.grp167.Gm18-11296601 Gm18-11296601 |[1.24E-06 0.11612
QTLO04.grp167.Gm18-11383891 Gm18-11383891 [1.63E-06 0.11368
QTL04.grp167.Gm18-11386229 Gm18-11386229 [6.08E-07 0.12246
QTL04.grp167.Gm18-11408064 Gm18-11408064 |[1.63E-06 0.11368
QTLO04.grp167.Gm18-11553151 Gm18-11553151 ([1.44E-09 0.17484
QTL04.grp189.Gm18-11292588 Gm18-11292588 [1.94E-07 0.13257
QTL04.grp189.Gm18-11294665 Gm18-11294665 |5.71E-12 0.22037
QTL04.grp189.Gm18-11296601 Gm18-11296601 [2.67E-11 0.2079
QTL04.grp246.Gm18-11232721 Gm18-11232721 |4.02E-07 0.12613
QTLO04.grp246.Gm18-11277759 Gm18-11277759 |[6.88E-07 0.12136
QTL04.grp246.Gm18-11292588 Gm18-11292588 |[1.37E-07 0.13564
QTL04.grp246.Gm18-11294665 Gm18-11294665 |[4.94E-12 0.22154
QTLO04.grp246.Gm18-11296601 Gm18-11296601 ([2.07E-11 0.20999
QTL04.grp258.Gm18-11294665 Gm18-11294665 |[1.29E-08 0.15614
QTLO04.grp258.Gm18-11296601 Gm18-11296601 |3.08E-08 0.14864
QTL04.grp269.Gm18-11294665 Gm18-11294665 |[1.51E-08 0.1548
QTL04.grp269.Gm18-11296601 Gm18-11296601 |[2.78E-08 0.14953
QTLO04.grp279.Gm18-11294665 Gm18-11294665 |[4.30E-07 0.12553
QTL04.grp279.Gm18-11296601 Gm18-11296601 [1.10E-06 0.11715
QTL04.grp282.Gm18-11292588 Gm18-11292588 |4.61E-07 0.12491
QTL04.grp282.Gm18-11294665 Gm18-11294665 [2.09E-11 0.20991
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QTL04.grp282.Gm18-11296601 |Gm18-11296601 |9.71E-11 |0.197342
QTL04.grp298.Gm18-11294665 |Gm18-11294665 |4.02E-07 [0.126135
QTL04.grp298.Gm18-11296601 |Gm18-11296601 |1.03E-06 (0.117771
QTL04.grp316.Gm18-11294665 |Gm18-11294665 |1.02E-08 [0.158168
QTL04.grp316.Gm18-11296601 |Gm18-11296601 |2.89E-08 [0.149194
QTLO4.grp455.Gm18-11292588 |Gm18-11292588 |1.15E-06 |0.116751
QTLO4.grp455.Gm18-11294665 |Gm18-11294665 ([4.71E-10 [0.184246
QTL04.grp455.Gm18-11296601 |Gm18-11296601 |1.72E-09 [0.173352
QTLO4.9rp486.Gm18-11112407 |Gm18-11112407 |2.14E-06 [0.111216
QTLO04.grp486.Gm18-11165192 |Gm18-11165192 [4.57E-08 [0.145218
QTL04.grp486.Gm18-11193191 |Gm18-11193191 |1.87E-07 [0.132892
QTLO04.grp486.Gm18-11199726 |Gm18-11199726 |1.87E-07 |0.132892
QTL04.grp486.Gm18-11287106 |Gm18-11287106 |3.20E-07 [0.128148
QTL04.grp486.Gm18-11320837 |Gm18-11320837 |3.20E-07 [0.128148
QTLO04.grp486.Gm18-11383891 |Gm18-11383891 |4.88E-07 |0.124411
QTL04.grp486.Gm18-11386229 |Gm18-11386229 |8.23E-07 [0.119769
QTL04.grp486.Gm18-11408064 |Gm18-11408064 |4.88E-07 [0.124411
QTLO04.grp534.Gm18-11054301 |Gm18-11054301 ([1.41E-06 [0.114944
QTL04.grp534.Gm18-11112407 |Gm18-11112407 |1.55E-06 [0.114121
QTL04.grp534.Gm18-11165192 |Gm18-11165192 |1.21E-10 [0.195529
QTL04.grp534.Gm18-11193191 |Gm18-11193191 ([7.35E-10 |0.180513
QTL04.grp534.Gm18-11199726 |Gm18-11199726 |7.35E-10 [0.180513
QTLO04.9rp534.Gm18-11287106 |Gm18-11287106 |2.18E-09 |0.171333
QTL04.grp534.Gm18-11296601 |Gm18-11296601 |1.42E-06 [0.1149
QTL04.grp534.Gm18-11320837 |Gm18-11320837 |2.18E-09 [0.171333
QTLO4.9rp534.Gm18-11367109 |Gm18-11367109 |4.73E-07 |0.124691
QTL04.grp534.Gm18-11383891 |Gm18-11383891 |7.44E-10 [0.180407
QTL04.grp534.Gm18-11386229 |Gm18-11386229 |1.36E-09 [0.175308
QTLO04.9rp534.Gm18-11408064 |Gm18-11408064 |7.44E-10 |0.180407
QTLO04.grp534.Gm18-11492415 |Gm18-11492415 |[7.60E-07 [0.120484
QTL04.grp600.Gm18-11553151 |Gm18-11553151 |1.60E-07 [0.134283
QTLO04.9rp641.Gm18-11553151 |Gm18-11553151 |4.95E-07 |0.124295
QTL04.grp650.Gm18-11294665 |Gm18-11294665 |7.69E-07 [0.120375
QTL04.grp650.Gm18-11296601 |Gm18-11296601 |1.25E-06 [0.116061
QTL04.grp696.Gm18-11356887 |Gm18-11356887 |1.98E-06 [0.111919
QTL04.grp701.Gm18-11294665 |Gm18-11294665 |6.54E-07 [0.121814
QTL04.grp701.Gm18-11296601 |Gm18-11296601 |1.08E-06 [0.117313
QTL04.grp714.Gm18-11294665 |Gm18-11294665 |5.98E-07 [0.122608
QTL04.grp714.Gm18-11296601 |Gm18-11296601 |1.53E-06 [0.114253
QTLO4.grp727.Gm18-11294665 |Gm18-11294665 |1.87E-07 |0.132904
QTLO04.grp727.Gm18-11296601 |Gm18-11296601 |3.28E-07 [0.127918
QTL04.grp776.Gm18-11294665 |Gm18-11294665 |1.01E-09 [0.177809
QTL04.grp776.Gm18-11296601 |Gm18-11296601 |3.60E-09 [0.167086
QTL04.grp805.Gm18-11294665 |Gm18-11294665 |2.64E-07 [0.129846
QTL04.grp805.Gm18-11296601 |Gm18-11296601 |5.38E-07 [0.123543
QTLO04.9rp831.Gm18-11294665 |Gm18-11294665 |2.28E-07 |0.131128
QTL04.grp831.Gm18-11296601 |Gm18-11296601 |5.08E-07 [0.124053
QTL04.grp924.Gm18-11277759 |Gm18-11277759 |5.95E-07 [0.122654
QTL04.grp924.Gm18-11292588 |Gm18-11292588 |8.91E-08 [0.139385
QTL04.grp924.Gm18-11294665 |Gm18-11294665 |2.24E-12 [0.227862
QTL04.grp924.Gm18-11296601 |Gm18-11296601 |1.10E-11 [0.215136
QTLO04.grp946.Gm18-11277759 |Gm18-11277759 [5.72E-07 [0.123002
QTL04.grp946.Gm18-11292588 |Gm18-11292588 |8.69E-08 [0.139605
QTL04.grp946.Gm18-11294665 |Gm18-11294665 |2.23E-12 [0.227869
QTL04.grp946.Gm18-11296601 |Gm18-11296601 |1.04E-11 [0.215564
QTL04.grp970.Gm18-11277759 |Gm18-11277759 |2.15E-06 [0.111176
QTLO04.9rp970.Gm18-11292588 |Gm18-11292588 |2.75E-07 |0.129488
QTL04.grp970.Gm18-11294665 |Gm18-11294665 |9.95E-12 [0.215907
QTL04.grp970.Gm18-11296601 |Gm18-11296601 |3.39E-11 [0.20596
QTL04.grp1003.Gm18-11054301 |Gm18-11054301 |6.66E-07 ]0.12165
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QTL04.grp1003.Gm18-11072903 Gm18-11072903 [6.97E-07 0.1212428
QTL04.grp1003.Gm18-11080478 Gm18-11080478 |2.19E-06 0.1110229
QTL04.grp1003.Gm18-11112407 Gm18-11112407 [3.87E-07 0.1264725
QTLO04.9rp1003.Gm18-11165192 Gm18-11165192 |3.87E-09 0.1664705
QTL04.grp1003.Gm18-11193191 Gm18-11193191 |2.58E-09 0.1699083
QTL04.grp1003.Gm18-11199726 Gm18-11199726 |2.58E-09 0.1699083
QTLO04.9rp1003.Gm18-11287106 Gm18-11287106 [1.27E-07 0.1362508
QTL04.grp1003.Gm18-11320837 Gm18-11320837 [1.27E-07 0.1362508
QTL04.grp1003.Gm18-11383891 Gm18-11383891 |2.83E-08 0.149387
QTL04.grp1003.Gm18-11386229 Gm18-11386229 |1.48E-08 0.1549915
QTL04.grp1003.Gm18-11408064 Gm18-11408064 |2.83E-08 0.149387
QTL04.grp1003.Gm18-11553151 Gm18-11553151 [2.53E-07 0.1302242
QTL04.grp1015.Gm18-11232721 Gm18-11232721 |5.95E-09 0.1627913
QTL04.grp1079.Gm18-11553151 Gm18-11553151 |8.41E-08 0.1398978
QTL05.g9rp166.Gm02-5192361 Gm02-5192361 9.64E-07 0.118365
QTL05.grp166.Gm02-5193024 Gm02-5193024 9.64E-07 0.118365
QTLO05.9rp237.Gm02-5192361 Gm02-5192361 5.04E-07 0.1241272
QTL05.grp237.Gm02-5193024 Gm02-5193024 5.04E-07 0.1241272
QTL05.grp245.Gm02-5192361 Gm02-5192361 1.47E-06 0.1145768
QTLO05.9rp245.Gm02-5193024 Gm02-5193024 1.47E-06 0.1145768
QTL05.grp263.Gm02-5192361 Gm02-5192361 1.08E-06 0.1173432
QTL05.grp263.Gm02-5193024 Gm02-5193024 1.08E-06 0.1173432
QTL05.grp302.Gm02-5192361 Gm02-5192361 1.17E-06 0.1166
QTL05.grp302.Gm02-5193024 Gm02-5193024 1.17E-06 0.1166
QTL05.grp466.Gm02-5166919 Gm02-5166919 4.73E-07 0.1246799
QTL05.grp500.Gm02-5192361 Gm02-5192361 1.09E-07 0.1375936
QTL05.grp500.Gm02-5193024 Gm02-5193024 1.09E-07 0.1375936
QTL05.grp671.Gm02-5166919 Gm02-5166919 1.56E-06 0.1140826
QTL05.grp748.Gm02-5166919 Gm02-5166919 4.16E-07 0.1258197
QTL05.grp795.Gm02-5179693 Gm02-5179693 1.55E-06 0.1141125
QTL05.grp827.Gm02-5166919 Gm02-5166919 3.33E-07 0.127801
QTL05.grp1065.Gm02-5166919 Gm02-5166919 5.60E-07 0.123187
QTL05.grp1103.Gm02-5192361 Gm02-5192361 2.82E-07 0.1292537
QTLO05.grp1103.Gm02-5193024 Gm02-5193024 2.82E-07 0.1292537
QTL06.grp45.Gm08-1552810 GmO08-1552810 4.85E-07 0.1244749
QTL06.grp84.Gm08-1552810 Gm08-1552810 3.17E-07 0.1282195
QTL06.grp107.Gm08-1552810 Gm08-1552810 4.85E-07 0.1244609
QTL06.grp124.Gm08-1552810 Gm08-1552810 3.56E-07 0.127199
QTL06.grp169.Gm08-1552810 Gm08-1552810 3.86E-07 0.1264927
QTL06.9rp261.Gm08-1552810 Gm08-1552810 5.91E-07 0.1227101
QTL06.grp278.Gm08-1552810 Gm08-1552810 1.17E-06 0.1166279
QTL06.grp355.Gm08-1552810 Gm08-1552810 7.43E-07 0.1206748
QTL06.grp436.Gm08-1552810 Gm08-1552810 2.03E-06 0.1117106
QTL06.9rp499.Gm08-1552810 Gm08-1552810 1.62E-06 0.1137461
QTL06.grp504.Gm08-1552810 GmO08-1552810 4.11E-08 0.1461375
QTL06.grp523.Gm08-1552810 Gm08-1552810 3.81E-08 0.1468004
QTL06.grp532.Gm08-1552810 Gm08-1552810 4.77E-07 0.124619
QTL06.grp576.Gm08-1552810 Gm08-1552810 6.30E-07 0.1221444
QTL06.grp616.Gm08-1552810 Gm08-1552810 6.46E-08 0.1422035
QTL06.grp634.Gm08-1552810 Gm08-1552810 7.80E-08 0.1405514
QTL06.grp673.Gm08-1552810 Gm08-1552810 5.86E-08 0.143042
QTL06.grp690.Gm08-1552810 Gm08-1552810 1.36E-06 0.1152706
QTL06.grp720.Gm08-1552810 Gm08-1552810 1.01E-08 0.1582399
QTL06.grp734.Gm08-1552810 Gm08-1552810 2.29E-07 0.13109
QTL06.grp803.Gm08-1552810 Gm08-1552810 1.69E-06 0.1133537
QTL06.grp895.Gm08-1552810 Gm08-1552810 5.35E-08 0.1438353
QTL06.9rp899.Gm08-1552810 Gm08-1552810 7.38E-09 0.1609587
QTL06.grp927.Gm08-1552810 Gm08-1552810 1.51E-08 0.154787
QTLO7.grp84.Gm11-30110423 Gm11-30110423 [5.95E-07 0.1226556
QTLO7.grp84.Gm11-30113492 Gm11-30113492 |3.55E-07 0.1272237
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QTL-multiple metabolite cluster SNP pval Rsq
QTLO7.9rp84.Gm11-30114287 Gm11-30114287 |7.82E-07 0.120228
QTL07.9rp98.Gm11-30114287 Gm11-30114287 |4.30E-07 0.125544
QTL07.9rp169.Gm11-30110423 Gm11-30110423 |3.42E-08 0.147744
QTLO07.9rp169.Gm11-30113492 Gm11-30113492 |5.47E-08 0.143649
QTL07.9rp169.Gm11-30114287 Gm11-30114287 |1.71E-07 0.133687
QTL07.9rp354.Gm11-30110423 Gm11-30110423 |4.78E-07 0.12459
QTLO7.g9rp355.Gm11-30110423 Gm11-30110423 |2.99E-09 0.168668
QTL07.9rp436.Gm11-30110423 Gm11-30110423 |2.94E-07 0.12889
QTL07.9rp436.Gm11-30113492 Gm11-30113492 |1.19E-06 0.116518
QTLO7.9rp504.Gm11-30110423 Gm11-30110423 |1.67E-06 0.113459
QTL07.9rp504.Gm11-30113492 Gm11-30113492 |7.18E-07 0.120983
QTL07.9rp611.Gm11-30154190 Gm11-30154190 |5.04E-08 0.144367
QTLO07.9rp690.Gm11-30110423 Gm11-30110423 |4.11E-09 0.16596
QTL07.9rp734.Gm11-30110423 Gm11-30110423 |9.34E-07 0.118644
QTL07.grp734.Gm11-30113492 Gm11-30113492 |1.24E-06 0.116123
QTLO7.9rp734.Gm11-30114287 Gm11-30114287 |1.23E-06 0.116198
QTL07.9rp794.Gm11-30114287 Gm11-30114287 |1.36E-06 0.115295
QTL07.9rp810.Gm11-30110423 Gm11-30110423 |8.21E-08 0.140106
QTLO7.9rp810.Gm11-30113492 Gm11-30113492 |8.12E-08 0.140198
QTL07.9rp810.Gm11-30114287 Gm11-30114287 |1.07E-06 0.117446
QTL07.9rp927.Gm11-30110423 Gm11-30110423 |1.02E-07 0.138207
QTL07.9rp927.Gm11-30113492 Gm11-30113492 |3.33E-07 0.127793
QTL07.9rp944.Gm11-30110423 Gm11-30110423 |3.57E-08 0.147361
QTL07.9rp944.Gm11-30113492 Gm11-30113492 |6.08E-09 0.162608
QTLO7.9rp944.Gm11-30114287 Gm11-30114287 |8.41E-09 0.159835
QTL07.9rp944.Gm11-30214512 Gm11-30214512 |2.08E-06 0.111493
QTL07.9rp961.Gm11-30110423 Gm11-30110423 |1.32E-07 0.135954
QTLO7.9rp961.Gm11-30113492 Gm11-30113492 |2.01E-07 0.132233
QTL07.9rp1124.Gm11-30114287 Gm11-30114287 |1.22E-06 0.116258
QTL08.grp279.Gm04-37366196 Gm04-37366196 |2.17E-07 0.131583
QTL08.grp298.Gm04-37366196 Gm04-37366196 |2.52E-07 0.130244
QTL08.grp714.Gm04-37366196 GmO04-37366196 |2.07E-08 0.152084
QTL08.grp841.Gm04-37366196 Gm04-37366196 |1.02E-08 0.15816
QTL08.grp845.Gm04-37366196 Gm04-37366196 |2.20E-08 0.151556
QTL08.grp893.Gm04-37366196 GmO04-37366196 |3.31E-07 0.127855
QTL08.grp916.Gm04-37068922 Gm04-37068922 |1.03E-06 0.117813
QTL08.grp916.Gm04-37129463 Gm04-37129463 |1.03E-06 0.117813
QTL08.grp916.Gm04-37187883 Gm04-37187883 |1.03E-06 0.117813
QTL08.grp916.Gm04-38194007 Gm04-38194007 |1.03E-06 0.117813
QTL08.grp916.Gm04-38658568 Gm04-38658568 |1.03E-06 0.117813
QTL08.grp916.Gm04-39265590 Gm04-39265590 |1.03E-06 0.117813
QTL08.grp916.Gm04-39378068 Gm04-39378068 |1.03E-06 0.117813
QTL08.grp1057.Gm04-36913117 Gm04-36913117 |7.65E-09 0.160649
QTL08.grp1057.Gm04-37068922 GmO04-37068922 |1.42E-10 0.194224
QTL08.grp1057.Gm04-37129463 GmO04-37129463 |1.42E-10 0.194224
QTL08.grp1057.Gm04-37187883 GmO04-37187883 |1.42E-10 0.194224
QTL08.grp1057.Gm04-38194007 GmO04-38194007 |1.42E-10 0.194224
QTL08.grp1057.Gm04-38658568 Gm04-38658568 |1.42E-10 0.194224
QTL08.grp1057.Gm04-39265590 Gm04-39265590 |1.42E-10 0.194224
QTL08.grp1057.Gm04-39378068 Gm04-39378068 |1.42E-10 0.194224
QTL08.grp1080.Gm04-37068922 Gm04-37068922 |2.19E-06 0.111049
QTL08.grp1080.Gm04-37129463 Gm04-37129463 |2.19E-06 0.111049
QTL08.grp1080.Gm04-37187883 Gm04-37187883 |2.19E-06 0.111049
QTL08.grp1080.Gm04-38194007 Gm04-38194007 |2.19E-06 0.111049
QTL08.grp1080.Gm04-38658568 Gm04-38658568 |2.19E-06 0.111049
QTL08.grp1080.Gm04-39265590 GmO04-39265590 |2.19E-06 0.111049
QTL08.grp1080.Gm04-39378068 Gm04-39378068 |2.19E-06 0.111049
QTL08.grp1083.Gm04-37366196 Gm04-37366196 |4.11E-10 0.185385
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Supplementary Table 3.4 G. max ecotypes used for sequence analysis of the UGT gene.

P Name Origin

P1 89772 7193 China

P1438496 A ([Peking United States

P1 548658 Lee 74' Arkansas, United States

P1 548656 Lee' Mississippi, United States
DNC Dunphy NC

P1437654 Er-hej-jan China

P1 548982 Pickett 71 Mississippi, United States
Pl 567548 Bua li hu zi 8handong Sheng, China
P1417500 Bscura A Brazil

P190763 7570 Beijing Shi, China

Pl 641156 NC-Raleigh' North Carolina, United States
P1 88788 5913 Eiaoning Sheng, China
P184973 Takiya Saitama, Japan

P1 548402 Peking' Beijing Shi, China

P1 86006 Riio Shokuzu Bokkaidd, Japan

P184631 B-56 Kyonggi, Korea, South

Pl 423926 fousan 72 Nagano, Japan

P1 58955 @ommon Yellow VdShandong Sheng, China

P1 70080 6908 Filin Sheng, China

Pl 81785 Chusei Hadaka Hokkaido, Japan

Pl 84656 S-81 Kyonggi, Korea, South

Pl 92651 7846 Jilin Sheng, China

Pl 404166 Krasnoarmejskaja |China

Pl 438258 VIR 4714 China

P1 240664 Bilomi No. 3 Buzon, Philippines
P184946-2 |fKandokon) Busan-gwangyeoksi, Korea, South
P1 200508 Natsu Daizu Japan

P1 88468 Iganzu Liaoning Sheng, China
P1438323 Grignon 53-F-3 France

P186904-1 |Bukota Chungcheongbuk-do, Korea, South
P186972-2 |(Pakute) Jeollabuk-do, Korea, South
P1361093 Novosadska Br. 1 |Serbia

P1417479 Yougetsu Japan

Pl 83881 Orukon Kangweonto, Korea, North
Pl 84656 8-81 Kyonggi, Korea, South
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Supplementary Table 3.5 A list of primers (5” to 3”) for sequence analysis of the UGT

gene.

Forward Primer

Reverse Primer

GCAAGCATTCCAATCGCTCCCA

CACAGTGCTATGTCCTGAATTGATT
GC

ATGGGCTCCTTGATTGTTCCAGGT

TGTGGTTGGCCTTCTGCAGTTTGA

ATGGGCTCCTTGATTGTTCCAGG

CTAACTTTTGTGGTTGGCCTTCTG

ATGGGCTCCTTGATTGTTCCAGG

GAGAATTGTTCAATTGTGTTCTGA

TTCTCACCTCACACCAAGGTA

CTTCACTTTCACCCTTTTTCCTA

TGAAGACGGGGAAGGCAATGACT

CTAACTTTTGTGGTTGGCCTTCTG

Supplementary Table 3.6 A list of primers (5” to 3”) for sequence analysis of the UGT

gene promoter region.

Forward Primer

Reverse Primer

GTGAAACTTCATAAAGGGCCCAAC
GC

GGGAGCGATTGGAATGCTTGCAC

TGAAAGGTCCACCCTGAAAGCCA

AACCACGCGCTTTGTCGGGA

GCTCAAGAGACCACACCATGGCA

GGTTACCTTGCTCACTCTTCTC

GCTCTTTCTCTCCGAGTCTTTC

TCCCAAGGTGTCGTTTATGG GGAATGCTTGCACACTGATTT
TAAGGCGAGGAGTGGACATA CATGTTCACCTGGAACAATCAAG
CACCATAACCTGCCACAGTATAA TTGCTTCCACTCCACCATAAA
AGCGCGTGGTTCCCATGTGT ACCTGGAACAATCAAGGAGCCCA

TGCATCCAGCTCTTCGTCCACCT

GGGAGCGATTGGAATGCTTGCAC

Supplementary Table 3.7 A list of primers (5” to 3”) for the UGT gene expression

analysis.

Forward Primer

Reverse Primer

GTGTAATGTTGGATGTGTTCCC

ACACAATTGAGTTCAACACAAACCG

CACCAAGGTACTGCTGGATT

GGAAATTCTACCTCTGTCGAATATG
A

AGGTACTGCTGGTTACATGAC

ATAATTGGAAATTCTACCTCTGTCG

CCATGTGAACAAGTTGGGTTG

ATGGTGAGTCCCTGGTAGAT

AGTCACCTCATTCCCGTAGTA

GTGGCTGTGGTGGTGATTAT

TACCAGGGACTCACCATTCT

GGTAGAACATGTCGGTGAACA

TAGCTAGGCTCTTTGCCATTC

ACTTGACAACGTGGGTTCTAATA
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GAGGGAGATTATGAGGAGCATTA | CCTCTATCGGCCTTATCCAAAG
C

TGAATTGAAGATGACGCGTTTG GCTCTTTCTCTCCGAGTCTTTC

GAGTTTGGAGATGAGGTGGTAAA | GAAGACCCTCCAACCTGAATAG
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