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Maize metabolism is highly complex and influenced by genetic variation, yet the specific genes contributing
to this variation and their links to non-metabolic traits remain less understood. To address this knowledge
gap, we identified genes involved in maize metabolic variation and linked them to non-metabolic traits. We
utilized a quadruplicate dataset of whole genome resequencing, transcriptomic, metabolic, and whole plant
phenotype data from a single common field experiment of 660 diverse maize inbred lines. Leaf samples
were collected shortly before flowering and analyzed using GC-MS for 26 metabolites. A Resampling
Model Inclusion Probability Genome-Wide Association Study (RMIPGWAS) of approximately 2.6 million
SNPs was conducted for these metabolites, identifying 155 candidate genes, with 17 showing particularly
strong signals. A parallel Transcriptome Wide Association Study (TWAS) identified 6 candidate genes. A
random forest feature importance-based approach identified one overlapping gene, Cu(2+)-exporting
ATPase, and other genes not found by TWAS. Three loci associated with metabolite traits were also linked
to non-metabolic traits in RMIPGWAS of 41 non-metabolic traits, including whole plant phenotypes,
hyperspectral, and photosynthetic traits. Key genes identified include Zm00001eb270570 (Theobromine
synthase), Zm00001eb354560 (Ubiquitin carboxyl-terminal hydrolase), and Zm00001eb051410 (N-acetyl-
gamma-glutamyl-phosphate reductase). Our analysis showed that each method identified unique sets of
genes associated with metabolite variation, demonstrating the complementary nature of different genomic
approaches. The use of machine learning techniques like RF is crucial for identifying genes from gene
expression data. These findings facilitate further studies on the roles of these metabolites and genes in plant
growth and development.
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Property of the Metabolite Variation in Maize. A) Repeatability (r): Bar graph quantifying the
Repeatability for various metabolites, where a higher bar suggests a stronger genetic influence
on the metabolite’s expression, and a lower bar suggests a lesser genetic influence. B) Variance
Partitioning: A stacked bar chart shows the contribution of different factors to the total variance
for each metabolite. The colors in the bars correspond to the proportion of variance attributed to
Genotype, Batch, Run Order, and Residual factors.

Genes Associated with Metabolite Variation via Resampling Model Inclusion Probability
Genome-Wide Association Study (RMIPGWAS). A result of a RMIPGWAS conducted using the
FarmCPU algorithm. The x-axis represents maize chromosomes, while the y-axis indicates
RMIP values, reflecting the probability of SNP associations with the metabolite traits under
study. Different colored dots represent SNPs associated with specific metabolites, as indicated
in the legend. These specific metabolites, chosen for their associations with an RMIP value of
0.3 and above, are highlighted in various colors, while remaining metabolites are highlighted in
grey. The plot includes two horizontal dashed lines marking RMIP significance thresholds: the
upper line at 0.2 (indicating SNPs significant in at least 20% of resampled datasets) and the lower
line at 0.1 (indicating SNPs significant in at least 10% of resampled datasets). Key genes are
highlighted above the plot. The physical positions between the chromosomes are marked with
horizontal lines in two different colors

Genes Associated with Metabolite Variation via Transcriptome-wide Association Studies
(TWAS). The TWAS results use transcript abundance data to identify genes associated with
metabolite variation. The x-axis represents maize chromosomes, while the y-axis shows the -
log10(p-values) for associations between gene expression levels and metabolite concentrations.
Individual genes are represented by dots, with those above the dashed red line meeting the
Bonferroni-corrected significance threshold, indicating a significant association with metabolite
variations. Different colored dots correspond to genes associated with specific metabolites, as
detailed in the legend. Key genes are highlighted above the plot, with overlapping genes
identified between TWAS and RF analysis circled in two round circles

A Random Forest (RF) feature importance-based approach was conducted for three specific
metabolites, each with at least one significant association found in both RMIPGWAS and TWAS.
This panel displays a series of bar charts, where the x-axis represents the feature importance
scores (as numerical values) and the y- axis lists the genes identified by the Random Forest
analysis. Two key genes are highlighted with distinct shapes for emphasis: a star shape indicates
a gene directly associated with metabolites, while a square shape indicates genes that overlap
with both TWAS and RF results. The feature importance scores provide insight into the
significance of each gene in relation to metabolite variation, underscoring their critical roles in
plant metabolism and development

35

36

37

38



F.5

F.6

F.7

F.8

Venn Diagram shows the numbers of shared and uniquely identified genes associated with
metabolite variation using quantitative genetics and machine learning methods with key genes
highlighted mentioned in each circle

The figure displays results from an RMIPGWAS conducted using the FarmCPU algorithm,
highlighting genes associated with metabolite and non-metabolite variation. The x-axis
represents the physical position of a particular chromosome in maize, measured in megabases
(MB), while the y-axis indicates RMIP values, reflecting the probability of SNP associations
with the traits under study. Different colored dots represent SNPs associated with specific traits.
These traits were chosen for their associations with both metabolite and non-metabolite traits. A
horizontal dashed line at RMIP = 0.1 marks the significance threshold, indicating SNPs are
significant in at least 10% of resampled datasets. The gene of interest is highlighted above the x-
axis in red. Below the x-axis, an LD (Linkage Disequilibrium) plot is included for the same
chromosome region, showing the LD levels of the gene and associated markers, with a color key
indicating high LD in red and lower LD in yellow. This comprehensive figure illustrates the
genetic associations and linkage disequilibrium relevant to the traits under study

The figure displays results from an RMIPGWAS conducted using the FarmCPU algorithm,
highlighting genes associated with metabolite and non-metabolite variation. The x-axis
represents the physical position of a particular chromosome in maize, measured in megabases
(MB), while the y-axis indicates RMIP values, reflecting the probability of SNP associations
with the traits under study. Different colored dots represent SNPs associated with specific traits.
These traits were chosen for their associations with both metabolite and non-metabolite traits. A
horizontal dashed line at RMIP = 0.1 marks the significance threshold, indicating SNPs are
significant in at least 10% of resampled datasets. The gene of interest is highlighted above the x-
axis in red. Below the x-axis, an LD (Linkage Disequilibrium) plot is included for the same
chromosome region, showing the LD levels of the gene and associated markers, with a color key
indicating high LD in red and lower LD in yellow. This comprehensive figure illustrates the
genetic associations and linkage disequilibrium relevant to the traits under study

The figure displays results from an RMIPGWAS conducted using the FarmCPU algorithm,
highlighting genes associated with metabolite and non-metabolite variation. The x-axis
represents the physical position of a particular chromosome in maize, measured in megabases
(MB), while the y-axis indicates RMIP values, reflecting the probability of SNP associations
with the traits under study. Different colored dots represent SNPs associated with specific traits.
These traits were chosen for their associations with both metabolite and non-metabolite traits. A
horizontal dashed line at RMIP = 0.1 marks the significance threshold, indicating SNPs are
significant in at least 10% of resampled datasets. The gene of interest is highlighted above the x-
axis in red. Below the x-axis, an LD (Linkage Disequilibrium) plot is included for the same
chromosome region, showing the LD levels of the gene and associated markers, with a color key
indicating high LD in red and lower LD in yellow. This comprehensive figure illustrates the
genetic associations and linkage disequilibrium relevant to the traits under study
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Venn Diagram shows the numbers of shared and uniquely identified genes associated with
metabolite and non-metabolites variation using RMIPGWAS with shared genes highlighted
mentioned in the middle circle

The figure displays a series of scatter plots, each representing the relationship between
replicate measurements (REP1 and REP2) for different metabolites. The data points on
each plot correspond to the replicated genotypes from the metabolite study. The x-axis
represents the measurements from the first replicate (REP1), and the y-axis represents the
measurements from the second replicate (REP2).

Repeatability (r): Bar graph quantifying the repeatability for various plant phenotypes,
where a higher bar suggests a stronger genetic influence on the metabolite's expression,
and a lower bar suggests a weaker genetic influence.

Repeatability (r): Bar graph quantifying the repeatability for various photosynthetic traits,
where a higher bar suggests a stronger genetic influence on the metabolite's expression,
and a lower bar suggests a weaker genetic influence.

Repeatability (r): Bar graph quantifying the repeatability for various hyperspectral traits,
where a higher bar suggests a stronger genetic influence on the metabolite's expression,
and a lower bar suggests a weaker genetic influence.

Principal Component Analysis (PCA): This scatter plot visualizes the principal component
analysis for maize genotypes based on metabolite data. Each dot on the plot represents an
individual maize genotype, positioned according to its scores on the first two principal
components which explain a certain percentage of the variation in the dataset. The lines, or
vectors, extend from the plot origin to labels indicating specific metabolites. These lines
show the loadings of each metabolite, illustrating their influence on the principal
components. The direction and length of the lines suggest how each metabolite correlates
with the principal components and with each other.

Correlation (r): Heatmap presenting the correlation coefficients between metabolites. Dark
red squares indicate a strong positive correlation, while dark blue squares indicate a strong
negative correlation, and lighter colors suggest weaker correlations. Coefficient values are
displayed inside the squares for clarity.

Correlation (r): Heat map presenting the correlation coefficients between the metabolites
and non-metabolite traits. Dark red squares indicate a strong positive correlation, while
dark blue squares indicate a strong negative correlation and lighter colors suggest weaker
correlations.
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A8

A9

A.10

A1l

The figure displays Linkage Disequilibrium (LD) plots for seven key genes associated
with metabolites identified from RMIPGWAS. Each subplot represents the LD
structure surrounding one of the genes: Theobromine synthase, Benzoate O-
methyltransferase, Ubiquitin carboxyl-terminal hydrolase, Phosphoglycolate
phosphatase, Peroxidase, Protein kinase domain, and Dimethylaniline
monooxygenase. The LD levels are depicted with a color gradient, where red indicates
high LD (r* value close to 1) and yellow indicates lower LD. The green cross marks
the gene of interest, while the blue cross marks a specific marker or SNP (Single
Nucleotide Polymorphism). This comprehensive figure provides a visual
representation of the genetic associations and LD patterns relevant to the traits under
study.

The figure presents a series of scatter plots illustrating the relationship between
metabolite levels and gene expression for argC gene identified through Random forest
(RF).

The figure presents a series of scatter plots illustrating the relationship between
metabolite levels and gene expression for significant genes identified through
Transcriptome-Wide Association Studies (TWAS). Each plot compares the expression
of a specific gene with the level of a corresponding metabolite, with pairings as
follows: Glycerol 1 phosphate with Zm00001eb262130 (R*> = 0.062),
Zm00001eb262520 (R* = 0.064), Zm00001eb260790 (R* = 0.063), and
Zm00001eb431150 (R? = 0.056); L glutamic_acid with Zm00001eb431150 (R? =
0.061); and Quinic_acid with Zm00001eb147850 (R*> = 0.071). In each scatter plot,
the x-axis represents gene expression levels and the y-axis represents metabolite
levels, with a blue line indicating the linear regression fit. The R? value, shown in red,
quantifies the strength of the relationship, with higher values indicating stronger
correlations. This figure effectively illustrates the associations between significant
genes and their corresponding metabolites, highlighting the genetic influences on
metabolite levels.

Combined Profile of Feature Importance Scores from Original and Shuffled Data:
This panel showcases a feature importance plot derived from a Random Forest
analysis of gene expression data. The x-axis represents feature importance scores
where a score of 0 represents the average feature importance while the y-axis indicates
the density of these scores. The green area indicates the distribution of feature
importance scores based on original gene expression data, while the red area
represents the importance scores from a shuffled dataset used as a control. The blue
dotted lines indicate the established threshold for significant feature importance.
Scores that surpass this blue threshold in the original data are considered biologically
significant, as they exceed what would be expected by chance. The threshold is set at
a level where features exceeding a score of certain feature importance score
correspond to an FDR of approximately 0.05, highlighting genes that are considered
to have a significant impact on metabolites.
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A.12

Genes Associated with Metabolite and Non-metabolite Variation via Resampling 59

Model Inclusion Probability Genome-Wide Association Study (RMIPGWAS). A
result of a RMIPGWAS conducted using the FarmCPU algorithm. The x-axis
represents maize chromosomes, while the y-axis indicates RMIP values, reflecting
the probability of SNP associations with the traits under study. Colored dots
distinguish SNPs associated with specific traits: purple for Whole Plant
Phenotypes, orange for Hyperspectral traits, pink for Metabolite traits, and green
for Photosynthetic traits. The plot includes two horizontal dashed lines marking
RMIP significance thresholds: the upper red dashed line at 0.20 (indicating SNPs
significant in at least 20% of resampled datasets) and the lower blue dashed line at
0.10 (indicating SNPs significant in at least 10% of resampled datasets). The
physical positions between the chromosomes are marked with horizontal lines in
two different colors. The physical positions between the chromosomes are marked
with horizontal lines in two different colors.
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Introduction

Maize and Diversity panel

Maize (Zea mays L.) was domesticated from its wild relative, the lowland grass teosinte, around 9,000
years ago in southwestern Mexico [109, 90]. Today, maize is the most widely cultivated grain globally, with
the United States Department of Agriculture (USDA) estimating production of about 1.23 billion metric
tons for the 2023/2024 period [152]. Maize’s ability to thrive under diverse environmental conditions
suggests that its metabolism, particularly the varied metabolites it produces, may contribute to its growth,
development, and adaptability across different climates [38, 130]. Despite the reduction in genetic diversity
through domestication, maize retains substantial metabolic variability among its genotypes. This metabolic
variation is crucial for studying plant metabolism and its influence on various plant phenotypes, as it
provides insights into how different genotypes adapt to environmental stresses and affect plant traits [154,
38, 130, 132].

There are various methods to link genes to metabolic variation, including mutant studies, expressing genes
in heterologous systems, and characterizing their effects. However, a powerful approach is to use
association panels to find an association between genes and traits of interest [ 137]. Diversity panels play a
critical role in crop research by offering a unique perspective on genetic variability and its implications for
plant breeding and conservation. These panels, consisting of a wide array of genotypes, help identify genetic
variants linked to important plant traits, facilitating the discovery of novel alleles and gene variants that
contribute to traits such as disease resistance, yield potential, and environmental adaptability [53]. In crops
like rice, maize, wheat, and soybean, diversity panels have been instrumental in unraveling the genetic basis
of phenotypic variation, contributing to the development of improved cultivars for different climatic
conditions and agronomic needs [92]. Additionally, diversity panels help understand evolutionary processes
and guide conservation strategies for wild relatives and landraces, preserving genetic resources crucial for
future breeding efforts [3].

There are multiple maize diversity panels, including the MAP/282 and SAM panels. However, the
Wisconsin Diversity (WiDiv) panel, with 752 lines, is one of the largest and most widely used panels in
North America. This panel includes a diverse collection of public, expired plant variety protection (exPVP),
and germplasm enhancement of maize (GEM)-derived inbreds representing major North American field
corn heterotic groups, such as stiff stalk, non-stiff stalk, and Iodent. It also contains unselected inbreds from
synthetic populations and landraces, including 54 inbreds from the Iowa stiff stalk cycle 0 (BSSSCO0)
synthetic population [91]. The panel’s whole-genome resequencing data is available and provides a
comprehensive genetic resource for researchers [48]. Furthermore, various traits have been scored across
the entire panel or subsets of it, providing valuable phenotypic data [100]. In addition, RNA-seq data has
been profiled for the entire panel using tissue collected at the same time and from the same experiment as
this study [146, 147]. The extensive genetic diversity of the WiDiv panel makes it an essential tool for
researchers and breeders working on developing improved maize varieties. It offers an extensive range of
genetic diversity and is an invaluable resource for researchers and breeders working towards the
development of improved maize varieties [91].



The Significance of Plant Metabolism

Plants can produce a wide array of metabolites with diverse structures that perform essential roles in growth,
cellular regeneration, resource allocation, development, and responses to biotic and abiotic stresses.
Additionally, these metabolites are valuable resources for human nutrition, bioenergy, medicine, flavorings,
and more [27]. While the total number of metabolites across all plant species can range from a few thousand
to one million, each plant species typically synthesizes a specific subset, ranging from about 5,000 to several
tens of thousands [115]. Understanding plant metabolism is crucial for sustainable agriculture and resource
conservation, especially under changing climate conditions [97].

Metabolites can be classified into two main types: primary metabolites and specialized metabolites. Primary
metabolites include proteins, amino acids, nucleotides, lipids, and carbohydrates, which are closely related
to crop performance due to their essential roles in growth, development, and life cycle. When interacting
with the environment, plants rely heavily on specialized metabolites. These compounds help plant growth
and adaptation to changing environments and provide valuable resources for human health [38]. Many
drugs are derived from plants, with plant metabolites playing a pivotal role. In the last two decades, many
new medicines, such as alkaloids, terpenoids, flavonoids, and glycosides have been based on these
metabolites. These compounds, essential for plant defense and other functions, have proven crucial for
developing therapeutic agents for various diseases [106].

Genetic Bases of Plant Metabolic Diversity

Plant metabolic diversity is driven by the complex interactions of numerous genes that regulate the
biosynthesis of a wide range of metabolites. The diversity in metabolic pathways enables plants to respond
to biotic and abiotic stresses. While the metabolic diversity between different plant species has been widely
studied, the diversity within species is now being explored more extensively. Understanding the genetic
basis of this intra-species diversity is crucial for improving plant resilience and productivity. Recent
advances in genomics and metabolomics have enabled the identification and characterization of key genes
involved in plant metabolism, providing new insights into this complex process [39]. These developments
have uncovered the genetic foundations contributing to variations in metabolite production among different
plant species and varieties. Understanding these genetic mechanisms not only enhances our knowledge of
plant metabolism but also opens up opportunities for developing new plant varieties with improved traits
through selective breeding and biotechnological approaches [44,19].

Studies have helped uncover the crucial genes associated with metabolite variation in different crop species,
especially in maize [36]. Through comprehensive genetic and molecular analyses, including GWAS and
expression QTL analysis, researchers have uncovered the roles and mechanisms of two key genes, Bx12
and ZmGLK44, in regulating metabolite biosynthesis and improving drought tolerance in maize. Bx12
increases the production of protective metabolites, particularly within the benzoxazinoid pathway, during
drought conditions. In contrast, ZmGLK44 coordinates the expression of multiple genes involved in the
flavonoid and phenylpropanoid pathways, which respond to drought by influencing metabolic and
physiological reactions [172]. Research on maize revealed 1,459 significant genetic loci associated with
metabolic traits across 983 metabolite features in 702 varieties, underscoring the metabolic genetic diversity
influencing maize kernel metabolism [162]. A study emphasized the integration of genetic and metabolomic
approaches in maize, where more than half of the identified loci were validated by expression QTLs and
linkage mapping, leading to the discovery and confirmation of five crucial genes associated with metabolic
traits [162]. Another piece of investigation in maize related research, which involved 289 inbred lines,
identified significant genetic variants associations with 26 metabolites. Notably, it established links between
lignin precursors and a key gene on chromosome 9, connecting these metabolites to essential agronomic



traits [117]. A GWAS study combining metabolic, and phenotypes analyzed 2,980 metabolic features in 299
cassava accessions, identifying 18,218 significant marker-metabolite associations and 12 candidate genes.
Functional validation confirmed the roles of the genes such as Me3GT, MeMYB4, and
UGTS85K4/UGT85KS5 in flavone, anthocyanin, and cyanogenic glucoside metabolism [31]. A study
identified a tomato gene cluster on chromosome 7 that is responsible for medium chain acylsugar
biosynthesis. This cluster includes acyl-CoA synthetase and enoyl-CoA hydratase genes and co-localizes
with a steroidal alkaloid gene cluster. The formation of this gene cluster correlates with medium chain
acylsugar accumulation, illustrating gene cluster evolution and metabolite diversity in Solanaceae [35]. A
study employing GWAS linked 123 SNPs to drought-related metabolic traits in 318 maize lines, uncovering
23 loci associated with metabolite variation under drought conditions [174]. Comparative GWAS between
rice and maize have identified 420 and 292 loci associated with 123 metabolites in rice and maize,
respectively. This study revealed 42 homologous loci that influence the abundance of approximately 19%
of the detected metabolites across both species [23]. GWAS across a diverse range of plant species
demonstrated that plant metabolism is moderately heritable, consistent with the polygenic nature of these
traits [22]. These studies explore the genetic basis of metabolic variations in plants, identifying key genes
responsible for the regulation of metabolite biosynthesis and stress responses. They highlight the complex
interplay between genetic factors and metabolic diversity, offering insights into the mechanisms underlying
metabolite variation and providing potential targets for crop improvement.

Linking Metabolic Variation to Plant Phenotypes

Investigating the genetic and biochemical underpinnings of plant metabolism provides essential insights
into the development and variation of phenotypic traits. These studies help us understand how specific
metabolic pathways and genetic variations contribute to observable characteristics in plants [36, 93]. For
instance, research on Arabidopsis and maize has shown considerable overlap between the levels of primary
metabolites and lignin precursors with biomass production [81, 18, 117]. Research on potatoes has
identified that loci associated with metabolite production share locations with those involved in starch
content and the process of cold sweetening [18]. A study on tomato introgression lines (ILs) explains the
genetic and environmental determinants of seed metabolic traits, revealing 30 metabolite quantitative trait
loci (mQTLs) and highlighting the central role of amino acids in the seed metabolic network’s topology
[149]. These studies explored how genetic variants influence both metabolites and other plant phenotypes.

Genome Wide Association Study (GWAS)

Advances in genomic technologies, novel methodological developments, and a keen interest in exploring
trait variations across diverse genetic backgrounds have driven the early surge in association mapping
studies in various crop species [179]. The creation of reference genomes and the rise of high-density
genotyping have greatly enhanced the accessibility and richness of genomic data [95]. Genome-wide
association Studies (GWAS) are a powerful method used to identify genetic variants associated with
specific traits. In a GWAS, researchers test hundreds of thousands to millions of genetic variants across the
genomes of many individuals to find associations between specific genotypes and phenotypes [140]. This
method helps pinpoint genetic loci that contribute to important traits. GWAS have been extensively used to
investigate agriculturally essential traits in many major crop species, including maize (Zea mays L.) [144].

The theoretical underpinnings of GWAS, initially discussed in the mid-1990s, were focused on
understanding the genetics of heritable human diseases [69, 118]. The practical application of these theories
became feasible following the release of the preliminary version of the human genome and the
establishment of SNP datasets [70]. The first GWAS publication in 2002 identified genetic markers
associated with the risk of myocardial infarction, examining around 65,000 genome-wide SNPs in 94



individuals [105]. Subsequently, GWAS has facilitated the identification of thousands of genetic variants
linked to various diseases, leading the way for the development of diverse treatments [155]. In 2005, GWAS
was first applied outside human medical genetics, with a study on Arabidopsis thaliana confirming genes
associated with flowering time and disease resistance [5]. The initial GWAS in a crop species was published
in 2008, identifying a variant of the fad2 gene related to increased oleic acid in maize [8].

GWAS involves conducting an analysis of variance (ANOVA) on each SNP in the genome to determine if
there is a difference in phenotypic mean between AA, Aa, and aa genotypes [15]. However, this approach
faces several challenges. First, the sheer number of SNPs tested simultaneously leads to multiple testing
problems, increasing the likelihood of false positives. Second, population structure and kinship can
confound results, as individuals with similar genetic backgrounds might show associations that are not due
to the SNPs being tested but rather their relatedness. To address the multiple testing problem, researchers
use statistical corrections such as the false discovery rate (FDR) and the Bonferroni correction to adjust the
significance threshold, thereby reducing the number of false positives [9, 14]. To correct population
structure and kinship, methods such as principal component analysis (PCA) and mixed linear models
(MLMs) are employed. These methods account for the genetic relatedness among individuals, ensuring that
the associations detected are due to the SNPs themselves and not confounding factors.

The structured association method, also known as STRUCTURE, uses null markers to identify
subpopulations within genetic data. These subpopulations are then used as covariates within the association
model to control for population structure [113]. The general linear model (GLM) further controls population
structure by adding subpopulation covariates [113]. Additionally, the mixed linear model (MLM)
incorporates both population structure (Q) and kinship (K) measures into the association model [171].
Population structure can be defined using STRUCTURE or by principal component analysis [113, 112].
Kinship, an estimate of relatedness among individuals in the population, can be calculated using various
algorithms that use allele frequencies and identity-by-state to estimate identity-by-descent and define
kinship coefficients [134]. By incorporating a fixed effect of population structure and a random effect of
kinship under the MLM framework, false positives are controlled more effectively [171]. This enhanced
control has led MLM to replace previous methods.

Various methods have been developed to address relatedness issues in the population for solving mixed
linear model (MLM) equations, including efficient mixedmodel association (EMMA) [58], factored
spectrally transformed linear mixed models (FaST-LMM) [80], and genome-wide efficient mixed model
analysis (GEMMA) [175]. To improve GWAS power, methods such as compressed MLM (CMLM) [76],
enriched CMLM (ECMLM) [76], FaST-LMM-Select [80], and settlement of MLM under progressively
exclusive relationship (SUPER) [175] have been developed. Multi-locus GWAS methods like multi-locus
mixed model (MLMM) [126] and fixed and random model circulating probability unification (FarmCPU)
[82] simultaneously use multiple markers as covariates, particularly benefiting complex traits with closely
linked large-effect loci. FarmCPU is popular among researchers due to its combination of power and
efficiency.

However, GWAS is often time-intensive and may not always meet expectations. It has several notable
limitations. Firstly, GWAS may fail to identify genes critical to a phenotype if the functional variation of
these genes is absent or present at low frequencies in the population being studied, thereby reducing the
statistical power needed to detect these variants [147]. Secondly, while GWAS identifies relatively small
genomic regions compared to QTL mapping, these regions often still include multiple candidate genes. This
makes it challenging to pinpoint the specific gene linked to the observed GWAS signal without conducting
further extensive and resource-demanding experiments. We aim to identify the specific gene because
understanding the exact genetic basis of a trait can lead to more precise breeding and biotechnological



interventions. Despite these challenges, the reusable nature of genetic marker data across multiple traits
provides a cost-effective strategy, leveraging initial investments over several projects and enhancing the
logistical feasibility of GWAS [147].

Transcriptome Wide Association Study (TWAS)

Transcriptome-Wide Association Studies (TWAS) is an influential method used to link gene expression
levels with variations in plant phenotypes. By focusing on the impact of genetic variants on gene expression,
TWAS offers a deeper exploration into the genetic basis of complex traits [50]. It provides a detailed
understanding of how changes in gene expression are connected to phenotypic variations [147]. TWAS
uncovers sets of genes that complement rather than duplicate those found by GWAS focusing on the same
characteristics in identical populations. The expression of a single gene can aggregate signals from various
upstream regulatory variants, each too minor or infrequent to be directly associated with changes in the
relevant phenotype [75]. When relying on direct gene expression measurements, TWAS usually pinpoints
precise candidate genes instead of regions containing several genes. This remains accurate even for species
or populations characterized by a slight decrease in linkage disequilibrium across their genomes [75].
Numerous barriers have restricted the extensive use of TWAS studies in plants, such as the diurnal variation
that impacts a significant number of transcripts across various species, including Arabidopsis [94], rice,
poplar [40], maize, sorghum, and foxtail millet [68]. Quick freezing of samples is necessary to prevent
changes in gene expression, making it challenging to collect large enough samples quickly. Additionally,
the high cost of RNA sequencing versus cheaper DNA genotyping limits TWAS’s use [147]. While 3’ tail
RNA-sequencing is a cost-effective, reliable alternative, it falls short in detecting differentially expressed
genes and lacks information for detailed gene analysis [83]. Normally, GWAS offers a logistical advantage
by allowing the reuse of genetic marker data for mapping various traits, making the initial high cost more
manageable across numerous studies. This contrasts with gene expression data, which varies across tissues,
stages, and environmental conditions, limiting its reuse for identifying genes related to different traits under
varying conditions. Despite this, studies have shown that even gene expression data from non-target tissues
and environments can identify relevant causal genes [74, 75]. However, reusing transcriptome-wide
expression data is less common than reusing genetic marker data in research [147].

TWAS has proven instrumental in identifying candidate genes associated with trait variation in various
plants, as evidenced by various studies on different crops, though it faces some disadvantages. For instance,
in research focusing on rice, TWAS revealed the genetic variants that influence panicle traits, identifying
essential genes such as OsSh1 and OsMADS]1, which are crucial in understanding rice panicle architecture
[98]. Another rice related combined GWAS and TWAS to explore diverse root phenotypes and uncover
genes related to root architecture [161]. A comprehensive multi-omics approach study, including
metabolomic and transcriptomic analyses on maize, identified 13 key genes affecting tocochromanol
(vitamin E) levels. This includes five novel genes linked to its biosynthesis and transport [164]. Research
on the heterophylly of paper mulberry through GWAS and transcriptome analysis pinpointed the candidate
genes Bp07g0981 (WOX), and Bp07g0920 (HHO), which are associated with leaf shape [52]. In Brassica
napus, critical insights from GWAS and TWAS revealed four gene modules significantly associated with
seed oil content, highlighting the BnPMT6s genes as critical negative regulators, and the integration of
multi-omics data has identified key metabolic pathways and regulatory networks involved in oil
accumulation [141]. The TWAS approach in self-pollinating soybean populations notably identified pod
color L2 as a novel gene influencing trait variation, alongside the detection of diverse causal variations and
alternative splicing for flowering time [75]. A study on maize using RNA-Seq data showed that selective
gene expression could predict flowering time more accurately than whole-genome SNPs. Notably, this
study highlighted MADS-transcription factors 69 and 67 (Mads69 and Mads67), both previously linked to



flowering time, as key among the most informative genes for this prediction [146]. In an RNA-Sequencing
study of 693 maize genotypes, TWAS outperformed GWAS by identifying tenfold more genes associated
with flowering time, including both known and previously unidentified genes, through mature leaf tissue
analysis and eQTL interactions [147]. A sorghum study integrating GWAS and TWAS analyses across 869
accessions identified 394 unique genes related to water use efficiency traits [37]. In a maize study,
combining gene expression and metabolic data with genetic markers enhanced genomic prediction, with
the effectiveness varying by trait and data volume [49]. These studies highlight the effectiveness of TWAS
in identifying novel genes associated with various plant traits. By integrating gene expression data, TWAS
provides a more precise understanding of the genetic basis of complex traits, complementing GWAS
findings. The ability of TWAS to pinpoint candidate genes offers significant potential for advancing plant
breeding and genetic research.

Random Forest (RF)

The random forest (RF) algorithm is a machine-learning tool that creates multiple decision trees to produce
accurate and robust predictions. First introduced by Leo Breiman in 2001 [13], RF has transformed
predictive modeling by employing an ensemble learning technique. During the training phase, RF generates
a *forest’ of decision trees, with each tree created based on a random subset of the data. The final output of
the RF model is determined by combining the predictions from all the trees, which inherently reduces the
risk of overfitting and improves the model’s transferability to new, unseen data [129].

RF is popular for its ease of use, minimal input requirements, and ability to handle various dependent
variables, including binary, categorical, count, and continuous data. It is computationally efficient as it uses
only a fraction of independent variables and performs automatic variable selection, offering a ranking of
feature importance. This feature importance scoring is particularly advantageous as it helps identify the
most influential variables in a dataset, providing insights into the underlying data structure and facilitating
model interpretation. One of the key strengths of RF is its ability to provide feature importance scores.
These scores are derived from the aggregated information gain or decrease in impurity across all trees in
the forest, giving a clear indication of which variables have the most impact on the model’s predictions.
This process is not easily achievable with most other machine learning and deep learning approaches, which
often act as black boxes and do not readily offer interpretable importance metrics [13, 129, 99].

By ranking features based on their importance, RF allows researchers to focus on the most significant
predictors, potentially reducing the dimensionality of the dataset and improving the performance of
subsequent analyses. It also helps in understanding the contribution of each variable to the model’s
predictions, which can be crucial for domains where interpretability is key, such as genomics and medicine.
Additionally, feature importance scores can be used to detect and remove irrelevant or redundant features,
leading to simpler and more interpretable models. This capability enhances the robustness and
generalizability of the models, especially in scenarios with high dimensional data and a limited number of
samples. The ability to extract feature importance from RF models sets it apart from other ML/DL
approaches, making it a valuable tool for both predictive accuracy and interpretability in various research
fields. Although some algorithms may outperform RF, the differences are typically marginal, and RF’s
relatively simple and fast implementation makes it a preferred choice. Furthermore, RF models are robust,
with few hyperparameters that need tuning, making them less prone to overfitting than more complex
models like deep neural networks. This is particularly true for biological datasets, where sample sizes are
often much smaller, and we don’t have N=millions [99]. The ease of implementation, with many available
free and open-source options, and the potential for parallelization due to the independent nature of decision
tree growth further contribute to RF’s widespread application in various fields [99]. This is especially true
for its efficacy in managing complex genomic data [24]. Unlike other statistical approaches such as GWAS



and TWAS, which typically focus on linear associations, RF is superior in capturing both linear and
nonlinear interactions frequently observed in biological datasets [78, 129].

RF’s adaptability has been demonstrated in various plant science applications, including trait and genomic
prediction, where its ability to manage high-dimensional data effectively [24, 122, 135, 156, 73]. For
example, Gonza’'lez-Recio and Forni (2011) found that RF performed better than Bayesian regression
methods in detecting resistant and susceptible animals based on genetic markers. They reported that RF
produced the most consistent results with excellent predictive ability, highlighting its robustness and
accuracy in the context of genomic selection (GS) [45]. The study by Shah et al. (2019) showcases the use
of RF for predicting wheat leaf chlorophyll content through hyperspectral sensors, underscoring RF’s
effectiveness in handling spectral data [129]. Gill et al. (2022) found that certain machine-learning models,
including Random Forest and XGBoost, outperformed specific deep-learning architectures in predicting
soybean traits. These machine learning models demonstrated strong abilities in feature selection and model
interpretability, pinpointing essential SNPs that matched previously identified loci in GWAS studies [43].
Toubiana et al. (2019) demonstrated the utility of RF in identifying metabolic pathways in tomatoes,
significantly predicting pathways like B alanine degradation and tryptophan degradation via indole three
pyruvate. Their approach combined correlation-based network analysis with machine learning, validating
the presence of these pathways through in vivo assays [148]. Integrating RF with gene expression analysis
effectively pinpointed the genes associated with flower color in Platycodon grandiflorus [170]. This
approach demonstrates the utility of RF in analyzing gene expression data to identify relevant genes.
Additionally, a study found that tree-based machine learning methods, such as RF and Gradient Boosting,
significantly outperformed deep learning algorithms in predicting wheat grain yield [131]. Gradient
Boosting, similar to RF, builds an ensemble of trees but does so sequentially, where each tree attempts to
correct the errors of the previous one, enhancing model accuracy and robustness [41]. In another study, RF
was compared with artificial neural networks (ANN) to predict yield and quality in winter rapeseed. The
findings revealed that RF outperformed ANN in predicting key output variables such as seed yield and oil
content [116]. A study demonstrated that integrating RF models with crop growth models (CGMs), using
climate variables and the normalized difference vegetation index (NDVI), significantly enhances yield
prediction accuracy for winter wheat and oilseed rape in Bavaria compared to traditional CGMs alone [30].
RF exhibited superior performance to multiple linear regressions in accurately forecasting global and
regional yields of wheat, maize, and potato, highlighting RF’s robustness in managing complex ecological
datasets for agricultural yield prediction at both macro and micro levels [57]. A study found that RF
performs better than other modeling techniques for binary traits when the sample size is large, and the
percentage of missing data is low [42]. Another study found that, for binary traits, RF outperformed the
genomic BLUP (GBLUP) method only in a scenario combining the highest heritability (h2 = 0.30), the
most extensive dense marker panel (50K SNP chip), and the most significant number of QTL (725) [101].
These studies demonstrated the utility of incorporating machine learning approaches in genomic studies,
particularly in identifying genes associated with trait variation. RF’s ability to capture both linear and non-
linear associations between genes and traits enhances our understanding of complex biological interactions
relative to purely linear models.

Numerous efforts have been made to identify genes that control variation in metabolism. However,
capturing the complex genetic architecture underlying metabolic traits often succeeds when using multiple
or different statistical approaches as these approaches lead to more robust and reliable findings. This
suggests that incorporating mixed or alternative methods, such as machine learning approaches, may help
identify potential genes that traditional quantitative genetics methods alone may miss [129, 79]. On the
other hand, the application of gene expression data to investigate the association between genes and
metabolite variation in field-grown diversity panels remains underexplored. Studies focusing on the genetic



control of metabolites highlight the need for further exploration through gene expression data to advance
our understanding of the diversity of metabolites and their genetic underpinnings [53, 92, 178].

Our study aimed to fill this research gap by utilizing genomic data and field-based gene expression data to
investigate the genes associated with metabolite variation through quantitative genetics approaches such as
GWAS and TWAS, as well as machine learning approaches such as RF in a maize diversity panel. These
approaches allowed us to capture both the linear and non-linear associations between the genes and the
traits studied, making our findings more comprehensive [78, 129]. By integrating these methods, we were
able to identify a total of 240 genes associated with metabolite variations and one gene that was identified
between TWAS and RF. This study not only highlighted genes directly linked to metabolite production,
such as N-acetyl-gamma-glutamyl-phosphate reductase with L-glutamic acid but also revealed other genes
crucial for various aspects of plant metabolism, especially resistance against biotic and abiotic stresses.
Additionally, we identified three loci associated with variation in both metabolic and non-metabolic traits.
These results enable future studies to delve deeper into the roles of these metabolites and genes in plant
growth and development processes.

Materials and Methods

Field experiments and trait scoring

The maize field experiment in the summer of 2020 at the Havelock farm of the University of Nebraska-
Lincoln (40.852°N, 96.616°W). The experimental design and trait evaluation methodology conducted in
the Lincoln, Nebraska field trial was previously described in past research [100, 138, 147, 120]. Our field
experiment consisted of 750 genotypes, representing 699 unique genotypes, with 51 genotypes represented
twice, a subset of the Wisconsin Diversity Panel [91]. Initially, data was collected from 750 plants. After
applying quality control (QC) procedures, data from 660 genotypes were successfully retained. Among
these, 47 genotypes were used twice for metabolite quantification. The field was laid out in a randomized
complete block design on May 6, 2020, consisting of two replications of each genotype. A total of 1680
plots, with each block consisting of 840 plots and with repeated checks of the B97 genotype. The layout for
each plot consisted of two rows, each 7.5 (about 2.3 meters) feet long, with rows spaced 30 (roughly 0.76
meters) inches apart. Plants within the rows were placed 4.5 (approximately 11.5 centimeters) inches apart
from each other, and the plots were separated by 30-inch (around 0.76 meters) alleyways in between.

Metabolites/Biochemical Quantification

We collected leaf samples for metabolite profiling during the flowering stage. The methodology for
collecting these samples was previously described in Torres et al. (2023) [147]. On July 8th, 2020, samples
were collected from one out of two duplicate blocks, specifically Block 1, the block furthest west of the
Lincoln, Nebraska field experiment. A representative plant was chosen for sampling from each plot, ideally
avoiding those at the plot edges. We collected five leaf disks from the pre-antepenultimate leaf and the
fourth leaf down from the top visible leaf of the chosen plant. The leaf tissue was immediately subjected to
flash freezing in liquid nitrogen and subsequently stored on dry ice until it could be transferred to a freezer
at -80°C. This collection process was executed efficiently by seven researchers in parallel, ensuring that all
samples were gathered within two hours and completed before midday on the collection date.

We quantified metabolite abundance following a method described previously by Wase et al. (2022) [160].
Collected leaf samples were ground to a fine powder while being kept under liquid nitrogen using
TissueLyser II (Qiagen). We added 730 puL of methanol premixed with 20 mg/mL ribitol in water at a 700:30
ratio in a 2 ml Eppendorf microfuge tube containing approximately 25 mg of ground tissue of each sample,



vortexed immediately, and kept it on ice immediately afterward. Sample tubes were then transferred to a
thermomixer at 70°C and shaken for 15 minutes at 950 rpm. Following this step, we centrifuged the tube
at 17,000 X g and transferred the supernatant to the new Eppendorf tube at room temperature. Afterward,
325 pL chloroform and 750 pL water were added and vortexed for 30 seconds. Samples were then
centrifuged at 1500 X g for 15 minutes. Finally, we transferred an aliquot of 50 puL from the upper polar
phase into a fresh 2 mL Eppendorf tube and dried the samples with a centrifugal vacuum concentrator. After
vacuum drying, each tube was filled with argon gas and tightly closed to prevent the oxidation of
metabolites.

We used Gas Chromatography-Mass Spectrometry (GC-MS) for metabolite profiling as described in Wase
et al. (2022) [160]. The dried metabolite extracts were derivatized by methoxyamination in 20 mg/mL
methoxyamine hydrochloride in pyridine for two hours at 37°C. The samples were further trimethylsylilated
for 30 minutes at 37°C with 70 pL N-Methyl-N-(trimethylsilyl) trifluoroacetamide (Millipore Sigma). A
fatty acid methyl ester mixture was added to the trimethylsylilation solution for retention time calibration.
One microliter of each sample was injected into GC-MS (7200 GC-QTOF system, Agilent) equipped with
a HPSmsUI (30 m length, 0.25 mm diameter, 0.25 pm thickness) column. GC and MS parameters are
exactly as described in Wase et al. (2022) [160]. Chromatographic peaks were annotated to metabolites by
MassHunter Unknows (Agilent) based on the retention time and mass spectrum matching with data in the
Fiehn Metabolomics Library (Agilent). MassHunter Quantitation (Agilent) calculated the representative
ion’s peak heights. Based on careful manual curation, we quantified only the metabolite peaks, which
allowed us to confidently identify unique peaks across all samples. Ultimately, we measured 26 distinct
metabolites: Phosphoric acid, Glyceric acid, Serine, L-alanine, L-threonine, Betaalanine, Malic acid,
Aspartic acid, Glutamic acid, Trans-Aconitic acid, Glycerol 1phosphate, Shikimic acid, Citric acid, Quinic
acid, Fructose, D-glucose, Tyrosine, Galactonic acid, Mucic acid, Myo-inositol, Caffeic acid, D-glucose 6-
phosphate, Sucrose, Loganin, Chlorogenic acid, and Raffinose. After subtracting the background noise, the
peak heights of the representative ions for each metabolite were normalized against the internal standard
ribitol and adjusted for the exact fresh weight of the samples used for extraction. The initial estimates of
relative metabolite content were log-transformed.

Whole plant phenotypes

We used 28 whole plant phenotypes that were previously published [100]. The traits are days to pollen,
days to silk, root lodging percentage, stalk lodging percentage, leaf angle, ears per plant, cob weight
(grams), hundred kernel mass (grams), total grain mass (grams), bushel per acre equivalent, grain percent
moisture, ear length (cm), ear width (cm), ear filled length (cm), kernel row number, kernels per row,
percent fill, southern rust severity score, leaf area index, leaf length (cm), leaf width (cm), plant height
(cm), extant leaf number, nodes with brace roots, tillers per plant, branches per tassel, branch zone length
(cm), and tassel spike length (cm). Male and female flowering times were recorded when 50% of plants
showed pollen shed or silks, respectively. Root and stalk lodging percentages were assessed at the season’s
end, alongside leaf traits (length, width, angle) for two plants per plot post-anthesis. The leaf area index
was estimated using an LAI-2200C analyzer. For yield attributes, ear length, ear width, ear filled length,
kernel row number, and kernels per row were measured for six ears per plot from eight semi-randomly
selected plants, excluding edge plants. Grain and cob weights were determined post-harvest, with grain
moisture standardized to 15.5%.
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Hyperspectral Traits

We utilized the hyperspectral data that had been previously published [150]. The hyperspectral reflectance
data was collected over nine days within 13 days, from July 8th to July 20th, 2020. This data was acquired
from a fully expanded leaf of a representative plant in each plot, taking care to avoid edge plants wherever
feasible, and using a benchtop spectroradiometer [87] equipped with a contact probe. Reflectance
measurements recorded 2,151 values at one-nanometer intervals across a 350 to 2500-nanometer spectrum,
taken from the adaxial side of leaves at the tip, middle, and base. These measurements were averaged over
nine days, resulting in a composite spectrum for each plot. To reduce the dimensionality of the 1,658 plot-
level hyperspectral reflectance values, both principal component analysis (PCA) and a trained autoencoder
neural network were employed. Using the sci-kit-learn package [107], PCA reduced the dataset to 10
principal components (LV1 to LV10), summarizing 99% of the variance.

Photosynthetic Traits

We used four photosynthetic traits that were previously published [120]. The traits FvP/FmP, relative
chlorophyll and leaf temperature were measured in plants using a spectrophotometer [1] using the protocol
previously published [66]. The measurements were conducted during the pre-flowering growth stage,
specifically from the youngest fully expanded leaves of the plants, over a six-day period from July 23rd to
28th, 2020.

Data Integrity and Quality Assessment

Our field experiment consisted of 750 genotypes, representing 699 unique genotypes, with 51 genotypes
represented twice, a subset of the Wisconsin Diversity Panel [91]. Initially, data were collected from 750
plants. After applying quality control (QC) procedures, data from 660 genotypes were successfully retained.
Among these, 47 genotypes were used twice for metabolite quantification. Extreme outliers were then
removed through manual examination of histograms and scatter plots. Best Linear Unbiased Predictors
(BLUPs) for each metabolite were estimated using a mixed linear model, generated using the Ime4 package
[7] implemented in R v4.2.1 [114] with the equation: yi = p + 1|Genotypei + 1|Batchj + 1|RunOrderk +
errorijk where yi is the mean value for the metabolite of interest in the ith genotype ran in jth batch and kth
run order during GC-MS pipeline. The variance explained by each factor included in the model was
extracted. We calculated the repeatability using 47 duplicated genotypes out of a total of 795 genotypes
using the following equation: where cG2 was the total variance explained by the genotype in each mixed
linear model and ce? is the total residual variance in each mixed linear model. Importantly, we calculated
the repeatability without removing outliers before calculating GWAS, as outliers were removed for GWAS
analysis. We used principal component analysis (PCA) to identify critical patterns and relationships among
metabolites by using the Factominer [71] function implemented in R. We also used the Pearson correlation
method to examine how metabolites are related to each other using the corrplot [125] function implemented
in R.

Resampling Model Inclusion Probability Genome-Wide Association Study (RMIPGWAS)

Genome-wide association studies reported here were conducted using published resequencing based on 46
million high-confidence genetic marker data for 752 genotypes drawn from the Wisconsin Diversity panel
[48]. The dataset was filtered to retain only markers with minor allele frequency >0.05 among the 660
unique genotypes included in this study using plink2 (v2.0al) [20], resulting in a final dataset of 2,688,200
genetic markers. We performed the GWAS using the Fixed and Random model Circulating Probability
Unification (FarmCPU) algorithm [82] implemented in the rMVP package [169] as FarmCPU offers
enhanced detection of true-positive genetic associations [82]. To ensure the reliability of these signals, we
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used resampling techniques like the resample model inclusion probability (RMIP), which quantifies signal
stability across multiple bootstraps [153, 138]. Marker trait associations were considered significant if
identified in at least 10 out of 100 conducted resampling-based GWAS analyses. In each iteration or GWAS
analysis, a random 10% of total genotypes corresponding to 66 genotypes were masked, and a separate
FarmCPU analysis was performed, keeping significant markers with a p-value of less than a threshold of 2
x10-8. The significance threshold was set using a Bonferroni correction, calculated as 0.05 divided by the
total number of SNPs used in the analysis [33].

Transcriptome-Wide Association Study (TWAS)

Our study utilizes a previously published gene expression dataset quantifying the expression of 24,585 gene
models [147] to conduct Transcriptome-Wide Association Studies (TWAS) with the compressed mixed
linear model as implemented in Genomic Association and Prediction Integrated Tool (GAPIT) [176].To
obtain the TPM (Transcript per million) file, we took leaf tissue samples from the pre-ante-penultimate leaf
(used for scoring the metabolites) of maize plants and rapidly froze them to maintain RNA integrity. RNA
extraction was performed using a Kingfisher Flex automated extraction robot (ThermoFisher Scientific;
5400630) with the MagMax Plant RNA Isolation Kit (ThermoFisher Scientific; A47157). We assessed the
quality and quantified the RNA using the Quant-IT Broad Range RNA Assay Kit (ThermoFisher Scientific;
Q10213). We created libraries with the TruSeq kit from [llumina and sequenced them on the NovaSeq 6000
[llumina platform. We processed the raw sequence data by filtering it for quality using trimmomatic (v0.33)
[11] and estimating gene expression with Kalliso (v0.46)[12]. We used the B73 RefGen V5 sequence file
[124, 54] from Phytozome [46] as a reference. Finally, we filtered the data based on principal component
analysis and transcript abundance by removing genes with TPM < 0.1 in at least 50% of the final samples.
The first three principal components of variation calculated by GAPIT from the expression data were
included as covariates. A gene was considered significantly associated with the trait of interest when the
associated p-value was less than 2.03x10-5, with the significance threshold set using a Bonferroni [33].

Random forest (RF)

We employed the Random Forest (RF) model [13] as implemented in the R libraries randomForest [78] and
caret [67] to predict the genes associated with the metabolites using gene expression of genotypes used in
our study [147]. RF models with five different tree counts (100, 200, 300, 400, and 500) were employed
and validated using 5-fold cross-validation. Within each tree count parameter, the model’s performance was
evaluated using the root mean square error (RMSE), and the importance of the particular gene for prediction
was assessed based on the increase in mean squared error (IncMSE) when the gene was not included in the
model. To identify the significant genes associated with metabolite concentrations, we compared the
original dataset with control sets created by shuffling taxa order while keeping other variables constant
across shuffled datasets. We used shuffled data as control sets to validate the association findings and
provide a baseline to assess the significance of our observed gene-metabolite associations against what
could be expected by chance. We extracted feature importance scores from the original and shuffled datasets
and generated density plots to visualize the distributions. We considered different feature importance scores
and selected a threshold that corresponded to achieving an FDR level of approximately 0.05 for all
metabolites (B.3) (A.11), as described by Benjamini and Hochberg [9]. The threshold is calculated by
dividing the number of genes identified in the shuffled dataset by the total number of shuffled datasets and
comparing this ratio to the count from the original dataset. Finally, we retained the top genes with
importance scores significantly higher in the original dataset than in the shuffled dataset for their crucial
role in influencing metabolite variations.
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Results

This study extensively explored the genetic factors influencing maize metabolism and their impact on non-
metabolic traits. Using a dataset of 660 diverse maize inbred lines from the WiDiv panel [91], we employed
GC-MS to quantify metabolite peaks, which allowed us to confidently identify 26 unique metabolites across
all samples. Through the application of quantitative genetics and machine learning methods, we
successfully identified both well-known and previously uncharacterized genes associated with variation in
metabolite and non-metabolite traits in maize.

Repeatability (r)

We observed a wide range of repeatability values for 26 metabolites, with an average repeatability of 0.36
across all metabolites, indicating a modest genetic influence on metabolism as a whole (F.1A). Notably,
galactonic acid showed the highest repeatability (r = 0.67), suggesting strong genetic control. Other
metabolites such as glycerol 1-phosphate (r=0.48) and chlorogenic acid (r=0.48) also displayed moderate
repeatability. Conversely, some metabolites exhibited low repeatability, emphasizing the significant
influence of environmental and other non-genetic factors. For non-metabolite traits, repeatability (r) was
quantified for 41 traits, including whole plant phenotypes, hyperspectral traits, and photosynthetic traits.
Repeatability values for whole plant phenotypes ranged from 0.36 to 1.00 (A.2), for hyperspectral traits
from 0.60 to 0.75 (A.4), and for photosynthetic traits from 0.58 to 0.83 (A.3). These findings underscore
the complex interplay between genetics and the environment in determining maize phenotypes.

Variance partitioning

In our study, we employed variance partitioning analysis to distinguish the contributions of genetic and
non-genetic factors to the total observed phenotypic variance. This method quantified the influence of four
primary factors: genotype (genetic diversity among maize lines), batch (variations in sample processing),
run order (analysis sequence effects due to instrument sensitivity shifts), and residual factors (all other
unaccounted variances like minor environmental or experimental discrepancies) on the total observed
variance for each metabolite (F.1b). This approach allowed us to determine how these factors influenced
each analyzed metabolite. Our results revealed that metabolites like Shikimic acid, Tyrosine, Trans-Aconitic
acid, Glycerol 1-phosphate, Chlorogenic acid, D-glucose, and Loganin displayed considerable genetic
control. In contrast, others were more influenced by non-genetic factors such as environmental conditions
and experimental procedures, such as batch and run order. It was observed that non-genetic factors
contributed notably to the variance, highlighting the significance of metabolite expression in a field-grown
maize diversity panel [172, 77].

Principle Component Analysis (PCA)

Principal Component Analysis (PCA) indicated a diverse distribution of metabolite profiles, with the first
two principal components capturing a combined 25% of the variance (A.5).

Correlation analysis (r)

We found a strong positive correlation between D-glucose and fructose (r=0.62), consistent with the known
enzymatic conversion of glucose-6-phosphate to fructose-6phosphate by glucose isomerase in glycolysis
[102] and moderate positive correlation between Shikimic acid and Quinic acid (r = 0.51), consistent with
their known common origin through the shikimate pathway [165]. Moreover, we also discovered other
significant positive correlations, such as between D-malic acid and Lthreonine (r=0.55), Beta-alanine and
L-glutamic acid (r=0.46), and Aspartic acid and L-glutamic acid (r=0.44). On the other hand, a negative
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correlation was found between L-glutamic acid and L-alanine (r = -0.14) and between Trans-Aconitic acid
and Galactonic acid (r = -0.11), indicating inverse relationships in their metabolic concentrations (A.6). We
also extended our correlation analysis to see the positive and negative correlation between metabolites and
non-metabolite traits. Notably, we found a negative correlation between Shikimic acid and Percent fill (r =
-0.25) and positive correlations between Shikimic acid and plant height (r = 0.23), Trans-Aconitic acid and
days to pollen (r = 0.23), Quinic acid and days to silk (r = 0.28), Quinic acid and plant height (r = 0.22),
Beta-alanine and 100 kernel mass (r = 0.22), and citric acid and days to silk (r = 0.23). These correlations
reveal complex interactions within maize metabolism and their effects on various plant characteristics
(A.7).

Resampling Model Inclusion Probability Genome Wide Association Study (RMIPGWAS) for
Metabolites

Our GWAS study aimed to identify genetic variants associated with 26 metabolites using approximately
2.6 million single nucleotide polymorphisms (SNPs)[48] using the FarmCPU algorithm, which offers
enhanced detection of true-positive genetic associations [82]. To ensure the reliability of these signals, we
used resample model inclusion probability (RMIP), which quantifies signal stability across multiple
bootstraps [153, 138]. We identified a total of 155 genetic variants associated with 26 metabolites at RMIP
significance thresholds of x > 0.1. Among these variants, 17 strong signals were identified at RMIP
significance thresholds of x > 0.3. Among the 17 variants which exceed RMIP significance thresholds of x
> 0.3 and we found 1 marker each linked to variation in Glyceric acid, Shikimic acid, L-serine, Quinic acid,
Raffinose, Sucrose, Tyrosine, D-glucose, and Fructose and 2 markers each linked to variation in Phosphoric
acid, Chlorogenic acid, Galactonic acid, and Trans-Aconitic acid (F.2).

We specifically highlighted seven candidate genes within 100 kb intervals centered around seven significant
SNPs associated with five metabolites (A.8). These genes show promising linkage disequilibrium (table 2)
and are known to play significant roles in plant metabolism, though in none of these cases were the genes
identified previously known to be directly involved in the production or catabolism of the metabolite the
GWAS they were adjacent to was linked to. The genes are as follows:Theobromine synthase (TS) and
Benzoate O-methyltransferase (BMT) are associated with Galactonic acid; Phosphoglycolate phosphatase
(PGP) and Peroxidase (POX) are associated with Chlorogenic acid; Ubiquitin Carboxyl-terminal Hydrolase
(UCH) is associated with Phosphoric acid; a Protein kinase domain (PK) is associated with D-glucose; and
Dimethylaniline Monooxygenase (DMAO) is associated with L-serine. Our LD analysis revealed moderate
to high linkage disequilibrium (LD) for these key metabolic genes (TS, BMT, PGP, POX, UCH, PK, and
DMAO), indicating that they are co-localized and inherited together. This co-localization confirms the
association between these genes and the metabolites they influence.

Briefly, TS is a key enzyme in the biosynthesis of theobromine, catalyzing the methylation of 7-
methylxanthine to produce theobromine in cacao plants. This enzyme plays a critical role in the pathway
that converts xanthosine to theobromine, an important alkaloid for plant defense mechanisms. [34, 151, 65,
143]. On the other hand, BMT catalyzes the methylation of benzoic acid to form methyl benzoate, a key
volatile compound involved in plant defense and attraction of pollinators. This enzyme plays a crucial role
in the formation of floral scent and the defense mechanism against herbivores and pathogens [25, 128, 103,
163]. PGPase is a crucial enzyme in the photorespiratory pathway of photosynthetic organisms, including
algae, plants, and cyanobacteria. It catalyzes the hydrolysis of phosphoglycolate (PG), a byproduct of the
oxygenase activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). This enzyme is
essential for the growth of photosynthetic organisms under light conditions by facilitating the recycling of
carbon and preventing the accumulation of toxic intermediates. [28, 32, 88]. POX is an enzyme that
catalyzes the reduction of hydrogen peroxide using various electron donors. It plays a critical role in plant
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metabolism by detoxifying reactive oxygen species, contributing to lignin biosynthesis, and helping in
defense responses against pathogens. It helps in maintaining cellular redox balance and facilitating the
cross-linking of cell wall components, which is essential for plant growth and stress tolerance [51, 60, 4].
UCH enzymes are critical for protein regulation in plants by removing ubiquitin from target proteins, thus
preventing their degradation. UCHs are involved in various cellular processes, including protein quality
control, signaling, and stress responses. By maintaining protein homeostasis, UCH enzymes support plant
growth and development under varying environmental conditions [110, 139, 157, 166]. PK enzymes are
crucial regulators in plant metabolism. They catalyze the transfer of phosphate groups to target proteins,
altering their activity, stability, and localization. PKs play essential roles in signaling pathways that control
plant growth, development, and responses to environmental stresses. By modulating various metabolic and
physiological processes, PKs help plants adapt to changing conditions and optimize their survival and
productivity [133, 142, 168]. DMAO also known as flavin-containing monooxygenase (FMO), is an
enzyme that catalyzes the oxygenation of various substrates containing nitrogen, sulfur, or phosphorus. In
plant metabolism, DMAO plays a vital role in detoxifying xenobiotics and endogenous compounds,
converting them into more water-soluble forms that can be easily excreted. This enzymatic activity helps
plants manage oxidative stress and maintain cellular homeostasis, contributing to overall plant health and
resilience [64]. These findings highlight the essential roles of highlighted genes in plant metabolism. These
genes may influence metabolite levels indirectly through their broader metabolic functions.

Transcriptome Wide Association Study (TWAS)

Our TWAS study focused on identifying genes that are associated with variations in 26 metabolites using a
previously published gene expression dataset from leaf tissue [147], which featured 24,585 gene models.
As aresult of our analysis, we identified six genes linked to three specific metabolites (F.3). One gene was
linked to L-glutamic acid, one to Quinic acid, and four to Glycerol 1-phosphate, with no significant
associations found for other metabolites. Notably, we highlighted two genes with well-established roles in
plant metabolism, despite not being directly involved in the production of the metabolites they are
associated with. The first gene is a Multi-copper oxidase (MCO), which is linked to Quinic acid. The second
gene is a Cu(2+)-exporting ATPase (CUEA), associated with both Glycerol 1-phosphate and L-glutamic
acid. Interestingly, the CUEA gene was identified in both our TWAS and random forest analyses,
highlighting its potential significance in the regulation of Glycerol 1-phosphate. Briefly, CUEA is an
enzyme that plays a crucial role in the homeostasis of copper ions within plant cells. This ATPase actively
transports excess Cu(2+) ions out of the cytoplasm, either into the vacuole for storage or out of the cell,
thereby preventing toxic levels of copper from accumulating [29, 72, 96, 62]. MCOs are enzymes that
facilitate the oxidation of a wide range of substrates, including polyphenols, aromatic polyamines, L-
ascorbate, and metal ions. These enzymes function by transferring electrons from the substrates to a copper
cluster within the enzyme. This copper cluster subsequently uses the electrons to reduce oxygen molecules
to water, completing the catalytic cycle [121]. This enzymatic activity is essential for processes such as
lignin degradation, iron homeostasis, and defense mechanisms against pathogens [47, 59, 10]. These
findings underscore the integral roles of copper-related genes, such as CUEA and MCOs, in plant
metabolism. Their involvement in critical processes like ion homeostasis, lignin degradation, and defense
mechanisms suggests that they may influence metabolite levels indirectly through their broader metabolic
functions.
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Random forest (RF)

In our study, we applied the RF feature importance method to identify genes associated with metabolite
production using gene expression data. Unlike GWAS and TWAS, which typically focus on linear
relationships, RF might capture both linear and nonlinear relationships in biological data [129]. In our RF
study, we focused on three metabolites: L-glutamic acid, Glycerol 1-phosphate, and Quinic acid. These
metabolites were selected based on their significant associations found in both RMIPGWAS and TWAS.
Through this approach, we identified 79 genes significantly associated with these metabolites at an
approximate false discovery rate (FDR) of 5% [9] (F.4). Notably, this includes one overlapping gene,
CUEA, identified between TWAS and RF. Each metabolite association had an FDR ranging from 0.03 to
0.06, suggesting confidence in our results (S.3). Specifically, the number of genes (n) identified in each
metabolite was as follows: L-glutamic acid (n=26 genes), Quinic acid (n=29), and Glycerol 1-phosphate
(n=24). Among the genes identified, a notable one is an N-acetyl-gamma-glutamyl-phosphate reductase
(argC), which is associated with L-glutamic acid. ArgC is a key enzyme in the arginine biosynthesis
pathway, catalyzing the reduction of N-acetylglutamate 5-phosphate to N-acetylglutamate Ssemialdehyde.
L-glutamic acid serves as a precursor in this pathway, providing the initial substrate. This highlights the
essential role of argC in glutamic acid metabolism [6, 86, 21]. This finding underscores the effectiveness
of RF in identifying genes directly linked to metabolite production. It also demonstrates the importance of
incorporating methods like RF, which can capture both linear and nonlinear associations, alongside TWAS,
which is limited to linear relationships. Using RF analysis, we may gain a more comprehensive
understanding of the complex interactions between gene expression and metabolite profiles, revealing
insights that may not be uncovered through TWAS.

Resampling Model Inclusion Probability Genome-Wide Association Study (RMIPGWAS)
for Non-Metabolites

We carried out a GWAS employing the RMIP method and the FARMCPU algorithm to analyze around 2.6
million SNPs [48] to identify genetic variants linked to 42 non-metabolite traits. These traits include 28
different plant phenotypes, 10 hyperspectral traits, and 4 photosynthetic traits. Our analysis identified 223
genetic markers associated with these non-metabolite traits. Out of these markers, 135 are linked to whole
plant phenotypes, 55 to hyperspectral traits, and 33 to photosynthetic traits (A.12). We identified these
markers at RMIP significance thresholds of x > 0.1, and we also found the closest candidate genes within a
100-kb interval centered around each significant SNP associated with these markers. We compared genetic
variants linked to both metabolite and non-metabolite traits identified through RMIPGWAS and discovered
three overlapping genetic markers between these traits within a 100-kb interval. These overlapping genes
were found for the following metabolite and nonmetabolite trait pairs: L-serine vs. percent fill (distance
between the markers: 31,392 bp), Mucic acid vs. LV9 (distance between the markers: 64,110 bp), and
Chlorogenic acid vs. branches per tassel (distance between the markers: 92,950 bp) (Figure 6,7,8).
Additionally, we identified three candidate genes associated with these genetic markers at 100 kb intervals
that exhibit promising LD and have established roles in plant metabolism though there was no established
relationship between the overlapping genes and the traits they associated with. These genes are Aldehyde
dehydrogenase (ALDH) found associated with both L-serine and Percent fill, Myb/SANT-like DNA-
binding domain (MYB) found associated with both Mucic acid and LV9, cyclin-dependent kinase (CDKs)
found associated with both Chlorogenic acid and Branches per tassel.

Briefly, ALDH is an enzyme family essential in plant metabolism, primarily involved in detoxifying
reactive aldehydes produced during various metabolic processes. ALDH converts these toxic aldehydes into
less harmful carboxylic acids, thus maintaining cellular homeostasis and protecting plant cells from
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oxidative stress. This detoxification is crucial for plant development, growth, and stress response
mechanisms. By detoxifying harmful aldehydes, ALDH might support efficient metabolic processes such
as L-serine synthesis and overall plant health [136, 177, 145, 56, 173, 158]. The MYB gene family plays a
significant role in plant metabolism by regulating gene expression involved in various biological processes.
These include plant growth, development, stress response, and secondary metabolism, which involves the
biosynthesis of compounds such as flavonoids, phenolic acids, and monolignols. These compounds
contribute to cell wall structure, UV protection, and defense mechanisms. Based on their overall role in
plant metabolism, MYB genes might indirectly be associated with the traits they found associated with [16,
167, 2, 111]. CDKs are crucial enzymes that regulate the cell cycle in plants by phosphorylating target
proteins, thereby controlling cell division and growth. They play a vital role in various metabolic processes,
including DNA replication, repair, and transcription. CDKs also play crucial roles in stress responses by
controlling cell cycle checkpoints and modulating stress-responsive genes, enabling plants to adapt to
environmental stresses such as drought, salinity, and pathogen attack. Although CDKs have a well-
established role in plant metabolism, there is no direct relationship between the traits (Chlorogenic acid and
branches per tassel) they are associated with [108, 63, 104, 84, 26].

Discussion

Maize produces various metabolites during its growth cycle, which not only enable growth and
development but also enhance its adaptability and resistance against biotic and abiotic stresses [38, 130].
Even after domestication, maize still possesses significant genetic diversity, making it an ideal model for
studying plant metabolism and its impact on different phenotypes [154, 38, 130, 132]. While GWAS has
been extensively used to investigate plant metabolism, the potential of leveraging gene expression data
from field-grown diversity panels to explore associations between genes and metabolites remains largely
unexplored [53, 92, 178]. These diversity panels capture a wide range of variations within the population,
making them ideal for studying the genetic control of specialized metabolites. Research on the genetic
control of these metabolites underscores the need for further exploration through gene expression data to
enhance our understanding of metabolite diversity and its genetic associations [53, 92, 178, 127].
Additionally, by employing both quantitative genetics and machine learning methods, researchers may
uncover complex interactions, including linear and non-linear relationships, between genes and metabolites
[129, 79]. Furthermore, the link between genes associated with metabolite variation and other plant traits
remains largely unexplored, presenting a promising area for future research [19, 55, 31]. Our study aimed
to address these gaps by using 2.6 million SNP data and 24 thousand field-based gene expression data to
explore the genetic determinants of metabolite and non-metabolite variation through quantitative genetic
approaches such as GWAS, TWAS, and machine learning approaches such as RF. Out of 155 genetic
variants identified by RMIPGWAS at RMIP significance thresholds of x > 0.1, we focused on 17 strong
signals identified at RMIP significance thresholds of x > 0.3 in our study. A parallel TWAS identified 6
candidate genes. A random forest feature importance-based approach was conducted for the specific
metabolites where at least one hit was observed in TWAS identified one overlapping gene, Cu(2+)-
exporting ATPase, and a number of other genes not identified by TWAS. Three of the loci found associated
with variation in metabolite traits were also linked to non-metabolic traits in an RMIPGWAS involving a
total of 42 non-metabolic traits.

This study initially aimed to characterize the properties of metabolites using Principal Component Analysis
(PCA) and correlation analysis (A.5, A.6). Next, we used repeatability and variance partitioning to further
explore the connections and the genetic and environmental factors influencing metabolite variation in maize
(F.1A, F.1B). We observed significant variability in metabolite profiles across different genotypes through
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PCA. This variability may be influenced by genetic and environmental factors, indicating a potential
interplay that requires further investigation.

We observed a wide range of repeatability values for 26 metabolites, with an average repeatability of 0.36
across all metabolites, indicating a modest genetic influence on metabolism as a whole. Notably, galactonic
acid showed the highest repeatability (r = 0.67), suggesting strong genetic control. Other metabolites such
as glycerol 1-phosphate (r = 0.48) and chlorogenic acid (r = 0.48) also displayed moderate repeatability.
Conversely, some metabolites exhibited low repeatability, emphasizing the significant influence of
environmental and other non-genetic factors. For non-metabolite traits, repeatability (r) was quantified for
41 traits, including whole plant phenotypes, hyperspectral traits, and photosynthetic traits (A.2,3,4).
Repeatability values for whole plant phenotypes ranged from 0.36 to 1.00, for hyperspectral traits from 0.60
to 0.75, and for photosynthetic traits from 0.58 to 0.83. These findings underscore the complex interplay
between genetics and the environment in determining maize phenotypes, with some traits being more
strongly influenced by genetic factors while others are more susceptible to environmental variations and
complex metabolic pathways involving multiple genes.

Through variance partitioning analysis, it was discovered that non-genetic factors (e.g., batch effects, run
order, and residuals) significantly contribute to the total phenotypic variance. These findings highlight the
importance of considering genetic and non-genetic factors when studying plant metabolism, as both factors
play critical roles in shaping phenotypic outcomes [22, 172, 77]. Our correlation analysis identified several
significant associations among metabolites, both positive and negative. We found a significant positive
correlation between D-glucose and fructose (r=0.62), which is consistent with the known enzymatic
conversion of glucose-6-phosphate to fructose-6-phosphate by glucose isomerase in glycolysis. This
process is crucial for energy production and highlights the tight metabolic connection between these sugars
[102]. A moderate positive correlation was also observed between shikimic acid and quinic acid (r = 0.51),
suggesting a biosynthetic relationship through the shikimate pathway [159]. Our analysis also revealed
other notable positive and negative correlations between different metabolites that have not yet been
explored. This indicates potential areas for further investigation, which could uncover new insights into
plant metabolism and biochemical interactions. Our correlation analysis also revealed several associations
between the metabolites and non-metabolite traits. Notably, correlations between Shikimic acid and plant
height (r=0.23) and between Quinic acid and days to silk (r=0.28) suggest underlying metabolic influences
on phenotypic traits. However, there is a lack of direct evidence in the current literature that establishes the
connection between these metabolites and non-metabolite traits. This gap in knowledge highlights the need
for more detailed research to investigate the mechanisms underlying these associations in order to gain a
better understanding of the metabolic contributions to plant biochemistry and development.

Among the 17 identified genes from RMIPGWAS at a significant threshold (RMIP x > 0.3), we highlighted
seven genes (TZ, BMT, PGPase, POX, UCH, PK, and DMAO) that play a significant role in plant
metabolism as supported by literature and previous research (F.2). TS is a key enzyme in theobromine
biosynthesis, catalyzing the methylation of 7-methylxanthine to produce theobromine in cacao plants, an
essential alkaloid for plant defense mechanisms [34, 65, 151, 143]. BMT catalyzes the methylation of
benzoic acid to form methyl benzoate, a critical volatile compound for plant defense and pollinator
attraction [25, 128, 103, 163]. PGPase is a crucial enzyme in the photorespiratory pathway of photosynthetic
organisms which catalyzes the hydrolysis of phosphoglycolate (PG), a byproduct of the oxygenase activity
of Rubisco. This enzyme is essential for the growth of photosynthetic organisms under light conditions by
facilitating the recycling of carbon and preventing the accumulation of toxic intermediates [28, 32, 88].
POX reduces hydrogen peroxide using various electron donors, detoxifying reactive oxygen species and
contributing to lignin biosynthesis and pathogen defense responses [51, 60, 4]. UCH enzymes regulate
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protein degradation by removing ubiquitin from target proteins, maintaining protein homeostasis, and
supporting plant growth, development, and stress responses [110, 139, 157, 166].PK enzymes regulate plant
metabolism by transferring phosphate groups to target proteins, influencing their activity, stability, and
localization, and playing essential roles in signaling pathways that control plant growth and responses to
environmental stresses [133, 142, 168].DMAO is a flavin-containing monooxygenase which involve in
oxygenates nitrogen, sulfur, and phosphorus-containing compounds. It detoxifies xenobiotics and
endogenous substances and helps in oxidative stress management [64]. Overall, our GWAS identified strong
signals associated with specific metabolites, highlighting the critical roles these genes play in responding
to biotic and abiotic stresses. While there is no direct evidence linking these genes to the associated
metabolites, it is known that they play crucial roles in plant metabolism and adaptability. These findings
emphasize the essential roles of various genes in plant metabolism, suggesting that they may indirectly
influence metabolite levels through their broader metabolic functions.

Among the six identified genes from TWAS, we notably identified two genes which are MCOs associated
with Quinic acid and CUEA associated with both Glycerol 1phosphate and L-glutamic acid (F.3). Although
the direct relationship between these genes and their associated metabolites is not well-established, it is
worth noting that the CUEA gene was also identified in the random forest results where it was found to be
associated with Glycerol 1-phosphate. CUEA plays a crucial role in maintaining copper ion homeostasis
within plant cells by actively transporting excess Cu(2+) ions out of the cytoplasm, either into the vacuole
for storage or out of the cell, preventing toxic levels of copper from accumulating [29, 96, 72, 62]. MCOs
catalyze the oxidation of various substrates, including polyphenols, aromatic polyamines, Lascorbate, and
metal ions, and facilitate the reduction of dioxygen to water [121]. This activity is essential for lignin
degradation, iron homeostasis, and defense against pathogens [47, 59, 10]. These TWAS findings especially
underscore the integral roles of copper-related genes, such as CUEA and MCOs, in plant metabolism. Their
involvement in crucial processes like ion homeostasis, lignin degradation, and defense mechanisms
indicates that these genes may influence metabolite levels indirectly through their broader metabolic
functions. This highlights the complex interactions within plant metabolic networks and the importance of
copper-related genes in maintaining metabolic balance and adaptability.

Among the 79 genes identified through RF analysis, a notable one is N-acetylgamma-glutamyl-phosphate
reductase (argC), which is associated with L-glutamic acid (F.4). ArgC is a key enzyme in the arginine
biosynthesis pathway, catalyzing the reduction of N-acetylglutamate 5-phosphate to N-acetylglutamate 5-
semialdehyde. This step is critical as it represents a committed stage in the production of arginine, an
essential amino acid. L-glutamic acid serves as a precursor in this pathway, providing the initial substrate,
and thus its metabolism is tightly linked to argC activity. The proper functioning of argC is crucial not only
for arginine synthesis but also for overall nitrogen metabolism in plants, impacting growth and stress
responses. ArgC has been extensively studied in E. coli, but its role in plants remains less explored,
highlighting an area for further research. Understanding the function of argC in plants could provide insights
into optimizing nitrogen use efficiency and improving stress tolerance. These findings underscore the
essential role of argC in glutamic acid metabolism and its broader implications for plant health and
development [6, 86, 21]. Additionally, We identified one overlapping gene, CUEA which is found in both
TWAS and RF, and a number of other genes not identified by TWAS. These findings underscore the
effectiveness of RF in identifying genes directly linked to metabolite production. This also demonstrates
the importance of incorporating methods like RF, which can capture both linear and nonlinear associations,
alongside TWAS, which is limited to linear relationships. By using RF, we may gain a more comprehensive
understanding of the complex interactions between gene expression and metabolite profiles. This approach
provides deeper insights into the metabolic networks and enhances our ability to uncover significant gene-
metabolite associations.
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From our RMIPGWAS analysis for non-metabolite traits, we found that three genetic markers associated
with variations in metabolite traits were also linked to non-metabolite traits, suggesting these loci are might
be potential key players in both plant metabolism and other plant characteristics (F.6,7,8). Additionally, we
identified three candidate genes associated with these genetic markers that exhibit strong LD and have well-
established roles in plant metabolism. ALDH is an enzyme family essential in plant metabolism, involved
in detoxifying reactive aldehydes produced during various metabolic processes. This detoxification helps
maintain cellular homeostasis, protects against oxidative stress, and supports plant development, growth,
and stress response mechanisms [136, 177, 145, 56, 173, 158]. The MYB gene family regulates gene
expression related to plant growth, development, stress response, and secondary metabolism, including the
biosynthesis of flavonoids, phenolic acids, and monolignols. These compounds contribute to the cell wall
structure, UV protection, and defense mechanisms [16, 167, 2, 111]. CDKs regulate the cell cycle by
phosphorylating target proteins and controlling cell division and growth. They are involved in DNA
replication, repair, transcription, and stress responses, enabling plants to adapt to environmental stresses
like drought, salinity, and pathogen attack [108, 63, 104, 84, 26]. These overlapping genes identified
between these traits need to be studied extensively. Along with RMIPGWAS, incorporating other statistical
analyses such as machine learning approaches may be essential to identify key genetic variants associated
with both metabolite and non-metabolite traits. Understanding the genes controlling variation in both types
of traits may also reveal how these traits are associated, providing deeper insights into their interconnected
biological pathways [61].

Our study utilized extensive genomic and gene expression data, employing a combination of quantitative
genetics and machine learning methods, to identify key genes influencing essential metabolic processes and
provide protection against various biotic and abiotic stresses, as well as their impact on both metabolite and
non-metabolite traits. Through this approach, we have uncovered significant insights into the genetic
architecture underlying plant metabolism. Our analysis showed that each method identified unique sets of
genes associated with metabolite variation, demonstrating the complementary nature of different genomic
approaches and their distinct input data. Interestingly, our study found that RF analysis, using the same
expression data applied in TWAS, identified genes with direct associations to metabolites that were not
detected by TWAS. These findings suggest that employing machine learning techniques like RF, which can
captures both linear and nonlinear relationships, may be important for identifying genes associated with
metabolites using gene expression data. Integrating machine learning analysis with quantitative genetics
analyses such as GWAS and TWAS could enhance our ability to uncover complex genetic influences on
metabolic traits. The identification of the key gene which is N-acetylgamma- glutamyl-phosphate reductase
(argC) associated with L-glutamic acid and overlapping gene Cu(2+)-exporting ATPase (CUEA) associated
with both Glycerol 1-phosphate identified across different methodologies point to their potential as key
players in plant metabolism and development and highlights the importance of integrating multiple
analytical approaches to reveal the gene metabolite association.

Our RMIPGWAS analysis uncovered that specific genetic markers associated with variations in metabolite
traits are also linked to non-metabolite traits. This dual association indicates that these loci may play crucial
roles in both plant metabolism and other plant characteristics. This dual functionality underscores the
complex network of interactions that govern plant traits and metabolite traits, highlighting the importance
of thoroughly studying these overlapping genes. By doing so, we can gain deeper insights into their
interconnected biological pathways, ultimately enhancing our understanding of plant biology as a whole.
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Conclusion

In conclusion, our study underscores the complexity of plant metabolism and its genetic basis, highlighting
the importance of using both quantitative genetics and machine learning analyses to uncover the full range
of gene-metabolite associations. This comprehensive approach is crucial for enhancing our understanding
of plant metabolic networks and their genetic regulation, which is essential for addressing challenges related
to plant resilience and productivity. Continued research in this area, incorporating diverse statistical and
machine learning methods, will enhance our ability to identify potential gene-metabolite associations with
improved stress tolerance and metabolic efficiency. The promising results from our study pave the way for
future research to explore the roles of these identified metabolites and genes in plant growth and
development processes, ultimately contributing to the development of more resilient and productive crops.
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F.1: Property of the Metabolite Variation in Maize. A) Repeatability (r): Bar graph quantifying the
Repeatability for various metabolites, where a higher bar suggests a stronger genetic influence on the
metabolite’s expression, and a lower bar suggests a lesser genetic influence. B) Variance Partitioning: A
stacked bar chart shows the contribution of different factors to the total variance for each metabolite. The

colors in the bars correspond to the proportion of variance attributed to Genotype, Batch, Run Order, and
Residual factors.
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F.2: Genes Associated with Metabolite Variation via Resampling Model In- clusion Probability Genome-
Wide Association Study (RMIPGWAS). A result of a RMIPGWAS conducted using the FarmCPU
algorithm. The x-axis represents maize chromosomes, while the y-axis indicates RMIP values, reflecting
the probability of SNP associations with the metabolite traits under study. Different colored dots rep- resent
SNPs associated with specific metabolites, as indicated in the legend. These specific metabolites, chosen
for their associations with an RMIP value of 0.3 and above, are highlighted in various colors, while
remaining metabolites are highlighted in grey. The plot includes two horizontal dashed lines marking RMIP
significance thresholds: the upper line at 0.2 (indicating SNPs significant in at least 20% of re- sampled
datasets) and the lower line at 0.1 (indicating SNPs significant in at least 10% of resampled datasets). Key
genes are highlighted above the plot. The physical positions between the chromosomes are marked with
horizontal lines in two different colors.
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F.3: Genes Associated with Metabolite Variation via Transcriptome-wide Association Studies (TWAS). The
TWAS results use transcript abundance data to identify genes associated with metabolite variation. The x-
axis represents maize chromosomes, while the y-axis shows the -log10(p-values) for associations between
gene expression levels and metabolite concentrations. Individual genes are represented by dots, with those
above the dashed red line meeting the Bonferroni-corrected significance threshold, indicating a significant
association with metabolite variations. Different colored dots correspond to genes associated with specific
metabolites, as detailed in the legend. Key genes are highlighted above the plot, with overlapping genes
identified between TWAS and RF analysis circled in two round circles.
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F.4: A Random Forest (RF) feature importance-based approach was conducted for three specific
metabolites, each with at least one significant association found in both RMIPGWAS and TWAS. This panel
displays a series of bar charts, where the x-axis represents the feature importance scores (as numerical
values) and the y-axis lists the genes identified by the Random Forest analysis. Two key genes are
highlighted with distinct shapes for emphasis: a star shape indicates a gene directly associated with
metabolites, while a square shape indicates genes that overlap with both TWAS and RF results. The feature
importance scores provide insight into the significance of each gene in relation to metabolite variation,
underscoring their critical roles in plant metabolism and development.
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F.5: Venn Diagram shows the numbers of shared and uniquely identified genes associated with metabolite
variation using quantitative genetics and machine learning methods with key genes highlighted mentioned
in each circle.
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F.6: The figure displays results from an RMIPGWAS conducted using the FarmCPU algorithm,
highlighting genes associated with metabolite and non-metabolite variation. The x-axis represents the
physical position of a particular chromosome in maize, measured in megabases (MB), while the y-axis
indicates RMIP values, reflecting the probability of SNP associations with the traits under study. Different
colored dots represent SNPs associated with specific traits. These traits were chosen for their associations
with both metabolite and non-metabolite traits. A horizontal dashed line at RMIP = 0.1 marks the
significance threshold, indicating SNPs are significant in at least 10% of resampled datasets. The gene of
interest is highlighted above the x-axis in red. Below the x-axis, an LD (Linkage Disequilibrium) plot is
included for the same chromosome region, showing the LD levels of the gene and associated markers, with
a color key indicating high LD in red and lower LD in yellow. This comprehensive figure illustrates the
genetic associations and linkage disequilibrium relevant to the traits under study.
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F.7: The figure displays results from an RMIPGWAS conducted using the FarmCPU algorithm,
highlighting genes associated with metabolite and non-metabolite variation. The x-axis represents the
physical position of a particular chromosome in maize, measured in megabases (MB), while the y-axis
indicates RMIP values, reflecting the probability of SNP associations with the traits under study. Different
colored dots represent SNPs associated with specific traits. These traits were chosen for their associations
with both metabolite and non-metabolite traits. A horizontal dashed line at RMIP = 0.1 marks the
significance threshold, indicating SNPs are significant in at least 10% of resampled datasets. The gene of
interest is highlighted above the x-axis in red. Below the x-axis, an LD (Linkage Disequilibrium) plot is
included for the same chromosome region, showing the LD levels of the gene and associated markers, with
a color key indicating high LD in red and lower LD in yellow. This comprehensive figure illustrates the
genetic associations and linkage disequilibrium relevant to the traits under study.
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F.8: The figure displays results from an RMIPGWAS conducted using the FarmCPU algorithm,
highlighting genes associated with metabolite and non-metabolite variation. The x-axis represents the
physical position of a particular chromosome in maize, measured in megabases (MB), while the y-axis
indicates RMIP values, reflecting the probability of SNP associations with the traits under study. Different
colored dots represent SNPs associated with specific traits. These traits were chosen for their associations
with both metabolite and non-metabolite traits. A horizontal dashed line at RMIP = 0.1 marks the
significance threshold, indicating SNPs are significant in at least 10% of resampled datasets. The gene of
interest is highlighted above the x-axis in red. Below the x-axis, an LD (Linkage Disequilibrium) plot is
included for the same chromosome region, showing the LD levels of the gene and associated markers, with
a color key indicating high LD in red and lower LD in yellow. This comprehensive figure illustrates the
genetic associations and linkage disequilibrium relevant to the traits under study.
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F.9: Venn Diagram shows the numbers of shared and uniquely identified genes associated with metabolite
and non-metabolites variation using RMIPGWAS with shared genes highlighted mentioned in the middle
circle.
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T.1: Genes Associated with Metabolite variation via Resampling Model Inclusion Probability
Genome-Wide Association Study (RMIPGWAS) at RMIP significance thresholds of x > 0.3

Metabolites SNP Distance Gene_ID Gene_Name | Gene description RMIP
from the
marker
Galactonic_acid chré 81874806 38129 Zm00001eb270570 TBS Theobromine synthase 0.64
Phosphoric_acid chr8_133024421 32734 Zm00001eb354560 UCH Ubiquitin ~ carboxyl  terminal | 0.61
hydrolase

Phosphoric_acid chr3 28733643 761 Zm00001eb126310 NA NA 0.51
Glyceric_acid chr2_ 177080341 29285 Zm00001eb097540 NA Endonuclease 0.47
Chlorogenic_acid chr2 203757097 9983 Zm00001eb104230 PGP Phosphoglycolate phosphatase 0.47
Shkimic_acid chr4 212836690 32290 Zm00001eb201130 NA NA 0.43
Trans_aconitic_acid | chr4 48138869 8808 Zm00001eb175400 NA uridylyltransferase 0.4
Quinic_acid chr3 116669684 53271 Zm00001eb135350 NA NA 0.39
Sucrose chr8_26033461 14868 Zm00001eb338670 NA PWWP domain (PWWP) 0.38
D _Glucoe chr3 216820299 19238 Zm00001eb157570 PKD Protein kinase domain 0.38
Galactonic_acid chrl0 11900210 81008 Zm00001eb408510 NA PPR repeat (PPR) 0.37
Raffinose chr7_142676377 10013 Zm00001eb317720 NA Proteasome subunit beta type-1 0.36
Fructose chr5_149005008 NA NA NA NA 0.36
Tyrosine chr5_156613475 44418 Zm00001eh239880 NA NA 0.36
Trans_aconitic_acid | chr6_161018577 34988 Zm00001eb289030 NA AJG-specific adenine glycosylase 0.36
Chlorogenic_acid chr7 1204204 22715 Zm00001eb298230 PER Peroxidase 0.31
L_serine chr2_173821786 53115 Zm00001eb096820 DMAO Dimethylaniline monooxygenase 0.31

(*Candidate genes identified within 100 kb intervals centered around seven significant SNPs)
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T.2: Genes Associated with Metabolite Variation via Transcriptome-wide Association Studies

(TWAS)

Traits SNP Gene_ID P_Value | R_square Gene_Name | Gene_Description

(pearson)
L_glutamic_acid 10_145065893 | Zm00001eb431150 | 5.70E-07 | 0.050616345 | CUEA Cu(2+)-exporting ATPase
Quinic_acid 3 184155685 | Zm00001eb147850 | 1.95E-07 | 0.070810384 | MCO MULTI-COPPER OXIDASE
Glycerol_1_Phosphate | 6_16935828 Zm00001eb262130 | 2.28E-07 | 0.06172314 | NA NA
Glycerol_1_Phosphate | 6_17825994 Zm00001eb262520 | 5.56E-08 | 0.063609407 | NA NA
Glycerol_1_Phosphate | 6_165558187 | Zm00001eb290790 | 1.21E-07 | 0.063337317 | CUEA Cu(2+)-exporting ATPase
Glycerol_1 Phosphate | 10 145065893 | Zm00001eb431150 | 6.35E-07 | 0.056087551 | CUEA Cu(2+)-exporting ATPase

T.3: Genes Associated with both Metabolite and Non-Metabolite Variation via Resampling Model
Inclusion Probability Genome-Wide Association Study (RMIPGWAS)

Metabolites | Non- Metabolite SNP | Non-Metabolite | Metabolite | Non- Distance | Gene of interest Gene description
Metabolites SNP RMIP Metabolite | between
RMIP the
marker
L-serine Percent_fill | chr6_113734505 | ch6_113703113 | 0.11 0.23 31392 Zm00001eb277100 | Aldehyde
Dehydrogenase
Mucic acid | LV9 chrl_30626701 | chrl_30562591 | 0.17 0.26 64110 Zm00001eb009750 | Myb/SANT-Like DNA-
Binding Domain
Chlorogenic | Branches chrl_ 193639633 | chrl 193546683 | 0.14 0.29 92950 Zm00001eb035350 | Cyclin-Dependent
acid per tassel Kinase
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A.1: The figure displays a series of scatter plots, each representing the relationship between replicate
measurements (REP1 and REP2) for different metabolites without removing the outliers. The data points
on each plot correspond to the replicated genotypes from the metabolite study. The x-axis represents the
measurements from the first replicate (REP1), and the y-axis represents the measurements from the second
replicate (REP2).
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A.2: Repeatability (r): Bar graph quantifying the repeatability for various plant phenotypes, where a higher
bar suggests a stronger genetic influence on the metabolite's expression, and a lower bar suggests a weaker

genetic influence.
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1.0+

0.9+

0.83

A.3: Repeatability (r): Bar graph quantifying the repeatability for various photosynthetic traits, where a
higher bar suggests a stronger genetic influence on the metabolite's expression, and a lower bar suggests a
weaker genetic influence.
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1.0+
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A.4: Repeatability (r): Bar graph quantifying the repeatability for various hyperspectral traits, where a
higher bar suggests a stronger genetic influence on the metabolite's expression, and a lower bar suggests a
weaker genetic influence.
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PCA Biplot (Variance: PC1 = 17.73 %, PC2 = 8.33 %)

} Metabolites

® Genotypes

PC2 (8.33%)

5
PC1(17.73%)

A.5: Principal Component Analysis (PCA): This scatter plot visualizes the principal component analysis
for maize genotypes based on metabolite data. Each dot on the plot represents an individual maize genotype,
positioned according to its scores on the first two principal components which explain a certain percentage
of the variation in the dataset. The lines, or vectors, extend from the plot origin to labels indicating specific
metabolites. These lines show the loadings of each metabolite, illustrating their influence on the principal
components. The direction and length of the lines suggest how each metabolite correlates with the principal

components and with each other.
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Pearson
Correlation

0.09 0.29 0.26 0.21 0.31 0.15 0.36 0.35 0.12 0.34 0.19 - 10
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L glutamic acid _g 050,27 0.39 0.13
Trans aconitic acid g2 g.27
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A.6: Correlation (r): Heatmap presenting the correlation coefficients between metabolites. Dark red squares
indicate a strong positive correlation, while dark blue squares indicate a strong negative correlation, and
lighter colors suggest weaker correlations. Coefficient values are displayed inside the squares for clarity.



52

- o o « o ° o < @ @
S S S S 8 < <] ]
| L ! I L
WOUBLUITOHUSESSE] = = ~ ™ o e g e -~~~ P — g AR e~ =~ e e~y — -~ =~ BB Onql@bpgeloye
WOWBUTTOUOZUUEI] & = m o m S e e i el ol it St el o ettt et Tui-~r-—go-~d-aa_
WOUDUSYBSSE, ™ = — =~ p ~w =~~~ —p e A~ e e p~meme—p~g e 8~ ~~—d-Ogea-
PSSELIOGSIUEg B = o o = = A - e R e A e A s~ -ggAg~-gvdgygh uvfvfg~qr-
o o o o o o Y N 0 S <~ S g e g g
FEEFEFFFEPFFFFRFFEERRERFERPREFFERRE AR CrEbREFFRR
P FbFFrFRFFFRFFFFFFFFAFFFh b RPAPAF R flr B F Y g s g . g
L e e et o e e T —LAc e -Fge
moed SE b E FEEFFEFbF b FFAFFFERFRFEF PP L FE eRA ak el aas_assa-_-_,-aa@ %
FEFFFEEREEFFFEEREEEFEEFFFE b F b Pk B2 Gas,sda_cA-g i
B N S S I S I S ) 12 urPAhpraro- @ 0% 8
e e e N N i e e e e N Ny ﬂﬂqlllvvliﬂ.m EL
aoghperossmuens b b E b FFEEFEEFFEEFEFFF PR EFERFFFFP R EFEEBEE ~esa--_~.n@. 55235
TR el el el el sl el el el el el A e e o -gyfe~pyrigavs bhuqqphib.em.@ =3
o ol o o ol el ol ol FAy08-Q- 8- @_c5353 332
O e o o 3 o o o o o o o o o o e vAgas-gPu@, 883 ¢
HOUBUETO ST g m = = = —m o mm — = — =~ Rt ettt il 2 St mtad il ot Db?@qw“rm.wmmL
HOUPNUES ~ o ~ g = =B g~ —m8e—p-a---~ggle-rggAgrgd-8o-gqlA00- . @ 5555
POl ] — o - — = — o = — =~ e el e T el o !vDVDUv.M.mum 2
eéﬁéB#%51r||--;yvvvr>‘p--||||||-y|-yy‘r|pbpqu‘>qv v-rvo- @ 035 &
S E S S S Y S 3 “oewwwmm E
S S S S S ) S I Y 3 LoRE3E £
3 ol o ol ol ol )l el o T, Vo N, Vo el Vol 3 A P BRUR E A
o o o o o o o Y ) Y Y E2s% =
WedegsEI A b EEEF R FERFFFFEFFECREFpFFERAEpEFRRRRLALE 2028
GugEr )~ e~ e A m - m e~ A~ —m—ppe-—p—=AAge o AAa e A, gnde mmmmw%
e e e e Y- My iy ey S N oS8 832E
WYBUGPOOY — ~ A B~ - - B M e h g~ —r e A~ ABAge g fA-_a A0 @ DF52E27
ngosheq AR AT L s e LS A s ke A kg g -~ O g~ S35 5293
B e e e e e ka_m&.\wm..om
OMELGEFEEEFEEEEEEEARECEEE -a 383 33"
N e a4 2 v £C82 j
G2 ol ol el o el el 28 ol il ) g2z £
D7 B o el ol el - 2l el god
"y g g g g oy g g oy g gy, g 3
AAA L e asa-cboogpaAalo o
BRALFFFFArAEFFFP kR ~AEE
e e = = e B e o= -
g g g o g g o g gy
L e e e et A el el o
CEEFCFFFFFPFErERFFFFEEEFFr ol S
UMeadus| R - ~ B - g mp — e e g~ me - -y Ww
L ol ol o Sl ol = ol Bl ol o )
AU M~ - — e e o e m e — e m A 3
AA_ 0080, 00d80_abldeen 2
O A 8- 006s-~ 6. 08~ 0000~ 5,
Sk prerhA  BAdA K ~nAa 2
thblbhhbb?|D°'bDthh. m
O_Dlos_AAssaOO-0a44 O 4

ppeooyen b PO F AR AL m ABE
eudsoud g asonE - O OA OAADAA BA_AAA
A@ad,808.,dd,
A Bs AL ~OaOLAAL

osopim Ay - Aa@I_ M40 @

R A Y4 M
Jousou ok~ OOC T~ s baba @ §

oweE e~ —p S e A B

ssoupsy— s A _ddamsa~ @ 2 i
poe opoudsoy — A Aa b ~a_da@ €27
=T 505

wcch.TMvvn hmp.a £oa
poe Juopeey & @ — & 4 9. NES

osonf Qs s A~ aa @ £
et = A A — u».s.m
\E
=

F"\asphonc aci

pue ousbooe — = & - O 2 5
- i £8
pREowenE ) — 8 B4 2§ 2
pe auooe sues & OT @ 5 2 2
=59
i - 4 @, 2 o
susoL~ @y § 25
poe s @y £ ¢ 5§
988522
§2289°
8558
JF A
E. g
= PE
=2 aF
o 5
o

Aspartic_acic

Quinic_acic

&

=
= 2
-1
55
$3
3z
25
33
82
S8
mT
&

ts between the metabolites and non-

1en’

ffic

10n CO¢€

the correlat

ing

Heat map presenti

(r)

10n

Correlat
metabolite traits. Dark red squares indicate a strong positive correlation, while dark blue squares indicate a

strong negative correlation and lighter colors suggest weaker correlations.

A7



Theabromine synthase Benzoate O-methyitransferase

R Color Key R Color Key

0 0.2 0.4 06 0.8 1 0 0.2 04 0.6 08
Ubiquitin carboxyl terminal hydrolase l Phosphoglycolate phosphatase

2
R Color Key R’ Color Key

| Peroxidase | l Protein kinase domain

R? Color Key R’ Color Key

0 0‘2 0.4 0:6 08 1 0 02 04 086 0.8

‘ Dimethylaniline monoxygenase

¢ Gene of interest

< Marker or SNP

R Color Key

53



54

A.8: The figure displays Linkage Disequilibrium (LD) plots for seven key genes associated with
metabolites identified from RMIPGWAS. Each subplot represents the LD structure surrounding one of the
genes: Theobromine synthase, Benzoate O-methyltransferase, Ubiquitin carboxyl-terminal hydrolase,
Phosphoglycolate phosphatase, Peroxidase, Protein kinase domain, and Dimethylaniline monooxygenase.
The LD levels are depicted with a color gradient, where red indicates high LD (1> value close to 1) and
yellow indicates lower LD. The green cross marks the gene of interest, while the blue cross marks a specific
marker or SNP (Single Nucleotide Polymorphism). This comprehensive figure provides a visual
representation of the genetic associations and LD patterns relevant to the traits under study.
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Scatter Plot of argC vs. L_glutamic_acid
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A.9: The figure presents a series of scatter plots illustrating the relationship between metabolite levels and
gene expression for argC gene identified through Random Forest (RF).
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A.10: The figure presents a series of scatter plots illustrating the relationship between metabolite levels and
gene expression for significant genes identified through Transcriptome-Wide Association Studies (TWAS).
Each plot compares the expression of a specific gene with the level of a corresponding metabolite, with
pairings as follows: Glycerol 1 phosphate with Zm00001eb262130 (R? = 0.062), Zm00001eb262520 (R?
= 0.064), Zm00001eb260790 (R* = 0.063), and Zm00001eb431150 (R? = 0.056); L _glutamic_acid with
Zm00001eb431150 (R? = 0.061); and Quinic_acid with Zm00001eb147850 (R? = 0.071). In each scatter
plot, the x-axis represents gene expression levels and the y-axis represents metabolite levels, with a blue
line indicating the linear regression fit. The R? value, shown in red, quantifies the strength of the
relationship, with higher values indicating stronger correlations. This figure effectively illustrates the
associations between significant genes and their corresponding metabolites, highlighting the genetic

influences on metabolite levels.
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A.11: Combined Profile of Feature Importance Scores from Original and Shuffled Data: This panel
showcases a feature importance plot derived from a Random Forest analysis of gene expression data. The
x-axis represents feature importance scores where a score of O represents the average feature importance
while the y-axis indicates the density of these scores. The green area indicates the distribution of feature
importance scores based on original gene expression data, while the red area represents the importance
scores from a shuffled dataset used as a control. The blue dotted lines indicate the established threshold for
significant feature importance. Scores that surpass this blue threshold in the original data are considered
biologically significant, as they exceed what would be expected by chance. The threshold is set at a level
where features exceeding a score of certain feature importance score correspond to an FDR of
approximately 0.05, highlighting genes that are considered to have a significant impact on metabolites.
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A.12: Genes Associated with Metabolite and Non-metabolite Variation via Resampling Model Inclusion
Probability Genome-Wide Association Study (RMIPGWAS). A result of a RMIPGWAS conducted using
the FarmCPU algorithm. The x-axis represents maize chromosomes, while the y-axis indicates RMIP
values, reflecting the probability of SNP associations with the traits under study. Colored dots distinguish
SNPs associated with specific traits: purple for Whole Plant Phenotypes, orange for Hyperspectral traits,
pink for Metabolite traits, and green for Photosynthetic traits. The plot includes two horizontal dashed lines
marking RMIP significance thresholds: the upper red dashed line at 0.20 (indicating SNPs significant in at
least 20% of resampled datasets) and the lower blue dashed line at 0.10 (indicating SNPs significant in at
least 10% of resampled datasets). The physical positions between the chromosomes are marked with
horizontal lines in two different colors. The physical positions between the chromosomes are marked with
horizontal lines in two different colors.
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APPENDIX B: Supplementary Tables

All supplementary tables are available on Figshare and can be accessed through the provided
links (DOI).

Table B.1: Genes Associated with Both Metabolite and Non-Metabolite Variation via
Resampling Model Inclusion Probability Genome-Wide Association Study (RMIPGWAS)
at RMIP significance thresholds of x>0.1x \geq 0.1x>0.1

DOI: 10.6084/m9.figshare.26384044

Table B.2: Genes Associated with Three Specific Metabolites via Random Forest (RF)
DOI: 10.6084/m9.figshare.26384068

Table B.3: Analysis of False Discovery Rate (FDR) for Selecting Promising Genes from the
Random Forest Findings
DOI: 10.6084/m9.figshare.26384071
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