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Maize (Zea mays subsp mays) was domesticated from its wild ancestor, teosinte (Zea mays subsp parviglumis). Maize’s
distinct morphology and adaptation to diverse environments required coordinated changes in various metabolic pathways.
However, how the metabolome was reshaped since domestication remains poorly understood. Here, we report
a comprehensive assessment of divergence in the seedling metabolome between maize and teosinte. In total, 461
metabolites exhibited significant divergence due to selection. Interestingly, teosinte and tropical and temperate maize,
representing major stages of maize evolution, targeted distinct sets of metabolites. Alkaloids, terpenoids, and lipids were
specifically targeted in the divergence between teosinte and tropical maize, while benzoxazinoids were specifically targeted
in the divergence between tropical and temperate maize. To identify genetic factors controlling metabolic divergence, we
assayed the seedling metabolome of a large maize-by-teosinte cross population. We show that the recent metabolic
divergence between tropical and temperate maize tended to have simpler genetic architecture than the divergence between
teosinte and tropical maize. Through integrating transcriptome data, we identified candidate genes contributing to metabolic
divergence, many of which were under selection at the nucleotide and transcript levels. Through overexpression or mutant
analysis, we verified the roles of Flavanone 3-hydroxylase1, Purple aleurone1, and maize terpene synthase1 in the divergence
of their related biosynthesis pathways. Our findings not only provide important insights into domestication-associated
changes in the metabolism but also highlight the power of combining omics data for trait dissection.

INTRODUCTION and secondary metabolism have been identified (Keurentjes
etal.,2006; Schaueretal.,2006; Matsudaetal.,2012; Toubiana
et al., 2012; Alseekh et al., 2013; Gong et al., 2013; Hill et al.,
2015; Wen et al., 2015; Knoch et al., 2017; Rambla et al., 2017).
These mQTL studies have revealed general features of the
genetic architecture of plant metabolomes. However, due to
the relatively low mapping resolution of linkage populations,
the genes underlying mQTLs remain elusive. With signifi-
cant advances in high-throughput genotyping technologies,
metabolite-based genome-wide association studies in natural
populations have become a powerful approach to dissect the
genetic and biochemical bases of plant metabolomes (Chan
etal.,2011;Riedelsheimeretal.,2012; Angelovicietal.,2013; Li
etal.,2013; Chen et al., 2014, 2016; Sauvage et al., 2014; Wen
etal.,2014; Matsuda et al., 2015; Tieman et al., 2017; Wu et al.,
2018). Recent integration of metabolomics with other omics
data has proven to be highly effective in functional gene

Plants produce structurally and functionally diverse metabolites
that are important for plant growth, development, and adaptation
to environmental changes (Dixon and Strack, 2003). These me-
tabolites include primary metabolites that are essential for plant
growth and reproduction and specialized metabolites that are
closely associated with biotic and abiotic stress responses
(Verpoorte and Memelink, 2002; Dixon and Strack, 2003; Schwab,
20083).

Uncovering the natural variation in plant metabolism and ex-
ploring the underlying genetic basis have received wide interest
(Keurentjes, 2009; Fernie and Tohge, 2017; Fang et al., 2019).
Using various single parental or multiparental linkage populations,
many metabolite quantitative trait loci (mQTLs) in plant primary
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identification and pathway elucidation (Wen et al., 2015; Zhu
et al., 2018). These metabolite-based genome-wide associa-
tion studies and integrative studies have identified novel genes
for important metabolic traits and uncovered potential meta-
bolic networks. Importantly, many metabolite features are
closely associated with traits of agronomic importance and
thus could be used as biomarkers in metabolomics-assisted
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Background: Studies of domestication have focused almost exclusively on changes in morphology such as
increased grain size, loss of shattering, larger inflorescences with more grain, and reduced branching. Yet,
domestication certainly involved a much larger set of traits that have escaped analysis because they are not visible
phenotypes. Among the traits that have gone largely unanalyzed are changes in the metabolic profiles of crops as
compared to their progenitors. In this study, we sought to fill this void by analyzing metabolic evolution between
maize and its progenitor, teosinte, which is the best-studied crop-progenitor system in the literature.

Question: In this study, we aimed to identify the metabolites that were targeted by selection during maize
domestication and elucidate the underlying genetic basis. We achieved this goal by measuring metabolite abundance
in the seedlings from diverse maize and teosinte accessions as well as from a maize-by-teosinte cross population.

Findings: We showed that a total of 461 metabolites exhibited significant divergence due to selection. Teosinte,
tropical, and temperate maize, representing major stages of maize evolution, targeted distinct sets of metabolites.
Alkaloids, terpenoids, and lipids were specifically targeted in the divergence between teosinte and tropical maize,
while benzoxazinoids were specifically targeted in the divergence between tropical and temperate maize. Through
integrating genome, transcriptome, and metabolome data from a maize-by-teosinte cross population, we identified
candidate genes contributing to metabolic divergence, many of which were under selection at the nucleotide and
transcript levels. Through overexpression or mutant analysis, we verified the roles of FHT1, Pr1, and ZmTPS1 in the

divergence of their related biosynthesis pathways.

Next steps: Our evolutionary metabolomics study showed that the metabolome was reshaped during maize
domestication and post-domestication adaptation. Further functional studies, such as experiments demonstrating the
role of metabolites in biotic or abiotic resistance, are required to make direct connections between metabolite

divergence and their ecological functions.
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breeding (Riedelsheimer et al., 2012; Wen et al., 2014; Chen et al.,
2016; Westhues et al., 2017).

Maize (Zea mays subsp mays) was domesticated in south-
western Mexico ~9000 years ago from its wild ancestor, teosinte
(Zea mays subsp parviglumis; Matsuoka et al., 2002; Piperno et al.,
2009). Compared with teosinte, maize underwent a dramatic
morphological transformation in plant and inflorescence archi-
tecture during domestication (Doebley, 2004). In addition to the
dramatic morphological changes, maize also experienced sub-
stantial changes in adaptation. From its tropical origin, maize has
adapted to diverse environments and become the most pro-
ductive crop worldwide (Hung et al., 2012; Guo et al., 2018; Huang
et al., 2018). Several key genes controlling the major morpho-
logical changes and maize adaptation have been cloned (Wang
etal., 2005; Studeretal.,2011; Hung et al., 2012; Wills et al., 2013;
Yang et al., 2013; Guo et al., 2018; Huang et al., 2018; Liang
et al, 2019.

Increasing evidence has shown that the significant phenotypic
changes during crop domestication were frequently accompanied
by coordinated metabolite alterations (Shang et al., 2014;
Beleggia et al., 2016; Zhou et al., 2016; Zhu et al., 2018). For
example, selection for nonbitter taste was associated with sig-
nificant changes in steroidal glycoalkaloid and cucurbitacin
compounds during the domestication of tomato (Solanum lyco-
persicum) and cucumber (Cucumis sativus), respectively (Shang
etal.,2014; Zhouetal.,2016; Tieman et al.,2017; Zhu et al., 2018).
Systematic studies have been performed to examine the impact of
maize domestication on its transcriptome (Swanson-Wagner
et al., 2012; Lemmon et al., 2014; Wang et al., 2018). The maize
transcriptome has experienced substantial alterations since do-
mestication, with numerous genes targeted by selection for al-
tered expression, many of which are closely associated with local
adaptation (Swanson-Wagner et al., 2012; Lemmon et al., 2014;

Wang et al., 2018). By contrast, an understanding of the metabolic
changes that accompanied the maize domestication process and
their associated significances is generally lacking.

In this study, we used an evolutionary metabolomics method to
comprehensively assess metabolite differences in seedlings of
teosinte, tropical maize, and temperate maize, which represent
major stages of maize evolution. We showed that distinct sets of
metabolites were targeted by selection during the evolution from
teosinte to tropical maize to temperate maize. Using alarge maize-
by-teosinte cross population, we performed mQTL mapping to
identify the genetic factors driving metabolic divergence. Through
integrating with the previous transcriptome data (Wang et al,,
2018), we identified candidate genes underlying mQTLs. Further
combing with the previous population genomics data (Hufford
et al,, 2012; Swanson-Wagner et al., 2012; Lemmon et al., 2014;
Wang et al., 2018) revealed that these candidate genes for mQTLs
are more likely targeted by selection at the nucleotide and gene
expression levels since domestication. Finally, we validated the
functions of several important metabolic genes and revealed the
associated evolutionary significances. Our findings not only
provide important insights into how domestication reshaped the
maize metabolome but also highlight the power of combining
omics data for trait dissection.

RESULTS AND DISCUSSION

Teosinte and Maize Exhibited Significant Divergence in
Their Metabolomes

To determine the difference in the metabolomes between maize
and teosinte, the seedling metabolomes of a diverse panel of 43
teosinte and maize accessions (Supplemental Table 1) were
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quantified using a nontargeted liquid chromatography-high-
resolution mass spectrometry (LC-HRMS)-based metabolomics
approach. The teosinte set included 16 accessions of Z. m. subsp
parviglumis. The maize set consisted of 12 tropical inbred lines and
15 temperate inbred lines representing a broad genetic diversity
of maize.

In total, 2378 nonredundant metabolites were detected, in-
cluding 291 annotated metabolites (Supplemental Data Set 1).
These annotated metabolites covered a broad range of metabolite
classes, including 58 carboxylic acids, 34 flavonoids, 28 amino
acids, 25 lipids, 21 terpenoids, 19 alkaloids, 12 benzoxazinoids, 12
peptides, 8 alcohol metabolites, 6 benzenoids, 5 phenolic gly-
cosides, 4 amines, 2 vitamins, 2 pyrans, and 55 unclassified
metabolites (Figure 1A; Supplemental Data Set 1). We performed
a principal component analysis (PCA) for the teosinte and maize
accessions with all metabolites. Interestingly, the 43 teosinte and
maize accessions separated into three clusters (Figure 1B). Fur-
ther examination showed that each cluster respectively contained
teosinte, tropical maize, and temperate maize lines, indicating
a significant metabolic divergence among them. Moreover, the
tropical maize cluster resided between the teosinte and tem-
perate maize clusters, indicating that a gradual metabolic di-
vergence might have occurred during the evolution from teosinte
totropical maize to temperate maize. Similar results were obtained
when PCA was performed with the 291 annotated metabolites
(Supplemental Figure 1). We referred to the metabolic divergence
between teosinte and tropical maize as Teosinte-TroMaize and
the metabolic divergence between tropical and temperate maize
as TroMaize-TemMaize. These two divergences arose sub-
sequently and represent two major stages of maize evolution.
Given these overall features in metabolic divergence, our sub-
sequent analysis focused on the comparison of Teosinte-
TroMaize and TroMaize-TemMaize.

Distinct Sets of Metabolites Were Targeted in the
Divergence of Teosinte-TroMaize and TroMaize-TemMaize

To identify metabolites that are responsible for the metabolic
divergence in Teosinte-TroMaize and TroMaize-TemMaize, we
used a Qq-Fgr comparison strategy (see “Methods”) to identify
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Figure 1. Metabolome Divergence between Maize and Teosinte.

the specific metabolites that were targeted by selection in
Teosinte-TroMaize and TroMaize-TemMaize. Qg estimates the
phenotypic divergence between taxa for the metabolite of interest,
while Fg; estimates the molecular divergence between taxa. The
Qgr-Fsr method determines whether the observed differences in
metabolite levels between taxa were caused by selection or by
neutral processes. To estimate the level of neutral population
divergence, the 43 teosinte and maize accessions were geno-
typed with ~6000 single-nucleotide polymorphisms (SNPs) using
the Maize6KSNP chip. Those SNPs that deviate from neutrality
were excluded through permutations, and a neutral Fg; was
computed using the remaining SNPs and used as a neutral
benchmark in the comparison of Teosinte-TroMaize and TroMaize-
TemMaize. To determine the significance of the observed Qg
relative to Fgr, a99% bootstrapping support interval was generated
for each Qg value. Only those metabolites whose 99% boot-
strapping support interval of Qg; was greater than the neutral Fg;
value were considered targets of selection.

Of the 2378 nonredundant metabolites, 461 (19.4%) metabo-
lites showed significant differences in metabolite contents due to
selection in the comparison of Teosinte-TroMaize and TroMaize-
TemMaize (Figure 2A), including 198 metabolites differentiating
teosinte and tropical maize and 296 metabolites differentiating
tropical and temperate maize (Figure 2B). This result suggests that
the metabolic divergence between tropical and temperate maize,
which arose more recently than the metabolic divergence between
teosinte and tropical maize, involved more metabolite alterations.
Compared with teosinte and tropical maize that were distributed in
similar tropical environments, tropical and temperate maize dif-
fered more significantly in growing environments. As maize spread
into temperate zones, maize was faced with more diverse con-
ditions in temperature, daylength, and disease susceptibility (Liu
et al., 2015). The metabolite alterations between tropical and
temperate maize might have helped drive maize to rapidly adapt to
wide temperate environments. Interestingly, a recent evolutionary
metabolomics study for tomato fruits revealed similar results, in
which 614 metabolites were significantly altered in the improve-
ment stage of tomato, whereas 389 metabolites exhibited sig-
nificant divergence in the domestication stage (Zhu et al., 2018).
However, Beleggia et al. (2016) observed an opposite pattern in
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(A) Classification of metabolites that have annotated structures. (B) PCA of the maize and teosinte accessions with all metabolites. PC, principal component.
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(A) Qg distribution associated with the two evolutionary steps: Teosinte-TroMaize and TroMaize-TemMaize. For each metabolite, Qg was calculated
separately for Teosinte-TroMaize and TroMaize-TemMaize. The metabolites that exhibited divergence in Teosinte-TroMaize, TroMaize-TemMaize, and

both processes are indicated in red, blue, and orange, respectively.

(B) Venn diagram showing the number of divergent metabolites in the two evolutionary processes.

(C) Different metabolite classes exhibited distinct divergence patterns. The bar chart shows the proportion of divergent metabolites in the corresponding
evolutionary process. Numbers in parentheses are the number of annotated compounds in the corresponding metabolite class.

(D) to (F) lllustration of the divergent pattern using benzoxazinoids (D), flavonoids (E), and alkaloids (F) as examples. Bars represent 99% Cls of Qq. Dots and
triangles on the bars represent observed Q. Red dots indicate no significant differences between Qg and F; in Teosinte-TroMaize, and blue dots indicate
no significant differences between Qg and Fg; in TroMaize-TemMaize. In Teosinte-TroMaize, upward and downward red triangles indicate significantly
higher and lower metabolite content in tropical maize relative to teosinte, respectively. In TroMaize-TemMaize, upward and downward blue triangles indicate
significantly higher and lower metabolite contentin temperate maize relative to tropical maize, respectively. The horizontal red and blue dashed lines indicate
the genome-wide threshold of neutral Fg; for Teosinte-TroMaize and TroMaize-TemMaize, respectively.

the analysis of the changes of kernel primary metabolites during
the domestication of tetraploid wheat (Triticum turgidum), with 16
metabolites targeted by selection during domestication of emmer
(primary domestication) but only 6 metabolites targeted during
domestication of durum wheat (secondary domestication). One

important difference among these three studies is the major types
of metabolites captured. Zhu et al. (2018) and our study used LC-
mass spectrometry (MS) for metabolite profiling, which mainly
captured secondary metabolites, whereas Beleggia et al. (2016)
used gas chromatography-MS which mainly captured primary
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metabolites. Itis well known that primary metabolites are essential
for the survival of the plant, whereas secondary metabolites are
closely associated with environmental responses. Therefore, it is
highly likely that primary metabolites tend to be modified in the
earlier stages of crop domestication, while secondary metabolites
are more likely to be modified as crops spread into new envi-
ronments. The different evolutionary patterns observed in these
three studies might reflect the distinct evolutionary history as-
sociated with primary and secondary metabolism, but this hy-
pothesis needs further testing by simultaneously profiling primary
and secondary metabolites in cultivated crops and their wild
ancestors, which will also provide a more complete picture of
metabolome divergence since crop domestication.

Among the 461 metabolites that showed evidence of selection,
only 33 (7.2%) metabolites were common targets of selection in
both Teosinte-TroMaize and TroMaize-TemMaize (Figures 2Aand
2B), indicating that different sets of metabolites were targeted
during the evolutionary process of Teosinte-TroMaize and
TroMaize-TemMaize. To determine which class of metabolites
was involved in each divergent process, we analyzed the distri-
bution of the 76 divergent metabolites that have annotated
structures. The 76 annotated metabolites can be classified into 10
metabolite classes (Supplemental Data Set 1). Our subsequent
analysis at the metabolite class level mainly focused on the seven
metabolite classes that contain at least five divergent compounds,
including benzoxazinoids, carboxylic acids, flavonoids, amino
acids, alkaloids, terpenoids, and lipids (Figure 2C). Overall, these
seven metabolite classes exhibited three types of evolutionary
features (Figure 2C).

The first type (Type I) of metabolite class included benzox-
azinoids that were specifically targeted in TroMaize-TemMaize. Of
12 annotated benzoxazinoid compounds, six compounds ex-
hibited significant divergence between tropical and temperate
maize but similar levels between teosinte and tropical maize
(Figure 2D). This result suggested that the benzoxazinoid pathway
might have experienced a specific divergence as maize spread
from tropical regions to temperate zones. Notably, 2,4-dihydroxy-
7-methoxy-1,4-benzoxazin-3-one glucoside (DIMBOA-Gic) and its
upstream metabolites 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-
3-one (DIMBOA), 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-one
(DIBOA), 2,4,7-trihydroxy-2H-1,4-benzoxazin-3-(4H)-one (TRIBOA),
and 2,4,7-trinydroxy-2H-1,4-benzoxazin-3-(4H)-one glucoside
(TRIBOA-Gic) consistently exhibited higher contents in temperate
maize compared with tropical maize, whereas 2-hydroxy-4,
7-dimethoxy-1,4-benzoxazin-3-one (HDMBOA), converted from
DIMBOA-Gic, showed higher content in tropical maize (Figure 2D).
Accumulating more DIMBOA-GIc might be a local adaptation
for temperate maize to resist insect herbivores in temperate
environments.

The second type (Type ll) of metabolite class included me-
tabolite classes that were involved in both Teosinte-TroMaize and
TroMaize-TemMaize, including carboxylic acids, flavonoids, and
amino acids (Figure 2C). Within these metabolite classes, different
metabolites were separately targeted in Teosinte-TroMaize and
TroMaize-TemMaize. For example, 11 annotated metabolites in the
flavonoid class exhibited significant divergence; among them, five
metabolites were specifically targeted in Teosinte-TroMaize, five were
specifically targeted in TroMaize-TemMaize, and one was commonly

targeted in both evolutionary processes (Figure 2E). These divergent
metabolites exhibited a complex divergence pattern in the di-
rectionality of the associated metabolic changes. Among the five
flavonoid metabolites specifically targeted in Teosinte-TroMaize, four
metabolites (m0139, tricin 7-diglucuronoside; m0148, kaempferol;
mO0151, quercetin derivative; and m0157, tricetin 3'-methyl ether
7-glucoside) exhibited higher contents in teosinte than in tropical
maize, whereas the other metabolite (m0147, coumarin deriva-
tive) showed an opposite pattern (Figure 2E). All five metabolites
that showed specific divergence in TroMaize-TemMaize [m0101,
L-B-aspartyl-L-phenylalanine; m0169, puerarin 4’-O-glucoside;
m0170, biochanin A 7-(6-methylmalonylglucoside); m0172, api-
genin 4’-glucoside; and m0175, koparin] had higher contents in
temperate maize than in tropical maize (Figure 2E). The metabolite
(m0152, a chrysin derivative) that was commonly targeted in both
evolutionary processes exhibited a decrease from teosinte to
tropical maize but an increase from tropical maize to temperate
maize (Figure 2E). These results suggested that the flavonoid
pathway might have experienced complex modifications since
domestication, in which different metabolic steps were targeted
for local adaptation in different stages of maize evolution. It is
interesting to note that two insect-deterrent flavonols (m0148,
kaempferol and m0151, a quercetin derivative) and two UV-
B-deterrent flavone O-glucosides (m0139, tricin 7-diglucuronoside
and m0157, tricetin 3'-methyl ether 7-glucoside) exhibited decreased
levels in tropical maize compared with teosinte (Figure 2E). These
results suggested that teosinte is an important source to improve
the biotic and abiotic resistance of maize.

The third type (Type lll) included metabolite classes that were
specifically targeted in Teosinte-TroMaize, including alkaloids,
terpenoids, and lipids (Figure 2C). For example, 10 annotated
metabolites in the alkaloid class exhibited significant divergence.
Among them, eight were specifically targeted in Teosinte-TroMaize,
only one metabolite was specifically targeted in TroMaize-TemMaize,
and one was commonly targeted in both evolutionary processes
(Figure 2F). Notably, all of these divergent alkaloid metabolites in
Teosinte-TroMaize, except phosphocholine (m0252) and a uridine
derivative (m0255), exhibited reduced contents in tropical maize
compared with teosinte (Figure 2F). Many alkaloid compounds
were associated with bitter taste (Chen et al., 2007; Frick et al.,
2017). The consistently reduced alkaloid contents in maize
compared with teosinte could be the result of selection for non-
bitter grain, which consequently caused an associated reduction
in seedling alkaloids. This reduced alkaloid content for improved
palatability has been also observed during the domestication of
potato (Solanum tuberosum; Johns and Alonso, 1990), lupins
(Enneking and Wink, 2000), and tomato (Tieman et al., 2017; Zhu
et al., 2018).

The Recent Metabolic Divergences between Tropical and
Temperate Maize Were Controlled by Simpler
Genetic Architecture

To identify the genetic factors controlling metabolite divergence,
we further profiled the seedling metabolome of a maize-teosinte
BC,S; recombinant inbred line (RIL) population derived from
a cross between the temperate maize inbred line W22 and the
Z. m. subsp parviglumis accession CIMMYT 8759 (hereafter
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referred to as 8759) using LC-HRMS (Supplemental Data Set
2). This RIL population consisted of 624 lines and was pre-
viously genotyped with 19,838 SNP markers using genotyping-
by-sequencing technology (Shannon, 2012). The content of
the 461 metabolites exhibiting significant divergence between
maize and teosinte was determined for each RIL and used as
the phenotypes to map mQTLs controlling the metabolite
variation in the BC,S; population. In total, 1494 mQTLs for 432
divergent metabolites were detected (Figure 3A; Supplemental
Data Set 3).

We compared the genetic architecture underlying metabolites
that exhibited specific divergence in the two evolutionary pro-
cesses (Teosinte-TroMaize and TroMaize-TemMaize). Interestingly,
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the metabolites specifically targeted in TroMaize-TemMaize
tended to be controlled by fewer mQTLs than the metabolites
specifically targeted in Teosinte-TroMaize (Figure 3B; Student’s
ttest, P = 0.046; permutation test, P < 0.05). Moreover, the mQTLs
detected in TroMaize-TemMaize, on average, explained more
genetic variance (proportion of phenotypic variance standardized
by metabolite heritability) than the mQTLs detected in Teosinte-
TroMaize (P = 3.3E—6, Figure 3C). These results suggested that
the metabolic divergences in TroMaize-TemMaize, which arose
more recently than the metabolic divergences in Teosinte-
TroMaize, were controlled by simpler genetic architecture. Our
observations further support the notion that phenotypic changes
that came under strong and recent selection tend to have genetic

— Alcohols
a — Alkaloids

o
o

0 oe8

g — Amino acids

— Benzoxazinoids

op
adl.}

— Carboxylic acids

= = ~—— Flavonoids
° & ===t — Lipids
'a ' . . = ! ' "==— Phenolic glycosides
g — Terpenoids
= :5 = —— Vitamins
a o ° o i+ — Other
Chr6 Chr7 Chr8 Chr9 Chr10
E
a b
o
8-
c
—~ O
X ©1
4 5 a
-
E Y
e e]
b o
A ‘ N
BPS

pQTL mQTL eQTL pQTL mQTL eQTL

(A) mQTLs for divergent metabolites. Rectangles represent 2-LOD support intervals of the mQTLs. Divergent metabolites in Teosinte-TroMaize, TroMaize-
TemMaize, and both processes are colored in red, blue, and orange, respectively. Only mQTLs for divergent metabolites that have annotated structures are

shown here.

(B) and (C) Genetic architecture comparison for the metabolites specifically targeted in Teosinte-TroMaize and TroMaize-TemMaize. mQTL (Teosinte-
TroMaize), mQTLs controlling the specific metabolic divergence in Teosinte-TroMaize; mQTL (TroMaize-TemMaize), mQTL controlling the specific

metabolic divergence in TroMaize-TemMaize.

(D) and (E) Genetic architecture comparison for morphological phenotypes, metabolites, and gene expression. pQTLs, morphological phenotype QTLs
reported in previous studies (Shannon, 2012; Huang et al., 2016; Li et al., 2016; Xu et al., 2017a, 2017b); mQTLs, QTLs for divergent metabolites identified in
this study; eQTL, gene expression QTLs reported by Wang et al. (2018). Different letters indicate significant difference at P < 0.01 (Tukey test).
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architectures with fewer genes and larger effect sizes than changes
resulting from previous selection because of the shorter amount of
time for the variation to accumulate (Wallace et al., 2014).

Inthe same maize-teosinte BC,S; RIL population we previously
performed QTL mapping for 26 morphological phenotypes
(termed pQTLs; Shannon, 2012; Huang et al., 2016; Li et al., 2016;
Xu et al., 2017a, 2017b) and QTL mapping for 17,311 expressed
genes (termed eQTLs; Wang et al., 2018). These data sets allowed
us to compare the genetic architectures controlling natural vari-
ation in morphological phenotypes and intermediate molecular
phenotypes such as metabolite and gene expression levels. On
average, 14.2 pQTLs, 3.4 mQTLs, and 1.5 eQTLs were mapped for
each trait of morphological phenotype, metabolite, and gene
expression, respectively (Figure 3D). Each QTL averagely ex-
plained 3.2, 8.4, and 12.5% of the genetic variance of the trait of
interest after accounting for trait heritability (Figure 3E). As ex-
pected, the morphological phenotype exhibited the highest
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complexity in genetic architecture, followed by metabolite and
gene expression.

Analysis of the genomic distribution of the mQTLs showed that
the mQTLs were not evenly distributed along the maize genome
but formed 29 hotspots, each of which was associated with at
least seven metabolites (Figure 4). Enrichment analysis for these
mQTL hotspots revealed that the target metabolites regulated by
an individual mQTL hotspot tended to be significantly enriched in
specific metabolic pathways (Figure 4; Supplemental Table 2),
indicating the presence of critical factors at the hotspot that have
a broad impact on the enriched metabolic pathway. For example,
the mQTL hotspots hs2-1 and hs5-3, located on chromosome 2
and 5, respectively, exhibited significant enrichments in the fla-
vonoid pathway (Figure 4). We peformed candidated gene anal-
ysis (next section) and found that Flavanone 3-hydroxylasel
(FHT1) and Purple aleurone1 (Pr1) are the most likely underlying
genes for hs2-1 and hs5-3, respectively.

chr3 chr4 chrb
hs4-4
Carboxylic acids
Lipids
hs4-3
Flavonoids hs5-3
Flavonoids

!
l I" i

50 100 150 0 50 100 150 0 50 100 150

chr8 chr9 chr10
hs9-1
Lipids
[ hs10-2
Flavonoids

[

50 100 150 0 50 100 150 0 50 100 150

Genetic position (cM)

Figure 4. Distribution of mQTLs along the Maize Genome.

The x axis represents the genetic positions. We performed a sliding window analysis with 3-cM windows and 1-cM steps to count the number of mQTL
in each window according to the peak position of the mQTLs. The y axis represents the number of mQTLs in each window, and windows with mQTL
numbers greater or less than the mQTL hotspot threshold are in red and gray, respectively. Metabolic pathways enriched in the mQTL hotspots are in

blue text.
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Integrating the Transcriptome to Identify Candidate Genes
Controlling Metabolic Divergence

In our previous study, we performed transcriptome sequencing for
the same seedling tissues used in this study for metabolic profiling
(Wang et al., 2018), which enabled us to integrate transcriptome
data to identify candidate genes underlying mQTLs. If the causal
gene for an mQTL affects it through gene expression, the gene’s
expression level will significantly correlate with metabolite con-
tents in the maize-teosinte BC,S; RIL population. We used
a previously proposed candidate gene ranking method (Lovell
et al.,, 2015) to identify candidate genes that may underlie the
target mQTL. The expression of each expressed gene within the
2-logarithm of odds (LOD) support interval of the target mQTL was
iteratively added as a covariate to the original multiple-mQTL
model to test the impact of gene expression on the identifica-
tion of the target mQTL (Supplemental Figure 2). If there exists
a causal link between gene expression and the target mQTL,
adding gene expression to the mQTL model will significantly
absorb the mQTL-specific phenotypic variance and consequently
lead to a significant reduction in the LOD score of the mQTL
(Supplemental Figure 2). The difference in mQTL LOD scores
(designated A LOD) between the original multiple-mQTL model
and the new model adding a gene-expression covariate was used
as a statistic to measure the relative effect of the candidate gene
on the target mQTL (Supplemental Figure 2). To determine the
significance of A LOD, 10,000 permutations were performed for
each mQTL.

Using this candidate gene ranking approach, we obtained
ranked lists of candidate genes for 912 mQTLs (61% of mapped
mQTLs; Supplemental Data Set 4). The number of candidate
genes identified for each mQTL ranged from 1 to 23, with an
average of 5.1 candidate genes per mQTL (Supplemental Data Set
4). Of the 912 mQTLs identified with candidate genes, 381 mQTLs
(41.8%) were identified with fewer than three candidate genes,
involving 409 gene models in total (Supplemental Data Set 4). To
control the possible impact from unrelated background genes, our
subsequent analysis of the entire set of candidate genes mainly
focused on the 381 mQTLs identified with fewer than three
candidate genes. A previous population genomics study identified
a list of candidate genes that might be under selection at the
nucleotide level during maize domestication and improvement

(Hufford et al., 2012). Interestingly, of the 409 candidate genes, 45
(11%) were in the selection gene list (Supplemental Data Set 4),
a finding that is unlikely to have occurred by chance alone (hy-
pergeometric test, P = 0.0084). The previous comparative tran-
scriptome analyses of maize and teosinte populations identified
lists of genes that were potential selection targets for altered gene
expression since domestication (Swanson-Wagner et al., 2012;
Lemmon et al., 2014; Wang et al., 2018). We found that 149 (36.
4%) candidate genes for mQTLs showed altered expression
between maize and teosinte, a finding that is unexpected to occur
by chance alone (hypergeometric test, P = 2.29E—11). These
results strongly suggested that the candidate genes for mQTLs
were more likely targeted by selection at both the nucleotide level
and the expression level since domestication, which might have
driven the metabolic divergence among teosinte, tropical maize,
and temperate maize.

Bx Genes Contributed to the Metabolic Divergence in the
Benzoxazinoid Pathway

Benzoxazinoids are specialized metabolites in grasses that
function in defense against broad pests and pathogens
(Niemeyer, 1988; Ahmad et al., 2011; Glauser et al., 2011;
Meihls et al., 2013; Handrick et al., 2016). In maize seedlings,
the predominant benzoxazinoid is DIMBOA, and it is stored
as an inactive glucoside (DIMBOA-Gic) in the cell vacuole.
In addition to DIMBOA-Gilc, other benzoxazinoids, includ-
ing HBOA-GIc, DIBOA-GIc, TRIBOA-GIc, DIM,BOA-GIc, and
HDMBOA-Glc, were also identified in maize leaves. DIMBOA-
Glc often functions as a defensive signal that triggers the
formation of callose to resist insect herbivores such as aphids
(Ahmad et al., 2011; Meihls et al., 2013). HDMBOA-GiIc is more
toxic than DIMBOA-Glc and decays more quickly to produce
insect-deterrent compounds against chewing herbivores such
as caterpillars (Maresh et al., 2006; Ahmad et al., 2011; Meihls
et al., 2013; Tzin et al., 2015). In our study, we found that six
benzoxazinoid compounds exhibited specific divergence be-
tween tropical and temperate maize (Figure 2D). DIBOA,
DIMBOA, DIMBOA-GIc, TRIBOA, and TRIBOA-Glc exhibited
higher levels in temperate maize than in tropical maize, while
HDMBOA showed higher levels in tropical maize (Figure 2D;
Figure 5A).

Figure 5. (continued).

(A) to (C) Benzoxazinoid biosynthesis pathway and evidence of metabolite divergence. The boxplots next to the highlighted compounds denote the relative
metabolite content in teosinte (a), tropical maize (b), and temperate maize (c).

(B) mQTLs mapped for the divergent benzoxazinoids.

(C)and (D) QTL effects of the common mQTL on chromosome 1 (1@85.5) for DIMBOA-GiIc (C) and HDMBOA (D). The red, blue, and green-yellow violin plots
indicate RILs carrying homozygous 8759, homozygous W22, and heterozygous alleles at the mQTL 7@85.5 in the maize-teosinte BC,S; population,
respectively.

(E) Candidate gene analysis for the mQTL 7@85.5 for HDMBOA. The original LOD profile of 7@85.5 is plotted in red. The LOD profiles of 7@85.5 from new
models adding gene expression covariate are plotted in turquoise (significant covariates) and gray (nonsignificant covariates). The dark blue line represents
Bx12.

(F) Correlation between HDMBOA contents and Bx 72 expression levels in the maize-teosinte BC,S; RIL population. RILs that are homozygous for 8759 and
W22 and heterozygous at Bx12 are indicated in red, blue, and green-yellow, respectively. The gene expression and metabolite content values are residuals
after accounting for confounders.

(G) Structure and LC-MS/MS fragmentation of HDMBOA.
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Figure 6. FHT1 and Pr1 Contributed to the Metabolic Divergence in the Flavonoid Pathway.

Tricetin derivative content

1999

(A) Biosynthetic pathway for different structural forms of flavonoids. Divergent metabolites detected in this study are in bold. m0148, kaempferol; m0151,
quercetin derivative; m0172, apigenin derivative; m0157, tricetin derivative; m0139, tricin derivative; m0170, biochanin A derivative. 4CL, 4-coumaryl-CoA
ligase; C4H, cinnamic acid hydroxylase; CHI, chalcone isomerase; CHS, chalcone synthase; F3H, flavanone 3-hydroxylase; F3'H (PR1), flavanone
3’-hydroxylase; FNS, flavone synthase; PAL, phenylalanine-ammonia lyase.
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To determine the genes controlling benzoxazinoid divergence,
we performed mQTL mapping in the maize-teosinte BC,S;
population and identified 27 mQTLs for the six benzoxazinoid
compounds (Figure 5B). Interestingly, three mQTLs for DIMBOA,
DIMBOA-Glc, and HDMBOA colocalized in similar positions on
chromosome 1 (Figure 5B). At this common mQTL (7@85.5), the
W22 allele is associated with a higher content of DIMBOA-Glc but
lower level of HDMBOA (Figures 5C and 5D). For each mQTL,
putative candidate genes were identified using the candidate
gene ranking approach. Interestingly, benzoxazinone synthesis12
(Bx12), encoding an O-methyltransferase that catalyzes the for-
mation of HDMBOA-Gilc from DIMBOA-Gic (Meihls et al., 2013), is
the most likely candidate gene for the common mQTL 7@85.5
(Figure 5E; Supplemental Figure 3; Supplemental Data Set 4).
Consistent with this result, the content of HDMBOA and the ex-
pression level of Bx72 in the maize-teosinte BC,S; population
were highly correlated (r = 0.54, P < 2.2E—16; Figures 5F and 5G).
Meihls et al. (2013) identified a natural CACTA transposon in-
sertion that inactivates Bx72. In our previous study, we further
found that this CACTA transposon insertion was detected in only
temperate maize and exhibited strong evidence of selection
(Wang et al., 2018). Maize damage by aphids is a greater problem
in temperate regions than in tropical regions (Ahmad et al., 2011;
Meihls et al., 2013). DIMBOA-GIc content has been shown to be
positively correlated with the level of resistance against maize leaf
aphid (Rhopalosiphum maidis; Meihls et al., 2013; Betsiashvili
etal.,2015; Zheng et al., 2015). Therefore, the CACTA transposon
insertion that inactivates Bx12 for accumulating more DIMBOA-
Glc might be an important adaptive event for temperate maize to
conquer the increased numbers of aphids in temperate environ-
ments. In addition to Bx72, several other benzoxazionoid genes,
including Bx7, Bx9, and Bx13, colocalized with benzoxazinoid
mQTLs (Figure 5B). These results suggested that these known
Bx genes might play important roles in driving benzoxazinoid
divergence.

Pr1 and FHT1 Contributed to the Metabolic Divergence in
the Flavonoid Pathway

Flavonoids constitute a large group of plant-specialized metab-
olites that play critical roles in plant development and defense
(Andersen and Markham, 2006; Jiang et al., 2016). Flavonoids are
synthesized from phenylpropanoid derivatives by condensation
with malonyl-CoA (Figure 6A). These and further modifications of
the heterocyclic ring yield a variety of structural forms, including
flavones, flavanones, flavonols, isoflavones, 3-deoxy flavonoids,
and anthocyanins (Andersen and Markham, 2006).

In this study, we identified 11 flavonoid compounds that
exhibited altered contents in Teosinte-TroMaize or TroMaize-
TemMaize (Figure 2E). In total, 73 mQTLs were mapped for the
11 flavonoid compounds (Figure 6B). Interestingly, mQTLs for
different structural forms of flavonoid compounds colocalized in
similar chromosomal positions (Figure 6B). For example, we de-
tected a common mQTL for different forms of flavanones, fla-
vones, isoflavones, and flavonols on chromosome 5 (5@702.8),
which also corresponds to the mQTL hotspot hs5-3 (Figures 4 and
6B). At thiscommon mQTL (5@702.8), the 8759 allele is associated
with higher contents of kaempferol, biochanin A derivatives,
apigenin 4'-glucoside, puerarin 4’-O-glucoside, and chrysin de-
rivative but lower levels of quercetin derivatives, tricetin de-
rivatives, and coumarin derivative than the W22 allele (Figure 6B;
Supplemental Data Set 3). Among the putative candidate genes
identified for the common mQTL 5@702.8 (Supplemental Data Set
4), Pr1, a known gene encoding flavonoid 3’'-hydroxylase (F3'H)
that is responsible for catalyzing the conversion of naringenin to
eriodictyol (Sharma et al., 2011), is the most likely candidate gene
(Figure 6C). Interestingly, a significant cis-eQTL was detected for
Pr1, with the peak SNP located 248 kb downstream of Pr1 (Wang
et al., 2018). At this cis-eQTL, the 8759 allele is associated with
lower expression of Pr1 than the W22 allele (Supplemental Fig-
ure 4). This cis-eQTL effect on Pr1 expression is consistent with
the mQTL effect on flavonoid contents, with high Pr1 expression
leading to increased levels of downstream metabolites of F3'H
(Figures 6A and 6B). To further validate the role of Pr1, we obtained

Figure 6. (continued).

(B) mQTLs forthe 11 divergent flavonoid compounds. Triangles represent the peak positions of the corresponding mQTL. Red triangles represent mQTLs at
which the teosinte allele is associated with increased metabolite content relative to the maize allele. Blue triangles represent mQTLs at which the teosinte
allele is associated with reduced metabolite content relative to the maize allele.

(C) Candidate gene analysis of the mQTL on chromosome 5 (5@102.8) for flavonoid. The original LOD profile of 5@702.8 is plotted in red. The LOD profiles of
5@102.8 from new models adding gene expression covariate are plotted in turquoise (significant covariates) and gray (nonsignificant covariates). The dark
blue line represents Pr1.

(D) A pr1 mutant containing a Mu transposon insertion in the first exon of the gene.

(E) Volcano plot of altered metabolites in the pr1 mutant (only the 190 metabolites with annotated structure were plotted). Significantly altered metabolites
were declared with fold change (FC) > 2 and P < 0.01 (Student’s t test).

(F) Flavonoid profiles in seedlings of wild-type (WT) and pr1 mutant plants. ***P < 0.001 (Student’s t test, n = 5). Statistical analysis for the five replicates is
shown in Supplemental Data Set 5.

(G) Candidate gene analysis for the mQTL on chromosome 2 (2@172.9) for tricetin derivative (m0157). The original LOD profile of 2@12.9 is plotted inred. The
LOD profiles of 2@72.9 from new models adding gene expression covariate are plotted in turquoise (significant covariates) and gray (nonsignificant
covariates). The dark blue line represents FHT1.

(H) Correlation between tricetin derivative (m0157) contents and FHT1 expression levels in the maize-teosinte BC,S; RIL population. RILs that are ho-
mozygous for 8759 and W22 and heterozygous at FHT1 are indicated in red, blue, and green-yellow, respectively. The gene expression and metabolite
content values are residuals after accounting for confounders.
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Figure 7. Genetic Basis of Linalool Derivative Divergence.
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(A) Overview of linalool biosynthesis in maize. The enzyme geranyl diphosphate synthase catalyzes the synthesis of geranyl diphosphate from dimethylallyl
diphosphate. Linalool synthase then catalyzes the conversion of geranyl diphosphate to linalool.

(B) Structure and LC-MS/MS fragmentation of the linalool 3-(6''-malonylglucoside).

(C) Relative content of linalool 3-(6''-malonylglucoside) in teosinte, tropical maize, and temperate maize. The y axis represents log,-transformed content.
(D) mQTL mapping for the linalool derivative in the maize-teosinte BC,S; RIL population. The inset violin plots represent the allele effect foreach mQTL. The
red, blue, and green-yellow violin plots indicate RILs carrying homozygous 8759, homozygous W22, and heterozygous alleles at each mQTL in the maize-

teosinte BC,S; population, respectively. Chr, chromosome.

a transposon insertion mutant that contains a Mu transposon
insertion in the first exon of Pr1 (Figure 6D). We performed met-
abolic profiling for the Mu mutant and the wild-type using LC-
HRMS. In total, 143 metabolites (7.8% of detected metabolites)
were significantly altered (P <0.01, fold change > 2)inthe pr1 mutant
compared with the wild type (Figure 6E; Supplemental Data Set 5).
Among these 143 altered metabolites, 26 had an annotated struc-
ture, including 20 flavonoids, 2 phenolic glycosides, 2 amino acids,
2 carboxylic acids, and 2 unclassified metabolites (Figure 6E). All
of the eight metabolites that have mQTLs mapped at the Pr1 locus
exhibited significant changes in the pr1 mutant (Figure 6F). These
results further validated the role of Pr1 in flavonoid biosynthesis.
Additionally, we found that eight mQTLs for different forms of
flavanones, flavones, isoflavones, and flavonols that were targeted in
Teosinte-TroMaize or TroMaize-TemMaize were located in similar
positions on chromosome 2 (2@12.9), which also corresponds to the
mQTL hotspot hs2-7 (Figures 4 and 6B). At this common mQTL
(2@12.9), the 8759 allele is associated with higher contents of
kaempferol, quercetin derivative, and tricetin derivative but lower
levels of apigenin derivative, chrysin derivative, biochanin A derivative,
tricin derivative, and puerarin 4’-O-glucoside than the W22 allele

(Figure 6B; Supplemental Data Set 3). Among the putative candidate
genes (Supplemental Data Set 4), FHT1 was identified as the most
likely candidate for the common mQTL 2@172.9 (Figure 6G). FHT1
encodes a flavanone 3-hydroxylase that is necessary for the pro-
duction of flavonols and anthocyanins (Deboo et al., 1995). In our
previous eQTL analysis (Wang et al., 2018), a significant cis-eQTL was
detected for FHT1, with the peak SNP located 109 kb downstream of
FHT1. At this cis-eQTL, the 8759 allele exhibited higher FHT1 ex-
pression than the W22 allele (Figure 6H; Supplemental Figure 5). As
expected, the FHT1 expression level was significantly correlated with
the tricetin derivative content in the maize-teosinte BC,S; RIL pop-
ulation (r = 0.36, P < 2.2E—16; Figure 6H). Therefore, the cis-variant at
FHT1 might have played an important role in driving the metabolic
divergence in flavonoid subgroups, including flavanones, flavones,
isoflavones, and flavonols, since maize domestication.

ZmTPS1 Contributed to the Metabolic Divergence in the
Terpenoid Pathway

Terpenoids form a large group of secondary metabolites that
function in plant interactions with pollinators, herbivores, and
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Figure 8. ZmTPS1 Contributed to the Metabolic Divergence in the Terpenoid Pathway.
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parasitoids (Kessler and Baldwin, 2001; Rector et al., 2003; Schnee
et al., 2006; Richter et al., 2016). We found that five terpenoid
compounds were specifically targeted in Teosinte-TroMaize and
one was specifically targeted in TroMaize-TemMaize (Supplemental
Figure 6). Linalool is a monoterpene that functions in various bi-
ological processes, including attraction of pollinators and resistance
to biotic stresses (Raguso and Pichersky, 1999; van Schie et al.,
2007). In our study, we identified a derivative of linalool [linalool 3-(6''-
malonylglucoside)], and its content was higher in tropical maize than
in teosinte (Figures 7A-7C). Further linkage mapping in the maize-
teosinte BC,S; RIL population identified six mQTLs for the linalool
derivative that jointly explained 54.1% of the phenotypic variation
(Figure 7D; Supplemental Data Set 3). Relative to the 8759 allele, the
W22 allele at five of the six loci conferred a higher level of the linalool
derivative (Figure 7D), indicating their roles in increasing the content of
the linalool derivative during the evolution from teosinte to tropical
maize. Candidate gene analysis identified 59 putative candidate
genes for the six linalool derivative mQTLs (Supplemental Data Set
4). Interestingly, GRMZM2G049538 (ZmTPS1), a gene encoding
a terpene synthase, is among the most likely candidates for the
mQTL on chromosome 2 (2@37.4, Figure 8A). The amino acid se-
quence of ZmTPS1 showed a high similarity to the terpene synthase
sequences of the TPS-e/f subfamily (Supplemental Figure 7;
Supplemental Data Set 6). This group includes AtTPS04 in Arabidopsis
(Arabidopsis thaliana), which is responsible for the formation of (E,E)-
geranyllinalool from the substrate geranylgeranyl diphosphate (Herde
et al., 2008). Indeed, a previous study has shown that ZmTPS1 could
catalyze the formation of linalool in vitro (Schnee et al., 2002).

To further validate the function of ZmTPS7, we obtained
a transposon insertion mutant that contains a Mu transposon
insertionin the firstintron of ZMTPS1 (Figure 8B). At the same time,
we overexpressed ZmTPS1 under the control of the Ubiquitin
promoter (Figure 8C). RT-gPCR analysis showed that ZmTPS1
expression was reduced 13.5-fold in the Mu mutant but upre-
gulated 51-foldin the overexpression line (Figure 8C). We performed
metabolic profiling for the Mu mutant and the overexpression line
using LC-HRMS. In the tps7 mutant, 21 metabolites (1.2% of de-
tected metabolites) exhibited altered contents compared with wild-
type plants and 12 of them have annotated structure (Figures 8D
and 8E; Supplemental Data Set 7). As expected, the level of linalool
derivative was significantly reduced in the mutant (Figure 8D). In
the ZmTPS1 overexpression line, a total of 463 metabolites (25.5%
of detected metabolites) exhibited altered contents compared
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with the wild type (Supplemental Data Set 7). Among these altered
metabolites, 63 had annotated structures, mainly including 11
terpenoids, 12 carboxylic acids, 5 benzoxazinoids, and 5 flavonoids
(Figure 8F; Supplemental Data Set 7). As expected, the linalool
derivative content showed a dramatic increase in ZmTPS1-
overexpressed plants (Figure 8D). Collectively, these results sug-
gest that ZmTPS1 is involved in terpenoid biosynthesis and might
have a significant impact on other metabolite pathways.

Previous studies have shown that maize seedlings release large
amounts of volatiles upon herbivore attack (Turlings et al., 1990,
1991). The volatile blend of maize plants is dominated by terpenes,
including the monoterpene linalool and the sesquiterpenes (E)-
B-farnesene and (E)-nerolidol (Turlings et al., 1991). These terpene
volatiles often function as attractants for natural enemies of the
herbivores, either predators or parasitoids, to locate their hosts or
prey, consequently enhancing the defense of the host plants
against herbivore attack (Turlings et al., 1990, 1991; Yan and Wang,
2006; Block et al., 2019). This defense mechanism, termed indirect
defense, has been shown to play a critical role in a variety of plant
species (Degenhardt, 2009; de Lange et al., 2014). Among the
herbivore-induced volatile compounds, linalool was the most fre-
quently occurring constitutive compound across different maize
genotypes (Degen et al., 2004). Therefore, the increased linalool
content in tropical maize compared with teosinte might be asso-
ciated with an enhanced defense against herbivores in tropical
maize. However, this hypothesis needs further experimental test-
ing. Given the role of ZmTPS1 in catalyzing the formation of linalool,
we speculate that ZmTPS1 may play an important role in regulating
the divergence in linalool between teosinte and tropical maize.

METHODS

Plant Materials and Growth Conditions

The teosinte accessions included eight teosinte inbred lines provided by
John Doebley (University of Wisconsin, Madison) and eight accessions
from the Maize Coop Stock Center (Supplemental Table 1). The 27 maize
inbred lines consisted of 12 tropical maize inbred lines and 15 temperate
maize inbred lines that maximize the genetic diversity of maize (Supplemental
Table 1; Liu et al., 2003; Yu et al., 2008). The 43 diverse maize and teosinte
accessions were grown in a controlled greenhouse environment with 16 h
of light (at 5000-lux illumination intensity and mixed wavelength ranging
from 450 to 660 nm) and 8 h of dark. We used a randomized design with
each genotype having at least two biological replicates.

Figure 8. (continued).

(A) Candidate gene analysis for the linalool derivative mQTL on chromosome 2 (2@37.4). The original LOD profile of 2@37.4 is plotted in red. The LOD profiles
of 2@37.4 from new models adding gene expression covariate are plotted in turquoise (significant covariates) and gray (nonsignificant covariates). The dark

blue line represents ZmTPS1.

(B) tps1 mutant containing a Mu transposon insertion in the first intron of the gene. CDS, coding sequence; UTR, untranslated region.

(C) ZmTPS1 expression levels in mutant (left) and overexpression (OE) plants (right). The expression values are relative to the control gene ZmTubulin1 and
represent means = sp of five biological replicates. ***P < 0.001 (Student’s t test). WT, wild type.

(D) Linalool 3-(6’’-malonylglucoside) profiles of wild-type (WT), tps7 mutant, and overexpression (OE) plants. ***P < 0.001 (Student’s t test, n = 5).

(E) Significantly altered metabolites in tps 7 mutant. The heatmap displays the 12 metabolites having annotated structure that exhibited significant difference

between mutant and wild type (WT; fold change > 2 and P < 0.01).

(F) Significantly altered metabolites in ZmTPS1 overexpressed plants. The heatmap displays the 63 metabolites with annotated structure that exhibited
significant difference between overexpressed (OE) plants and wild-type (WT) plants (fold change > 2 and P < 0.01).
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The BC,S; RIL population, containing 624 lines, was derived from a cross
between W22 (a typical temperate inbred line of Zea mays subsp mays) and
CIMMYT accession 8759 (a typical accession of Z. m. subsp parviglumis).
The population was obtained from the Maize Coop Stock Center and was
previously genotyped using 19,838 SNPs (Shannon, 2012). The RIL pop-
ulation was grown in the same environment as the diverse maize and teosinte
accessions with an augmented incomplete randomized block design. The
planting of the BC,S; RIL population has been described previously (Wang
etal., 2018), and part of the sampled seedling tissues has been successfully
used for transcriptome sequencing and eQTL analysis (Wang et al., 2018).
The remaining samples were used for metabolite profiling in this study.

Sample Preparation

The aboveground seedlings were harvested 11 d after planting for met-
abolic profiling. The materials were snap frozen in liquid nitrogen, ground
into powder, and partitioned into two sample sets for lipid-soluble and
water-soluble metabolite extraction. One hundred milligrams of powder
was weighed and transferred to a 1.5-mL centrifuge tube. One milliliter of
absolute methanol was added, and the tube was placed in an ultrasonic
cleaner (KunShan) for 30 min for lipid-soluble metabolite extraction (or 75%
[v/v] methanol for water-soluble metabolites). After centrifugation (5417R
centrifuge, Eppendorf) at 15,000 rpm and 4°C for 10 min, the supernatants
ofthe extracts were combined (1:1, v/v), and 0.6 mL of the mixture was dried
using a vacuum concentrator (Concentrator plus, Eppendorf). The dried
samples were reconstituted in 80 pL of 50% (v/v) methanol and filtered
through a 0.1-pum membrane for LC-HRMS analysis.

LC-HRMS Analysis

We performed ultrahigh performance LC-HRMS (UPLC-HRMS) analysis as
described previously (Cao et al., 2016). Briefly, an UPLC-HRMS system
(UPLC, ACQUITY i-Class, Waters; HRMS, Q-Exactive, Thermo Fisher Scien-
tific) equipped with a heated electrospray ionization source was used for the
analysis of metabolites in seedlings. MS analysis was performed in the positive
jon mode, and we obtained scans in the mass range of m/z 70 to 1000 with
a resolution of 70,000. To obtain sufficient data points for quantification, three
scans were performed per second. The MS2 scan used a normalized collision
energy of 35V, an isolation window of 0.8 m/z, and a mass resolution of 35,000.
Compounds were identified with accurate mass measurement of molecular
ions and fragment ions with high resolution. We obtained a list of candidate
chemical formulas after searching the accurate mass of molecular ions
against compound databases such as Metabolite and Tandom MS Database
(METLIN), Kyoto Encyclopedia of Genes and Genomes (KEGG), Plant Meta-
bolic Pathway Databases (PlantCyc), Arabidopsis Metabolic Pathway Data-
bases (AraCyc), Human Metabolome Database (HMDB), LIPID MAPS, High
Resolution Mass Spectral Database (MassBank), PubChem, and MeSH with
amass accuracy of 5 ppm. The isotopic pattern of the molecular ions helped to
determine the likely formulas. Tandem mass spectrometry (MS/MS) spectral
database matches were used to match the fragment ion spectra to the can-
didate compounds. We also compared MS/MS spectra with theoretical
fragmentation patterns with mass accuracy at 10 ppm using Progenesis QI 2.0
(Waters). Metabolite identifications were classified at level Il based on their
spectral similarities with public/commercial spectral libraries in accordance with
the Metabolomics Standards Initiative guidelines (Sumner et al., 2007). Au-
thentic standards for metabolites of particular interest were used to verify the
identification results (Supplemental Data Set 1).

Statistical Analysis of Metabolite Variation

All the metabolite data were log, transformed to improve normality for
further analysis. For the diverse maize and teosinte accessions, least
square means were calculated from a mixed linear model fitting genotype

as a fixed effect and replicates and assaying batch as random effects.
Broad sense heritability was estimated as:

H2:0'S/(a'§+o'§/n) M

where o2 is the genetic variance, o2 is the residual error variance, and n
is the number of replicates. Estimates of o3 and o2 were obtained from
amixed linear model with genotype, replicates, and assaying batch fitted as
random effects. PCA of the metabolites across the 43 diverse maize and
teosinte accessions was performed using the R statistical package (https://
www.r-project.org/).

For the BC,S; RIL population, we used a previously described strategy
(Pickrell et al., 2010) to control the potential noise that could be introduced
during the experiment. Following this strategy, each metabolite was fitted in
a linear regression model to correct for known confounders (assaying batch,
block in greenhouse) and unknown confounders (the first principal component
from PCA). This correction approach has been widely applied in large-scale
mapping studies and significantly increased statistical power (Pickrell et al.,
2010; Wang et al., 2018). The metabolite contents after correction for non-
genetic confounders were used for subsequent mQTL analysis.

Qgr-Fsr Comparison

To identify divergent metabolites that resulted from selection rather than
neutral processes, we used a Qqr-Fgyr comparison strategy (Leinonen etal.,
2013). To estimate genetic differentiation, the 43 diverse maize and teo-
sinte accessions were genotyped with a Maize6KSNP chip (lllumina). The
data were filtered to remove SNPs that were monomorphic or had a missing
rate greater than 10%. Finally, 3665 SNPs in total were used in the sub-
sequent analysis.

We followed a previously described procedure to perform the Qg-Fgr
comparison analysis (Beleggia et al., 2016). Briefly, F5; was calculated
using the method of Weir and Cockerham (1984) as follows:

Fsr=(Hr —Hs)/Hr @

where Hr refers to heterozygosity in overall population and Hr refers to
heterozygosity within subpopulations. To estimate the level of neutral
population divergence, we first excluded SNPs that deviate from neutral
expectations using an Fg;-based outlier test (Beleggia et al., 2016). The
outliers were identified by permuting individuals across populations. The
outlier SNPs were discarded, and the final set of neutral SNPs was used to
calculate neutral Fg;. Finally, 2874 and 3236 neutral SNPs were used to
calculate the neutral Fg; of Teosinte-TroMaize and TroMaize-TemMaize,
respectively.

We calculated Qg for each metabolite as follows (Bonnin et al., 1996;
Beleggia et al., 2016):

Qst = (1 + Fis)a3/[(1 + Fis)oh + 20| &)

where o3 is the between-population variance component, o2, is the within-
population variance component, and F g is the inbreeding coefficient.
GCTA (Yang et al., 2011) was used to compute the inbreeding coefficient.
We estimated 99% confidence intervals (Cls) of Qg by resampling in-
dividuals with replacement 1000 times (Evans et al., 2014). We compared
the 99% Cls of Qg with neutral Fg; values, and those metabolites with Cls
greater than the neutral F4; value were considered targets of selection.

mQTL Mapping

Following the previously described procedure (Shannon, 2012; Huang
etal.,2016,2018; Lietal.,2016; Xuetal.,2017a,2017b; Wang et al., 2018),
we performed mQTL mapping using a modified version of R/qtl (Broman
etal., 2003) that considers the BC,S; pedigree of the RILs (Shannon, 2012).
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The analysis code is available in GitHub (https://github.com/Guanghui-Xu/
mQTL_code). Briefly, mQTL mapping was first performed using the
Haley-Knott regression method to generate aninitial list of mQTLs (Broman
et al., 2003). Permutations (1000 times) were conducted to determine
the significance threshold of LOD for claiming significant mQTLs. A
multiple mQTL model was then fitted to test the significance of each
mQTL using a drop-one analysis of variance (ANOVA). The positions of
mQTLs remained in the multiple mQTL model were further refined using the
refineqtl command. The total phenotypic variation explained by all the
mQTLs detected for ametabolite was determined by fitting all mMQTL terms
in the model. The phenotypic variation explained by each mQTL was
calculated using the drop-one ANOVA with the fitqt/ function. The confi-
dence interval for each mQTL was defined using a 2-LOD drop support
interval.

To identify potential mQTL hotspots, we performed a sliding window
analysis with 3-centimorgan (cM) windows and 1-cM steps to count the
number of mQTL in each window according to the peak positions of the
mQTLs. Following a previously described procedure (Wang et al.,2018), we
performed permutation tests (1000 times) to determine the threshold for
declaring significant mQTL hotspots. In each permutation test, the 1494
mQTLs were randomly assigned to windows in the genome, and the
number of mQTLs in each window was counted. The maximal number of
mQTLs across the windows in each permutation was recorded. On the
basis of the distribution of the maximal mQTL number from permutations,
the threshold for declaring an mQTL hotspot was seven mQTLs per window
at a significant threshold of P = 0.05. Adjacent windows that exceeded the
hotspot threshold were merged. The pathway enrichment analysis was
performed using a hypergeometric test, and the false discovery rate
method was used for multiple test correction.

Candidate Gene Analysis

Using the same seedling tissues, we previously performed transcriptome
sequencing and conducted eQTL analysis in the maize-teosinte BC,S; RIL
population (Wang et al., 2018). This data set enabled us to integrate the
transcriptome to identify specific genes whose expression regulates
metabolite variation in the population. We used a previously described
candidate gene ranking approach to identify the candidate genes for
mQTLs (Lovelletal.,2015). The analysis code is available in GitHub (https://
github.com/Guanghui-Xu/mQTL_code). For each mQTL, the expression of
each expressed gene within its 2-LOD support interval was added as
a covariate to the original multiple-mQTL model to test the impact of gene
expression on the identification of the target mQTL (Supplemental Fig-
ure 2). The difference in mQTL LOD scores (designated A LOD) between
the original multiple-mQTL model and the new model with a gene-
expression covariate was used as a statistic to measure the relative ef-
fect of the candidate gene on the target mQTL (Supplemental Figure 2). To
determine the significance of A LOD, a permutation test was performed for
each mQTL. For each mQTL, the expression of a randomly selected gene
was added as covariate to the original multiple mQTL model to estimate the
impact of gene expression on target mQTL by chance alone. We repeated
this procedure 10,000 times to generate a simulated ALOD distribution,
based on which we determined the significance of ALOD at P = 0.001.

Gene Expression Quantification by RT-qPCR

To examine the expression level of ZmTPS1 in the Mu transposon insertion
mutant and the overexpression line, the tps7 mutant, the T3 over-
expression plants, and their corresponding wild-type plants were grown in
agreenhouse. Seedling tissues were harvested 11 d after planting, with five
biological replicates for each genotype. Total RNA was extracted using the
RNAprep Pure Plant Kit (Tiangen) according to the manufacturer’s in-
structions. The RNA was treated with RNase-free DNase | (Takara), and its
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concentration and quality were assessed using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). Next, 2 pg of purified RNA
was reverse transcribed using Moloney murine leukemia virus reverse
transcriptase (Promega) and random primers. RT-gPCR was performed on
an ABI 7500 instrument (Applied Biosystems) using the SYBR Premix Ex
Tagq Il kit (Takara), and measurements were obtained using the relative
quantification method (Schmittgen and Livak, 2008). The tubulin gene
ZmTubulin1 (GRMZM2G152466) was used as a reference gene. Primers
for the reference gene and ZmTPS1 are shown in Supplemental Table 3.

Phylogenetic Analysis

Protein sequences of terpene synthases from maize and other plant species
were obtained from Gramene (http://www.gramene.org), The Institute for
Genomic Research (http://rice.plantbiology.msu.edu/index.shtml), and The
Arabidopsis Information Resource (http://www.arabidopsis.org) databases.
Protein sequences were aligned with MUSCLE (Edgar, 2004) and manually
edited when necessary. A neighbor-joining tree was constructed using
MEGAB.0 software with 1000 bootstrap replicates (Tamura et al., 2013).

Transgenic Functional Validation

The coding region of ZmTPS1 was amplified from B73 cDNA and cloned
into the binary vector pPCUNm under the control of the Ubiquitin promoter.
This construct was introduced into the receptor line B73 via Agrobacterium
tumefaciens—mediated transformation (Ishida et al., 2007). The transgenic
seeds were created by the maize functional genomics project of China
Agricultural University. Transgene-positive and transgene-negative plants
in ZmTPS1 transgenic families were identified using transgene-specific
primers (Supplemental Table 3). Seedlings of T3 transgene-positive and
transgene-negative plants were sampled for gene expression and me-
tabolite profiling. Five biological replicates were used for each genotype.
Quantification and annotation of compounds were performed as described
previously. Metabolites that exhibited significant alteration in over-
expression plants were identified using Student’s t test, with a significance
threshold of P < 0.01 and fold change > 2.

Mutant Functional Validation

Plants with Mu insertions in Pr1 (UFMu-00761) and ZmTPS1 (UFMu-
06794) were obtained from the Maize Coop Stock Center and con-
firmed using a combination of gene- and transposon-specific primers
(Supplemental Table 3). Mu-containing plants were used as donor parents
and backcrossed to the wild-type W22 two times, followed by self-
pollination to generate a segregating population. The homozygous mu-
tant and wild-type plants in the segregating population were used for
expression and metabolite quantification. Five biological replicates were
used for each genotype. The significantly altered metabolites in the mu-
tants were identified using Student’s t test, with a significance threshold of
P < 0.01 and fold change > 2 (Supplemental Data Sets 5 and 7).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers Bx72, GRMZM2G023325; Pr1,
GRMZM2G025832; FHT1, GRMZM2G062396; ZmTPS 1, GRMZM2G049538.

Supplemental Data

Supplemental Figure 1. Principal component analysis (PCA) of the
maize and teosinte accessions with 291 annotated metabolites.

Supplemental Figure 2. Pipeline for candidate gene ranking analysis.
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Supplemental Figure 3. Bx12 contributes to DIMBOA natural varia-
tion in the maize-teosinte BC,S; RIL population.

Supplemental Figure 4. cis-eQTL for Pr1 detected in the maize-
teosinte BC,S; RIL population.

Supplemental Figure 5. cis-eQTL for FHT1 detected in the maize-
teosinte BC,S; RIL population.

Supplemental Figure 6. Divergent metabolites in the terpenoid
pathway.

Supplemental Figure 7. Phylogenetic tree of the terpene synthase
genes homologous to ZmTPS1.

Supplemental Table 1. Maize and teosinte materials used in this
study.

Supplemental Table 2. mQTL hotspots and pathway enrichment
analysis.

Supplemental Table 3. Primers used in this study.

Supplemental Data Set 1. Detailed information of the 291 annotated
metabolites detected in this study.

Supplemental Data Set 2. Metabolite content in the maize-teosinte
BC,S; RIL population.
Supplemental Data Set 3. mQTLs for the divergent metabolites.

Supplemental Data Set 4. Candidate genes for mQTLs identified
through candidate gene ranking analysis.

Supplemental Data Set 5. Detailed information for the altered
metabolites in the pr1 mutant.

Supplemental Data Set 6. Amino acid sequence alignments of the
terpene synthase genes homologous to ZmTPS1.

Supplemental Data Set 7. Detailed information for the altered
metabolites in tps7 mutant and overexpression line.
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