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Terpenoids are a major component of maize (Zea mays) chemical defenses that mediate responses to herbivores, pathogens, and
other environmental challenges. Here, we describe the biosynthesis and elicited production of a class of maize diterpenoids,
named dolabralexins. Dolabralexin biosynthesis involves the sequential activity of two diterpene synthases, ENT-COPALYL
DIPHOSPHATE SYNTHASE (ZmAN2) and KAURENE SYNTHASE-LIKE4 (ZmKSL4). Together, ZmAN2 and ZmKSL4 form
the diterpene hydrocarbon dolabradiene. In addition, we biochemically characterized a cytochrome P450 monooxygenase,
ZmCYP71Z16, which catalyzes the oxygenation of dolabradiene to yield the epoxides 15,16-epoxydolabrene (epoxydolabrene)
and 3b-hydroxy-15,16-epoxydolabrene (epoxydolabranol). The absence of dolabradiene and epoxydolabranol in Zman2 mutants
under elicited conditions confirmed the in vivo biosynthetic requirement of ZmAN2. Combined mass spectrometry and
NMR experiments demonstrated that much of the epoxydolabranol is further converted into 3b,15,16-trihydroxydolabrene
(trihydroxydolabrene). Metabolite profiling of field-grown maize root tissues indicated that dolabralexin biosynthesis is
widespread across common maize cultivars, with trihydroxydolabrene as the predominant diterpenoid. Oxidative stress
induced dolabralexin accumulation and transcript expression of ZmAN2 and ZmKSL4 in root tissues, and metabolite and
transcript accumulation were up-regulated in response to elicitation with the fungal pathogens Fusarium verticillioides and
Fusarium graminearum. Consistently, epoxydolabranol significantly inhibited the growth of both pathogens in vitro at 10 mg mL21,
while trihydroxydolabrene-mediated inhibition was specific to F. verticillioides. These findings suggest that dolabralexins have
defense-related roles in maize stress interactions and expand the known chemical space of diterpenoid defenses as genetic targets
for understanding and ultimately improving maize resilience.

Plants produce diverse arrays of specialized metab-
olites that govern interactions with, and adaptation to,
their biotic and abiotic environments (Pichersky and
Gershenzon, 2002; Hartmann, 2007; Pichersky and
Lewinsohn, 2011; Tholl, 2015). Among these specialized
metabolites, diterpenoids are a large class of more than
10,000 known compounds with diverse physiological
and biological functions. Plants typically harbor both a
widely conserved subset of diterpenoids such as the
GAs, a class of phytohormones mediating develop-
mental processes, and myriad specialized compounds
with diverse roles in chemical ecology and plant ad-
aptation (Keeling and Bohlmann, 2006; Gershenzon
and Dudareva, 2007; Chaturvedi et al., 2012; Schmelz
et al., 2014; Hedden and Sponsel, 2015). Because of their
agronomic importance as two of the world’smajor food
crops, maize (Zea mays) and rice (Oryza sativa) have
been studied extensively for their terpenoid-based

defense systems (Degenhardt, 2009; Schmelz et al.,
2014). In rice, a suite of momilactone, oryzalexin, and
phytocassane diterpenoids confer defense against sev-
eral major pathogens, such as rice blast (Magnaporthe
oryzae; Peters, 2006; Kato-Noguchi and Kobayashi,
2009; Toyomasu et al., 2014). As components of rice root
exudates, momilactones also can exhibit allelopathic
activity, suppressing the development of neighboring
plants of other species (Kato-Noguchi and Peters, 2013).
These findings exemplify the diverse, protective bio-
logical roles of diterpenoids in Poaceae crops. How-
ever, the potential applications of these chemical
defenses in agricultural improvement have been lim-
ited, in part, by knowledge gaps in understanding
identities, biosynthesis, regulation, and ecological roles
in different crop species.

In maize, two groups of acidic terpenoids, the kaur-
alexin class of diterpenoids and the zealexin class of
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sesquiterpenoids (Fig. 1), are part of a complex reper-
toire of defense-related specialized metabolites, such
as phenylpropanoids, oxylipins, benzoxazinoids, and
volatile terpenoids (Schnee et al., 2006; Köllner et al.,
2008a; Santiago and Malvar, 2010; Ahmad et al., 2011;
Huffaker et al., 2011; Schmelz et al., 2011; Christensen
et al., 2015; Richter et al., 2016; Wouters et al., 2016).
Inducible zealexin and kauralexin production contrib-
utes to defense, both aboveground and belowground,
against pathogenic fungi, including Fusarium, Asper-
gillus, and Colletotrichum spp. (Huffaker et al., 2011;
Schmelz et al., 2011; Vaughan et al., 2015). Kauralexins
also function as insect feeding deterrents (Schmelz
et al., 2011) and accumulate in response to salt and
drought stress (Vaughan et al., 2015). These properties
are consistent with diverse roles in stress resilience that
extend well beyond antimicrobial activity.

Much of the diterpenoid chemical diversity of plants
is produced through the sequential activity of enzymes
encoded by two functionally diverse gene families, the
diterpene synthases (diTPSs) and the cytochrome P450
monooxygenases (P450s). Plants employ variable
combinations of different diTPSs and P450s to trans-
form a few ubiquitous diterpene precursors into thou-
sands of different diterpenoid metabolites, many of
which are of limited taxonomic distribution (Peters,
2010; Zerbe and Bohlmann, 2015). Modular enzyme
networks largely determine the variations of diterpene
profiles in closely and distantly related plant species
(Peters, 2010; Hamberger and Bak, 2013; Zerbe and
Bohlmann, 2015). Naturally occurring modularity in
diterpenoid biosynthesis further enables the engineer-
ing of combinatorial diTPS and P450 expression

systems in microbial and plant host systems to accel-
erate the discovery of terpenoid pathways (Brückner
and Tissier, 2013; Lange and Ahkami, 2013; Kitaoka
et al., 2015; Zerbe and Bohlmann, 2015).

In monocots, diterpenoid pathway networks com-
prise sets of diTPSs with conserved and species-specific
functions in wheat (Triticum aestivum) and rice (Prisic
et al., 2004; Xu et al., 2004, 2007a; Morrone et al., 2006;
Wu et al., 2012; Zhou et al., 2012; Fu et al., 2016). The
ensuing diTPS products often undergo further struc-
tural modifications through the activity of P450 en-
zymes, as exemplified in rice by the P450-catalyzed
formation of several bioactive diterpenoid metabolites
(Swaminathan et al., 2009; Wang et al., 2011, 2012a,
2012b). Comparatively, less was known about the
complexity of maize diterpenoid biosynthesis. Char-
acterized maize diterpenoid enzymes include the
ENT-COPALYL DIPHOSPHATE (CPP) SYNTHASE
ZmAN1 (Bensen et al., 1995), the ENT-KAURENE
SYNTHASES ZmTPS1, ZmKLS3, and ZmKSL5 (Fu
et al., 2016), and the ENT-KAURENE OXIDASE
CYP701A26 (Mao et al., 2017; Fig. 1). All of these
enzymes have either validated or predicted roles in
GA metabolism. However, the frequently observed
substrate promiscuity of characterized enzymes
(Peters, 2010; Morrone et al., 2011; Zerbe and Bohl-
mann, 2015) also may enable roles in defense-related
specialized metabolism. In the absence of mutant
analyses, the maize kauralexin and zealexin meta-
bolic pathways have remained largely unproven,
with the exception of the ent-CPP synthase ZmAN2,
which has been empirically demonstrated to function
in kauralexin formation (Harris et al., 2005; Vaughan
et al., 2015). The b-macrocarpene synthases ZmTPS6,
ZmTPS11, and ZmCYP71Z18 have been assigned to
the zealexin pathway based on predictions from
in vivo biochemical assays (Köllner et al., 2008b; Mao
et al., 2016).

In this study, we functionally characterized ZmAN2,
ZmKSL4, and ZmCYP71Z16, which together form a
biosynthetic branch of diterpenoids, termed dolabra-
lexins. Patterns of inducible dolabralexin accumulation
and gene expression in maize roots exposed to different
stresses, combined with the antifungal bioactivity of
3b-hydroxy-15,16-epoxydolabrene (epoxydolabranol)
and 3b,15,16-trihydroxydolabrene (trihydroxydolabrene),
support diverse roles for dolabralexins in the maize de-
fensive arsenal.

RESULTS

The Maize Diterpene Synthase Family

The maize genome sequence (B73 RefGen_v3) en-
codes a group of four class II diTPSs (ZmAN1, ZmAN2,
ZmCPS3, and ZmCPS4) and six class I diTPSs (ZmTPS1
and ZmKSL1–ZmKSL5). Of the identified class I
diTPSs, three (ZmTPS1, ZmKSL3, and ZmKSL5) have
been characterized as ent-kaurene synthases (Fu et al.,
2016) and three members (ZmKSL1, ZmKLS2, and
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ZmKSL4) are of unknown function. Phylogenetic
analysis placed ZmKSL1, ZmKLS2, and ZmKSL4 ad-
jacent to rice diTPSs of specialized metabolism (Fig. 2).
Most members of the maize diTPS gene family are
dispersed across the genome (Supplemental Fig. S1),
which differs from the clustering of genes of specialized
diterpenoid pathways in rice (Schmelz et al., 2014).
However, themaize ent-CPP synthases, ZmAN1,which
functions in GA biosynthesis (Bensen et al., 1995), and
ZmAN2, which has functions in specialized metabo-
lism (Harris et al., 2005), colocalize with ZmKSL4 on
chromosome 1, with distances of ;4 and ;159 Mb,
respectively.

ZmKSL4 Produces an Unusual Diterpene Scaffold

To test for the activity of ZmKSL4 in specialized
diterpenoid metabolism, we utilized the combinatorial
functionality of class II and class I diTPSs of different
plant species, which can be exploited to probe diTPS
functions (Brückner and Tissier 2013; Zerbe et al., 2013;
Kitaoka et al., 2015). An established Escherichia coli
coexpression system (Morrone et al., 2010) was used to
analyze the coupled activities of ZmKSL4 with (1) the
ent-CPP synthase ZmAN2, (2) the rice syn-CPP syn-
thase (OsCPS4; Xu et al., 2004), and (3) the grand fir
(Abies grandis) abietadiene synthase variant D621A that
produces CPP of normal [i.e. (+)] stereochemistry
(Morrone et al., 2010). These three different combina-
tions were selected, since ent-, syn-, and (+)-CPP

represent the known stereochemical variations of class
II diTPS products occurring naturally in many mono-
cots (Peters, 2010; Schmelz et al., 2014). When coex-
pressed with ZmAN2, ZmKSL4 converted ent-CPP into
a single product with an unusual fragmentation pattern
showing major mass ions of mass-to-charge ratio (m/z)
204, 189, and 216, in addition to the mass ions m/z
257 and 272 that are characteristic of labdane diterpe-
noid structures (Fig. 2, compound 1). Preparative en-
zymatic synthesis and purification of this product by
silica chromatography and semipreparative HPLC en-
abled 1D and 2D NMR analyses and identified the
ZmAN2/ZmKSL4 product as dolabradiene (Fig. 2;
Supplemental Fig. S2). In addition, ZmKSL4 was active
in combination with (+)-CPP to yield low amounts of
several other diterpenoids (compounds 2–9), of which
(+)-pimara-8,15-diene 2 and (+)-sandaracopimaradiene
3 could be identified by comparison with authentic
standards (Fig. 2; Supplemental Fig. S3). Similarly,
ZmKLS4 showed activity with syn-CPP, resulting in the
formation of syn-isopimara-7,15-diene 10, syn-pimara-
7,15-diene 11, and syn-pimara-9(11),15-diene 12.

ZmAN2, ZmKSL4, and ZmCYP71Z16 Function Together to
Form 15,16-Epoxydolabrene

To gain insight into the structural elaboration of the
predominant product of ZmAN2/ZmKSL4, namely
dolabradiene, we tested its further modification by maize
P450s. To this end, we performed a BLAST search of the
B73 RefGen_v3 genome against monocot P450s of the
CYP71, CYP76, and CYP99 families known to function in
terpenoidmetabolism. This search identified amember of
the CYP71 family, ZmCYP71Z16, which showed high
protein sequence similarity (89%) to the recently repor-
ted maize ZmCYP71Z18 involved in zealexin biosyn-
thesis (Mao et al., 2016). Phylogenetic analysis placed
ZmCYP71Z16 adjacent to ZmCYP71Z18 within a clade
that also contained the rice P450s CYP71Z1, CYP71Z6,
and CYP71Z7, of which CYP71Z6 and CYP71Z7 cata-
lyze reactions in oryzalide and phytocassane biosyn-
thesis (Wu et al., 2011; Fig. 3).

To biochemically characterize ZmCYP71Z16, a
codon-optimized and N-terminally modified coding
sequence was synthesized and coexpressed in E. coli
with ZmAN2 and ZmKSL4 as well as the maize cyto-
chrome P450 reductase ZmCPR2. Coexpression of
the two diTPSs and ZmCPR2 without ZmCYP71Z16
served as a negative control. When all four enzymes
were coexpressed, the presence of ZmCYP71Z16 resul-
ted in the conversion of dolabradiene into two new
products with fragmentation patterns featuring m/z
288 (compound 13) and m/z 304 (compound 14) mass
ions that are characteristic of diterpenoid scaffolds
containing one and two oxygen atoms, respectively
(Fig. 3). High-resolution liquid chromatography-mass
spectrometry (LC-MS) analysis identified the exact
mass of compound 14 as m/z 304.2478, consistent with
the molecular formula C20H32O2. Subsequent HPLC

Figure 1. Modular systems of TPS and P450 enzymes in the biosyn-
thesis of maize GAs, kauralexins, dolabralexins, and zealexins. Maize
deploys functionally diverse class II diTPSs (blue), class I diTPSs (yel-
low), and P450 enzymes (orange) to form an array of biologically active
terpenoid metabolites that function as GA phytohormones and in the
response to both biotic and abiotic stress. The zealexin sesquiterpenoids
and kauralexin diterpenoids were identified previously as components
of the maize defense system (Huffaker et al., 2011; Schmelz et al.,
2011). The stress-inducible dolabralexins represent an additional family
of defense-related maize diterpenoids. Structural variations of the in-
dividual terpenoid groups are depicted as R. FPP, Farnesyl diphosphate;
GGPP, geranylgeranyl diphosphate.
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purification of compounds 13 and 14 followed by
NMR analysis verified the structures as 15,16-epox-
ydolabrene (epoxydolabrene) and epoxydolabranol,
respectively (Fig. 3; Supplemental Fig. S4). The bio-
chemical characterization of ZmCYP71Z16 adds a
previously unknown function to the diverse activities
of members of the plant CYP71 family, facilitating the
regiospecific oxygenation of dolabradiene at C-3 and
C-16, presumably in a sequential reaction process. The
formation of the monoepoxide 13, in the absence of
detectable formation of a monohydroxyl intermediate,
is consistent with a P450 reaction sequence of epoxi-
dation at C-16 prior to hydroxylation at C-3. To further

investigate the catalytic activity of ZmCYP71Z16, we
performed E. coli coexpression assays with ZmCPR2
and fed 10 mM purified epoxydolabrene and epox-
ydolabranol to the culture 5 h post induction. Expect-
edly, no new products were identified when feeding
epoxydolabranol to the culture. In contrast, epox-
ydolabrene was converted to the hydroxylated deriv-
ative (Supplemental Fig. S5), supporting our proposed
reaction sequence from epoxydolabrene to epox-
ydolabranol.

The phylogenetic relatedness of ZmCYP71Z16 and
the previously reported zealexin-formingZmCYP71Z18
(Mao et al., 2016) indicated that ZmCYP71Z16 may

Figure 2. Functional characterization of the maize diterpene synthase ZmKSL4. A, Maximum likelihood phylogenetic tree of
select monocot class I diTPSs (Supplemental Table S2). The tree is rooted with the ancestral Physcomitrella patens ent-kaurene
synthase. Circles indicate bootstrap support of greater than 80% (500 repetitions), and the functional association with the bio-
synthesis of ent-kaurene (yellow) or specialized diterpenoids (red) is highlighted. B, Total ion chromatograms (TIC) of reaction
products resulting from E. coli coexpression assays of ZmKSL4with ZmAN2CPP synthase (Harris et al., 2005), rice CPS4 syn-CPP
synthase (Xu et al., 2004), and the grand fir abietadiene synthase variant D621A producing (+)-CPP (Peters and Croteau, 2002) as
compared with available authentic standards for product identification. Compound c represents a contamination product from
the engineered E. coli system. C, Major products of ZmKSL4 from prenyl diphosphate intermediates of ent-, normal (+)-, and syn-
stereochemistry. The mass spectrum of dolabradiene 1 resulting from the coupled activity of ZmAN2 and ZmKSL4 is shown, and
the structure of dolabradiene is depicted as verified by NMR analysis.
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be active on other substrates beyond a role in epox-
ydolabranol biosynthesis. To test this hypothesis, we
conducted E. coli coexpression assays of ZmCYP71Z16
with ZmCPR2 and ZmTPS11, which form the zealexin
precursor b-macrocarpene (Köllner et al., 2008b; Huffaker
et al., 2011). This enzyme combination resulted in the
formation of zealexin A1 (Supplemental Fig. S6). Recip-
rocal E. coli coexpression assays of ZmCYP71Z18 with
ZmAN2 and ZmKSL4 did not result in the detectable
formation of epoxydolabrene, epoxydolabranol, or other
diterpenoid products. Therefore, we tested the activity of
ZmCYP71Z18 using yeast in vivo feeding assays in the
strain BY4741 expressing ZmCPR2 and ZmCYP71Z18.
After feeding 25 mM purified dolabradiene to the culture,
partial conversion into epoxydolabranol was observed
(Supplemental Fig. S6).

ZmAN2 Is Required for Dolabralexin Biosynthesis in Vivo

The above in vitro coexpression assays demon-
strated that ZmAN2 and ZmKSL4 can function to-
gether as a duo of class II and class I diTPSs to afford
the dolabradiene scaffold and its downstream deriv-
atives (Fig. 2). To validate if ZmAN2 provides the
ent-CPP intermediate converted by ZmKSL4 into
dolabradiene in vivo, we measured the abundance of
dolabradiene and epoxydolabranol in the Zman2 mu-
tant, which is deficient in kauralexins (Vaughan et al.,
2015), and compared the metabolite levels with those
in wild-type plants of the near-isogenic W22 inbred
line. Consistent with a function of ZmAN2 in the for-
mation of dolabralexins, no epoxydolabranol or
dolabradiene was detectable in the Zman2mutant line,
while dolabralexins were abundant in root tissue of
wild-type plants (Supplemental Fig. S7). Thus, both

kauralexins and dolabralexins require ZmAN2 activ-
ity in vivo.

Dolabralexins Are Abundant in Maize Root Tissue

To investigate if dolabralexins, derived from the cou-
pled activity of ZmAN2, ZmKSL4, and ZmCYP71Z16,
occur as abundant metabolites in planta, terpenoid me-
tabolite profiling was performed on different maize va-
rieties, including the inbred lines B73 and Mo17 and a
commercial hybrid sweet corn (Golden Queen). LC-MS
analysis of field-grown 70-d-old plants showed that both
dolabradiene and epoxydolabranol were abundant in the
roots of all tested genotypes (Fig. 4). Concentrations of
both compounds differed between genotypes; however,
epoxydolabranol was consistently more abundant than
dolabradiene and displayed greater abundance in Mo17
(7006 68 ng g21 fresh weight) and Golden Queen (5076
52 ng g21 freshweight) comparedwith B73 (626 7 ng g21

fresh weight).
Alongside epoxydolabranol, we observed an additional

earlier eluting and predictably more polar metabolite at
high abundance in maize roots, with concentrations of
606 18.5 mg g21 fresh weight in Mo17, 2126 34 mg g21

fresh weight in Golden Queen, and 416 4 mg g21 fresh
weight in B73 (Fig. 4; Supplemental Figs. S8 and S9).
High-resolution LC-tandem mass spectrometry (MS/
MS) analysis of this metabolite defined an accurate
parent mass [2M+H]+ of m/z 645.5. In addition, LC-MS
and LC-MS/MS analyses revealed two notable fea-
tures. First, the presence of substantial in-source decay
led to a charged molecule of [M-H2O+H]+ m/z 305.25
and [M-2H2O+H]+ m/z 287.09 with an MS/MS frag-
mentation pattern similar to epoxydolabranol (Fig. 4).
Second, MS/MS of the [2M+H]+ m/z 645.5 parent ion

Figure 3. Functional characterization of
ZmCYP71Z16. A, Maximum likelihood phy-
logenetic tree of select P450 proteins of the
CYP71 family (Supplemental Table S2). The
tree is rooted with an uncharacterized CYP71
of Amborella trichopoda. Circles indicate boot-
strap support of greater than 80% (500 repeti-
tions). Demonstrated activities in diterpenoid
(red), monoterpenoid/sesquiterpenoid (blue),
and other specialized metabolic pathways
(purple) are highlighted. B, Total ion chromato-
grams (TIC) and mass spectra of products 1, 13,
and 14 derived from microbial coexpression
of ZmAN2, ZmKSL4, ZmCYP71Z16, and
ZmCPR2. C, Structures of epoxydolabrene
13 and epoxydolabranol 14 as verified by
NMR analysis.
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yielded closely related spectra m/z 305.25 and 287.09,
as seen for epoxydolabranol (Supplemental Fig. S8).
Under markedly different LC-MS conditions, an alter-
native predominant candidate parent ion [M+Na+H]+

m/z 345 was obtained (Supplemental Fig. S9). To elu-
cidate the precise identity of the dolabradiene-related
metabolite, a large-scale methanol (MeOH) extraction
of mature field-grown maize roots was subjected se-
quentially to C18 flash chromatography and semi-
preparative HPLC with LC-MS-based monitoring of
factions using the [M+Na+H]+ m/z 345 candidate par-
ent ion (Supplemental Fig. S9). A purified 300-mg
sample dissolved in deuterated dimethyl sulfoxide (d6-
DMSO) was used for 1H-NMR, and carbon chemical
shift assignments were based on heteronuclear single
quantum correlation (HSQC) and heteronuclear mul-
tiple bond correlation (HMBC) analyses (Supplemental
Fig. S10). Collectively, all data are consistent with tri-
hydroxydolabrene (C20H34O3; exact mass, m/z 322.25)
representing a hydrolysis of the epoxy group of epox-
ydolabranol, which accumulates as the dominant
dolabralexin pathway metabolite. Predictably, trihy-
droxydolabrene was present at only trace levels in
Zman2 mutant plants as compared with control plants
(Supplemental Fig. S7).

Dolabralexins Are Induced in Biotic and Abiotic
Stress Responses

Following the detection of dolabradiene, epox-
ydolabranol, and trihydroxydolabrene in planta, we
quantified the accumulation of all three compounds in
roots of 16-d-old Golden Queen seedlings under abiotic
stress conditions. Root treatments with 1 mM CuSO4
were used as a proxy for oxidative stress compared
with controls treated with water only. The accumula-
tion of dolabradiene and epoxydolabranol was detec-
ted between 4 and 48 h post CuSO4 treatment and
increased to a concentration of ;160 ng g21 fresh weight
epoxydolabranol at 48 h (Fig. 5). Notably, trihydrox-
ydolabrene was detected as the dominant metabolite in
CuSO4-challenged roots, reaching concentrations greater
than 100 mg g21 fresh weight. Consistent with inducible
dolabralexin accumulation, gene expression analysis via
quantitative real-time PCR of ZmAN2, ZmKSL4, and
ZmCYP71Z16 revealed increased transcript levels of all
three genes from2 to 12 h,withZmAN2 showing themost
significant up-regulation of ;400-fold (Fig. 5).

We next investigated the accumulation of dolabra-
lexins in the response of maize to elicitation with Fu-
sarium verticillioides and Fusarium graminearum, which
are causal agents of seedling blights, stalk rots, ear rots,
and mycotoxin contamination (Munkvold, 1997;
Goswami and Kistler, 2004; Baldwin et al., 2014). For
this purpose, roots of 53-d-old Mo17 plants were inoc-
ulatedwith live F. verticillioides or F. graminearum spores
and harvested for the analysis of both metabolites and
transcripts 7 d later. Controls were performed with
roots wounded and treated with water alone. Upon

Figure 4. Occurrence of dolabralexins in planta. A and B, Average
quantities of dolabradiene and epoxydolabranol (A) and trihydrox-
ydolabrene (B) in field-grown roots of B73, Mo17, and hybrid sweet
corn (Golden Queen [GQ]). Error bars represent propagated SE values
across four biological replicates. Letters represent significant differences
at P , 0.05 as measured using ANOVA and Tukey’s tests to correct for
multiple comparisons between control and treatments. FW, Fresh
weight. C, Analysis of trihydroxydolabrene extracted from roots using
LC-MS/MS analysis, with traces representing combined extracted ion
chromatograms (m/z 305–305.5 + 645.25–645.75). In-source decay of
the [2M+H]+ m/z 645.5 trihydroxydolabrene parent ion yields [M-H2O
+H]+ m/z 305.25, occurring at a retention time of 27.6 min. MS/MS
analyses of the trihydroxydolabrene-derived m/z 305.25 results in
highly similar fragmentation patterns as compared with the enzyme-
produced epoxydolabranol analytical standard (retention time =
36.7 min).
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inoculation with F. verticillioides or F. graminearum spores,
dolabradiene accumulation was induced 6- or 45-fold,
respectively, compared with wounded plants (Fig. 6).
Similarly, epoxydolabranol accumulation was increased
55- and 79-fold, respectively, in response to the two Fu-
sarium species. Moreover, in response to F. verticillioides
and F. graminearum, trihydroxydolabrene accumulated
14- and 32-fold greater compared with control plants
treated by wounding only. Trihydroxydolabrene
reached concentrations of up to 225 mg g21 fresh weight
in elicited root tissue. By comparison, kauralexinA- and
B-series metabolites accumulated to approximately
9 mg g21 fresh weight in response to pathogen infection
in the same mature root tissues. Consistent with the
pathogen-inducible accumulation of dolabralexins, the
transcript abundance ofZmAN2 andZmKSL4 increased
upon fungal elicitation while ZmCYP71Z16 showed no
up-regulated gene expression at this 7-d time point
(Fig. 6).

Dolabralexins Are Active against Fungal Pathogens

To further assess the predicted defense-related roles
for dolabralexins, in vitro antimicrobial assays were
performed with F. verticillioides and F. graminearum. The
growth of fungal hyphae in the presence and absence of
purified epoxydolabranol and trihydroxydolabrene was
measured in defined liquid medium using an estab-
lished 96-well microtiter assay (Schmelz et al., 2011).
Based on previous maize diterpenoid bioassays and the
quantified in vivo abundance of epoxydolabranol and
trihydroxydolabrene (Figs. 4–6), we utilized 10 and

50 mg mL21 as relevant local tissue concentrations to test
for antimicrobial activity. After 48 h, epoxydolabranol at
10 and 50 mg mL21 substantially reduced the growth of
F. graminearum by 41% and 87%, respectively, and like-
wise inhibited the growth of F. verticillioides by 24% and
71%, respectively (Fig. 7). We further assessed the anti-
microbial efficacy of trihydroxydolabrene at concentra-
tions of 10 to 100 mg mL21, well below those detectable
in planta. In contrast to epoxydolabranol, trihydrox-
ydolabrene had no inhibitory activity on the growth
of F. graminearum but resulted in a dose-dependent
growth reduction of F. verticillioides at concentrations of
10 mg mL21 (9%), 50 mg mL21 (15%), and 100 mg mL21

(21%).

DISCUSSION

The combination of extreme and shifting biotic and
abiotic stresses can overwhelm the natural defense
systems of plants and result in substantial yield losses
in staple crops (Chakraborty and Newton, 2011; de
Sassi and Tylianakis, 2012). An improved understand-
ing of the inherent strengths and weaknesses that un-
derlie mechanisms of crop resilience can mitigate yield
loss. For example, detailed knowledge of terpenoid
metabolism, the underlying genes, and their contribu-
tion to maize stress resilience could provide useful re-
sources for improving crop traits (Degenhardt et al.,
2009). This study highlights the utility of integrating
genomics and metabolomics with both in vivo and
in vitro biochemical approaches to elucidate defense
pathways in well-studied crop plants. We identified

Figure 5. Accumulation of dolabralexins in response to abiotic stress. A to C, Average quantities of dolabradiene (A), epox-
ydolabranol (B), and trihydroxydolabrene (C) in maize (Golden Queen) roots treated with either water (Control) or 1 mM CuSO4

over a period of 48 h. FW, Fresh weight. D, Fold change (22DDCt) of the transcript abundance of ZmAN2, ZmKSL4, and
ZmCYP71Z16 in the same root tissues used for diterpenoid analyses. Gene expression was measured by quantitative real-time
PCR and normalized to the internal reference EF1-a. Primer efficiency was verified by dissociation curves and sequence veri-
fication of representative products. Letters (a–e) represent significant differences at P , 0.05 as measured using ANOVA and
Tukey’s tests to correct for multiple comparisons between control and treatments. Error bars represent propagated SE values (n= 4).
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functions for the combined pathway of the maize
diTPSs ZmAN2 and ZmKSL4 and the cytochrome P450
ZmCYP71Z16 that fuel diterpenoidmetabolism and the
production of dolabralexins. Dolabralexins and corre-
sponding pathway genes are strongly stress inducible,
consistent with roles in protecting and buffering against
the negative impacts of biotic and abiotic stresses.

The dolabralexin precursor, dolabradiene, was repor-
ted previously in only a few coniferous trees of the
Araucariaceae and Cupressaceae families (Brophy
et al., 2000; Takahashi et al., 2001), and its biological role
in these species is unknown. Thus, based on current
knowledge and the absence of dolabralexin in other
major Poaceae crops, such as rice and wheat, the
inferred emergence of the dolabralexin biosynthetic
pathway occurred after the evolutionary separation of
maize from wheat and rice approximately 50 million
years ago (Wolfe et al., 1989; Grass PhylogenyWorking
Group II, 2012).

Mechanistically, we propose a pathway for the bio-
synthesis of epoxydolabranol that proceeds through
ZmKSL4-catalyzed ionization-dependent cyclization of
ent-CPP via an ent-dolabra-15-en-4-yl+ carbocation to
afford dolabradiene and subsequent P450-catalyzed
functional modification of the latter (Fig. 8). Dolabra-
diene production via microbial coexpression of
ZmAN2 and ZmKSL4 combined with the absence of
dolabralexins in the established Zman2 mutant sub-
stantiates our hypothesis that ZmAN2 provides the ent-
CPP substrate for dolabradiene formation. This also is
consistent with previous work demonstrating a role of
ZmAN2 in specialized metabolism (Harris et al., 2005).

From ent-CPP, the reaction will inevitably proceed via
the common pimaren-8-yl+ carbocation, as shown for
other labdane-related diterpene scaffolds (Peters, 2010).
Dolabradiene formation then can be achieved through
sequential C-9,8-hydride shift, methyl migration from
C-10 to C-9, C-5,10-hydride shift, and another methyl
transfer from C-18 to C-5 to yield the ent-dolabra-15-en-
4-yl+ intermediate (Peters, 2010), deprotonation of
which gives rise to dolabradiene (Fig. 8). By contrast,
the formation of ent-kaurene and ent-iso-kaurene, as
precursors of GAs and kauralexins, respectively, would
proceed through secondary cyclization of the pimaren-
8-yl+ carbocation followed by ring rearrangement to
afford the tetracyclic kauranyl scaffold (Xu et al.,
2007b). Subsequent to ent-dolabra-15-en-4-yl+ forma-
tion, ZmCYP71Z16-enabled sequential epoxidation at
C-16 and hydroxylation at C-3 yields epoxydolabranol.
The detection of epoxydolabrene and epoxydolabranol,
but not a 3b-hydroxydolabrene intermediate, com-
bined with the ZmCYP71Z16-catalyzed conversion of
epoxydolabrene to epoxydolabranol in in vitro feeding
assays, supports a reaction sequence where the epoxide
group is formed prior to hydroxylation. Epox-
ydolabranol is further converted into trihydrox-
ydolabrene via either enzymatic or spontaneous
hydrolysis. The presence of trihydroxydolabrene at
high concentrations suggests that the characterized
products of ZmAN2/ZmKSL4/ZmCYP71Z16 do not
represent dominant pathway end products but, instead,
may serve as intermediates to trihydroxydolabrene
and possibly more complex and increasingly polar
maize diterpenoids.

Figure 6. Accumulation of dolabralexins in response to biotic stress. A, Average (n = 4) quantities of dolabradiene, epox-
ydolabranol, and trihydroxydolabrene in Mo17 roots damaged (Dam) and treated with water or inoculated separately with
F. verticillioides (F.v.) or F. graminearum (F.g.). Treatments occurred in 53-d-old plants with tissue harvests 7 d later. B, Quan-
tification of A-series (KA) and B-series (KB) kauralexin metabolites in the same tissue samples. Error bars represent propagated SE

values. Letters represent significant differences at P , 0.05 as measured using ANOVA and Tukey’s tests to correct for multiple
comparisons between control and treatments. FW, Fresh weight. C, Fold change (22DDCt) of the transcript abundance of ZmAN2,
ZmKSL4, and ZmCYP71Z16 in the corresponding Mo17 roots normalized to the internal reference gene EF1-a. Error bars rep-
resent propagated SE values of the biological replicates. Asterisks indicate significant changes compared with wounded tissue at
P , 0.0005 (***), P , 0.01 (**), and P , 0.1(*).
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Previous studies demonstrated that Zman2 lacks
pathogen-elicited diterpenoids of the kauralexin class
(Vaughan et al., 2015). Our results demonstrate that this
mutant also is deficient in dolabralexin biosynthesis
(Supplemental Fig. S7) and suggest a biosynthetic
interconnectivity and potential biosynthetic competi-
tion between the kauralexin and dolabralexin path-
ways. ZmAN2 was first described in a differential
display analysis of highly elicited transcripts following
F. graminearum challenge of maize silks (Harris et al.,
2005). Following the first description of ZmAN2,
pathogen-elicited transcripts have been observed and
reported in a large number of maize studies with di-
verse microbes (Huffaker et al., 2011; Schmelz et al.,
2011, 2014; van der Linde et al., 2011; Vaughan et al.,
2014; Christie et al., 2017). The nearly ubiquitous pres-
ence ofZmAN2 as a pathogen defense transcriptmarker
is consistent with the essential biosynthetic role in the
modular formation of multiple specialized diterpenoid

metabolites, including not only A- and B-series kaur-
alexins (Schmelz et al., 2011) but also dolabralexins.
Notably, ZmAN2 does not cluster with any class I
diTPSs in the maize genome, illustrating a different
genomic organization of diterpenoid metabolism
in maize as compared with rice and tomato (Sola-
num lycopersicum), where several specialized diterpe-
noid pathways form functional biosynthetic clusters
(Matsuba et al., 2013; Nützmann et al., 2016). However,
the presence of the uncharacterized class II diTPSs
ZmCPS3 and ZmCPS4 suggests that specialized diter-
penoid metabolism in maize likely follows the common
modular blueprint of combining different diTPS and
P450 enzymes, as shown for rice, wheat, and various
other species across the plant kingdom (Xu et al., 2007a;
Zhou et al., 2012; Hall et al., 2013; Cui et al., 2015; Zerbe
and Bohlmann, 2015). This hypothesis is substantiated
by (1) the in vitro substrate promiscuity of ZmKSL4
with CPP of ent-, syn-, and (+)-stereochemistry and (2)

Figure 7. Antifungal activity of dolabralex-
ins. Average growth (OD600) of F. grami-
nearum and F. verticillioides is shown in the
absence and presence of purified epox-
ydolabranol (A) and trihydroxydolabrene (B)
measured over a 48-h time course in defined
minimal broth medium using a microtiter
plate assay. Error bars represent propagated
SE values (n = 6), and letters (a–d) represent
significant differences at P , 0.05 as mea-
sured using ANOVA and Tukey’s tests to
correct for multiple comparisons between
control and treatments.

Figure 8. Biosynthesis of maize dolabralexins.
Shown is a proposed biosynthetic pathway of
dolabralexins through the sequential activity
of ZmAN2, ZmKSL4, and ZmCYP71Z16.
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the capacity of ZmCYP71Z16 and ZmCYP71Z18 (pre-
viously reported to function in zealexin biosynthesis;
Mao et al., 2016) to convert both sesquiterpenoid and
diterpenoid intermediates (Supplemental Fig. S6).
Consistent with their largely redundant substrate pro-
miscuity, the ZmCYP71Z16 and ZmCYP71Z18 genes
are located directly adjacent to each other on chromo-
some 5, suggesting that these P450s emerged from a
more recent gene duplication event observed fre-
quently in specialized diterpenoidmetabolism (Zi et al.,
2014) and may have overlapping or complementary
functions in vivo.

The occurrence of dolabralexins in field-grown maize
roots and their accumulation in response to abiotic and
biotic stresses encourage a more extensive exploration
of biological roles in planta. In the context of biotic
stress, epoxydolabranol (albeit at moderately higher
concentrations than observed in planta) inhibits the
growth of two major maize Fusarium spp. pathogens
with a comparable potency, as demonstrated earlier for
the kauralexins (Schmelz et al., 2011). These findings are
supported by a recent study demonstrating increased
disease susceptibility to F. verticillioides in Zman2 mu-
tants. However, due to the critical role of ZmAN2 in
kauralexin and dolabralexin biosynthesis, this result
does not address the specific roles of kauralexin and
dolabralexin pathway branches (Christensen et al.,
2018). The apparent yet lower antimicrobial potency of
trihydroxydolabrene at concentrations below those ob-
served in elicited plant tissues, and the specificity of
trihydroxydolabrene activity to F. verticillioides, high-
light the importance of the C-15,16 epoxy group for
bioactivity. These results suggest distinct protective
functions and biological roles for individual dolabra-
lexins. The inducible accumulation of dolabralexins in
response to oxidative and pathogen stress is consistent
with dual functionality in abiotic and biotic stress re-
sponses, similar to the kauralexin and zealexin path-
ways (Huffaker et al., 2011; Schmelz et al., 2011;
Vaughan et al., 2015). Recent findings enabled by mu-
tant analyses highlight an important yet thus far rarely
proven role of diterpenoids in protecting roots against
environmental perturbations. For example, Zman2 mu-
tant plants were more susceptible to drought stress than
the corresponding wild-type plants (Vaughan et al.,
2015). While this impact was attributed to kauralexin
deficiency, the discovery of the dolabralexins now
forces the consideration of multiple ZmAN2-dependent
pathway branches to understand responses to drought
and belowground stresses. This hypothesis is supported
further by the quantification of predominant dolabra-
lexins accumulating in challenged roots. For example,
in pathogen-challenged roots, trihydroxydolabrene is
present at 20-fold greater levels than established kaur-
alexins. In contrast, the induced accumulation of kaur-
alexins was shown previously in stems and scutella
tissues to exceed 100 mg g21 fresh weight as compared
with the 10 mg g21 fresh weight currently detected in
mature roots (Schmelz et al., 2011). Notably, ZmAN2 is
located proximal to a quantitative trait locus mapped to

bin 1.03 that is associated with root growth (Rahman
et al., 2011), and ZmKSL4 colocates in bin 1.08 with
quantitative trait loci associated with both drought tol-
erance (Tuberosa et al., 2002) and abscisic acid biosyn-
thesis, which can further mediate drought-induced
phytoalexin biosynthesis in maize roots (Vaughan et al.,
2015). Ourfindings here contribute to a growing body of
knowledge demonstrating roles for root diterpenoids,
including momilactone phytoalexins in rice (Toyomasu
et al., 2008), the antiherbivory activity of rhizathalene in
Arabidopsis (Arabidopsis thaliana; Vaughan et al., 2013),
and drought tolerance mediated by isorosmanol in
rosemary (Rosmarinus officinalis; Munné-Bosch and
Alegre, 2000).

The existence of an abundant novel maize root de-
fense, as well as significant and distinct antifungal ac-
tivities for epoxydolabranol and trihydroxydolabrene
in vitro, merit a closer examination of the precise eco-
logical functions of dolabralexins. Such studies will
ultimately require multiple genetic mutants of ZmKSL4
and ZmCYP71Z16/18 in future work. While historically
recalcitrant to discovery, the complex modular net-
works of diterpenoid defense pathways in maize, rice,
and possibly other cereal crops are import to under-
standing ecological interactions and the genetic basis of
crop stress resilience (Schmelz et al., 2014).

MATERIALS AND METHODS

Plant and Fungal Materials

Seeds of hybrid maize (Zea mays variety Golden Queen; Southern States
Cooperative), landrace inbreds (B73, Mo17, and W22; National Genetic Re-
sources Program, Germplasm Resources Information Network), and a Ds in-
sertion mutant, Zman2 (Vaughan et al., 2015), were germinated in MetroMix
200 (Sun Gro Horticulture) supplemented with 14-14-14 Osmocote (Scotts
Miracle-Gro) and grown as described previously (Schmelz et al., 2009). Field-
challenged roots from B73, Mo17, Ky21, and hybrid sweet corn grown at the
Biology Field Station at the University of California, San Diego, during the
summer of 2016were recovered 75 d after planting, washed, frozen in liquidN2,
ground to a fine powder, and ultimately used for metabolite analysis. Fungal
stock cultures of Fusarium verticillioides (Northern Regional Research Labora-
tory; NRRL stock no. 7415) and Fusarium graminearum (NRRL stock no. 31084)
were grown on V8 agar for 2 to 3 weeks before the quantification and use of
spores (Huffaker et al., 2011).

Isolation and Cloning of cDNAs

Total RNA was extracted from ground tissue of young maize (B73)
seedlings as described previously (Chourey et al., 2010). For cloning of ZmKSL4,
ZmCYP71Z18, and ZmTPS11, 5 mg of total RNA was reverse transcribed using
qScript cDNA SuperMix (Quanta Biosciences) followed by PCR amplification of
the target genes with gene-specific oligonucleotides (Supplemental Table S1). The
amplified full-length genes of ZmTPS11 and ZmCYP71Z18 and an N-terminally
truncated form of ZmKSL4 (ZmKSL4D106, lacking the predicted plastidial transit
peptide) were ligated with the zero Blunt II-TOPO vector (Invitrogen) and
transformed into TOP 10 chemically competent cells for plasmid isolation and
sequence verification. ZmKSL4was subcloned further into the expression vectors
pET28b(+) and pCOLA-DUET (Novagen/EMD) for coexpression in Escherichia
coli.ZmTPS11was inserted into the vector pCOLA-DUET for expression inE. coli.
ZmCYP71Z18 was subcloned into pET28b(+) and pCOLA-DUET, as well as
pESC-Leu-2D (Stratagene), for expression in E. coli and Saccharomyces cerevisiae,
respectively. In addition, codon-optimized genes for the full-length sequences of
maize FARNESYL DIPHOSPHATE SYNTHASE3 (ZmFPPS3) and ZmCPR2, as
well as amodified version ofZmCYP71Z16 (32N-terminal residues replacedwith
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the leader sequence MAKKTSSKGK), were obtained from the Department of
Energy Joint Genome Institute through Community Science Program grant
WIP2568 (Supplemental Table S1).ZmCYP71Z16 andZmCPR2were inserted into
the multiple cloning sites of the pET-DUET1 vector (Novagen/EMD) to generate
the plasmid pET-DUET1:ZmCPR2/ZmCYP71Z16 for expression in E. coli.
ZmFPPS3was subcloned into the vector pCOLA-DUET together with ZmTPS11
for expression in E. coli.

Quantitative Real-Time PCR

Gene expression analyses of ZmAN2, ZmKSL4, and ZmCYP71Z16 were
performed using the same CuSO4-treated or Fusarium spp.-inoculated roots as
described for terpenoid profiling. Total RNA was isolated as described previ-
ously (Kolosova et al., 2004). First-strand cDNA was synthesized using the
SuperScript III First-Strand Synthesis Kit (Invitrogen) and oligo(dT) primers
according to the manufacturer’s instructions. Transcript levels were quantified
with a Bio-Rad C1000 Touch Thermo Cycler interfaced with a CFX96 Real-Time
System and iTaq Universal SYBR Green Supermix (Bio-Rad) according to the
manufacturer’s protocols with 5 ng mL21 cDNA and 300 nM oligonucleotides.
Mean cycle threshold values of two technical and three biological replicates
were normalized using elongation factor EF1-a as a reference gene. Fold change
values were calculated using the 22DDCt method. Gene-specific oligonucleotides
are listed in Supplemental Table S1.

Combinatorial Expression in E. coli

The functional coexpression of enzymes was carried out using a previously
described E. coli system engineered for enhanced diterpenoid production
(Morrone et al., 2010; Kitaoka et al., 2015). For biochemical characterization of
ZmKSL4, the N-terminally truncated gene in the expression vector pET28b(+)
or pCOLA-DUET was cotransformed in E. coli BL21DE3-C41 cells (Lucigen)
with a plasmid carrying a geranylgeranyl diphosphate synthase and constructs
of class II diTPSs with different products: ZmAN2 forming ent-CPP (pGGeC),
rice (Oryza sativa) CPS4 producing syn-CPP (pGGsC), or a variant of grand fir
(Abies grandis) abietadiene synthase forming (+)-CPP (pGGnC; Morrone et al.,
2010). For additional coexpression of ZmCYP71Z16, the codon-optimized
construct pET-DUET1:ZmCPR2/ZmCYP71Z16 was coexpressed with pGGeC
and pET28b:ZmKSL4D106. For analysis of zealexin formation, the construct
pET-DUET1:ZmCPR2/ZmCYP71Z16 was coexpressed with ZmFPPS3 and the
b-macrocarpene synthase TPS6 (Köllner et al., 2008b; Richter et al., 2015) aswell
as the enhancer plasmid pIRS (Morrone et al., 2010). All coexpression assays
were performed in E. coli BL21DE3-C41 and grown in 45 mL of Terrific Broth
medium to an OD600 of ;0.6 at 37°C. Cultures were cooled to 16°C before in-
duction with 1 mM isopropyl-thiogalactoside and incubation for 72 h with
supplements of 1 mM MgCl2 and 25 mM sodium pyruvate. For P450 coex-
pression, cultures were supplemented further with 4 mg L21 riboflavin and
75 mg L21 d-aminolevulinic acid. Enzyme products were extracted with 50 mL
of 100% hexane or 1:3 ethyl acetate:hexane, concentrated under an N2 stream,
and resuspended in 1 mL of hexane for gas chromatography (GC)-MS analysis.

Yeast Whole-Cell Activity Assays

To analyze the catalytic specificity of ZmCYP71Z18 (Mao et al., 2016), the
full-length construct was coexpressed with ZmCPR2 in S. cerevisiae strain
BY4741 (Jensen et al., 2011; Mao et al., 2016). Whole-cell assays were conducted
as reported earlier (Pompon et al., 1996). In brief, cells were grown in 50 mL of
selective dropout medium (2Leu, with 2% [w/v] dextrose) at 30°C to an OD600
of;0.6, then transferred to selective dropout medium with 2% (w/v) Gal with
further incubation for 5 h. Subsequently, cultures were supplemented with
25 mM dolabradiene or macrocarpene 1:1 MeOH:DMSO and incubated for 24 h
prior to cell harvest and product extraction with diethyl ether (cell pellet) or
ethyl acetate (supernatant). Extracts were dried, resuspended in 200 mL of
MeOH, and derivatized with 10 mL of tetramethylsilane-diazomethane (Sigma-
Aldrich) for 2 h. After drying under an N2 stream and redissolving in hexane,
samples were analyzed via GC-MS as described below.

GC-MS Analysis

GC-MS analysis of enzyme products was performed on an Agilent 7890B gas
chromatograph with a 5977 Extractor XLMSDetector at 70 eV and 1.2 mLmin21

He flow, using an HP5-MS column (30 m, 250 mm i.d., 0.25 mm film) with a

sample volume of 1 mL and the following GC parameters: pulsed splitless in-
jection at 250°C and 50°C oven temperature; held at 50°C for 3min, 20°Cmin21 to
300°C, and held for 3 min. MS data from 90 to 600 m/z were collected after a
10-min solvent delay. For the analysis of dolabradiene present in plant samples,
vapor phase extraction was used (Schmelz et al., 2004) for sample enrichment,
and GC-MS analyses were conducted on an Agilent 6890 Series gas chromato-
graph coupled to an Agilent 5973 MS Detector. Separation was achieved on an
AgilentDB-35MS column (30m3 0.25mm3 0.25mm). Sampleswere introduced
in splitless injection mode with an initial oven temperature of 45°C. The tem-
perature was held for 2.25 min, then increased to 300°C with a gradient of 20°C
min21, and held at 300°C for 5 min (interface temperature, 250°C; mass temper-
ature, 150°C; source temperature, 230°C; electron energy, 70 eV). GC-(electron
impact)-MS-based quantification of plant endogenous dolabradiene was based
upon the slope of an external standard curve constructed from enzyme-produced
and chemically purified dolabradiene using the diagnosticm/z 216 fragment ion.
The identification of dolabradiene included the comparison of retention time
(13.88min)with the standard and the comparison ofmass spectrawith theWiley,
National Institute of Standards and Technology, and Adams libraries.

LC-MS Analysis of Dolabralexin Pathway Metabolites

Plant sampleswereground to afinepowderwith liquidN2 andweighedout in
50-mg aliquots. LC-MS analyses of diterpenoids were performed as described
elsewhere (Ding et al., 2017). In brief, tissue samples were sequentially and ad-
ditively bead homogenized in (1) 100 mL of 1-propanol:acetonitrile (ACN):formic
acid (1:1:0.01), (2) 250 mL of ACN:ethyl acetate (1:1), and (3) 100 mL of water.
Aliquots were analyzed via LC-MS using an Agilent 1260 Infinity Series HiP
Degasser (G4225A) with a 1260 binary pump (G1312B) and a 1260 autosampler
(G1329B)with a binary gradientmobile phase consisting of 0.1% (v/v) formic acid
in water and 0.1% (v/v) formic acid in MeOH on an Agilent Zorbax Eclipse Plus
C18 Rapid ResolutionHD column (1.8mm, 2.13 50mm; 0.35mLmin21

flow rate).
Eluted analytes underwent electrospray ionization via an Agilent Jet Stream
Source with thermal gradient focusing using the following parameters: nozzle
voltage (500 V), N2 nebulizing gas (flow, 12 L min21; 55 p.s.i., 225°C), and sheath
gas (350°C, 12 Lmin21). The transfer inlet capillarywas 3,500V, and bothMS1 and
MS2 heaters were at 100°C. Positive ionization [M+H]+ mode scans (0.1-amu
steps, 2.25 cycles s21) fromm/z 100 to 1,000 were acquired. While the positive ion
[M+H]+ parent mass of epoxydolabranol was detectable with m/z 305, the pre-
dominant signal was consistent with a loss of water [M-H2O+H]+, namely m/z
287, with a stable retention time of 16.15 min. Absolute concentrations of com-
pounds were calculated using external calibration curves of purified epox-
ydolabranol at concentrations ranging from 0.123 to 10 ng mL21. To estimate the
quantities of trihydroxydolabrene, the predominant sodium adduct parent ion
[M+Na+H]+ m/z 345 was utilized, which additionally contained in-source decay
fragment ions [M-H2O+H]+, [M-2H2O+H]+, and [M-3H2O+H]+ of m/z 305, 287,
and 269, respectively. The complete ion series was functionally absent in all eli-
cited Zman2 samples, supporting parent-fragment interrelationships. Using the
above instrument conditions, m/z 345 was used for quantification purposes in
concert with an external standard curve of HPLC-purified trihydroxydolabrene.

For MS/MS analyses of trihydroxydolabrene, an Agilent 1100 HPLC device
and locally made analytical column (using a custom pressure cell and 2.5-mm
BEH C18 particle packed into fused silica capillary tubing with 200 mm i.d.,
360 mm o.d., and 20 cm length) were integrated with a custom nanospray tip
with an i.d. of less than 1 mm. Separation was achieved using a 60-min reverse-
phase gradient: 0 to 1min at 100%A (water and 0.1% formic acid), 1 to 26min at
95% A and 5% B (ACN and 0.1% formic acid), 26 to 30 min at 5% A and 95% B
(all w/v), and 31 to 60 min at 100% A. A splitter was used to split the flow rate
from 0.2 to 0.6 mL min21. Spectra were acquired on a Q Exactive HF Orbitrap
mass spectrometer (Thermo Electron), whichwas operated in positive ionmode
with a spray voltage of 300 V, a source temperature of 275°C, and an S-lens
radio frequency (RF) level set to 50%. A combined Top-N data-dependent scan
and data-independent scan method was used to acquire high-resolution MS
data. For data-dependent scans, each MS scan was followed by 10 MS/MS
scans of the most intense ions from the parent MS scan. Mass resolutions of
60,000 and 15,000 were used for MS and MS/MS modes, respectively. An iso-
lation window of 1 D and a normalized collision energy (NCE) of 30 were used
for both data-dependent and data-independent scans.

NMR Analyses

For structural verification via NMR analysis, enzyme products were pre-
pared as described above but using 500-mL cultures. Extracts were dried by
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rotary evaporation and resuspended in suitable volumes of hexane prior to
chromatographic purification byHPLC using anAgilent 1100 Series instrument
with a diode arrayUVdetector and anAgilent ZORBAXEclipse Plus-C8 column
(4.63 150 mm, 5mm) at a 0.5 mLmin21

flow rate and a water/ACN gradient as
mobile phase. Purified products were then dissolved in 0.5 mL of deuterated
chloroform (Sigma-Aldrich), and NMR spectra were acquired at 25°C on a
Bruker Avance III 800 spectrometer equipped with a 5-mm triple resonance
cryo probe (CPTCI). Chemical shifts were calculated by reference to known
deuterated chloroform (13C 77.23 ppm, 1H 7.24 ppm) signals offset from tetra-
methylsilane. All spectra were acquired using standard experiments on Bruker
TopSpin 3.2 software, including 1D 1H, 2D HSQC, correlation spectroscopy
(COSY), and HMBC (600 MHz), and 1D 13C spectra (201 MHz). For the puri-
fication of trihydroxydolabrene, 420 g of 75-d-old field-grown Ky21 root tissue
was ground to a powder in liquid N2, extracted with 500 mL of MeOH, filtered,
and dried using a rotary evaporator. The resulting oily residue was then sep-
arated by preparative flash chromatography (CombiFlashRf; Teledyne ISCO)
on a 15.5-g C18 (RediSepRf High Performance GOLD) column. The mobile
phase consisted of solvent A (100% MilliQ water) and solvent B (100% ACN)
with a continuous gradient of 0% to 100% B from 1 to 50min using a flow rate of
19 mL min21. One-minute fractions were collected and analyzed by LC-MS. At
22 min (48% [v/v] ACN), a fraction highly enriched in trihydroxydolabrene
was obtained. This fraction was purified further by HPLC using repeated 1-mg
injections on a Zorbax RX-C18 (250 3 4.6 mm, 5 mm; Agilent) column and a
mobile phase consisting of solvent A (ACN:water, 1:4) and solvent B (100%
ACN) with a continuous gradient of A to B from 0 to 27 min using a flow rate of
1 mL min21. The recollected fractions spanning 15 to 16 min contained trihy-
droxydolabrene at approximately 85% purity and were used to generate sam-
ples for NMR, external standard curves for quantification, and antifungal
bioassays. Purified trihydroxydolabrene was dissolved in d6-DMSO (Cam-
bridge Isotope Laboratories), and NMR spectra were acquired on a Bruker 600-
MHz spectrometer equipped with a 1.7-mm CPTCI cryoprobe. Chemical shifts
were calculated by reference to known d6-DMSO (13C 39.52 ppm, 1H 2.50 ppm)
signals. All spectra were acquired using standard experiments on a Bruker
Avance III console and TopSpin 2.1.6 software, including 1D 1H and 2DHSQC,
COSY, and HMBC (600 MHz).

Abiotic Elicitation of Maize Roots with CuSO4

Seeds of maize (Golden Queen) were germinated on wetted paper for 4 d at
23°C in the dark. Seedlings were then transferred to a hydroponic medium
(Schmelz et al., 2001) and grown for 12 d under 16/8 h of light/darkness (28°C),
light intensity of 180 mmol photons m22 s21, and ;60% relative humidity. For
the controlled exposure to oxidative stress, 1 mM CuSO4 was added to the hy-
droponic medium. Root samples were collected at the indicated time points
after treatment and frozen in liquid N2 for metabolite and gene expression
analyses.

Fungal Elicitation of Mature Maize Roots

For the root elicitation assays with live fungal pathogens (Fusarium spp.),
large nodal roots (2 mm or greater diameter) of 53-d-old greenhouse plants,
grown in separate 10-L pots and supplemented with 14-14-14 Osmocote (Scotts
Miracle-Gro) fertilizer, were punctured with a blunt-ended circular steel pin
(0.6mmdiameter) at 1-cm intervals and inoculatedwith 10mL of either water or
1 3 107 conidia mL21 F. verticillioides or F. graminearum at each wound site. In
order to avoid mechanical damage to intentionally untreated tissues, treat-
ments were limited to exposed roots growing along the outer edge of the soil in
close contact with the vertical wall of the plastic pot. Seven days after inocu-
lation, root samples were collected and frozen in liquid N2 for metabolite and
gene expression analysis.

In Vitro Antifungal Assays with Epoxydolabranol
and Trihydroxydolabrene

Maize antifungal assays using epoxydolabranol and trihydroxydolabrene
were performed using the Clinical and Laboratory Standards Institute M38-A2
guidelines as described previously (Schmelz et al., 2011). Briefly, fungal growth
at 30°C in broth medium was monitored using a Synergy4 (BioTech Instru-
ments) reader with a 96-well microtiter plate-based method through periodic
measurements of changes in OD600. Each well contained 200 mL of initial fungal
inoculum (2.53 104 conidia mL21) with 0.5 mL of either pure DMSO or DMSO

containing dilutions of HPLC-purified epoxydolabranol from in vitro assays
and root-derived trihydroxydolabrene.

Phylogenetic Analysis

Protein sequence alignments (Supplemental Table S2) were performed using
the CLCBio software package and curated with G-blocks (Talavera and Cas-
tresana, 2007). Maximum-likelihood phylogenetic trees were generated using
PhyML version 3.0 (Guindon et al., 2010) with four rate substitution categories,
LG substitution model, BIONJ starting tree, and 500 bootstrap repetitions.

Accession Numbers

Nucleotide sequences of characterized enzymes are available at the Gen-
Bank/EBIDataBankwith accessionnumbersDAA49845 (ZmKSL4),AFW68701
(ZmCYP71Z16), and AFW59698 (ZmCPR2) or the MaizeGDB server
with accession numbers GRMZM2G061922 (ZmKSL4), GRMZM2G067591
(ZmCYP71Z16), and GRMZM2G104294 (ZmCPR2).
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Supplemental Figure S1. Chromosomal locations of maize diTPS and P450
genes.

Supplemental Figure S2. NMR analysis of dolabradiene.
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