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Abstract
Main conclusion Maize produces an array of herbivore-induced terpene volatiles that attract parasitoids to infested
plants and a suite of pathogen-induced non-volatile terpenoids with antimicrobial activity to defend against pests.

Plants rely on complex blends of constitutive and dynamically produced specialized metabolites to mediate beneficial eco-
logical interactions and protect against biotic attack. One such class of metabolites are terpenoids, a large and structurally
diverse class of molecules shown to play significant defensive and developmental roles in numerous plant species. Despite
this, terpenoids have only recently been recognized as significant contributors to pest resistance in maize (Zea mays), a
globally important agricultural crop. The current review details recent advances in our understanding of biochemical struc-
tures, pathways and functional roles of maize terpenoids. Dependent upon the lines examined, maize can harbor more than
30 terpene synthases, underlying the inherent diversity of maize terpene defense systems. Part of this defensive arsenal is
the inducible production of volatile bouquets that include monoterpenes, homoterpenes and sesquiterpenes, which often
function in indirect defense by enabling the attraction of parasitoids and predators. More recently discovered are a subset of
sesquiterpene and diterpene hydrocarbon olefins modified by cytochrome P450s to produce non-volatile end-products such
kauralexins, zealexins, dolabralexins and f-costic acid. These non-volatile terpenoid phytoalexins often provide effective
defense against both microbial and insect pests via direct antimicrobial and anti-feedant activity. The diversity and prom-
iscuity of maize terpene synthases, coupled with a variety of secondary modifications, results in elaborate defensive layers
whose identities, regulation and precise functions are continuing to be elucidated.
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Introduction

The United States produced 370 million metric tons of maize
(Zea mays) in 2017. Furthermore, China, Brazil, Ethiopia,
and the European Union collectively produced an additional
436 million, totaling more than 807 million metric tons in
< Anna K. Block the top 5 maize-producing regions of the world. Despite a
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tinue to impact production because of natural enemy dam-
age, resulting in 6-19% yield reductions from insects and
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et al. 2012). As the production and function of benzoxazi-
noids and maysin have been extensively characterized and
described in maize (Wouters et al. 2016; Casas et al. 2016),
the current review will focus primarily on volatile terpenoids
and non-volatile terpenoid defenses.

Terpenoids (also called isoprenoids) are a large and
structurally diverse group of compounds that originate
from conjugation of the five-carbon compound dimethylallyl
diphosphate (DMAPP) and its isomer isopentenyl diphos-
phate (IPP). Prenyl transferases catalyze the condensation of
DMAPP with multiple IPP units in a head—tail orientation to
form prenyl diphosphates of variable chain lengths. Fusion
of two, three, or four C5-units yields geranyl diphosphate
(GPP, C,), farnesyl diphosphate (FPP, C,5s) and geranylgera-
nyl diphosphate (GGPP, C,), respectively (Tholl 2015). Pre-
nyl diphosphates are then used to form monoterpenes (C,),
diterpenes (Cy), triterpenes (Cy), tetraterpenes (Cy,) and
polyterpenes (> C,,). Subsequent rearrangements of these
molecules via terpene synthases (TPSs) and cytochrome
P450s, the primary enzymes involved in terpenoid diver-
sification, result in thousands of different isoprenoids. The
products of these reactions perform a variety of functions,
including sterols and quinones that are important for normal
cellular function and plant hormones such as brassinoster-
oids, gibberellins, strigolactones, abscisic acid and isopre-
noid cytokinins that have developmental (Tarkowska and
Strnad 2018) as well as possible plant resistance functions
(Balmer et al. 2013). However, many additional terpenoids
not directly known to act as endogenous signals form a vital
part of the maize chemical defense arsenal against biotic
agents, predominantly acting as antimicrobial/anti-insect
compounds or as volatile signals attracting parasitoids or
predatory insects to infested plants. Increasingly, initial
products of maize TPSs are being annotated; biosynthetic
pathways further confirmed in vivo and biological functions
experimentally investigated. Despite recent advances, the
expansive genetic diversity present between maize inbred
lines ensures that many bioactive TPS products and deriva-
tives remain to be identified. The challenge to improve maize
resistance traits is matched by the opportunity to continue
uncovering novel anti-microbial and anti-insect terpenoid
pathways that combine to optimize stress resilience.

Biosynthesis of terpenoid volatiles

For decades, maize has served as an important monocot
model for studying terpenoid metabolism, especially in the
context of volatile terpenes (Kollner et al. 2004a; Degen-
hardt 2009; Chen et al. 2011). While often at low levels,
blends of terpene volatiles have been detected from all maize
tissues examined and known volatile products of maize TPSs
can be seen in Fig. 1. However, the composition and quantity
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of the volatile blend produced is dependent on the maize cul-
tivar, developmental stage, and organ, as well as, abiotic and
biotic stress exposure (Gouinguene et al. 2001; Gouinguene
and Turlings 2002; Block et al. 2017; Kollner et al. 2004a;
Block et al. 2018; Becker et al. 2014). The cultivar-specific
variations occur in both the amount of volatiles produced
in response to biotic stress and in the composition of the
blend, including differences in the ratios between monoter-
penes and sesquiterpenes (Gouinguene et al. 2001). These
cultivar-specific variations are likely due to the high degree
of genetic variability retained by maize during domestication
coupled with the rapid evolution and promiscuity of terpene
synthase gene families.

Terpenoid structural diversity is largely a consequence of
the diverse carbon backbones formed by TPSs, the enzymes
that convert the respective prenyl diphosphate substrates
into monoterpenes, sesquiterpenes and diterpenes (Davis
and Croteau 2000). The majority of these enzymes are class
I TPSs that initiate electrophilic reactions by cleaving the
diphosphate moiety, yielding a carbocation intermediate
(Liang et al. 2018; Christianson 2006). The carbocation
can undergo a series of structural rearrangements includ-
ing cyclization, hydride shifts and methyl migrations prior
to either direct deprotonation, resulting in terpene hydro-
carbon formation, or the capture of a water molecule lead-
ing to the addition of a hydroxyl group and the production
of terpene alcohols (Liang et al. 2018; Christianson 2006,
2008). Maize TPS17 (GRMZM2G010356), however, can
generate dually hydroxylated products directly from FPP
via an initial addition of water followed by protonation of
the internal carbon-6,7-double bond, cyclization and fur-
ther addition of water to form eudesmane-2,11-diol and two
closely related structural isomers. Given the unusual activity,
TPS17 has been assigned the name eudesmandiol synthase
(EDS) (Liang et al. 2018). Class II TPSs, on the other hand,
initiate reactions by the protonation of the double bond at
the opposite side of diphosphate moiety. This mechanism
is characteristic of several diterpene synthases, for exam-
ple, those synthesizing copalyl diphosphate that serves as
a substrate for other diterpene synthases, such as kaurene
synthases discussed below (Tholl 2015; Bensen et al. 1995;
Harris et al. 2005). For catalysis, TPSs are dependent on a
divalent metal ion cofactor, such as Mg2+. Thus, all TPS
genes have a highly conserved Asp-rich region, the DDxxD
motif, which is involved in the binding of a divalent metal
cofactor (Bohlmann et al. 1998).

Like most plant species, maize has a mid-sized family of
approximately 30 TPS genes (Chen et al. 2011; Ding et al.
2017). Extensive research efforts have led to the genetic,
biochemical, and ecological characterization of about half
of these maize genes. A single TPS commonly produces
multiple products, and can catalyze reactions with differ-
ent prenyl diphosphate substrates. However, some of the
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Fig.1 Enzymes involved in the production of volatile terpenes in
maize. The precursors shown are geranyl diphosphate (GPP), farnesyl
diphosphate (FPP) and geranylgeranyl diphosphate (GGPP) with

predicted TPS genes may be inactive in given inbreds, as
has been suggested for TPS3 (GRMZM2G064406) (Rich-
ter et al. 2016), and others appear to be functionally redun-
dant. The direct products of many TPSs have high vapor
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pressure at room temperature which allows them to be
released into the environment as volatiles. Maize TPS1
(GRMZM2G049538) catalyzes the formation of the acyclic
monoterpene volatiles linalool and geraniol from GPP, and
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the volatile sesquiterpenes (E)-p-farnesene, (E,E)-farnesol,
and (E)-nerolidol from FPP (Schnee et al. 2002). TPS2
(GRMZM?2G046615) can produce the monoterpene, sesquit-
erpene and diterpene alcohols, linalool, (E)-nerolidol, and
(E,E)-geranyllinalool, respectively (Richter et al. 2016). The
two closely related enzymes TPS4 (GRMZM2G117319) and
TPS5 (GRMZM2G074309) both form the same complex
mixture of sesquiterpenes including 7-epi-sesquithujene,
sesquithujene, (Z)-a-bergamotene, (E)-a-bergamotene,
sesquisabinene B, sesquisabinene A, (E)-p-farnesene, (S)-
p-bisabolene, p-curcumene, and y-curcumene from the FPP
precursor, but the proportion of these products vary due to
four amino acid substitutions in the catalytic sites, result-
ing in stereoselectivity between the two enzymes (Kollner
et al. 2004b). Furthermore, functionality differences between
TPS4 and TPSS result in variable volatile terpene composi-
tion between maize varieties.

Another pair of functionally redundant enzymes,
TPS6/11(GRMZM?2G127087) catalyzes the formation of
the acyclic monoterpenes, -myrcene and linalool, along
with minor amounts of the cyclic compounds limonene,
a-thujene, sabinene, and a-terpinolene in the presence of
GPP. However, in the presence of FPP, TPS6 and TPS11
produce the monocyclic sesquiterpene, f-bisabolene, and the
uncommon bicyclic olefin, f-macrocarpene likely involved
in zealexin biosynthesis as discussed below (Kollner et al.
2008b). TPS7 (AC217050.4_FGO007) produces a blend of
sesquiterpenoids of which t-cadinol predominates (Ren
et al. 2016). TPS8 (GRMZM?2G038153) produces three
bicyclic olefins, a-copaene, (E)-B-caryophyllene, and the
macrocyclic sesquiterpene germacrene D (Fontana et al.
2011). TPS10 (GRMZM2G179092) catalyzes the forma-
tion of predominantly (E)-pB-farnesene, (E)-a-bergamotene,
but also several other minor sesquiterpene hydrocarbons,
a-copaene, (E)-p-caryophyllene, sesquisabinene A, germac-
rene D, zingiberene, a-muurolene, -bisabolene, 5-cadinene,
and sesquiphellandrene (Schnee et al. 2006). Although most
maize TPS can utilize FPP, TPS26 (GRMZM2G030583)
has specificity for the GPP substrate and is exclusively a
monoterpene synthase responsible for the formation of
a-terpineol, limonene, y-terpinene, f-myrcene, terpinolene,
and 4-terpineol (Lin et al. 2008). Most of these products have
been identified in the volatile profiles of aboveground maize
tissues responding to biotic stress (Turlings et al. 1990;
Kollner et al. 2004a; Schnee et al. 2006; Gouinguene et al.
2001; Becker et al. 2014). However, volatile emission is not
limited to the atmosphere, TPS23 (GRMZM2G127336) is
expressed in both maize leaves and roots, and is responsible
for the formation and emission of (E)-f-caryophyllene in the
rhizosphere following root herbivory (Kollner et al. 2008a).

Other terpene volatiles are formed through further prod-
uct modifications by oxidation, dehydrogenation, acyla-
tion, and other cytochrome P450-mediated reactions. For
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example, (E)-nerolidol and (E,E)-geranyllinalool produced
by TPS2 are subsequently converted into (3E)-4,8-dime-
thyl-1,3,7-nonatriene (DMNT) and (E,E)-4,8,12-trimethyl-
trideca-1,3,7,11-tetraene (TMTT) by oxidative degradation
which is catalyzed by the P450 monooxygenases, CYP92C5
(GRMZM2G102079) and CYP92C6 (GRMZM2G139467),
respectively (Richter et al. 2016). Both DMNT and TMTT
are volatile homoterpenes that are also synthesized in
response to biotic stress and are frequently found in the
headspace of damaged maize tissues (Turlings et al. 1990).
However, chemical modifications and the addition of mul-
tiple functional groups to volatile TPS products dramati-
cally increases boiling points and results in the formation of
non-volatile specialized metabolites that accumulate near the
site of synthesis. For example, a- and f-selinene volatiles
produced by TPS21 (GRMZM2GO011151) can predominate
in multiple ecological contexts yet are commonly converted
into the corresponding oxygenated derivatives, o/p-costols
and o/p-costic acids which display dramatically lower vola-
tility (Ding et al. 2017).

Biosynthesis of terpenoid phytoalexins

Maize produces a range of non-volatile terpenoids that are
elicited in response to biotic attack. Currently, our knowl-
edge of the diversity, biosynthesis and activity of these
maize defense compounds remains a rapidly expanding
area of research. Several families of maize non-volatile ter-
penoid phytoalexins occur as mixes of related compounds
(Fig. 2). Kauralexins, for example, are labdane-related dit-
erpenoids that are produced in a manner similar to that of
the phytohormone gibberellic acid. The maize kauralexin A
series metabolites identified to date are: ent-kauran-17-oic
acid, ent-kauran-17,19-dioic acid, and ent-kaur-19-al-17-oic
acid, termed kauralexins A1 through A3, respectively. The
maize kauralexin B series includes ent-kaur-15-en-17-oic
acid, ent-kaur-15-en-17,19-dioic acid, and ent-kaur-15-
en-19-al-17-oic acid, termed kauralexins B1-B3, respec-
tively (Schmelz et al. 2011). Kauralexins are produced by
the bi-cyclization of GGPP into ent-copalyl diphosphate
by the ent-copalyl diphosphate synthase, Anther ear 2
(An2, GRMZM2G044481) (Vaughan et al. 2015; Har-
ris et al. 2005). Ent-copalyl diphosphate is then converted
into ent-kaurene by ent-kaurene synthases. Three genes
in maize have demonstrated in vitro ent-kaurene synthase
activity, TPS1, KSL5 (GRMZM2G093526) and KSL3
(GRMZM2G093603), with KSL3 being solely responsible
for the production of gibberellic acid (Fu et al. 2016). The
kauralexin A series metabolites are likely derived from ent-
kaurene, while the kauralexin B series are likely from its
isomer ent-isokaurene produced as a minor product of these
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Fig.2 Summary of known non-
volatile terpenoid phytoalexins
of maize. Kauralexins A1-3 and
B1-3 are derivatives of gera-
nylgeranyl diphosphate. Zealex-
ins A1-4 and B1, dolabralexins,
and o/p-costic acid are derived
from farnesyl diphosphate
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genes (Fu et al. 2016). Based on comparisons between the
synthesis of gibberellins and labdane-related diterpenoids in
rice, it has been suggested that cytochrome P450s and short
chain alcohol dehydrogenases may be responsible for the
additional modifications required to produce the bioactive
kauralexins, although the specific enzymes required remain
unknown (Schmelz et al. 2014).

Maize has three other ent-kaurene synthase-like genes
KSL1 (GRMZM2G391312), KSL2 (Zm00001d041082)
and KSL4 (GRMZM2G016922). It was recently shown that
KSL4 converts ent-copalyl diphosphate into dolabradiene
rather than ent-kaurene (Mafu et al. 2018). Dolabradiene
is then converted into 15,16-epoxydolabrene (epoxydola-
brene) and epoxydolabranol via sequential C-16 epoxidation
and C-3 hydroxylation by the cytochrome P450, CYP71Z16
(GRMZM2G067591). Epoxydolabranol can be further mod-
ified to form trihydroxydolabrene, though the enzyme(s)
responsible for this predominant end-product has(have)
yet to be identified (Mafu et al. 2018). Collectively, these
labdane-related diterpenoids are termed dolabralexins. Inter-
estingly, the maize An2 mutant, which is deficient in kau-
ralexins, is also deficient in dolabralexins, indicating that
An?2 provides ent-copalyl diphosphate for both families of
labdane-related diterpenoid phytoalexins (Mafu et al. 2018;
Vaughan et al. 2015).

Zealexins are non-volatile sesquiterpenoid phytoalex-
ins produced from the bicyclic olefin B-macrocarpene.
The duplicated terpene synthases TPS6 and TPS11 both
produce B-macrocarpene from FPP and are predicted to be
responsible for zealexin production, though this has yet to
be confirmed genetically (Kollner et al. 2008b; Huffaker
et al. 2011). The C15 methyl group of f-macrocarpene is
oxidized to a carboxylic acid by the cytochrome P450 mono-
oxygenases CYP717216 and CYP71Z18 (Zm00001d014134)
to form Zealexin A1 (Mao et al. 2016; Mafu et al. 2018).
Zealexin Al can be further modified by hydroxylation at
the C1 or C8 positions to form Zealexin A2 and Zealexin
A3, respectively (Huffaker et al. 2011). The C8 hydroxyl of
Zealexin A3 can be further modified, likely by additional
hydroxylation to transform the C8 alcohol into a germinal
diol that spontaneously dehydrates into a ketone, forming
Zealexin A4 (Christensen et al. 2017). Zealexin B1, has a
C15 carboxylic acid similarly to Zealexin A1l but also has a
C1-C6 double bond, resulting in a conjugated 1,1',3'-triene
system (Huffaker et al. 2011). The genes required for these
modifications remain under investigation.

Many genes involved in producing kauralexins, dola-
bralexins and zealexins have been identified through in vitro
activity assays targeting strongly elicited transcript accu-
mulation. While providing functional information, in vitro
assays alone have the potential to lead to unexpected findings
due to enzyme promiscuity and the level of endogenous rel-
evance of the selected combinatorial pairings. For instance,
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CYP717218 and CYP71Z16 are tandemly duplicated genes
both shown to produce Zealexin Al from B-macrocarpene
(Mao et al. 2016; Mafu et al. 2018) and similarly both
enzymes can produce epoxydolabranol from dolabradiene
(Mafu et al. 2018). Collectively, loss of function mutants
in combinations of these genes will be required to deter-
mine relative contributions to the proposed pathways and
processes. As evidence also exists for as yet unidentified
zealexins and dolabralexins (Huffaker et al. 2011; Mafu et al.
2018) considerable work remains to elucidate the biosyn-
thesis, regulation and function of terpenoid phytoalexins in
maize.

Functions of terpenoid defense compounds

As the biosynthesis pathways of maize terpenoid defenses
are being elucidated, progress is also being made on deter-
mining the functions of these compounds against different
biotic stresses. One of the most prominent defensive func-
tions of maize terpenoids is to directly impact the growth and
reproduction of maize pests. Many terpenoid compounds are
elicited in response to various biotic stresses, but not all are
effective in direct defense. For example, production of the
diterpenoid epoxydolabranol is strongly elicited in maize
roots during infection with the fungal pathogens Fusarium
verticillioides and Fusarium graminearum and was dem-
onstrated to have strong antimicrobial activity against both
pathogens in vitro (Mafu et al. 2018). Conversely, eudes-
mane-2,11-diol is detectible in maize roots following F. ver-
ticillioides infection, but does not display direct antifungal
activity against this pathogen (Liang et al. 2018).

Zealexins are elicited in response to infection with diverse
fungal pathogens including Cochliobolus heterostrophus,
F. graminearum, Rhizopus microsporus, Colletotrichum
sublineolum and Aspergillus flavus, but only weakly in
response to Colletotrichum graminicola (Huffaker et al.
2011; Christensen et al. 2017). Among these pathogens,
zealexins demonstrated strong in vitro anti-fungal activ-
ity against R. microsporus, A. flavus, and F. graminearum.
In vivo evidence for the antimicrobial activity of zealexins
was observed by partial virus-induced gene silencing of the
putative maize zealexin biosynthesis genes tps6 and tpsl1,
which led to increased susceptibility to the biotrophic fun-
gal pathogen Ustilago maydis (van der Linde et al. 2011).
Interestingly, some zealexins have demonstrated variable
antimicrobial activity against different fungal pathogens.
For instance, zealexin A1 inhibits the growth of A. flavus,
F. graminearum and R. microsporus, while zealexins A3
and A4 inhibit A. flavus and F. graminearum but have no
activity against R. microsporus (Huffaker et al. 2011; Chris-
tensen et al. 2017, 2018). Furthermore, zealexin A2 has not
displayed significant inhibitory activity against any fungus
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tested to date (Huffaker et al. 2011). Surprisingly, zealexin
A4 promotes the growth of C. graminicola in in vitro assays
suggesting that the lack of zealexin elicitation in maize in
response to this pathogen may be beneficial to the plant
(Christensen et al. 2017).

Kauralexins are elicited in maize stems in response to
infection with F. graminearum, R. microsporus, C. heter-
ostrophus, and C. graminicola (Schmelz et al. 2011; Chris-
tensen et al. 2018). Kauralexin A3 and kauralexin B3 display
in vitro antifungal activity against R. microsporus and C.
graminicola (Schmelz et al. 2011) and a mixture of kau-
ralexin A2 and kauralexin B2 has in vitro antifungal activity
against F. graminearum and F. verticillioides (Christensen
et al. 2018). Interestingly, the kauralexin-deficient An2
mutant has increased susceptibility to C. heterostrophus
and F. verticillioides but not C. graminicola or F. gramine-
arum (Christensen et al. 2018), suggesting fungal-dependent
specificity. Moreover, near isogenic lines (NILs) lacking
functional copies of TPS21 responsible for maize p-costic
acid production displayed increased susceptibility to multi-
ple Fusarium species compared to functional wild-type NILs
(Ding et al. 2017). Collectively, these results highlight the
need for continued efforts to identify isogenic maize lines
deficient in the production of specific terpenoids to under-
stand the biological significance of individual compounds
in particular pathosystems.

Terpenoids that display anti-fungal activity may also have
defensive functions against insect pests. For instance, the
biotic stress-induced p-costic acid inhibited the growth of F.
verticillioides, F. graminearum, R. microsporus, Aspergillus
parasiticus, and C. heterostrophus in antimicrobial assays
(Ding et al. 2017). Similarly when applied to healthy maize
root tissues, B-costic acid negatively impacted the growth
of Diabrotica balteata (Banded cucumber beetle) but not
the specialist Diabrotica virgifera virgifera (Western corn
rootworm) (Ding et al. 2017). Kauralexins are induced in
maize stems in response to infestation with the stem borer
Ostrinia nubilalis (European corn borer) and kauralexin
A3 and kauralexin B3 displayed in vitro feeding deterrence
activity against O. nubilalis in choice assays (Schmelz et al.
2011). Modest accumulation of zealexins are also observed
in response to O. nubilalis herbivory in maize stems sug-
gesting that they too could have anti-insect properties (Huf-
faker et al. 2011). In addition to kauralexins and zealexins
being induced by stem caterpillar feeding, secondary fungal
infections in the humid feeding tunnels are likely to pro-
mote kauralexin and zealexin production. Other maize ter-
penoids likely play a role in direct defense against insect
pests. For instance, a loss of function mutation in the single
TPS2/3 gene in maize inbred W22 led to a reduction in lin-
alool, lavandulyl, and menthadiene. These compounds are
induced by Rhopalosiphum maidis (corn leaf aphid) feeding

and have a negative impact on R. maidis reproduction (Tzin
et al. 2015).

Many terpene volatiles play a role in indirect defense
against insect pests by attracting parasitoids or preda-
tors to infested plants. Turlings et al. (1990) demonstrated
that maize seedlings released large amounts of volatiles
when infested with Spodoptera exigua (beet armyworm).
These volatiles include linalool, DMNT, indole, (E)-a-
bergamotene, (E)-fB-farnesene, (E)-nerolidol, and TMTT, the
blend of which is attractive to the S. exigua parasitoid Cote-
sia marginiventris (Turlings et al. 1991). Subsequent stud-
ies have shown that terpenoids attract other parasitoids. For
instance, linalool attracts naive Campoletis chlorideae, a lar-
val parasitoid of Mythmna separate (Northern armyworm)
(Yan and Wang 2006) and (E)-p-caryophyllene attracts naive
Cotesia sesamiae, a larval parasitoid of the stem borer Chilo
partellus (Spotted stalk borer) (Tamiru et al. 2017). Below-
ground tissues of maize can also emit terpene volatiles to
attract parasitoids or predators to their prey. Feeding by the
larvae of D. virgifera virgifera on the roots of maize induces
the release of (E)-p-caryophyllene, attracting entomopatho-
genic nematodes that infest the attacking larvae (Rasmann
et al. 2005; Degenhardt et al. 2009). The D. virgifera virgif-
era larvae themselves also use (E)-f-caryophyllene emission
to help locate suitable host plants (Robert et al. 2012).

The function of several terpene volatiles have been
assessed by the expression of terpene synthases in alternate
systems. For instance, expression of the maize TPSI0 in
Arabidopsis (Arabidopsis thaliana) leads to the production
of (E)-B-farnesene and (E)-a-bergamotene, rendering Arabi-
dopsis attractive to experienced C. marginiventris (Schnee
et al. 2006). Maize TPS8, when expressed in Arabidopsis,
also increased its attractiveness to experienced C. margini-
ventris and the combined expression of T7PS10, TPS8 and
TPS5 was more attractive than the expression of these genes
individually (Fontana et al. 2011). The collective expression
of these genes, however, does not increase the attractiveness
of Arabidopsis to naive C. marginiventris, indicating that
use of these volatiles for host location is a learned response.
These studies suggest that optimum chemical defenses often
consist of a suite of complementary defense compounds that
act in concert to provide protection.

The promiscuous nature and variety of terpene synthases
available, coupled with the wide range of modifications pos-
sible in terpenoid families, help to facilitate effective chemi-
cal defenses against a broad range of biological threats.
While this review exclusively details terpenoid defense
compounds in maize, other plant species utilize these spe-
cialized metabolites, including volatile terpenes and non-
volatile phytoalexins (Chen et al. 2011). Some of the terpe-
noids produced are found through-out the plant kingdom and
likely play similar roles in diverse species, while others are
species specific. For example Oryza sativa (rice) produces
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a series of labdane-related diterpenoids similar to the kau-
ralexins of maize, including momilactones, oryzalexins and
phytocassanes (see review, Schmelz et al. 2014).

Chemicals used in defense can be less effective against
specialized pests that acquire mechanisms of tolerance or
detoxification. Plants counter this by modifying the com-
pounds to make them more effective or more resistant to
detoxification. Our increased knowledge of terpenoid func-
tion and biosynthesis will contribute to programs that breed
crop varieties with enhanced terpenoid concentrations for
optimal defense against specific pests. Furthermore, the
engineering or movement of enzymes between different
plant species has the potential to enable plants to produce
compounds effective against, but not usually encountered
by, their major pests. Such combinatorial chemistry from
across the plant kingdom could even lead to novel modifi-
cations and the discovery of new anti-microbial or insecti-
cidal compounds. Such combinatorial chemistry across the
plant kingdom could potentially reduce the need for external
pesticide application and facilitate a higher-yielding agro-
economic industry.
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