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Abstract
Main conclusion Chemical isolation and NMR-based structure elucidation revealed a novel keto-acidic sesquiter-
penoid, termed zealexin A4 (ZA4). ZA4 is elicited by pathogens and herbivory, but attenuated by heightened levels 
of CO2.

The identification of the labdane-related diterpenoids, termed kauralexins and acidic sesquiterpenoids, termed zealexins, 
demonstrated the existence of at least ten novel stress-inducible maize metabolites with diverse antimicrobial activity. 
Despite these advances, the identity of co-occurring and predictably related analytes remains largely unexplored. In the 
current effort, we identify and characterize the first sesquiterpene keto acid derivative of β-macrocarpene, named zealexin 
A4 (ZA4). Evaluation of diverse maize inbreds revealed that ZA4 is commonly produced in maize scutella during the first 
14 days of seedling development; however, ZA4 production in the scutella was markedly reduced in seedlings grown in 
sterile soil. Elevated ZA4 production was observed in response to inoculation with adventitious fungal pathogens, such as 
Aspergillus flavus and Rhizopus microsporus, and a positive relationship between ZA4 production and expression of the 
predicted zealexin biosynthetic genes, terpene synthases 6 and 11 (Tps6 and Tps11), was observed. ZA4 exhibited significant 
antimicrobial activity against the mycotoxigenic pathogen A. flavus; however, ZA4 activity against R. microsporus was mini-
mal, suggesting the potential of some fungi to detoxify ZA4. Significant induction of ZA4 production was also observed in 
response to infestation with the stem tunneling herbivore Ostrinia nubilalis. Examination of the interactive effects of elevated 
 CO2 (E-CO2) on both fungal and herbivore-elicited ZA4 production revealed significantly reduced levels of inducible ZA4 
accumulation, consistent with a negative role for E-CO2 on ZA4 production. Collectively, these results describe a novel 
β-macrocarpene-derived antifungal defense in maize and expand the established diversity of zealexins that are differentially 
regulated in response to biotic/abiotic stress.
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Introduction

Biotic and abiotic stresses are significant limiting fac-
tors to maize production, resulting in billions of dollars 
in lost revenue annually in the US alone (Oerke et al. 
1994; Savary et al. 2012; Mueller et al. 2016). Common 
elements of biotic stress include pathogenic and myco-
toxigenic fungi such as members of the genus Aspergillus 
that infect maize ears and contaminate seed with potent 
carcinogens. Equally problematic are herbivores that con-
sume leaf, root, and stem tissues including the European 
corn borer (Ostrinia nubilalis), which facilitates micro-
bial colonization through the creation of contaminated 
feeding tunnels that promote stalk rot and disease (Keller 
et al. 1986; Gatch and Munkvold 2002). Abiotic stresses 
such as elevated atmospheric carbon dioxide (E-CO2) and 
other environmental stresses including heat and drought 
can further impact yield (Wang et al. 2003) and result in 
increased incidents of pathogenicity (Chakraborty and 
Newton 2011). For example, E-CO2 is correlated with 
increases in Fusarium pseudograminearum crown rot in 
wheat (Melloy et al. 2010). Studies with maize grown at 
E-CO2 demonstrated that kernel and stem tissues display 
increased susceptibility to the ear and stalk rot pathogen 
Fusarium verticillioides (Vaughan et al. 2014), an effect 
that was exacerbated by combining E-CO2 with drought 
stress (Vaughan et  al. 2016). Despite the documented 
impact of biotic and abiotic stress on maize production, 
relatively little is known about the numerous classes of 
specialized biochemical defenses in maize and the effect 
of abiotic stress on the production of these metabolites in 
planta.

Locally produced non-volatile terpenoids are inducible 
biochemical defenses that have been well-characterized 
in many dicot and monocot plant species (Ahuja et al. 
2012; Schmelz et al. 2014). In maize, two classes of non-
volatile terpenoids have been identified thus far, namely 
kauralexins (Schmelz et al. 2011) and zealexins (Huffaker 
et al. 2011). Kauralexins are kaurene-related derivatives 
of geranylgeranyl diphosphate produced by the ent-copalyl 
diphosphate synthase Anther Ear 2 (ZmAn2), an ortholog 
of rice ent-copalyl diphosphate synthase genes that pro-
duce diterpenoid defenses (Watanabe et al. 1996; Harris 
et al. 2005). Characteristic of phytoalexins, kauralexins are 
pathogen- and insect-inducible and display strong antimi-
crobial activity (Schmelz et al. 2011).

Zealexins represent an additional biosynthetic class of 
non-volatile maize terpenoid defenses. Initial observa-
tions occurred in Fusarium graminearum infected stem 
tissues which revealed 14 novel analytes. Of the pre-
dictably related unknowns, four acidic sesquiterpenoids 
were elucidated via NMR and mass spectrometry, namely 

zealexin A1, A2, A3 and B1 (Huffaker et al. 2011). Early 
insights into the biosynthesis of maize zealexins came 
from biochemical analyses demonstrating that the nearly 
identical sesquiterpene synthases 6 and 11 (TPS6/TPS11) 
cyclize farnesyl diphosphate to yield (S)-β-bisabolene and 
ultimately (S)-β-macrocarpene as a logical precursor to 
ZA1–3 and ZB1 (Basse 2005; Kollner et al. 2008). Cor-
relations between Rhizopus microsporus-, Aspergillus fla-
vus-, and F. graminearum-inducible Tps6/Tps11 transcript 
abundance and zealexin production further supported a 
role for TPS6/TPS11 in zealexin biosynthesis (Huffaker 
et al. 2011). Additional advances in zealexin biosynthe-
sis revealed that a cytochrome P450 mono-oxygenase 
(CYP71Z18) is capable of performing the enzymatic con-
version of (S)-β-macrocarpene to ZA1 (Mao et al. 2016); 
however, the in vivo role of CYP71Z18 remains to be dem-
onstrated. Characterization of maize zealexins revealed 
that they are broadly pathogen inducible with ZA3 dis-
playing the greatest abundance on average (Huffaker et al. 
2011). Fungal growth bioassays with R. microsporus, A. 
flavus, and F. graminearum in liquid culture demonstrated 
that ZA1 and ZA3 have significant antimicrobial activity 
at physiologically relevant levels, consistent with a direct 
defensive role against fungal pathogens.

While strongly inducible biochemical defenses have 
been shown to play important roles following pathogen 
attack, only a limited number of studies have investigated 
the impact of abiotic stress on these responses in maize. 
Vaughan et al. (2014) demonstrated that F. verticillioides-
infected stems and kernels have reduced defense levels in 
plants grown at E-CO2 (800 ppm) compared to those grown 
under ambient conditions  ([CO2] 400 ppm). Interestingly, 
analyses with E-CO2 combined with drought stress enhanced 
maize phytoalexin defense responses to F. verticillioides 
(Vaughan et al. 2016). Other studies have shown that E-CO2 
can elicit both resistance (Kobayashi et al. 2006) and suscep-
tibility (Strengbom and Reich 2006) responses, depending 
on the specific plant–microbe interaction. The variation in 
plant defense responses to different microbes under E-CO2 
highlights the need to investigate the rather unpredictable 
responses to other pathogens under abiotic stress conditions.

In our continuing investigation of maize defense 
responses to diverse fungal pathogens, we detected signifi-
cant levels of an unknown analyte that chromatographed in 
the vicinity of known zealexins. Through chemical isolation 
and NMR-based structure elucidation, we identified a novel 
keto acid sesquiterpenoid, termed zealexin A4 (ZA4). Tem-
poral and spatial regulation of ZA4 production in response to 
biotic stress was compared with Tps6/Tps11 gene expression 
and the antimicrobial properties of ZA4 were investigated. 
Finally, we examined the impact of E-CO2 on ZA4 produc-
tion in response to individual challenge with pathogens and 
herbivores.
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Materials and methods

Plant, insect and fungal material

Inbred maize lines (H88, Ms71, B73, CML247, Il14H, 
Mo18W, CML277, CML322, CML52, CML288, TZi8, 
CML103, Oh43, CML69, Ki3, Hp301, M37W, Ki11, 
Ky21, Tx303, B97, NC350, CML333, W22, NC358) 
obtained from the National Genetic Resources Program, 
Germplasm Resources Information Network and hybrid 
maize (var. Golden Queen; Southern States Cooperative, 
Inc., Richmond, VA, USA) were grown in  MetroMix® 
200 (Sun Gro Horticulture Distribution Inc, Vancouver, 
BC, Canada) and supplemented with 14-14-14 Osmocote 
(Scotts Miracle-Gro, Marysville, OH, USA) as described 
in Schmelz et  al. (2009). Ostrinia nubilalis (Benzon 
Research Inc., Carlisle, PA, USA) were reared on artifi-
cial diet at 29 °C and received as eggs or late first instars. 
Fungal stock cultures of R. microsporus (NRRL 54029) 
and A. flavus (NRRL 3357) were grown and spore inocu-
lums were prepared as described by Huffaker et al. (2011).

Zealexin A4 isolation and NMR analysis

Zea mays var. Golden Queen stems (6 kg) were cut in half 
lengthwise and subsequently inoculated and allowed to 
incubate for 5 days at room temperature in partially sealed 
plastic containers. Following incubation, samples were 
frozen in liquid nitrogen, ground to a coarse powder with 
a Champion Hammermill then ground to a fine powder in 
liquid nitrogen. This powder was then allowed to warm 
slightly and then was further ground in ethyl acetate. The 
resulting suspension was filtered through a Buchner fun-
nel set up with a sorbent pad overlayed on filter paper. The 
resulting mixture was concentrated en vacuo on a Buchi 
rotovap (Buchi Corp., Newcastle, DE, USA). The extract 
was condensed directly onto C18 resin (20 g) and residual 
solvent removed en vacuo. The resulting impregnated C18 
resin was used as a dry-loaded solid phase on a 5-g C18 
flash column (RediSepRF Gold) using a Teledyne Combi-
Flash Rf  (CombiFlash®Rf, Teledyne ISCO, Inc, Lincoln, 
NE, USA) in water: acetonitrile gradient with a flow rate of 
18 mL min−1, with initiation at 20% acetonitrile for 5 min 
and proceeded to 100% acetonitrile over the next 60 min. 
This resulted in mixtures enriched in distinct phytoalexin 
classes. Chemical composition of fractions was monitored 
by GC/MS ESI analysis following TMS-diazomethane 
derivatization of the fractions. The fractions containing 
ZA4 were purified by prep HPLC on a Dionex Ultimate 
3000 instrument equipped with a YMC-Pack OD-AQ 
column (250 × 20 mm, s-10 µm, 12 nm; Thermofisher, 

Auburn, AL, USA). Each sample (20 mg) was eluted with 
water: acetonitrile gradient at a flow rate of 25 mL min−1. 
Careful fractionation of signals (UV 210) led to pure ZA4. 
The structure of ZA4 was elucidated using 1H and 13C 
APT 1D NMR experiments, as well as correlated spec-
troscopy (COSY), heteronuclear single quantum coher-
ence (HSQC), and heteronuclear multiple bond correla-
tion (HMBC) 2D experiments. Additional 2D experiments 
were performed to help resolve overlaying signals such as 
nuclear overhauser spectroscopy (NOESY), total correla-
tion spectroscopy (TOCSY), HSQC-TOCSY and hetero-
nuclear 2 bond correlation (H2BC). Data were collected 
on a Bruker Avance II 600 MHz cryoprobe (Bruker, Bel-
lerica, MA, USA) as well as an Agilent 600 MHz 13C 
direct detect cryoprobe (Agilent, Santa Clara, CA, USA). 
Data were analyzed using Mnova (MestreLab, Escondido, 
CA, USA) software. Assignment of chemical shifts were 
made directly from 1H and 13C APT data when possible, 
or inferred through 2D experiments, such as HSQC or 
HMBC.

ZA4 quantification

ZA4 samples were solvent extracted, methylated, collected 
on a polymeric adsorbent using vapor-phase extraction 
(VPE), and analyzed using GC/isobutene chemical ion mass 
spectrometry (CI-MS) as previously described (Christensen 
et al. 2015). Metabolite quantification was based on U-13C-
18:3 (Cambridge Isotope Laboratories, Inc, Tewksbury, MA, 
USA) as an internal standard.

Antifungal activity assays

A modified version of the fungal growth assays described 
in the Clinical and Laboratory Standards Institute M38-
A2 guidelines was used, as described by Schmelz et al. 
(2011). In brief, bioassays were carried out in liquid cul-
ture using an A. flavus or R. microsporus spore suspension 
(5 × 104 spores  mL−1) in nutrient media containing 10, 50, 
or 100 µg mL−1 ZA4 dissolved in DMSO (n = 8). Plates 
were incubated at 28 °C and fungal growth monitored by 
measuring an increase in absorbance (405 nm) in a BioTek 
Synergy4 instrument (BioTek Instruments Inc., Winooski, 
VT, USA) for 72 h.

ZA4 elicitation assays

ECB treatments and fungal slit stems were carried out on 
21–28-day-old greenhouse grown Zea mays var Golden 
Queen as previously described (Huffaker et al. 2011). For 
E-CO2 ECB treatments, stems were infested with 3rd instar 
larvae by creating a hole in the second internode with a cork 
borer (#1) and caging the larvae in the infestation site with 
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copper mesh surrounding the hole. Four days post-infesta-
tion, stem sections surrounding the initial site of cork borer 
damage were harvested and tissue surrounding feeding tun-
nels was collected for analysis. E-CO2 ECB stem treatments 
were carried out in a sunlit greenhouse using temperatures at 
28 °C from 0700 h to 1900 h Eastern Standard Time (EST) 
followed by 1 h of smooth transition to 22 °C overnight as 
described in Vaughan et al. (2014). Air relative humidity was 
controlled between 55 and 60%. One greenhouse room was 
set at ambient 400 µmol  CO2  mol−1 air, and the E-CO2 room 
was kept at 800 µmol  CO2  mol−1 air, which is the predicted 
global  CO2 concentration to be reached between 2080 and 
2100 (Solomon et al. 2007). For scutella treatments, hybrid 
seed and inbred lines were germinated as described above 
and grown in sterile or non-sterile soil. Maize scutella were 
harvested at 2, 4, 6, 8, 10, and 12 days post-germination for 
time course experiments or at 10 days post-germination for 
diverse inbred lines or sterile/non-sterile soil experiments. 
For E-CO2 kernel inoculations with A. flavus (strain NRRL 
3357), methods were followed as described by Christensen 
et  al. (2012), with the use of Conviron E15 (Conviron, 
Pembina, ND, USA) growth chambers controlled at 28 °C 
day/25 °C night with a 500 µmol m−2 s−1 photosynthetic 
photo flux density 12 h photoperiod and between 50 and 
60% relative humidity, as described in Vaughan et al. (2014). 
One chamber was controlled at current at ambient 400 µmol 
 CO2  mol−1 air, and the E-CO2 room was kept at 800 µmol 
 CO2  mol−1 air. Treatment groups were harvested in liquid  N2 
5 days post-inoculation for ZA4 analysis. For field analysis 
of A. flavus-infected kernels, the maize inbred line VA35 
was planted in a five-row plot with 20 plants per row. The 
developing ears were inoculated with A. flavus strain NRRL 
3357 or with sterile distilled water at 18 days after pollina-
tion using a size 12 quilting needle inserted into a pencil 
eraser. The husks were peeled back to expose the kernels 
prior to dipping the needle into a suspension of A. flavus 
(9 × 107 conidia mL−1) and inserting into the kernel through 
the seed coat at a depth of 2 mm. Following inoculation, the 
husks were re-positioned over the kernels, covered with a 
shoot bag, and secured with a rubber band. Kernels were 
harvested from at least three ears of each of the treatments 
at 3, 7, 14, and 21 days after inoculation. The kernels were 
flash frozen in liquid nitrogen and stored at − 80 °C.

Statistical analysis

Analysis of variance (ANOVA) was carried out on quan-
tified zealexin, ergosterol, and fungal growth levels. Log 
transformations were utilized when necessary after inves-
tigating adherence to assumptions of normality and homo-
scedasticity using visual inspections of quantile–quantile 
plots, residual diagnostics, Shapiro–Wilk’s test (normality) 
and Levene’s test (homoscedasticity). Post-hoc comparisons 

of between-treatment differences were done using a Tukey’s 
HSD test. The relationships between pathogen-induced ZA4 
production and fold change in gene expression for Tps6 and 
Tps11 were evaluated by applying a linear models fit on 
a log scale (i.e. log transformation of both ZA4 and fold 
change levels). Models were evaluated for goodness of fit, 
adherence to assumptions of normality and heteroscedastic-
ity, R2 values, and significance.

Results

Identity of a novel maize zealexin

While investigating maize terpenoid defenses present in A. 
flavus-infected stems and kernels, we observed an unclas-
sified analyte in proximity to known zealexins (Fig. 1a). 
To identify this metabolite, chemical isolation was per-
formed and the derivatized methylester of this native acidic 

Fig. 1  Identity and spectra of zealexin A4. a GC/CI-MS selected ion 
trace of fungal-induced acidic sesquiterpenoids as methyl ester deriv-
atives. Labeled analytes include zealexin A1 (ZA1) [M+H]  +  249 
(white), zealexin B1 (ZB1) [M+H]+ 247 (white);  zealexins A2 
and A3 (ZA2,  ZA3) [M+H]+  247 (white); and zealexin A4 (ZA4) 
[M+H]+  263 (red). All unlabeled analytes are unknowns. b 1H and 
13C NMR deduced zealexin A4 methyl ester structure and its elec-
tron ionization spectra (mass-to-charge ratio) shown as a methyl 
ester, y-axis denotes relative abundance of ions. In the ZA4 structure, 
COSY correlations are shown in red bonds and black arrows repre-
sent HMBC correlations
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sesquiterpenoid was analyzed by 1H and 13C NMR (Fig. 1b; 
Table 1). The 1D 1H spectrum displayed three methyl groups 
with the gem-dimethyl group having overlapping signals at 
0.70 ppm. The signals in the 2D phase-corrected hetero-
nuclear single quantum coherence (HSQC) analysis were 
similar to those of other zealexins, revealing five quaternary 
carbons. The quaternary carbons were confirmed through 
correlations using a HMBC experiment. A clear 13C signal 
at 197.4 ppm denotes an α,β-unsaturated ketone. Using cor-
related spectroscopy (COSY) analysis, partial ring systems 
were established, indicating the positions of the quaternary 
carbons. The placement of the ketone at carbon 8 is consist-
ent with the corresponding alcohol group in zealexin A3 
(Fig. 2) (Huffaker et al. 2011). The HMBC correlation from 
the methylester of the derivatized acid revealed the chemical 
shift of the acidic carbon as 167.3 ppm. Collectively, these 
results provide the basis for a novel sesquiterpenoid zealexin. 
Given the structural similarity to other zealexin A series 
metabolites, we termed the novel β-macrocarpene derivative 
zealexin A4 (ZA4). Positive electron ionization (EI) mass 
spectra of the corresponding ZA4 methyl ester derivative 
provide useful diagnostic fragments with a detectable m/z 
262  [M]+ molecular ion (Fig. 1b). In a proposed model for 
zealexin biosynthesis (Fig. 2), initial steps begin with the 
cyclization of farnesyl diphosphate by TPS6/TPS11 into (S)-
β-bisabolene and ultimately β-macrocarpene. Formation of 
zealexin A1 results from a conversion of the C15 methyl 
group to a carboxylic acid potentially via a cytochrome P450 
mono-oxygenase (CYP71Z18) (Mao et al. 2016). Conver-
sions of ZA2 and ZA3 from ZA1 result from hydroxylation 
events at the C1 and C8 positions, respectively. Synthesis 
of ZA4 likely occurs via additional hydroxylation activity 
on ZA3, with the transformation of the C8 alcohol into a 

germinal diol that spontaneously dehydrates into a ketone 
(Greer et al. 2007).

ZA4 accumulates in the scutella of developing 
seedlings

To investigate the temporal and spatial regulation of ZA4 
production in untreated seedlings, we germinated seeds and 

Table 1  Annotated chemical 
shifts for each carbon atom of 
the zealexin A4 methylester

Position δ13C (ppm) δ1H (ppm) HMBC TOCSY

1 40.2 1H 1.67 (m) C6, C7 –
2 25.7 2H 1.38 (m), 1.00 (m) C1, C3, C4, C6, C7 C3, C5, C6
3 24.4 2H 2.47 (br d J = 17.7), 

2.10 (br t 12.4)
C1, C2, C4, C5, C2, C5, C6

4 130.7 – – –
5 137.6 1H 6.89 (m) C3, C6, C11, C15 C2, C3, C6
6 29.5 2H 1.73 (m), 1.57 (m) C1, C2, C4, C5, C2, C3, C5
7 163.5 – – –
8 197.4 – – –
9 33.3 – – –
10 51.2 2H 2.05 (s) C8, C9, C11, C12, C13, C14 C11, C12
11 41.5 2H 1.52 (s) C1, C7, C8, C9, C10, C12, C13, C14 C10, C12
12 123.9 1H 5.83 (s) C10, C11 C10, C11
13 27.7 3H 0.70 (s) C7, C8, C9, C10, C11, C14 –
14 27.7 3H 0.70 (s) C7, C8, C9, C10, C11, C13 –
15 167.3 – – –
16 50.8 3H 3.47 (s) C4, C5 –

Fig. 2  Proposed model of the zealexin biosynthesis pathway. Dashed 
arrows represent the predicted enzyme activities. Abbreviations are as 
follows: terpene synthases 6 and 11 (TPS6/TPS11), zealexins A1–A4, 
B1 (ZA1, ZA2, ZA3, ZA4, ZB1)
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measured ZA4 concentrations in roots, shoots, and scutella 
tissues from hybrid maize (Zea mays var. Golden Queen) 
over a 14 d time course. ZA4 was virtually absent in root and 
shoot tissues over the 2-wk developmental period. However, 
appreciable levels (1.4 µg g−1 FW) were detected in scutella 
tissues 10 days post-germination (Fig. 3a). To determine the 
extent of natural variation in ZA4 production across maize 
varieties, we measured its production in scutella from 23 
diverse parental inbreds used to develop the nested associa-
tion mapping population (Yu et al. 2008). At 10 days post-
germination, variable levels of ZA4 were observed with the 
highest concentrations detected in lines NC358 and NC350 
(11.8 and 11.0 µg g−1 FW, respectively) and the lowest levels 

in MS71 and II14H (0.6 and 1.3 µg g−1 FW, respectively; 
Fig. 3b). Comparison of all zealexins in scutella tissue 
between the 23 diverse inbred lines demonstrated varied 
levels of production (online resource S1), with diverse accu-
mulation patterns between ZA3 and ZA4, suggesting that the 
conversion of ZA4 from ZA3 (Fig. 2) may not be spontane-
ous but enzymatic. To determine if ZA4 is developmentally 
regulated in maize scutella, we germinated seedlings under 
sterile and non-sterile soil conditions and measured ZA4 
production 10 days post-germination. The accumulation of 
ZA4 was significantly higher in seeds grown in non-sterile 
soil (Fig. 3b), suggesting that ZA4 production is not regu-
lated by developmental processes alone, but in response to 
biotic stimuli.

Pathogen‑inducible ZA4 has a positive relationship 
with Tps6/Tps11 transcript accumulation 
and exhibits antimicrobial activity

To examine the pathogen inducibility of ZA4, we inoculated 
maize stems with A. flavus or R. microsporus and measured 
ZA4 production at 0,4,12, and 24 h post-inoculation (hpi). At 
24 hpi, we observed significantly induced levels of ZA4 in 
both A. flavus and R. microsporus-infected tissues, with lev-
els reaching 2.0 and 1.6 µg g−1 FW, respectively, (P < 0.05; 
Fig. 4a). Production of ZA4 was also elicited in a different 
plant–pathogen system, as A. flavus-infected kernels in the 
field produced > 30 µg g−1 FW at 14, and 21 days post-inoc-
ulation, surpassing levels of other zealexins at those time 
points by at least 2 to 6-fold (online resource S2). To exam-
ine the relationship between ZA4 production and the puta-
tive zealexin biosynthesis genes Tps6 and Tps11 (Huffaker 
et al. 2011), regression analyses were performed to compare 
levels of ZA4 in response to control, damage, A. flavus, and 
R. microsporus treatments with levels of Tps6 and Tps11 
transcript accumulation. Figure 4b demonstrates a signifi-
cant positive relationship between A. flavus and R. microspo-
rus-elicited ZA4 production and Tps11 (Adj. R2 = 0.7464, 
P < 0.0001) and Tps6 (Adj. R2 = 0.5731, P < 0.0001) tran-
script accumulation. These results are consistent with the 
positive relationships exhibited by other zealexins and Tps6/
Tps11 expression (Huffaker et al. 2011) and the proposed 
role for TPS6 and TPS11 in zealexin biosynthesis.

Given the demonstrated antimicrobial properties of 
ZA1 and ZA3 (Huffaker et al. 2011), we hypothesized 
that ZA4 would have similar activities. To assess the anti-
microbial activity of ZA4, we measured the growth of A. 
flavus in nutrient media containing different concentra-
tions of ZA4 that fall within a physiologically relevant 
range (Fig. 4c; online resource S2). At 10 µg mL−1, ZA4 
significantly inhibited the growth of A. flavus (P < 0.05). 
Cultures with 50 and 100 µg mL−1 concentrations of ZA4 
displayed an even greater reduction in A. flavus growth, 

Fig. 3  Zealexin A4 accumulates in the scutella of developing 
seedlings. a Average (n  =  4,  ±  SE) ZA4 accumulation in the roots 
(open circle), shoots (closed circle), and scutella (closed triangle) 
of healthy untreated seedlings over a 14-day time course. b Aver-
age (n  =  4,  ±  SE) ZA4 production detected in scutella of 10-day-
old untreated seedlings from 23 parental inbred lines used to 
develop the nested association mapping population. Insert, average 
(n = 5, ± SEM) ZA4 accumulation in scutella from 10-day-old seed-
lings grown in sterile and non-sterile soil. Within plots, different let-
ters (a–c) represent significant differences (P < 0.05 for all ANOVAs; 
P < 0.05 for Tukey test corrections for multiple comparisons)
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demonstrating a negative dose-dependent inhibition of 
fungal proliferation (P < 0.05). In contrast to the antimi-
crobial effects of ZA4 on A. flavus, there was no signifi-
cant inhibition of R. microsporus at any tested concentra-
tion of ZA4 in liquid cultures (Fig. 4d).

ZA4 is elicited by the stem tunneling herbivore O. 
nubilalis

To determine if ZA4 is also elicited by herbivory, we 
infested maize stems with O. nubilalis and measured 
ZA4 production over a 12-day time course (Fig. 5). Four 
days post-infestation, ZA4 production was induced to 
levels significantly greater than the untreated controls 
(P < 0.05). Following 8 days of O. nubilalis feeding, 
concentrations of ZA4 were significantly higher than 
both damage and untreated controls, and remained higher 
through the 12-day time course (P < 0.05).

Fig. 4  Pathogen-inducible zealexin A4 (ZA4) has a positive relation-
ship with Tps6 and Tps11 transcript accumulation and displays anti-
microbial activity against A. flavus. a Average (n = 4; ± SE) levels of 
ZA4 in stems in response to no treatment (open circle), damage plus 
water (closed circle), or damage plus water suspensions of R. micro-
sporus (closed triangle), or A. flavus (open triangle), at 0 or 4, 12 and 
24  h post-inoculation. b Observed relationship between pathogen-
induced Tps11 and Tps6 transcript accumulation and ZA4 produc-
tion in response to control (closed triangle), damage (closed square), 
R. microsporus (+), and A. flavus (closed circle) at 24 hpi. Grey and 

black shaded areas represent 95% confidence intervals for Tps11 and 
Tps6 expression, respectively. c, d Fungal growth assays measuring 
antimicrobial activity of ZA4 against A. flavus (c) and R. microsporus 
(d). Average (n = 8, ± SE) fungal growth  (OD405nm) in liquid culture 
containing nutrient broth with ZA4 at concentrations of 0 (open tri-
angle), 10 (closed triangle), 50 (open circle), and 100 (closed circle) 
µg mL−1. Within plots, different letters (a–d) represent significant dif-
ferences (P < 0.05 for all ANOVAs; P < 0.05 for Tukey test correc-
tions for multiple comparisons)

Fig. 5  Elicitation of zealexin A4 (ZA4) by herbivory. Average 
(n = 3, ± SE) ZA4 accumulation in maize stems following no treat-
ment control (open circle), damage (closed circle) or damage  +  O. 
nubilalis (closed triangle) over a 12-day time course. Within the plot, 
different letters (a–b) represent significant differences (P < 0.05 for 
all ANOVAs; P < 0.05 for Tukey test corrections for multiple com-
parisons)
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E‑CO2 has a strong negative impact on ZA4 
production

As high levels of  CO2 can affect a plant’s ability to respond 
to biotic threats (Vaughan et al. 2014), we examined the 
impact of E-CO2 on ZA4 production during pathogen attack 
and herbivory. To determine if A. flavus-elicited ZA4 is 
impacted by E-CO2, mature maize kernels were infected with 
A. flavus both at ambient conditions (1× CO2 = 400 ppm), 
and at concentrations twice that of normal atmospheric  CO2 
(2× CO2 = 800 ppm). Five days post-inoculation, a fivefold 
reduction in ZA4 was observed in A. flavus-infected kernels 
at 2× CO2 compared to those at 1× CO2, suggesting a nega-
tive impact of E-CO2 on ZA4 production (Fig. 6a), despite 
there being no difference in fungal growth (online resource 
S3). E-CO2 also hampered ZA4 production in response to 
herbivory, with levels of ZA4 being fivefold lower in O. 
nubilalis-infested plants at 2× CO2 compared to those grown 
at 1× CO2 (Fig. 6b). Quantification of zealexins A1, B1, A2, 
and A3 in fungal- and herbivore-elicited plants revealed sim-
ilar patterns for reduced metabolite levels in plants grown 

at E-CO2 (online resource S4), suggesting a broad effect of 
E-CO2 on biotic stress-induced zealexin production.

Discussion

The profiling of phytoalexins in fungal-infected tissues led to 
the identification of a novel acidic sesquiterpenoid zealexin. 
1H and 13C NMR analysis revealed a carboxylic acid-con-
taining β-macrocarpene hydrocarbon skeleton that lacks a 
conjugated 1,1′3′ triene system, and was thus classified as a 
constituent of the zealexin A series (Huffaker et al. 2011). 
Distinguished from other zealexin A compounds by its α,β-
unsaturated ketone at the C-8 position, we termed the novel 
sesquiterpene keto acid as zealexin A4. The biosynthesis of 
ZA4 likely initiates with TPS6/TPS11 activity on farnesyl 
diphosphate to form ZA1 (Fig. 2). Evidence for the initial 
terpene synthase step in the ZA4 biosynthetic pathway was 
the positive relationship between A. flavus- and R. micro-
sporus-elicited ZA4 production and Tps6/Tps11 transcript 
accumulation. These results were similar to previous obser-
vations between total zealexin accumulation (ZA1, ZA2, 
ZA3, and ZB1) and Tps6/Tps11 expression (Huffaker et al. 
2011). The role of Tps6/Tps11 in maize-microbe interactions 
was recognized previously, as expression (Doehlemann et al. 
2008; Huffaker et al. 2011) and genetic studies (Basse 2005; 
Kollner et al. 2008; van der Linde et al. 2011) have convinc-
ingly characterized both genes to have functions in plant 
defense. The collective results from these studies coupled 
with our analyses suggest that TPS6/TPS11 are firm can-
didates for the redundant terpene synthases that cyclize the 
bicyclic sesquiterpenoid zealexin precursor, β-macrocarpene 
(Fig. 2) (Huffaker et al. 2011). The additional steps of ZA4 
biosynthesis involves the conversion of ZA1 to ZA3 from 
hydroxylation activity on C8, followed by additional hydrox-
ylation activity on ZA3 and further dehydrogenation to form 
a ketone at the C8 position. Our comparison of zealexin 
levels in the scutella of diverse inbred lines showed differ-
ent ratios between ZA3 and ZA4 concentrations (online 
resource S1), indicating that the conversion of ZA3 to ZA4 
may result from an enzymatic process rather than a sponta-
neous reaction.

ZA4 is ubiquitous in maize, as evidenced by quantifi-
able levels in the scutella of each diverse inbred line tested 
(Fig. 3b). As the scutella serves as the interface between the 
nutrient-rich endosperm and growing seedling, the presence 
of ZA4 and other maize terpenoids in this tissue (Huffaker 
et al. 2011; Schmelz et al. 2011) suggests the possibility 
that ZA4 is developmentally regulated, perhaps to thwart 
impending soil–microbe attack. This possibility was sup-
ported by the high expression levels of genes coding for 
enzymes that metabolize lipids and sequester reactive oxy-
gen species (e.g. lipases, peroxidases, and catalases) in 

Fig. 6  Impact of elevated  CO2 on fungal- and herbivore-induced 
zealexin A4. Average (n = 4; ± SE) levels of zealexin A4 in response 
to controls C, A. flavus (a), or O. nubilalis (b). Treatments were 
conducted under ambient (1×  CO2  =  400  ppm) or elevated  CO2 
(2× CO2 = 800 ppm) conditions. Within plots, different letters (a–b) 
represent significant differences, nd  =  no detection (all ANOVAs, 
P < 0.05; Tukey test corrections for multiple comparisons, P < 0.05)
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scutella during the first 10 days of seedling development 
(Chandlee and Scandalios 1984; Wang and Huang 1987; 
Corona-Carrillo et  al. 2014). Our analysis of seedlings 
germinated in sterile or non-sterile soil demonstrated that 
ZA4 was significantly more abundant in seeds grown under 
non-sterile conditions (Fig. 3b), implying that ZA4 produc-
tion is not regulated by developmental processes alone, but 
in response to biotic stimuli. Future efforts could test the 
hypothesis that scutella produce high levels of zealexins 
upon contact with the soil microbiome to protect the below 
ground organs of the germinating plant from detrimental 
microbes during the early stages of development.

The analysis of acidic sesquiterpenoids in different 
maize organs demonstrated variation in zealexin concen-
trations. The concentrations of ZA4 in the scutella reached 
levels > 8 µg g−1 FW across several diverse inbred lines 
tested, and were elicited to even higher levels in kernels 
infected with A. flavus (> 30 µg g−1 FW; Fig. 3; online 
resource S2). In comparing ZA4 with other zealexins, we 
observed that concentrations of ZA4 were generally lower 
than ZA1–ZA3 and ZB1 in the scutella and fungal-infected 
stem tissues (online resource S1; Huffaker et al. 2011), but 
became higher than the other zealexins at later time points 
in A. flavus-infected kernels (online resource S2), suggesting 
the enhanced processing of ZA1 and ZA3 during advanced 
disease progression. Collectively, these results demonstrate 
the variation in maize phytoalexin production from differ-
ent treatments/organs and show that different zealexins may 
be regulated in a temporal-, organ-, and pathogen-specific 
manner.

The diverse levels of pathogen susceptibility to different 
zealexins demonstrate specificity for zealexin antimicro-
bial activity. For example, ZA4 had strong antimicrobial 
activity against A. flavus but only minimal action against 
R. microsporus. In previous analyses, other zealexins also 
displayed diverse inhibitory activity on fungal pathogens, 
as demonstrated by ZA1, ZA2, and ZA3 resulting in 80, 
0, and 32% inhibition against A. flavus, respectively (Huf-
faker et al. 2011). Comparatively, ZA4 activity resulted 
in 31% inhibition of A. flavus growth. Similar differences 
were observed in liquid cultures of R. microsporus, where 
ZA4 showed no inhibition compared to strong growth 
inhibition (45%) exhibited by ZA1 (Huffaker et al. 2011). 
Collectively, these results demonstrate the diverse impacts 
of individual zealexins against fungal growth, and indicate 
that some pathogens may have an enhanced capacity to 
detoxify or tolerate specific zealexins. Furthermore, com-
parative analyses of all zealexins tested support the finding 
that ZA1 is the most potent antimicrobial zealexin against 
A. flavus and R. microsporus. Structural comparisons show 
that the major difference between ZA1 and ZA2–ZA4 is 
the addition of an oxygen moiety. Although variance in 
the position and oxidation state of the oxygen exists, the 

general presence of additional oxygens on the ZA1 deriva-
tives may explain the reduced antimicrobial potency of 
these compounds. A possible biological impetus behind 
the modification of ZA1 may be that divergent zealex-
ins act synergistically to thwart biotic attack. Another 
alternative is that ZA2, ZA3, and ZA4 may be less-active 
derivatives of ZA1, a mechanism for the plant to reduce 
autotoxicity associated with high ZA1 concentrations. It is 
also possible that zealexin variants exist to hinder the abil-
ity of pathogens to detoxify single compounds and rapidly 
acquire resistance.

In addition to fungal-elicited responses, levels of ZA4 
accumulate in the tissue surrounding O. nubilalis feed-
ing sites. In support of the potential role for ZA4 and 
other zealexins in defense against herbivory are micro-
array results showing the significant induction of Tps11 
transcripts in response to O. nubilalis tunnel feeding 
(Dafoe et al. 2013). Additional evidence demonstrating 
the potential for non-volatile terpenoid defenses against 
maize herbivores was shown by the exogenous application 
of kauralexins to stem tissues, which resulted in antifeed-
ant activity in paired choice assays (Schmelz et al. 2011). 
Collectively, these studies demonstrate that herbivore-
inducible terpenoids could play a defensive role against 
stem boring insects.

As herbivore- and fungal-elicited maize acidic terpenoids 
have been shown to be affected by E-CO2 (Vaughan et al. 
2014, 2016), we investigated the impact of E-CO2 on ZA4 
production. Interestingly, both O. nubilalis- and A. flavus-
induced levels of ZA4 were significantly attenuated in plants 
grown under E-CO2 conditions. The effect of E-CO2 on ZA4 
production in maize kernels following A. flavus elicitation 
aligns with previous observations in F. verticillioides-
infected stems, where total zealexins and kauralexins were 
significantly reduced under E-CO2 (Vaughan et al. 2014). 
The reduction of ZA4 and other biochemical defenses in 
response to pathogen and insect attack under E-CO2, as 
described in this and previous studies (Vaughan et al. 2014, 
2016), supports the hypothesis that altered  CO2 levels may 
have a strong impact on plant defenses. While E-CO2 alone 
can have a dampening effect on maize defense and promote 
susceptibility, it is difficult to predict how diverse abiotic 
stress conditions will impact maize production. For example, 
drought stress has been shown to offset the impact of E-CO2 
on defense systems, rendering soybean plants as resistant to 
pathogen attack as their counterparts under ambient  CO2 
and irrigated conditions (Casteel et al. 2012). Yet in maize, 
the same compounding stresses (i.e. heightened  CO2 and 
drought stress) cause plants to be more susceptible to the 
stalk rot pathogen F. verticillioides (Vaughan et al. 2016). 
Elucidation of maize defense responses in plants exposed to 
combinations of biotic and abiotic stress will be required to 
better predict the impact of simultaneous stressors.
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Conclusions

While examining defense metabolite profiles in patho-
gen-infected maize, we identified a novel β-macrocarpene 
derivative, termed ZA4. The accumulation of ZA4 occurs 
ubiquitously in maize scutella during seedling develop-
ment, but is not induced by developmental regulation 
alone. ZA4 is elicited by A. flavus and R. microsporus and 
displays antimicrobial activity against A. flavus in vitro. 
Production of ZA4 was also observed in response to 
infestation with the stem tunneling herbivore O. nubila-
lis. Fungal- and herbivore-elicited ZA4 in maize plants 
grown under E-CO2 is significantly reduced compared to 
plants grown under ambient conditions, demonstrating a 
negative impact for E-CO2 on plant defense. Collectively, 
the results from this study elucidate the production and 
function of a novel antimicrobial phytoalexin. As other 
members of this defensive metabolic network predictably 
exist, continued efforts will contribute to our knowledge 
of specific maize defenses and ultimately pathway genes 
that could be pursued using molecular breeding practices 
to strengthen resistance traits.
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