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ABSTRACT Various pests, such as those in the order Lepidoptera, frequently feed on young maize
(Zea mays) plants and pose a signiÞcant threat to plant development and survival. To manage this
problem, maize generates a wide variety of responses to attack by pests, from activation of wound-
response pathways to the release of volatile compounds. Mp708, an inbred line resistant to feeding
by the larvae of the fall armyworm (Spodoptera frugiperda J.E. Smith Lepidoptera: Noctuidae), has
been developed through traditional breeding methods, but its underlying mechanisms of resistance
are still not completely understood. Mp708 has been shown to have a moderately high constitutive
expression of jasmonic acid (JA) before infestation by fall armyworm. However, Tx601, a genotype
susceptible to feeding by fall armyworm, activates JA pathway only in response to feeding, suggesting
that Mp708 is “primed” to respond swiftly to an attack. Current research indicates that fall armyworm
show a lack of preference to feeding on Mp708, leading to the hypothesis that volatiles constitutively
released by the plant may also play an important role in its resistance. Analysis of volatiles released
by Mp708 and Tx601 in the presence and absence of fall armyworm larvae identiÞed (E)-�-caryo-
phyllene, a terpenoid associated with resistance, released constitutively in Mp708. Fall armyworm fed
samples of both Mp708 and Tx601 showed high transcript number of tps23, the gene responsible for
the synthesis of (E)-�-caryophyllene. In addition, fall armyworm larvae show a preference for Tx601
whorl tissue over Mp708 tissue, and the dosage of Tx601 whorl with (E)-�-caryophyllene repels the
fall armyworm.
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The larval stage of Spodoptera frugiperda (J.E. Smith
Lepidoptera: Noctuidae), known as the fall army-
worm, is a common pest of maize (Zeamays). The fall
armyworm larvae feed on the whorl region of 4Ð6 wk
old maize plants; they speciÞcally show a preference
for the yellow-green whorl region (Chang et al. 2000).
The development of host-plant resistance is an im-
portant method in the control of herbivores like the
fall armyworm (Panda and Kush 1995). By inducing
host-plant resistance in maize, insect control is pro-
vided by making the crop unpalatable to the pest and
thus preventing the initial feeding of the fall army-
worm larvae. Resistant maize could also contain com-

pounds that cause damage or are lethal to the larvae.
Two lines of maize resistant to fall armyworm feeding,
Mp708 and Mp704, have been developed through tra-
ditional plant breeding programs (Williams and Davis
1982, Williams et al. 1990). However, the mechanism
of resistance of these two maize lines has not been
completely identiÞed. Seven quantitative trait loci
have been identiÞed on chromosomes 1, 5, 7, and 9 in
Mp708 associated with resistance to the fall army-
worm. An additional region on chromosome 10 was
identiÞed in Mp704, a parent of Mp708 (Brooks et al.
2005, 2007). A unique defense protein, maize insect
resistance 1-cysteine protease (Mir1-CP), was also
found to accumulate in the yellow-green whorl tissue
of resistant maize lines after infestation with fall ar-
myworm, but did not accumulate in a susceptible
hybrid (Pechan et al. 2000). The protein was deter-
mined to damage the peritrophic matrix, which sep-
arates the food from the midgut, of the fall armyworm
larvae (Pechan et al. 2002).

Jasmonates, including jasmonic acid (JA) and its
pathway intermediates, are important in various plant
responses such as plant defense, wound response, pol-
len maturation, fruit ripening, root growth, and tendril
coiling (Turner et al. 2002). More speciÞcally, jasmo-
nates have been shown to be produced upon wound-
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ing by insect herbivores (Farmer and Ryan 1992).
Shivaji et al. (2010) demonstrated that Mp708 has a
moderately high constitutive expression of JA and
other octadecanoid compounds before infestation by
fall armyworm. However, Tx601, a genotype suscep-
tible to feeding by fall armyworm, activates the JA
pathway only in response to feeding, suggesting that
Mp708 is “primed” to respond swiftly to an attack. The
constitutive expression of genes induced by JA was
also higher in Mp708 than Tx601 (Shivaji et al. 2010).

Another common defense mechanism is the release
of volatile compounds by the plant upon attack by an
herbivore or general wounding. Some volatiles are
released immediately, within 1 h of wounding, while
others take 5 to 6 h to be synthesized and released.
Common volatiles include C6 compounds, indole,
methyl salicylate, terpenoids, oximes, and nitriles
(Walling2000).Thesevolatiles attractpredatorsof the
herbivore, deter the herbivore from continuing to
feed on the plant, and also signal other parts of the
plant, as well as neighboring plants, to be on the
defensive (Farmer 2001). Maize, in particular, has
been shown to emit a cocktail of volatile compounds
upon attack by caterpillars such asSpodoptera littoralis
(Boisduval); JA is a key regulator of transcription of
genes encoding enzymes involved in the synthesis of
these volatile compounds (Roastas et al. 2008). Me-
chanically wounded maize plants have been shown to
release volatiles within 2 h of treatment and continued
releasing volatiles for up to 12 h (Turlings et al. 1998).
The particular volatiles emitted from an injured plant
can vary depending on the species of herbivore, and
even different instars or sexual stages of the same
herbivore species (Williams et al. 2005).

Volatile compounds released by maize upon attack
by herbivores often attract parasitoids of those pests.
Various sesquiterpenes are produced by maize upon
attack by Lepidopteran species, including (E)-�-
farnesene, (E)-�-bergamotene, and (E)-�-caryophyl-
lene (Schnee et al. 2006, Kollner et al. 2008). tps10, the
terpene synthase gene that encodes the enzyme that
produces both (E)-�-farnesene and (E)-�-bergamo-
tene, is regulated at the transcript level in maize (Sch-
nee et al. 2006). Transformation of Arabidopsis with
tps10 results in the release of a high amount of its
products, which attracts a parasitoid of Lepidoptera,
Cotesiamarginiventris (Cresson) (Schnee et al. 2006).
Tps23 is a maize terpene synthase gene that produces
(E)-�-caryophyllene from farnesyl diphosphate, and
is also regulated at the transcript level (Kollner et al.
2008). (Z)-3-hexenyl acetate and linalool have
been demonstrated to attract Campoletis chlorideae
(Uchida), a parasitoid ofMythmna separate (Walker),
a Lepidopteran pest of maize (Yan et al. 2006). The
volatile cocktail emitted by maize both constitutively
and upon infestation with the herbivoreChilo partellu
has also been shown to attract Dentichasmias busse-
olae, a parasitoid of C. partellus (Gohole et al. 2003).
In studies of Cardiochiles nigriceps, a parasitic wasp
that feeds speciÞcally on Heliothis virescens and not
Helicoverpa zea, the wasp was able to distinguish be-
tween tobacco, cotton, and maize infested with its

host,H. virescens, andH. zea.Even when the damaged
portion of the plant was removed, the wasps still
picked the correct plant, which was attributed to the
differentvolatilecocktail released fromplants infested
withH. virescens than from plants infested withH. zea
(DeMoraes et al. 1998).

The use of Solid-Phase Microextraction (SPME)
Þbers coupled with gas chromatography/mass spec-
trometry (GC/MS) is a relatively fast and reliable
method for the detection and qualitative comparison
of volatiles (Brown et al. 2006). SPME Þbers can be
used to analyze an unknown mixture of volatiles, such
as those released by Mp708, to determine its compo-
nents and identify speciÞc compounds associated with
resistance. Each SPME Þber is coated with carbonex
polydimethlysiloxane, which allows for the absorption
of volatile compounds. These compounds are then
desorbed into the injection port of a gas chromato-
graph, where they are analyzed by coupled GC/MS.
The separated compounds are then analyzed and
identiÞed using a mass spectrometer coupled to the
gas chromatogram. This process is easily automated
using an autosampler, allowing several samples to be
run sequentially with little user input. This method of
volatile detection has been used in a variety of appli-
cations such as the detection of volatiles released by
insects (Brown et al. 2006).

Extensive research has demonstrated that fall ar-
myworm larvae reared on diets of either fresh or
reconstituted yellow-green whorl tissue from Mp707
crossed with Mp708 (both resistant lines) were sig-
niÞcantly smaller than larvae fed a similar diet from a
line susceptible to feeding by fall armyworm (Davis et
al. 1999). Larvae reared on a diet of Mp708 yellow-
green whorl tissue also had a longer developmental
period, lower growth rate, and lower efÞciency of
conversion of ingested and digested food to body
substance than larvae fed a diet of only susceptible
maize tissue (Chang et al. 2000). Similarly, fall army-
worm larvae fed diets of callus developed from resis-
tant embryos weighed signiÞcantly less after 7 d than
those fed callus from susceptible maize (Williams et al.
1985). We have performed a preference study that
demonstrates that the larvae show a lack of preference
toward the yellow-green whorl region of Mp708. This,
along with the fact that Mp708 constitutively produces
high levels of JA, suggested a role for volatiles in the
observed resistance. Preliminary studies suggested
that 4 h was the Þrst time point at which differences
between fed and unfed samples could be noted. Thus,
the volatiles were collected from fed and unfed whorl
samples using a SPME Þber after 4 h and analyzed
using GC/MS. A commonly released plant volatile,
(E)-�-caryophyllene, that differed in abundance be-
tween Mp708 and Tx601 in both the presence and
absence of fall armyworm larvae was selected for fur-
ther investigation. Relative quantities among treat-
ments were examined, and the expression of a gene
involved in the biosynthetic pathway of (E)-�-caryo-
phyllene was further examined using polymerase
chain reaction (PCR) and quantitative real-time PCR
(qRT-PCR). Finally, a bioassay was conducted to that
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suggests that at least at the 1 h time point, (E)-�-
caryophyllene has a direct effect on repelling the fall
armyworm larvae.

Materials and Methods

Growth Conditions for Maize. Mp708 and Tx601
maize seeds were grown in 26.7 � 25.4 cm plastic pots
using commercially available potting soil (Scotts Mir-
acle Grow, Marysville, OH). Plants were grown under
greenhouse conditions for 5 wk with a maximum daily
temperature of 33.1�C and a minimum night temper-
ature of 26.3�C. Pots were watered as needed.
Volatile Collection and GC/MS Separation. The

yellow-green whorl region of 5-wk old maize plants
(V8-V9 stage) was excised and placed in 9 � 8 � 2 cm
plastic petri dishes. Ten third instar fall armyworm
were placed in the petri dish with the maize tissue.
Excised segments of Mp708 and Tx601 were also
placed in a petri dish without fall armyworm larvae as
a control. Segments of maize weighing �250 mg were
removed after 4 h and placed into an autosampler vial
for absorption by an 85 �m carbonex polydimethlysi-
loxane Þber (SPME, Supeloco, Sigma-Aldrich, St.
Louis, MO) and analysis by GC/MS. The Þber was
preconditioned for 30 min at 250�C, exposed to the
headspace for 60 min at 25�C, and desorbed for 3 min
at 200�C into the GC/MS. A Varian Start 3600 GC
(Varian Chromatography Systems, Walnut Creek,
CA) coupled with the Varian Saturn 2000 GC/MS, was
used for identiÞcation of volatile compounds using the
NIST library. In the GC, helium was used as a carrier
gas to transmit samples through a Phenomenex ZB5
(30 m � 0.25 mm, with a 0.25 m Þlm) column. For MS
analysis, ions with an m/z of 50Ð300 were scanned for
35 min at 0.75 s per scan. Both electron impact ion-
ization and chemical ionization using acetonitrile
were also performed. Volatiles were collected after
1.5, 4, 8, and 24 h; differences in volatiles between
Tx601 and Mp708 were Þrst noted at 4 h, and this time
point was chosen for further analysis. This procedure
was replicated Þve times, with maize samples col-
lected from different dates. In addition, Þeld samples
of several commercial hybrids (Croplan 6150, DCK
67Ð88, Pioneer P33F85, Croplan 6831, TV 25R31), as
well as Mp704, a breeding parent of Mp708, were
collected and treated in the same manner. The vola-
tiles from the excised fed and unfed yellow-green
whorl segments collected and analyzed after 1.5 h. To
verify the retention time of (E)-�-caryophyllene, 1 �l
of a (-)-trans-caryophyllene standard (Sigma-Al-
drich) was absorbed onto a KimWipe (KimTech Sci-
ence, Roswell, GA), sealed into an autosampler vial,
and exposed to the SPME Þber. Relative (E)-�-caryo-
phyllene levels were analyzed using analysis of vari-
ance (ANOVA) with data separated using Fisher pro-
jected least signiÞcant difference (LSD) and the 5%
level of probability via Statistical Analysis System Soft-
ware (SAS Institute 2011).
Quantitative Real-Time PCR. Transcripts for tps23

were quantiÞed in Mp708 and Tx601. Approximately
Þve fourth instar fall armyworm were placed in the

whorl of 5Ð6 plants per genotype and allowed to feed
for �24 h. Total RNA was extracted from the Mp708
and Tx601 yellow-green whorl region (100 mg) col-
lected from control (unfed) and fed plants using
RNeasy Plus Mini-Kit (Qiagen, Valencia, CA). Using
the total RNA, cDNA was synthesized using High
Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA). Primers were designed
to amplify a 200Ð300 bp fragment from the tps23 gene
in maize. The sequence of the upper primer was 5�
GAACGGCTTGGACTGGATTA 3�. The sequence of
the lower primer was 5� CTAACATGTGCCGCTT-
CGTA 3�. Primers were veriÞed using traditional PCR
with Mp708 and Tx601 total cDNA as template. RT-
PCR was carried out in the 7500 Fast Real-Time PCR
System (Applied Biosystems) using the SYBR-Green
kit. The actin maize gene was used as the normaliza-
tion gene. Relative quantiÞcation was calculated using
2-��C(T) (Livak and Schmittgen 2001). For statistical
analysis, relative expression values were log-trans-
formed to achieve homogeneity of variances (Snede-
cor and Cochran 1972). An ANOVA was computed
using SAS software (SAS Institute 2011), and the LSD
test at � � 0.05 was used to compare mean values.
Preference Study. The yellow-green whorl region

of the 5-wk old maize plants was excised using scissors
and cut into 2.5 cm segments. A set of thirty 9 � 8 �
2 cm petri dishes were prepared with one cut segment
of Tx601 and one cut segment of Mp708 placed on
opposite sides of each petri dish. One fall armyworm
larva was Þrst placed in the center of each of the petri
dishes, but after several hours, they appeared con-
fused because of the excess of volatiles and had not
moved to feed on either whorl segment. The method
was modiÞed so that a single third instar fall army-
worm was placed on the Tx601 leaf segment in 50% of
the petri dishes and a single larva was placed on the
Mp708 leaf segment in the remaining 50% of the petri
dishes. After 7, 24, and 48 h a count was taken to
determine how many larvae were found feeding on
Tx601, how many were feeding on Mp708, and how
many larvae were on neither. This study was repeated
four times. The feeding activity during the Þrst rep-
etition was recorded at 7 and 24 h; however, all sub-
sequent repetitions of the study had preference eval-
uations conducted at 7, 24, and 48 h. Results were
analyzed unitizing SAS and data were separated using
Fisher LSD at the 5% level of probability (SAS Insti-
tute 2011).
Bioassay. A doseÐresponse study was Þrst con-

ducted to determine the amount of (E)-�-caryophyl-
lene that could be tolerated by the fall armyworm
larvae (data not shown). Two, 1-g piles of cornmeal
were placed on either side of a 9 � 8 � 2 cm petri dish.
Either 0.000005 or 0.005 ng of (E)-�-caryophyllene
was placed onto one pile of cornmeal, and the other
pile of cornmeal received no treatment. One fall ar-
myworm larvae was placed onto the (E)-�-caryophyl-
lene pile in half of the petri dishes, and one fall ar-
myworm larvae was placed onto the nondosed pile of
cornmeal on the other half of the petri dishes. This
procedure was replicated 30 times for both doses of
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(E)-�-caryophyllene. Data collected from these initial
doseÐresponse studies suggested that the higher con-
centration of (E)-�-caryophyllene, 0.005 ng, did not
cause the death of the fall armyworm larvae and elic-
ited a response from them. Thus, this 0.005 ng dose was
chosen to perform the bioassay study. The yellow-
green whorl region of Tx601 5-wk old maize plants was
excised as in the preference study protocol. Two, 1-g
segments of this whorl tissue were placed on either
side of a petri dish. One piece was dosed with 0.005 ng

of (E)-�-caryophyllene, while the other piece of
whorl tissue received no treatment. This experiment
was replicated in 30 petri plates, with the fall army-
worm placed on the tissue with (E)-�-caryophyllene
in half of the plates, and the fall armyworm placed on
the nondosed tissue in the other half of the plates. This
study was repeated four times. The position of the fall
armyworm were noted after 1, 4, and 24 h as either on
the non-(E)-�-caryophyllene treated tissue, the tissue
treated with (E)-�-caryophyllene, or on neither of the
pieces of tissue.

Results

SPME Fiber Analysis. Total ion chromatograms of
volatiles emitted by the excised whorl regions of
Mp708 and Tx601 after 4 h showed a marked differ-
ence (Fig. 1). The total ion chromatograms from
Mp708 control and fall-armyworm infested for 4 h
were similar (Fig. 2A), as were the chromatograms
from Tx601 with and without fall armyworm (Fig. 2B).
The presence of a peak with a retention time of 12 min
was noted in the Mp708 but not Tx601 volatile cocktail
(Fig. 3A, B). Using the NIST library, this peak was
identiÞed as (E)-�-caryophyllene, a terpenoid com-
pound that is often a component of plant volatiles. A
(E)-�-caryophyllene standard veriÞed the retention
time of 11.9Ð12.1 min, and chemical ionization con-
Þrmed a molecular weight of 204. An extracted ion
chromatogram of ions 133 and 161, found in (E)-�-
caryophyllene, shows the presence of (E)-�-caryo-
phyllene only in Mp708 either with or without fall
armyworm feeding (Fig. 3A). However, it was present
in very low levels in both Tx601 samples (Fig. 3B).

Mean relative (E)-�-caryophyllene levels 4 h post-
fall armyworm infestation indicated that there was no

Fig. 1. (A) Total ion chromatogram of excised whorl
tissue from Mp708, a fall armyworm resistant genotype. (B)
Total ion chromatogram of Tx601, a fall armyworm suscep-
tible genotype. The volatile cocktail released is unique to
each line.

Fig. 2. (A) Total ion chromatograms of Mp708, a fall armyworm resistant line, alone (top) and in the presence of fall
armyworm (bottom). (B) Total ion chromatograms of Tx601, a fall armyworm susceptible line, alone (top) in the presence
of fall armyworm (bottom).
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signiÞcant difference in relative (E)-�-caryophyllene
levels measured from the whorls from either line with
fall armyworm feeding compared with those without
fall armyworm feeding. In addition, there was no sig-
niÞcant interaction between the presence of fall ar-
myworm feeding and maize lines; therefore, data were
pooled across the factor of fall armyworm feeding for
statistical analysis (� � 0.05; LSD � 1.89). These data
indicate that Mp708 had relative (E)-�-caryophyllene
levels 10 times greater than the levels found in Tx601
(Fig. 4). This overall trend suggests that (E)-�-caryo-
phyllene is always present in the volatiles released by
Mp708 yellow-green whorl tissue and is independent
of the presence or absence of fall armyworm. In Tx601,
(E)-�-caryophyllene was detected in very small quan-

tities or not at all (Fig. 4). Analysis of volatiles pro-
duced by intact Mp708 and Tx601 corn plants shows
similar results (data not shown). Several commercial
maize hybrids, as well as Mp704, a parent of Mp708,
were also tested for the presence of (E)-�-caryophyl-
lene. (E)-�-caryophyllene was not detected or was
detected in very low levels in all but one of the com-
mercial lines tested, and was not detected in Mp704
(Table 1).
Quantitative Real-Time PCR. The expression of
tps23was analyzed using qRT-PCR. This gene encodes
terpene synthase 23 (TPS23) in maize that catalyzes
the conversion of farnesyl diphosphate to (E)-�-
caryophyllene. The mean log-transformed relative ex-
pression value in the Mp708 control sample was 3.12,

Fig. 3. (A) Mp708, a fall armyworm resistant maize line, extracted ion chromatogram showing the presence of a
caryophyllene peak eluting at �12 s. (B) Extracted ion chromatogram of Tx601, a line of maize susceptible to fall armyworm
whorl tissue showing the lack of a deÞned peak eluting at 12 s.

124 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 105, no. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/jee/article/105/1/120/845801 by guest on 22 M

ay 2023



and the value in the Tx601 control was 0.85. Twenty-
four hour fed samples of Mp708 had a mean log-
transformed relative expression value of 143.13, and
fed Tx601 samples had a mean value of 90.09 (Fig. 5).
The mean value of the fall armyworm-fed Mp708 was
signiÞcantly higher than both Tx601 and Mp708 con-
trol sample means (� � 0.05; LSD � 92.15).
Preference Study. The results of the preference

study are summarized in Fig. 6. Results obtained from
replicates were not signiÞcantly different (� � 0.05;
LSD � 2.66). There was no signiÞcant interaction
between maize line and study repetition or maize line
and hours after larval placement, therefore, data were
pooled across study repetitions and across evaluation
timings. The overall fall armyworm preference for
Tx601 was found to be over four times greater than fall
armyworm preference for Mp708, indicating that over
75% of the fall armyworm larvae preferred Tx601 over
Mp708. Only 18.1% of the fall armyworm population
showed a preference for Mp708, and �7% preferred
neither. Overall, the population of fall armyworm lar-
vae that preferred Tx601 was signiÞcantly greater than
the population that preferred Mp708, regardless of the
amount of time given for feeding (� � 0.05; LSD �
2.27).
Bioassay. The results of the bioassay analyzing the

effect of (E)-�-caryophyllene on the feeding and be-
havior of fall armyworm larvae are summarized in Fig.
7. The results obtained from the replicates were not

signiÞcantly different (� � 0.05; LSD � 2.05). The
data were pooled across study repetitions and evalu-
ation timings because there was no signiÞcant inter-
action between treatment and study repetition or
treatment and hours after fall armyworm placement.
The fall armyworm larva showed a two times greater
preference for Tx601 that had not been treated with
0.005 ng of (E)-�-caryophyllene than to Tx601 that
had been treated (� � 0.05; LSD � 1.76).

Discussion

The two genotypes Mp708 and Tx601 appear to
produce volatile cocktails that are unique to each
genotype (Fig. 1). Tx601, the susceptible line, shows
a strong peak with a retention time of 8 min that is not
present in Mp708. Mp708 has a (E)-�-caryophyllene

Fig. 4. Mean relative caryophyllene levels detected in
the volatiles of Mp708 and Tx601. Means with the same letter
are not signiÞcantly different (� � 0.05; LSD � 1.89).

Table 1. Relative (E)-�-caryophyllene levels detected in
Mp704, a breeding parent of Mp708, and several commercial
maize hybrids

Variety Control Fall armyworm fed

Mp704 n.d. n.d.
Croplan 6150 n.d. n.d.
DKC 67Ð88 2 2
Pioneer P33F85 0.25 n.d.
Croplan 6831 20 20
TV 25R31 �1 1

Whorl tissue was collected and the (E)-�-caryophyllene levels
determined after 1.5 h in the presence and absence of fall armyworm
larvae. n.d., not detected.

Fig. 5. Mean log-transformed relative expression levels
of tps23 transcripts in Mp708 and Tx601 unfed and 24-h fed
samples. Means with the same letter are not signiÞcantly
different (� � 0.05; LSD � 92.15).

Fig. 6. Mean number of fall armyworm larvae feeding on
excised yellow-green whorl tissue of Mp708, a maize line
resistant to fall armyworm; Tx601, a maize line susceptible to
fall armyworm; or neither (n � 30). Means with the same
letter are not signiÞcantly different (� � 0.05; LSD � 2.27).
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peak at 12 min that is present at a much lower intensity
in Tx601. Volatile compounds, unique to each line, are
released from the maize plants. These volatiles are not
dependent upon fall armyworm feeding but can be
produced during normal plant growth. It is very likely
that speciÞc components of the volatile cocktail may
be at least partially responsible for the resistance of
Mp708. For example, Mp708 may either emit com-
pounds constitutively that repel fall armyworm larvae
or release compounds after fall armyworm feeding
that deter continued feeding. Alternately, Mp708 may
not release volatiles that typically attract fall army-
worm larvae; host plant selection by insects is often
based upon the detection of some sort of attractant or
stimulant released by the plant (Panda and Khush
1995). It is probable that both of these mechanisms are
at work; for example, Mp708 may release some vola-
tiles that repel fall armyworm larvae while at the same
time lacking volatiles that typically attract fall army-
worm larvae. In addition, fall armyworm moths lay
signiÞcantly fewer eggs on a resistant hybrid
(Mp704 � Mp706) than a susceptible hybrid (Sc229 �
Tx601) (Ng et al. 1990). Given this data, it is possible
that the moths may show a preference for laying egg
masses on Tx601 over Mp708.

(E)-�-caryophyllene is a terpenoid compound that
is a commonly released plant volatile. It is frequently
found in the essential oils distilled from many common
plants, and has even been identiÞed as a potential
insecticide targeted toward adult mosquitoes (Dua et
al. 2010). (E)-�-caryophyllene is known to attract
natural enemies of maize herbivores, and is synthe-
sized from farnesyl diphosphate by terpene synthase
23 (TPS23; Kollner et al. 2008). Farnesyl diphosphate
is synthesized from the condensation of one molecule
of dimethylallyl pyrophosphate with two molecules of
isopentyl diphosphate, both of which are produced
during the mevalonate and methylerythritol phos-
phate pathways in maize (Kappers et al. 2005). In our
study, we demonstrate the possibility that (E)-�-
caryophyllene may also play a direct role in the re-

sistance of Mp708 to feeding by fall armyworm larvae,
as resistant Tx601 yellow-green whorl tissue dosed
with (E)-�-caryophyllene seems to repel the larvae
(Fig. 7).

The identiÞcation of (E)-�-caryophyllene in the
volatiles released by Mp708, and its relative absence in
the volatiles of Tx601, adds another dimension to the
understanding of resistance in Mp708. However, it is
important to note that (E)-�-caryophyllene is still
present in small quantities in Tx601. This could be
attributed to the fact that both Mp708 and Tx601 were
mechanically wounded before volatile collection by
the excising of the whorl tissue. Because mechanical
woundinghasbeenshownto triggerdefensepathways
by the plant, it is possible that the synthesis of (E)-
�-caryophyllene is induced by mechanical wounding.
In addition, preliminary results show that intact
Mp708 plants also release (E)-�-caryophyllene. Thus,
there is a possibility that Mp708 releases (E)-�-caryo-
phyllene constitutively, while Tx601 does not. Previ-
ous research has shown that Mp708 produces jasmonic
acid constitutively (Shivaji et al. 2010); the constitu-
tive release of (E)-�-caryophyllene could be seen as
another weapon in the arsenal of maize plant defenses.

(E)-�-caryophyllene synthesis is upregulated by
maize upon attack by two insects with piercing-suck-
ing mouthparts, Lygus hesperus and Nezara viridula
(Williams et al. 2005). Rasmann et al. identiÞed (E)-
�-caryophyllene in the roots of maize attacked by the
larvae of the beetle Diabrotica virgifera virgifera, and
showed that it attracted a nematode parasitic to the
beetle (Rasmann et al. 2004). (E)-�-caryophyllene
has also been identiÞed as the compound emitted by
maize roots upon attack by the western corn root-
worm; it attracts a nematode enemy of the rootworm
(Degenhardt et al. 2009). It is also released by maize
leaves and has been shown to attract an entomopatho-
genic nematode, Heterorhabditis megidis, and a para-
sitic wasp, Cotesia marginiventris, members of two
common classes of herbivore enemies (Kollner et al.
2008).C. marginiventris is also a known parasite of fall
armyworm larvae (Ferkovich et al. 1983). Degen et al.
(2004) observed that North American maize lines do
not typically release (E)-�-caryophyllene, while Eu-
ropean lines do. While most commercial North Amer-
ican varieties of maize contain the gene encoding
TPS23, its decreased transcription leads to decreased
(E)-�-caryophyllene production (Kollner et al. 2008).

We have analyzed several commercial maize hy-
brids available in the southern United States using
SPME Þbers, and the majority show little to no (E)-
�-caryophyllene released (Table 1). However, this
gene is active in wild maize species (teosinte) and
European maize lines (Kollner et al. 2008). In addi-
tion, the tps23 gene maps to a quantitative trait loci
region associated with resistance to the fall armyworm
larvae on chromosome 10, bin 10.03, of Mp704, a par-
ent of the variety used in this study, Mp708 (Brooks et
al. 2007).

In this study, (E)-�-caryophyllene was detected in
the volatiles released by Mp708 in both the presence
and absence of fall armyworm larval feeding. In the

Fig. 7. Mean number of fall armyworm larvae feeding on
excised yellow-green whorl tissue of Tx601, a maize line
susceptible to fall armyworm, dosed with 0.005 ng of (E)-�-
caryophyllene (Tx601 CA), not dosed with (E)-�-caryophyl-
lene (Tx601 NC), or on neither sample. Means with the same
letter are not signiÞcantly different (� � 0.05; LSD � 1.76).
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volatiles released by Tx601, very little (E)-�-caryo-
phyllene was detected in both fall armyworm-fed and
unfed samples. However, transcript analysis shows
similar levels of transcripts of tps23 in Mp708 and
Tx601 fed samples and similar levels of transcripts in
Mp708 and Tx601 unfed samples (Fig. 5). Thus, it is
likely that the production of (E)-�-caryophyllene is
not controlled at the transcriptional level in Tx601.
Kollner et al. (2008) identiÞed one line of maize, B97,
that had a high number of tps23 transcripts but no
production of (E)-�-caryophyllene. Upon sequencing
tps23 in this line, they discovered that a mutation
leading to a frameshift resulted in the production of a
defective enzyme. Therefore, it is possible that the
same scenario is present in Tx601, and future work will
include sequencing tps23 in both Mp708 and Tx601.

This presents several possible scenarios for (E)-�-
caryophyllene production. The resistant line, Mp708,
may accumulate (E)-�-caryophyllene in its tissues
without increased transcription of tps23 in the absence
of fall armyworm larval feeding. This is consistent with
previous observations that Mp708 is primed for attack.
Upon feeding, the transcription of tps23 is upregu-
lated, allowing Mp708 to continue to release (E)-�-
caryophyllene and attract natural enemies of the fall
armyworm larvae. Tx601, which had very little (E)-
�-caryophyllene detected in its volatile cocktail, still
had tps23 transcripts present in fed samples. It is pos-
sible that in this susceptible line tps23 is transcribed in
response to feeding by fall armyworm larvae, but there
is a defect in translation, a defective enzyme is pro-
duced because of a mutation in tps23, or that (E)-�-
caryophyllene is produced but not released.

Maize plants that do not release (E)-�-caryophyl-
lene have been genetically engineered with a (E)-�-
caryophyllene gene from oregano (Degenhardt et al.
2009). This restores their ability to produce and re-
lease (E)-�-caryophyllene, resulting in a 60% reduc-
tion in the amount of adult western corn rootworm
beetles that emerged from genetically modiÞed plants
(Degenhardt et al. 2009). Because the breeding par-
ents of Mp704 and Mp708 are tropical in origin, this
could explain the ability of Mp708 to produce (E)-�-
caryophyllene. Because (E)-�-caryophyllene has
been identiÞed as an attractant to natural enemies of
the fall armyworm larvae such as C. marginiventris it
is likely that this mechanism plays a role in the resis-
tance of Mp708 (Kollner et al. 2008). Research exam-
ining the use of natural enemies for control of the fall
armyworm larvae is limited, and this appears to be a
promising path to pursue in further research.

In addition, it is possible that (E)-�-caryophyllene
may also play a more direct role in the resistance of
Mp708 to fall armyworm larvae. Our bioassay study
suggests that the presence of (E)-�-caryophyllene
directly repels fall armyworm larvae, causing the lar-
vae to choose to feed on susceptible Tx601 whorl
tissue that has not been dosed with (E)-�-caryophyl-
lene over identical tissue that has been dosed with
(E)-�-caryophyllene. The response is most pro-
nounced when the concentration of (E)-�-caryophyl-
lenevolatiles are the strongest, around1hafterdosing.

As the (E)-�-caryophyllene dissipates over time, the
fall armyworm larvae stop showing a preference for
nondosed tissue over dosed tissue (Fig. 7).

Previous studies have shown that the fall armyworm
larvae display a preference for callus of susceptible
genotypes over resistant genotypes (Williams et al.
1985). In addition, larvae reared on diet of Mp708
tissue are smaller than those reared on SC229, a sus-
ceptible line (Chang et al. 2000). In this paper, for the
Þrst time, we show fall armyworm preference for
the yellow-green whorl of Tx601 over that of Mp708.
The yellow-green whorl region is the preferred feed-
ing site of fall armyworm larvae; this study provides
statistical veriÞcation that the fall armyworm larvae
prefer the whorl tissue of Tx601 over Mp708.

In conclusion, the identiÞcation of (E)-�-caryo-
phyllene, a volatile compound released almost exclu-
sively by a line of maize resistant to the fall armyworm
larvae, is an important step in understanding the re-
sistance of Mp708. Clearly, the resistance of Mp708 to
fall armyworm larvae is complex and has many differ-
ent dimensions. (E)-�-caryophyllene has been well
characterized as an attractant to natural enemies of
many plant herbivores, and its identiÞcation in Mp708
suggests it may play a role in the resistance of Mp708
to fall armyworm larvae, as well. Because Mp708 is
resistant to herbivory by fall armyworm larvae, and we
have shown it constitutively produces (E)-�-caryo-
phyllene, it could be used as a model to study the role
of (E)-�-caryophyllene in resistance to herbivory.
While this compound was implicated speciÞcally in
maize in this study, it is likely that it could be found
in other host-plant interactions as well. Further study
elucidating the interactions between (E)-�-caryo-
phyllene, fall armyworm larvae, and natural enemies
of the fall armyworm could provide additional insights
into the role of (E)-�-caryophyllene in resistance.
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