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ECOLOGY, BEHAVIOR AND BIONOMICS
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In response to herbivore attack, plants release herbivore-induced plant
volatiles (HIPVs) that represent important chemical cues for herbivore
natural enemies. Additionally, HIPVs have been shown to mediate other
ecological interactions with herbivores. Differently from natural enemies
that are generally attracted to HIPVs, herbivores can be either attracted or
repelled depending on several biological and ecological parameters. Our
study aimed to assess the olfactory response of fall armyworm-mated
female moths toward odors released by mechanically and herbivore-
induced corn at different time intervals. Results showed that female moths
strongly respond to corn volatiles, although fresh damaged corn odors
(0–1 h) are not recognized by moths. Moreover, females preferred volatiles
released by undamaged plant over herbivore-induced plants at 5–6 h. This
preference for undamaged plants may reflect an adaptive strategy of moths
to avoid competitors and natural enemies for their offspring. We discussed
our results based on knowledge about corn volatile release pattern and
raise possible explanations for fall armyworm moth behavior.

Introduction

Plant chemical defenses that are produced against in-
sect herbivory only after attack are called induced
defenses. There are two types of induced plant
defenses: (i) direct defenses—which concern the mech-
anisms that affect the biology or behavior of herbi-
vores; and (ii) indirect defenses—which consist of
mechanisms that recruit herbivore natural enemies,
such as parasitoids and predators. A common indirect
defense is the emission of plant volatiles released after
herbivore attack, called herbivore-induced plant volatiles
(HIPVs). They recruit carnivorous arthropods which use them
as important chemical cues for foraging mainly at long dis-
tances (Dicke & Sabelis 1988, Dicke et al 1990, Turlings et al
1991, Steinberg et al 1993). Nevertheless, HIPVs are not
restricted to mediate interactions only with natural enemies,
but also with other trophic levels such as herbivores
(Halitschke et al 2008).

Herbivores present chemosensory receptors that enable
them to perceive plant odors in order to find conspecifics
or host to feed or oviposit (Bernays & Chapman 1994). Host
selection by female moth is crucial for offspring perfor-
mance as newly hatching larvae are not able to actively
search for hosts due to their restricted mobility.

HIPVs have been shown to be either attractive or repellent
for herbivores, although most female lepidopterans are re-
pelled by HIPVs (De Moraes et al 2001, Kessler & Baldwin
2001, Bruinsma et al 2007). Herbivore response towards
HIPVs depends on the gender (Rodriguez-Saona et al 2006),
mating status (Arab et al 2007), developmental stage (Yoneya
et al 2010) and herbivore species (Szendrei & Rodriguez-Saona
2010). Given that HIPVs are released only by damaged plants,
they can inform herbivores the presence of competitors as
well as natural enemies which are recruited to emitting plants.
At the same time, HIPVs can represent important cues to
herbivores in host location (Carroll et al 2006). By the plant's
perspective, if HIPVs are repellents to herbivores, plants
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greatly benefit from induced defenses as they attract natural
enemies and avoid being more intensively attacked.

The fall armyworm, Spodoptera frugiperda (J.E. Smith)
(Lepidoptera: Noctuidae), is a cosmopolitan pest of corn crops
(Sparks 1979) that has been known to attack other crops in
Brazil, such as rice, wheat, and sorghum (Crócomo & Parra
1985, Busato et al 2002, 2004). Pesticides are heavily used to
control the fall armyworm in corn crops in Brazil, leading to
serious side effects, such as environmental impacts and the
selection for resistant populations (Diez-Rodriguez & Omoto
2001). Therefore, other strategies should be used in order to
avoid that the fall armyworm become even more difficult to
control. In this context, behavioral studies can provide impor-
tant information for developing integrated management tac-
tics, particularly by identifying odors that play a role in host
selection by pests. Semiochemicals could be employed for
behavior manipulation in field, for example (Khan et al
2006, Unsicker et al 2009).

Our study aimed at assessing the preference of S. frugi-
perda gravid moths towards volatiles released by
mechanical-damaged plants and artificially induced corn
volatiles in a Y-tube olfactometer. Given that quality and
quantity of volatiles of herbivore-damaged corn plants
change in time course (Turlings et al 1998), we tested
herbivory induction at different time intervals for assessing
fall armyworm response towards volatile blends. Our
results revealed the importance of HIPVs for host plant
selection by fall armyworm moths.

Material and Methods

Plants and insects

Commercial corn seeds (Zea mays, variety SWB551 Dow Agro-
sciences) susceptible to the lepidopteran S. frugiperda were
planted individually in plastic pots containing about 300 g
substrate and maintained in the greenhouse under a photope-
riod of 12L:12D. The photophase began at 7:00AM and the
scotophase at 7:00PM. Only corn plants aging 10–12 days after
emergence that had three to four leaves were used in the
bioassays, and theywere selected because this is stage they are
naturally infested by S. frugiperda (Cruz & Turpin 1982) and are
commonly used for volatile collection (Degen et al 2004).

In order to rear S. frugiperda, larvae of different ages
were initially collected in corn fields in Piracicaba, Sao
Paulo and maintained in the laboratory under controlled
conditions (25±3°C; 70 ± 10% RH 12-h photophase). Larvae
were reared on an artificial diet (Greene et al 1976) indi-
vidualized in glass vials (8.5 cm height and 2.2 cm diameter)
up to the pupal stage, when they were separated by sex
(Butt & Cantu 1962) and placed in PVC cages (10 cm diam-
eter and 22 cm height) for adult emergence. The inner

walls of PVC cages were covered with office paper to serve
as a substrate for oviposition. Adults were fed on 10%
honey solution, which was renewed every other day to
prevent contamination.

Olfactometer bioassays

Bioassays were conducted with 3- to 5-day-old adult fe-
male of S. frugiperda with no plant volatile experience.
They had previously spent at least two nights in cages
containing S. frugiperda males for mating. In order to
tentatively select mated moths, we only used females with
enlarged abdomen, which were likely gravid.

We evaluated the attractiveness of corn plant volatiles
using a glass Y-tube olfactometer (Zhang et al 2009) which
consisted of a central tube (20.5 cm long and 3 cm diam-
eter) and two arms (20.5 cm long and 3 cm diameter,
offset by 120°). The arms ended with a glass plug
connected to the glass chambers containing the odor sour-
ces (i.e. plants or blank). The olfactometer was connected
to a vacuum pump which pulled air from the room. Air was
purified through a charcoal filter and humidified before
entering in the treatment chambers and Y-tube olfactom-
eter. Airflow was calibrated to 800 ml/min using a flow
meter at the end of each arm. All bioassays were con-
ducted during the scotophase (2000–2400 hours) at con-
trolled conditions (25±3°C, 60±10% RH).

Moths were positioned individually at the beginning of
the central arm of the olfactometer and observed for
10 min after they had passed the threshold line located
7 cm from the center of the equipment. Choice was con-
sidered after the insect crossed the 10 cm line of the odor
arm and spent at least 1 min at that arm. Only insects that
made the decision for one arm within the observation
period were considered for posterior analysis. Each female
moth was used a single time to avoid associative learning.
Around ten insects were tested per night depending on
their responsiveness and plant odors were changed each
hour. Each bioassay had at least 30 replicates. To avoid side
bias, the olfactometer was turned 180° to invert the side of
odor arms after each replicate.

At the end of bioassays, olfactometer, glass chambers,
and connections were washed with neutral washing soap
(Extran ® 10%), distilled water, 90% ethanol (v/v), and 93%
acetone (v/v). All glass material was dried at 160°C for 1 h.

Firstly, in a control experiment, we tested moth choice
towards odors from blank vs. blank to verify if there was no
side bias in the olfactometer set up. This bioassay was
followed by a test of female moth preference between
odors from undamaged plant (UP) over the blank (B). This
assay was followed by a test to assess if mechanically
damaged plants (MDP) produced volatiles that affect her-
bivore responsiveness against B and UP. Mechanical leaf
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damage was produced with a rotary metal cutter. Three
parallel lines were traced with the rotary cutter on the
third leaf of corn plants. Odors released by MDP were
tested at time intervals 0–1, 5–6, and 24–25 h against B,
but only MDP 5–6 and 24–25 h odors were tested against
UP.

Subsequently, we assessed moth responsiveness to
herbivore-induced plants (HIP) at the same intervals as
the previous bioassays against B. Only treatments that
were attractive over B were tested against UP odors. In
order to simulate herbivory in corn plants, 10 μl of S.
frugiperda regurgitate was applied on mechanically dam-
aged leaves. Regurgitate was collected from third instars of
S. frugiperda fed on corn for at least 24 h using a
micropipette.

Statistical analysis

Statistical analysis was performed using the software Sta-
tistica 6.0. Differences between behavioral responses of
mated female moths under pairs of treatments were ana-
lyzed by the Chi-square test (α00.05 and α00.01). Individ-
uals that did not make a choice were excluded from the
statistical analysis.

Results

Female fall armyworm moths did not show preference
between B vs. B what indicated that olfactometer set up
was properly clean and calibrated (χ200.273 p00.601).

Fall armyworm females showed a very high responsive-
ness to UP (Fig 1; UP vs. B: χ207.811 p00.005) as well as to

MDP 5–6 and 24–25 h when compared to B (MDP 5–6 h vs.
B: χ207.111 p00.007; MDP 24–25 h vs. B: χ205.452 p0
0.019). Only odors from MDP 0–1 h were not attractive to
moths (χ200.029 p00.865). However, moths did not dis-
criminate MDP 5–6 and MDP24–25 h over UP odors (MDP
5–6 h vs. UP: χ200.500 p00.479; MDP 24–25 h vs. UP: χ20
0.032 p00.857)

The same pattern in attractiveness was found when the
plants were treated with the regurgitate: HIP 0–1 h showed
no attractiveness, whereas HIP 5–6 and HIP 24–25 h were
attractive to the moths (Fig 2; HIP 0–1 h vs. B: χ200.000
p01.000; HIP 5–6 h vs. B: χ207.258 p00.007; HIP 24–25 h
vs. B: χ204.568 p00.032). However, given a choice be-
tween HIP 5–6 h and UP, female moths preferred UP
(χ203.903 p00.048), but did not discriminate between
HIP 24–25 h and UP (χ200.471 p00.493).

Discussion

Our results showed that mated female moths are strongly
attracted to corn plant volatiles, although they exhibit
differential responsiveness depending on volatile plant
blend. Fall armyworm moths were attracted to undamaged
maize and mechanically damaged plants 5–6 and 24–25 h.
However, no preference was exhibited between mechani-
cally damaged plants 5–6 h and 24–25 h over undamaged
plants (Fig 1).

Undamaged corn plants release linalool, which is likely
the compound responsible for female moth attraction
(Jönsson & Anderson 1999, D'Alessandro & Turlings
2006). Mechanical damage generally does not elicit differ-
ential volatile plant blend later than 2 h unless mechanical

Fig 1 Olfactory preference of Spodoptera frugiperda gravid females
to volatiles emitted by undamaged corn plant (UP) and mechanically
damaged corn plants (MDP) at 0–1, 5–6, and 24–25 h. All plant
treatments that differed against blank (B) were compared to volatiles
from undamaged plant (UP). **p01% significance according to chi-
square test; (n0number of replicates).

Fig 2 Olfactory preference of Spodoptera frugiperda gravid females
to volatiles emitted by undamaged corn plant (UP) and herbivore-
induced corn plants (HIP) at 0–1, 5–6, and 24–25 h. All plant treat-
ments that differed against blank (B) were compared to volatiles from
undamaged plant (UP). *p05% significance and **p01% significance
according to chi-square test; (n0number of replicates).
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damage is continuous (Mithöfer et al 2005). Therefore,
moths may have not discriminated odors from undamaged
plants and mechanically damaged plants 5–6 and 24–25 h
due to their similar volatile blends.

By contrast, odors released by fresh damaged plants
(both mechanically damaged and herbivore-induced plants
0–1 h) were not attractive to female moths (Figs 1 and 2).
Volatile blend immediately released by mechanically dam-
aged corn, irrespective of regurgitate application, is mainly
composed by green leaf volatiles (GLVs) which comprise
six-carbon alcohols, aldehydes, and esters (Turlings et al
1998, Hoballah & Turlings 2005). Some GLVs have been
shown to be electrophysiologically active to female Spo-
doptera moths (Jönsson & Anderson 1999, Malo et al
2004), but no studies have shown whether female moths
are attracted or repelled by GLVs. In view of that, GLVs may
have masked some important volatile compounds for host
location by moths, such as linalool, or even repelled.

Application of fall armyworm regurgitate to mechanical
damaged corn leaves is known to induce differential vola-
tile blend in terms of quality and quantity (Turlings et al
1991). According to several reports (Turlings et al 1998,
Hoballah et al 2002, 2004, Degen et al 2004, Köllner et
al 2004), the total emission peak in corn occurs around 5–
7 h after Spodotera regurgitate treatment, and the blend is
mainly composed by terpenes.

Our data demonstrate that female moths of S. frugi-
perda were highly attracted to herbivore-damaged plants
5–6 h (Fig 2). Nevertheless, moths preferred undamaged
plant odors over an herbivore-damaged blend 5–6 h. This
preference may reflect an adaptive behavior of moths of
choosing non-infested plants as oviposition sites in order to
avoid competition for their offspring as well as the low
availability of food when larvae start hatching. Moreover,
herbivore-induced plant volatiles (HIPVs) are important
attractive chemical signals for natural enemies and, there-
fore, they represent high risks of parasitism and predation
for offspring.

On the other hand, S. frugiperda larvae have been
shown to prefer odors from herbivore-infested over un-
damaged plants (Carroll et al 2006). This study suggested
that larval attraction is dose-dependent of linalool, which is
emitted by both undamaged and herbivore-induced plants,
but in larger amounts by the last. In this case, given that
larval mobility is restricted and that this stage is more
susceptible to natural enemies, if larvae prefer odors from
infested plants, they can more easily recognize host pres-
ence as HIPVs are more abundant and highly detectable.
Therefore, they can find suitable hosts as other conspecific
are feeding on the plant.

The latest tested time interval 24–25 h did not show any
effect in S. frugiperda behavior as moths did not exhibit
preference between herbivore-induced and undamaged

plants. At this time interval, herbivore-induced blend most
likely ceased and volatile blend is not different from un-
damaged plants (Turlings et al 1998).

In conclusion, our study revealed an interesting behav-
ior of S. frugiperda female moths toward volatiles from
herbivore-induced corn. Mated moths use odors to differ-
entiate infested from non-infested corn plants and they
likely use this strategy to avoid competitors and natural
enemies that threaten the offspring. The next steps are to
identify the plant volatiles responsible for moth attraction
which can be a potential source of semiochemicals for
behavioral manipulation in the field.
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