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Abstract The boll weevil, Anthonomus grandis, has been
monitored through deployment of traps baited with aggrega-
tion pheromone components. However, field studies have
shown that the number of insects caught in these traps is
significantly reduced during cotton squaring, suggesting that
volatiles produced by plants at this phenological stage may be
involved in attraction. Here, we evaluated the chemical profile
of volatile organic compounds (VOCs) emitted by undamaged
or damaged cotton plants at different phenological stages,
under different infestation conditions, and determined the at-
tractiveness of these VOCs to adults of 4. grandis. In addition,
we investigated whether or not VOCs released by cotton plants
enhanced the attractiveness of the aggregation pheromone
emitted by male boll weevils. Behavioral responses of A.
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grandis to VOCs from conspecific-damaged, heterospecific-
damaged (Spodoptera frugiperda and Euschistus heros) and
undamaged cotton plants, at different phenological stages,
were assessed in Y-tube olfactometers. The results showed that
volatiles emitted from reproductive cotton plants damaged by
conspecifics were attractive to adults boll weevils, whereas
volatiles induced by heterospecific herbivores were not as
attractive. Additionally, addition of boll weevil-induced vola-
tiles from reproductive cotton plants to aggregation pheromone
gave increased attraction, relative to the pheromone alone. The
VOC profiles of undamaged and mechanically damaged cot-
ton plants, in both phenological stages, were not different.
Chemical analysis showed that cotton plants produced quali-
tatively similar volatile profiles regardless of damage type, but
the quantities produced differed according to the plant’s phe-
nological stage and the herbivore species. Notably, vegetative
cotton plants released higher amounts of VOCs compared to
reproductive plants. At both stages, the highest rate of VOC
release was observed in 4. grandis-damaged plants. Results
show that A. grandis uses conspecific herbivore-induced vol-
atiles in host location, and that homoterpene compounds, such
as (F)-4,8-dimethylnona-1,3,7-triene and (E,E)-4,8,12-trime-
thyltrideca-1,3,7,11-tetraene and the monoterpene (£)-oci-
mene, may be involved in preference for host plants at the
reproductive stage.

Keywords Host plant - Herbivore-induced plant volatiles -
Phenological stages - Terpenoids - Coleoptera -
Curculionidae

Introduction
Plants respond to insect herbivory through increased local

and systemic emission of volatile organic compounds
(VOCs) (Paré¢ and Tumlinson, 1996, 1998). The composition
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of the VOCs emitted by herbivore-damaged plants depends
on plant species, variety, and phenological stage, as well as
the type of herbivore (Turlings et al., 1993; Hare, 2011;
Michereff et al., 2011). Induced volatiles are used by herbi-
vores either to find conspecifics or to detect the presence of
competitors in the local environment, i.e., to avoid
herbivore-damaged plants (Loughrin et al., 1996; Kalberer
et al., 2001; Meiners et al., 2005). Herbivores that exploit
this volatile output reduce their foraging time, thereby min-
imizing search cost and exposure to mortality factors
(Stamps and Krishnan, 2005).

Within the subfamily Anthonominae (Curculionidae),
the pepper weevil, Anthonomus eugenii Cano, the
cranberry weevil, 4. musculus Cano, the strawberry blos-
som weevil, A. rubi Herbst, and the apple blossom
weevil, 4. pomorum L., respond to constitutive and in-
duced host plant VOCs (Kalinova et al., 2000; Bichao et
al., 2005; Addesso and McAuslane, 2009; Szendrei et al.,
2009; Addesso et al., 2011). Although the attraction of
the boll weevil, Anthonomus grandis Boheman, to vola-
tiles released by cotton, Gossypium hirsutum L., has been
described previously, the influence of herbivore-induced
cotton volatiles has yet to be fully elucidated. Previous
studies by Dickens (1984, 1989) and Dickens et al.
(1990), using Y-tube olfactometry and electrophysiologi-
cal assays, showed that adult 4. grandis were attracted to
green leaf volatiles from cotton plants. Earlier, McKibben
et al. (1977), in field experiments, provided evidence that
A. grandis responded to constitutively produced cotton
volatiles.

Anthonomus grandis is the major pest in cotton crops in
Brazil. Feeding and oviposition by 4. grandis causes ab-
scission of cotton squares and bolls, leading to substantial
overall losses in production and reduction in fiber quality
(Beltrao and Azevedo, 2008). Overwintering A. grandis stay
in sheltered areas surrounding cotton fields and feed on
pollen, mainly from plants in the Smilacaceae (Ribeiro et
al., 2010). Cotton plants play a role in the attraction of the
first weevils that arrive in a field. The migration of weevils
from natural refuges to cotton fields starts with squaring
cotton (White and Rummel, 1978; Rummel and Curry,
1986), suggesting that A. grandis may use specific VOCs,
or blends, during migration.

Anthonomus grandis produces and releases its aggregation
pheromone after feeding on cotton squares (Tumlinson et al.,
1969), with cotton VOCs synergizing pheromone activity
(Dickens, 1989; Dickens et al., 1990). To investigate the
hypothesis that A. grandis-induced VOCs from cotton plants
provide A. grandis with information on the location of host
plants, we examined the behavioral responses of adults to
volatiles from undamaged, conspecific-damaged, and
heterospecific-damaged cotton plants, at both vegetative and
reproductive stages.

Methods and Materials
Insects

Anthonomus grandis were from a laboratory colony main-
tained at Embrapa Genetic Resources and Biotechnology in
Brasilia, DF, Brazil. Weevils were reared in plastic containers
on artificial diet [a mixture of agar, beer yeast, wheat germ, soy
protein, glucose, ascorbic and sorbic acid, Nipagin, flour from
embryo of cottonseed (Pharmamedia®, Traders Protein, USA),
Wesson salt mixture, Vanderzant’s vitamin, and water; Schmidt
et al., 2001], and maintained at 25+1 °C and 60+10 % . h.,
under a photoperiod of 14 1: 10D. Newly molted adults were
sexed, transferred to 250 ml plastic cages (10 insects/cage), and
fed with fresh excised cotton squares and water, three times per
week. To prevent interactions between sexes, males were kept
in separate cages from females after the imaginal molt. Virgin
male and female boll weevils were used in all experiments.
Neotropical brown stinkbugs, Euschistus heros Fabricius, were
from a laboratory colony maintained at Embrapa Genetic
Resources and Biotechnology in Brasilia, DF, Brazil. The bugs
were reared in plastic containers, as described by Borges et al.
(2006), on a diet of soybean, Glycine max L., sunflower seeds,
Helianthus annuus L., raw peanuts, Arachis hypogaea L., fresh
green beans, Phaseolus vulgaris L., and water. The food supply
was renewed twice a week. To obtain virgin females for the
experiments, insects were sexed after the imaginal molt and
cuticular hardening, and thereafter maintained separately from
males. Spodoptera frugiperda (Smith) larvaec were obtained
from a laboratory colony maintained at Embrapa Genetic
Resources and Biotechnology in Brasilia, DF, Brazil. They
were reared in plastic containers, on an artificial diet based on
beans (P, vulgaris), and maintained at 26+1 °C and 65+10 % .
h. under a photoperiod of 14 1: 10D. The larvae were used in
experiments when they had reached third instar (Schmidt et al.,
2001).

Plant Material

Gossypium hirsutum seeds (var. Delta Opal) were germinated
on damp filter paper. When the cotyledons started expanding,
they were transplanted to plastic pots filled with a mixture of
soil and organic substrate (in a proportion of 1:1), and placed in
a greenhouse at 14 1: 10D and 27+1 °C. Plants were watered as
needed. All plants used in experiments were 6 weeks old at the
vegetative stage (up to 6 expanded true leaves and about 30 cm
high) or 12 weeks old at the reproductive stage (presence of the
first cotton square bud and about 50 cm high).

Boll Weevil Aggregation Pheromone

Small pieces (0.05 g mean weight) of boll weevil aggregation
pheromone (Luretape BW-10, Biocontole Métodos de Controle
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de Pragas Ltda., Emigsville, PA, USA), corresponding to
0.751 mg of the four components of the aggregation pheromone
in a commercial formulation [0.35:0.43:0.13:0.09 of (Z)-2-iso-
propenyl-1-methylcyclobutaneethanol, (Z2)-2-(3,3-dimethyl)-
cyclohexylideneethanol, (2)-(3,3-dimethyl)-cyclohexylidenea-
cetaldehyde and (E)-(3,3-dimethyl)-cyclohexylideneacetalde-
hyde], were used in experiments.

Olfactometer Bioassays

The behavioral responses of male and female 4. grandis to
cotton plant VOCs were investigated in a Y-tube olfactom-
eter. A square acrylic block (26.0x23.0 cm), with a Y-
shaped cavity (1.5 cm thickness) sandwiched between two
glass plates, was used as the bioassay arena. The trunk of the
apparatus was 12.0 cm, with each arm 10.5 cm (Moraes et
al., 2005). Filter papers containing the extracts obtained
from the volatile collections were placed in glass syringes
connected to the olfactometer arms via silicon tubing.
Charcoal-filtered and humidified air was pushed into the
system at 0.6 L.min"' and pulled out at 0.2 Lmin"'. This
‘push-pull’ system prevented entry of contaminating vola-
tiles from the exterior. The bioassays were carried out in a
controlled environment room at 25+1 °C and 60+10 % . h.,
on a white bench under artificial lighting (514 1x). A male or
female boll weevil was introduced, individually, at the base
of the trunk of the Y-tube olfactometer, and observed for
10 min. The first choice of an arm was noted. If no choice
was made within 5 min, the assay was concluded, and the
insect was recorded as non-responding (Borges et al., 2007).
The first choice was considered to be when a weevil entered
3.0 cm into an arm and remained there for at least 20 sec.
Residence time (the time spent in an arm) was also recorded.
Both sexes were assayed simultaneously in two olfactome-
ters, until a total of 60 males and 60 females had responded.
Each individual was used only once, and the filter papers
replaced after five repetitions. After five replications, the Y-
tube olfactometer was exchanged for a clean one, and the
side on which the treatment was presented was swapped to
avoid any positional bias. Treatment types were also
changed after every five replications. Glass materials were
cleaned with detergent, distilled water, and acetone prior to
use. Silicone tubing, filter papers, and glass syringes were
baked in an oven for at least 12 hr at 45 °C prior to use.
Bioassays were conducted using extracts of VOCs collected
from undamaged cotton plants, and plants damaged by boll
weevils, Neotropical brown stink bugs, or fall armyworms,
24 and 96 hr after insect damage was initiated. For the
bioassays, extracts from the 24 and 96 hr collections were
concentrated to 100 pl by nitrogen, and an aliquot of 5 ul
(equivalent to the volatiles released by one plant in ~1 hr)
were applied to filter paper (1 cm?). The solvent was
allowed to evaporate for 1 min at ambient temperature prior

@ Springer

to testing. The responses of male and female boll weevils
were tested in the following combinations: VOCs from
undamaged cotton plants (UD) vs. hexane (N=30); VOCs
from UD plants vs. VOCs from boll weevil-damaged plants
(BWD; N=60); VOCs from UD plants vs. VOCs from
Neotropical brown stink bug-damaged plants (BSBD; N=
60); VOCs from UD plants vs. VOCs from fall armyworm-
damaged plants (FAWD; N=60), for both vegetative and
reproductive cotton stages. We also tested VOC collections
from BWD plants at the vegetative stage vs. VOC collec-
tions from BWD plants at the reproductive stage (N=60). To
certify that the air-entrainment extracts used in bioassays did
not have aggregation pheromone, extracts were analyzed by
gas chromatography/mass spectrometry (GC/MS) in the
selected ion monitoring mode, monitoring m/z 154, 121,
79, and 68. Only extracts in which none of the four ions
were detected were used in the bioassays. To test whether a
combination of cotton plant VOCs and boll weevil aggre-
gation pheromone was more effective at attracting conspe-
cifics, the response of A. grandis (N=60) to VOCs of BWD
plants at the reproductive stage + aggregation pheromone
vs. aggregation pheromone alone was tested. We also tested
the effect of the aggregation pheromone alone vs. air (N=
60). Weevils were starved for 24 hr before assay and without
access to water. All bioassays were carried out between
10:00 and 16:00 hr.

Volatile Collections

Gossypium hirsutum plants, at the vegetative or reproduc-
tive stages, were randomly assigned to UD, mechanically-
damaged (MD) or herbivore-damaged treatments. There
were three herbivore-damaged treatments, in which cotton
plants received (i) 2 males adults of 4. grandis (BWD), (ii) 2
adults of E. heros (BSBD), or (iii) 2 3rd instars of S.
frugiperda (FAWD). To encourage immediate feeding after
being placed on the plants, insects were starved for 24 hr
prior to experiments. For the MD treatment, 3 leaves of
cotton plants were wounded once with a hole punch. Plants
were placed individually in cylindrical glass chambers (in-
ternal volume 10 1), as described by Michereff et al. (2011).
The plastic pots and soil were covered by aluminum foil, in
order to reduce collection of VOCs from these sources. Ten
independent chambers were run simultaneously, enabling
simultaneous VOC collections from all treatments. VOCs
were collected for 24 hr, over 4 consecutive days (N=
8 replicates for each treatment in both cotton phenological
stages). A glass tube, containing 60 mg of Super Q (80-100
mesh, Alltech, PA, USA), was connected via PTFE tubing
to a vacuum pump at a flow of 0.6 L. min"'; the air entrance
was connected to a flow of charcoal-filtered air (1.0 Lmin ')
creating a positive pressure, ‘push-pull’ system. The trapped
volatiles were eluted from the adsorbent with 500 pl of n-
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hexane, concentrated to 100 ul by a nitrogen flow, and
stored at —20 °C until use. Fifty microliters of each extract
was used for bioassays and the other 50 l used for chemical
analyses [GC with flame ionization detection (FID) and
GC/MS].

Chemical Analysis

Extracts of VOCs were analyzed by GC (Agilent 7890, DB-
5 column, 60 mx0.32 mm ID, 1.0 um film, Supelco, Belle-
fonte, PA, USA), with the column oven programmed at
50 °C for 2 min., then to 180 °C at 5 °C.min ', held for
0.1 min, followed by an increase of 10 °C.min"' to 250 °C
(held for 20 min). The FID was at 270 °C. For the GC
analyses, hexadecanolide was added as an internal standard
(IS), at 0.02 pg.mlfl. One microliter of each sample was
injected splitlessly, with helium as carrier gas. Data were
collected with EZChrom Elite software. For compound
identification, VOCs were analyzed on an Agilent 5975C
quadrupole mass spectrometer, equipped with a DB-5 col-
umn (30%0.25 mm ID, 0.25 um film, Supelco, Bellefonte,
PA, USA), a splitless injector, and helium as carrier gas.
Ionization was electron impact (70 eV, source temperature
200 °C). Data were collected with ChemStation software.
Identifications were made by comparison of spectra with
library databases (NIST, 2008) or published spectra, use of
retention indices (RIs; published at Pherobase 2011 and
NIST Chemistry Web Book web sites), and by confirmation
with authentic standards, when available.

Statistical Analysis

Data of the first choice of boll weevils were analyzed by a
Chi-square test (5 % significance). Residence times of the
weevils in each arm of the olfactometer were subjected to
paired ¢ tests or Wilcoxon’s matched-pairs tests when data
did not match a normal distribution. As the volatile collec-
tions were carried out on the same cotton plants at several
sampling times (24, 48, 72, and 96 hr), a repeated measures
Generalized Linear Model (GLM) was used. Therefore, the
total amounts of released VOCs from each treatment over
time were compared using GLM, and Deviance Analyses
with gamma distribution and inverse as link function. When
the analyses showed significant effects of treatments, means
were compared using contrast analyses. The change in
chemical profile of damaged and undamaged cotton plants
over time was assessed using Principal Response Curves
(PRC) analysis. This multivariate technique allows the as-
sessment of repeated measurements over time, focusing on
the proportion of variance explained by treatments and time,
compared to the control (UD). The PRC analysis was ap-
plied separately for each cotton plant phenological stage. In
each set of analyses, the significance was determined by

Monte Carlo permutation test. All analyses were performed
using the statistical program R 2.14.0 (R Development Core
Team, 2009).

Chemicals

Super Q (80—-100 mesh) was purchased from Alltech (PA,
USA). Hexane for HPLC (= 97 % and redistilled), oc-pinene
(98 %), a-camphene (90 %), benzothiazole (96 %), [3-
pinene (99 %), myrcene (90 %), (Z2)-3-hexenyl acetate
(98 %), (E)-3-hexenyl butyrate (98 %), (E)-ocimene
(90 %), benzaldehyde (99 %), indole (98.5 %), methyl
salicylate (99 %), o-copaene (90 %), and alloaromaden-
drene (90 %) were purchased from Sigma Aldrich (Steinheim,
Germany). Linalool, o-humulene (96 %), (E)-caryophyllene
(80 %), and limonene (97 %) were purchased from TCI-
America (Portland, OR, USA). Geranylacetone (mixture of
isomers) (96 %) and cis-jasmone (80 %) were purchased from
TCI (Tokyo, Japan). (E)-4,8-Dimethylnona-1,3,7—triene
(DMNT) and (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene
(TMTT) were synthesized from geraniol and (£,E)-farnesol,
respectively (Leopold, 1990).

Results
Olfactometer Assays

In the Y-tube olfactometer, male A. grandis preferred VOCs
released by cotton plants at the vegetative stage that had
been damaged by conspecifics, for either 24 (x’=5.4, df=1,
P=0.02) or 96 hr (x°=11.26, df=1, P<0.001), compared to
VOCs from the UD control. However, males showed no
preference for VOCs released by cotton plants damaged by
other insects compared to VOCs from UD plants (Fig. 1a).
Female 4. grandis showed the same response pattern, pre-
ferring VOCs collected from plants damaged by conspe-
cifics, at both 24 hr (y’=4.26, df=1, P=0.03) and 96 hr
(x*=21.6, df=1, P<0.001), over those from UD controls;
they also showed no preference for VOCs collected from
cotton plants damaged by the other herbivores over those
from UD plants (Fig. 1b). Male and female 4. grandis spent
more time in the olfactometer arm containing VOCs from
cotton plants damaged by 4. grandis, at either 24 hr (paired
t test for males t=2.415, df=1, P=0.019; for females =
3.715, df=1, P<0.001) or 96 hr (paired t test for males =
2.405, df=1, P=0.008; for females t=3.802, df=1, P<
0.001) compared to the olfactometer arm containing VOCs
from UD plants.

The same pattern was observed when A. grandis adults
were presented with VOCs from cotton plants at the repro-
ductive stage. Male A. grandis preferred VOCs from plants
damaged by A4. grandis at 24 hr (x’=15, df=1, P<0.001) or
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96 hr (x°=9.6, df=1, P=0.002), compared to VOCs emitted
by UD cotton plants (Fig. 1c), and female A. grandis also
preferred cotton VOCs emitted by plants damaged by con-
specifics at 24 hr (x’=5.4, df=1, P=0.02) and 96 hr (x’=
9.6, df=1, P=0.002), compared to VOCs emitted by UD
plants (Fig. 1d). Both male and female A. grandis showed no
preference for VOCs from either of the heterospecific-damaged
cotton plants over UD controls. Only male boll weevils spent
more time in the olfactometer arm containing VOCs from
BWD plants, compared to the time spent in the arm containing
VOCs from UD cotton plants (paired t test t=2.155, df=1, P=
0.035, and r=2.535, df=1, P=0.012 for 24 hr and 96 hr,
respectively). The residence time for female boll weevils did
not differ between treatments (paired t test, P>0.05).

Since adult boll weevils preferred VOCs from cotton
plants, at both vegetative and reproductive stages, damaged
by conspecifics, we evaluated preference for odors from the
two phenological stages. Both males and females were
attracted to volatiles emitted by BWD plants at the reproduc-
tive stage over VOCs emitted by BWD plants at the vegetative
stage, at both 24 hr (males, XZ =5.4, df=1, P=0.02; females,
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x°=9.6, df=1, P<0.002) and 96 hr (males, x°=8.06, df=1,
P=0.004; females, x’=6.66, df=1, P<0.001) (Fig. 2a). Sim-
ilar results were obtained for residence time: male and female
boll weevils spent more time in the arm containing VOCs of
BWD plants at the reproductive stage at 24 hr (males,
Wilcoxon W=-580, df=1, P=0.033; females, W=—676, df=
1, P=0.013) or 96 hr (males, W=-700, df=1, P=0.001;
females, W=-660, df=1, P=0.015), compared to the VOCs
emitted by corresponding BWD plants at the vegetative stage
(Fig. 2b).

Male and female A. grandis preferred aggregation phero-
mone to clean air (male, XZ =13.07, df=1, P<0.001; female,
x°=8.06, df=1, P<0.001). The same pattern was observed for
residence time (male, 1=2.584, df=1, P=0.012; female, t=
2.137, df=1, P=0.036). A combination of 4. grandis aggre-
gation pheromone with VOCs from BWD plants at the repro-
ductive stage, at 24 hr (male, x°=17.06, df=1, P<0.001;
female, x°=6.66, df=1, P=0.009) or 96 hr (male, x’=
13.03, df=1, P<0.001; female, x°=9.6, df=1, P=0.002),
was preferred by both male and female boll weevils compared
to aggregation pheromone alone (Fig. 3a). Weevils also spent
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Fig. 2 First choices (a) and residence times (b) of male and female boll
weevils, Anthonomus grandis, in a Y-tube olfactometer to extracts of
volatiles from boll weevil-damaged (BWD) cotton plants at vegetative vs.
reproductive phenological stages. Volatiles were collected from plants for

more time in the arm of the olfactometer containing the VOCs
and pheromone mixture for damaged plants at 24 hr
(male, Wilcoxon W=-760, df=1, P=0.004; female, W=-557,
df=1, P=0.041) and 96 hr (male, W=-749, df=1, P=
0.006; female W=-690.0, df=1, P=0.011), compared to
response the arm containing the aggregation pheromone
alone (Fig. 3b).

Volatile Analysis
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1010), limonene (RI=1036), (E)-ocimene (RI=1053), linalool
(RI=1104), (E)-4,8-dimethylnona-1,3,7-triene (DMNT) (RI=
1119), (E)-3-hexenyl butyrate (RI=1187), methyl salicylate
(RI=1209), benzothiazole (RI=1236), indole (RI=1295), o-
copaene (RI=1389), cis-jasmone (RI=1416), (£)-caryophyl-
lene (RI=1437), x-guaine (RI=1452), geranylacetone (RI=
1466), «-humulene (RI=1472), alloaromadendrene (RI=
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96 hr (4) -{ .

male
24 hr ek (2) *x
50 40 30 20 10 O 10 20 30 40 50 300 200 100 0 100 200 300

Number of boll weevils responding

Fig. 3 First choices (a) and residence times (b) of male and females
boll weevils, Anthonomus grandis, in a Y-tube olfactometer to extracts
of volatiles from boll weevil aggregation pheromone versus aggrega-
tion pheromone + boll weevil-damaged (BWD) cotton plants at the
reproductive stage. Volatiles were collected from plants for 24 hr, at

Residence time (sec)

both 24 and 96 hr after treatment was started. Asterisks indicate differ-
ences (P<0.05) between pairs of treatments (first choices by x~ tests
and residence times by Wilcoxon’s matched-pairs tests). Numbers in
brackets are the number of insects that did not respond to either
treatment
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d-guaiane, and d-cadinene were tentatively identified by com-
parisons of spectra and Rls, as no authentic standards were
available. The total amount of VOCs produced by cotton plants
differed among plants at the vegetative stage (ANODEV y°=
46.671, df=4, P<0.001) and at the reproductive stage (ANO-
DEV x’=51.651, df=4, P<0.001), and also in sampling time
(ANODEV x’=15.384, df=4, P<0.001). For both phenolog-
ical stages, the greatest amount of VOCs released occurred
when plants were damaged by herbivores (Fig. 4a,b).

PRC analysis evaluated whether the VOCs released by
herbivore-damaged plants was different from that of UD plants,
and also identified the main compounds responsible for any
differentiation. Cotton plants submitted to different treatments
showed variability over time and among treatments (Fig. 5).
For vegetative cotton plants, 27.10 % of the total variance in the
blend of released VOCs was explained by sampling time and
9.20 % by induction treatment. The variance exhibited in the
first PRC axis was significant (Monte Carlo permutation test
F=35.487, P=0.005), and explained 74.41 % of the variation
in the blend composition due to interaction between sampling
times and induction treatments. For reproductive cotton plants,

Fig. 4 Amounts (mean = SEM) 40000 -
of total volatiles (a and b),
monoterpenes (¢ and d), 30000

homoterpenes (e and f), and
sesquiterpenes (g and h) from
undamaged cotton plants (UD),
boll weevil-damaged plants
(BWD), Neotropical brown
stink bug-damaged plants
(BSBD), fall armyworm-
damage plants (FAWD) and
mechanically damaged plants
(MD). a, ¢, e, and g are from
collections of cotton plants in
the vegetative stage, while b, d,
f, and h are from collections of
plants in the reproductive stage.
Means with the same

letter within a given time that
the plants were sampled (24,
48, 72, or 96 hr after treatment
was started) are not different
(P>0.05), by ANODEYV and
mean comparisons by

contrast analyses

20000

10000

40000

30000 -

20000

Total amount of volatiles ng/24 hr

10000

12000 4

Total amount of monoterpenes ng/24 hr

Time (hr)
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47.67 % of the total variance was explained by sampling times,
7.24 % by induction treatment, and 54.50 % by the interaction
between sampling time and induction treatment; the variation
in this PRC axis was also significant (F=11.51, P=0.038). The
volatile blend released by BWD and FAWD plants differed
from that of UD plants, at both phenological stages (Fig. 5).
The profiles of VOCs from MD and BSBD plants did not
differentiate along time from the profile of control UD plants
(Fig. 5). Compounds with effect values higher than |0.5]
contributed to the overall VOC blend response, and the
greater this value, the higher their influence on the curve
obtained in the plot; i.e., these compounds were deemed
responsible for separating treatments. Thus, o-pinene, [3-
pinene, myrcene, (Z)-3-hexenyl acetate, (E)-ocimene, lin-
alool, DMNT, TMTT, «-copaene, and geranylacetone (effect
values>|1.5]|) were the main compounds that contributed to
the divergence between BWD and FAWD plants from UD
plants (Fig. 5).

The total amount of monoterpenes released at the vege-
tative stage was different for BWD and FAWD plants from
48 hr onward (ANODEV x°=40.301, df=4, P<0.001)

ub
BWD
BSBD
FAWD
MD

pooenm

Total amount of homoterpenes ng/24 hr

c 4000 -

3000 +

2000 -

1000 +
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Fig. 5 Principal Response
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Curves (PRC) analyses of vol- -
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compared to other treatments (Fig. 4c). Similar results were
obtained for reproductive stage plants (ANODEV y’=
25.796, df=4, P<0.001) (Fig. 4d). (E)-Ocimene had the
highest effect (> |2.0]) on PRC analysis, when comparing
among different treatments (Fig. 5). BWD plants at the
vegetative and reproductive stages released a mean of
1158.8+258.2 ng/24 hr and 1406+319.6 ng/24 hr, respec-
tively, of (E)-ocimene across the 4 days, whereas UD plants
at the vegetative and reproductive stages released 92.2+
24.5 ng/24 hr and 68.5+15.5 ng/24 hr, respectively, of (E)-
ocimene. FAWD plants released 261.8+70.8 ng/24 hr and
513.3+112.4 ng/24 hr of (E)-ocimene, and BSBD plants
162.2+27.9 ng/24 hr and 233.3+£63.5 ng/24 hr, at the veg-
etative and reproductive stages, respectively. Furthermore,
the total amounts of monoterpenes emitted by plants at the
vegetative and reproductive stages were similar (ANODEV
x°=0.252, df=1, P=0.61). Homoterpene (DMNT and
TMTT) production was higher at the vegetative stage than
at the reproductive stage (ANODEV y°=8.404, df=1, P=

Time (hr)

0.003). At the vegetative stage, BWD and FAWD plants
released higher amounts of DMNT and TMTT, only at 96 hr,
compared to UD, MD, and BSBD plants (ANODEV y’=
12.714, df=4, P=0.012) (Fig. 4e). At the reproductive stage,
herbivore-damaged plants also released more DMNT and
TMTT; FAWD and BSBD plants released higher amounts of
DMNT and TMTT only at 96 hr (ANODEV x’=16.255,
df=4, P=0.003) (Fig. 4f). The total amount of aromatic
(methyl salicylate, indole, benzothiazole, and benzaldehyde)
(ANODEV x°=0.024, df=1, P>0.05), and green leaf vola-
tile [(Z)-3-hexenyl acetate], compounds (ANODEV y’=
0.027, df=1, P>0.05) released were not different among
treatments and across time (data not shown). The total
amount of sesquiterpenes released differed between BWD
and FAWD plants, only at the vegetative stage at 72 hr
(ANODEV x°=21.487, df=4, P<0.001; Fig. 4g,h). There
were no differences (ANODEV x°=0.0598, df=1, P=0.43)
in the amounts released between the reproductive and
vegetative stages.
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Discussion

McKibben et al. (1977) established that adult A. grandis are
attracted to constitutive volatiles released by cotton plants.
Our study corroborated that work and explored the influence
of plant phenological stage and infestation status in mediating
this response. The Y-tube olfactometer assays demonstrated
that A. grandis discriminate between volatiles released from
cotton plants damaged by conspecifics and those released
from undamaged cotton plants, but cannot discriminate be-
tween volatiles from cotton plants damaged by other herbi-
vores (Neotropical brown stink bug and fall armyworm) and
those emitted by undamaged plants. According to Bolter et al.
(1997), biology may determine whether insect herbivores are
attracted or repelled by volatiles from plants infested by con-
specifics. Biological life-history attributes that may affect
response include whether or not the herbivore exhibits aggre-
gation behavior, as do boll weevils, whether or not the herbi-
vore has natural enemies that might also be attracted to
volatiles of infested plants, whether or not the herbivore has
an efficient defense against natural enemies, and the specific-
ity of the herbivore to the plant. The boll weevil has few
natural enemies and, generally, under natural conditions (i.e.,
without mass releases of natural enemies), natural enemies do
not represent a significant pressure on boll weevil populations
(Nunes and Fernandes, 2000). Furthermore, 4. grandis
females lay eggs inside cotton reproductive structures (Showler,
2004), protecting eggs from natural enemies and adverse
weather conditions. Anthonomus grandis adults use induced
plant volatiles to find cotton plants and, because of this insect’s
high specificity to cotton plants, these volatiles probably pro-
vide a relatively safe mode for finding the plant.

Attraction of 4. grandis to conspecific-damaged cotton
plants appears to be linked to increased production of certain
volatiles, which affects the ratio of individual compounds in
the blend (Moraes et al., 2009; Bruce et al., 2010; Michereff et
al., 2011), rather than production of qualitative new com-
pounds. Damage by A4. grandis induced greater production
of volatiles by cotton plants than did damage by other herbi-
vores we tested. Thus, the volatiles induced by herbivory may
provide information about the presence of potential compet-
itors on the host plant (Rochat et al., 2000; Yang et al., 2004),
as well as enhancing A. grandis locating conspecifics for
reproduction (Loughrin et al., 1996; Bernasconi et al., 1998).
The latter is supported by our demonstration that boll weevils
preferred the combination of aggregation pheromone plus
volatiles from damaged, reproductive stage cotton plants, over
aggregation pheromone alone.

In the Y-tube assays, we demonstrated that A. grandis pre-
ferred volatiles from cotton plants damaged at the reproductive
stage over volatiles from cotton plants damaged at the vegeta-
tive stage. The total amounts of monoterpenes, GLVs, and
aromatic compounds did not differ between 4. grandis-
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damaged plants at the two stages. By contrast, levels of the
homoterpenes DMNT and TMTT differed between the two
stages, with release of these compounds greater when the
vegetative stage was damaged. Both stages showed an increase
in release of these compounds over time of damage. Release of
the monoterpene (E)-ocimene did not differ between the plant
phenological stages; however, this compound was released in
greater amounts by plants damaged by 4. grandis than by
undamaged plants. As 4. grandis primarily feed and oviposit
solely on cotton reproductive structures, greater attraction to
volatiles from the reproductive stage of the plant is expected.
The preference of herbivores to certain plant phenological
stages is well known (e.g., Kalinova et al. 2000; Szendrei et
al., 2009; Addesso et al., 2011).

Male A. grandis that feed on cotton reproductive structures
start production and release of aggregation pheromone that
facilitates the arrival of other weevils. Previous studies
showed that (F)-2-hexen-1-ol and {3-bisabolol, paired with
aggregation pheromone, increased attraction of adult boll
weevils (Dickens, 1985, 1989; Dickens et al., 1990). Our
results showed an increase in A. grandis response to aggrega-
tion pheromone when cotton volatiles were added. However,
we did not find either of (F)-2-hexen-1-ol or [3-bisabolol in the
volatiles released by the cotton variety we used. Thus, other
compounds must be responsible for the attraction of 4. gran-
dis to the cotton plants used in our study.

Our findings are consistent with those of other studies
that have identified VOCs emitted by cotton (McCall et al.,
1994; Loughrin et al., 1995; Paré and Tumlinson, 1998;
Rose et al., 1998; Rodriguez-Saona et al., 2003; Hegde et
al., 2011; Moraes et al., 2011). Our chemical analyses
revealed that herbivore feeding caused increases in the total
emission of volatile compounds, as reported previously
(Paré and Tumlinson, 1996; Rose et al., 1996), with the type
of feeding damage also affecting production. Chewing
insects cause severe damage to plant tissues and are likely
to induce stronger reactions in plants than will feeding by
sucking herbivores, such as the Neotropical brown stinkbug.
Low rates of volatile compounds released by cotton plants
upon damage by sucking insects have been reported
(Turlings et al., 1998; Rodriguez-Saona et al., 2003; Hegde
et al., 2011). Damage by A. grandis resulted in differences
in volatile production, compared to other treatments, 48 hr
after the start of damage, although adult 4. grandis started to
respond to cotton volatiles at only 24 hr after the start of
damage. According to our PRC analyses, «-pinene, [3-
pinene, myrcene, (Z)-3-hexenyl acetate, (£)-ocimene,
DMNT, «-copaene, and TMTT contributed most to the
separation profile observed, and thus may be involved in
attracting A. grandis to cotton. Subsequent studies will use
electrophysiological assays to identity the actual compounds
responsible for attraction of A. grandis to cotton plants
damaged at the reproductive stage. Such studies will allow



J Chem Ecol (2012) 38:1528-1538

1537

the development of ecologically friendly trapping systems
for monitoring and management of 4. grandis.
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