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Abstract Hemipteran pests feed directly on cotton fruiting structures (bolls) causing damage
to fiber and yield. Herbivore-induced volatile emissions have been well studied with regard to
leaf-chewing insects, but no research has examined the release of volatiles from developing cot-
ton bolls in response to damage from piercing-sucking insects. We compared volatile emissions
from bolls in response to feeding damage by brown stink bug, Euschistus servus (Say), southern
green stink bug, Nezara viridula, (L.}, and the leaf footed bug, Leptoglossus phyllopus (L..) under
laboratory conditions. Volatile emissions from bolls in response to N. viridula and mechanical
damage were investigated under field conditions. Volatiles were collected using dynamic head-
space sampling and analyzed by gas chromatography/mass spectrometry. Under laboratory
conditions, feeding by hemipterans resulted in a significant increase in volatile emissions from
bolls compared with undamaged bolls. Damaged bolls released significantly greater amounts of
acyclic terpenes and methyl ketones compared with undamaged bolls. Feeding by different
hemipteran species elicited a similar quantitative increase in emissions, but significant differ-
ences were detected in the emissions of some individual compounds. Under field conditions,
feeding damage by N. viridula resulted in significantly greater volatile emissions compared with
undamaged and mechanically-damaged bolls indicating that physical damage alone did not ac-
count for the complete blend of volatiles released in response to biotic injury. During feeding,
hemipterans inject a complex blend of salivary and digestive enzymes, and some of these com-
pounds may activate volatile induction from bolils. The implication for piercing-sucking damage
on biochemical pathways mediating volatile synthesis is discussed.
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Herbivore feeding induces plants to release volatile emissions that act as
semiochemicals influencing numerous interactions between plants, herbivores, and
natural enemies (Dicke et al. 1990, Karban and Baldwin 1997, De Moraes et al. 1998,
Arimura et al. 2005). Volatile hydrocarbons are produced in virtually all plants and
consist mainly of mono and sesquiterpenes, as well as low-molecular weight aromatic
and aliphatic saturated and unsaturated alcohols, aldehydes, fatty acids, and ketones
(Dudareva et al. 2006). In cotton, Gossypium hirsutum (L.}, many volatiles are stored
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in lysigenous glands and contribute to the production of heliocides and gossypol
(Loughrin et al. 1994, Opitz et al. 2008). In response to herbivore feeding, volatiles are
synthesized de novo both at the site of wounding and systemically in undamaged
leaves of damaged plants (Paré and Tumlinson 1997, 1999). Plants wounded by her-
bivores release a different compositional blend of volatiles compared with healthy
(undamaged) plants and plants damaged mechanically, indicating that physical dam-
age from mouthparts does not account for the inclusive blend produced in response
to herbivory (Paré and Tumlinson 1997). Induced volatile emissions may vary depend-
ing on the herbivore species or feeding mode (Turlings et al. 1997) and may convey
species-specific information to foraging natural enemies (De Moraes et al. 1998).
Volatile-inducing elicitors such as B-glucosidase (Mattiacci et al. 1995), volicitin
(Alborn et al. 1997), and inceptin (Schmelz et al. 2007) have been isolated from the
oral secretions of different leaf-chewing caterpillars and have been shown to induce
the synthesis of volatiles when applied to mechanical wound sites (Alborn et al. 1997).
Whereas much of the knowledge on the biosynthesis and regulation of herbivore-
induced emission of volatiles is derived from studies on leaf-chewing herbivore dam-
age (Mattiacci et al. 1995, Paré and Tumlinson 1997, Turlings et al. 1997), few studies
have investigated induced volatile emissions from plants in response to feeding by
hemipterans that use piercing-sucking mouthparts.

Hemipterans feed by repeatedly piercing/probing host tissue with modified man-
dibular and maxillary stylets and secreting salivary components and digestive en-
zymes to liquefy host tissue (Panizzi et al. 2000). Feeding damage from hemipterans
is known to induce volatile emissions from cotton and corn leaves (Rodriquez-Saona
et al. 2002). Maize seedlings injured by southern green stink bug, Nezara viridula (L.),
released greater amounts of terpenes, and this was due mainly to both mechani-
cal damage from stylets and salvary gland extracts (Williams et al. 2005). Similarly,
Rodriguez-Saona et al. (2002) demonstrated that oral secretions from western tar-
nished plant bug, Lygus hesperus (Knight), were capable of inducing volatile emis-
sions from cotton leaves similar to blends produced by actual feeding damage, or
treatment with volicitin. Although no specific elicitors of plant volatiles have been iso-
lated from hemipterans, their salivary and digestive enzymes are a complex mixture
of proteinases, peroxidases, pectinases, and lipases, some of which may serve as
bioactive compounds that induce plant defenses (Wolfson and Murdoch 1990, Miles,
1999, Liu et al. 2009).

This study was initiated to investigate the induction of volatile emissions from de-
veloping cotton fruiting structures in response to feeding by hemipteran pests. In cot-
ton, hemipterans (especially stink bugs) feed directly on developing fruiting structures
(bolls) and are an increasing threat to cotton production in the US (Williams 2009).
Prior to 1996, phytophagous hemipterans were of little importance in cotton. The suc-
cess of eradication efforts for boll weevil, Anthonomus grandis grandis Boheman, in
the Southeast (Haney et al. 1996) and the commercial release of transgenic cotton
cultivars expressing toxins from Bacillus thuringiensis to control bollworm, Helicoverpa
zea (Boddie), and tobacco budworm, Heliothis virescens (F.), have resulted in
a decrease in the number of insecticide applications. Consequently, infestations
of hemipteran pests, including the tarnished plant bug, Lygus lineolaris (Palisot de
Beauvois), brown stink bug, Euschistus servus (Say), green stink bug, Acrosternum
hilare (Say), and N. viridula, have increased in midsouthern and southeastern cotton
production (Greene et al. 2001a). No research has examined piercing-sucking insects
and induced volatile emissions from cotton bolls despite these structures being the
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primary host plant material for foraging hemitperans. Here, we addressed the follow-
ing specific questions: (1) Does hemipteran feeding damage induce volatile emissions
from cotton bolls? (2) Is volatile induction influenced by different species of hemipteran
pests? (3) Do induced volatile emissions differ between herbivore-damaged and me-
chanically-damaged bolis?

Materials and Methods

Plants and insects. Cotton variety Phytogen 370 WideStrike® Roundup Ready®
(Dow AgroScience, Indianpolis, IN) was used in all experiments. Plants were sown on
5 March 2008 in a plastic germination tray and individually transplanted into 12-L pots
containing a 3:1 soil:sand mixture (Baccto Lite™: play sand) 2 wk after germination.
Plants were fertilized with Osmocote® and maintained in a greenhouse at the
Clemson Univ. Edisto Research and Education Center (EREC) in Blackville, SC,
under natural light conditions with a daytime temperature of 30°C and a nighttime
temperature of 22°C. A relative humidity from 60 - 80% was maintained in the green-
house. Ali plants used for experiments were 10 - 12 wk old, and all bolls used for vola-
tile collections were 10 - 12 d postanthesis.

Adults and nymphs of E. servus, N. viridula, and leaf footed bug, Leptoglossus
phyllopus (L.), were initially collected from field populations in soybean, and species
were maintained separately in cages in the insect rearing facility at EREC. Insects
were fed on a source of fresh green beans and provided with water on moistened cot-
ton pads until initiation of experiments.

Laboratory experiments. Two 2 - 4-d-old adults of either E. servus, N. viridula, or
L. phyllopus were placed inside enclosures covering a single cotton boll. Six replica-
tions of each species and unexposed controls were conducted on individual plants.
Enclosures were constructed from polystyrene foam cups with the base of the cup
removed and a nylon stocking stretched over the outside of the cup (Greene et al.
1999). Enclosures were placed over a boll and secured using light gauge steel wire
twisted around the nylon stocking at the peduncle. Bugs were placed inside an enclo-
sure which was subsequently sealed with a light gauge steel wire twisted around the
nylon stocking. Bugs were allowed to feed ad /ibitum for 5 d prior to collection of vola-
tiles. Enclosures were checked every 24 h, and dead individuals were replaced as
needed. Control plants had enclosures placed over bolls but contained no insects.
After 5 d, enclosures and bugs were removed from bolls, and volatile collection bags
(described below) were placed over bolls 30 min after removal of bugs. Following col-
lection of volatiles from bolls, seed and lint were examined for evidence of feeding
injury and staining indicative of boll-rotting bacteria (data not shown).

Field experiments. The effect of stink bug injury and mechanical injury on volatile
emissions from cotton bolls were compared using a randomized complete-block de-
sign in a 1.5-ha field at EREC containing G. hirsutum var. Delta and Pine Land 555.
Enclosures, as described previously, were placed over white blooms, and bolls devel-
oped inside enclosures to prevent damage prior to experimentation. In each block,
volatile emissions were collected from 12 - 14-d-old cotton bolls exposed to an adult
of N. viridula for 3 d, mechanically damaged, or undamaged using the procedures
described below. Each treatment was assigned to a single boll from individual plants
separated by 2 - 3 plants in 4 blocks. Each block was randomly assigned to a single
row separated by 2 - 4 rows. A single adult of N. viridula was placed inside an enclo-
sure and allowed to feed ad /ibitum for 3 d. After insects were placed on bolls in the
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field, bolls from the mechanical damage treatment were wounded by inserting a
0.25-mm diam insect pin in the carpel wall of each locule to a depth of 7 mm. The pin
was mounted to the eraser of a pencil to ensure consistency of depth of puncture
wounds on bolls. Bolls from all treatments (bug damaged, mechanically damaged,
and undamaged) remained in enclosures for the duration of the experiment.

Volatile collection and analysis. In both experiments volatiles were sampled
using a dynamic head-space collection method. A polyacetate oven bag (Reynolds, Inc.,
Richmond, VA) modified to a volume of 300 ml was placed over a boll and loosely
fastened with a small cable tie at the base of the boll to permit airflow through the bag.
A volatile trap was fastened to the top corner of a collection bag using a cable tie.
Volatile collection traps were constructed from glass Pasteur pipettes (10 cm long,
0.5 cm OD) and contained 35 mg of Super Q adsorbant polymer (Alltech Assoc.,
Deerfield, IL, USA) held in place by two small plugs of glass wool. A battery-operated
air-sampling pump (SKC, Inc. Eighty Four, PA, Model 224 - 44XR) fitted with an inde-
pendently controlled, adjustable, 4-way splitter (SKC, Inc. Model 224 - 26 - 04) was
used to draw ambient air through the collection bag across the boll and directly onto
the trap at a rate of 300 ml/min. Volatiles were collected for a duration of 1 h. Ambient
air blanks were collected simultaneously with boll volatile collections to correct for any
volatile contaminants contained in the air pulled through a collection bag.

Volatiles were extracted from adsorbant traps by washing with 300 pL of analytical
grade hexane. An internal standard of n-dodecane was added to the extract to a final
concentration of 10 ng/ul, and 2 uL of each sample was analyzed by gas chromatog-
raphy (GC) on a Hewlett-Packard 6890 gas chromatograph equipped with a RTX-5 30
m x 0.25 mm (i.d.) fused silica column with a 0.25 um-thick dimethylpolysiloxane sta-
tionary phase (Restek, Bellefonte, PA). Injections were made in the splitless mode for
0.5 min. The GC injector temperature was set at 250°C with the column oven at 50°C
for 10 min followed by an increase to 150°C at 5°C/min followed by an increase to
250°C at a rate of 15°C/min followed by a final increase to 300°C at a rate of 10°C/min
and held for 5 min. Helium was used as a carrier gas at a flow rate of 1 mi/min. Samples
were subsequently analyzed by mass spectrometry (MS) using a Varian VG-70S
(Waters Corp., Milford, MA) operated in electron impact mode. The amount of volatiles
was calculated by conversion of peak area units to mass (ng) based on the total peak
area of the internal standard in each sample extract. Compounds were identified
by comparison of retention time and mass spectra with those in the Environmental
Protection Agency-National Institutes of Health data base, spectra from the library of
essential oil components identified by GCMS (Adams 1995), and spectra obtained
from known standards (Sigma-Aldrich, Inc., Milwaukee, WI), as well as solvent extracts
of boll material. Several peaks were not identified due to low quality of match (< 90%)
to mass spectra and analytic standards and thus were not included in the analysis.

Statistical analyses. For the laboratory experiment, a one-way analysis of vari-
ance (ANOVA) (Proc GLM) was used to test for differences in total amounts of vola-
tiles among the treatments (bolls unexposed, or exposed to E. servus, N. viridula, or
L. phyllopus). Treatment means were separated using Tukey’s HSD test following a
significant (P < 0.05) F test (SAS Institute 2008). Data were loge(x + 1) transformed
prior to analysis to satisfy the assumptions of normality and homogeneity of variance
among treatments (Zar 1999). Volatile compounds were also compared across treat-
ments using principal components analysis (PCA) (Proc Princomp), a technique used
for reducing complex multivariate data to a smaller set of orthogonal, uncorrelated
components that account for the maximum amount of variation (SAS Institute 2008).
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The first principal component accounts for the greatest amount of variation in the
data, whereas additional components account for successively smaller amounts of
variation. Using PCA, the importance of each compound to the separation of treat-
ments can be assessed by a plot of vector loadings for each compound. All volatile
compounds identified in this experiment were used in the analysis.

For the field experiment, volatile emissions from bug-damaged, mechanically-
damaged, and undamaged cotton bolls were compared using a two-factor ANOVA
using treatment as main effect and block as a random effect in the model. Data were
loge(x + 1) transformed prior to analysis to satisfy the assumptions of normality and homo-
geneity of variance among treatments (Zar 1999). Treatment means were separated
using Tukey’s HSD test following a significant (P < 0.05) F test (SAS Institute 2008).

Results

Laboratory experiment. Ten compounds were identified in gas chromatograms
of head-space volatiles collected from herbivore damaged bolls (Fig. 1). The majority
of compounds identified were terpenoid in origin (mono, sesqui-, and homoterpenes),
and 2 compounds were identified as the aliphatic ketone, 6-methyl-hepten-2-one
(hereafter referred to as methyl-heptenone) (compound 3), and the aldehyde, nonanal
(compound 7). Nonanal was the predominant compound detected in cotton boll emis-
sions, regardless of treatment (Fig. 1). In addition to nonanal, cyclic terpenes were the
primary compounds released from undamaged bolls, whereas several acyclic com-
pounds, including B-ocimene (compound 6), 4,8-dimethyl-1,3,7-nonatriene (DMNT)
(compound 8), B-farnesene (compound 9), and 4,8,12-trimethyl-1,3,7,11-tridecatetraene
(TMTT)(compound 10), were detected in head space of bolls damaged by all three
hemipteran species (Fig. 1).

Total volatile emissions from bolls damaged by E. servus, N. viridula, and L. phyllopus
were significantly greater than those from undamaged bolls (F = 9.41; df = 3, 20;
P < 0.001) (Fig. 2A). A 2.2-fold increase in volatile emissions was detected in re-
sponse to feeding by E. servus, a 1.7-fold increase in response to N. viridula damage,
and a 1.8-fold increase in response to L. phyllopus feeding damage (Fig. 2A).
Hemipteran damage also influenced the blend of volatile compounds released from
bolls (Fig. 2B). Three cyclic monoterpenes, o-pinene (compound 1), B-pinene (com-
pound 2), and limonene (compound 5), as well as nonanal (compound 7), were de-
tected in undamaged bolls, and these compounds did not increase significantly in
response to damage from hemipteran pests (Fig. 2B). However, damage by hemipter-
ans caused a qualitative shift to a blend dominated by acyclic terpenes, including
B-ocimene (compound 6), DMNT (compound 8), B-farnesene (compound 9), and
TMTT (compound 10), as well as methyl-heptenone (compound 3) (Fig. 2B). Many of
the acyclic volatiles detected in damaged bolls increased significantly in response to
at least one of the hemipterans investigated (Fig. 2B). Emissions of f-farnesene (com-
pound 9) and methyl-heptenone (compound 3) exhibited the largest increases in re-
sponse to damage with a 6- and 3-fold increase, respectively, in emissions compared
with undamaged bolls (Fig. 2B). Emission of two compounds, B-ocimene (6) and
myrcene (4), was dependent on the species of hemipteran causing damage (Fig. 2B).
Significantly greater emissions of myrcene (4) were detected only in response to
E. servus feeding damage, and emission of B-ocimene (6) was significantly greater in
response to E. servus and N. viridula feeding, compared with the undamaged control
and bolls damaged by L. phyllopus (Fig. 2B).
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Fig. 1. Gas chromatograms of volatile organic compounds emitted from cotton
bolls damaged by (A) brown stink bug, Euschistus servus, (B) southern
green stink bug, Nezara viridula, (C) leaffooted bug, Leptoglossus phyl-
lopus, and (D) undamaged bolls. Peak identities: 1, a-pinene; 2, -pinene;
3, 6-methyl-5-heptene-2-one; 4, myrcene; 5, limonene; 6, B-ocimene; 7,
nonanal; 8, 4,8-dimethyl -1,3,7-nonatriene; 9, p-farnesene; 10, 4,8,12-
trimethyl-1,3,7,11-tridecatetraene. IS = internal standard (n-dodecane);
Bag 1 = artifact 1 from sampling bag (vinyl ester); Bag 2 = artifact 2 from
sampling bag (caprolactam).

Field experiment. Under field conditions, herbivory by N. viridula caused a significant
(F=20.94, df = 2, P=0.002) increase in volatile emissions when compared with emis-
sions from mechanically-damaged and undamaged bolls, with no significant difference
among blocks (F = 3.31, df = 3, P = 0.09) (Fig. 3A). Total volatile emissions from cotton
bolls damaged by N. viridula increased 2-to 3-fold compared with those from control and
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Fig. 2. (A) Total volatile emissions recovered from the head-space of undam-
aged cotton bolls (control) and bolls enclosed with brown stink bug,
Euschistus servus, southern green stink bug, Nezara viridula, or leaffooted
bug, Leptoglossus phyllopus, under laboratory conditions. Bars repre-
sent mean total emissions = 1 SE (n = 6 bolls). Bars with the same letter
are not significantly different (Tukey P > 0.05). (B) Profile of volatile com-
pounds detected from undamaged cotton bolls and boils damaged by
brown stink bug, Euschistus servus, southern green stink bug, Nezara
viridula, and leaffooted bug, Leptoglossus phyllopus. Bars represent
mean volatile emissions + 1 SE (n = 6). Bars with the same letter are not
significantly different (Tukey P > 0.05). Compound numbers correspond
to those listed in Fig. 1.

mechanically-damaged bolls, respectively (Fig. 3A). The blend of volatiles released from
bolls under field conditions were similar to the blend released under laboratory conditions,
but the quantities of individual compounds released in response to hemipteran feeding
damage were different between the two studies (Fig. 2; Fig. 3). Limonene, B-ocimene, and
DMNT were the predominant compounds released in response to N. viridula damage
under field conditions (Fig. 3B). Damage by N. viridula resulted in significant increases in
acyclic terpene emissions, including an 8-fold increase in 3-ocimene and DMNT com-
pared with undamaged bolls (Fig. 3B). Furthermore, N. viridula feeding did not result in an
increase in emission of a-pinene, or B-farnesene under field conditions (Fig. 3B). Emis-
sion of individual volatiles from mechanically wounded bolls did not differ from volatiles
released from undamaged bolls (Fig. 3B).

The influence of hemipteran feeding damage on volatile emissions from cotton bolls
is displayed in principal component space (Fig. 4). Mean principal component scores
are plotted for damaged and undamaged bolls, and describe the influence of hemipteran
feeding damage on the variation in volatile emissions from cotton bolls (Fig. 4A). Both
PC1 and PC2 accounted for 74% of the variation (61% and 13%, respectively) in volatile
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Fig. 3. (A) Total volatile emissions recovered from the head-space of undam-
aged cotton bolls, bolls damaged mechanically with an insect pin, and
bolls enclosed with southern green stink bug, Nezara viridula under field
conditions. Bars represent mean total emissions + 1 SE (n = 4 bolls).
Bars with the same letter are not significantly different (Tukey P > 0.05).
(B) Profile of volatile compounds released from undamaged cotton bolls,
mechanically damaged, and bolls damaged by N. viridula, under field
conditions. Bars represent mean volatile emissions = 1 SE (n = 4). Bars
with the same letter are not significantly different (Tukey P> 0.05). Com-
pound numbers correspond to those listed in Fig. 1.

profiles. Symbols that are closer together have a similar profile of volatile emissions
(Fig. 4A). Volatile profiles from undamaged bolls varied mainly along PC2 and clus-
tered along negative values of PC1, whereas profiles from damaged bolls, especially
bolls damaged by E. servus, varied strongly along positive values of PC1 (Fig. 4A).
The effect of acyclic terpenes on the separation of treatments in Fig. 4A is suggested
by a vector correlation plot of volatile loadings (Fig. 4B). The length of vectors repre-
sents the magnitude of importance of each compound on the separation of treat-
ments in Fig. 4A. Difference between damaged and undamaged bolls are due to
compounds strongly positive for PC1, mainly methyl-heptenone (compound 3) and
acyclic terpenes f-ocimene (compound 6), DMNT (compound 8), and B-farnesene
(compound 9) (Fig. 4B). In contrast, cyclic terpenes which are positive for PC2,
including a-pinene (compound 1), limonene (compound 5) and nonanal (com-
pound 7), accounted mainly for the variation in profiles of undamaged bolls along
PC2 (Figs. 4A,B).

Discussion
Plants respond to herbivore damage by releasing volatile emissions that influence

numerous ecological interactions including host-location by herbivores, and indirect
defense by attraction of natural enemies (Karban and Baldwin 1997, Dudareva et al.
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Fig. 4. (A) Volatile profiles from undamaged cotton bolls and bolls damaged by
brown stink bug, Euschistus servus, southern green stink bug, Nezara
viridula, or leaffooted bug, Leptoglossus phyllopus, under laboratory
conditions, summarized as principal component scores based on the
first two principal component axes. (B) Vector correlation plot of volatile
loading factors showing PC1 (x-axis) plotted against PC2 (y-axis) for
each compound with vectors originating from (0,0). Numbers correspond
to volatile compounds listed in Fig. 1. Solid vectors point to cyclic ter-
penoids; long-dashed vectors point to the aliphatic aldehyde, nonanal,
and ketone, methyl heptenone; short-dashed vectors point to acyclic
terpenoids. Compound numbers correspond to those listed in Fig. 1.

2006). Studies investigating volatile emissions in response to piercing-sucking insect
damage (especially stink bugs) have focused on emissions from leaves (Rodriguez-
Saona et al. 2002, 2003, Moraes et al. 2005, Williams et al. 2005), however, stink bugs
and other hemipterans such as tarnished plant bug, L. lineolaris, are increasingly
important and destructive pests to cotton production, primarily targeting developing
fruit (e.g. cotton bolls). In this study, we demonstrated that feeding by 3 species of
hemipteran pests in cotton resulted in quantitative and qualitative changes in volatile
emissions from bolls. Furthermore, feeding damage caused by stink bugs resulted
in a quantitative increase in several volatiles compared with undamaged bolls or
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mechanical injury. The release of acyclic volatiles from herbivore-damaged bolls, but
not mechanically-damaged bolls, suggests that these compounds are released spe-
cifically in response to herbivore feeding, possibly due to activation by elicitors in
hemipteran saliva (Rodriguez-Saona et al. 2002, Williams et al. 2005). According to
the PCA analysis, the release of acyclic terpenes from cotton bolls damaged by stink
bugs partially accounts for the separation of damaged bolls from undamaged bolls,
indicating that acyclic terpenes and methyl —heptenone account for the majority of the
variation in volatile profiles from damaged bolls. Acyclic terpenes are known to be in-
duced in cotton leaves in response to leaf-chewing caterpillar damage as well
as piercing-sucking bug damage (Loughrin et al. 1994, Paré and Tumlinson 1997,
Williams et al. 2005), and our results suggest a similar response in cotton bolls ex-
posed to herbivore feeding.

In some cases, closely related herbivore species can induce different blends of
volatiles from damaged plants suggesting the presence of species-specific elicitors
(De Moraes et al. 1998). In our study, some components of the volatile blend were
found to differ slightly in response to damage by different hemipteran species which
may reflect species—specific differences in the composition and/or structure of elici-
tors in salivary fluids (Felton and Korth 2000). Whereas herbivore-induced blends
are elicited by components of herbivore oral secretions, a recent study has ques-
tioned whether sufficient amounts of elicitors are regurgitated during actual feeding
(Peiffer and Feiton 2009). Repeated mechanical injury has been shown to induce
volatile emissions similar to herbivory, suggesting that the effect of physical damage
from feeding mouthparts to induced volatiles emissions may be somewhat underes-
timated (Mithéfer et al. 2005). Although we did not assay oral secretions specifically,
the difference in volatile emissions between herbivore and mechanically-damaged
bolls in our study suggest that hemipteran-induced volatile emissions are more
likely due to biotic factors associated with herbivore damage rather than mechani-
cal/physical damage.

We found that experimental conditions also had a strong impact on the volatile
emissions from cotton bolls. The induction of volatiles in response to herbivory is
strongly influenced by changes in temperature, light, soil humidity, and nutrient avail-
ability (Gouinguené and Turlings 2002). The production and emissions of terpenes is
known to differ among cotton varieties (Loughrin et al. 1995). Kigathi et al. (2009)
demonstrated that emission of B-ocimene from red clover, Trifolium pretense (L.), in-
creased in response to herbivory in the greenhouse, but decreased under field condi-
tions. Differences in volatile emissions detected in the field and in greenhouse
experiments in our study are likely the result of differences in abiotic and biotic fac-
tors that may affect the accumulation and/or induction of volatiles. Furthermore, the
level of damage sustained by other plant pests (e.g., herbivores and/or pathogens)
prior to or during a wounding event may also influence the overall volatile profile
(Rodriguez-Saona et al. 2003, Rostas and Turlings 2008). Whereas the cotton bolls
sampled in our field experiment were protected from damage prior to the experi-
ment, the remainder of the plant was exposed to the elements and may have sus-
tained some additional injury due to a combination of biotic and abiotic factors
(wind, rain, etc.) that could have strained the fruiting structures as the enclosures
exerted stress.

The de novo production of volatiles in response to herbivory and/or elicitors is
influenced by the action of ethylene, jasmonic acid (JA) and salicylic acid (SA)-
mediated biochemical pathways (Walling 2000, Schmelz et al. 2003a, 2003b).
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Evidence suggests that the influence of JA and SA pathways on induction of volatile
emissions may depend on the particular organism inflicting damage (i.e., leaf-chewers
versus piercing-sucking bugs) (Walling 2000, Leitner et al. 2005). This may be a
mechanism allowing plants to “fine-tune” defense responses against different at-
tackers (Reymond and Farmer 1998, Thaler et al. 2002, Rostéas and Turlings 2008).
Whereas, hemipterans are thought to induce defenses mainly through SA-mediated
responses (Walling 2000), both JA and SA pathways have been implicated in the
induction of volatiles in response to piercing-sucking herbivores (Ozawa et al. 2000,
Leitner et al. 2005; Ament et al. 2006). Interestingly, plant responses (including in-
duced volatile emissions) to hemipteran pests are suggested to have strong overlap
with responses to pathogens which primarily induce SA-mediated pathways
(Kaloshian and Walling 2005), and stink bugs, particularly N. viridula, have been
reported as vectors of boll-rotting pathogens (Medrano et al. 2007). Following vola-
tile sampling, bolls examined for internal symptoms of damage exhibited early signs
of lint staining, indicative of boll rotting pathogenesis. Stink bugs and boll rot are
increasing problems to cotton production, and it is not known how these pathogens
and stink bugs may interact to influence volatile emissions from these structures.
The interaction between hemipteran-feeding and boll-rotting pathogenesis is likely
to impact the relative levels of JA and SA and subsequently, influence the volatile
blend produced. Future investigations will determine the influence of boll rotting
pathogens on volatile emissions, and isolation of stink bug oral secretions to spe-
cifically evaluate the effect of stink bug salivary and digestive enzymes on the elici-
tation of volatiles from cotton bolls.

Changes in volatile emissions following herbivore damage are known to influence
indirect defenses by attracting foraging natural enemies of herbivores (Karban and
Baldwin 1997, Paré and Tumlinson 1999). In most cases, indirect defenses have been
linked to natural enemies that target the larval life-stage of herbivores. Adults of N.
viridula (L.) are parasitized by six species of Trichopoda (Diptera: Tachinidae) within
their respective geographic ranges of the world (Todd and Lewis 1976, Jones 1988).
Whereas it remains to be determined if induced volatiles influence parasitoid attrac-
tion in this system, many of the volatiles induced by adult hemipterans in this study
including methyl heptenone, B-ocimene, DMNT, B-farnesene, and TMTT, are known to
attract foraging parasitoids in many tritrophic systems (Turlings et al. 1995, Du et al.
1998, Ishiwari et al. 2007). Further knowledge of potential tritrophic interactions in this
system may benefit integrate pest management.

The significance of stink bugs, especially in the southeastern USA, has necessi-
tated the development of targeted management strategies for the pest group. Treat-
ment thresholds have been developed based on field-sampling with a beat cloth to
determine population levels (Greene et al. 2001a) and/or hand-picking of bolls to as-
sess internal damage in the form of punctures, warts, and seed/lint staining (Greene
et al. 2001b, Greene et al. 2009). Unfortunately, these scouting practices are per-
ceived as problematic, time-consuming, and costly. As a result, insecticides are often
aggressively or inadequately applied for control. Electronic gas sensor arrays can
discriminate among volatiles released from cucumber, Cucuminus sativa (L.), tomato,
Lycopersicon esculentum (Mill.), and green pepper, Capsicum annum (L.), subjected
to pests and diseases (Laothawornkitkul et al. 2008). Use of electronic sensing tech-
nology to discriminate among stink bugs or bug-induced damage to cotton bolls is
technically feasible (Henderson et al. 2010) and would likely be welcomed by stake-
holders involved with the production of cotton.
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