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ABSTRACT As sessile organisms, plants have evolved different methods to defend against attacks and
have adapted their defense measures to discriminate between mechanical damage and herbivory by in-
sects. One of the ways that plant defenses are triggered is via elicitors from insect oral secretions (OS).
In this study, we investigated the ability of second-instar (L2) spruce budworm [SBW; Choristoneura
fumiferana (Clemens)] to alter the volatile organic compounds (VOCs) of four conifer species [Abies bal-
samea (L.) Mill., Picea mariana (Miller) B.S.P., Picea glauca (Moench) Voss, Picea rubens (Sargent)] and
found that the emission profiles from all host trees were drastically changed after herbivory. We then in-
vestigated whether some of the main elicitors (fatty acid conjugates [FACs], b-glucosidase, and glucose
oxidase) studied were present in SBW OS. FACs (glutamine and glutamic acid) based on linolenic, lino-
leic, oleic, and stearic acids were all observed in varying relative quantities. Hydroxylated FACs, such as
volicitin, were not observed. Enzyme activity for b-glucosidase was also measured and found present in
SBW OS, whereas glucose oxidase activity was not found in the SBW labial glands. These results demon-
strate that SBW L2 larvae have the ability to induce VOC emissions upon herbivory and that SBW OS
contain potential elicitors to induce these defensive responses. These data will be useful to further evalu-
ate whether these elicitors can separately induce the production of specific VOCs and to investigate
whether and how these emissions benefit the plant.

KEY WORDS b-glucosidase, elicitor, fatty acid conjugate, glucose oxidase, volatile organic
compound

The spruce budworm (SBW) is among the most signifi-
cant conifer defoliators in Canada, and population out-
breaks are known to occur every 30–40 yr (Royama
1984, Hix et al. 1987). Much effort has been devoted
over the past few decades to understanding this native
pest’s ecology to monitor and mitigate its impacts on
forest productivity (Royama 1984). Among the manage-
ment options used in dealing with SBW, the most prev-
alent is the use of chemical insecticides. Because of
environmental regulations, the only formulations avail-
able for use today to protect foliage against SBW are
the bacterium Bacillus thuringiensis kurstaki and the
insect growth regulator tebufenozide (MIMIC) (Cado-
gan et al. 1998, Carisey et al. 2004). In addition, the fe-
male-produced sex pheromone (Silk and Kuenen 1988,
Silk and Eveleigh 2016) is registered for use in Canada
as a mating disruptant (Hercon Disrupt Micro-Flake
Spruce Budworm Mating Disruptant).

It is well known that when herbivores feed on their
host plants, the host responds with various direct or in-
direct defensive measures. Direct defense is made pos-
sible by the production of secondary metabolites (e.g.,
alkaloids, terpenoids, and phenolics) or can be physical
in nature, making use of various external structures to

create barriers or obstacles to avoid herbivory (e.g., tri-
chomes, spines, and thorns). Indirect defense relies on
the ability of the host plant to attract natural enemies
of herbivores for protection against herbivory (Turlings
et al. 1990, Kessler and Baldwin 2001). The benefit of
both of these defensive strategies is reduced herbivory.
Because of the high metabolic cost of inducing this
chemical defense system, plants have developed a so-
phisticated means of discriminating between wounding
and herbivory and they do this by identifying insect
elicitors found in insect larval oral secretions (OS)
(Howe and Jander 2008). It has been demonstrated
that SBW produce varying amounts of OS under vari-
ous disturbance scenarios and conditions (Rhainds
et al. 2011, Eveleigh et al. submitted).

Four main types of elicitors are known: fatty acid
conjugates (FACs) (Alborn et al. 1997), b-glucosidases
(Mattiacci et al. 1995), inceptins (Schmelz et al. 2006),
and caeliferins (Alborn et al. 2007). FACs, the class of
elicitors most reported to date, have been found in her-
bivore OS of many families of Lepidoptera (Turlings
et al. 1990, Pare et al. 1998, Kessler and Baldwin 2001,
Mori and Yoshinaga 2011). Volicitin (Fig. 1), the first
FAC reported (Alborn et al. 1997), is a (S)-17-hydroxy
derivative of linolenic acid, conjugated to glutamine.
The glutamic acid-based FACs as well as 17-hydroxy-
linoleic and linoleic acid-based FAC derivatives of
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volicitin are often found in herbivore OS. Although
present in many families of Lepidoptera, few functions
have been confirmed for FACs, but they could act as
biosurfactants in the insect gut to micellize dietary fats
during digestion (Spiteller et al. 2000, Halitschke et al.
2001). This biosurfactant property could also be useful
as a defensive measure against predators (e.g., ants: cat-
erpillars disgorge OS when under attack, and this re-
sults in increased grooming time by ants to get rid of
the OS, which could give the caterpillars more time to
escape [Rostas and Blassmann 2009, Eveleigh et al.
submitted]). Another role for FACs could be in nitro-
gen assimilation as a means of storage via conversion of
glutamic acid to glutamine to its FAC (Yoshinaga et al.
2008, Mori and Yoshinaga 2011). b-glucosidases are
part of a two-component chemical defense system in
many plants that involves the activation of inactive
compounds (alkaloid, benzoxazinoid, cyanogenic, and
iridoid glucosides) as well as glucosinolates and salici-
noids (Halkier and Gershenzon 2006, Morant et al.
2008, Dobler et al. 2011, Pentzold et al. 2014). These
compounds are usually compartmentalized separately
from the b-glucosidases, and upon herbivory, the mix-
ing of both components results in the release of toxic
aglucones. In insects, b-glucosidases are involved
mainly in the digestion of cellulose obtained from the
ingested plant material but have been found to elicit an
indirect defensive response in, e.g., the cabbage white
butterfly Pieris rapae (Lepidoptera, Pieridae) (Mat-
tiacci et al. 1995). b-glucosidase was found in P. rapae
regurgitant and elicited the emission of volatiles
that enhanced the attraction of parasitoids of P. rapae;
the insect b-glucosidase-induced volatile emission
was more efficient at attracting the parasitoids than
that of the cabbage b-glucosidase obtained from a leaf
extract.

Herbivorous insects have also developed strategies to
avoid triggering plant defensive processes using chemi-
cal compounds from their OS. Among the many en-
zymes found in insect OS, glucose oxidase (GOx) has
been proposed to be involved in many functions, in-
cluding the suppression of direct and indirect plant de-
fenses (Musser et al. 2002, 2005, Zong and Wang 2004,
Bede et al. 2006, Delphia et al. 2006, Weech et al.
2008, Diezel et al. 2009). GOx belongs to the family of
GMC-oxidoreductases (Iida et al. 2007) and catalyzes
the reaction between D-glucose and oxygen to produce
D-gluconic acid and hydrogen peroxide.

The molecular mechanisms in defense suppression
involved are unknown, but GOx might impact the pro-
duction of salicylic acid through the increased produc-
tion of hydrogen peroxide, which in turn would
attenuate jasmonate levels through the octadecanoid
pathway (Diezel et al. 2009). GOx activity has been
found in insect species, such as the honey bee Apis
mellifera (Iida et al. 2007, Li et al. 2008), the aphid
Myzus persicae (Harmel et al. 2008), and many Lepi-
doptera species, including two species of Tortricids
[Ancylis plantana Clemens, Cydia pomonella (L.)]
(Eichenseer et al. 2010).

In the first article in this series, we focused on various
aspects of the biology and function of SBW OS depicted
in a conceptual model of potential functions of OS (Fig.
1, Eveleigh et al. submitted) and reported that SBW OS
appears to be multifunctional, serving as both an intra-
and interspecific epideictic pheromone and as an anti-
predator defensive component. In this second article,
we investigate other aspects of SBW OS shown in the
conceptual model, in particular, the ability of SBW lar-
vae to induce or augment volatile organic compound
(VOC) emissions in host plants. We also investigate the
composition and relative quantities of the major types of
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Fig. 1. Chemical structures of volicitin (1) and 17-hydroxy linoleyl-glutamine (4) as well as the glutamine (gln) and
glutamic acid (glu) FACs examined in this study: linolenyl-gln (2), linolenyl-glu (3), linoleyl-gln (5), linoleyl-glu (6), oleyl-gln
(7), oleyl-glu (8), stearyl-gln (9) and stearyl-glu (10).
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elicitors (FACs, b-glucosidases, and GOx) in SBW OS
that could be involved in the induction of these VOC
emissions, and we evaluate SBW frass as a potential sec-
ondary source of VOCs. The information from this work
will bring us closer to understanding the chemical inter-
actions between SBW, VOCs (from host tree and SBW),
and SBW parasitoids and predators.

Materials and Methods

SBW Rearing. Second-instar SBW larvae (L2)
were obtained from Insect Production Services (IPS),
Canadian Forest Service, Sault Ste. Marie, Ontario,
Canada, and reared on artificial diet (AD, supplied by
IPS), wild foliage [red spruce, Picea rubens Sarg., white
spruce, Picea glauca (Moench) Voss, or black spruce,
Picea mariana (Mill.) B.S.P., or balsam fir, Abies balsa-
mea (L.) Mill.,], or greenhouse seedlings (spruces or
balsam fir) at 23�C and a photoperiod of 16:8 (L:D) h.

VOCs From Seedlings With vs. Without Bud-
worm Feeding. Volatiles were collected from
branches of potted conifer seedlings that were being fed
upon by SBW larvae and compared with volatiles col-
lected from undamaged, control seedlings. A single
branch per seedling was sampled from 3-yr-old seedlings
of balsam fir and white, red, and black spruces. The
trees were brought indoors from nursery stock before
bud burst. One tree species was tested at a time, with
three replicates (seedlings) of each of two treatments: 1)
control and 2) 10 L2 SBW enclosed within a sleeve cage
on a 12–15-cm-long branch. Baseline volatile profiles
were established by sampling daily a few days before
bud burst and a number of days following burst before
adding SBW, which was timed on a Friday (day 0 in Fig.
2), giving them time to come out of dormancy and settle
into a feeding routine. This was confirmed by observed
frass pellets the following Monday. VOC sampling con-
tinued daily until the end of the week. Branches on con-
trol seedlings were also fitted with the same kind of
sleeve as a further means of control. VOC sampling was
achieved using a solid-phase microextraction (SPME)
technique with a polydimethylsiloxane-coated fiber
(Aldrich, Oakville, Ontario, Canada). The volatiles were
channeled via a 4-cm diameter Pyrex tube, 15 cm in
length with a tapered end, 1.5 cm in diameter, and 2 cm
in length (custom glassware order; ChemGlass Inc.,
Vineland, NJ) that was slipped over the branch to be
sampled and held in place on an upward angle (30–45�)
using clamps. The SPME assembly was clamped to
expose the fiber at the narrow part of the tapered sec-
tion and allowed to collect volatiles for 1 h between
07:00 and 08:00. The glass sleeve was removed to pre-
vent condensation from plant transpiration. The SPME
fiber and glass tube that were assigned to a branch were
reused on that same branch for the duration of the
experiment. The fibers were then placed in labeled
screw-cap test tubes and kept at �20�C until analysis
onto an Agilent 6890 gas chromatograph (GC) coupled
to a 5973 series mass spectrometer (MS) with a Zebron
ZB-5 Inferno column (Phenomenex Inc., Torrance, CA).
The injection port was kept at 250�C and had a 4 mm
i.d. liner (no glass wool). The temperature program was

as follows: 70�C held for 2 min, ramp to 245�C at 15�C/
min, and held for 3 min. Once desorbed (4 min), the
SPME was retracted and stored in its screw-cap test
tube and kept at �20�C.

Frass Analysis. We observed feeding and frass pro-
duction in each one of the seedlings on which L2s were
sleeve caged. To verify what VOCs frass could be contri-
buting to the mix during sampling, freshly produced frass
from fourth- to fifth-instar larvae being reared on foliage
was collected off drop sheets, which would ensure a max-
imal VOC content. Twenty pellets were placed in a 1.8-
ml vial with a septum cap. A polydimethylsiloxane SPME
fiber was introduced through the septum and left to
adsorb volatiles for 15 min at room temperature. The
fibers were desorbed and analyzed as described above to
obtain a qualitative profile of VOCs (n¼ 1).

OS Collection and Processing. In addition to har-
vesting OS from well-fed larvae as described below, we
also harvested OS from food-deprived larvae. This is
because during outbreaks and especially when heavy
defoliation of host trees occurs, it can be expected that
SBW larvae experience periods of food deprivation. It
has also been documented that OS volume from food-
deprived larvae increases compared with regularly fed
larvae (Rhainds et al. 2011). To study whether this fast-
ing and volume change have an impact on FAC and
fatty acid (FA) production or content, fifth- or sixth-
instar SBW larvae were deprived of their food source
for a 24-h period before harvesting.

Fifth- or sixth-instar larvae were placed in a Petri
dish and gently tapped on the head until they regurgi-
tated a globule of OS, which was siphoned into a 5 -ml
glass pipette via capillary action. Once the tube was
almost full (4.8–5.0ml), which often required pooling
OS from a few SBW specimens, it was sealed at both
ends with warmed paraffin wax and stored in a freezer
at -17�C or used immediately for analysis in the case of
GOx and b-glucosidase activity assays (see sections
“GOx Activity Assay and Protein Determination” and
“b-Glucosidace Activity Assay”). Prior to FA and FAC
analysis, the contents of the tube were transferred to a
0.2-ml microcentrifuge tube containing 100ml methanol,
vortexed for a few seconds, and centrifuged for 10 min
at 12,000 revolutions per minute. The supernatant was
collected and concentrated to dryness using a CentriVap
concentrator (Labconco Inc., Kansas City, MO), where
the rotor chamber was heated to 45�C. The remaining
extract was reconstituted in 60ml 1:1 water:acetonitrile
and filtered using a 0.45 -mm syringe filter into a vial
and kept at �20�C until analysis (each processed sam-
ple represented approximately 5ml OS).

SBW Glands for Ultra-performance Liquid
Chromatography–Mass Spectrometry analysis.
Mandibular and labial glands were dissected from a
number of sixth-instar larvae, preserved in pairs in
0.1 ml of methanol, and kept at �20�C. Whole-head
samples were also retained. Each sample was homo-
genized using a tissue grinder with a plastic sterile pes-
tle for 1.5 ml microcentrifuge tubes, filtered into a new
tube, and the previous tube and filtrate rinsed three
times with 0.1 ml portions of methanol. The filtrate was
rotovapped to dryness and reconstituted as with the OS
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samples above. Labial gland preparations for enzymatic
assays are discussed later.

FAC Standards. A series of eight FACs were syn-
thesized from linolenic, linoleic, oleic, and stearic acids,

conjugated to either glutamine or glutamic acid accord-
ing to Spiteller et al. (2004). FA and amino acid stand-
ards were obtained from Chem-Impex International
Inc. (Wood Dale, IL).
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Fig. 2. GC-MS chromatograms (mean, n¼ 3) of daily sampling of VOCs emitted from seedlings with SBW feeding and
controls (no SBW) on four conifer species (10 L2 SBW were added to the sleeved shoot on day 0, see Materials and Methods).
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Ultra-performance Liquid Chromatography
Electrospray Ionization Time-of-Flight Mass
Spectrometry (UPLC-ESI-TOF-MS). FACs were
analyzed by ultraperformance liquid chromatography
(Waters nano-acquity UPLC, Mississauga, Ontario,
Canada) coupled to a time of flight mass spectrometer
(Waters Xevo QTof, Mississauga, Ontario, Canada),
using an electrospray ionizing source operating in nega-
tive-ion mode. The capillary voltage was set at 1.8 kV,
sampling cone voltage at 39 V, extraction cone voltage at
2.9 V, source temperature at 100�C, desolvation temper-
ature at 450�C, cone gas flow at 76 liters/h, desolvation
gas flow at 625 liters/h, and purge gas flow at 300 liters/
h. The UPLC column used was a Waters Acquity HSS
T3, 1.8mm, 1.0 mm by 100 mm with a constant flow
rate of 40ml/min. Solvent A was water with 0.1% formic
acid, and solvent B was acetonitrile with 0.1% formic
acid. The solvent gradient of A:B was as follows: 60:40
B for 3 min, increased to 5:95 over the next 23 min,
held for 5 min, and returned to the original 60:40 ratio
over the last 5 min. The sample injection volume was
5ml. The highly intense [M-H] negative ion and reten-
tion time of each FAC were compared against standards
to confirm the analyte identity (Yoshinaga et al. 2010).

GOx Activity Assay and Protein Determinat-
ion. As GOx activity in Lepidoptera is mostly found in
labial glands (Eichenseer et al. 2010), we analyzed GOx
activity from labial glands of sixth-instar SBW (wild and
reared on AD) and late-instar Trichoplusia ni (Hüb-
ner), which acted as our positive control for GOx activ-
ity. Early instar T. ni were obtained from IPS and
reared on SBW AD and cabbage in the laboratory
under the same conditions as SBW (see SBW Rearing).
Proper negative (phosphate-buffered saline [PBS] 1X)
and positive controls (12.5mg/ml [17,300 U/g] stock sol-
ution of fungal GOx from Aspergillus niger [G6125,
Sigma, Oakville, Ontario, Canada]) were used for the
assays. Before labial gland dissection, actively feeding
caterpillars were anesthetized by placing them in a
freezer at �17�C for 10 min, and 5–10 pairs of labial
glands (each pair being a sample) were removed using
forceps and inserted into a 1.5-ml microcentrifuge tube
containing 500ml PBS (1X) and 1mM phenylmethylsul-
fonylfluoride (PMSF) as protease inhibitor. The glands
were either processed immediately or frozen overnight
at �20�C before GOx activity measurements. Labial
glands were homogenized in PBS buffer using a sterile
blue plastic pestle, and thoroughly homogenized glands
were centrifuged at 14,000 RPM for 10 min at 4�C.
Supernatant was filtered through a 0.22mm low protein
binding filter before GOx activity assay. We measured
GOx activities as described (Eichenseer et al. 1999).
The assay measures the rate of dianisidine oxidation by
hydrogen peroxide, which is a product of the GOx reac-
tion. Twenty microliters of homogenate were added to
180ml of master mix (1.8% D-glucose, 0.054 mg/ml o-
dianisidine, and 0.02 mg/ml [156 U/mg] in PBS 1X buf-
fer at pH 7.0). Oxidized dianisidine was measured
every min for 20 min at 460 nm using a Spectramax
M2e multimode microplate reader with Softmax Pro
software (Molecular Devices LLC., Sunnyvale, CA)
using patented PathCheck PathLength Measurement

Technology. Plate temperature was set at 37�C for the
duration of the assay. Protein determinations were
done using the Bradford assay using the 96-well plate
assay protocol (Bradford 1976). Three GOx and protein
measurements were made for each sample, and specific
activities were calculated.

b-Glucosidase Activity Assay. To identify whether
b-glucosidase activity could be a potential insect elicitor
of conifer VOCs, b-glucosidase assays were done on
labial glands from SBW that were either wild collected
or laboratory reared on balsam fir and on OS from SBW
reared on AD, using the activity assay kit (MAK129,
Sigma, Oakville Ontario, Canada). AD was also assayed
to verify whether b-glucosidase activity was present in
the diet. OS were collected, and labial gland samples
were prepared as mentioned above for the GOx activity
assays. AD samples were prepared by grinding approxi-
mately 100 mg of AD with a plastic pestle in three times
the amount of PBS buffer pH 7.0. The mix was kept at
ambient temperature for 30 min before the solution was
centrifuged for 10 min at 20,000� g in a microcentri-
fuge. Supernatant was transferred to a new tube and
recentrifuged another 5 min at 20,000� g before being
retransferred to a new tube for analysis. To check if the
activity of the b-glucosidase could be lost by thermal
denaturation, we boiled SBW OS for 10 min and
remeasured the activity. A stock solution (0.4 U/ml) of b-
glucosidase (from almonds, cat#.49290 [Sigma, Oakville,
Ontario, Canada]) was used as positive control for the
assay. The positive control was also boiled for 10 min to
denature the enzyme. A no b-NPG (p-nitrophenyl-b-D-
glucopyranoside) (assay substrate) negative control was
also added to the assay to verify whether change over
time was not due to the oxidation of the OS. Twenty
microliters of each sample were used for the assay. Two
samples of five pairs of labial glands were analyzed, and
three samples of OS (boiled and unboiled) and AD
slurry were analyzed. b-glucosidase activity was meas-
ured at 405 nm before and after 20 min using a Spectra-
max M2e multimode microplate reader with Softmax
Pro software (Molecular Devices LLC.). Plate tempera-
ture was set at 37�C for the duration of the assay.

Statistical Analyses. To assess the effects of food
source (AD, balsam fir, white spruce, red spruce, black
spruce) and feeding history (fed or food deprived) on
the quantities of each FAC and each FA in SBW OS,
we used a general linear model: x¼ food sourceþ
feeding historyþ food source*feeding historyþ error.
Both food source and feeding history were considered
as fixed effects. We also used general linear model to
determine whether quantities of each FAC and each
FA were influenced by food source and purported stor-
age sites of OS (tissue type: labial and mandibular
glands and whole head): x¼ food sourceþ tissue
typeþ food source * tissue typeþ error. Both food
source and tissue type were considered as fixed effects.
If the raw data for each FAC and FA did not meet the
assumptions of normality using the Anderson–Darling
test, the data were transformed using either Box-Cox
transformation or Johnson transformation. All analyses
were performed using Minitab 16. Differences are con-
sidered significant at a¼ 0.05.
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Results

VOCs From Seedlings With vs. Without Bud-
worm Feeding. VOC sampling of all trees prior to
SBW feeding showed traces of compounds, including
low levels of bornyl acetate (Fig. 2). However, 3 d after
introducing L2 SBW (day 3 and thereafter in Fig. 2),
the VOC profile changed for all tree species (Fig. 2); the
monoterpenes (a-pinene, b-pinene, 3-carene, limonene,
and a-terpinolene) (Silk et al. 2010), bornyl acetate, and
several sesquiterpenes were now measurable above
baseline sampling abundance levels. Maltol was unique
to balsam fir, whereas spruces produced more borneol
and camphor. Sesquiterpenes were also more prevalent
in seedlings that had been fed on by SBW compared
with profiles recorded prior to their addition. Balsam fir
and spruces have two major sesquiterpenes in common,
tentatively assigned (NIST 2008 MS library search) as b-
caryophyllene and humulene (a-caryophyllene), respec-
tively, whereas spruces have additional compounds: long-
ifolene, cadinene, a-farnesene, and elemene for white
spruce, germacrene-D or a-cubebene (top two hits for a
single unknown) for red spruce, and longifolene,
copaene or farnesene or muurolene (top three library
hits for a single unknown) for black spruce. White
spruce does not appear to respond as strongly as red
and black spruces (the chemical identity of the sesquiter-
penes was not confirmed by authentic standards).

VOC Analysis in Frass. Frass VOCs were analyzed
from each diet-dependent source (Fig. 3). Frass from
diet-fed larvae contained traces of volatiles, including
limonene and methyl paraben (an antifungal agent added
to AD). In addition to the usual mono- and sesquiter-
penes, frass from balsam fir-fed larvae also contained mal-
tol and bornyl acetate as dominant VOCs. Frass from
spruce-fed larvae had small amounts of monoterpenes,
including limonene, similar amounts of bornyl acetate to
that in balsam fir frass, low amounts of borneol and cam-
phor, and only traces of sesquiterpenes.

Assessment of FACs and FAs in SBW OS. OSs
collected from SBW fed on AD contained all eight
FACs, and their relative abundance diminished follow-
ing a 24-h fast, except for linolenic-glutamine (Fig. 4).
Conversely, the OS collected from larvae that were

feeding on spruces contained much lower quantities of
FACs than OS from diet-fed larvae, and FAC abun-
dance increased following the 24-h fast (Fig. 4). OSs
from larvae that fed on balsam fir had the lowest quan-
tities of FACs of all food sources, but most were
present in measurable amounts. FAC abundance was
significantly affected by the larval food source and,
with the exception of oleic-gln and stearic-gln, by feed-
ing history (Table 1). The interaction between food
source and feeding history was significant for five FACs
and, in most cases, appeared to be due to the negative
effect of fasting on FAC levels in OS from larvae that
were fed on AD and a positive effect of fasting on FAC
levels in OS from larvae that fed on the conifers, espe-
cially spruces (Table 1).

FAs were present in all samples regardless of food
source or feeding history, with unsaturated FAs being
present in greater abundance than stearic acid (Fig. 5).
Of the four FAs detected in OS, linolenic acid and stearic
acid were not significantly affected by larval food, and
only linoleic acid was significantly affected by feeding his-
tory. Both linolenic and linoleic acid were significantly
affected by the interaction between larval food source
and feeding history (Table 1). Fasting reduced levels of
linolenic and linoleic acid in larvae that had fed upon
AD, red spruce, or black spruce but increased their levels
in larvae that fed on balsam fir and white spruce (Fig. 5).

With the exception of stearic-glu, which was found
only in head samples of red spruce-fed larvae, all eight
FACs were observed in all samples from excised
whole-head preparations, and mandibular and labial
gland extracts (Fig. 6). All FACs were significantly
affected by food source (Table 2). Only quantities of
linolenic-glu differed significantly among tissue
extracts, and none of the interactions between food
source and tissue extracts were significant (Table 2).

FAs were ubiquitously present in all samples
(Fig. 7). The quantity of linolenic acid differed signifi-
cantly among food sources and tissues, with most in the
whole-head extracts of larvae that fed on balsam fir and
white spruce and least in the mandibular glands of lar-
vae that fed on any food source (Table 2; Fig. 7). The
amount of linolenic acid, linoleic acid, and oleic acid
differed significantly among tissues, with greatest
amounts in the whole-head extracts, and none of the
interactions between food source and tissue extracts
were significant (Table 2, Fig. 7).

Assessment of GOx Activity in SBW OS. No
GOx activity was detected in SBW labial glands,
whether larvae were reared on AD or collected from
the field (Fig. 8). To confirm the validity of our assay,
labial glands from a positive-control species [T. ni (Hüb-
ner)], measured in the Eichenseer et al. (2010) survey
and shown to have GOx activity, were tested. GOx activ-
ity was found in this species, both in the cabbage-fed
(40 6 1 nmol/min/mg) and AD-fed (209 62 nmol/min/
mg) samples. These activities from T. ni confirm the effi-
ciency of the assay and were found to be a little higher
for AD-fed insects than what was measured in the sur-
vey (Eichenseer et al. 2010). To check for possible GOx
activity other than in the labial glands, we tested L2
SBW larvae, fifth- and sixth-instar SBW whole bodies
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Fig. 3. GC-MS chromatograms of VOCs emitted from
frass samples of SBW fed on various dietary sources (balsam
fir, white spruce, red spruce, and black spruce).
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(males and females), SBW heads, and frass, and no GOx
activity was found (data not shown).

Assessment of b-Glucosidase in SBW Labial
Glands and OS. b-glucosidase activity was detected in
the OS of SBW reared on AD (826 3 U/liter) but not in

labial glands of SBW reared on white spruce under
greenhouse conditions or in feral SBW (Fig. 9). To
determine whether the b-glucosidase we measured may
have been derived from the diet, we measured the activ-
ity in the AD itself and found very low b-glucosidase
activity. This confirms the b-glucosidase activity that we
observed in the OS is specific to SBW. As thermal dena-
turation of b-glucosidase inactivates the enzyme, we
boiled the SBW OS samples as well as samples of b-
glucosidase from almonds (pure) for 10 min and found
an almost 90% decrease in b-glucosidase activity in the
SBW OS and near 100% decrease in b-glucosidase activ-
ity in the b-glucosidase from almonds, compared with
untreated samples. The minimal activity remaining in
the OS samples after denaturation was not due to actual
b-glucosidase activity but to a slight change in absorb-
ance during the assay at 405 nm, which we confirmed
with the no substrate negative control and which could
be due to the degradation of the sample during the
assay.

Discussion

VOC Profile From Herbivory Activity. Once L2
SBW come out of dormancy and begin feeding on host
foliage, there is an immediate response from the host
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Fig. 4. Mean (6SE; n¼ 3) amounts of FACs extracted from SBW OSs collected during normal feeding and after a 24-h
fasting period from each of five different food sources (balsam fir, white spruce, red spruce, and black spruce). Gln, glutamine;
Glu, glutamic acid.

Table 1. Results from general linear models (GLMs) assessing
the effects of food source and feeding history on quantities of
FACs and FAs in SBW OSs

Food sourcea Feeding historyb Interactionc

F4,20 P F1,20 P F4,20 P

FAC
Linolenic-gln 6.72 0.001 8.59 0.008 2.93 0.047
Linolenic-glu 38.89 <0.001 34.42 <0.001 1.92 0.146
Linoleic-gln 18.19 <0.001 15.14 0.001 5.86 0.003
Linoleic-glu 37.31 <0.001 66.67 <0.001 1.58 0.219
Oleic-gln 16.67 <0.001 3.39 0.08 6.71 0.001
Oleic-glu 15.63 <0.001 16.29 0.001 27.37 <0.001
Stearic-gln 7.89 0.001 0.30 0.591 0.87 0.497
Stearic-glu 5.08 0.005 4.67 0.043 4.02 0.015

FA
Linolenic acid 1.23 0.329 2.70 0.116 7.41 0.001
Linoleic acid 7.01 0.001 10.63 0.004 8.48 <0.001
Oleic acid 2.98 0.044 0.01 0.934 1.62 0.208
Stearic acid 2.07 0.123 0.02 0.890 0.41 0.798

a Food sources¼AD, balsam fir, white spruce, red spruce, and
black spruce.

b Feeding history¼ fed or food deprived for 24 h prior to “milking.”
c Food source * feeding history interaction.
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(Fig. 2). These chromatograms of the collected volatiles
(Fig. 2) show that monoterpenes elute first, followed
by some hydroxylated compounds, then bornyl acetate,
and lastly, a series of sesquiterpenes. In contrast, hosts
not experiencing herbivory by SBW emitted low levels
of bornyl acetate and trace monoterpenes only. Unique
to balsam fir was the increased production of maltol
(odor similar to that of cotton candy), whereas the
spruces emitted larger quantities of camphor and bor-
neol. There appears to be unique sesquiterpenes to
each spruce species, such as longifolene, cadinene,
cubebene, copaene, elemene, muurolene, and farne-
sene. However, without authentic standards, the identi-
fication remains tentative. These unique compounds
might possibly be used as kairomones by SBW parasi-
toids (see Eveleigh et al. 2007 for SBW and its natural
enemies complex). GC-MS analyses show that frass
(Fig. 3) still retained many of the VOCs found from
branch feeding. It is known that SBW actively main-
tains a clean feeding tunnel (Poirier and Borden 1995),
possibly to minimize their odor signature and limit par-
asitism risk.

FACs and FAs in SBW. As the budworm starts to
feed on its balsam fir and spruce hosts, several defense
signals appear to be induced, leading to different
defense responses. Among them are the features of
compound recognition in the insect OS, including
FACs. Common constituents of OS insect-derived
FACs identified so far are either L-glutamine or L-
glutamic acid conjugated via an amide bond to linolenic
acid, 17-hydroxy linolenic acid, or linoleic acid com-
pounds, with the linolenic acid derivatives being the
most potent (Tumlinson and Engelberth 2008). We
have now found significant amounts of glutamine and
glutamic acid FACs of the stearic (C18:0), oleic
(C18:1), linoleic (C18:2), and linolenic (C18:3) series in
SBW (Fig. 4), except that levels of saturated stearic-gln
and stearic-glu appear to be relatively low compared
with the other unsaturated FACs. In FAC biosynthesis,

there is a clear preference for unsaturated FAs com-
pared with saturated ones (Aboshi et al. 2007). In this
case, the levels of available stearic acid are indeed
lower, which could be a limiting factor in the biosyn-
thesis of saturated-based FACs. Interestingly, we did
not find hydroxylated FACs such as volicitin in SBW
OS. Another tortricid, the light brown apple moth [Epi-
phyas postvittana (Walker)], has been reported to pro-
duce glutamine and glutamic acid-based FACs
(Yoshinaga et al. 2010), and similar to SBW, hydroxy-
lated FACs, such as volicitin, appear to be absent in
this species as well. When comparing the FACs found
in fed and food-deprived SBW OS (Fig. 4), we found
that there appeared to be visible differences in the bio-
synthesis of FACs between fed SBW depending on the
nutrition source. This may be attributed to AD contain-
ing higher amounts of FAs or easier access to these
from the AD, which includes processed raw materials
such as casein, wheat germ, and linseed oil (McMorran
1965, Grisdale and Wilson 1988). However, AD does
not seem to contain any more or less FAs than the
other nutrition sources tested (Fig. 5). The level of
FACs produced between fed and food deprived in
plant-based diets are all lower when fed. This is sur-
prising because FAs are known to be obtained from the
plant, so one would expect higher quantities of FACs
being produced due to their increased availability. One
explanation is that food-deprived SBW are increasing
their production of FACs, which is highly unlikely as
they are not eating, and FA levels between fed and
food deprived are not significantly different except for
linoleic acid. Another possibility is that production of
FACs is lower when SBW is fed plant-based diets due
to potential inhibitors in the plant-based diets. Alterna-
tively, the limiting factor could involve the amino acid
component (glutamine and glutamine acid) required
for the production of FACs, either by their de novo
production by SBW, from their bio-availability in the
various diets tested or both. In the majority of cases,
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Fig. 5. Mean (6SE; n¼ 3) amounts of FAs extracted from SBW OSs collected during feeding and after a 24-h fasting
period from each of five different food sources (balsam fir, white spruce, red spruce, and black spruce).

1538 ENVIRONMENTAL ENTOMOLOGY Vol. 44, no. 6



FAC and FA levels in SBW OS were present in much
higher quantities than were found in the samples of dif-
ferent insect parts (labial, mandibular glands, and
whole head) (Figs. 4 and 5 vs. Figs. 6 and 7). This is
understandable as the biosynthetic activity that conju-
gates the FAs to their amino acid component to pro-
duce FACs is known to happen in the insect gut (Paré
et al. 1998).

GOx Activity Is Absent From SBW OS. Multiple
studies have shown that GOx is an enzyme with multi-
functional roles, such as detoxification, digestion, and
suppression of plant defense (Eichenseer et al. 1999,
Musser et al. 2002, 2005, 2006, Diezel et al. 2009,
Afshar et al. 2010). Although GOx has been previously
surveyed in other organisms, the most comprehensive
study was done on lepidopteran species (Eichenseer
et al. 2010), and it was found that most species con-
tained a certain level of GOx activity in their labial
glands. Out of the 85 Lepidoptera species (from 23
families) assessed in Eichenseer et al. (2010), two spe-
cies were members of the Tortricidae, and both
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Fig. 6. Mean (6SE; n¼ 3) amounts of FACs extracted from select dissected tissues of SBW sixth-instar larvae that had
been reared on various food sources (balsam fir, white spruce, red spruce, and black spruce). Gln, glutamine; glu, glutamic
acid.

Table 2. Results from general linear models (GLMs) assessing
the effects of food source and tissue extracts (labial and mandibu-
lar glands and whole head) on quantities of FACs and FAs in SBW

Food Sourcea Tissueb Interactionc

F3,24 P F2,24 P F6,24 P

FAC
Linolenic-gln 8.30 0.001 2.30 0.122 1.11 0.384
Linolenic-glu 7.79 0.001 5.91 0.008 2.05 0.098
Linoleic-gln 9.92 <0.001 1.18 0.325 0.74 0.625
Linoleic-glu 3.59 0.028 1.95 0.165 1.06 0.413
Oleic-gln 4.27 0.015 0.94 0.406 0.70 0.653
Oleic-glu 3.66 0.027 0.08 0.926 0.34 0.910
Stearic-gln 4.46 0.013 0.05 0.953 1.23 0.326

FA
Linolenic acid 12.07 <0.001 33.65 <0.001 1.13 0.375
Linoleic acid 2.71 0.068 5.26 0.013 0.29 0.934
Oleic acid 2.94 0.054 3.66 0.041 0.55 0.764
Stearic acid 0.23 0.871 0.43 0.654 0.18 0.979

Note: results for Stearyl-glu were not analyzed because it was found
only in the tissues of SBW that fed on red spruce.

a Food source¼AD, balsam fir, white spruce, red spruce.
b Tissue¼ labial glands, mandibular glands, whole head.
c Food source * tissue interaction.
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contained some level of GOx activity, whereas only five
species were found to have no detectable GOx activity.
In this article, we evaluated the presence of GOx activ-
ity in the labial glands of another member of the Tortri-
cid family, Choristoneura fumiferana, and found no
activity in the labial glands of this species. This result
was surprising because both Tortricids previously eval-
uated had GOx activity but not improbable since GOx
activity in species from the same family varied widely

and included species with no detectable activity (e.g.,
Papilionidae and Noctuinae [Eichenseer et al. 2010]).

b-Glucosidase Activity Is Present in SBW
OS. Both b-glucosidase and FACs have been tested
and proven to be elicitors of indirect plant defense
through parasitoid attraction (Boland et al. 1992, Mat-
tiacci et al. 1995, Turlings et al. 2000). b-glucosidase
activity was measured in Pieris brassicae (L.) OS, and
the blend of volatiles emitted by artificially damaged
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Fig. 7. Mean (6SE; n¼ 3) amounts of FAs extracted from select dissected tissues of SBW sixth-instar larvae that had
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Fig. 8. Mean (6SD; n¼ 3) Glucose oxidase specific activity in labial glands spruce budworm and Trichoplusia ni (T. ni)
under different diet regimens. AD ¼ artificial diet, wild ¼ feral spruce budworm (diet unknown), PBS ¼ phosphate buffered
saline, SBW ¼ spruce budworm.
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cabbage leaves inoculated with OS or b-glucosidase
(from almonds) was found to be highly attractive to the
parasitic wasp (Cotesia glomerata (L.)), a natural enemy
of P. brassicae (Mattiaci et al. 1995). Similar results
were found by treating artificially wounded lima bean
leaves with b-glucosidase (Boland et al. 1992). The nat-
ural enemy complex of SBW is large (Eveleigh et al.
2007), and attraction of natural enemies by elicitating
VOCs through b-glucosidase has yet to be investigated
for SBW. Although b-glucosidase activity is present in
SBW OS, the origin of the enzyme is not clear: it could
be produced by SBW or other organisms (e.g., fungi
and bacteria) residing in the gut.

Production of b-glucosidase by microorganisms other
than the SBW would indicate that these microorgan-
isms are involved in the digestion of cellulose, but at
the same time, could be responsible for the elicitation
of plant VOCs. Another drawback for the insect of hav-
ing endogenous b-glucosidase activity is that it could
potentially hydrolyze plant glucosides to toxic aglycons
through the plant’s two-component system (Pentzold
et al. 2014) and retard development and increase mor-
tality (Delvas et al. 2011). For instance, a recent study
(Mageroy et al. 2015) found that host resistance against
SBW in white spruce was linked to b-glucosidase
expression and was due to the presence of higher levels
of the acetophenone aglycons, piceol, and pungenol,
produced from their respective glucosides, picein,
and pungenin. This finding is surprising because b-
glucosidase activity tends to be rendered inactive in
alkaline guts (Pentzold et al. 2014) to protect the insect
from the plant’s two-component system. One possibility

is that the alkalinity of the gut inactivates the plant
b-glucosidase (Pentzold et al. 2014) but not the insect
b-glucosidase (either from the insect itself or gut
microflora) or that a constitutive de novo production of
the insect b-glucosidase is sufficient to enable the
digestion of plant material. Either way, the presence of
b-glucosidase in SBW OS and its ability to act as an
elicitor of plant defense remain to be tested.

In summary, we have shown that feeding L2 SBW
can trigger unique volatile production profiles from var-
ious hosts. SBW frass contained some of the same vola-
tiles emitted by host trees, including maltol in the case
of balsam fir. After confirming that SBW herbivory
induced VOC emissions, a variety of major elicitors
were investigated from different insect parts and secre-
tions (OS). For example, SBW produced the FACs of
glutamine and glutamic acid, which is similar to other
herbivorous larvae. When the appropriate building
blocks are available, it seems that SBW can produce a
wide range of FACs, derived from both saturated and
unsaturated FAs. It is also possible that other amino
acids are conjugated to the FAs, but these were not
examined. Enzyme activities for two other elicitors
(b-glucosidase and GOx) were assessed, and the first
was found to be present in SBW OS, whereas the sec-
ond was absent from labial glands. We are currently
investigating the impact of these identified elicitors
(individual FACs, b-glucosidase, etc.) and their ability
to induce specific plant VOCs that were identified dur-
ing feeding. Separating the volatiles emitted due to
mechanical damage from ones that might be induced
by mechanical damage and insect elicitors from OS

Fig. 9. Mean (6SD; n¼ ) b-glucosidase activity in spruce budworm. AD ¼ artificial diet, OS ¼ oral secretions, LG ¼
labial glands, GH ¼ balsam fir fed spruce budworm in greenhouse conditions, wild ¼ feral spruce budworm (diet unknown),
SBW ¼ spruce budworm.
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would be highly beneficial in understanding tree host–
herbivore–natural enemy complex for SBW and help in
the development of mitigation strategies for this
destructive insect.
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Bélanger. 2011. Phenolic compounds that confer resistance
to spruce budworm. Entomol. Exp. Appl. 141: 35–44.

Diezel, C., C. C. von Dahl, E. Gaquerel, and I. T. Baldwin.
2009. Different lepidopteran elicitors account for cross-talk
in herbivory-induced phytohormone signaling. Plant Physiol.
150: 1576–1586.

Dobler, S., G. Petschenka, and H. Pankoke. 2011.
Coping with toxic plant compounds—the insect’s perspective
on iridoid glycosides and cardenolides. Phytochemistry 72:
1593–1604.

Eichenseer, H., M. C. Mathews, J. L. Bi, J. B. Murphy, and
G. W. Felton. 1999. Salivary glucose oxidase: multifunc-
tional roles for Helicoverpa zea? Arch. Insect Biochem. Phys-
iol. 42: 99–109.

Eichenseer, H., M. C. Mathews, J. S. Powell, and G. W. Fel-
ton. 2010. Survey of a salivary effector in caterpillars: glucose
oxidase variation and correlation with host range. J. Chem.
Ecol. 36: 885–897.

Eveleigh, E. S., K. S. McCann, P. C. McCarthy, S. J. Pollock,
C. J. Lucarotti, B. Morin, G. A. McDougall, D. B.
Strongman, J. T. Huber, J. Umbanhowar, et al. 2007.
Fluctuations in density of an outbreak species drive diversity
cascades in food webs. Proc. Natl. Acad. Sci. USA 104:
16976–16981.

Grisdale, D. G., and G. G. Wilson. 1988. A laboratory method
of mass rearing the eastern spruce budworm Choristoneura
fumiferana, pp. 223–231. In E. King and N. Leppla (eds.),
Advances in insect rearing. U.S. Department of Agriculture
Technical Bulletin, New Orleans, LA.

Halitschke, R., U. Schittko, G. Pohnert, W. Boland, and I.
T. Baldwin. 2001. Molecular interactions between the spe-
cialist herbivore Manduca sexta (Lepidoptera, Sphingidae)
and its natural host Nicotiana attenuata. III. Fatty acid—
amino acid conjugates in herbivore oral secretions are neces-
sary and sufficient for herbivore-specific plant responses.
Plant Physiol. 125: 711–717.

Halkier, B. A., and J. Gershenzon. 2006. Biology
and biochemistry of glucosinolates. Ann. Rev. Plant Biol. 57:
303–333.

Harmel, N., E. Letocart, A. Cherqui, P. Giordanengo, G.
Mazzucchelli, F. Guillonneau, E. De Pauw, E. Haubr-
uge, and F. Francis. 2008. Identification of aphid salivary
proteins: a proteomic investigation of Myzus persicae. Insect
Mol. Biol. 17: 165–174.

Hix, D. M., B. V. Barnes, A. M. Lynch, and J. A. Wit-
ter. 1987. Relationships between spruce budworm dam-
age and site factors in spruce–fir-dominated ecosystems
of western Upper Michigan. For. Ecol. Manage. 21:
129–140.

Howe, G. A., and G. Jander. 2008. Plant immunity to insect
herbivores. Ann. Rev. Plant Biol. 59: 41–66.

Iida, K., D. L. Cox-Foster, X. Yang, W. Y. Ko, and D. R. Cav-
ener. 2007. Expansion and evolution of insect GMC oxido-
reductases. BMC Evol. Biol. 7: 75.

Kessler, A., and I. T. Baldwin. 2001. Defensive function of
herbivore-induced plant volatile emissions in nature. Science
291: 2141–2144.

Li, J., M. Feng, Z. Zhang, and Y. Pan. 2008. Identification
of the proteome complement of hypopharyngeal glands
from two strains of honeybees (Apis mellifera). Apidologie 39:
199–214.

Mageroy, M. H., G. Parent, G. Germanos, I. Giguere, N.
Delvas, H. Maaroufi, E. Bauce, J. Bohlmann, and
J. J. Mackay. 2015. Expression of the b-glucosidase gene
Pgbetaglu-1 underpins natural resistance of white spruce
against spruce budworm. Plant J. 81: 68–80.

Mattiacci, L., M. Dicke, and M. A. Posthumus. 1995.
b-glucosidase: an elicitor of herbivore-induced plant
odor that attracts host-searching parasitic wasps. Proc.
Natl. Acad. Sci. USA 92: 2036–2040.

McMorran, A. 1965. A synthetic diet for the spruce budworm,
Choristoneura fumiferana (Clem.) (Lepidoptera: Tortrici-
dae). Can. Entomol. 97: 58–62.

Morant, A. V., K. Jorgensen, C. Jorgensen, S. M. Paquette,
R. Sanchez-Perez, B. L. Moller, and S. Bak. 2008.

1542 ENVIRONMENTAL ENTOMOLOGY Vol. 44, no. 6



b-glucosidases as detonators of plant chemical defense. Phy-
tochemistry 69: 1795–1813.

Mori, N., and N. Yoshinaga. 2011. Function and evolutionary
diversity of fatty acid amino acid conjugates in insects. J. Plant
Interact. 6: 103–107.

Musser, R. O., S. M. Hum-Musser, H. Eichenseer, M.
Peiffer, G. Ervin, J. B. Murphy, and G. W. Felton. 2002.
Herbivory: caterpillar saliva beats plant defences. Nature 416:
599–600.

Musser, R. O., H. S. Kwon, S. A. Williams, C. J. White, M. A.
Romano, S. M. Holt, S. Bradbury, J. K. Brown, and G.
W. Felton. 2005. Evidence that caterpillar labial saliva sup-
presses infectivity of potential bacterial pathogens. Arch.
Insect Biochem. Physiol. 58: 138–144.

Musser, R. O., E. Farmer, M. Peiffer, S. A. Williams, and G.
W. Felton. 2006. Ablation of caterpillar labial salivary
glands: technique for determining the role of saliva in insect-
plant interactions. J. Chem. Ecol. 32: 981–992.

Pare, P. W., H. T. Alborn, and J. H. Tumlinson. 1998. Con-
certed biosynthesis of an insect elicitor of plant volatiles.
Proc. Natl. Acad. Sci.USA 95: 13971–13975.

Pentzold, S., M. Zagrobelny, F. Rook, and S. Bak. 2014.
How insects overcome two-component plant chemical de-
fence: plant b-glucosidases as the main target for herbivore
adaptation. Biol. Rev. Camb. Philos. Soc. 89: 531–551.

Poirier, L. M., and J. H. Borden. 1995. Oral exudate as a
mediator of behavior in larval eastern and western spruce
budworms (Lepidoptera: Tortricidae). J. Insect Behav. 8:
801–811.

Rhainds, M., E. Eveleigh, B. Francis, and P. J. Silk. 2011.
Factors affecting oral regurgitation by larval spruce bud-
worm. Entomol. Exp. Appl. 140: 254–261.

Rostas, M., and K. Blassmann. 2009. Insects had it first: sur-
factants as a defense against predators. Proc. R. Soc. B. 276:
633–638

Royama, T. 1984. Population dynamics of the spruce budworm
Choristoneura fumiferana. Ecol. Monogr. 54: 429–462.

Schmelz, E. A., M. J. Carroll, S. LeClere, S. M. Phipps, J.
Meredith, P. S. Chourey, H. T. Alborn, and P. E.
Teal. 2006. Fragments of ATP synthase mediate plant per-
ception of insect attack. Proc. Natl. Acad. Sci. USA 103:
8894–8899.

Silk, P. J., and E. Eveleigh. 2016. Pheromone communication,
behavior and ecology in the North American Choristoneura
genus. In J. Allison and R. T. Cardé (eds.), Pheromone com-
munication in moths: evolution, behavior and application.
University of California Press, in press.

Silk, P. J., and L. P. S. Kuenen. 1988. Sex pheromones and be-
havioral biology of the coniferophagous Choristoneura. Ann.
Rev. Entomol. 33: 83–101.

Silk, P. J., M. A. Lemay, G. LeClair, J. Sweeney, and D.,
MaGee 2010. Behavioral and electrophysiological responses
of Tetropium fuscum (Coleoptera: Cerambycidae) to phero-
mone and spruce volatiles. Environ. Entomol. 39: 1997–2005.

Spiteller D., K. Dettner, and W. Boland. 2000. Gut bacteria
may be involved in interactions between plants, herbivores
and their predators: microbial biosynthesis of nacylglutamine
surfactants as elicitors of plant volatiles. Biol. Chem.
381:755–762.

Spiteller, D., N. J. Oldham, and W. Boland. 2004.
N-(17-phosphonooxylinolenoyl)glutamine and N-(17-
phosphonooxylinoleoyl)glutamine from insect gut: the first
backbone-phosphorylated fatty acid derivatives in nature.
J. Organ. Chem. 69: 1104–1109.

Tumlinson, J. H., and J. Engelberth. 2008. Fatty acid-derived
signals that induce or regulate plant defenses against herbiv-
ory, pp. 389–407. In A. Schaller (ed.), Induced plant resis-
tance to herbivory. Springer, Berlin.

Turlings, T. C. J., J. H. Tumlinson, and W. J. Lewis. 1990.
Exploitation of herbivore-induced plant odors by host-seek-
ing parasitic wasps. Science 250: 1251–1253.

Turlings, T. C. J., H. T. Alborn, J. H. Loughrin, and J. H.
Tumlinson. 2000. Volicitin, an elicitor of maize volatiles in
oral secretion of Spodoptera exigua: isolation and bioactivity.
J. Chem. Ecol. 26:189–202.

Weech, M. H., M. Chapleau, L. Pan, C. Ide, and J. C. Bede.
2008. Caterpillar saliva interferes with induced Arabidopsis
thaliana defence responses via the systemic acquired resis-
tance pathway. J. Exp. Bot. 59: 2437–2448.

Yoshinaga, N., T. Aboshi, H. Abe, R. Nishida, H. T. Alborn,
J. H. Tumlinson, and N. Mori. 2008. Active role of fatty
acid amino acid conjugates in nitrogen metabolism in
Spodoptera litura larvae. Proc. Natl. Acad. Sci. USA 105:
18058–18063.

Yoshinaga, N., H. T. Alborn, T. Nakanishi, D. M. Suckling,
R. Nishida, J. H. Tumlinson, and N. Mori. 2010. Fatty
acid-amino acid conjugates diversification in lepidopteran cat-
erpillars. J. Chem. Ecol. 36: 319–325.

Zong, N., and C. Wang. 2004. Induction of nicotine in tobacco
by herbivory and its relation to glucose oxidase activity in the
labial gland of three noctuid caterpillars. Chin. Sci. Bull. 49:
1596–1601.

Received 12 May 2015; accepted 21 August 2015.

December 2015 LECLAIR ET AL.: CHEMISTRY OF SPRUCE BUDWORM ORAL SECRETIONS 1543


	nvv149-TF1
	nvv149-TF2
	nvv149-TF3
	nvv149-TF4
	nvv149-TF5
	nvv149-TF6
	nvv149-TF7

