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Abstract Many plant families have aromatic species that
produce volatile compounds which they release when
damaged, particularly after suffering herbivory. Monarda
fistulosa (Lamiaceae) makes and stores volatile essential
oils in peltate glandular trichomes on leaf and floral sur-
faces. This study examined the larvae of a specialist
tortoise beetle, Physonota unipunctata, which feed on two
M. fistulosa chemotypes and incorporate host compounds
into fecal shields, structures related to defense. Compari-
sons of shield and host leaf chemistry showed differences
between chemotypes and structures (leaves vs. shields).
Thymol chemotype leaves and shields contained more of
all compounds that differed than did carvacrol chemotypes,
except for carvacrol. Shields had lower levels of most of
the more volatile chemicals than leaves, but more than
twice the amounts of the phenolic monoterpenes thymol
and carvacrol and greater totals. Additional experiments
measured the volatiles emitted from M. fistulosa in the
absence and presence of P. unipunctata larvae and com-
pared the flower and foliage chemistry of plants from these
experiments. Flowers contained lower or equal amounts of
most compounds and half the total amount, compared to
leaves. Plants subjected to herbivory emitted higher levels
of most volatiles and 12 times the total amount, versus
controls with no larvae, including proportionally more of
the low boiling point chemicals. Thus, chemical profiles of
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shields and volatile emissions are influenced by the
amounts and volatilities of compounds present in the host
plant. The implications of these results are explored for the
chemical ecology of both the plant and the insect.
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Introduction

Plants emit volatiles when fed upon by insects. The vola-
tiles resulting from herbivory for many plant species
consist of various mono- and sesquiterpenoids, heterocy-
clic compounds such as indole, and saturated and
unsaturated six-carbon oxygenated compounds known as
“green-leaf” volatiles (Pare and Tumlinson 1999). These
chemicals often mediate interactions between the plants
that emit them and other organisms, including the attrac-
tion of herbivore natural enemies (De Moraes et al. 1998),
or the deterrence (Bernasconi et al. 1998; De Moraes et al.
2001; Zebelo et al. 2011) and attraction of additional her-
bivores (Kalberer et al. 2001; Heisswolf et al. 2007; Zebelo
et al. 2011). Different herbivores elicit varying amounts
and types of volatiles with the highest levels released by
plants attacked by chewing insects, as opposed to much
lower amounts from piercing-sucking herbivores (Turlings
et al. 1998).

The volatiles emitted by aromatic plants during her-
bivory have received less attention (Degenhardt and
Lincoln 2006; Kannaste et al. 2008; Zebelo et al. 2011).
Yet, many plant families (Apiaceae, Pinaceae, Rutacae,
Solanaceae, etc.) have aromatic species that produce a wide
array of volatile compounds, usually made and stored in
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specialized structures. Herbivore damage to tissues con-
taining these structures liberates large amounts of volatiles
(Degenhardt and Lincoln 2006; Kannaste et al. 2008;
Zebelo et al. 2011).

The Lamiaceae is a family especially well known for
aromatic plants (e.g. thyme, lavender, peppermint). Most
species in this family make mono- and sesquiterpenes,
commonly referred to as essential oils, constitutively on the
surface of leaves, reproductive parts, and stems, mostly in
peltate glandular trichomes consisting of secretory cells
mounted on a stalk which produce the terpenes and secrete
them into an outer subcuticular sac for storage (Turner
et al. 2000; Croteau 2001). Any damage, including her-
bivory, to plant parts containing these trichomes results in
their rupture, content release, and subsequent volatilization.
Once released mono- and sesquiterpenes often act as
semiochemicals, an ideal role given their volatility and
structural diversity (Gershenzon and Dudareva 2007).

Despite the relatively large amounts of secondary
compounds found in aromatic plants, some specialist
insects have evolved the ability to tolerate these chemicals.
This has certainly been the case with the Chrysomelidae
family, which contains many species that not only eat the
foliage of plants containing high amounts of secondary
chemicals, but often also use these compounds for their
own defense (Pasteels et al. 1983; Morton and Vencl 1998;
Vencl and Morton 1998; Becerra et al. 2001; Weiss 20006).
The subfamily Cassidinae, known as tortoise beetles due to
the shell-like appearance of the adults, comprise one group
of Chrysomelids noted for using host chemistry for pro-
tective purposes. In many species larvae accumulate a fecal
shield, consisting of frass sometimes combined with exu-
via, and often rich in host plant secondary compounds, on a
caudal fork (Gomez et al. 1999; Vencl et al. 1999; Vencl
et al. 2005; Weiss 2006; Chaboo 2007). While cassidine
fecal shields effectively defend larvae against natural
enemies (Olmstead and Denno 1993; Gomez et al. 1999;
Vencl et al. 1999; Eisner and Eisner 2000; Bacher and
Luder 2005; Vencl et al. 2005, 2009), other evidence
indicates that the volatiles from chrysomelid fecal shields
also attract natural enemies (Miiller and Hilker 1999;
Schaffner and Miiller 2001).

The tortoise beetle Physonota unipunctata uses Mon-
arda fistulosa as its only host (Hamilton 1884; Criddle
1926; Sanderson 1948). Like most labiates, M. fistulosa
produces essential oils in trichomes on leaves and repro-
ductive parts (Heinrich 1973). Throughout much of its
range, plants belong to one of two chemical phenotypes
(chemotypes), producing either of the phenolic (six-mem-
bered aromatic ring with an hydroxyl side group)
monoterpenes thymol or carvacrol as the dominant com-
ponents of their essential oil (Fig. 1; Scora 1967; Weaver
et al. 1995; Johnson et al. 1998; Keefover-Ring,
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Fig. 1 The four major monoterpenes found in the essential oil of
Monarda fistulosa thymol (T) and carvacrol (C) chemotypes

unpublished data). Both of these compounds deter a greater
variety of pathogens and parasites than do other non-phe-
nolic monoterpenes (Linhart and Thompson 1995, 1999),
yet, P. unipunctata readily feeds on plants of both chem-
otypes (Keefover-Ring, unpublished data). Thus, these
beetles may benefit defensively from host chemicals that
they incorporate into their fecal shields, but the increased
volatiles emitted during feeding may attract their natural
enemies or additional competitive herbivores.

To begin to understand the chemically mediated interac-
tions between P. unipunctata and its host plant, M. fistulosa,
this study addresses two fundamental questions: (1) How
does the chemical composition of larval fecal shields
compare to that of the foliage of its host plant, and; (2)
What quantitative and qualitative differences exist between
the volatile profiles released from host plants with or
without feeding by the larvae of this dietary specialist?

Methods and materials
Study organisms

Monarda fistulosa L. var. menthifolia (Graham) Fernald
(Lamiaceae), commonly known as wild bergamot, bee
balm, or horse mint, is a perennial labiate that occurs
throughout much of the western half of North America
(USDA 2012). Individual plants consist of multiple ramets,
up to 1 m high, which arise directly from the ground. Each
ramet has one to several terminal capitate inflorescences
consisting of lavender-colored tubular flowers subtended
by leaf-like bracts. Below the capitula the stem has alter-
nating pairs of lanceolate leaves with serrated margins.

In Colorado, M. fistulosa has two main essential oil
chemotypes, with individual plants producing either thy-
mol (T) or carvacrol (C) as their most abundant terpenoid
(Fig. 1; Keefover-Ring, unpublished data). In addition to
their dominant monoterpene, both chemotypes contain
numerous minor components, including relatively high
amounts of y-terpinene and p-cymene (Fig. 1; Scora 1967,
Weaver et al. 1995; Johnson et al. 1998; Keefover-Ring,
unpublished data). The aliphatic monoterpene y-terpinene
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serves as a biosynthetic precursor for the aromatic p-cymene,
which then undergoes hydroxylation to produce either thymol
or carvacrol (Poulose and Croteau 1978a; b; R. Croteau, pers.
comm.).

Monarda fistulosa has few reported herbivores (Davis
et al. 1988; Wyckhuys et al. 2007). However, one specialist
found on the species is the horsemint tortoise beetle, or
one-spotted tortoise beetle, Physonota unipunctata (Say
1823, Cassida unipunctata; Coleoptera: Chrysomelidae),
which is monophagous on M. fistulosa (Hamilton 1884;
Criddle 1926; Sanderson 1948). Both larvae and adult
P. unipunctata feed exclusively on M. fistulosa and can
reduce seed set up to 88 % (Keefover-Ring, unpublished
data). In Colorado, adult tortoise beetles lay a cluster of
eggs covered by a filamentous film on the underside of a
leaf in mid-May (Fig.. 2a, b). After hatching, larvae chew
their way through to the top of the leaf and usually climb
the plant stem, initially as a group, to feed on leaves or
floral structures (Fig. 2c). Larvae protect themselves
through gregarious feeding during early instars (5 instars
total), often on the underside of leaves. In addition, like
some Physonota, they accumulate fecal material on fork-
like paired urogomphi located on the last segment of the
abdomen using their muscular telescopic and highly pro-
trusible anus (Fig. 2c, d; white arrow in ¢ indicates caudal
fork; C. Chaboo, pers. comm.). Larvae hold their shields
above their bodies and wave them at an offender, if per-
turbed (Keefover-Ring, pers. obs.).

Fig. 2 Life history of
Physonota unipunctata: a Adult
tortoise beetle on Monarda
fistulosa leaf, b Ootheca on the
abaxial leaf surface, ¢ first
instars just after hatching,
chewing on the adaxial leaf
surface, d last instars with fecal
shields. Note the round, peltate
glandular trichomes on the leaf
surfaces in all photos, especially
apparent in ¢. White arrow in

¢ indicates caudal fork. Scale
bars 5 mm

Larval fecal shield and host plant chemistry

To compare the essential oil chemistry of larval fecal
shields with that of the leaves that larvae feed upon, I
extracted essential oils from both leaves and shields and
analyzed the resulting solutions with gas chromatography
(GC) with a flame ionization detector (FID). I collected
leaves and larval shields from both T (N = 21 shields and
20 leaves) and C (N = 17 shields and 16 leaves) chemo-
type host plants from two natural populations near Boulder
and Broomfield, CO on June 23 and 25, 2005, respectively.
I removed fecal shields from larvae with a stainless steel
probe, cleaning it with ethanol between individuals, and
placed the shield material in 2 ml microcentrifuge tubes
together with 100 pl of an internal standard solution
(m-xylene in pure ethanol). In addition, I clipped the indi-
vidual leaves that each larva was feeding upon, placed them
in the same size microcentrifuge tubes, and submersed
them in 1 ml of the internal standard solution. Sometimes
more than one larva fed upon the same host leaf and in
these cases multiple shields per leaf were taken, but ana-
lyzed separately. After 30 s of sonication and brief vortex
mixing, the samples soaked for one week at ambient
temperature in the dark and then a small aliquot was
removed for GC analysis (see “Chemical analysis” below).
After GC testing, I removed shield material and leaves
from the solvent and dried them to a constant weight at
60 °C.
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Volatile emissions in the absence and presence
of herbivores

To measure the volatiles emitted without and with tortoise
beetle larvae feeding on M. fistulosa, 1 collected air sam-
ples above plants using dynamic headspace methods and
identified and quantified compounds by GC with mass
spectrometry (MS) detection. Beginning on June 29, 2006,
and on four subsequent sampling days (July 4, 6, 7, and
14), T collected fresh T chemotype plants for volatile
capture each morning from a site in the foothills about
4 km west of the University of Colorado at Boulder cam-
pus. I clipped two flowering stems each from multiple
individual plants at ground level, immediately placed them
in fresh water, and returned them to a greenhouse at the
University of Colorado. I cut the lowest two sets of leaves
from each stem and slid the remaining plantlet, including
the flowering head and several sets of leaves, stem-first into
the top opening of 1,000 ml separatory funnels (stopcocks
removed and holes covered), which served as headspace
enclosures. I wrapped a cotton strip around the plant where
it exited the funnel and placed the end of the stem in a
floral watering pick. I randomly assigned one of the two
stems from each plant to the herbivory treatment and using
tweezers placed 4-5 late instar larvae, without fecal shields
and collected from plants not used for volatile sampling, on
the first pair of leaves below the capitula. I attached volatile
chemical traps, with glass and PTFE two-way valves on
both sides, to the top of each separatory funnel. A bypass
tube connected to both two-way valves allowed the traps to
be either inline or isolated while still maintaining air flow
through the separatory funnels. The traps consisted of
65 mm long and 3 mm ID glass tubes packed with 20 mg
of Super Q adsorbent (80/100 mesh size, DVB/ ethylvi-
nylbenzene polymer; Alltech Associates Inc., Deerfield, IL,
USA) held in place by glass wool plugs. I initially with-
drew air from the enclosures for 1 h with the chemical
traps bypassed to purge any volatiles released due to tri-
chome breakage that might have occurred during handling
(Owen 1998). After the purge, I placed the chemical traps
inline and collected volatiles for 4 hr. Calibrated flow
meters (Aalborg Instruments & Controls, Inc., Orangeburg,
New York, USA) and an AirLite precision pump (SKC,
Inc., Eighty Four, PA, USA) maintained the flow rate for
each enclosure at 181 ml min~' for both the purge and
sample collections. To control for ambient volatiles, I ran a
separate 1,000 ml separatory funnel without a plant stem
on each sampling day. Partial shading of the entire setup in
the greenhouse prevented overheating within the headspace
enclosures. On each sampling day, I ran three pairs of
stems and a control, except for the last day when only two
pairs and the control were tested, for a total of 14 pairs. 1
carried out volatile sampling at approximately the same
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time each day, beginning the purge around 11:30 a.m.
(£1 h). Most larvae fed during the entire sampling time,
mostly on foliage and not on inflorescences. At the con-
clusion of each sampling period, I rinsed the Super Q traps
with 0.6 ml n-hexane (GCZ, Honeywell Burdick & Jack-
son, Morristown, NJ, USA), then combined 110 pl of each
sample with 5 pl of an internal standard solution (m-xylene
in n-hexane) and injected them into a GC-MS for chemical
analysis (see “Chemical analysis” below).

Chemistry of plants from herbivore volatile experiment

To assess the relative contribution of volatiles from dif-
ferent plant tissues, I removed the plant stems from the
enclosures following volatile capture and separately soaked
7-8 single flowers, including all reproductive parts, and a
single leaf from the first set of leaves below the capitula
(from the June 29, and July 4, and 14 headspace samples
only), in 1 ml of the ethanol internal solution for 1 week. I
analyzed the resulting solutions by GC-FID (see “Chemi-
cal analysis” below), then removed the tissue from the
solvent dried and weighed them, as above.

I also dried the entire plant stems from all volatile
sampling days, using only the trichome-rich capitula and
leaves to calculate emissions rates per plant biomass. The
amounts of the various compounds in flowers and leaves
were reported as mg g~ ' DW and volatile emission rates as
ng ¢! DW h™!, using the specific gravities of liquid
chemicals to convert where necessary.

Chemical analysis

I analyzed fecal shields and all flower and leaf samples on a
Hewlett Packard 6890 GC equipped with a FID and fitted
with a DB-Wax glass capillary column (15 m x 0.25 mm
I.D., 0.25 pum film thickness; J&W Scientific, Folsom, CA,
USA). Helium served as the carrier gas at a flow rate of
37 cm s~' (1.3 ml min™") with a split flow ratio of 50:1.
Injector temperature was set at 260 °C and detector at
250 °C. The oven profile for the 2005 fecal shield and leaf
extracts consisted of an isothermal hold at 50 °C for 5 min
followed by a ramp of 3 °C min~' to 75 °C, a second ramp
of 10°C min~' to 160 °C, and a final ramp of
25 °C min~" to 240 °C. The 2006 flower and leaf extracts
used a different oven profile with an initial temperature of
60 °C for 5 min followed by a ramp of 6 °C min~' to
125 °C, a second ramp of 10 °C min~! to 170 °C, and a
final ramp of 25 °C min~' to 240 °C. Three pl of both
samples and standards were injected. Due to a solvent
impurity, the amounts of a-pinene, a-thujene, and camph-
ene could not be determined in the 2005 larval fecal shield
and leaf samples. In addition, because of the different oven
profile used for the 2006 flower and leaf samples the
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usually small terpinen-4-ol peak co-eluted with carvacrol
methyl ether.

I analyzed the volatile collection samples using an Ag-
ilent 6890N GC coupled with an Agilent 5975C inert mass
selective detector with an ion source of 70.0 eV at 230 °C,
also using helium as the carrier gas at 36 cms '
(1.0 ml min~") with the injector temperature set at 260 °C.
Tinjected 1 pl of each sample in the splitless mode onto an
EC-Wax capillary column (30 m x 0.25 mm LD.,
0.25 pm film thickness; Alltech Associates Inc., Deerfield,
IL, USA). Oven conditions included an isothermal hold at
60 °C for 5 min, followed by a ramp of 6 °C min~' to
250 °C. Under this GC oven profile a-phellandrene co-
eluted with methyl seneciote and thymol methyl ether with
terpinen-4-ol, so the amounts of these pairs were calculated
together.

I quantified individual compounds by comparing sample
peak areas (GC-FID peak areas for all samples, except the
volatile samples which used GC-MS peak areas) to stan-
dard curves of available authentic compounds diluted into
internal standard solution (all standards from Sigma-
Aldrich, St. Louis, MO, USA, except [-phellandrene,
which was from Glidco Organics, Jacksonville, FL, USA;
see Table 2). The amounts of compounds for which no
standards were available were calculated by the peak area
of the nearest structurally similar chemical. I identified
compounds using retention times and mass spectra of
available authentic standards, the NIST 2005 mass spectral
library, and published mass spectra (Adams 2007; El-Sayed
2012).

Additional compound identification consisted of injec-
tion of a continuous series of n-alkanes (Cg—C,4; Sigma-
Aldrich, St. Louis, MO, USA) to calculate compound linear
retention indices on the same 15 m DB-Wax and 30 m
EC-Wax columns used in the above analyses, and with an
HP-5MS capillary column (30 m x 0.25 mm LD., 0.25 um
film thickness; Agilent Technologies, Inc., Santa Clara,
CA, USA) installed on the GC-MS. All GC conditions
remained the same as above, except for the oven profile,
which for all retention indices runs consisted of an initial
temperature of 40 °C followed by an immediate ramp of
3°C min~' to 200 °C. I compared calculated retention
indices of peaks from representative samples and standards
to published values (Jennings and Shibamoto 1980; Davies
1990; Figueredo et al. 2006; Adams 2007; El-Sayed 2012).
Owing to the more gradual oven ramp, all peaks that had
previously co-eluted were resolved during retention indi-
ces’ runs.

Statistical analysis

I used SAS version 9.1 (SAS Institute 2003) for all sta-
tistical analyses and to examine the distributions of all

variables to insure they met assumptions of normality,
applying transformations where necessary. Initially, I used
the PROC GLM function with the MANOV A statement to
perform a two-factor multivariate analysis testing for
overall differences between the essential oil profiles of the
2005 fecal shield and host leaf extract samples, with
chemotype (T or C) and structure (shields or leaves) as
factors. I performed a similar MANOVA analysis on the
2006 extracts of T plants used in the headspace sampling
with plant part (flowers or leaves) and herbivory (without
and with) as factors. In all cases, the multiple variables
consisted of all individual chemical amounts (mg g~
DW). Any significant MANOVA analyses were followed
with separate ANOVA analyses to look for differences in
individual compounds and the total for all of the above
factors.

Due to a much larger number of compounds (43)
detected in the headspace collection experiment, I first
performed a factor analysis to reduce the number of vari-
ables using the PROC FACTOR command with a Varimax
rotation and accepted components with eigen values
greater than one. I then analyzed the resulting factor scores
(from seven factors) with MANOVA to test for overall
chemical profile differences between the no herbivore and
herbivore treatments. In light of a significant MANOVA
result, I then ran one-way ANOVAs to look for individual
compound and total differences in amounts emitted
(ng g~ DW h™ ') between the no herbivore and herbivore
treatments.

Results
Larval fecal shield and host plant chemistry

GC-FID analysis detected 18 compounds (14 monoter-
penes, 1 sesquiterpene, 1 secondary alcohol, and 2
unknowns; Fig. 3) in the 2005 fecal shield and host leaf
extracts. Overlays of matching fecal shield and leaf chro-
matograms from both chemotypes showed only a few small
extraneous peaks, indicating little change to host chemistry
after larval digestion.

MANOVA analysis of the 2005 samples revealed that
essential oil profiles differed as a function of both chem-
otype (T vs. C; Wilks 24 =0.02, Fys = 101.8,
P < 0.001) and structure (fecal shields vs. leaves; Wilks’
A =0.08, Fys =299, P<0.001). Two-way (chemo-
type and structure) ANOVA results for single chemicals for
the chemotype factor showed that T chemotype leaves and
shields contained more of all compounds that differed than
C chemotypes, except for carvacrol (Fig. 3; Table 1). The
amounts of sabinene, d-3-carene, f-phellandrene, terpinen-
4-ol, and the total did not differ between chemotypes
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Fig. 3 Mean (£SE) amounts of compounds and the total [mg g~

dry weight (DW)] extracted from Monarda fistulosa host leaves (gray
bars) and Physonota unipunctata larval fecal shields (black bars)
from T (graphs a, b) and C chemotype (graphs ¢, d) plants. I -pinene,
2 sabinene, 3 J-3-carene, 4 ff-myrcene, 5 o-terpinene, 6 limonene, 7

(Fig. 3a—d; Table 1). The comparison of leaves and fecal
shields (the structure factor) showed that leaves had more
of all of the chemicals that differed, except for thymol,
carvacrol, and the total. Fecal shields contained more than
twice the amount of these three variables (Fig. 3b, d;
Table 1). Carvacrol methyl ether, terpinen-4-ol, and
unknown 4 did not differ between leaves and fecal shields
(Fig. 3; Table 1). The factors of chemotype and structure
interacted for the variables o-terpinene, thymol, and car-
vacrol (Table 1). For o-terpinene, this was due to the
higher amount in the leaves of T chemotype plants
(Fig. 3a, c¢) and for thymol and carvacrol because of their
big differences in the respective chemotypes (Fig. 3b, d).

Volatile emissions in the absence and presence
of herbivores

Monarda fistulosa T chemotype emission samples, ana-
lyzed with the more sensitive GC-MS method, contained
43 different compounds (25 monoterpenes, 5 sesquiter-
penes, 2 benzenoids, 2 green-leaf volatiles, 3 hydrocarbons,
1 secondary alcohol, and 5 unknowns; Table 2). The
MANOVA test showed that the volatile profile differed
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f-phellandrene, 8 1-octen-3-ol, 9 cis-sabinene hydrate, /0 carvacrol
methyl ether, // terpinen-4-ol, /2 germacrene D, /3 unknown 4, /4
unknown 5, y-Terp y-terpinene, p-Cym p-cymene, Thym thymol, and
Carva carvacrol. Note the differences in scale; see Table 1 for
corresponding statistics

substantially between the control and herbivory treatments
(Wilk’s A =10.25, F;,50=28.8, P<0.001). ANOVA
results of individual compounds and total amounts revealed
that plants with herbivores emitted more of all volatiles
measured compared to control plants, expect for methyl
isovalerate, hexyl butanoate, bornyl acetate, isobornyl
acetate, methyl benzoate, unknown 2, methyl salicylate,
and unknown 3 (Table 2). As a result, plants with herbi-
vores emitted an average of 12 times more total volatiles
than those without (Table 2).

Chemistry of plants from herbivore volatile experiment

Multivariate comparison of essential oil profiles between
flower and leaf extracts of T chemotype plants used in the
volatile collection experiments showed a difference
between the two types of plant tissue (Wilk’s 1 = 0.03,
Fr09 = 13.7, P < 0.001; Fig. 4), but no difference when
comparing the chemistry of plants without and with larval
feeding (Wilk’s 4 =0.54, Fyo =04, P =0.964).
ANOVA analyses of individual compounds between
flowers and leaves found that leaves contained more of all
terpenes that differed, except a-terpinene, and greater totals
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Table 1 F and P values from a two-factor ANOVA comparing
individual and total compounds from extracts of Physonota uni-
punctata larval fecal shields and Monarda fistulosa leaves between
chemotype [thymol (T) or carvacrol (C) plants], and structure (shields
or leaves), and their interaction

Compound Chemotype Structure Chemotype
by structure
F P F P F P

f-Pinene 53 0025 12,6 0.001 20 0.159
Sabinene 1.9 0.176 679 <0.001 02 0.668
0-3-Carene 20 0.160 114 0.001 1.0 0.313
p-Myrcene 6.1 0.016 41.5 <0.001 0.1 0.762
o-Terpinene 164 <0.001 78.6 <0.001 4.9 0.030
Limonene 10.8 0.002 32.1 <0.001 04 0515
f-Phellandrene 0.2 0.686 79.2 <0.001 09 0.344
y-Terpinene 30.2 <0.001 7.8 0.007 14 0.239
p-Cymene 79 0.007 209 <0.001 0.1 0.803
1-Octen-3-ol 9.4 0.003 347 <0.001 1.0 0.320
cis-Sabinene hydrate 5.6 0.021 70.5 <0.001 0.2 0.625
Carvacrol methyl ether 259 <0.001 1.0 0.314 0.0 0.965
Terpinen-4-ol 14 0246 28 0.100 0.7 0.409
Germacrene D 21.3 <0.001 42 0.044 00 0.998
Unknown 4 19.5 <0.001 2.7 0.106 1.2 0.287
Unknown 5 23.8 <0.001 20.6 <0.001 19 0.172
Thymol 7257 <0.001 59.0 <0.001 42.5 <0.001
Carvacrol 453.2 <0.001 75.0 <0.001 32.4 <0.001
Total 32 0.079 66.1 <0.001 0.7 0.400

Degrees of freedom equals one for all tests; see Fig. 3 for corre-
sponding data

(Fig. 4; Table 3). Camphene, f-pinene, sabinene, p-cym-
ene, and the sesquiterpene germacrene D showed no
differences between the two plant tissues.

Discussion

When Physonota unipunctata beetle larvae feed upon
Monarda fistulosa they incorporate and concentrate plant
secondary chemicals into their fecal shields, and at the
same time cause the release of large amounts of host-
derived volatiles. Comparisons of host leaf with P. uni-
punctata fecal shield chemistry revealed that shields
contained more than twice the amount of total essential
oils, mainly driven by much higher amounts of the two
phenolic monoterpenes thymol and carvacrol. The
increased amounts of these compounds in fecal shields
should enhance larval defense. From the plant perspective,
both of these compounds appear to be important for
defense against natural enemies. Thymus vulgaris T and C
chemotypes deterred or inhibited a wider variety of

organisms than did chemotypes with non-phenolic mono-
terpenes (Linhart and Thompson 1995, 1999).

Physonota unipunctata larval shields showed large
quantitative differences compared to foliage. However,
there was no evidence that larvae could induce facultative
changes in host leaf chemistry. Overlays of paired fecal
shield and leaf chromatograms revealed only a few very
small extraneous peaks. Cassidinae larvae feeding on ter-
penoid containing hosts in other studies also did not appear
to sequester (Morrow and Fox 1980; Gomez et al. 1999) or
biotransform (Gémez et al. 1999) any of the secondary
compounds they ingested. However, the chemical analyses
used in these past studies and in the current work (GC,
which only measures volatile chemicals) may underesti-
mate the modification of host compounds by larvae. Using
liquid chromatography, Vencl et al. (2009) demonstrated
that fecal shields of the tortoise beetle Chelymorpha
alternans contained high amounts of a non-volatile catab-
olite of chlorophyll, pheophorbide a, that effectively
deterred predatory ants. Given the ubiquitous nature of
chlorophyll, it seems likely that pheophorbide a occurs
in the fecal shields of many other beetle larvae, including
P. unipunctata.

This study demonstrated that tortoise beetle larvae
feeding upon wild bergamot resulted in a large terpenoid
volatile signature, which was much greater than the emis-
sions released from undamaged leaves without herbivores.
This finding likely has several significant ecological and
evolutionary implications for the tortoise beetle—mint
interaction. First, M. fistulosa plants may benefit from the
increased volatiles which can attract parasitoids or preda-
tors to prey on the tortoise beetles. Compounds found in
this study, such as (Z)-3-hexenyl acetate and (Z)-3-hexen-
1-0l, can act as an indirect defense by attracting herbivore
natural enemies (Pare and Tumlinson 1999), but their
levels were quite low compared to the large background of
terpenoids. Specific chemical emissions from fecal shields
do seem important in larval parasitism. Schaffner and
Miiller (2001) showed that lily leaf beetle (Lilioceris lilii)
fecal shields attracted specialist parasitoid wasps, either
while on larvae or alone, indicating a chemical cue.
Another study found that ants used terpenoid volatiles from
tortoise beetle larval shields to locate their prey (Miiller
and Hilker 1999). In addition, volatiles emitted due to
herbivory may influence colonization by other herbivores.
Several studies have documented deterrence of herbivores
by terpenoids, many of which M. fistulosa emitted, in a
variety of plant species (Bernasconi et al. 1998; De Moraes
et al. 2001; Zebelo et al. 2011). Conversely, these volatile
signals could also be detrimental to M. fistulosa by
attracting additional herbivores (Kalberer et al. 2001;
Heisswolf et al. 2007; Bruce and Pickett 2011; Zebelo et al.
2011). Finally, it should be noted that some of the volatiles
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Table 2 Linear retention indices on a polar and non-polar column, (T) chemotype Monarda fistulosa flowering stems in the absence and
emission rates, identification parameters, and one-way ANOVA presence of Physonota unipunctata larval feeding
results for individual and total compounds emitted from thymol

Compound Linear retention indices Emission rate [ng g~' DW h™' (£SE)] Identification parameters F P

30 m EC-Wax 30 m HP5-MS No larvae Larvae
Methyl isovalerate® 1009 - 6.0 (2.4) 2.5 (1.1) - RI MS 0.7 0.428
o-Pinene 1013 930 74.1 (10.1) 522.1 (64.2) Cco RI MS 86.3 <0.001
o-Thujene 1018 924 61.6 (8.7) 2,071.7 (283.2) - RI MS 300.8 <0.001
Camphene 1052 944 97.3 (13.4) 150.0 (16.2) Cco RI MS 6.3 0.019
Bornylene® 1074 - ND 51.3 (7.9) - RI MS 42.3 <0.001
f-Pinene 1097 973 28.3 (4.3) 137.8 (16.4) CcO RI MS 66.2 <0.001
Sabinene 1111 976 13.8 (1.9) 164.1 (19.7) - RI MS 57.8 <0.001
0-3-Carene 1136 1008 6.1 (3.0 88.8 (13.9) CcO RI MS 71.8 <0.001
o-Phellandrene 1152 1002 72.2 (24.0) 149.4 (19.6) Cco RI MS 6.2 0.019
Methyl seneciote 1157 840 Co-eluted with o-phellandrene - RI MS
f-Myrcene 1155 990 58.7 (12.3) 1,312.8 (167.45) Cco RI MS 102.0 <0.001
o-Terpinene 1167 1014 5.8 (2.5) 767.3 (187.5) co RI MS 54.0 <0.001
Limonene 1186 1026 29.0 (3.8) 354.0 (52.6) CcO RI MS 74.2 <0.001
1,8-Cineole 1195 1028 1.5 (1.1) 20.2 (4.4) CcoO RI MS 17.4 <0.001
p-Phellandrene 1196 1026 5.2 (1.42) 141.5 (19.5) CcO RI MS 84.8 <0.001
y-Terpinene 1233 1056 220.5 (36.1) 3,188.0 (453.5) CcO RI MS 99.5 <0.001
cis-f-Ocimene 1241 1037 0.9 (0.6) 13.7 (4.1) CcO RI MS 9.3  0.005
p-Cymene 1257 1022 436.1 (57.7) 3,230.6 (470.5) CcO RI MS 72.0 <0.001
(2)-3-Hexenyl acetate 1309 1007 4.6 2.4) 34.0 (9.6) Cco RI MS 16.0 <0.001
(Z)-3-Hexen-1-ol 1371 857 2.7 (1.7) 18.7 (2.9) CcoO RI MS 31.7 <0.001
Hexyl butanoate 1416 1190 4.2 (2.2) 6.0 (2.1) - RI MS 0.5 0474
1-Octen-3-ol 1442 979 10.8 (2.8) 152.4 (49.7) CcO RI MS 37.1 <0.001
cis-Sabinene hydrate 1452 1097 11.8 (3.5) 105.1 (18.6) CcO RI MS 48.5 <0.001
o-Copaene 1473 1373 ND 12.8 (3.9) - RI MS 29.1 <0.001
f-Bourbonene 1498 1382 ND 36.2 (6.3) - RI MS 131.6 <0.001
Bornyl acetate 1560 1284 44 (24) 5.8 (2.1) Cco RI MS 04 0513
Isobornyl acetate 1564 1284 15.8 (6.8) 32.8 (10.1) co RI MS 20 0.175
Thymol methyl ether 1578 1233 8.0 (4.9) 89.3 (19.9) Cco RI MS 427 <0.001
Terpinen-4-ol 1583 1175 Co-eluted with thymol methyl ether CcO RI MS
Carvacrol methyl ether 1588 1243 33.5(16.2) 1,025.6 (301.5) (6[0) RI MS 25.0 <0.001
Methyl benzoate 1596 1093 29.8 (7.8) 46.9 (9.6) CO RI MS 29 0.102
Borneol 1680 1163 39.0 (7.6) 63.3 (9.1) (6(0) RI MS 5.8  0.023
Unknown 1 1681 - 1.7 (1.7) 47.2 (1.7) - RI b 342 <0.001
Germacrene D 1682 1478 5.8 (3.5) 109.0 (27.9) - RI MS 34.7 <0.001
Unknown 2 1724 - 144 (11.4) 20.2 (13.7) - RI c 0.2 0.686
J-Cadinene 1733 1522 ND 14.9 (5.2) - RI MS 13.6  0.001
(E,E)-o-Farnesene 1737 1508 ND 5.0 (2.3) - RI MS 48 0.038
Methyl salicylate 1743 1191 13.5 (3.5) 23.7 (3.9) CO RI MS 2.7 0.113
Unknown 3 1798 - 12.5 (7.2) 20.1 (6.9) - RI d 32 0.086
Unknown 4 1830 1122 18.3 (7.95) 291.2 (28.9) - RI e 83.0 <0.001
Unknown 5 2054 1297 2.4 (1.0) 65.3 (5.8) - RI f 112.6 <0.001
Thymol 2162 1292 406.0 (112.4) 6,445.4 (1,841.6) CcO RI MS 64.6 <0.001
Carvacrol 2187 1301 29.1 (7.3) 499.9 (156.1) Cco RI MS 39.8 <0.001
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Table 2 continued
Compound Linear retention indices Emission rate [ng g71 DW h™! (+SE)] Identification parameters F P
30 m EC-Wax 30 m HP5-MS No larvae Larvae
Total 1,786.4 (253.2)  21,671.2 (3,717.7) 113.5 <0.001

Degrees of freedom equals one for all tests: CO co-injected authentic standard, RI retention index calculated, MS mass spectra match, a tentative
identification, ND not detected, » Unknown 1 m/z: 69, 41, 125, 55, 139, 81, 97, 107, 31, 168; ¢ unknown 2 m/z: 93, 69, 41, 68, 121, 80, 136, 107,
53,27, d unknown 3 m/z: 69, 81, 41, 79, 95, 53, 175, 107, 136, 222, e unknown 4 m/z: 43, 97, 69, 55, 82, 107, 125, 27, 139, 168, f unknown 5 m/

z: 98, 55, 111, 83, 84, 43, 69, 53, 126, 27
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Fig. 4 Mean (£SE) amounts of compounds and the total [mg g~"

dry weight (DW)] extracted from flowers (gray bars) and leaves
(black bars) of T chemotype Monarda fistulosa plants used in the
volatile collection experiments. / a-pinene, 2 o-thujene, 3 camphene,
4 f-pinene, 5 sabinene, 6 0-3-carene, 7 fi-myrcene, 8 o-terpinene, 9
limonene, 10 f-phellandrene, /I 1-octen-3-ol, [2 cis-sabinene
hydrate, /3 carvacrol methyl ether, /4 germacrene D, 15 unknown
4, 16 unknown 5, y-Terp y-terpinene, p-Cym p-cymene, Thym thymol,
and Carva carvacrol. Note the differences in scale; see Table 3 for
corresponding statistics

emitted from both the control and herbivore treatment
plants in this study may have resulted from the use of cut
stems and the removal of lower leaves. While previous
work with uncut M. fistulosa in the field found little dif-
ference in volatiles from the undamaged controls (without
larvae) in this experiment (Keefover-Ring, unpublished
data), increased volatile production after mechanical

Table 3 Linear retention indices on a 15 m DB-Wax column and
one-way ANOVA results for differences of individual and total
compounds between extracts of Monarda fistulosa flowers and leaves
from plants used in volatile collection

Compound Linear retention indices F P
I5m
DB-Wax

o-Pinene 1018 33.8 <0.001
o-Thujene 1024 8.6 0.007
Camphene 1052 0.0 0.893
f-Pinene 1090 2.5 0.122
Sabinene 1107 3.0 0.092
0-3-Carene 1130 11.2 0.002
p-Myrcene 1145 152  <0.001
a-Terpinene 1157 88.2  <0.001
Limonene 1177 20.7 <0.001
p-Phellandrene 1185 19.6 0.000
y-Terpinene 1225 6.0 0.021
p-Cymene 1246 0.1 0.733
1-Octen-3-ol 1433 23.0 <0.001
cis-Sabinene hydrate 1445 1.2 0.279
Carvacrol methyl ether 1570 8.3 0.008
Germacrene D 1666 2.1 0.159
Unknown 4 1817 88.4  <0.001
Unknown 5 2058 92.0 <0.001
Thymol 2167 38.8  <0.001
Carvacrol 2191 142 <0.001
Total 36.4  <0.001

Degrees of freedom equals one for all tests; see Fig. 4 for corre-
sponding data

damage has long been recognized (Pare and Tumlinson
1997).

Disparities in the chemical profiles seen between P. uni-
punctata fecal shields, host leaves, and plant headspace
samples most likely result from differences in the volatilities
of the host’s constituent terpenes. Specifically, both thymol
and carvacrol have much higher boiling points (thymol, b.p.
231-232 °C and carvacrol, 236-237 °C at 760 mmHg) than
most of the other compounds in this plant, especially
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compared to the relatively abundant y-terpinene and p-
cymene (b.p. 182 and 176-178 °C at 760 mmHg, respec-
tively). The exposure of plant compounds, due to both the
rupture of trichomes during larval feeding and the sub-
sequent incorporation into fecal shields, would lead to
differential loss of the more volatile essential oil compo-
nents. This would account for the increased concentration of
the two phenolic terpenes in shields compared to foliage, and
the greater amounts of compounds with lower boiling points
in the headspace samples. These volatility effects may help
explain why other studies with tortoise beetle larvae
exploiting terpenoid-containing plants also detected differ-
ences between fecal shield and host chemistry. Gomez et al.
(1999) measured mono- and sesquiterpenes from host plant
foliage and fecal shields of the tortoise beetle Eurypedus
nigrosignata feeding on a-pinene or fi-terpinene chemotypes
of Cordia curassavica. They found that the shields of larvae
feeding on o-pinene chemotypes contained less of this more
volatile monoterpene than leaves, compared to similar
amounts of -terpinene in both structures (Table 1in Gomez
et al. 1999). They also saw a decline in both mono- and
sesquiterpenes in fecal shields as larvae aged, another con-
sequence of these compounds’ inherent volatility. Finally,
studies with other phenolic-producing labiates, such as
Origanum vulgare plants with C chemotypes (Johnson et al.
2004) and with T and C chemotypes of Thymus vulgaris
(Keefover-Ring, unpublished data), demonstrated increased
amounts of y-terpinene and p-cymene in headspace testing
compared to their abundances relative to phenolic mono-
terpenes in foliage.

The use of host chemistry by tortoise beetle larvae may
represent a trade-off between defense and the risk of emitting
volatile signals that could possibly be exploited by an enemy
or attract additional herbivores. Although several studies
have characterized fecal shield chemistry and demonstrated
the effectiveness of these structures as a defense (Olmstead
and Denno 1993; Gomez et al. 1999; Vencl et al. 1999;
Eisner and Eisner 2000; Vencl et al. 2005; Vencl et al. 2009),
only limited work has shown that volatile emissions from
chrysomelid shields may also play important roles in plant—
animal interactions (Miiller and Hilker 1999; Schaffner and
Miiller 2001). The fecal shield chemistry of P. unipunctata
larvae, with its relatively high levels of the more toxic
phenolics thymol and carvacrol, should deter predators and
parasitoids more than other species that feed on hosts with
less toxic secondary chemistry. In addition, the strong vol-
atile signal produced from M. fistulosa as a result of damage
by this specialist herbivore may influence the chemical
ecology of both species.
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