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Abstract—Pectinate (feathery) antennae have high resistance to air flow, and
therefore most of the air approaching an antenna is diverted around it and is not
available for chemical sampling by the sensory hairs on that antenna. The small
fraction (approximately 10-20%) of approaching air that passes through the air
spaces or gaps in the antenna decelerates and the streamlines diverge as the air
approaches the antenna. Sampling a small fraction of air that is decelerating
and diverging has consequences for chemoreception that are described here
for the first time. The behavior of the air is predicted from application of a
fluid mechanical law: the principle of continuity. As this small fraction of air
decelerates and flows through the air gaps in the antenna, it will be “stretched” in
the plane perpendicular to the air flow. Therefore, the air may be sampled by the
sensory hairs at a greater spatial resolution than expected from the distribution of
the odorant molecules in the air upstream of the antenna. However, the slowing
down of odorant-laden air as it passes through an antenna will not change the
perceived temporal characteristics of the chemical stimulus (e.g., the rate of
odorant filament encounter). This distortion or stretching of the air sample is
expected to develop within about one antennal width upstream of the antenna,
as verified by examining wakes of simple physical models.

Key Words—Antenna, insect, flow, chemoreception, pheromone, pheromone
plume, spatial heterogeneity.

INTRODUCTION

The pectinate insect antennae have thousands to tens of thousands of sensory hairs
arrayed in complex arrangements in three-dimensional space (e.g., Steinbrecht,
1970). Whereas such a large number of chemosensory hairs should facilitate the
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capture of odorant molecules from the air, Vogel (1983) noted that such a dense ar-
ray of hairs would have a high resistance to air movement and, therefore, decrease
the amount of air sampled by those hairs. This has been verified for the pectinate
antennae of two insect species: only 10-20% of the approaching air passed through
the pectinate antennae of the luna moth, Actias luna (L.) (Vogel, 1983) and the silk-
worm moth, Bombyx mori (L.) (Zhang, 2001; Zhang and Loudon, unpublished).
A “trade-off” exists between the amount of air processed and the efficiency with
which that air is sampled by the sensory hairs. For pectinate antennae, this small
fraction of air is sampled with great efficiency (Loudon and Koehl, 2000). There
will be additional consequences of this particular air flow pattern that have not
been considered in the literature until now.

Some general features of this diverging and decelerating air flow pattern may
be predicted by applying the fluid mechanical “principle of continuity.” The prin-
ciple requires that air approaching a pectinate antenna will decelerate and, thus,
its streamlines will diverge (splay downstream). For air containing a spatially-
heterogeneous odorant, divergence will distort the plume, affecting its intercep-
tion by chemosensory structures. Odorants have a patchy distribution in natural
environments, with filaments of concentrated odorant interspersed with clean air
(Murlis and Jones, 1981; Murlis, 1986; Murlis et al., 1990). The filamentous na-
ture of odorants is used during orientation to odor sources by some insect species
(Vickers and Baker, 1994; Willis et al., 1994; Fadamiro and Baker, 1997; Baker
et al., 1998; Vickers et al., 2001).

The principle of continuity is a statement of the conservation of mass applied
to a moving fluid such as air or water. If only 10-20% of the air approaching
a pectinate antenna passes through, then the approaching air must diverge (the
streamlines will splay) (Figure 1A and B). By definition, a streamline is tangent
to the local flow at every point, which means that a streamline will not be crossed
even though it is not a solid barrier. Therefore, conservation laws may be applied to
a volume enclosed within a set of streamlines (a “streamtube”), and the mass of air
entering this volume must be identical to the mass of air leaving this volume during
the same time period (if air moleculer are not created, destroyed, or accumulated
within this volume). Air volume may be substituted for mass, assuming air of
constant density (valid under these subsonic, biologically-relevant conditions). It
follows that the product of cross-sectional area and average velocity will be con-
stant at every downstream location (Figure 1A). Therefore, as the cross-sectional
area increases (as the streamlines diverge), the average velocity will decrease. If
the flow pattern is not changing over time, a streamline will indicate the path that
will be traced by an individual fluid particle as it moves downstream in the flow
(see Vogel 1994, for more explanation). Any patches or filaments of odorant will
be distorted in space as each patch follows its own set of streamlines, slowing
and diverging. The principle of continuity predicts that patches of odorant in air
approaching a pectinate antenna will be stretched in the plane perpendicular to
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A. Diverging flow distorts patches of odorant
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B. Diverging flow upstream of an antenna “magnifies”
patches of odorant

F1G. 1. (A) Patches of odorant, shown at left as black circles, become distorted in shape as
the streamlines of the air diverge and the flow slows. Arrows indicate the direction of the air
flow, with speed represented by arrow length. The representative values for area, velocity,
and patch encounter rate demonstrate the predictions from the principle of continuity:
the constant product of area x velocity (between streamlines) and the unchanging patch
encounter rate. (B) The picture of the moth shows how an odorant plume will be magnified
(stretched) as it is sampled by a pectinate antenna.

the direction of air flow and shortened in the direction of air flow (Figure 1A).
A stretched, thinner patch of odorant will have the opportunity to strike a larger
number of sensory hairs, but the patch encounter rate by an individual sensory
hair is not expected to change. This is because the odorant patches are thinned and
slowed by the same factor as they approach an antenna (Figure 1A).

Although the principle of continuity predicts that the air approaching a pecti-
nate antenna will decelerate and diverge, it does not predict how far upstream of
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the antenna this divergence will occur. The farther upstream the divergence occurs,
the greater the opportunity for the thinner, stretched filaments (Figure 1A) to be
eroded by diffusion and the less likely to be detected by the antennae as discreet
filaments. It is not known where streamlines start to diverge upstream of a porous
bluff body (“bluff”” means nonstreamlined), such as a pectinate antenna.

In general, the location of the divergence upstream of a body will depend on
the geometry and the magnitude of the Reynolds number (a dimensionless number
characterizing the ratio of inertial to viscous effects in a fluid). The Reynolds
number is defined as Re = pLv/u, where p is the density of the fluid, L is the
characteristic length, v is the velocity, and p is the kinematic viscosity of the
fluid. The characteristic length of the object is usually measured perpendicular
to the direction of flow, and the velocity of the fluid is measured with respect to
the object’s frame of reference (Vogel, 1994). Most of the literature on porous
structures is for higher Reynolds number cases (Elder, 1959; Lau and Baines,
1968; Castro, 1971; Koo and James, 1973; Castro, 1976) in which the upstream
divergence is extremely close to the body. For lower Reynolds numbers (relevant
to insect antennae), diverging flow could develop farther upstream because of the
increased importance of viscous effects.

To estimate where the flow diverges around porous structures for lower
Reynolds numbers, we measured the flow around physical models of arrays of plat-
inum wires. Because of the technical difficulties with accurate measurements of
upstream streamlines, we measured downstream flow because it allowed us to iden-
tify unambiguously the fluid parcel that had moved through the porous array. These
downstream measurements may be used to predict upstream streamlines because
upstream and downstream flow patterns will be symmetrical for low Reynolds
number flow (Re < 1). The downstream convergence will start to extend farther
from the body than the upstream divergence as the Reynolds number increases
above one (White, 1991). Therefore, measurements for this higher Reynolds num-
ber range (Re > 1) based on the downstream convergence will be a conservative
estimate (in this case, overestimate) of the extent of the upstream divergence.

Dimensionless modeling was used (matching the Reynolds number of the
physical model with the relevant Reynolds number for antennae) to enable com-
parison of the flow around the model array with air flow around insect antennae.
A shift from air to water at the same Reynolds number range will not change
the flow pattern geometry, which is the logic behind dimensionless modeling.
The implications of the principle of continuity as described here are relevant for
chemoreception in air or water.

METHODS AND MATERIALS

Physical Models and Flow Chamber. The physical model consisted of an
array of platinum wires inside a fluid-filled enclosed chamber (with a glass top
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FIG. 2. Flow visualization technique: A—Experimental setup showing location of visual-
ization chamber on microscope. B—Camera/microscope view of chamber showing array
(5 parallel wires viewed end-on) and two hypothetical streamlines diverging upstream of
the array (with symmetrical downstream convergence). C—Frame from videotape showing
streaklines of marked thymol blue solution downstream of the array.

for viewing) (Figure 2). The array had five parallel wires (wire diam = 0.3 mm,
length 3.0 mm, array width 4.28 mm). The platinum wires of the physical model
were used as the anodes to mark the fluid at the array itself; a single platinum wire
elsewhere in the chamber served as the cathode. The applied voltage was 1.7 V. This
array was centered in a chamber of 3.0-mm height and 28-mm width (Figure 2A).
Therefore, the wires completely spanned the height of the chamber to make the
flow two-dimensional, and the array spanned 20% of the total cross-sectional area
of the chamber. To generate higher resistance to flow (lower porosity) as a second
treatment, a nylon mesh sheath was placed over the array of wires.
Gravity-driven flow of the solution through the chamber was controlled and
measured by a flow meter (Manostat flow meter #2, New York). For each array
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type, three different volumetric flow rates were tested, each corresponding to a
different Reynolds number. For these Reynolds numbers, the flow was laminar
(not turbulent). Three Reynolds numbers were used for each array type: 0.5, 1,
and 3 (using chamber height, 3 mm, as characteristic length L). The volumetric
flow rates were kept within 5% of the target flow rate. The complete range of fluid
speeds inside the chamber ranged from 0.02 cm/sec to 0.138 cm/sec. The range of
fluid temperatures was 19-23°C.

Physical Properties of Fluid Used for Flow Visualization

An aqueous solution of the pH indicator thymol blue (0.05 g thymol blue
and 1.52 g NaCl in 500 ml water) was used to visualize the flow. This fluid can
be “marked” electrolytically when titrated just below the pH at which it changes
color from amber to blue (pH 8, Baker, 1966; Sparrow et al., 1970). We added
salt (NaCl) to the original published recipe (only thymol blue in water) in order
to increase the electrical conductivity of the solution and decrease the amount
of hydrogen bubbles generated. The fluid was marked at the array of wires and
the resulting streaklines in the chamber were videotaped (Panasonic WV-CL700
camera mounted on a Nikon Stemi SV6 dissecting microscope). The advantage of
this flow visualization technique is that the marked fluid does not differ in phys-
ical properties from the unmarked fluid, and therefore will accurately represent
its behavior. The marked fluid eventually reverts back to its original unmarked
state; this change was imperceptible over the time period of our measurements.
We tested this by repeatedly digitizing marked patches of fluid as the fluid moved
downstream. The digitized areas did not change over the videotaping period (up
to a minute). This was tested for three replicates for each of three different flow
rates. The area of the marked fluid was not significantly affected by flow speed
(ANCOVA, P =0.87, N = 9) or distance downstream (P = (0.98).

The physical properties of the solution were determined within the range of
fluid temperatures used in the experiments (19—23°C). The density of the solution
was determined by weighing three 100 ml samples (in a 100 ml volumetric flask)
at 20°C. The average density of the solution was 0.99923 + 0.00056 g/ml (mean +
1SD, N = 3),0.09% greater than pure water at that same temperature (0.99823 g/ml,
Weast et al., 1988). Therefore, the density of pure water was used for the density
of the thymol blue solution in all subsequent calculations. The viscosity of the
solution was measured for three replicates at each of two temperatures (20°C and
25°C) using a Gilmont falling ball viscosimeter (Barnant Company, Barrington,
IL) and it was always within 2% of the value reported for pure water (Weast et al.,
1988). Comparable measurements performed on deionized water were of simi-
lar accuracy (within 3% of the published value for pure water). Therefore, the
viscosity of pure water was used for the viscosity of the thymol blue solution in
all subsequent calculations.
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Video Analysis

Regular speed video (30 frames/sec) was digitized using motion analysis
software (Motus, Peak Performance Inc., Englewood, CO). The distance between
the two outermost streamlines (‘“width of marked fluid”) was digitized at multiple
locations (up to 18 locations; 3 replicates for each Re and resistance) downstream
of the array at 1.2 or 0.25 mm intervals (the finer spatial scale was used for the
less porous/higher resistance array). From these digitized points, we were able to
calculate the change in width of the marked fluid as it moved farther downstream
from the array. These widths were normalized to a O—1 scale where “1” is the width
of the marked fluid at the array for each porosity. When we were no longer able to
measure further change in the width (successive widths differed by a pixel or less
and no longer showed a monotonic trend), we considered the streamlines to have
“converged” to a constant distance apart.

Statistical Analysis and Mathematical Manipulations

All statistics were performed with SAS software (version 8.2, SAS Institute
Inc., Cary, NC). Exponential fits to the widths of the marked fluid (Figure 3) were
calculated by using Excel’s built-in exponential regression option after subtracting
the constant asymptotic value (for large x). Streamlines around a sphere at low
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FIG. 3. Streamlines of the fluid that had passed through the array converged more rapidly
downstream for the less porous array (with higher resistance to flow). The porosity (the
normalized distance between streamlines far downstream of the array) did not differ within
the Reynolds number range (0.5-3.0) for the less porous array, but decreased slightly with
Reynolds number for the more porous array. Each symbol represents a single replicate, and
the lines indicate best exponential fits to the data for each Reynolds number and array type.
The distance between streamlines was normalized to the width of the marked fluid at the
array, whereas the distance downstream was normalized to array width.
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upstream downstream

FIG. 4. Streamlines around a sphere at low Reynolds number (calculated from Stokes’
equations) show the upstream/downstream symmetry expected for small bodies or in slow
flow.

Reynolds number were calculated from Stokes’ equations of the velocity flow field
(Equation 3-214 in White, 1991) by a stepwise iterative simulation calculating
the next position of a fluid particle from its current position and velocity vector
(Figure 4).

RESULTS

Physical Modeling

The marked fluid downstream of the five-membered array (Figure 2C) was
used to identify the locations of the streamlines of the fluid that had passed through
the array (marked at the array elements). The distance between the two outermost
streamlines decreased downstream of the array asymptotically to an approximately
constant value (Figure 3). This value was compared to the distance between the
same streamlines at the array. The streamline width ratio (width far downstream:
width at array) was used to estimate the porosity of the array (the amount of
approaching fluid that passes through the array). The average porosity of the
high resistance array was 9.7 & 0.08% (mean £ 1 SD, N = 3 Re) and the av-
erage porosity of the low resistance array was 44 + 6% (mean £+ 1 SD, N =
3 Re). The porosities were significantly different for the two different array resis-
tances; the porosity of the low resistance array decreased slightly with increasing
Reynolds number, whereas the porosity of the high resistance array was inde-
pendent of Reynolds number for the range of parameters and resistances used
(two-way ANOVA, P < 0.001 for array resistance, P = 0.04 for Reynolds num-
ber, P = 0.04 for the Re X resistance interaction term; N = 3 replicates for each
of 3 Reynolds numbers for each resistance level).

Convergence took place within one array diameter downstream for the less
porous array (entire Re range 0.5-3) and within two array diameters for the more
porous array (entire Re range 0.5-3). That is, the distance between the outermost
streamlines did not continue to decrease farther downstream.
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DISCUSSION

It is not intuitive that a parcel of air approaching a pectinate antenna will be
“stretched” in the plane perpendicular to flow, although this streamline divergence
is mandated by the fluid mechanical principle of continuity. This divergence of
the flow has important consequences for chemoreception by pectinate antennae
because it will affect the spatial pattern with which the odorant molecules encounter
the sensory hairs on an antenna. For pectinate antennae, the parcel of air will be
stretched by a factor of 5x—10x because these antennae typically sample only
about 10-20% of the approaching air. For example, a patch of odorant that is
1 mm? across (upstream) could be enlarged to 510 mm? across when it arrives
at the sensory hairs. From the perspective of the sensory hairs, it appears as if the
patch is magnified; i.e., a larger number of sensory hairs will encounter a patch
of odorant than would be expected from the size of the patch upstream. Whether
this stretching is two-dimensional (within the plane perpendicular to flow) vs. one-
dimensional (along a single axis within that plane), is not known and could differ
for antennae of different morphology. Note that simply changing the shape of an
odorant patch (and not its volume) will not change the odorant concentration in
that patch. The patch volume remains constant because as the patch is stretched
in the plane perpendicular to flow, it will be shortened in the direction parallel to
flow (Figure 1).

Over time, diffusion will reduce the differences in concentration between the
odorant patches and the intervening clean air, making that air sample more homo-
geneous. The elongation and thinning of the patches that occurs during streamline
divergence (e.g., Figure 1) will greatly increase the surface area of the patches and,
therefore, the rate of homogenization of the air. If the streamline divergence is far
upstream of an antenna, there will be more time for this diffusion-driven homoge-
nization to occur, and the potential information in the filamentous odorant pattern
could be lost or diminished far more rapidly. In addition, this homogenization may
lower the concentration to a level below the detection threshold of the sensory
array. To obtain an accurate picture of the extent to which a patchy or filamentous
odorant pattern may linger or be obliterated, it is important to determine how far
upstream of an antenna the streamline divergence will take place. The principle of
continuity does not specify the location of streamline divergence, but only that it
will occur.

Itis reasonable, as a first approximation, to assume that flow around a slightly
porous structure (such as a pectinate insect antenna) might resemble flow around a
solid object with the same outer dimensions. The velocity flow field around a solid
sphere at low Reynolds number is a classic solution in fluid mechanics (Stokes’
equations, Equation 3-214 in White, 1991; see streamlines calculated from these
equations in Figure 4). However, flow through or around porous structures may
sometimes exhibit complex or unexpected behavior, such as the pulsatile flow
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generated by vortex shedding of a cylindrical array for certain combinations of
geometry and flow conditions (Leonard, 1992), or the “pathological behavior” of
the mathematical solutions for low Reynolds number flow through porous pipes
(referring to lack of solutions, or multiple sets of double solutions, p. 148, White,
1991). In low Reynolds number flow, objects may have surprisingly large velocity
boundary layers or may “feel” other objects or walls from very far away (Happel
and Brenner, 1965; Loudon et al., 1994). The lack of published detail on streamline
divergence upstream of porous objects in low Reynolds number flow supplied the
motivation for making direct estimates of streamlines using physical modeling.

Theoretically, the distance between diverging (or converging) streamlines
around an isolated body in an unbounded medium (Figure 4) will continue to
approach a limit indefinitely, making it impossible to define a location at which
divergence starts. In practice, however, it is useful to consider when most (90%)
of the divergence (or convergence) has occurred. This definition is similar to the
recommendation made by Vogel (1994, 2003) to use 90% of free stream velocity
for identifying the depth of the velocity boundary layer (rather than the 99%
definition used by fluid mechanical engineers). For example, streamlines passing
closely around a solid sphere at low Re (Re < 1, streamlines passing within 5% of
the sphere’s diameter), will have converged 90% within one radius downstream of
the sphere’s surface (Figure 4, innermost streamlines).

Results from the physical modeling make it clear that most of the divergence
of the air is likely to take place immediately upstream of a pectinate antenna for
biologically relevant antennal morphologies and air flows. Therefore, there will be
little chance for the increased homogenization of filaments and clean air caused by
far-upstream diverging flow and distorted odorant patches. A pectinate antenna has
porosity more similar to the “less porous” array used for these measurements, and,
therefore, the divergence of the air is expected within about one array diameter
upstream.

The experimental Reynolds number range (0.5-3) corresponds to cases of
extremely slow flow or very small antennae, such as 1-mm wide antennae in air
flows of a few cm/sec (calculated from the formula for Re given above, using
p/i =15 x 107 m?/sec). For larger Reynolds number flow (larger antennae or
faster air flow), the upstream divergence is expected to be even closer to the antenna
(within one antennal width). No evidence was seen for complex or unexpected flow
behavior; the streamlines converged smoothly downstream in a manner similar
to streamlines downstream from a solid sphere in low Reynolds number flow
(compare Figures 3 and 4).

Some pectinate antennae are flat (planar) and are held perpendicular to the
oncoming air, similar to our experimental array (e.g., luna moth antennae, A. luna),
whereas others are curved or bent in a “V” shape, such as antennae from gypsy
moths [Lymantria dispar (L.)] and silkworm moths (B. mori), and are held with the
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concave “V” oriented approximately upstream. While details of the streamlines
passing through these antennae remain unexplored, experiments with curved or
tilted screens placed in a flow field show that the streamlines approaching a screen
surface tend to bend such that the flow always passes perpendicularly through
the screen (Elder, 1959; Lau and Baines, 1968; Koo and James, 1973). In an
analogous manner, the streamlines flowing through a curved or bent pectinate
antenna are likely to deflect and pass through the mesh-like structure at right
angles.

A physical model will capture the essential flow behavior at the antennal level
if its Reynolds number (based on the whole antenna) and porosity are matched
by the model, and if its geometry is similar. Therefore, the divergence pattern
reported here will be most closely approximated by the flow approaching flat
pectinate antennae, and will be similar to the flow approaching curved or “V”
shaped pectinate antennae. Whereas the flow through an antenna could be affected
by the presence of nearby surfaces including the head of the insect, we do not
expect the streamlines to diverge in a qualitatively different manner from that
described here. Flow through an antenna positioned into the flow is less likely to
be affected by the proximity of the head.

The results presented in this paper are of interest when the odorants in the
environment are of a patchy distribution and where the patches are much smaller
than the antennae. If the odorant concentration is uniform everywhere (which is
approximately true when the patch size greatly exceeds the size of the antenna),
any divergence or mixing (within the patch) will have no effect on the odorant con-
centration at the sensory hairs. Sensory hairs on pectinate antennae are individually
innervated (Steinbrecht, 1987, 1999) but are so small and close to each other that
spatial heterogeneity in the odorant concentration at their spatial scale will only
be meaningful in fast air flows, such as those generated during flying; i.e., for slow
air speeds, the “random walks” taken by individual odorant molecules passing
between sensory hairs exceed the distance between adjacent hairs (Loudon and
Koehl, 2000). There is behavioral evidence for the importance of small scale sam-
pling (within an antenna) by species with filamentous antennae (Liu and Haynes,
1992; Baker et al., 1998) although this is not yet demonstrated for an insect with
pectinate antennae. How filamentous antennae stretch or distort an odorant pattern
is not known, but the work of Schneider et al. (1998) with the sexually dimorphic
antennae from Manduca sexta (L.) suggests that this small difference in antennal
morphology will change the way in which chemicals are sampled. It is clear that
pectinate antennae sample a “magnified” piece of the olfactory landscape, without
much homogenization of this magnified patch. The prediction that the temporal
pattern of filament interception will remain unchanged has recently been tested
and verified by electroantennography on B. mori and L. dispar antennae (Bau,
et al., in review).
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Abstract—Mated female Heliothis virescens and H. subflexa were induced
to produce sex pheromone during the photophase by injection of pheromone
biosynthesis activating neuropeptide (PBAN). When injected with 1 pmol Hez-
PBAN, the total amount of pheromone that could be extracted from glands of
mated females during the photophase was similar to that extracted from virgin
females in the scotophase. The PBAN-induced profile of pheromone compo-
nents was compared between mated, PBAN-injected females and virgin females
during spring and fall. Virgin females exhibited some differences in the rela-
tive composition of the pheromone blend between spring and fall, but no such
temporal differences were detected in PBAN-injected, mated females. Because
the temporal variation in pheromone blend composition was greater for virgin
females than for PBAN-injected females, PBAN can be used to determine a
female’s native pheromone phenotype. This procedure has the advantages that
pheromone glands can be extracted during the photophase, from mated females
that have already oviposited.

Key Words—Heliothis virescens, Heliothis subflexa, sex pheromone, PBAN,
temporal variation.

INTRODUCTION

The sex pheromones of many moths are 12—18 carbon unsaturated derivatives of
fatty acids, with an oxygen-containing functional group. Species specificity of the
pheromone signal is achieved by the presence of specific pheromone components,
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and the relative amounts of these components in the pheromone blend. For ex-
ample, most noctuid moths in the genera Heliothis and Helicoverpa use (Z)-11-
hexadecenal (Z11-16:Ald) as the major component of their pheromone blends,
but vary the types and relative amounts of minor components (e.g., Roelofs et al.,
1974; Tumlinson et al., 1975, 1982; Klun et al., 1980a,b, 1982; Teal et al., 1981,
1984; Pope et al., 1982, 1984; Ramaswamy et al., 1985; Vetter and Baker, 1984;
Heath et al., 1991; Choi et al., 2002). The closely related Heliothis virescens (Hv)
and H. subflexa (Hs) both produce small amounts of hexadecanal (16:Ald), (Z)-
7-hexadecenal (Z7-16:Ald), and (Z)-11-hexadecenol (Z11-16:0OH). In addition,
Hv females produce tetradecanal (14:Ald) and (Z)-9-tetradecenal (Z9-14:Ald)
that are generally not found in Hs, whereas Hs females produce (Z)-9-hexadecenal
(Z9-16:Ald) and three acetates, (Z)-7-hexadecenyl acetate (Z7-16:0Ac), (£)-9-
hexadecenyl acetate (Z9-16:0Ac), and (Z)-11-hexadecenyl acetate (Z11-16:OAc).
Whereas the acetates are completely absent in the glands of Hv, Z9-16:Ald can be
found in trace quantities. Even though a number of studies have been conducted
to determine the pheromone compositions of Hv (Roelofs et al., 1974; Tumlinson
etal., 1975, 1982; Klun et al., 1980; Pope et al., 1982; Heath et al., 1991) and Hs
(Teal et al., 1981; Tumlinson et al., 1982; Klun et al., 1982; Heath et al., 1991), the
female pheromone component emission ratios and rates, and the relative impor-
tance of various blend components to males, have not been fully resolved (Vickers,
2002).

Well-characterized pheromone systems in closely related, interfertile con-
geners offer a powerful tool for studying the genetic bases of both pheromone
production and male response to different pheromone components. Understand-
ing the genetic mechanisms underlying sex pheromone production can in turn
enhance our understanding of the evolution of divergent sexual communication
systems (e.g., Lofstedt, 1990, 1993; Butlin, 1995; Linn and Roelofs, 1995; Phelan,
1997; Coyne and Orr, 1998). Teal and colleagues (Teal and Oostendorp, 1995a,b;
Teal and Tumlinson, 1997) recognized that Hv and Hs offer such a model: these
are closely related species that can be hybridized (Laster, 1972; Prosholt and
LaChance, 1974; Sheck and Gould, 1993, 1995, 1996), although their pheromone
compositions differ. Recently, we initiated studies aimed at identifying genes that
regulate the species-specific pheromone profiles of Hv and Hs. By hybridizing these
species, followed by backcrossing to one of the parents, genes from one species
have been introgressed into the genetic background of the other species. We used
amplified fragment length polymorphism (AFLP) analysis to genotype each fe-
male (Sheck et al., unpublished), while her pheromone phenotype was determined
by chemical analysis of the pheromone gland. Central to this approach were the
requirements that each female be sampled for both DNA and pheromone, and that
she produce viable progeny for the next round of genetic crosses. However, this ap-
proach is confounded by the temporal dynamics of pheromone production: females
must mate and oviposit to produce progeny, but pheromone production is reduced
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dramatically after mating. Preliminary data showed that in some backcrosses, the
glands of less than half of the females contained more than 50 ng of pheromone
(A. Groot, unpublished data), even though the glands were extracted during the
scotophase, when the pheromone titer is maximal. When gland extracts contained
less than 50 ng of total pheromone, we found it impossible to accurately analyze
the amount of the minor pheromone components.

Several approaches can be used to obtain pheromone before females mate,
without interfering with subsequent mating and oviposition. These include (a)
headspace collection and analysis, (b) solid phase microextraction (SPME) anal-
ysis, or (3) non-debilitating microdissection and extraction of a portion of a
virgin female’s pheromone gland. However, all are laborious, time-consuming,
expensive, or preclude storage of many samples prior to pheromone analysis.
Because pheromone biosynthesis activating neuropeptide (PBAN) stimulates sex
pheromone production in female moths (Raina et al., 1989), it appeared promising
for determining the pheromone phenotype of individual females by stimulating
pheromone production after oviposition. Indeed, a common assay of its activity
is to induce pheromone production during the photophase, when the pheromone
titer is normally minimal in nocturnal moths (reviews: Rafaeli, 2002; Rafaeli and
Jurenka, 2003). Furthermore, Teal et al. (1993) demonstrated that PBAN-injected
Hv and Hs females were induced to produce sex pheromone during the pho-
tophase; Teal and Oostendorp (1995b) extended these observations to Hv-Hs hybrid
females. However, only Z11-16:Ald, the major sex pheromone component, was
analyzed by Teal and colleagues. Because our genetic analysis required quantifi-
cation of all the pheromone components, it was important to establish whether
PBAN elevated production of all pheromone components in naturally occurring
ratios.

Several studies have examined variation of the pheromone blends in virgin
Hs and Hv females. Pope et al. (1982) determined the temporal variation in the
pheromone blend emitted by Hv throughout the night, and Heath et al. (1991)
examined the periodicity of both pheromone gland content and its emission in
both Hv and Hs. Both studies found variation in the alcohol/aldehyde ratios during
the scotophase, and maximal pheromone titers and release between the 4th and
8th hour of the scotophase, although Hs seemed to produce maximum amounts
of pheromone earlier in the scotophase than Hv (Heath et al., 1991). Pheromone
production and composition may vary not only during the night, but also during the
flight season. In this study, we aimed to determine whether the blend composition
in PBAN-induced mated females at a given sampling time was similar to that found
in untreated virgin females, and whether any differences between the two types
of females were comparable in magnitude to differences across sampling times
among virgin females. We compared the amount of pheromone produced, as well
as the pheromone profile, in the glands of both Hs and Hv during two periods:
spring and fall.
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METHODS AND MATERIALS

Insects. Hv and Hs were reared on artificial diet as described in Sheck and
Gould (1993, 1995). Pupae were separated by sex, and placed under a reversed
light cycle (14L:10D, lights off from 04:00 to 14:00). Newly eclosed adults were
collected daily and placed in plastic containers (diameter 11 cm, height 8 cm) with
sugar water.

Pheromone Gland Extractions: Virgin Females. In April and May, 2002 (de-
noted “spring treatment”), the glands of 14 Hs and 7 Hv females were dissected
2—4 d after eclosion and 47 hr into the scotophase. The glands were placed in con-
ical vials containing 50 ul hexane and 20 ng of 1-pentadecanol acetate as internal
standard. After 20—60 min, the glands were removed and the extracts were stored
at —20°C until analysis. Variation of pheromone composition was evaluated by
repeating these extractions in September and October 2002 (denoted ““fall treat-
ment”), during which glands of 12 Hs females and 18 Hv females were dissected
in a similar way.

PBAN-Injections and Pheromone Gland Extractions: Mated Females. Upon
eclosion, single Hs and Hv females were confined with conspecific males. The
mating buckets were checked daily for oviposition, and females were allowed an
additional 4 d to oviposit before they were injected with PBAN. Males were kept
in the mating buckets the entire period, which allowed for multiple matings.

A stock solution of Hez-PBAN (Peninsula Laboratories, San Carlos, CA)
(200 pmol/ul in 50% methanol and 1 N HCI) was diluted in saline (Kurtti and
Brooks, 1976) within 24 hr of injection to 1pmol/ul. Females were injected during
the photophase with 1 pmol PBAN in 1 ul, using a 10 ul syringe (Hamilton, Reno,
NV) with a 31 gauge needle that was inserted ventrally between the 8th and the 9th
abdominal segments. One hr after injection, the pheromone glands were dissected
and extracted as described for virgin females. This procedure was conducted in
the spring and in the fall, in the same periods as the virgin females. A total of 37
mated Hs females were subjected to this procedure (23 and 14 in the spring and
fall, respectively), while a total of 23 mated Hv females were used and analyzed
(9 and 14 in spring and fall, respectively).

Gas Chromatography (GC) and GC-Mass Spectrometry (MS). The hexane
extracts were reduced to 0.5—1.5 ul under a gentle stream of N,. Each sample was
injected into a pulsed splitless injector held at 240°C in an HP6890 GC (Agilent,
Palo Alto, CA), and separated using a30 m x 0.25 mm x 0.5 um Stabilwax column
(Restek, Bellefonte, PA) programmed from 60°C (with a 2 min hold) to 180°C at
30°C/min, then to 230°C at 2°C/min, during which all the pheromone components
eluted. The column was then heated to 245°C at 20°C/min and held at 245°C for
5 min to clean it before the next analysis. The FID detector was held at 240°C.
The amount of each pheromone component was calculated relative to the 20 ng of
internal standard. The components we quantified were: 14:Ald, Z9-14:Ald, 16:Ald,
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Z7-16:Ald, 79-16:Ald, Z11-16:Ald, Z7-16:0Ac, Z9-16:0Ac, Z11-16:0Ac, and
Z11-16:0H. Most chromatographic analyses did not separate Z7-16:Ald from Z9-
16:Ald. Therefore, we combined the peak areas of these compounds and denoted
the combination as Z7/9-16:Ald, even though Z7-16:Ald is present only in low
amounts in both species, and Z9-16:Ald is present in relatively large amounts in Hs.

The chemical identities of all pheromone components were confirmed by GC-
MS. Aliquots of these extracts were injected into an HP5890 GC, and separated
using a 30 m x 0.25 x 0.5 um DB-Wax column or a DB-225 column (both
from J&W Scientific, Folsom, CA) temperature programmed from 60°C (with a
1 min hold) to 230°C at 10°/min and held for 10 min. The eluted compounds were
detected with an HP5972 mass selective detector, and mass spectra were compared
to those of known standards injected in the same manner. Further GC-MS analysis
of the 14-carbon aldehydes was conducted on a G1800A GCD (Agilent, Palo Alto,
CA) equipped with a 60 m x 0.25 mm x 0.25 um DB-23 column, programmed
from 130°C (1.5 min hold) to 170°C at 6.5°/min, then to 210°C at 2.5°/min, and
to 240°C at 10°/min, followed by an 11 min hold.

Statistical Analyses. First, the total amount of pheromone extracted from
the pheromone glands of virgin and PBAN-injected mated Hs and Hv at the two
sampling periods was compared between species, treatments (virgin vs. PBAN-
injected, mated females) and periods (spring vs. fall). The total amounts of
pheromone were log-transformed and subjected to 3-factor analysis of variance
(ANOVA) in which the factors species, treatment, and period were treated as
fixed. ANOVA was carried out using the GLM procedure of SAS (SAS, 2002).
Specific comparisons between virgin females and PBAN-injected mated females
were carried out as appropriate, depending on the presence of interaction between
treatments and the other two factors. To test for differences in variability among
individuals in the total pheromone amounts, a generalization of the Lev1:med test
(Conover et al., 1981; Boos and Brownie, 1989) was used to test for main and
interaction effects of the factors species, treatment, and period, on the measure of
variation corresponding to the average absolute deviation from the median. This
test is robust to non-normality of the data, and is essentially a 3-factor ANOVA
on Z;; = |Y;; — median;|, where Y;; is the total pheromone for the jth individual
in the ith group, and median; is the median of the ith group, a group being one of
the eight species-treatment-period combinations.

Second, the impact of PBAN on ratios of pheromone components was tested.
The relative percentage of each of the components was calculated by setting the
total amount of all pheromone components to 100%. The three C,¢ acetates were
summed and treated as one component, the sum of acetates, to reduce the number of
comparisons. All values were then log-transformed to stabilize the variance. When
we compared Hv with Hs, large differences were found between the means and
the variances of most pheromone components. Therefore, only intraspecific dif-
ferences were analyzed further. Within each species, the following comparisons
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were made, using multivariate ANOVA (MANOVA): (a) Differences in overall
pheromone composition between treatments, (b) Differences in overall pheromone
composition between periods, and (c) Interaction effects between treatments and
periods. These overall comparisons were followed by a univariate ANOVA for each
component separately, with separation of means using Tukey’s adjustment for mul-
tiple comparisons. Comparisons between virgin females and PBAN-injected mated
females in the same period were of primary interest, but comparisons across peri-
ods were also of interest to provide information about the magnitude of temporal
differences.

RESULTS

Our GC and GC-MS results confirmed the presence of 14:Ald and Z9-14:Ald
in Hs females (data not shown). The retention times of each of these two compounds
on both polar (Stabilwax) and non-polar (HP-1) GC columns were coincident with
the retention times of the respective authentic sample. The parent ions of 14:Ald
and Z9-14:Ald were not detected, but for 14:Ald, m/z 194 (M™ —18) and 168
(M* — 44) were diagnostic. The mass spectrum of Z9-14:Ald showed Mt — 18
at m/z 192, which is characteristic of C;4 monounsaturated aldehydes. Based on
these results, together with the earlier identification by Klun et al. (1982), we are
confident that both 14:Ald and Z9-14:Ald were present in Hs females.

Injection of 1 pmol of Hez-PBAN into mated, post-oviposition Hs and Hv
females during the photophase resulted in a total amount of extractable pheromone
in the range of that found in virgin females during the scotophase (Table 1). The only
significant effects were the Species x Period and Species x Treatment x Period
interactions (P = 0.004 and P < 0.001, respectively). Pheromone glands of virgin
Hs females in the spring contained significantly more pheromone than those of
PBAN injected, mated Hs females in the same period, but the difference between
virgin Hs females in the spring and fall (i.e., a temporal effect) was of similar
magnitude to the treatment difference in the spring (Table 1). In contrast to the
significant temporal effect for virgin Hs females, the PBAN-induced pheromone
titers in mated females of both species were not influenced by the sampling period.
More importantly, the amount of pheromone extracted during the photophase from
glands of mated, post-oviposition females injected with PBAN was sufficient, i.e.,
>>50 ng, for accurate analyses of pheromone blend composition.

Analysis of absolute deviations from the median using the Levl:med test
(Conover et al., 1981; Boos and Brownie, 1989) yielded a marginally significant
(P = 0.058) treatment main effect. Mean absolute deviations presented in Table 2
suggest that variation in the amount of pheromone produced among females of the
same species within a period was higher in virgin females than in PBAN-induced
mated females. Values in Table 1 for the coefficient of variation also suggest that
PBAN reduced variation in pheromone titers.
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TABLE 1. AMOUNT OF PHEROMONE EXTRACTED FROM THE GLANDS OF VIRGIN
FEMALES, AND MATED FEMALES INJECTED WITH 1 PMOL PBAN AFTER THEY
HAD OVIPOSITED FOR 4 DAYS?

Source Period N Total pheromone per female (ng), mean & SEM (CV)

H. subflexa Spring 13 Virgin 414 +£72(63)a
23 Mated + PBAN 201 £21 (50) b
Fall 13 Virgin 166 =41 (90) b

14 Mated + PBAN 231 + 28 (46) ab
H. virescens Spring 7  Virgin 196 £ 44 (59) A
9  Mated + PBAN 260 +37 (43) A
Fall 18  Virgin 317 £46 (61) A
14 Mated + PBAN 279 +£35(47) A

“Within a species, means without a letter in common differ significantly (P < 0.05), us-
ing Tukey’s procedure for multiple comparisons on log-transformed total amounts. ng:
nanogram, SEM: Standard error of the mean, CV: Coefficient of variation.

When comparing the overall profiles per species using MANOVA, a sig-
nificant difference was found between virgin females and PBAN-injected mated
females, averaged over periods, for both Hv and Hs (Table 3). Overall pheromone
profile differences between periods were not found in Hv, but were significant in
Hs. Overall interaction effects between treatment and periods were found for both
Hv and Hs (Table 3).

To determine which components contributed to these overall differences,
results of separate analyses on each component are presented in Table 3. In Hv,
significant treatment main effects were found for 14:Ald and Z11-16:0H (see
Table 3 and Figure 1). Examining the means for these components showed that,

TABLE 2. VARIATION, MEASURED BY THE MEAN ABSOLUTE DEVIATION
FROM THE MEDIAN, IN TOTAL PHEROMONE AMOUNTS EXTRACTED FROM THE
GLANDS OF VIRGIN FEMALES, AND MATED FEMALES INJECTED WITH 1
PMOL PBAN AFTER THEY HAD OVIPOSITED FOR 4 DAYS

Source Period N z mean £ SEM? (ng)
H. subflexa Spring 13 Virgin 175 £ 53
23 Mated + PBAN 82+£13
Fall 13 Virgin 103 £+ 39
14 Mated + PBAN 84 £ 16
H.virescens Spring 7 Virgin 91 £ 30
9 Mated 4+ PBAN 75 +£26
Fall 18 Virgin 147 £ 29
14 Mated + PBAN 107 £ 18

“Mean and SEM of Z;; = |Y;j—median; |, or the absolute deviation from the median, a
measure of variation within a group of the total amount of pheromone extracted (Conover
et al., 1989; Boos and Brownie, 1991). See text for further explanation.
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TABLE 3. MANOVA PER SPECIES TO TEST FOR OVERALL? DIFFERENCES IN PHEROMONE
COMPOSITION, FOLLOWED BY UNIVARIATE ANALYSES FOR EACH OF THE COMPONENTS
(EXPRESSED AS A PERCENTAGE OF TOTAL PHEROMONE AMOUNT). P-VALUES ARE
REPORTED FOR TREATMENTS, PERIODS, AND INTERACTION EFFECTS

H. subflexa H. virescens
Treatment Treatment
Treatment  Periods x Period  Treatment Periods x Period
MANOVA <0.001 <0.001 0.001 <0.001 0.30 0.035
Univariate tests
Compound”
14:Ald <0.001 0.002 ns <0.001 ns 0.033
79-14:Ald ns ns 0.001 ns ns ns
16:Ald ns <0.001 0.001 ns ns ns
Z7/9-16:Ald 0.034 0.020 ns ns ns ns
Z11-16:Ald 0.040 0.007 ns ns ns 0.012
Acetates® 0.017 0.030 ns — — —
Z11-16:0H ns 0.023 ns 0.011 0.017 0.009

Note.ns: P > 0.05.

“Comparing pheromone profiles as a whole, instead of per compound.
b All analyses were carried out on log-transformed values.

¢Absent in Hv females.

although statistically significant, the difference in the relative percentages was
small for 14:Ald, i.e., 0.8%. The difference in Z11-16:0H between virgin and
PBAN-injected Hv was bigger (6.7%), which is due to the relatively high amount
of Z11-16:0H in virgin Hv females in spring.

In Hs, significant differences were found for all components except Z11-
16:0H (Table 3). The percentages of 14:Ald, 16:Ald, and Z11-16:Ald were sig-
nificantly lower in fall than in spring, whereas the percentages of Z9-14:Ald and
777/9-16:Ald were significantly higher in fall than in spring (see Figure 1). Also,
significant differences were found between virgin Hs females and PBAN-injected,
mated Hs females (Table 3). Despite these differences, the relative percentages
of the different compounds found in virgin or PBAN-injected mated Hs females
overlapped in at least one of the periods (Figure 1).

DISCUSSION

Our results demonstrate that mated Hs and Hv females injected with 1 pmol
PBAN during photophase produced pheromone at levels and ratios comparable
to those produced by virgin females during the scotophase. It is likely, based on
dose-response studies (Raina et al., 1989; Abernathy et al., 1996), that injection of
more PBAN would have stimulated mated females to produce more pheromone.



PBAN-STIMULATED SEX PHEROMONE IN MATED Heliothis 23

70+ [ virgin, Spring

1 Virgin, Fall
601 B8 Mated + PBAN, Spring

Il Mated + PBAN, Fall
501 2

a
w0 1S
b

30+

g
i}
4
$
5
5
3

Z7/9-16Ald Z11-16:Ald Acetates Z11-16:0H
707

607

Percentage relative to total amount

501
Hv
40+

301
20

101

aba

14:Ald  Z9-14.Ald

16:Ald  Z7/9-16Ald Z11-16:Ald Acetates Z11-16:0H

FIG. 1. Pheromone profiles (mean =SEM) of H. subflexa (Hs, upper graph) and H. virescens
(Hv, lower graph) when the relative abundance of each component is calculated as a per-
centage of the total amount of pheromone. Different letters within each component indicate
significant differences (P < 0.05), using a Tukey adjustment for multiple comparisons. No
letters: not significant. See text for further explanation.

Our results also demonstrate that PBAN-induced mated females produce and
accumulate pheromone of comparable blend quality to that of virgin females. This
is not surprising given our current understanding of the enzymatic steps affected
by PBAN. In most species, including H. zea, PBAN appears to affect steps in or
prior to fatty acid synthesis (e.g., Jurenka et al., 1991; Jurenka, 1996; Teal et al.,
1996; reviews: Tillman et al., 1999; Rafaeli, 2002; Rafaeli and Jurenka, 2003). In



24 GROOT ET AL.

some species, reduction of the fatty acyl moiety to alcohol appears to be controlled
by PBAN (Arima et al., 1991; Ozawa et al., 1993; Fabrias et al., 1994). One study
using Sesamia nonagrioides (Mas et al., 2000) found an activation by PBAN of
acetyl transferase, converting alcohols to acetates. In heliothines, it appears that
PBAN controls either the biosynthesis of fatty acids, their reduction, or both.

Pheromone composition is usually reported either relative to the mass of the
major component (here, Z11-16:Ald), or as a percentage of each component rela-
tive to the total mass of pheromone recovered. The first approach, expressing the
secondary components as a percentage of the main component, may facilitate com-
parisons between species that differ in the number of secondary components. The
second approach, expressing all components as a percentage of the total amount of
pheromone produced, can show intraspecific treatment effects on the main compo-
nent. We calculated and analyzed the relative amounts of the different pheromone
components in both ways. Because similar trends emerged, we have shown only
the pheromone profiles in which all components are expressed as a percentage of
the total amount of pheromone produced.

The fact that we found statistically significant differences in the relative
amount of 14:Ald produced in both species may not be biologically significant,
because the quantities produced were very low. The overall significant difference
in Z11-16:0H between virgin Hv and PBAN-induced mated Hv females, and the
overall significant difference in the amount of acetates produced between virgin
Hs and PBAN-injected mated Hs females, are harder to explain. However, the dif-
ference in relative percentages of these components between virgin females and
PBAN-induced mated females was no greater than the difference between periods
(i.e., temporal changes) for virgin females of the same species.

We did not find any of the acetates in Hv females, in agreement with previous
analyses of Hv (Roelofs et al., 1974; Tumlinson et al., 1975, 1982; Klun et al.,
1980; Pope et al., 1982; Heath et al., 1991). However, acetate esterases, which
convert acetates to alcohols (Bjostad and Roelofs, 1983; Roelofs and Wolf, 1988;
Wolf and Roelofs, 1989), appear to be present in both Hv and Hs. When Teal et al.
(1989) applied acetate esters to the surface of the pheromone glands of both Hs
and Hv females, they found more of the corresponding alcohols and aldehydes in
Hv than in Hs. Whether acetyl transferases that convert alcohols to acetate esters
(Bjostad and Roelofs, 1983; Morse and Meighen, 1986) are present in Hv as well
remains to be determined.

Both species had Z11-16:0H, but it was present in much higher amounts in
Hs than in Hv. In Hss, this alcohol has been found to be an essential component for
the attraction of conspecific males (Heath et al., 1991; Vickers, 2002), whereas Hv
females apparently do not emit this compound (Teal et al., 1986; Heath etal., 1991).

We confirmed an earlier report by Klun et al. (1982) that 14:Ald and Z9-
14:Ald were present in Hs females. Because other studies did not find these
compounds in Hs (Teal et al., 1981; Tumlinson et al., 1982; Heath et al., 1991),
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it was questionable whether they were produced by Hss at all (Vickers, 2002). Not
only did we consistently find both compounds in both virgin and PBAN-injected
mated Hs females, but the percentage of 14:Ald relative to the main component
was similar to that found in virgin Hv females. In Hv, these compounds, especially
79-14:Ald, are essential for attracting conspecific males (Vickers et al., 1991).
Hs males do not seem to be attracted or repelled by Z9-14:Ald (Vickers, 2002),
although receptor cells responding to Z9-16:Ald also respond to Z9-14:Ald in Hs
(Baker et al., 2004).

Z7/9-16:Ald were almost absent in Hv, but present in relatively large amounts
in Hs. Z9-16:Ald is one of the major pheromone components that provides species-
specificity; Hs males are not attracted to a blend lacking this component (Vickers,
2002), whereas attraction of Hv males is independent of the presence or absence
of Z9-16:Ald (Tumlinson et al., 1982; Teal et al., 1986; Vickers et al., 1991).
79-16:Ald can be formed through A9-desaturase acting on the 16:acid, or through
All-desaturase acting on the 18:acid (e.g., Choi et al., 2002). A A11-desaturase is
present in both species, because it is involved in formation of the major pheromone
component, Z11-16:Ald (Jurenka, 1996; Choi et al., 2002). We hypothesize that
in Hv, low amounts of Z9-16:Ald are formed through A1l-desaturase acting on
the 18:acid, whereas Hs females possess a A9-desaturase which allows them to
produce Z9-16:Ald through 16:acid as well. We are currently investigating whether
Hv and Hs differ in how the A9-components are produced.

Because there was considerable similarity in blend composition between vir-
gin and PBAN-injected mated females, we conclude that PBAN can be used in
determining ratios of pheromone components in backcross females. PBAN injec-
tion has several major advantages over other possible methods, because glands can
be extracted during the photophase, from relatively old (>6 d old) and/or mated
females, which makes this method time- and age-independent.
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Abstract—Production of the male specific compound, 6,10,13-trimethyltetra-
decyl isovalerate by the predatory stink bug Eocanthecona furcellata (Wolff)
was dramatically affected by rearing conditions. Male bugs kept isolated after
eclosion produced an average of 1,948 ng of 6,10,13-trimethyltetradecyl iso-
valerate per bug, whereas male bugs reared in groups of 5-8 bugs produced an
average of only 4 ng of 6,10,13-trimethyltetradecyl isovalerate per bug. Same-
sex or mixed-sex pairs of bugs produced less than 50 ng per bug. Male bugs
kept isolated for 1 wk and then grouped for 1 wk produced 3 ng of 6,10,13-
trimethyltetradecyl isovalerate per bug, whereas male bugs grouped first and
then isolated produced 135 ng of 6,10,13-trimethyltetradecyl isovalerate. A to-
tal of 11 minor components in relative amounts of less than 1% of the major
6,10,13-trimethyltetradecyl isovalerate were found in the sternal gland secretion.
These included 6,10,13-trimethyltetradecanol, acetate, propionate, and butyrate
esters of 6,10,13-trimethyltetradecanol, and isovalerate or valerate esters of ho-
mologs of 6,10,13-trimethyltetradecanol.

Key Words—Eocanthecona furcellata, Pentatomidae, 6,10,13-trimethyltetra-
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INTRODUCTION

In the study of semiochemicals from the predatory stink bug Eocanthecona furcel-
lata (Wolff), 6,10,13-trimethyltetradecyl isovalerate extracted from sternal glands
(SG) was found to be present in only 5% of mature virgin male bugs (Ho et al.,
2003). In a related species, Perillus bioculatus (Fabricius), production of 6,10,13-
trimethyltetradecyl isovalerate as an attractant pheromone was highest when males
were starved first and then fed. It was proposed that stimulation of isovalerate pro-
duction after feeding occurred in order to attract conspecifics to food sources
(Aldrich et al., 1986). In another report (Aldrich and Lusby, 1986), a subset of
male bugs of Mineus strigipes Herrich—Schaeffer and Oplomus severus Breddin
with SG setae never produced a detectable amount of secretion, but starvation for
2-3 d after ecdysis followed by feeding was the most effective way of stimulating
secretion.

In our initial attempts to obtain enough of the SG secretion from E. furcellata
for bioassays, starving followed by feeding failed to stimulate the secretion of SG
compounds from E. furcellata. Because 6,10,13-trimethyl-1-tetradecanol from the
SG of Stiretrus anchorago (Fabricius) was found to be an aggregation pheromone
(Kochansky et al., 1989), and SG of males of the male predatory stink bug
E. furcellata produce compounds similar to that of S. anchorago, we hypothe-
sized that the SG secretion of E. furcellata may be an aggregation pheromone as
well. We further postulated that isolated bugs should produce more aggregation
pheromone than bugs in groups because isolated bugs would use the chemical to
attract conspecifics. The male-specific SG secretion may also have a role as a sex
pheromone to attract female bugs. Thus, we hypothesized that male bugs grouped
with females should produce minimal SG secretion to attract the opposite sex,
whereas males grouped with males would still produce more SG secretion.

In this report, the amount of 6,10, 13-trimethyltetradecyl isovalerate from SGs
of virgin male bugs reared under different conditions, including being reared in iso-
lation or in groups, and being reared in single or mixed sex pairs, was quantified and
compared. Furthermore, because relatively large amounts of SG secretion could
be collected from male bugs reared in isolation, other minor compounds in the SG
secretion, mainly homologs of the major compound—©6, 10, 13-trimethyltetradecyl
isovalerate, were also identified.

METHODS AND MATERIALS

Insects. Bugs werereared on blowfly larvae, Chrysomya megacephala (Fabri-
cius) (Diptera: Calliphoridae) in the laboratory under a 14:10 L:D regime at 23
4 3°C and 70% relative humidity. The bugs were fed on alternate days ad libi-
tum. Blowfly larvae were purchased from a fishing supply store. The colony was
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maintained as described earlier in the literature (Chu and Chu, 1975a,b). Nymphs
were kept in transparent plastic cups of 7 cm height x 13 cm diam. cup in groups of
10 bugs per cup. Adults were kept under different conditions as described later in
this paper. The cups were covered with cheesecloth and a sugar—water impregnated
cotton ball was placed at the top of the cup as the water source for the bugs.

Bugs Under Different Conditions. For the group-reared treatment, adults of
the same sex were kept in groups of 5-8 bugs in 7 cm height x13 cm diam.
cup containers after eclosion. For the isolated rearing treatment, adults were kept
individually in 250 ml transparent ice-cream cups after eclosion. For tests with
pairs of bugs, two bugs, either both males of the same age or one male and one
female of the same age, were kept in 250 ml ice-cream cups after eclosion. All
these bugs were analyzed for the contents of the SG secretions 2 wk after eclosion.

To test the effects of grouping on previously isolated bugs, five bugs were
kept individually for 1 wk and then brought together in a 7 cm height x13 cm
diam. cup for 1 wk before the extraction of SG compounds. For the converse test of
grouped and then isolated adults, the bugs were kept in groups of five in the 7 cm
height x 13 cm diam. cup for 1 wk, and then isolated individually in the 250 ml
ice cream cups for 1 wk.

Extraction of Sternal Gland Contents of Adults. The bugs from various treat-
ments were anesthetized with CO,, and the ventral surface was washed with 40 p1
of hexane. The extracts were analyzed by gas chromatography (GC) and gas
chromatography—mass spectrometry (GC-MS). The amount of 6,10,13-trimethyl-
tetradecyl isovalerate was quantified vs. benzophenone as an internal standard as
described by Ho et al. (2003).

Chemical Analysis. The extracts were analyzed by splitless coupled GC-MS
with a Thermo Quest Trace GC, interfaced with a Finnigan Trace MS (electron
impact ionization, 70 V). The GC was held at 60°C for 1 min, then programmed at
10°C/min to 300°C, with injector and transfer line temperatures of 200 and 250°C,
respectively. A DB-1 column (30 m x 0.32 mm ID, J & W Scientific, Folsom,
CA) was used in the GC-MS analyses with helium carrier gas.

Hydrolysis of 6,10,13-Trimethyltetradecyl Isovalerate. Ten micrograms of
6,10,13-trimethyltetradecyl isovalerate (authentic sample from Dr. J. R. Aldrich)
were hydrolyzed in 200 ul of ethanol and 20 p1 of 1N NaOH at 50°C for 8 hr. The
hydrolyzed product, 6,10,13-trimethyltetradecanol, was extracted into hexane and
analyzed by GC-MS, then used for esterification as described below.

Formation of Esters of 6,10,13-Trimethyltetradecanol. Acetyl chloride
(50 pul) was added to a solution of 6,10,13-trimethyltetradecanol (1 ©g) in hexane
at 0°C. After 5 min, water was added to the reaction mixture, and the product
was extracted with hexane. After filtration through anhydrous MgSQy, the extract
was concentrated for GC-MS analysis. Analogous procedures were used to ester-
ify aliquots of the 6,10,13-trimethyltetradecanol solution with propionyl chloride,
isobutyryl chloride, butyryl chloride, and valeryl chloride, respectively.



32 HO ET AL.

TABLE 1. AMOUNT OF 6,10,13-TRIMETHYLTETRADECYL ISOVALERATE FOUND IN THE SG
OF VIRGIN MALE E. furcellata REARED UNDER DIFFERENT CONDITIONS. PAIRS OF
TREATMENTS WERE COMPARED WITH ¢-TESTS

Amount of 6,10,13-trimethyltetradecyl

Rearing condition isovalerate (ng) (mean =+ SE) P
Grouped 4 £+3 (N =20) P < 0.001
Isolated 1948 £ 525 (N =27)

Grouped first, then isolated 135 £ 109 (N = 24) P =0.07
Isolated first, then grouped 3+3(N =19
Paired with another male 22+ 13 (N =12) P =0.57
Paired with another female 48 £ 43 (N = 15)

RESULTS

Amounts of Isovalerate from Bugs Reared under Different Conditions. The
amounts of 6,10,13-trimethyltetradecyl isovalerate produced by male bugs reared
in isolation, in pairs, or in groups are shown in Table 1. Almost 500 times as much
isovalerate was extracted from bugs reared in isolation as compared to bugs reared
in groups (¢-test, P < 0.001). Although the mean amount of isovalerate that was
produced by bugs that were grouped first and then isolated was more than 40 times
greater than the mean amount produced by bugs that were isolated first and then
grouped, the two groups were not significantly different (P = 0.07), probably due
to the extreme variability in the amounts produced per bug. There was also no
difference in the mean amount of isovalerate recovered from males paired with
other males or with females (P = 0.57).

Identification of Homologs of 6,10,13-Trimethyltetradecyl Isovalerate. Sev-
eral compounds with mass spectra similar to that of 6,10,13-trimethyltetradecyl
isovalerate were found in the SG extracts. Spectral data, possible structures, per-
centage relative to the most abundant compound, 6,10, 13-trimethyltetradecyl iso-
valerate, and Kovats retention indices are listed in Table 2, and a chromatogram of
the gland extract is shown in Figure 1. Detailed identification data are presented
in subsequent paragraphs.

Peak I: The compound gave a base peak of m/z 97, a molecular ion at m/z
256, and an M-18 peak (m/z 238), very similar to the mass spectrum of 6,10,13-
trimethyltetradecanol in the SG secretion of Oplomus dichrous (Aldrich and Lusby,
1986). The mass spectrum and GC retention time matched those of an authentic
standard generated by hydrolysis of 6,10,13-trimethyltetradecyl isovalerate, con-
firming the structure.

Peak 2: The mass spectrum of this compound was similar to that of 6,10,13-
trimethyltetradecyl isovalerate, but its GC retention time was shorter. A prominent
fragmentatm/z 61 (McLafferty, 1980) suggested that it might be the acetate analog
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FiG. 1. Total ion chromatogram of the SG secretion of male E. furcellata. Compounds:
1: 6,10,13-trimethyltetradecanol; 2: 6,10,13-trimethyltetradecyl acetate; 3: IVb - 2CH,;
4: 6,10,13-trimethyltetradecyl propionate; 5: IVa — CH,; 6: 6,10,13-trimethyltetradecyl
butyrate; 7: IVb — CH,; IV: 6,10,13-trimethyltetradecyl isovalerate; 8: IVa isomer; 9: [Vb
isomer; 10: IV 4+ CH,; 11: IVa 4+ CH,; 12: IV + 2CH,. Column: DB-1. GC conditions are
described in “Methods and Materials.”

of 6,10,13-trimethyltetradecyl isovalerate, and the identification was confirmed
with an authentic standard.

Peak 4: Because of the distinct ion at m/z 75, characteristic of fragmen-
tation of a propionate ester (McLafferty, 1980), and a mass spectrum similar to
that of 6,10,13-trimethyltetradecyl isovalerate, peak 4 was identified as 6,10,13-
trimethyltetradecyl propionate, again confirmed with an authentic standard.

Peak 6: The fragment ion at m/z 89, characteristic of a butyrate or isobu-
tyrate ester (McLafferty, 1980), and an otherwise similar mass spectrum to that of
6,10,13-trimethyltetradecyl isovalerate, suggested that this compound was 6,10,
13-trimethyltetradecyl butyrate or isobutyrate. The peak was confirmed as 6,10,13-
trimethyltetradecyl butyrate with a standard.

Peaks 8 and 9: The mass spectra of peaks 8 and 9 were similar to that
of 6,10,13-trimethyltetradecyl isovalerate, but these peaks had different reten-
tion times, suggesting that they might be isomers. The valerate ester of 6,10,13-
trimethyltetradecanol was synthesized, but its retention time (19.08 min) was
slightly different than that of peak 8 (19.01 min) and peak 9 (19.13 min). Thus, these
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two compounds appear to be isomers of 6,10,13-trimethyltetradecyl isovalerate,
but the exact structures are unknown.

Peaks 3,5,7,10, 11, and 12: These six components had similar mass spectra
in the lower mass ranges to that of 6,10,13-trimethyltetradecyl isovalerate, but dif-
ferent fragment ions in the higher mass ranges. All of these peaks had a significant
m/z 103 fragment ion, typical of isovalerate or valerate esters. For peak 3, an ion at
m/z 255 and amolecularion of m/z 312, as compared with the analogous ion of m/z
283 and molecular ion of m/z 340 of the 6,10,13-trimethyltetradecyl isovalerate,
suggested that peak 3 might be the isovalerate or valerate ester of an alcohol with
similar structure but two methylene units fewer than 6,10,13-trimethyltetradecanol.
Similarly, for peaks 5 and 7, with significant ions at m/z 269, and molecular ions
of m/z 326, the compounds are proposed to be isovalerate or valerate esters of an
alcohol with one methylene fewer than 6,10,13-trimethyltetradecanol. For peaks
10 and 11, which gave ions with m/z 297 and 354, the compounds are proposed
to be the isovalerate or valerate ester of an alcohol with one methylene unit more
than 6,10,13-trimethyltetradecanol. Similarly, for peak 12, with ions of m/z 311
and 368, the compound was suggested to be the isovalerate or valerate ester of an
alcohol with two methylene units more than 6,10,13-trimethyltetradecanol.

These isomers with different chain lengths were further grouped into three
series of homologs according to the Kovats retention indices. Peaks 3 and 7 were
homologs of peak 9 (IVb) with one or two methylene units less than peak 9 (Kovats
indices are 2016, 2120, and 2217, respectively). Peaks 5 and 11 were homologs of
peak 8 (IVb) with one methylene unit less and one unit more than peak 8 (Kovats
indices are 2101, 2299, and 2205, respectively). Peaks 10 and 12 are homologs of
IV with one or two more methylene units than IV (Kovats indices are 2263, 2367,
and 2163, respectively).

Thus, the evidence suggests that these six compounds are isovalerate or valer-
ate esters of homologs of 6,10, 13-trimethyltetradecanol, with extra or fewer methy-
lene units in the carbon backbone, but their exact structures remain to be fully
elucidated.

DISCUSSION

Amount of 6,10,13-Trimethyltetradecyl Isovalerate Produced by Bugs Reared
under Different Conditions. Production of SG secretions of some asopine
hemipterans was stimulated by first starving and then feeding adult bugs after
eclosion (Aldrich and Lusby, 1986; Aldrich et al., 1986). In contrast, in our study,
we found that rearing density was the key factor affecting the production of the
SG secretion, with isolated bugs producing more than two orders of magnitude
more of the isovalerate ester than bugs reared in groups. The dramatic decrease
in production of the isovalerate ester in the SG secretion from grouped bugs in
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comparison to isolated bugs may be triggered by a variety of cues, such as physical
contact with other bugs, or visual, olfactory, or acoustic signals. This remains to
be explored further experimentally.

A comparison of the amount of isovalerate from bugs grouped first and then
isolated with that from bugs isolated first and then grouped suggested that a period
of isolation stimulated the production of SG secretion, even in bugs that were
initially held in a group before being isolated. However, comparison of the amount
of isovalerate from male bugs paired with either a male or a female indicated that
the sex of the companion did not affect the production of SG secretion. Thus,
even though SG secretion is only produced by male bugs, and they are the only
sex to possess the setiferous patches on the ventral abdominal surface for release
of the pheromone, the pheromone may be an aggregation pheromone for attracting
both sexes, rather than being for sexual attraction alone. Possible roles for the SG
secretion currently are being tested in bioassays in our laboratory.

6,10,13-Trimethyltetradecanol and the corresponding isovalerate have been
found from the SG of several asopine stink bugs (Aldrich and Lusby, 1986;
Aldrich et al., 1986), and the alcohol alone was demonstrated to be an aggre-
gation pheromone of S. anchorago (Kochansky et al., 1989). Our results showing
that isolated bugs produce much more of the SG secretion than grouped bugs
support the hypothesis of the SG secretion being used for aggregation purposes.

Homologs of 6,10,13-Trimethyltetradecyl Isovalerate. Of the minor com-
pounds found in the SG secretion, only 6,10,13-trimethyltetradecanol has been
reported before (Aldrich and Lusby, 1986; Kochansky et al., 1989). All the ho-
mologs of the isovalerate, including the acetate, propionate, butyrate, valerate, and
isovalerate esters with different alcohol chain lengths, have never been reported
from natural sources. Although the amounts of the homologs were small (less
than 1% relative to the major isovalerate), it is possible that they have a biological
function.

There were actually two series of homologs of the major isovalerate ester. In
the first series, the acid portion of the esters were variable, and the structures in
this series were confirmed as acetate, propionate, and butyrate esters of 6,10,13-
trimethyltetradecanol (peaks 2, 4, and 6). In the second series, the acid portion was
constant (isovaleric or possibly valeric acid), whereas the alcohol portion appeared
to have a variable chain length, although the structures of these peaks (peaks 3, 5,
7, 10, 11, and 12) have not yet been confirmed. It remains unclear whether this
plethora of minor homologs of the main component represents imprecision in the
biosynthesis of the major compound, or whether these trace components of the SG
secretion indeed have a biological function.

In conclusion, we demonstrated that rearing conditions can have a profound
effect on the production of stink bug SG secretions. The generality of this obser-
vation is being studied for other bugs. In particular, if it is indeed a fairly gen-
eral phenomenon that a simple change in the rearing conditions can dramatically
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increase pheromone production for a variety of bug species, it will make it easier
to collect sufficient quantities of secretions for identification and bioassays. As a
case in point to be noted, the method of collecting relatively large amounts of the
SG secretion and the identification of the homologs of isovalerate in the resulting
SG secretion has accelerated studies on the function of the SG secretion that are
currently in progress in our laboratory.
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Abstract—Extracts of female sex pheromone gland of the carpenterworm moth,
Holcocerus hippophaecolus Hua, a pest of sandthorn, Hippophae rhamnoides L.
were found to contain (E)-3-tetradecenyl acetate (E3-14:Ac), (Z)-3-tetradecenyl
acetate (Z3-14:Ac), (Z)-7-tetradecenyl acetate (Z7-14:Ac), the corresponding
alcohols, E3-14:0H, Z3-14:0H, Z7-14:0H, and (E)-9-tetradecenyl acetate (E9-
14:Ac). Electroantennographic (EAG) analysis of these chemicals and their
analogs demonstrated that Z7-14: Ac elicited the largest male EAG response, fol-
lowed by E3-14:Ac. In field trials, traps baited with either Z7-14:Ac or E3-14:Ac
alone caught no male moths, whereas a combination of these two components in
a 1:1 ratio caught more males than control traps. Addition of Z7-14:0H and Z3-
14:0H or the alcohols plus E9-14:Ac did not enhance trap catches. We conclude
that the sex pheromone of H. hippophaecolus is composed of Z7-14:Ac and
E3-14:Ac. Optimal ratios and doses of these two components, and the possible
role of other minor components, remain to be determined.

Key Words—Holcocerus hippophaecolus, sex pheromone, (E)-3-tetradecenyl
acetate, (Z)-7-tetradecenyl acetate, Lepidoptera, Cossidae.

INTRODUCTION

The carpenterworm, Holcocerus hippophaecolus Hua (Lepidoptera: Cossidae) is a
destructive forest pest, widely distributed throughout northern and western regions
of China, including Inner Mongolia Autonomous Region, Ningxia Autonomous
Region, Shanxi, Shaanxi, Gansu, and Liaoning provinces. Its primary host is the
sandthorn plant (Hippophae rhamnoides L.). Sandthorns have been planted widely
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in China (>1.4 million ha), often in single-species plantations, to prevent soil
erosion and desertification (Tian and Tang, 1997). The fruits of sandthorn are
processed for juice and traditional Chinese medicines. Currently, the sandthorn
carpenterworm infests sandthorn plantations totaling 50,000 ha in area, often at
high levels. In Liaoning Province, for example, infestation levels of sandthorns by
H. hippophaecolus can reach 85% (Zhou, 2002; Luo et al., 2003). The damage is
so severe and extensive that the sandthorn carpenterworm is considered a major
threat to the continued existence of sandthorn plantations in China.

Larvae of H. hippophaecolus burrow in the root crowns of sandthorns, result-
ing in a high probability of plant mortality. Chemical insecticides are ineffective
due to the cryptic nature of H. hippophaecolus. In addition, the indiscriminate use
of insecticide can lower the quality of sandthorn. Thus, an alternative strategy for
monitoring and controlling sandthorn carpenterworms is urgently needed.

Sex pheromones have been identified for three related Cossidae species:
Cossus cossus L. (Capizzi et al., 1983), Cossus mongolicus Ersch (Qi et al.,
1990), and Holcocerus insularis Staudinger (Zhang et al., 2001). Attractants for
H. hippophaecolus have not been reported. In this paper, we report identification
of the sex pheromone for H. hippophaecolus. Field trapping studies using blends
of synthetic compounds were conducted to develop an efficient trap lure that can
be used to monitor this important pest of sandthorns in China.

METHODS AND MATERIALS

Insects. Roots of sandthorn infested with larval H. hippophaecolus were col-
lected from Jianping county, Liaoning Province, in the spring of 2003. The roots
were kept at 25 &= 1°C and 20 £ 1°C during light and dark hours, respectively, at 65
4 5% RH, under 16L:8D photoperiod. Pupae were collected from soil and kept un-
der the same conditions until moth emergence. Upon emergence, male and female
moths were held at room temperature under a 16L.:8D photoperiod. The antennae
of male moths were used for electroantennographic (EAG) analyses whereas the
abdominal tips of females were used for pheromone extraction and identification.

Chemicals. Semiochemicals (>98% purity) used in analytical work, EAG
analysis, and lures for field trials were supplied by Plant Research International
(Wageningen, The Netherlands). Reagents and solvents were obtained from Fisher
Chemicals (New Jersey, USA), and dimethyl disulfide (DMDS) was obtained from
ACROS Organics (New Jersey, USA).

Pheromone Extracts. Observations of 1-d-old virgin female moths for 24 hr
revealed that their calling period was generally 2.5-5.5 hr into the scotophase.
During this period, 84% of females were calling. The pheromone glands of calling
females were extruded by gently pressing the abdominal tips, and then excised with
a small blade. The single excised gland was immersed in 10 ul hexane containing
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deltal3—14:OH (1 ng) as internal standard for 20 min at room temperature and
then immediately analyzed by gas chromatography (GC) or gas chromatography—
mass spectrometry (GC-MS). The remaining extract was transferred into a clean
conical glass vial and kept at —20°C for additional analysis.

Derivatization with Dimethyl Disulfide. Pheromone extracts were reacted
with DMDS (Leonhardt and DeVilbiss, 1985). A mixture of 50 ©l DMDS and
5 wl iodine-diethyl ether solution (0.06%) was added to an extract containing
12 FE (female equivalents) and kept at 40°C overnight. After the addition of 10 ul
hexane and 20 pl of aqueous sodium thiosulfate (5%), the mixture was stirred and
the hexane layer was transferred into a small vial, and concentrated under nitrogen
prior to analysis by GC-MS.

Chemical Analysis. GC analyses of sex pheromone gland extracts were per-
formed on an HP 5890 II GC with a flame ionization detector (FID) and a splitless
injector using nitrogen as carrier gas. The GC conditions were as follows: BP-20
column (50 m x 0.25 mm i.d., Scientific Glass Engineering Pty. Ltd., Australia);
temperature program, 50°C for 1 min to 150°C at 25°C/min, then 4°C/min to
200°C, hold for 10 min, finally 5°C/min to 210°C and hold for 30 min. The GC—
MS analyses of pheromone gland extracts were performed on an HP 6890 GC
interfaced with an HP 5973 mass selective detector using a 60 m x 0.22 mm i.d.
HP-INNOWAX column. The temperature program was the same as that used in
the GC analyses. Analyses of the DMDS derivatives were carried out on the same
GC-MS instrument with a DB-5MS column (30 m x 0.25 mm i.d., J&W Scien-
tific, USA). The column temperature was 100°C for 1 min then programmed at
10°C/min to 230°C, and hold for 20 min.

Electroantennograms. Dissected antennae from 1- to 3-d-old males were
used for EAG measurements. Previously described methods (Fang and Zhang,
2002) were used for determining EAG responses to a series of monounsaturated
14-carbon alcohols and acetates. An aliquot of hexane solution of each tested com-
pound was deposited onto a filter paper strip (5 mm x 30 mm). After allowing
the solvent to evaporate at room temperature, the filter paper was inserted into a
Pasteur pipette. A stimulus was introduced as a short puff (2 ml air) into a purified,
humidified air stream from the Pasteur pipette, through a stainless steel tube posi-
tioned 9 cm from the antennae. The duration of each puff was kept at about 0.1 sec.
Solvent blank puffs (filter paper and hexane) served as the controls. To compen-
sate for possible deterioration of the antennal preparation, a stimulation with a
reference compound, (E)-5-tetradecenol (E5-14:0H) (1 ng), preceded each test
stimulus puff. Relative response to a test compound was expressed as a percentage
relative to the response to E5-14:OH.

Field Trials. Trapping tests were carried out in Jianping County, Liaoning
Province from June 15 to July 7, 2003. Semiochemicals were dissolved in hexane
and loaded onto gray rubber septa (The West Company, Phoenixville, PA) at a
dose of 500 pg/septum. After the solvent had evaporated, 2 x 100 ul aliquots
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of dichloromethane were added to each septum to help the chemical permeate
into the septum. Sticky traps, similar to the Pherocon 1C trap (Trécé Inc., Salinas,
CA), were constructed from two pieces of cardboard (42 x 28 cm). All traps were
hung on branches of Hippophae rhamnoides at 1.5-1.8 m above ground level.
Seven synthetic chemical blends and a blank control were tested in a completely
randomized block design with five replicate blocks. Traps were spaced 50 m apart
and the trap positions were rotated to minimize the effects of habitat heterogeneity.
Captured mothes were recorded and removed daily.

Statistical Analysis. Differences among the EAG responses to different com-
pounds were analyzed by one way ANOVA. Values for field traps were compared
with the Bonferoni test. All data were analyzed with a statistical program for
Windows 11.0 (SPSS Inc., 2001).

RESULTS

Analysis of Sex Pheromone Gland Extracts. Sex pheromone gland chemicals
of female H. hippophaecolus were identified and quantified by GC-MS and GC.
The GC-MS analyses of the gland extracts revealed that the mass spectra of peaks
I, 11, I1, and IV were consistent with those of monounsaturated 14-carbon acetates
with a comparatively strong fragment at m /z 194 (27-30% of the base peak, loss
of acetic acid), and a small but distinct fragment at m/z 61 (1-8%, CH3COOH2+ )
(Figure 1, Table 1). The mass spectra of peaks V, VI, and VII contained diagnostic
ions at m/z 194 (10-12% of the base peak, loss of H,O) and m/z 31 (12-14%,
CH,OH™). This suggested that the compounds were monounsaturated 14-carbon
primary alcohols. After the comparison of the relative intensities of five diagnostic
ions [(m/z)/(my/z)]: 54/55, 67/68, 81/82, 81/95, and 95/96 with literature data
on positional isomers of 14-carbon acetates and alcohols (Horiike et al., 1990,
1991; Zhang et al., 2001) we determined the identities of the seven compounds
as follows: peak I and II were 3-tetradecenyl acetates (3-14:Ac), peak III was a
7-tetradecenyl acetate (7-14:Ac), peak IV was a 9-tetradecenyl acetate (9-14:Ac);
peak V and VI were 3-tetradecenols (3-14:0H), and peak VII was a 7-tetradecenol
(7-14:0H).

Double bond locations of the pheromone components were further confirmed
by analyses of their DMDS derivatives. Analyses revealed the existence of DMDS
adducts derived from 7-14:0H (diagnostic ions at m/z 145, 161, and 306 [M*]);
3-14:0H (diagnostic ions at m/z 105, 201, and 306 [M™]); 3-14:Ac (diagnostic
ions at m/z 87, 147,201, and 348 [M™]); 7-14:Ac (diagnostic ions at m/z 143, 145,
203, and 348 [M*]); and 9-14:Ac (diagnostic ions at m/z 117,171, 231, and 348
[M*]). The DMDS derivatives of E3-14:Ac and Z3-14:Ac and the corresponding
alcohols could not be separated efficiently by DB-5SMS column in our GC-MS
system.
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FIG. 1. Total ion chromatogram of GC-MS analysis of a single-gland extract from a female
H. hippophaecolus. 1dentities of components are as follows: (I) E3-14:Ac; (II) Z3-14:Ac;
() Z7-14:Ac; (IV) E9-14:Ac; (V) E3-14:0H; (VI) Z3-14:0H; and (VII) Z7-14:0H. In-
ternal standard (i.s.): delta-13-14:OH (1 ng).

The configurations of monounsaturated 14-carbon compounds in the
pheromone gland were first determined by a comparison of their retention times
with those of standard compounds on a BP-20 GC column. However, the separation
for Z7-14:Ac and E7-14:Ac was still poor, whereas the other components were
well separated and were determined to be Z3-14:0H, E3-14:0H, Z3-14:Ac, E3-
14:Ac, and E9-14:Ac. In GC-MS analyses, a more polar column, HP-INNOWAX
was used. With this column, all possible isomers in female extracts were separated
and the configurations of all monounsaturated 14-carbon compounds, including
Z7-14:Ac, in the gland extracts were determined (Table 2). In the analyses of the
single gland extracts, we found that the two gland components, E3-14:Ac and
Z7-14:Ac were detected in calling females but not in noncalling ones. In calling
females, the titer of Z7-14:Ac varied from 8.3 to 52 ng, whereas the titer of E3-
14:Ac varied from 6.4 to 60.9 ng. Relative amounts of E3-14:Ac and Z7-14:Ac
were equal, whereas for other components, the relative amounts were much lower
than that of Z7-14:Ac (Table 2).
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TABLE 1. MASS SPECTRAL DATA FOR CHEMICALS IN SEX PHEROMONE GLAND EXTRACTS

Component Identity Relative intensity of major ions (m/z)

I 3-14:Ac 194 (27) [M*—60], 152 (10), 110 (23), 96 (66), 95 (37), 82 (71), 81
(57), 68 (67), 67 (65), 61 (1) [CH3COOHJ 1, 55 (39), 54 (60), 43
(100) [0=C*CHj3]
I 3-14:Ac 194 (27) [M*—60], 152 (11), 110 (24), 96 (62), 95 (39), 82 (71), 81
(60), 68 (74), 67 (62), 61 (1) [CH3COOHJ 1, 55 (39), 54 (57), 43
(100) [0=CCH{]
I 7-14:Ac 194 (30) [M*—60], 152 (3), 110 (31), 96 (85), 95 (69), 82 (100), 81
(89), 68 (46), 67 (92), 61 (8) [CH3COOHJ 1, 55 (62), 54 (42), 43
(82) [0=CCH{ |
v 9-14:Ac 194 (30) [MT-60], 152 (3), 110 (37), 96 (84), 95 (65), 82 (100), 81
(92), 68 (45), 67 (78), 61 (10) [CH3COOHS 1, 55 (87), 54 (42),
43 (72) [0=CCH{]
A 3-14:0H 194 (10) [M*-H,0], 166 (6) [M*T-C,HsOH], 109 (23), 96 (56), 95
(43), 82 (87), 81 (66), 68 (100), 67 (72), 55 (94), 54 (34), 31 (14)
[CH,OH™]
VI 3-14:0H 194 (8) [MT-H,0], 166 (6) [M+-C2HsOH], 109 (19), 96 (48), 95
(40), 82 (80), 81 (70), 68 (100), 67 (71), 55 (74), 54 (30), 31 (12)
[CHOH*]
VII 7-14:0H 194 (11) [MT-H,0], 166 (4) [M*T-C,HsOH], 109 (33), 96 (65), 95
(65), 82 (94), 81 (87), 68 (57), 67 (100), 55 (79), 54 (44), 31 (14)
[CH,OH]

TABLE 2. RETENTION TIMES AND RELATIVE QUANTITIES OF GLAND CHEMICALS AND
KNOWN STANDARDS?

Retention ti i
etention time (min) Mean (& SE) percentage relative

Synthetic compound Component in female extracts to quantity of Z7-14:Ac (N = 17)

17.135 E3-14:Ac Peak I 17.135 102.5 £21.6
17.212 73-14:Ac Peak 11 17.211 17.6 £5.1
17.303 E7-14:Ac

17.338 Z7-14:Ac Peak IIT 17.336 100

17.445 E9-14:Ac Peak IV 17.445 93+£5.6
17.541 79-14:Ac

18.275 E3-14:0H Peak V 18.277 28.1 £10.2
18.805 73-14:0H Peak VI 18.801 212+£9.38
18.877 E7-14:0H

18.953 Z7-14:0H Peak VII 18.957 185+£7.7

¢ Temperature programs of GC column and determination of relative amounts of the gland components
are described in “Methods and Materials.”
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K [ e
E11-14:Ac cd
E9-14; Ac od
78-14: 0K bc
E3-14:0H be
Z7-14: 04 be
Z11-14:0H bc
E12-14:A¢ bc
212-14:hc be
E7-14:0H bc
Z3-14:0H bc
E9-14; 04 bc
E11-14:0H ab
E7-14:Ac ab
M-14:4c ab
29-14:Ac ab
3144 ab
E3-14:Ac ab
IH14:h a

0 200 400 600

Mean (+ SE) EAG response (%)

FIG. 2. EAG responses of male H. hippophaecolus (relative to responses to E5-14:0H) to
a series of monounsaturated 14-carbon alcohols and acetates at doses of 10 ug (N = 30).
Bars followed by different letters are significantly different at P = 0.05. Check control

(ck). Response to standard application of 10 ug (E)-5-tetradecenol (E5-14:0H) was 4.56 +
1.77 mV.

Electroantennographic Analyses. Male EAG responses to the gland compo-
nents and their analogues varying in double bond positions and configurations
are summarized in Figure 2. Results show that Z7-14:Ac elicited the strongest
response (29.59 mV), followed by E3-14:Ac. Among tested compounds, the EAG
response elicited from each acetate was higher than that from the corresponding
alcohol, except for E11-14:Ac, which elicited a much lower EAG response than
the corresponding alcohol, E11-14:0H.

Field Trapping. Traps baited with a single gland component, Z7-14:Ac or
E3-14:Ac failed to attract male H. hippophaecolus males in the field.
However, traps baited with the two gland components in a 1:1 ratio captured
more males than control traps (Table 3). Catches were not affected by addi-
tion of Z7-14:0OH and Z3-14:0OH or the mixture of Z7-14:0H, Z3-14:0H, and
E9-14:Ac.
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DISCUSSION

We have demonstrated that E3-14:Ac and Z7-14:Ac are the major components
of the sex pheromone of H. hippophaecolus. The two compounds are produced by
adult females, and the antennae of male H. hippophaecolus were highly sensitive
to both compounds. In field trials, traps baited with the two compounds in a 1:1
ratio were attractive to adult males (Table 3).

Both compounds were required for attraction to occur. Sex pheromones
and attractants identified to date for carpenterworms have been mono- or di-
unsaturated straight chain acetates, most being 14-carbon acetates. Although Z7-
14:Ac has been reported as a pheromone component for species in many families
of Lepidoptera, E3-14:Ac has been reported only in Symmetrischema tangolias
(Gyen) (Gelechiidae) (Griepink et al., 1995).

During the course of our studies, we found that H. hippophaecolus lacks
instrumenta suctoria. Adults are, therefore, unable to feed during their short lifes-
pan. They mate and lay eggs within a short period of time, with female moths
mating only once during their adult life (Tian and Tang, 1997). These facts sug-
gest that it may be possible to control this important pest by mass trapping
through focused trap efforts or by mating disruption. However, development of
a mass trapping or mating-disruption system will require identification of the
optimum pheromone dosage on lures and determination of any other potential
synergists. Currently, a wing trap baited with the synthetic compounds Z7-14:Ac
and E3-14:Ac in a 1:1 ratio at 500 ng dosage can be used to monitor population
levels of H. hippophaecolus within plantations of sandthorn in China.
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Abstract—Considering the vast Eurasian distribution of gypsy moth, Lymantria
dispar (Lepidoptera: Lymantriidae), the many subspecies, and their presence
in different lymantriid communities, we tested the hypothesis that L. dispar
populations in eastern Asia employ one or more pheromone components in
addition to the previously known single component pheromone (7R, 85)-cis-7,8-
epoxy-2-methyloctadecane [ = (4)-disparlure]. Coupled gas chromatographic—
electroantennographic detection (GC-EAD) analyses of pheromone gland
extracts of female L. dispar sensu lato (including both AGM and NAGM) on
four GC columns (DB-5, DB-23, DB-210, and SP-1000) revealed a new trace
component that eluted just before (DB-5; DB-210) or after (DB-23, SP-1000)
disparlure, and elicited strong antennal responses. [solation of this compound by
high-performance liquid chromatography and hydrogenation produced dispar-
lure, suggesting that the new component had the molecular skeleton of disparlure,
with one or more double bonds. Of all possible monounsaturated cis-7,8-epoxy-
2-methyloctadecenes, only cis-7,8-epoxy-2-methyloctadec-17-ene co-chro-
matographed with the insect-produced compound on all GC columns and elicited
comparable antennal responses. In field experiments in Honshu (Japan)
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with enantioselectively synthesized compounds, (7R,8S)-cis-7,8-epoxy-2-
methyloctadec-17-ene (7R8S-epo-2me-17-ene-18Hy) was weakly attractive to
male L. dispar, but was less effective as a trap bait than (4)-disparlure, and
failed to enhance attractiveness of (4)-disparlure when tested in blends. The an-
tipode, (7S,8R)-cis-7,8-epoxy-2-methyloctadec-17-ene, was not attractive, and
when added to (+4)-disparlure and/or 7R8S-epo-2me-17-ene-18Hy reduced at-
tractiveness. Thus, the biological role of 7R8S-epo-2me-17-ene-18Hy remains
unclear. It may enhance pheromone attractiveness or specificity in other L. dispar
populations within their vast Eurasian distribution.

Key Words—Asian gypsy moth, North American gypsy moth, Lymantria
dispar,nun moth, Lymantria monacha, (7R ,8S)-cis-7,8-epoxy-2-methyloctadec-
17-ene, (7S,8R)-cis-7,8-epoxy-2-methyloctadec-17-ene, (7R,8S)-cis-7,8-
epoxy-2-methyloctadecane, (7R,8S)-cis-7,8-epoxy-octadecane, 2-methyl-(Z)-
7-octadecene, (+)-disparlure, (4)-monachalure.

INTRODUCTION

Pioneering work by Bierl etal. (1970) identified cis-7,8-epoxy-2-methyloctadecane
(= disparlure) as a sex pheromone component of the European gypsy moth (EGM),
Lymantria dispar (Lepidoptera: Lymantriidae). Further studies (Klimetzek et al.,
1976; Cardé et al., 1977; Miller et al., 1977; Plimmer et al., 1977) determined
that only (4)-disparlure [(7R,8S)-cis-7,8-epoxy-2-methyloctadecane] mediates
attraction of male moths, whereas the presence of (—)-disparlure [(7S,8R)-cis-
7,8-epoxy-2-methyloctadecane] reduced attractiveness of the lure. Pheromone re-
analysis of European L. dispar revealed cis-7,8-epoxy-3-methylnonadecane (Gries
et al., 1996), which enhances the specificity of the pheromone signal (Gries et al.,
unpublished).

The so-called “Asian gypsy moth” (AGM) in eastern Asia encompasses all
those L. dispar forms with female moths capable of flight, unlike their North
American gypsy moth (NAGM) and European gypsy moth (EGM) counterparts
that cannot fly. The AGM populations have distinct morphological variations. In
Japan alone, AGM populations have been divided into five subspecies, including
hokkaidoensis, japonica, obscura, tsushimensis, and postalba (Inoue, 1957). Re-
cent genetic analyses of these subspecies support the hypothesis that at least two
of them are distinct and should be raised to species status (Bogdanowicz et al.,
2000). Several species with wide distributions, such as L. dispar, have geographi-
cally specific pheromone blends. For example, populations of the congeneric nun
moth, Lymantria monacha, in Bohemia (Europe) and Honshu (Japan) differ in both
their pheromonal signal and diel periodicity of signaling (Gries et al., 2001). Con-
ceivably, some L. dispar populations could utilize a pheromone signal in addition
to, or other than, (4)-disparlure. Here, we report identification and field testing of
(7R,8S)-cis-7,8-epoxy-2-methyloctadec-17-ene, a novel pheromone gland com-
ponent from L. dispar.
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METHODS AND MATERIALS

Experimental Insects

Female pupae of the NAGM were obtained from the laboratory colony main-
tained at USDA, Beneficial Insects Introduction Research Laboratory, Newark,
DE. Additional NAGMs were field collected as late instar larvae at Welch Point,
Elkton, Cecil Co., MD (N 39° 32’, W 75° 52') and held in mesh cages in an outdoor
insectary until eclosion of adult moths.

Egg masses of AGM were obtained from several locations in Asia, including
Japan (Honshu, Okinawa), Korea (near Seoul and Cheju Island), and China (Hebei
and Liaoning Provinces). The larvae were reared on standard gypsy moth diet (Bell
et al., 1981) in the USDA Quarantine Facility, Newark, DE. Female pupae were
held under a photoperiod of 14L:10D, 24-26°C, and 60—80% relative humidity,
whereas male pupae were held at 15°C to retard development. Abdominal tips with
pheromone glands of calling, 1- to 3-d-old virgin female moths were removed and
extracted for 15-30 min in HPLC-grade hexane. Ampoules with the supernatant
of pheromone extracts and male pupae were sent by courier to Simon Fraser Uni-
versity (SFU). Male pupae were held in SFU’s Global Forest Quarantine Facility.

Analyses of Pheromone Extract

Aliquots of 1-3 female equivalents (FE) of combined pheromone gland ex-
tracts were analyzed by coupled gas chromatographic—electroantennographic de-
tection (GC-EAD) (Arn et al., 1975) with procedures and equipment recently
described in detail (Gries et al., 2002). Pheromone extract was fractionated by high-
performance liquid chromatography (HPLC), employing a Waters LC 625 high-
performance liquid chromatograph equipped with a Waters 486 variable wave-
length UV-visible detector set at 210 nm , HP Chemstation software (Rev.A.07.01),
and a reverse phase Nova Pak® Cig (3.9 mm x 300 mm) column (Waters) eluted
with acetonitrile (1 ml/min). For HPLC fractionation, 200 FE of pheromone gland
extracts were evaporated to dryness, 50 1 of acetonitrile were added, and the 50- 1
extract was injected into the HPLC. Seventy-five 20-sec (200 ) fractions of this
pheromone extract (200 FE) were collected and analyzed individually without
concentration by GC-EAD on a DB-5 column. Coupled GC—mass spectrometric
(MS) analyses of pheromone extract and of synthetic standards employed a Varian
Saturn 2000 ion trap GC-MS fitted with a DB-5 column (30 m x 0.25 mm ID;
J&W Scientific, Folsom, CA).

General Methods and Instrumentation

Tetrahydrofuran (THF) and N -methylpyrrolidinone (NMP) were dried by
standard methods. Oven-dried glassware was assembled hot under Ar flow, and
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maintained under Ar; liquids were transferred by cannula under Ar pressure. Dry
LiCl and CuCl, were weighed out in a dry box. Infrared spectra were recorded
on Perkin-Elmer Paragon 1000 and 1600 FT-IR instruments. Optical rotations
were measured on Jasco DIP-1000 and Perkin-Elmer 341 polarimeters. Nuclear
magnetic resonance (NMR) spectroscopy of synthetic compounds was conducted
on Bruker 300 (at 300 MHz for 'H and 75 MHz for *C) and Varian AS500 (at
499.77 MHz for 'H and 125.68 MHz for '3C) spectrometers, with chemical shifts
reported in ppm relative to TMS ('H, § 0.00) and CDCl3 (3¢, 6 77.00). Elemental
analyses were performed using a Carlo-Erba model 1106 elemental analyzer.

Syntheses

(2'S,3'R)-8' -Methyl-cis-2', 3'-Epoxy-1-Nonyl (1S)-10-Camphorsulfonate (2)
(Figure 1).(2'S,3'S)-4’-Bromo-cis-2',3'-epoxy-1-butyl (15)-10-camphorsulfonate
(1, >99% ee; Aldrich) (11.0 g, 28.9 mmol) was melted in vacuo, and dissolved in
THF (30 ml). The solution was cannulated into a 300-ml 3-neck flask fitted with a
low-temperature thermometer, magnetic stir bar, and a pressure-equalizing 125-ml
dropping funnel. A 0.1 M solution of Li, CuCly in THF (3 ml, 0.3 mmol) was cannu-
lated in, followed by NMP (20 ml, 207 mmol). The red-orange solution was cooled
to —30° (dry ice—acetone bath), and freshly prepared 4-methylpentylmagnesium
chloride (large excess, 1.0 M in THF) was cannulated into the dropping funnel.
Dropwise addition of this solution to the flask rapidly changed the color to col-
orless, then faint red-brown. Precipitate began to form after addition of 20 ml,
and gummy solid stopped the stir bar soon after. Addition was continued (hand
swirling, pot temp. —28° to —23°) until 38 ml (1.3 equiv.) of the Grignard reagent
had been added. The NMR assay of an aliquot showed ~90% consumption of 1.
After addition of more Grignard reagent (8 ml) at —23°, the mixture was allowed
to stand from —23° to —20°, then poured into a mixture of Et,O (100 ml) and
1 N aq. HC1 (100 ml). The separated organic layer was washed with H,O (5 x
100 ml) and brine (25 ml), dried over anhydrous Na,SO4—MgSOy, filtered, and
concentrated to a pale yellow oil. This was further stripped of volatiles (Kugelrohr
oven, 75° @ <0.1 mm) to leave 10.21 g of impure 2 containing unreacted 1 and ap-
preciable amounts of ring-opened alcohol (NMR assay). Column chromatography
of this material (silica gel, elution with 5-10% Et,O-hexanes) yielded 7.66 g of
90+% pure 2 still containing ring-opened alcohol, plus >700 mg of unreacted
1. The 90+% pure 2 was dissolved in MeOH (80 ml) and stirred for 70 min at
23° with 440 mg of K,COj3. The mixture was partitioned between Et,O and H,O;
standard workup afforded 2 containing terminal epoxide, and no detectable ring-
opened alcohol (NMR assay). Column chromatography of this material as before
gave 7.00 g of 99% pure 2 (67% yield, based on unrecovered 1). Purified 2: [o;]zD6
+23.0° (¢ 3.50, CHCl3); IR (film) 2954, 1748, 1365, 1171, 968 cm™'; 'H NMR
5 4.544.49 (dd, J = 11.4, 4.0 Hz, 1H), 4.30-4.24 (dd, J = 11.4, 7.2 Hz, 1H),
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3.66 (d, J = 15.1Hz, 1H), 3.26 (m, 1H), 3.06 (m, 1H), 3.06 (d, / = 15.1 Hz, 1H),
2.51-2.35 (m, 2H), 2.14 (t, / = 4.5 Hz, 1H), 1.96 (d, / = 18.5 Hz, 1H), 1.12 (s,
3H), 0.89 (s, 3H), 0.87 (d, J = 6.7 Hz, 6H); '*C NMR § 214.27, 68.60, 57.82,
56.68, 53.32, 48.00, 47.09, 42.64, 42.42, 38.70, 27.89, 27.78, 27.03, 26.79(2),
24.76, 22.52(2), 19.65, 19.58. HRMS (ESI) calcd for C0H3405SNa (M™ + Na)
409.2019, found 409.2004.

(2R,3R)-1-Iodo-8-Methyl-cis-2,3-Epoxynonane (3). Toasolutionof2(7.00g,
18.1 mmol) in reagent grade acetone (50 ml) in an Ar-swept flask were added a
few mg of NaHCO3, and a solution of Nal (5.5 g, 37 mmol) in acetone (80 ml).
Precipitation occurred almost at once. The magnetically stirred mixture was heated
in a 45° bath (reflux condenser, positive Ar pressure) for 41 hr (no remaining 2
by NMR analysis). The solid was collected by suction filtration, and washed thor-
oughly with reagent acetone; the yellow filtrate was concentrated at 40°—45°, and
taken up in H,O (100 ml) and 10% Et,O—hexanes (150 ml). The organic phase was
washed with dilute Na;SO3 and water, dried (Na;SO4—MgSO,), filtered through
silica gel (5 g), stripped of solvent, and pumped under vacuum to leave 4.71 g
(92%) of colorless oil: []3 +73.1° (¢ 4.85, CHCl3); IR (film) 2952, 1466, 1166
cm™!; THNMR § 3.36-3.27 (m, 2H, H-1 and H-2), 3.08-3.05 (m, 1H, H-3), 3.05—
2.96 (m, 1H, H-1), 1.62-1.16 (3 m’s, 9H), 0.88 (d, J = 6.6 Hz, 6H); °C NMR §
59.91,56.74,38.74,27.83,27.21,27.05, 26.77,22.57(2), 1.33. HRMS (ESI) caled
for C1oH 9IONa (M™ + Na) 305.0373, found 305.0387.

(7R, 8S)-cis-7,8-Epoxy-2-Methyloctadec-17-ene (4). A solution of 1-nonen-
9-yl-magnesium bromide [freshly prepared from 2.70 g (13.20 mmol) of 9-bromo-
1-nonene with 2 equiv. of magnesium turnings] in 50 ml of THF was added
dropwise into a mixture of iodoepoxide 3 (1.24 g, 4.40 mmol), Cul (0.167 g,
0.88 mmol), distilled HMPA (4.60 ml, 26.40 mmol), and dry THF (2 ml) at —23°C.
After stirring for 25 min, the reaction mixture was quenched with aq. NH4Cl so-
lution. The products were extracted with hexane—ether (1:1), the extracts were
washed (water, saturated aq. Na;S,0s3, brine), and dried (anhyd. MgSO,), and
solvents and low-boiling byproducts were removed in vacuo. Flash chromatog-
raphy (50 g SiO,, 0—4% ether in hexane) yielded 0.813 g (2.90 mmol) of pure
4 (66%). [a]3! +2.3° (c 0.48, CHCl3); IR (film) 2930, 2856, 1641, 1466, 1385,
1366, 992,909 cm™'; 'H NMR 6 5.81 (m, 1H), 4.99 (dd, J =17.1, 2.1 Hz, 1H),
4.93(d,J =10.3Hz, 1H), 2.90 (m, 2H), 2.04 (td, / =7.6, 6.8 Hz, 2H), 1.15-1.57
(4m’s,23 H),0.87 (d, J = 6.6 Hz, 6H); '3*C NMR § 139.18, 114.10, 57.24, 38.88,
33.78,29.59,29.49, 29.36, 29.08, 28.91, 28.90, 27.88, 27.85, 27.80, 27.32, 26.84,
26.58, 22.61, 22.60; Anal. calcd. for C19H3¢0 (%): C, 81.36; H, 12.94, found: C,
80.96, H, 12.91.

(2'R,3'S)-8'-Methyl-cis-2' ,3'-Epoxy-1-Nonyl (1S)-10-Camphorsulfonate (2').
This epoxide was prepared from (2'R,3'R)-4’-bromo-cis-2’,3'-epoxy-1-butyl (15)-
10-camphorsulfonate (1’, >99% ee; Aldrich) (11.0 g, 28.9 mmol) essentially as
described for synthesis of 2, except that the amounts of Li,CuCly and NMP were
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doubled, and sufficient 4-methylpentylmagnesium chloride was added to consume
all of 1'. No ring-opened alcohol was detected. A single column chromatography of
the crude product (silica gel, elution as for 2) gave 6.10 g of ~98% pure 2" (54%).
Purified 2: [@]% +40.6° (¢ 4.65, CHCl3); IR (film) 2954, 1748, 1365, 1172, 969
cm™'; "THNMR § 4.50—-4.44 (dd, J = 11.4,4.2 Hz, 1H), 4.34-4.28 (dd, J = 11.7,
7.1 Hz, 1H), 3.66 (d, J = 15.1 Hz, 1H), 3.27 (m, 1H), 3.49-3.42 (m, 2H), 3.11
(d, J = 15.1 Hz, 1H), 3.08 (m, 1H), 2.50-2.35 (m, 2H), 2.14 (t, /] = 4.3 Hz, 1H),
2.12-2.03 (m, 1H), 1.96 (d, J = 18.5 Hz, 1H), 1.12 (s, 3H), 0.89 (s, 3H), 0.87 (d,
J = 6.6 Hz, 6H); '*C NMR § 214.21, 68.46, 57.86, 56.69, 53.34, 47.95, 47.18,
42.64,42.41, 38.69, 27.86, 27.77, 27.02, 26.79(2), 24.85, 22.52(2), 19.66, 19.59.
HRMS (ESI) calcd, for CooH3405SNa (M++ Na) 409.2019, found 409.1999.

(28,35)-1-lodo-8-Methyl-cis-2,3-Epoxynonane (3'). This iodomethyl epox-
ide, prepared from 2 in 93% yield as described for enantiomer 3, was obtained as
a colorless oil: [oz]%)5 —73.4° (¢ 4.80, CHCl); all other physical data were identical
to those recorded for 3.

(78,8R)-cis-7,8-Epoxy-2-Methyloctadec-17-ene (4'). Compound 4’ was pre-
pared from iodoepoxide 3’ under the same conditions as described for 4 with 58%
yield. [01]%)1 —2.1° (¢ 0.71, CHCl,); all spectral data were identical to those recorded
for 4.

Field Experiments

All field experiments employed a complete randomized block design with
10 blocks (replicates) each, and were conducted in forests (N 39° 52", E 141° 23’ and
N 39° 53, E 141° 18") near (<35 km) the city of Morioka (Iwate Prefecture, Japan).
Lymantria dispar experiments 1—4 were set up in forests with mixed oak, birch,
and maple, and the L. monacha experiment (Exp. 5) in a forest with Japanese larch,
Larix leptolepsis. Delta-like traps were made from 2-1 milk cartons (Gray et al.,
1984), coated with Tanglefoot (The Tanglefoot Company, Grand Rapids, Michigan,
PA), and suspended from trees 1.5 m above ground at 15 to 20-m spacing. They
were baited with a gray sleeve stopper (West Pharmaceutical Services, Lionville,
PA) impregnated with candidate pheromone components in HPLC-grade hexane.

Experiment 1 tested 7R8S-epo-2me-17-ene-18Hy (50 pg) and 7S8R-epo-
2me-17-ene-18Hy (50 ng) singly and in combination. Experiment 2 compared
the relative attractiveness of 7R8S-epo-2me-17ene-18Hy (50 pg) with that of
(+)-disparlure (50 png). Experiment 3 tested whether attractiveness of
(+)-disparlure could be enhanced by addition of 7R8S-epo-2me-17ene-18Hy (0.5,
5, or 50 ng). Experiment 4 explored whether attractiveness of (4-)-disparlure was
affected by addition of either 7R8S-epo-2me-17ene-18Hy (0.5 ng), 7S8R-epo-
2me-17ene-18Hy (0.5 ng), or both (0.5 pg each). Final experiment 5
investigated whether 7R8S-epo-2me-17ene-18Hy enhanced species specificity
of the L. dispar pheromone by testing the L. monacha pheromone blend
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FIG. 1. Scheme for enantioselective syntheses of (7R,8S)-cis-7,8-epoxy-2-methyloctadec-
17-ene (4), and (7S,8R)-cis-7,8-epoxy-octadec-17-ene (4).

[(7TR,85)-cis-7,8-epoxy-octadecane = (+4)-monachalure (50 ug); (4)-disparlure
(50 ng); (£)-2-methyl-7-octadecene (2me-Z7-18Hy) (5 ug)] vs. the L. monacha
pheromone blend in combination with 7R8S-epo-2me-17-ene-18Hy.

Trap catch data were subjected to nonparametric analyses of variance
(Friedman’s test) followed by comparison of means by Scheffé test (Zar, 1984;
SAS/STAT, 1988). In all analyses, o = 0.05.

RESULTS AND DISCUSSION

In GC-EAD analyses of pheromone gland extracts of female L. dispar from
various geographic locations, a previously unknown component elicited strong
antennal responses (Figure 2). Even in concentrated pheromone gland extracts
[>300 FE], the unknown occurred below detection threshold of the GC-MS, and
needed to be identified without spectroscopic data.
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FIG. 2. Flame ionization detector (FID) and electroantennographic detector (EAD: male
L. dispar antenna) responses to 1 FE of L. dispar pheromone gland extract. Chromatog-
raphy: DB-5 column; 100°C (1 min), 20°C per min to 190°C (held for 8 min), then
25°C per min to 280°C. Except for (4)-disparlure, all components eliciting antennal re-
sponses occurred below detection threshold of the FID. Compound identities: A = (Z)-2-
methyl-7-octadecene; B = cis-7,8-epoxy-2-methylheptadecane (absolute configuration not
yet determined); C = unknown; CPC = candidate pheromone component = (7R,85)-
cis-7,8-epoxy-2-methyloctadec-17-ene; D = (+)-disparlure = (7R,8S)-cis-7,8-epoxy-2-
methyloctadecane; E = (7R,85)-cis-7,8-epoxy-3-methylnonadecane.

The GC-EAD analyses of pheromone gland extracts on four GC columns
(DB-5, DB-23, DB-210, SP-1000) indicated that the unknown component had
retention indices (RI) (Van den Dool and Kratz, 1963) of 2027 (DB-5), 2403
(DB-23), 2297 (DB-210), and 2304 (SP-1000) relative to straight-chain alkanes.
Retention-indices assignments for the component on both DB-23 and SP-1000
columns remained tentative, because the compound eluted just after disparlure,
and elicited only weak antennal responses, possibly due to an antennal refractory
phase after a strong response to disparlure.

To confirm correct assignment of RIs for the compound on DB-23 and SP-
1000 columns, seventy-five 20-sec (200 ul) HPLC fractions of pheromone extract
(200 FE) were analyzed by GC—EAD on a DB-5 column. The fraction containing
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FIG. 3. Electroantennographic detector (EAD: male Lymantia dispar antenna) responses to
the HPLC-isolated CPC before (top) and after (bottom) hydrogenation. Chromatography:
DB-23 column; 100°C (1 min), 10°C per min to 200°C. Corresponding FID traces are
omitted. Stronger response to hydrogenated CPC (bottom) may be explained by a more

concentrated (x 10) sample. (7R,85)-cis-7,8-Epoxyoctadecane [(+)-monachalure (10 pg)]
was used as an internal standard.

the unknown compound was further analyzed on all four columns, revealing anten-
nal responses with the familiar RIs of 2027 (DB-5), 2403 (DB-23), 2297 (DB-210),
and 2304 (SP-1000) (as mentioned earlier). Calculations of intercolumn RI differ-
ences (e.g., Rl on DB-5 minus RI on DB-23; RI on SB-1000 minus RI on DB-23)
suggested that the compound might be a monounsaturated epoxide. Hydrogena-
tion and GC-EAD analyses of the fraction (Figure 3) exhibited a different antennal
response with RIs on all columns consistent with those of disparlure. To confirm
that the unknown compound had the molecular skeleton of disparlure, related 5,6-,
6,7-, 8,9-, and 9,10-epoxy-2-methyloctadecanes were synthesized (Table 1). Their
GC characteristics were similar or identical to those of disparlure (Table 1), but
their EAD activities were significantly lower.

To determine the double bond position in the unknown (= unsaturated dis-
parlure), all possible cis-7,8-epoxy-2-methyloctadecenes were synthesized
(Table 2). Of these, only cis-7,8-epoxy-2-methyloctadec-17-ene had GC- and
EAD-characteristics entirely consistent with those of the novel compound.
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TABLE 1. RETENTION INDICES RELATIVE TO STRAIGHT-CHAIN ALKANES
OF VARIOUS SATURATED EPOXIDES SYNTHESIZED FOR THE
IDENTIfiCATION OF THE CANDIDATE PHEROMONE COMPONENT (CPC) IN

FIGURE 2
Type of column

DB-23 DB-5 DB-210

Synthetic chemical transl/cis trans/cis trans/cis
5,6-Epoxy-2-methyloctadecane 2321/2343  2018/2030  2289/2309
6,7-Epoxy-2-methyloctadecane 2316/2340  2015/2030  2286/2307
7,8-Epoxy-2-methyloctadecane? 2315/2337  2015/2028  2287/2305
8,9-Epoxy-2-methyloctadecane 2315/2337  2015/2028  2287/2306
9,10-Epoxy-2-methyloctadecane 2315/2337  2015/2028  2287/2306

¢ Disparlure.

TABLE 2. RETENTION INDICES RELATIVE TO STRAIGHT-CHAIN ALKANES AND
COMPARATIVE ANTENNAL RESPONSES ELICITED BY
cis-7,8-EPOXY-2-METHYLOCTADECENES

Retention indices

Compound DB-23  DB-5 DB-210 EAD-activity*
cis-7,8-Epoxy-2-methyl-A1-ENE-18Hy 2442 2050 2343 +
cis-7,8-Epoxy-2-methyl-A2-ENE-18Hy 2425 2056 2329
cis-7,8-epoxy-2-methyl-Z3-ENE-18Hy 2334 2009 2267 +
cis-7,8-epoxy-2-methyl-Z4-ENE-18Hy 2374 2019 2300 +
cis-7,8-epoxy-2-methyl-Z10-ENE-18Hy 2354 2004 2284
cis-7,8-epoxy-2-methyl-Z11-ENE-18Hy 2356 2006 2281
cis-7,8-epoxy-2-methyl-Z12-ENE- 18Hy 2363 2005 2286 +
cis-7,8-epoxy-2-methyl-Z13-ENE-18Hy 2380 2014 2301
cis-7,8-epoxy-2-methyl-Z14-ENE-18Hy 2390 2020 2308
cis-7,8-epoxy-2-methyl-Z15-ENE-18Hy 2396 2025 2315 +
cis-7,8-epoxy-2-methyl-Z16-ENE-18Hy 2431 2045 2338
cis-7,8-epoxy-2-methyl-A17-ENE-18Hy 2402 2020 2315 ++
cis-7,8-epoxy-2-methyl-E3-ENE-18Hy 2332 2001 2263
cis-7,8-epoxy-2-methyl-E4-ENE-18Hy 2361 2021 2292
cis-7,8-epoxy-2-methyl-E10-ENE-18Hy 2362 2020 2292
cis-7,8-epoxy-2-methyl-E11-ENE-18Hy 2354 2014 2280
cis-7,8-epoxy-2-methyl-E12-ENE-18Hy 2354 2010 2285
cis-7,8-epoxy-2-methyl-E13-ENE-18Hy 2366 2017 2288
cis-7,8-epoxy-2-methyl-E14-ENE-18Hy 2364 2016 2289
cis-7,8-epoxy-2-methyl-E15-ENE-18Hy 2372 2020 2290
cis-7,8-epoxy-2-methyl-E16-ENE-18Hy 2392 2030 2307

“+” indicates strong EAD-activity.
** indicates very strong EAD-activity.



(7R 8S)-cis-7,8-EPOXY-2-METHYLOCTADEC-17-ENE 59

Enantiomers of cis-7,8-epoxy-2-methyloctadec-17-ene were synthesized ac-
cording to the schemes in Figure 1. In the conversion of 1 to 2, only 1 mol% of the
copper complex catalyst and a minimal amount of NMP was used. Possibly as a
consequence, the reaction could not be pushed to completion with excess Grignard
reagent, which apparently reacted preferentially with already formed 2 to open the

6 —_
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0] * : ;
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0.5 5 50 7R,8S-epo-2me-17-ene-18Hy (ug)

Treatments

FIG. 4. Captures of male gypsy moths, Lymantria dispar, in experiments 1-3
in sticky traps baited with candidate pheromone components [(4)-disparlure =
(7R ,89)-cis-7,8-epoxy-2-methyloctadecane; 7R8S-epo-2me-17-ene-18Hy = (7R,89)-
cis-7,8-epoxy-2-methyloctadec-17-ene; 75,8 R-epo-2me-17-ene-18Hy = (75,8 R)-cis-7,8-
epoxy-2-methyloctadec-17-ene]; mixed forests near Morioka (Honshu, Japan); in each ex-
periment, bars with different letter superscripts are significantly different, o = 0.05.
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epoxide ring at the bond distal to the camphorsulfonate. The ring-opened alcohol
thus formed could not be separated from 2 by chromatography. However, treat-
ment of the mixture with K,COj3 in methanol rapidly and selectively converted the
alcohol to the terminal epoxide, which then was easily separated by chromatogra-
phy. In the conversion of 1’ to 2/, with the relative amounts of catalyst and NMP
doubled, coupling went to completion, and no ring-opened alcohol was detected.

The biological role of (7R,85)-cis-7,8-epoxy-2-methyloctadec-17-ene
(7R8S-epo-2me-17-ene-18Hy) is not yet clear. It is present in pheromone glands
(Figure 2), but it is not known whether it is released by calling females. By itself
it attracted male moths (Figure 4; Exps. 1, 2). However, it neither enhanced at-
tractiveness of (4)-disparlure (Figure 4, Exp. 3; Figure 5, Exp. 4) nor did it affect
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FIG. 5. Captures of male gypsy moths, Lymantria dispar (Exp. 4), and male nun moths,
Lymantria monacha (Exp. 5), in sticky traps baited with candidate pheromonal and al-
lomonal components [(+)-monachalure = (7R,85)-cis-7,8-epoxy-octadecane; 2me-Z7-
18Hy = (Z)-2-methyl-7-octadecene; other abbreviations as in caption of Figure 4]; Larch
(Larix spp.) forest near Morioka (Honshu, Japan); in each experiment, bars with different
letter superscripts are significantly different, o = 0.05.
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the specificity of the blend with regard to L. monacha (Figure 5; Exp. 5). A dis-
cernible effect of 7R8S-epo-2me-17-ene-18Hy may yet be discovered, if it were
tested in a context other than long-range attraction of males (Cameron, 1981), or
if it were dispensed from a more suitable release device. In field experiments with
codling moths, Cydia pomonella, for example, secondary pheromone components
failed to affect blend attractiveness when they were dispensed from rubber septa
(El-Sayed et al., 1999a), but enhanced blend attractiveness when they were dis-
pensed from a piezoelectric sprayer (El-Sayed et al., 1999b; El-Sayed and Trimble,
2002). It is also possible (although not likely) that the effects of 7R8S-epo-2me-
17-ene-18Hy will only be manifested when this component is tested together
with other components found in pheromone gland extracts, such as cis-7,8-epoxy-
2-methylheptadecane or (7R,85)-cis-7,8-epoxy-3-methylnonadecane (Figure 2;
Gries et al., 1996; unpublished). Alternatively, 7R8S-epo-2me-17-ene-18Hy may
be a trace component that provides insight into pheromone phylogeny, and may
serve as a pheromone component or antagonist in Lymantria congeners.

Furthermore even though 7R8S-epo-2me-17-ene-18Hy had no detectable
role in the L. dispar population of northern Honshu, it may be important in other
L. dispar populations. In L. monacha, for example, (4) -disparlure is the most
and least important pheromone component in populations in Bohemia (Europe)
and Honshu (Japan), respectively (Gries et al., 2001). This contrasting role of (+)-
disparlure may be attributed to reproductive character displacement caused by
congeneric L. fumida on Honshu (Gries et al., 2001), which utilizes (4)-disparlure
as its major pheromone component (Schaefer et al., 1999). Considering the wide
distribution of L. dispar, and its presence in many different lymantriid commu-
nities, there may be some communities in which L. dispar maintains specificity
of sexual communication by using 7R8S-epo-2me-17ene-18Hy in addition to, or
as a substitute for, (4)-disparlure. Until such communities are found, synthetic
(+)-disparlure as a single-component lure remains the best lure for detection of
(Asian) L. dispar.
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Abstract—Many mammals and birds roll on or rub themselves with millipedes
that discharge benzoquinones. Chemicals transferred from millipedes onto the
integument of anointing animals are thought to deter ectoparasites. We tested the
lone star tick, Amblyomma americanum (L.), for responses to three widespread
components of millipede defensive secretions, 1,4-benzoquinone; 2-methyl-
1,4-benzoquinone (toluquinone); and 2-methoxy-3-methyl-1,4-benzoquinone
(MMB). In toxicity tests, ticks were confined for 1 hr in filter-paper packets
treated with serial dilutions of each of the benzoquinones or the commercial
acaricide permethrin. Ticks were least affected by toluquinone, and most af-
fected by permethrin. Of the benzoquinones, only MMB showed repellent ac-
tivity. Behavioral assays were more sensitive than mortality for measuring the
effects of the benzoquinones. Latencies for ticks to right themselves and to
climb were greater with all compounds, even at the lowest concentrations, than
with controls. Ticks exposed to low concentrations of benzoquinones appeared
to recover over time, whereas those exposed to high concentrations exhibited
behavioral abnormalities 1-3 mo later. Our results indicate that benzoquinones
appropriated via anointing may reduce the tick loads of free-ranging animals,
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although key questions remain on the amounts of these compounds available to
and effectively appropriated by anointing animals.

Key Words—Benzoquinones, ectoparasites, ticks, anointing, repellent, toxicant.

INTRODUCTION

A number of vertebrates rub on, or roll in, selected plants, arthropods, and other
scent-bearing materials. Chemicals topically appropriated by self-anointing are
known or suspected to deter predators, ectoparasites, or microbial pathogens (sum-
marized by Weldon, 2004). Millipedes are used for self-anointing by a variety of
birds and mammals. Free-ranging birds in the New and Old Worlds have been ob-
served rubbing these myriapods against their plumage (reviewed in Parkes et al.,
2003). Among mammals known to self-anoint with millipedes are Malagasy lemurs
(Overdorft, 1993; Birkinshaw, 1999) and Central and South American cebid mon-
keys (Baker, 1996; Valderrama et al., 2000; Zito et al., 2003). Most identified
millipedes used in self-anointing belong to the orders Julida (Harper in Cramp,
1981; Harrup, 1992), Spirobolida (Clunie, 1976; Overdorff, 1993; Zito et al., 2003),
or Spirostreptida (Overdorff, 1993; Birkinshaw, 1999; Valderrama et al., 2000).
These taxa, which collectively occur throughout temperate and tropical regions
worldwide, comprise the “quinone millipedes,” so called because they charac-
teristically secrete benzoquinones from their numerous paired segmental glands
(Eisner et al., 1978).

Valderrama et al. (2000) reported that the spirostreptidan millipede Ortho-
porus dorsovittatus was used in self-anointing by free-ranging wedge-capped ca-
puchin monkeys, Cebus olivaceus, in Venezuela. They hypothesized that
mosquitoes are repelled by benzoquinones appropriated from this millipede. To
evaluate this hypothesis, Weldon et al. (2003) presented female yellow fever
mosquitoes, Aedes aegypti, with the two secretory compounds isolated from
O. dorsovittatus, 2-methyl-1,4-benzoquinone (toluquinone) and 2-methoxy-3-
methyl-1,4-benzoquinone (MMB), on nylon-reinforced silicone membranes placed
over wells filled with human blood. Mosquitoes landed and fed less frequently,
and flew more frequently (a possible indication of repellency), in the presence of
membranes treated with benzoquinones than with controls.

Studies with a variety of other insects demonstrate that benzoquinones deter
feeding (Loconti and Roth, 1953; Ogden, 1969; Mondal and Port, 1984), act as
topical irritants (Ogden, 1969; Peschke and Eisner, 1987), or are toxic (Kanehisa,
1969). Some benzoquinones also have been shown to be noxious or toxic to ver-
tebrates, and to inhibit microbial growth (De Rosa et al., 1994). However, apart
from the recent findings with mosquitoes (Weldon et al., 2003), no studies have
tested the effects of these compounds on the ectoparasites of tetrapods.

Ixodid (hard) ticks are important pests of a wide range of vertebrates, includ-
ing mammals and birds (Sonenshine, 1993). Heavy infestations of these
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ectoparasites can debilitate or kill even large mammals (Strickland et al., 1976),
but tick-borne diseases caused by bacteria (e.g., rickettsiae, spirochetes), viruses,
and protozoa may pose an even greater danger to wildlife (Strickland et al., 1976;
Sonenshine, 1993). In the New World tropics and subtropics, wounds caused by
tick bites can serve as entry sites for flesh-eating and potentially deadly screw-
worms, Cochliomyia hominivorax (Strickland et al., 1976). Ticks, therefore, exert
significant selective pressure on host species.

We report here on the behavioral responses and morbidity of the lone star tick,
Amblyomma americanum (L.), to three compounds that occur widely in the defen-
sive secretions of millipedes, 1,4-benzoquinone; toluquinone; and MMB (Eisner
etal., 1978) and, for comparative purposes, to permethrin, acommercially available
synthetic pyrethroid used to repel and kill ticks (summarized by Sonenshine, 1993).
A.americanum ranges from the south-central and southeastern United States north-
ward along the Atlantic seaboard to New England (Keirans and Durden, 1998;
Guglielmone et al., 2003). In order to complete its life cycle, A. americanum must
find a host three times and remain attached for several days each time (Strickland
et al., 1976). The genus Amblyomma is predominantly tropical and subtropical in
distribution (Hoogstraal, 1973; Hoogstraal and Aeschlimann, 1982), and includes
species known to parasitize the monkeys C. capucinus and C. olivaceus (Fairchild
etal., 1966; Jones et al., 1972), which are known to self-anoint with benzoquinones.
Various Amblyomma species feed on birds (Strickland et al., 1976).

METHODS AND MATERIALS

Subjects. Nymphs of A. americanum were obtained from a colony at the
United States Department of Agriculture, Agricultural Research Service, Knipling-
Bushland US Livestock Insects Laboratory, Kerrville, TX. They were maintained
at 23-24°C, ~99% RH, and on a photoperiod of 16:8 hr (L:D). At the time of
testing, ticks had been in the nymphal stage 5-8 wk.

Chemicals. 1,4-Benzoquinone and toluquinone were obtained commercially
(Sigma-Aldrich, St. Louis, MO). MMB was synthesized, as described by Weldon
et al. (2003). Permethrin was obtained from FMC Corporation (Philadelphia, PA).
Solutions of 7.8, 31.0, 125, and 500 mM in acetone were prepared for each com-
pound; an additional solution of 1.9 mM was prepared for permethrin. This dilu-
tion series was chosen, on the basis of results from preliminary studies, to include
threshold concentrations; the lower dilution of permethrin was included because
this compound appeared to be more potent than the benzoquinones we used. So-
lutions were kept refrigerated (5°C) and removed only for bioassay.

Repellent Bioassay. Repellency tests were conducted on a plastic Petri dish
(5.5 cm diam, 1.5 cm high) containing a flat layer of modeling clay 0.5 cm deep,
and glued centrally within a larger (9 cm diam, 1.3 cm high) dish. Water (~0.5 cm
deep) was added to the space between the concentric walls of the two Petri dishes,
creating a moat to contain ticks. A 2 x 10-cm rectangle was marked with a lead



66 CARROLL ET AL.

pencil on a 3 x 11-cm rectangular piece of filter paper (Whatman No. 4), 1 cm
from a long and short edge. The filter paper was placed into a glass Petri dish
(15 cm diam, 2 cm high), and 165 ul of either solvent (acetone) or test solution
were evenly applied by a pipettor to the 2 x 10-cm rectangular area. After drying
for 10—15 min, the paper was rolled crosswise and taped together to form a short
cylinder (*3.2 cm diam, 3 cm high). The treated portion of the filter paper formed
a continuous band around the inside surface of the cylinder. The untreated edge of
the filter paper cylinder was pushed ~3 mm into the central area of the modeling
clay, allowing a ~7 mm high band of untreated filter paper surmounted by the
2-cm high band of treated filter paper to project above the clay.

Three groups of 10 ticks were tested with acetone and a 500 mM solution of
each compound. MMB also was tested as a 125 mM solution. A different filter
paper cylinder was used for each group of ticks. Ten active and ostensibly healthy
nymphs were placed into a Teflon-lined plastic test tube (9 cm deep). The ticks
were dumped from the tube onto the clay in the center of the filter paper cylinder.
The water moat confined ticks that climbed out of the filter paper cylinder. The
locations of ticks were recorded at 15 min after they were released. Ticks on the
clay or on the untreated lower portion of filter paper inside the cylinder were
considered repelled.

Exposure Packets. The process by which ixodid ticks find attachment sites
and begin to feed generally takes several hours. Thus, in the absence of strong repel-
lency, ticks would have extended exposure to benzoquinones on pelage or plumage,
which we attempted to simulate to evaluate its possible physiological consequences
on ticks. A 5 x 6-cm rectangle of Whatman No. 4 filter paper was marked with
a lead pencil with lines 0.5 cm from each side. The filter paper was placed into a
glass Petri dish and 165 p1 of solvent or one of the test solutions (7.8,31.0, 125, and
500 mM, and for permethrin, 1.9 mM) were applied evenly with a pipettor to the
4 x 5-cm rectangle bordered by the pencil lines. After the filter paper had dried for
10—15 min, it was folded crosswise. A bulldog clip (5.3 cm wide) closed each of two
margins of the folded filter paper. Ten active nymphs were placed into the cavity
formed by the folded paper, and another bulldog clip was attached to the open end
of the packet to enclose the ticks. The clips were affixed slightly more than 0.5 cm
from the edges of the paper, so that the confined ticks could only contact the treated
area of the filter paper. The packet holding the ticks was kept for 1 hr in a glass
desiccator jar (=2 1) containing water (below the shelf) to maintain high humidity
(>95% RH). The jars were rinsed with water after each exposure. Five replicates
of 10 ticks each were prepared for each concentration—compound combination.

Righting and Climbing Responses. The packet was removed from the des-
iccator, opened, and the 10 nymphs were removed singly with forceps. Each tick
was placed on its dorsum on clay within an encircling cylinder of untreated filter
paper similar to that used for the repellent test. As with the repellent test, the clay
arena was situated in a moated Petri dish. To prevent ticks from using the forceps
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as leverage to right themselves as they were released, they were grasped so that
their legs did not contact the forceps. The number of ticks that were right-side-up,
and the number of ticks that had climbed to the rim of the filter paper cylinder
or beyond, were recorded at 0.5, 1, 5, 10, and 15 min after release. After 15 min,
the ticks were placed into a plastic vial with holes in the cap and returned to a
regime of 23-24°C, 99% RH and a photoperiod of 16:8 hr (L:D). We refer to these
trials below as O-hr trials because they immediately followed the 1-hr exposure
to one of the solutions. To evaluate how long the exposure to the benzoquinones
and permethrin affected the nymphs, the behavioral tests were repeated with the
ticks that were used in the last three trials at 24 hr (referred to as 24-hr trials) and
again 1-3 mo after exposure (1-3-mo trials). Only the ticks exposed to the acetone
(control) and 125 mM solutions were used in the 1-3-mo trials.

Toxicity. At 24 hr after exposure in filter paper packets, the survivorship
of ticks was determined by observing the ticks in a moated Petri dish. Ticks
moving only in an uncoordinated manner and a distance of <5 mm were considered
moribund. Ticks that failed to move after 5 min in the Petri dish, even when exhaled
upon or prodded with forceps, were considered dead. The behavioral test was
repeated 24 hr after exposure with ticks in the last three replicates. In the analysis,
we combined dead and moribund ticks because ticks in neither category would pose
arisk to hosts. Ticks that were alive 24 hr after exposure were again examined for
toxic effects 1-3 mo later. The criteria for mortality used in the toxicity tests were
applied to these ticks to determine whether they should be excluded from the trial.

Statistical Analysis. We used logistic regression (Proc Genmodin SAS, 1999)
to analyze the repellency of the compounds at 500 mM at 15 min. Since MMB
repelled all ticks, we subtracted 0.5 from one of the scores (changing 10/10 to
9.5/10) to obtain meaningful parameter estimates. We estimated four one-degree-
of-freedom contrasts with the acetone control.

Data on the number of ticks that were dead or moribund (incapacitated)
24 hr following the 1-hr exposure were modeled as dose-response relationships
by using the arcsine-transformed proportion of dead and moribund ticks as the
dependent variable and the square root of concentration as the independent vari-
able. The square-root transformation of concentration yielded a straight-line re-
lationship for all compounds except permethrin. We modeled permethrin only
at the lowest concentrations, and set the percent of incapacitated ticks to 100%
for concentrations >7.8 mM. Since the bioactivity of the benzoquinone solu-
tions appeared to deteriorate over time, and the first trial on each group of 10
ticks was conducted from 24 to 104 days after the solutions were prepared,
we also included the age of solution in the model for incapacitated ticks and
for the models of behavioral change (discussed subsequently). We used the log
of age — log (66) (66 days was the mean solution age) to reduce colinearity
with the intercept term. We used the Proc Mixed routine in SAS (1999) for this
analysis.
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The behavioral data were not independent because each group of 10 ticks
was observed five times within a concentration—compound combination on two
different criteria and, for some groups, on three trials (0 hr, 24 hr, 1-3 mo following
the initial 1-hr exposure). We found that the relationship between the arcsine-
transformed proportion of ticks exhibiting the behavior (excluding incapacitated
ticks) and the log of time was approximately linear. Therefore, for each of the
six behavior-trial combinations (two behaviors, three trial times), we estimated a
slope and an intercept (and their standard errors) for each concentration-compound
combination. In effect, we modeled each group of 10 ticks with a straight line that
relates the proportion (transformed scale) exhibiting the behavioral measure to
observation time (transformed), yielding six lines (two behaviors, three trials)
per group. For the righting behavior, we used all five observation time points to
construct the lines, but for climbing behavior we used only the last four time points
because the proportion for the first time point was zero for all groups.

We then created one degree-of-freedom contrasts (as ¢-values) between the
control groups, which were modeled in the same way for each of the treatment
groups. Each pair of contrasts compared the control intercept and control slope
with the intercept and slope from one of the treatments. The magnitude and sign
of the pair of contrasts indicate how the treatments differed from controls, with
absolute values less than about two indicating no statistical difference. A positive
value for an intercept contrast indicated that controls were more active at the
earliest observation time. A positive value for a slope contrast indicated that, over
the 15 min period, the proportion of ticks exhibiting the behavior in the treatment
group increasingly lagged behind that of the control, i.e., differences between the
treatment and control groups increased over time.

A multiple comparison adjustment was not required when comparing treat-
ment effects within one of the three trials (O hr, 24 hr, and 1-3 mo) and within
one of the two behavioral measures. However, analyses of the two behaviors were
correlated (ticks cannot climb if they have not first righted), as were analyses over
the three trials (repeated measures of some ticks). Rather than present a recondite
analysis with the data modeled jointly using a complicated covariance structure (to
incorporate the time series structure and other potential dependencies), we present
unadjusted ¢-values for the slopes and intercepts, which readers can interpret con-
servatively, and focus attention on their patterns.

Not all contrasts with controls could be made for two reasons. Because only
live ticks were used to calculate these values for the 24-hr and 1-3-mo trials, there
were some treatment combinations with no live ticks, and, thus, no possible esti-
mate. In other cases, especially for higher concentrations, no living ticks exhibited
the behavior for the entire 15 min observation period. In that case, a flat line of zero
was estimated (with no variance), so a ¢-value based on a comparison with the con-
trol would be inappropriate. Model fitting was performed by using the R software
(Ihaka and Gentleman, 1996), output was parsed, and #-values calculated using
Perl programs. Other statistical comparisons were performed with standard 7-tests.
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FIG. 1. Dose-response curves for incapacitation (morbidity and mortality) of A. ameri-
canum nymphs 24 hr after 1-hr exposure to benzoquinones or permethrin. The open symbols
represent values for ticks tested 1-3 mo later. The compounds indicated are toluquinone
(tol); 1,4-benzoquinone (bzq); 2-methoxy-3-methyl-1,4-benzoquinone (MMB); and
permethrin (perm).

RESULTS

Repellency. Of the benzoquinones, only MMB repelled A. americanum
nymphs (x2 = 17.56, P < 0.001, 1 df). MMB repelled all nymphs at 500 mM
(25.0 mM/cm?), but none at the 125 mM (6.3 mM/cm?) treatment. At 500 mM,
permethrin repelled 63% of the nymphs, significantly more than the control (x2 =
14.94, P = 0.001, 1 df).

Toxicity. Dose—response curves for incapacitation of A. americanum nymphs,
adjusted to the mean solution age of 66 days and back-transformed to the original
proportion scale, are shown (Figure 1). The model (on the transformed scale) is
t(p;) = 0.982 + B;+/dose — 0.248 log (d), where t(p) gives the expected value of
the arcsine-transformed proportion of incapacitated ticks, iindexes compounds, f;
estimates (standard errors) are 1.911 (0.189) for 1,4-benzoquinone, 2.084 (0.189)
for MMB, 0.609 (0.189) for toluquinone, and 18.482 (1.482) for permethrin (only
modeled for concentrations <7.8 mM), and d 466 is the number of days since the
solution was prepared. The proportions of ticks incapacitated 1-3 mo after they
were exposed to the 125 mM 1,4-benzoquinone treatment and acetone control also
are depicted as open symbols in Figure 1.

Toluquinone was less toxic than either 1,4-benzoquinone or MMB (P <
0.001, r-test, 84 df), with the latter two statistically indistinguishable (P = 0.74,
t-test, 84 df). Only 2% of ticks exposed to 7.8 mM permethrin were alive and
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active 24 hr after exposure. At this concentration, the other compounds had little
or no effect. For 1,4-benzoquinone and MMB, the proportion of ticks incapacitated
decreased 1-3 mo later, as some of the ticks moribund at 24 hr recovered. All ticks
classified as moribund at 24 hr after exposure to permethrin died within 1-3 mo.
The proportion incapacitated 1-3 mo later changed little for toluquinone.
Behavioral Responses—Righting. In general, slope differences between con-
trol and treatment groups were not as great as intercept differences (Figure 2). Thus,
the proportion of ticks righting at the beginning of testing differed between the
control and treatment groups, but righting rates following the initial observation
were roughly the same for the remainder of the observations. In general, these con-
trasts mirrored the toxicity statistics, with larger 7-values for higher doses within
a compound and the smallest #-values for toluquinone, the least toxic compound.
Many of the intercept t-values were quite large and all were >3 for the first trial
(0 hr), even for toluquinone, indicating an effect of all compounds at all doses
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FIG. 2. Contrasts (as r-values) between treatment and control groups for the righting and
climbing responses and for three trial times for the behavioral tests were calculated from
regressing the arcsine-transformed proportion of ticks exhibiting the behavior on the log of
time since the test started. Each point is associated with an intercept contrast (on abscissa)
and slope contrast (ordinate). Increased filling of symbols indicates higher concentrations
(mM). The greater the ¢-value differs from zero, the greater the behavioral difference be-
tween the treated and control group, with significant differences greater than about two.
Not all treatment/dose combinations are given (see text).
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on the righting behavior. One day later, some ticks appeared to have recovered
at the lower concentrations, where the intercept #-values had moved toward O for
all compounds, even permethrin. However, for higher concentrations, #-values for
intercepts increased, indicating that the effect on ticks at these concentrations is
more pronounced after 24 hr than immediately after exposure. There is evidence
of continued recovery for the trials conducted 1-3 mo later: intercept t-values for
compounds at these concentrations decreased relative to righting at 24 hr.

Behavioral Responses—Climbing. In contrast to righting, #-values were
largest for slope contrasts (Figure 2). This is readily understood since intercepts,
the estimates for O min, should be near 0 because all individuals, regardless of
treatment, first had to right. However, intercept f-values did shrink from val-
ues close to 2.5 in the O hr trials to close to O in the 24-hr trials. Thus, earlier
small, but consistent, differences in initial observations nearly disappeared 24 hr
later.

In contrast to the intercept z-values, the slope #-values were large for almost all
compounds at all concentrations. A clear concentration effect is evident, as the #-
value order closely follows that of concentration. This indicates that the latency (or
inability) to climb becomes more obvious over the 15-min observation period and
depends on concentration. After 24 hr, there appears to be some return to control
levels for low concentrations, as in the righting data. However, even after 1-3 mo,
large lags in the climbing behavior of the ticks receiving the 125 mM concentration
were evident. These individuals appeared to have suffered long-lasting effects from
exposure to the compounds months earlier. With few exceptions, the differences
between compounds were not as pronounced as differences between doses for both
kinds of behavioral data. The highest concentrations generally are not depicted in
Fig. 2 for either behavioral response because most ticks at these concentrations
were incapacitated, and these contrasts could only be made for ticks that were not
dead or moribund.

DISCUSSION

The phenomenon of anointing is unique among allelochemical interactions
because organisms may respond in nature to chemicals from species with which
they ordinarily do not interact (Weldon, 2004). Millipedes rarely and inconsequen-
tially encounter tetrapod ectoparasites, but the responses of such ectoparasites to
millipede chemicals may attain ecological relevance through the vehicle of avian
and mammalian anointing. Our study is predicated on the assumption that ticks
encounter benzoquinones deposited on the plumage or pelage of anointing animals.

The preprandial behaviors of ixodid ticks differ from those of mosquitoes
and most other biting flies in ways that dispose ticks to receive greater exposure
to anointing chemicals. Ixodids are highly selective in identifying feeding sites
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(Waladde and Rice, 1982), wandering extensively on the skin before locating a
suitable site of attachment (Kemp et al., 1982). Ticks crawling through the pelage
or plumage of a host would be surrounded by anointed surfaces, encountering
chemicals by contact or, in the case of volatiles, as fumigants. After penetration
of their host’s integument, many ticks secrete a hardened encasement around their
feeding appendage, the hypostome, and proceed to engorge over a few days. Thus,
the 1-hr confinement of ticks in treated filter paper packets during our bioassays
was not excessively protracted in simulating chemical exposure to an anointed
host.

A repellent, by definition, elicits movement away from a chemical source
(Dethier et al., 1960). Our repellency bioassay allowed ticks to either crawl away
from a treated area or fall off a vertical surface to avoid contact with repellent treat-
ments. Only MMB at the highest dose we used (500 mM) prevented ticks from
crawling across treated filter papers; the next lower dose (125 mM) of this com-
pound had no detectable effect. These results are worth noting in light of numer-
ous reports indicating that insects are irritated or repelled by benzoquinones (e.g.,
Ogden, 1969; Peschke and Eisner, 1987). Nonetheless, MMB was significantly
more effective in preventing A. americanum from climbing out of treated filter pa-
per cylinders than was permethrin, a synthetic pyrethroid marketed as a tick repel-
lent and acaricide. Several ticks dropped from the permethrin-treated filter paper,
whereas the ticks tended not to crawl on the MMB-treated filter paper. The repel-
lency of permethrin may be due as much to its fast-acting toxicity requiring contact
with treated surfaces as to actual avoidance (summarized in Sonenshine, 1993).

The morbidity/mortality of ticks in response to the compounds we used was
greatest for permethrin, which was effective even at 1.9 mM. Morbidity/mortality
in response to benzoquinones was manifest only at intermediate and high doses
(125 and 500 mM), but ticks exposed even to the most dilute concentrations of these
chemicals exhibited persistent impairments in righting and climbing abilities. The
clearest behavioral difference in response to the three benzoquinones we tested,
and among the doses of each, was manifest with respect to climbing. Climbing
ability, an integral part of host acquisition by many ixodid ticks (Lees and Milne,
1951; Sonenshine, 1993), was found impaired upon retesting ticks more than
1 mo after exposure in our tests. Climbing inhibition would seriously impair a
tick’s ability to contact a suitable host, and may be a manifestation of a more
basic behavioral or physiological impairment. The toxicities of toluquinone and
other benzoquinones also have been demonstrated with insects (Kanehisa, 1969).
Mosquitoes (Ae. aegypti) exposed to toluquinone and MMB on feeding membranes
sometimes became immobilized and died, especially with MMB (Weldon et al.,
2003).

The benzoquinones were not as toxic to ticks as permethrin. However, ticks
exposed for 1 hr to benzoquinones even at low concentrations behaved abnor-
mally, and intermediate concentrations clearly were toxic. Other than MMB, these
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compounds do not seem to repel ticks, suggesting that, for protection against
ticks, anointing animals must apply sufficient quantities of compound to disorient
or physically disable potential tick parasites. Tests of climbing produced a clearer
pattern than righting for detecting the behavioral effects of the compounds and
their concentration effects. The climbing test also better showed concentrations at
which effects were temporary and at which they were long-lasting. Both measures
demonstrated that even low concentrations adversely affected these two behaviors
important for successful host attachment.

The toxicities of benzoquinones demonstrated in our study of A. americanum
indicate the potential for protection against ticks afforded by anointing with these
compounds. Key questions remain, however, on the quantities of benzoquinones
available to and effectively appropriated by free-ranging animals. Estimates of
the quantities of benzoquinones produced by millipedes range up to 350 mg per
individual for some tropical species (Fairhurst, 1993). These compounds may be
appropriated from other sources, as well. Laughingthrushes (Garrulax spp.) from
Fiume, Italy (currently Rijeka, Croatia), for example, are reported to anoint with
tenebrionid beetles of the genus Blaps (Callegari, 1955), which may defensively
discharge benzoquinones (Blum, 1981).

Because attachment and commencement of feeding in ixodid ticks takes hours
and completion of feeding is a matter of several days, the exposure that ticks receive
to chemicals applied to the integument of their hosts is protracted. Repeated anoint-
ment may be necessary to maintain the efficacy of topically applied compounds due
to their volatility and/or degradation. We detected a reduced efficacy of the ben-
zoquinones used in our tests over time, even though solutions were stored in cold,
light-free conditions; this prompted us to include a time covariate for solution age
when modeling the data. Quantitative studies of the transfer and retention of anoint-
ing chemicals, and of their efficacy in deterring ectoparasites on hosts, are needed.
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Abstract—Grapevine moth Lobesia botrana is the economically most
important insect of grapevine Vitis vinifera in Europe. Flower buds, flowers,
and green berries of Chardonnay grapevine are known to attract L. botrana for
oviposition. The volatile compounds collected from these phenological stages
were studied by gas chromatography—mass spectrometry, and the antennal
response of L. botrana females to these headspace collections was recorded
by gas chromatography—electroantennography. The compounds found in all
phenological stages, which consistently elicited a strong antennal response,
were pentadecane, nonanal, and e-farnesene. In a wind tunnel, gravid L. botrana
females flew upwind to green grapes, as well as to headspace collections from
these berries released by a piezoelectric sprayer release device. However, no fe-
males landed at the source of headspace volatiles, possibly due to
inappropriate concentrations or biased ratios of compounds in the headspace
extracts.
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INTRODUCTION

Larvae of grapevine moth Lobesia botrana (Denis and Schiffermiiller)
(Lepidoptera, Tortricidae) feed on all developmental stages of grapevine Vitis
vinifera, and occur in up to four generations throughout the growing season.
Fungi, especially grey mold Botrytis cinerea, develop rapidly on the damaged
grapes, causing entire clusters to rot. Grapevine moth is the most damaging insect
throughout the European wine-growing area (4 million ha) as well as adjacent
Mediterranean countries in North Africa and Asia Minor (Bovey, 1966; Fermaud
and Le Menn, 1989; Gabel and Roehrich, 1995).

The female sex pheromone of L. botrana and male attraction to synthetic
pheromone have been studied in detail since the seventies (Roelofs et al., 1973; Arn
et al., 1988; El-Sayed et al., 1999). Today, pheromone-based disruption of mating
is used on ca. 50,000 ha in Europe. However, the mating-disruption technique is
not efficient at high population densities (Arn and Louis, 1996; Louis and Schirra,
2001; Varner et al., 2001). One important drawback is that only male behavior
is affected, and not the behavior of gravid females. The efficacy of pheromonal
methods may accordingly be enhanced by kairomonal chemicals affecting also
female host-finding and egg-laying behavior, such as plant volatile compounds
(Light et al., 2001; Bengtsson et al., 2001).

Volatiles from grape have been widely studied, especially with respect to
aromas of flowers and ripe fruit (Schreieretal., 1976; Welch etal., 1982; Buchbauer
et al., 1994, 1995; Rosillo et al., 1999; Darriet et al., 2002). Floral volatiles of cv.
Miiller-Thurgau have been shown to modify oviposition behavior in grapevine
moth females (Thiéry and Gabel, 2000).

We demonstrate here that upwind flight attraction of female grapevine moth
L. botrana is mediated by grape volatiles. As a first step towards the identification
of host plant signals that mediate female reproductive behavior, we have used
insect antennae to screen headspace collections from grape leaves, flower clusters,
and berries for bioactive compounds.

METHODS AND MATERIALS

Headspace Collections. Headspace collections were made from branches
with leaves (3—4 wk after bloom), flower clusters before bloom, clusters during
early bloom (10-30% blossoms open), clusters at full bloom (100% blossoms
open), and grape berries (3—4 wk after bloom) of the cv. Chardonnay. Five samples
per phenological stage were analyzed by coupled gas chromatography and mass
spectrometry (GC-MS), and six samples per developmental stage were analyzed
by coupled GC and electroantennographic detection (GC-EAD).

Freshly cut branches or grape clusters (ca. 200 g) were placed in to a 2000-ml
glass jar. The cut end of the clusters was in a 10-ml vial with water. Charcoal-filtered
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air was pulled through the jar at 150 ml/min and over a Porapak Q cartridge
containing 50 mg of adsorbent (Sigma-Aldrich). Collections were done for 22 hr
inaclimatic chamber at 25 £ 2°C and 30 lux. Volatiles were desorbed by eluting the
cartridge with 500 ul hexane (redistilled; LabScan, Malmo, Sweden), and 500 ng
heptyl acetate (99.8% chemical purity) were added as an internal standard. Sample
volumes were reduced to 50 ul at room temperature in vials with an elongated tip
(5 ecm x 2 mm ID; Klimetzek et al., 1989). Samples were sealed in glass vials and
stored at —18°C.

Solid Phase Microextraction. A manual solid phase microextraction (SPME)
holder (Supelco, Bellefonte, PA) with a fiber coated with 100 pm of polydimethyl-
siloxane was used. The fiber was conditioned for 30 min in a GC injection port at
250°C. Meanwhile, flower clusters (early bloom) were placed in to a 2000-ml glass
jar. Cluster stems were provided with water to maintain the physiological water
content. The fiber was then placed into the jar above the plant material for 22 hr. Af-
ter sampling, the fiber was immediately desorbed for two min in a GC injection port.

Gas Chromatography and Mass Spectrometry. Grape volatiles were identi-
fied with an Hewlett-Packard 5970B MS with electron impact ionization (70 eV),
which was interfaced to an HP 5890 gas chromatograph, equipped with an
HP-INNOWax column (30 m x 0.2 mm) with an oven temperature program of
5 min at 50°C, 10°C/min to 60°C, 1 min at 60°C, 2.5°C/min to 200°C, 30 min at
200°C.

Gas Chromatography and Electroantennographic Detection (GC-EAD). An
HP 5890 GC, using both an HP-INNOWax (30 m x 0.2 mm) and a DB-Wax
(30 m x 0.25 mm; J&W Scientific, Folsom, CA) capillary column, programmed
from 60°C at 8°C/min to 220°C (10-min hold), was interfaced with an electroan-
tennogram apparatus (Arn et al., 1975). The outlet of the GC column was split
in a 1:1 ratio between the flame ionization detector (FID) and a cut antenna of
a L. botrana female. The antenna was mounted in a holder, and the cut ends
rested in two wells containing Beadle—Ephrussi Ringer solution. Compounds elut-
ing from the capillary column were delivered to the antenna through a glass tube
(12 cm x 8 mm) by a charcoal-filtered and humidified airstream. The antennal sig-
nal and the FID signal were amplified and recorded simultaneously using Syntech
(Hilversum, The Netherlands) software.

Chemicals. The identity of most compounds in volatile collections was ver-
ified by comparison with purified, authentic plant compounds, and synthetic com-
pounds. Compounds were purchased from Carlo Erba Reagenti (Milan, Italy),
Sigma-Aldrich, Bedoukian Research (Danbury, CT), Firmenich (Geneva,
Switzerland), Fluka, and Shin-Etsu Chemical Co. (Tokyo, Japan), or obtained
as gifts from Hans Alborn (Gainesville, FL), Anna-Karin Borg-Karlson and Ilme
Liblikas (Stockholm, Sweden), and Wittko Francke (Hamburg, Germany)
(see Table 1). Compounds, which did not elicit antennal responses, and for which
no standards were available, were tentatively identified using the Wiley mass spec-
tral database.
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TABLE 1. VOLATILE COMPOUNDS IN HEADSPACE VOLATILES FROM GRAPEVINE (CV.
CHARDONNAY) AT DIFFERENT PHENOLOGICAL STAGES®

Flower Early bloom® Full _ Green
Source of Leaves® buds? 7 bloom/ berries$
Compound standards®? PQ" PQ PQ SPME! PQ PQ
Acids
acetic acid SA 1 1
hexanoic acid SA 1 <1
ethylhexanoic acid SA 20
Hydrocarbons
tetradecane F 1 1
1-tetradecene* w 3 1 2
pentadecane F 2 2 23 15 11 9
1-pentadecene F 1 4 5 6
heptadecane F 1 4 1 9
1-heptadecene F 2 1 16
octadecane F 3 3 2
nonadecane F 3 3 2
1-nonadecene F 4 3
eicosane F 7
heneicosane F 3 1 7
Alcohols
ethanol CE 2
1-butanol F 4
(Z)-3-hexen-1-ol SA 12
(E)-3-hexen-1-o0l SA 10
3-methylbutanol F 3
1-hexadecanol F 1 1 4
1-heptadecanol F 1 1 2
1-octadecanol F 1 1 5
Aldehydes
hexanal F 2 2 2 2
(E)-2-hexenal SA 3 4
(Z)-3-hexenal SA 1 29
(E,E)-2,4-hexadienal * w 1
nonanal SA 2 4 6 5 3 2
(E)-2-nonenal* W 1 3 1
(E,Z)-2,6-nonadienal SA 1
Ketones
2-undecanone F 3 3 4
2-dodecanone F 2 2 3
2-tridecanone F 3 2 5
2-tetradecanone F 3
Esters
methyl acetate™ w 2 12
ethyl acetate CE 2
butyl acetate CE 3

(Z)-3-hexenyl acetate SA 24 14
methyl hexadecanoate™ w <1 2 1 2 18
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TABLE 1. CONTINUED

Flower Early bloom® Full _ Green
Source of Leaves® buds? __° " bloom/ berries®
Compound standards® PQ" PQ PQ SPME' PQ PQ
Aromatics
1-methylethyl benzene* \% 1 1 1
propyl benzene* w <1 <1 2 1
methyl benzoate F 19
benzyl alcohol CE 2 2 <1 3 2 3
benzaldehyde SA 1
methyl salicylate SA 32 <1 2 5
Irregular terpenoids
B—ionone F 1
4,8-dimethyl-1,(E£)3,7-nonatriene WF 37 10
Monoterpenes
limonene SA 10 3 1 1
(Z)-B-ocimene F 4
(E)-B-ocimene HA 27 16 1 tr 0,5
o —phellandrene SA 1
«o—terpineol SA 13 4
geraniol SA 2
linalool SA 12
Sesquiterpenes
B—caryophyllene FI 1 5 4 4
humulene SA 2 1 3
germacrene-D AB 42
methyl farnesoate* W 1 4
(E)-B-farnesene B 49 36 42
(Z,E)-a-farnesene AB 5 3 1
(E,E)-a-farnesene FI 100 100 100 100 100 100

Notes: Compounds in bold face type elicited responses from antennae of female grapevine moths in

GC-EAD experiments (see Table 2). Identifications of asterisked compounds are tentative only.

“ Amounts relative to (E,E)-a-farnesene. The average amount of (E,E)-«-farnesene collected from
200 g of clusters in full bloom and from 200 g of green berries was 0.25 £ 0.1 and 0.28 £ 0.15 pg/h,
respectively (N = 5).

bStandards were obtained from Hans Alborn, Gainesville, FL (HA), Bedoukian Research Inc., Danbury,
CT (B), Anna-Karin Borg-Karlson, Stockholm, Sweden (AB), Carlo Erba Reagenti, Milan, Italy (CE),
Firmenich, Geneva, Switzerland (FI), Fluka (F), Wittko Francke, Hamburg, Germany (WF), Ilme
Liblikas, Stockholm, Sweden (IL), and Sigma-Aldrich (SA). Compounds which were not available
were tentatively identified according to the Wiley mass spectra library (W).

“Branches with leaves (N = 5).

Clusters with flower buds (N = 5).

¢Clusters with 10-30% flowers open (N = 5).

f Clusters with all flowers open (N =5).

8Green berries, 5 wk after flowering, during the second generation of grapevine moth (N = 5).

hPorapak Q air filters.

’Solid phase microextraction, using clusters at early bloom.
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Insects. A laboratory culture of grapevine moth was maintained on a semi-
synthetic diet (Mani et al., 1978). Insects were collected in vineyards in Trento,
Italy. Larvae and pupae were reared under a 16L:8D photoperiod and 22°C. Pupae
were separated by sex and emerged were adults provided with sugar-water solution.
Virgin females used for GC-EAD recordings were 2—3-days old.

Females used in wind tunnel bioassays were 2—4-days old. After eclosion,
females were mated in 33 x 33 x 33-cm? Plexiglass cages. Their mating status
was verified by placing them into glass tubes (12.5 cm x 2.5 cm?); females laying
eggs were used for wind tunnel experiments.

Wind Tunnel Bioassay. The Plexiglass wind tunnel had a flight section of
63 x 90 x 200 cm?. Air was blown by a horizontal fan (Fischbach, Neunkirchen,
Germany) at 30 cm/sec through activated charcoal filters (Camfil, Trosa, Sweden)
into the tunnel (Arn et al., 1986). The flight section was lit diffusely from the side
at 10 lux, and the room was kept at 23 + 2°C and 40-60% RH.

Female moths were placed singly in to glass tubes (12.5 cm x 2.5 cm?). The
females were tested for 15 min, using batches of 10—16 females per test stimulus,
during the first 2 hr of the scotophase. The glass tubes were positioned at the
downwind end of the tunnel, 30 cm from the floor and ca. 180 cm from the source.
The tubes were baked at 375°C for 8 hr before use.

Plant material and headspace collections were applied as odor sources, at the
upwind end of the wind tunnel. Unripe grape clusters (ca. 150 g, berries 5—10-mm
diam) or green branches (shoots with up to 10 green leaves) were keptin a 1-1 Plexi-
glass cylinder covered with gauze. Thus, the plant material did not provide visual
cues. Grapes were freshly picked and stored at 4°C and 100% RH for up to 2 days.

A headspace extract (see above) from green berries was reduced to ca. 50 ul
and then diluted with ethanol (redistilled; LabScan, Malmé, Sweden) to contain the
most abundant compound (£, E )-a-farnesene at 1 ng/ul. This extract was released
from a sprayer, which allowed volatilization of all compounds at a known and
constant rate, regardless of their vapor pressures (Godde et al., 1999). The solution
was fed into a glass capillary with an elongated tip, which was vibrated at ultrasonic
frequency (ca. 100 kHz) by means of a piezo-ceramic disc. The solution volatilized
within a few cm of the outlet of the capillary. A motor-driven syringe ensured
a constant delivery of the solution at 10 ul/min, resulting in a release rate of
10 ng/min of (E,E)-a-farnesene. The sprayer was rinsed with 2 ml of redistilled
ethanol before each treatment.

The numbers of females flying upwind over 150 cm and landing at the source
was compared using Fisher’s exact test (P < 0.05).

RESULTS AND DISCUSSION

Identification of Grapevine Volatiles. Compounds identified from different
developmental stages of grapevine, from nonflowering buds to green berries, are
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shown in Table 1. Compounds eliciting reproducible responses from antennae
were identified according to their mass spectra and retention times, in comparison
with synthetic or authentic standards. The most abundant compound in headspace
collections from all phenological stages was (E,E)-a-farnesene. Comparison of
volatiles recovered from clusters at early bloom by two sampling techniques, SPME
and Porapak Q air filters, showed only quantitative differences (Table 1).

Grapevine Volatiles Eliciting an Antennal Response. The headspace collec-
tions used for identification of grape volatiles by GC-MS were also analyzed
by GC-EAD. Antennae of grapevine moth females responded to 27 compounds
(Table 1). These include the most abundant compounds, such as «-farnesene, (E)-
B-farnesene, and (Z)-3-hexenyl acetate, but the antennae also responded to com-
pounds that were present in much smaller amounts, for example S-caryophyllene,
limonene, and heneicosane. Many alcohols, ketones, and hydrocarbons with
straight carbon chains elicited antennal responses. In contrast, only a few cyclic
compounds such as methyl salicylate, limonene, and caryophyllene elicited anten-
nal responses (Table 2).

Further GC-EAD analysis, using synthetic or authentic compounds at a con-
stant amount of 10 ng, was done to quantify the antennal responses. The most active
compounds were 4,8-dimethyl-1,(£)3,7-nonatriene and «-farnesene (Table 2).

Changes in Headspace Composition During Phenological Development.
Headspace collections from shoots with leaves included typical green odorants
such as hexanoic acid, hexanal, (E)-2-hexenal, and (Z)-3-hexenal (Table 1;
Hashizume and Samuta, 1997). Collections from flower buds contained only few
volatiles. However, several of these elicited an antennal response, which is in agree-
ment with a study by Gabel and Roehrich (1995), who reported that extracts of
flower buds stimulated egg-laying in grapevine moth females. The seasonal flight
period of grapevine moth starts before the onset of flowering and females oviposit
on the flower buds.

Hydrocarbons were characteristic for partly flowering clusters, and many
disappeared during full flowering. Flower clusters at full bloom contained, in
comparison, a group of terpenoids (Table 1; Buchbauer et al., 1994, 1995). Green
grapes contained fewer terpenoids, whereas several alcohols, aldehydes, esters, and
aromatic compounds emerged. The relative abundance and the number of esters
further increased in collections from mature grapes (data not shown). This increase
in ester production associated with grape ripening is known (Hardy, 1970).

Wind Tunnel Bioassay. Mated L. botrana females flew upwind to clusters
of green grapevine berries in the wind tunnel (Table 3). Female moths became
activated and started to orient upwind between 2 and 11 min after they were exposed
to grape odor. Twenty-five percent (N = 140) flew upwind over 150 cm, and 17.9%
of the test females landed at the cage containing grape berries. The upwind flight
pattern was similar to male flights towards female sex pheromone (El-Sayed et al.,
1999). Fewer females landed at shoots without grapes, and females did not fly
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TABLE 2. ANTENNAL RESPONSES OF FEMALE GRAPEVINE MOTHS TO VOLATILE
COMPOUNDS IDENTIFIED FROM GRAPEVINE (CV. CHARDONNAY) AS DETERMINED BY

GC-EAD
Antennal response Relative response
Compound + SD (mV x 10*ng)® (%) vs. (E,E)-a-farnesene
Hydrocarbons
pentadecane?¢4-¢-f 2.03 £091 12
1-pentadecene®%-¢ 0.39 + 0.04 2
heptadecane?¢-f 5.48 £0.93 33
1-heptadecene® f 1.08 £ 0.12 6
octadecane’¢ 1.99 £ 0.61 12
nonadecane®¢ 6.51 £1.52 39
1-nonadecene? 0.95 +£0.28 6
heneicosane?-¢ 7.16 £ 1.71 43
Alcohols
(Z)-3-hexenol/ 2224 1.16 13
1-hexadecanol?-¢ 2234191 13
1-heptadecanol¢-¢ 476 +2.21 28
1-octadecanol?+ 6.59 £2.14 39
Aldehydes
(Z)-3-hexenal® 476 £0.32 28
nonanal®¢-¢.f 498 4 4.18 30
Ketones
2-undecanone?-¢ 1,86 & 1,04 11
2-dodecanone®-¢ 6.30 + 5,03 38
2-tridecanone®-¢ 1.03 £ 0.67 6
Esters
(Z)-3-hexenyl acetate®/ 2.50 £ 1,27 15
Aromatic compounds
methyl salicylate?¢-¢ 537 £3.12 32
Terpenoids
(E)-4,8—dimethyl—1,3,7-r10natrieneb"" 66.02 + 39.14 393
limonene®4-¢ 5.61 &+ 4.55 33
(E)-B-ocimene? ¢-¢ 3254255 19
linalool/ 3,33 4+ 1.68 20
B-caryophyllene®-¢ 7.03 £4.50 42
(E)—,B—famesened‘“ 2.95+£1.07 18
(E,E)-a-farnesene? <46 f 16.79 & 3.53 100

“Mean antennal response, using 10 ng of standard compounds (N = 6).
bCompound found in volatile collections from leaves.

¢Compound found in collections from cluster with flower buds.

4Compound found in collections from clusters with 10-30% open flowers (N = 6).
¢Compound found in collections from clusters in full bloom (N = 6).

! Compound found in collections from immature berries (N = 6).
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TABLE 3. ATTRACTION OF MATED FEMALE GRAPEVINE MOTHS IN A WIND TUNNEL
TO GRAPEVINE (CV. CHARDONNAY) BRANCH WITH GREEN LEAVES, GREEN BERRIES,
OR TO EXTRACTS OF HEADSPACE VOLATILES COLLECTED FROM BERRIES AND
RELEASED FROM A SPRAYER?

Number of % Oriented

Treatment Amount test females flight” % Landing®
Branch? ca. 100 g 46 13.0a 6.5 ab
Green berries® ca. 150 g 140 250a 179 a
Sprayed volatiles/ 10 ng/min «o-farnesene 48 125a 0b
Blank - 50 0b 0b

“Within columns, means followed by different letters are significantly different (Fisher’s exact
test; P < 0.05).

bFemales flying upwind over 150 cm.

“Females landing at the odor source, 180 cm from the release cage.

4Shoot with green leaves.

“Immature fruit (diam 5-10 mm).

/Headspace collection from green grapevine berries on Porapak Q filter (see Table 1), containing
1 ng/ul (E,E)-a-farnesene.

upwind at all without a plant odor stimulus (Table 3). Attraction of females to
grapes by flight, over a distance, demonstrates a role for plant volatile compounds
in host-finding in L. botrana.

Volatiles from freshly picked grape berries eliciting upwind attraction were
collected on Porapak Q, and the resulting extract was diluted to contain (E,E)-o-
farnesene at 1 ng/ul and was then released from a sprayer at a rate of 10 pl/min
into the wind tunnel. A significant number of grapevine moth females flew upwind
towards this sprayed volatiles extract over at least 150 cm, but the females did not
land at the source (Table 3).

The average amount of «-farnesene collected from 200 g of green berries was
0.28 0.15 pg/hr (Table 1). In comparison, the release rate of the volatiles extract
in the wind tunnel experiment was set to 10 ng/min or 0.6 pg/hr a-farnesene.
Headspace collections on Porapak filters contain at least part of the odor cues
responsible for female attraction to grape, as evidenced by the significant response
to sprayed extracts (Table 3). However, both release rate and composition of the
blend were probably suboptimal.

The composition of the bouquet emitted from plant material is likely to be
different from the blend of compounds extracted from Porapak air filters. A dis-
torted composition of this blend may be due to differences in the compounds’
affinity to the glass jar holding the grapes, to filter material and solvent, as well
as to their volatility, which affects the bleeding of compound through the air filter.
No single volatile eliciting antennal activity (Table 2) is unique for grapevine; a
blend of compounds is expected to mediate attraction of gravid L. botrana females
to grapevine.
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Future studies will include calibration of the headspace collection system
for the compounds eliciting antennal responses (Table 2), in order to enable a
reconstruction of the blend of compounds released from grapes. The focus of
continued behavioral studies will be on compounds that were present throughout
the season, in all phenological stages (Tables 1). First-generation females of L.
botrana oviposit on flower buds and partly flowering clusters, whereas the second
and third generation oviposits on berries (Bovey, 1966; Thiéry and Gabel, 2000).
Availability of a laboratory bioassay (Table 3) will allow identification of the
compounds eliciting attraction and egg-laying in gravid L. botrana females.
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Abstract—Two diterpenoid alcohols, ent-kauran-16c-ol (1) and ent-atisan-
16a-0l (2), were isolated from pre bloom (R3-R4 stage) sunflower heads as
oviposition stimulants for the banded sunflower moth, Cochylis hospes. Frac-
tionation of a sunflower head extract, by normal-phase flash column chro-
matography, resulted in an early eluting fraction exhibiting significant activ-
ity in an egg-laying bioassay. Compounds 1 and 2, along with ent-trachyloban-
19-oic acid (3) and ent-kaur-16-en-19-oic acid (4), were isolated as the
major components of this fraction and identified by their NMR and mass spec-
tra. The purified compounds were individually tested for ovipositional activ-
ity in dose-response bioassays. In these bioassays, compounds 1 and 2 gave
linear dose responses, with increasing numbers of eggs laid as the dosage
of either increased. Compounds 3 and 4 failed to stimulate significant egg-
laying at any of the dosages tested. A factorial design bioassay, using com-
pounds 1 and 2, showed that 1 was relatively more stimulatory than 2, and that
there was no synergistic effect on oviposition when the two compounds were
combined.
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INTRODUCTION

The banded sunflower moth (BSFM), Cochylis hospes Walshingham (Lepidoptera:
Cochylidae), is an important pest of cultivated sunflower (Charlet et al., 1997) in
the northern Great Plains of North America. The larvae are restricted to feeding on
sunflower (Helianthus spp.), and have been found on nine wild sunflower species,
along with cultivated sunflower, Helianthus annuus (Charlet et al., 1997). BSFM
females oviposit preferentially on pre bloom sunflower heads (R2-R4 stage), rather
than early bud or post bloom (R5-R6) heads, with the majority of eggs being laid on
the outer whorl of involucral bracts (Charlet et al., 1997). Experiments by Barker
(1997) indicated that extracts of macerated sunflower bracts stimulated BSFM
oviposition. Further experiments (Foster et al., 2003) showed that extracts made
by dipping pre bloom heads (R3) in hexane, dichloromethane, or methanol, con-
tained compounds that stimulated BSFM oviposition. Preliminary fractionations
of hexane and dichloromethane extracts, using silica gel solid phase extraction
tubes, resulted in the concentration of ovipositional activity in several fractions
(Foster et al., 2003).

This paper describes the continuation of this work, with the isolation and
identification of two diterpenoid alcohols, ent-kauran-16«-ol (1) and ent-atisan-
16a-o0l (2), that are oviposition stimulants for BSFM (Figure 1). Compounds 1

1 R;=0H,R,=CH; 2 R;=O0H,Ry=CHy
5 R1=CH3,R2=0H 6 R1=CH3,R2=OH

3 R=COOH 4 R=COOH
7 R=COOCH; 8 R=CO0CH;

FiG. 1. Diterpenoid alcohols (1 and 2) and acids (3 and 4) isolated from sunflower heads,
16beta-epimers 5 and 6, and acid methyl esters 7 and 8.
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and 2 were isolated by fractionation of dichloromethane extracts of sunflower
heads. The diterpenoid acids ent-trachyloban-19-oic acid (3) and ent-kaur-16-en-
19-oic acid (4) (Figure 1) were also isolated and found to be nonstimulatory at the
concentrations tested.

METHODS AND MATERIALS

General Fractionation and Characterization Procedures. Flash column chro-
matography used either silica gel (60 A, 130-270 mesh, Sigma-Aldrich, Milwaukee,
WI) or, for argentation chromatography, silica gel impregnated with 10% AgNO;
(200 mesh, Sigma-Aldrich). High performance liquid chromatography (HPLC)
employed a Shimadzu LC-6A pump and SPD-10A UV detector, set to 220 nm, with
a Luna column (5 um normal-phase silica, 250 x 4.6 mm; Phenomonex, Torrance,
CA). Solvents used were either Malinckdrodt nanograde (for column chromatog-
raphy), Burdick and Jackson HPLC grade (for HPLC), or redistilled AR grade.
Solvents were evaporated from fractions by rotary evaporator at 40°C for larger
volumes, or by a gentle stream of nitrogen for smaller volumes. Diazomethane
was prepared from N -methyl-N -nitro-N -nitroso-guanidine (Sigma-Aldrich) and
0.5 M KOH(,q) (Attygalle, 1998). Acetyl chloride was obtained from Sigma-
Aldrich, and bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1% TMCS from
Pierce (Rockford, IL). Coupled gas chromatography-mass spectrometry (GC-MS)
was performed on an Hewlett-Packard 5890 Series II Plus gas chromatograph in-
terfaced with an Hewlett-Packard 5972 quadrupole mass spectrometer operated at
70 eV ionizing energy. Zebron ZB-1 or ZB-5 capillary columns (25 m, 0.25 mm
i.d., 0.25-um-film thickness, Phenomonex) were used for analyses, with GC tem-
perature programs of 80°C (1-min hold) to 290°C at 15°C/min, and 80°C (2 min
hold) to 360°C at 15°C/min, respectively. The ZB-5 column was only used for anal-
ysis of BSTFA-derivatized samples. Splitless injection was used, helium being the
carrier gas, at a linear velocity of 30 cm/sec. Mass spectra were compared with
those in the Wiley Registry of Mass Spectral Data (7th Ed., John Wiley and Sons,
NY). Nuclear magnetic resonance (NMR) spectra were obtained on Varian Inova
instruments, either an 11.7 T spectrometer (499.67 MHz for 'H and 125.65 MHz
for 3C) or a 9.4 T instrument (399.94 MHz for 'H and 100.57 MHz for '3C).
All spectra were recorded in CDCl; (Sigma-Aldrich). 'H chemical shifts were
referenced to residual CHCI3 at 7.26 ppm and '3C shifts to the solvent signal at
77.0 ppm.

Extraction and Isolation. Sunflower plants (H. annuus cv. ‘RHA 274’) were
grown in a greenhouse at 20-30°C between September 2002 and February 2003.
Two extracts were prepared from pre bloom heads (R3-R4 stage); extract A, 42
heads (mean diam 2 cm) and extract B, 149 heads (mean diam 3.6 cm). Heads
were dipped into dichloromethane for 60 sec, by holding the stalk and avoiding



92 MORRIS ET AL.

extraction of the cut end, similar to the method for extracting the epicuticular waxes
of wheat leaf, previously described (Morris et al., 2000). Celite (1 g for extract
A, 6 g for extract B) was added to the crude extracts, to aid later transfer to the
chromatography column, and the solvent removed by rotary evaporation. Rotary
evaporation was stopped 5 min after apparent dryness.

Extract A (0.16-g-dry weight) was fractionated by normal-phase flash column
chromatography on 50 g of silica gel. Fractionation used a stepped solvent gradient
(pentane 200 ml, fraction 1; pentane/diethyl ether (9:1) 2 x 100 ml, fractions 2
and 3; pentane/diethyl ether (4:1) 2 x 100 ml, fractions 4 and 5; pentane/diethyl
ether (1:1) 2 x 100 ml, fractions 6 and 7; diethyl ether 2 x 100 ml, fractions 8 and
9; ethanol 100 ml, fraction 10). All of these fractions were tested in the bioassay.

Fraction 5 (11.4 mg) was active in the bioassay. Preliminary GC-MS analysis
showed it contained compounds 1-4 as the major components. These were isolated
as follows, identified, and tested individually in the bioassay.

Compounds 1 and 2 were isolated from extract B (dry weight 1.1 g). This was
fractionated on 50 g of normal-phase silica gel using a similar solvent gradient
to that for extract A (above). Three fractions containing 1 and 2 were combined
(dry weight 76 mg) and fractionated on 7 g of normal-phase silica gel using the
following solvent steps: hexane 20 ml, fraction 1; hexane/diethyl ether (9:1) 20 ml,
fraction 2; hexane/diethyl ether (4:1) 10 x 10 ml, fractions 3-12. Fraction 6 (4.6 mg)
contained 1, while fractions 7 and 8, both containing 2, were combined (14 mg)
and further fractionated on 5 g normal-phase silica gel, using the same solvent
gradient, to improve separation of 2 from tailing C,y to Cs4 aliphatic alcohols.
Compounds 1 and 2 were purified by HPLC using isocratic i -PrOH/hexane (2:98)
at 1 ml/min. Compound 1 (1.1 mg) eluted at 6.3 min and 2 (1.4 mg) at 6.8 min
under these conditions.

Compounds 3 and 4 were isolated from fractions 4 (12.3 mg) and 5 from the
50 gsilica gel fractionation of extract A. Further fractionation of fraction 5 on silica
gel separated acids 3 and 4 from alcohols 1 and 2. Fraction 4 from the first column
and fractions from the second column containing 3 and 4 were combined (14 mg)
and fractionated by argentation chromatography on silica gel/10% AgNO; (50 g),
using pentane/diethyl ether 9:1, 4:1, 7:3, and 1:1 solvent steps, with 3 (2.4 mg)
and 4 (4.8 mg) eluting in the 4:1 and 1:1 fractions, respectively. Compounds 3 and
4 were further purified by normal-phase HPLC, using an isocratic mobile phase
of i-PrOH/hexane (1:99) at 1 ml/min flow rate. Both 3 (1.9 mg) and 4 (2.7 mg)
eluted at 6.2 min.

Insect Culture. BSFM were obtained from a laboratory colony established in
1988 and now maintained at the USDA-ARS Northern Crop Science Laboratory,
Fargo, ND. The colony was established from the larvae collected in North Dakota
and reared on a semi-synthetic diet (Barker, 1988). Annual addition of wild insects
from North Dakota, use of R2 stage sunflower heads for oviposition in the rearing
cycle, and regular tests for selectivity toward sunflower are carried out to ensure
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that the colony does not lose specificity to the host plant (Barker, 1997). Adult
BSFM were obtained <24 hr after emergence and kept as mixed groups (20-30
insects) in 28 ml clear plastic containers, with a moist cotton wick, for 24 or 48
hr to allow mating. Containers were placed in to a controlled temperature room
(26 &+ 1°C, 30% relative humidity, 16L: 8D photoperiod), that was also used for
the bioassay.

Bioassay. The bioassay was a modification of what was carried out previously
(Foster et al., 2003). Fractions, or purified compounds 1-4 (Figure 1), were applied
as solutions, using a 500 p1 syringe, to scored chromatography paper attached over
the mouth of vials (45-mm height x 15-mm diam) with rubber bands. Parallel
grooves were scored in the paper using a scalpel, approximately 1.5-mm apart
and 2-mm deep, with 7 grooves per paper cap, similar to the method of Kanno
and Harris (2000). Without scoring, very few eggs were laid on the treated caps,
indicating the importance of physical stimulation for oviposition (also observed
previously, Foster et al., 2003). Solutions were applied over approximately a 10 min
period; each application was confined to the area of scored paper (approximately
1 cm?) on the top surface of the cap.

From the first flash column fractionation of extract A, fractions 3—10 were
taken to dryness (for weighing) and then redissolved in 1.5 ml of diethyl ether.
Fractions 1 and 2 were reduced in volume to 1.5 ml, without being taken to
dryness, to avoid loss of volatile monoterpenes, which were significant compo-
nents of these fractions as indicated by GC-MS. A treatment was 80 ul [2.2
head equivalents (HE)] of a fraction applied to a paper cap, with 80 ul of di-
ethyl ether for solvent controls. A HE was the mean weight of fraction per head.
Vials were attached to the base of the bioassay container (17 cm diam x 14 cm
high, Rubbermaid, Wooster, OH) with mounting putty (Manco Inc., Avon, OH),
and evenly spaced around the perimeter, approximately 3 cm from the wall.
A replicate consisted of one treatment of each fraction plus a control, placed
in the same container. A 10-cm diam circle was removed from the lid of the
arena and replaced with fine nylon mesh. The arena floor was covered with moist
vermiculite.

For dose-response bioassays, compounds were each dissolved in hexane, and
the appropriate amounts were applied to paper caps to give 50, 10, and 2 ug
dosages; 100 ul (for testing 1 and 2) and 50 ul (for 3 and 4) of hexane were
used for the solvent controls, volumes equal to the maximum amount of solution
applied for each bioassay. Based on the weight of these compounds recovered after
purification, 50 g is approximately 7 HE for compound 1, 5 HE for 2, and 1 HE for
3 and 4. Replicates consisted of one treatment of each dosage of a compound, plus
a control placed in the same container. The factorial-design bioassay used 25 ug
dosages of 1 or 2, or 50 g of a 1:1 mixture of 1 and 2, each applied in 100 wl of
hexane; 100 1 of hexane were used for the solvent control. For these experiments,
the vials were placed, as mentioned above, in 14-cm diam x 11-cm high containers.
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Insects were sexed and placed in the bioassay containers 2—3 hr before the
start of scotophase. Between 25 and 35 females (approximately half 24-48-hr old
and half 48—72-hr old), and 5-8 males were used for each replicate. After 4 nights,
the number of eggs on the top surface of the paper caps was counted. Eggs laid
around the rubber band holding the paper to the vial were excluded, even though
the majority of the eggs were laid there, since the physical stimulation of the rubber
band varied between treatments. Consequently, a relatively low number of eggs
were counted per female moth.

Statistical Analysis. Data from the bioassay of fractions were not normally
distributed (Shapiro—Wilk—Whitney test), even after log-transformation. There-
fore these data were analyzed by the nonparametric Wilcoxon—-Mann—Whitney
test, using Statxact software (Cytel Corporation, version 5.0.3), comparing each
treatment with the control. Data from the dose response bioassays were normal
(Shapiro—Wilk—Whitney test), and were analyzed by Student’s 7-test or ANOVA,
using JMPin software (SAS Institute, version 4.0.4). Results with a linear trend
were analyzed by linear regression. Results of the factorial design bioassay were
analyzed by JMPin, with the two compounds as the main effects.

RESULTS

Bioassay of Fractions from Sunflower Head Extract. Ten fractions, obtained
from silica gel fractionation of extract A (42 sunflower heads), were tested in the
egg-laying bioassay. Statistical analysis (Wilcoxon—-Mann—Whitney test) showed
that 4 fractions had a significantly (P < 0.01) greater number of eggs laid on them
than the control (Figure 2). These were in two groups; fraction 5 eluting with
pentane/diethyl ether (4:1), and polar fractions 8—10 (eluting with diethyl ether or
ethanol).

Preliminary GC-MS analyses of fractions 1-6, showed that the major classes
of compounds were monoterpenes (mostly a-pinene) and germecrenoid sesquiter-
penes (in fractions 1 and 2), and even numbered C,y to C34 aliphatic aldehydes
and alcohols (in fractions 3 and 6, respectively). Fraction 3 (53 mg) and fraction
6 (17 mg) made up 43% of the weight of the crude extract. The major compo-
nents of fractions 4 and 5 were two diterpenoid acids, which reacted with ethereal
diazomethane to give methyl esters (Attygalle, 1998). Fraction 5 also contained
two diterpenoid alcohols, which reacted with acetyl chloride to give acetates along
with dehydration products (St. Pyrek, 1984). Minor compounds in fraction 5 con-
sisted of mono- and sesquiterpenoids, comprising <5% of the GC-MS total ion
current. Further work described in this paper is restricted to the characterization
of bioactive compounds from fraction 5. Since the alcohols differentiated active
fraction 5 from inactive fraction 4, these were isolated and characterized first.

Isolation and Identification of Compounds 1—4. Comparison of the mass
spectra of the two alcohols with spectra in the Wiley library indicated that they
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FIG. 2. Bioassay of fractions (2.2 HE/fraction) from a normal-phase flash column frac-
tionation on silica gel, of extract A (42 sunflower heads). Mean number of eggs laid by
C. hospes on paper caps, each treated with a fraction or solvent only as a control. Means
were calculated from 5 replicates. Fractions with asterisks are significantly different from
the control (Wilcoxon—-Mann—Whitney test, P < 0.01). Bars are standard errors of means.

had kaurane and atisane skeletons. Their spectra were similar to literature data
(Kalinovsky etal., 1970; St. Pyrek, 1984), for ent-kauran-16«-ol (1) or ent-kauran-
168-ol (5) (diagnostic ions at m/z (rel.int.): 290 (10) [MH] ", 272 (100) [M-H,0] ™,
257 (64) [M-CH3-H,O]™", 232 (46), 217 (33), and ent-atisan-16¢-ol (2) or ent-
atisan-168-0l (6) (ions at m/z (rel. int.) 290 (0.4),272 (22), 257 (100), all previously
isolated from sunflower heads (St. Pyrek, 1984). The two alcohols were isolated
from extract B (149 heads), yielding 1.1 mg of 1 (or 5) and 1.4 mg of 2 (or
6) after normal-phase HPLC, which were pure (>99%) by GC-MS analysis of
BSTFA-derivatized subsamples. The 'H NMR spectra showed no contamination
of 1 with 2 and vice versa, based on the methyl signals. These signals had shifts
similar to the published values for 1 and 2 (St. Pyrek, 1984). Comparison of the
13C NMR spectra of the alcohols with published data (Table 1) allowed their
identification as the «-epimers, ent-kauran-16«-ol (1) and ent-atisan-16a-ol (2)
(St. Pyrek, 1984). In particular, a signal at 32.37 ppm for 1 was similar to the
literature value of 32.52 ppm for C-17 of ent-kauran-16«-ol (1), but differed from
C-17 for ent-kauran-168-ol (§5) (24.52 ppm) (St. Pyrek, 1984). The signal for H-17
of isolated 1 (1.32 ppm) and was fount to be closer to the published for 1 (1.31 ppm)
than 5 (1.36 ppm) (St. Pyrek, 1984). Similarly, the signals for C-17 and H-17 of
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TABLE 1. COMPARISON OF '*C NMR CHEMICAL SHIFTS OF ent-KAURAN-16a-OL (1)
AND ent-ATISAN-16a-OL (2) ISOLATED FROM SUNFLOWER HEAD EXTRACTS, WITH
PUBLISHED VALUES

ent-kauran-16a-ol (1), § (ppm), CDCl3 ent-atisan-16a-ol (2) § (ppm), CDC

Measured Measured
Carbon (125 MHz)* Published” (100 MHz)* Published?
1 38.71 38.96 39.63 39.83
2 18.61 18.81 18.70 18.91
3 42.12¢ 42.37 42.20 42.42
4 d 33.39 33.06 33.15
5 56.20 56.47 56.40 56.61
6 20.02 20.22 18.16 18.32
7 40.38 40.66 37.97 38.18
8 44.42 44.61 33.83 33.98
9 57.16 57.49 51.29 51.44
10 d 39.59 37.68 37.83
11 18.94 19.10 24.09 24.22
12 26.73 26.91 39.31 39.59
13 46.90 47.25 23.24 23.39
14 42.07¢ 42.37 27.27 27.57
15 57.68 58.08 57.74 58.08
16 d 77.69 72.13 72.03
17 32.37 32.52 30.42 30.52
18 33.60 33.69 33.40 33.49
19 21.57 21.74 21.68 21.78
20 17.62 17.74 13.87 14.03

“Referenced to residual CHCl3 at 77.00 ppm.

bFrom St. Pyrek (1984). Referenced to internal TMS.

¢ Assignments may be interchanged.

4Unresolved from baseline or solvent peak due to small sample size.

2 matched those for the a-epimer of ent-atisan-16-ol (Table 1) (St. Pyrek, 1984).
The most obvious differences in the '*C NMR spectrum of 2 compared with that
of 1 was the large upfield shifts of signals assigned to carbons 8, 13, and 14 in 1,
as expected with the differences in structure of rings C and D. Compounds 1 and
2 were assumed to have the same enantio absolute configuration as the kauranols
and atisanols previously isolated from H. annuus (St. Pyrek, 1984).

A subsample of fraction 4 from extract A (42 heads), containing the two
diterpenoid acids also present in fraction 5, was methylated by treatment with
ethereal diazomethane (Attygalle, 1998). The mass spectra of the resulting methyl
esters were similar to those previously published for methyl-trachyloban-19-oate
(7) and methyl-kaur-16-en-19-oate (8) (Figure 1) (St. Pyrek, 1970; Mitscher et al.,
1983), indicating that the acids were probably ent-trachyloban-19-oic acid (3) and
ent-kaur-16-en-19-oic acid (4). The acids from fractions 4 and 5 were separated by
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flash column chromatography on silica gel/AgNOs, then purified by normal-phase
HPLC to give 1.9 mg of 3 and 2.7 mg of 4. Both GC-MS and 'H NMR indicated
that each acid was clean and without cross contamination. The mass spectrum of 3
contained diagnostic ions at m/z (rel. int.): 302 (99) [M]*, 287 (51) [M-CH3] ™", 246
(100), 231 (55), with the m/z 246 ion (loss of 56 amu) indicating a trachylobane
derivative (St. Pyrek, 1970). This was similar to data for ent-trachyloban-19-oic
acid from Mitscher et al. (1983). The mass spectrum of 4 (ions at m/z (rel. int.):
302 (58) [M]*, 287 (44) [M-CH3]", 259 (51), 243 (43), 241 (43), 213 (31)) was
similar to that for ent-kaur-16-en-19-oic acid in the Wiley library and in Mitscher
et al. (1983). The '"H NMR shifts for the methyl protons of 3 (CDCl; 100 MHz):§
0.88, 1.13, 1.21) matched those of Beale et al. (1983), but were downfield by
0.7 ppm from values in Mitscher et al. (1983), while the methyl and H-17 shifts
for 4 (CDCl; 100 MHz):6 0.95, 1.24,4.77 (d, J = 23 Hz) were identical to those
of Mitscher et al. (1983). Comparison of the '*C NMR spectra of 3> and 4* with
published values (Ohno et al., 1979; Beale et al., 1983; Faulkner et al., 1985; Wu
et al., 1996; Leong and Harrison, 1997), especially the shifts for rings C and D
carbons, and the presence of signals for C-18 (equatorial), rather than C-19 (axial)
methyl carbons, agreed with the assignment of 3 as ent-trachyloban-19-oic acid
and 4 as ent-kaur-16-en-19-oic acid.

Bioassay of Compounds 1—4. The HPLC purified samples of compounds 1-4
were tested separately in dose response bioassays. Alcohols 1 and 2 had similar
dose-response profiles (Figures 3 and 4). A linear regression of dose vs. number
of eggs for 1 showed a linear fit (F = 58.1; df = 1, 22; R?=0.73; P < 0.001)
with a significant (P < 0.001) slope of 0.80 % 0.10, indicating that there was an
increase in the number of eggs laid with increasing dosage of 1. For compound
2, a linear regression of dose vs. number of eggs laid on treatments showed a
linear fit (F = 41.1;df = 1, 22; R?>=0.65; P < 0.001), and a highly significant
(P < 0.001) slope of 0.67 = 0.10. For the dose-response bioassays of acids 3
and 4, ANOVA showed no significant difference between the treatments (for 3
F =1.01;df=3,20; P =0.41,and for4 F = 0.80; df = 3,20; P = 0.51) (data
not shown). In the factorial-design bioassay, testing both 1 and 2, the main effect
of 1 was significant (F = 27.9,df = 1, P < 0.001), but there was no significant
effect for 2 (F = 1.35,df = 1, P = 0.26), or any significant interaction between
the two compounds (F = 0.26, df = 1, P = 0.62) (Figure 5), indicating a lack
of any synergistic effect of combining the two alcohols. This also showed that
compound 1 was relatively more stimulatory to female BSFM than compound 2.

3 13C NMR spectrum measured for ent-trachyloban-19-oic acid (3)(CDCl3 100 MHz): § 12.47, 18.68,
19.70,20.53,21.73,22.39, 24.25,28.83, 33.11,37.93, 38.87, 39.19, 39.42, 40.73, 43.55, 50.35, 52.74,
56.92, 182.41.

413C NMR spectrum measured forent-kaur-16-en-19-oic acid (4) (CDCl3 100 MHz): § 15.60, 18.42,
19.08,21.83,28.94,33.02, 37.87, 39.65, 39.69, 40.70,41.27,43.66, 43.85,44.22,48.96, 55.11, 57.02,
102.99, 155.91, 182.95.
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FIG. 3. Dose-response bioassay of ent-kauran-16«-ol (1). Mean number of eggs laid by
C. hospes on paper caps treated with 1, or solvent only for the control. Means were calculated
from 6 replicates, bars are standard errors of means. Means with different letters were
significantly different at P < 0.05 when compared by Student’s ¢-test. A linear regression
analysis of the data is described in the text.
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FIG. 4. Dose-response bioassay of ent-atisan-16«-ol (2). Mean number of eggs laid by
C. hospes on paper caps treated with 2, or solvent only for the control. Means were calculated
from 6 replicates, bars are standard errors of means. Means with different letters were
significantly different at P < 0.05 when compared by Student’s z-test. A linear regression
analysis of the data is described in the text.
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FIG. 5. Mean number of eggs laid by C. hospes in a factorial-design bioassay using paper
caps treated with 25 pug or 0 ug of ent-kauran-16¢-ol (1) and 25 ug or 0 ug of ent-
atisan-16a-ol (2). Means were calculated from 8 replicates, bars are the standard errors of
means.

DISCUSSION

In this study, we have isolated two diterpenoids from sunflower heads, ent-
kauran-16«-ol (1) and ent-atisan-16c-o0l (2), that stimulated oviposition by BSFM,
when applied to an artificial substrate. Due to the unavailability of synthetic sam-
ples of these compounds, and the difficulty of total syntheses of atis-16-enes and
kaur-16-enes (Toyota et al., 1998, 2000), samples for bioassay were obtained by
fractionation of a sunflower head extract. The final HPLC separation yielded sam-
ples that were >99% pure by GC-MS analyses of their TMS ethers, and had no
apparent signals for other compounds in their '"H NMR spectra. This degree of
purity reduces the likelihood that the ovipositional activity of the samples were
due to unidentified minor components from the extract.

Although both ent-kauran-16«-ol (1) and ent-atisan-16¢-ol (2) stimulated
oviposition by BSFM when tested alone (Figures 3 and 4), only 1 was significantly
active when these compounds were tested together (Figure 7). No synergistic effect
of the addition of 2 to 1 was observed. ent-Trachyloban-19-oic (3) and ent-kaur-
16-en-19-oic (4) acids were inactive at the concentrations tested. These results
suggest a structure-activity relationship, with the alcohol group of 1 and 2, absent
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in 3 and 4, being important for activity, along with the differences in the structures
of rings C and D of 1 and 2 affecting activity.

Alcohols 1 and 2 have previously been isolated from macerated heads of
H. annuus (St. Pyrek, 1984). Alcohol 1 has also been isolated from the leaves and
stems of several other Helianthus spp. (Herz et al., 1982, 1983; Watanabe et al.,
1982), and both 1 and 2 were found by GC-MS analysis to be widespread in the
genus Helianthus (St. Pyrek, 1984). Therefore, it seems likely that these com-
pounds are oviposition stimulants for BSFM on a number of Helianthus species
in the host range of BSFM.

In preliminary experiments (Foster et al., 2003), extracts of both sunflower
leaves and heads stimulated oviposition by BSFM, and it appeared that physical
stimulation of the overlapping involucral bracts of heads resulted in eggs being
laid on heads rather than leaves (Charlet et al., 1997). It is also possible that
the concentrations of compounds 1 and 2 and/or other unidentified stimulatory
compounds (in fractions 8—10, Figure 2) differ on leaves and heads, and could
influence the preferential oviposition by BSFM on heads. While alcohols 1 and 2
are nonvolatile, and, therefore, require contact to stimulate oviposition, earlier work
(Foster et al., 2003) showed that unidentified volatile compounds from sunflower
head extracts were also behaviorally active for female BSFM and that these could
act as attractants. Overall, it appears that BSFM use a combination of volatile,
involatile chemical, and tactile stimuli in their oviposition behavior.

Several insects have been found to be stimulated by leaf waxes; cabbage
leaf wax (inactive alone) had a synergistic effect on oviposition stimulation of
the diamondback moth (Plutella xylostella), when combined with sinigrin (a glu-
cosinolate) (Spencer, 1996), while Hessian flies were stimulated by Cy; to Csg
n-aldehydes from wheat leaf wax (Morris et al., 2000), and H. zea by long-chain
alkanes from tomato (Breeden et al., 1996). Although our dichloromethane extract
contained approximately 43% by weight leaf waxes, mainly Cy to Cs4 even-
numbered n-aldehydes and lesser amounts of the corresponding alcohols, it ap-
pears that these do not stimulate oviposition by BSFM, since fractions 3 and 6
from the first silica gel fractionation, containing these compounds, were inactive
in the egg-laying bioassay (Figure 2).

At present, further work is in progress to isolate and identify bioactive com-
pounds in polar fractions (fractions 8—10 in Figure 2) from sunflower head extracts.
Identification of these, along with compounds 1 and 2, responsible for the chemi-
cal oviposition stimulation of BSFM on sunflowers, could be useful for studying
differences in host preference between cultivars, and behavioral aspects of BSFM
oviposition.
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Abstract—Bioassay-directed fractionation of extracts of chrysanthemum leaves
using a choice test permitted isolation of a fraction that exhibited repellent
activity against the western flower thrips (WFT). Analysis of this fraction from
cultivars exhibiting varying degrees of host-plant resistance to WFT by high
performance liquid chromatography revealed a distinctive peak, the height of
which correlated with the degree of resistance of those cultivars to WFT. The
peak was attributed to a novel unsaturated isobutylamide, N -isobutyl-(E, E, E,
Z)-2,4,10,12-tetradecatetraen-8-ynamide.
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INTRODUCTION

The western flower thrips (WFT), Frankliniella occidentalis (Pergande), has been
the major insect pest of greenhouse floriculture in Canada since the late 1980s
(Broadbentetal., 1987). In addition to feeding on leaves and flowers, thrips can vec-
tor diseases such as tomato spotted wilt virus, which affects a wide range of plants
(Broadbent et al., 1990). Control of WFT has become difficult due to resistance to
conventional insecticides (Immaraju et al., 1992; Broadbent and Pree, 1997).

Host-plant resistance to WFT, particularly in chrysanthemum, is recognized as
having potential to reduce reliance on pesticides for control of this pest (Van Dijken,
1992; De Jager et al., 1993). A study of chrysanthemum cultivars revealed a wide
variation in degree of host-plant resistance or susceptibility to WFT (Broadbent
etal., 1990). Variation in pollen production (De Jager and Butdt, 1993), difference
in color of blooms (Van Dijken et al., 1993), and leaf pubescence and toughness
(De Jager et al., 1995a) were found to have little impact on this interaction. Sec-
ondary metabolites of chrysanthemum have been suggested to be the primary factor
in host-plant resistance (De Jager et al., 1995b, 1996).

In this study, we used bioassay-directed fractionation of chrysanthemum leaf
extracts to isolate a fraction which exhibited thrips-repellent activity. We analyzed
this fraction from extracts of chrysanthemum cultivars exhibiting varying degrees
of host-plant resistance against WFT to obtain their metabolite profiles by using
high performance liquid chromatography (HPLC). A distinctive peak was iden-
tified whose concentration in chrysanthemum cultivars was correlated with the
degree of resistance of those cultivars to WFT.

METHODS AND MATERIALS

Chrysanthemum Plants. Rooted cuttings were potted and grown in the green-
house at the Southern Crop Protection and Food Research Centre in Vineland
Station, Ontario. Cultivars used in the study included, in order of increasing host-
plant resistance (Broadbent et al., 1990), Florida Marble, Amber, Bright Yellow
May Shoesmith, Golden Polaris, Polaris, May Shoesmith, Super White, and Super
Yellow, all supplied by Yoder Canada, Leamington, Ont.

Extraction and Analysis. The 7th fully expanded whole leaf from the top of
a chrysanthemum plant (~40 days after transplanting) was extracted for 15 min
with 10 ml solvent/g fresh leaf. Four solvents, hexane, dichloromethane, acetone,
and water, were evaluated for repellency of extracts. Extracts were evaporated and
redissolved in acetone before being applied to leaf disks for evaluation using the
choice bioassay.

For HPLC analysis, a 0.5-ml aliquot of the extract was filtered (Acrodisk
GHP, 0.45 pum, Gelman Sciences) and evaporated to dryness under a stream
of nitrogen. This was re-dissolved in 0.5 ml of acetonitrile for analysis on a
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Sphereclone ODS-2 column (15 cm x 4.6 mm, 5 um, Phenomenex, Torrance,
CA) using an acetonitrile/water gradient (10-25% acetonitrile over 37.5 min).
The HPLC was an Agilent Technologies Model 1100 equipped with a diode ar-
ray detector monitored at 254 nm. Three replicate samples of each cultivar were
analyzed. The mean peak height of the identified compound was correlated with
the resistance rank for each cultivar, the latter based on a visual rating of feeding
damage by WFT (Broadbent et al., 1990).

To investigate the distribution of the identified compound within a plant,
samples consisting of two adjacent leaves, beginning with the first fully expanded
leaf at the top of the plant, were removed from plants of Florida Marble and Super
Yellow and extracted and analyzed by HPLC. To investigate the influence of the age
of the plant on the concentration of the identified compound, leaves from whole
20- and 42-day-old plants of Florida Marble and Super Yellow were removed,
extracted, and analyzed by HPLC.

For TLC fractionation studies, fresh leaves of five chrysanthemum cultivars
with varying degrees of resistance against thrips (Broadbent et al., 1990), Super
White (resistant), Super Yellow (resistant), Polaris (intermediate), Florida Marble
(susceptible), and Amber (susceptible), were collected, extracted, and partitioned
as described in Tsao et al. (2003). The extract was then fractionated by TLC
(2-mm layer, Silica gel GF, Analtech, Newark, DE) using hexane/ethyl acetate
(1:1). The fraction of interest (Fraction 2) was collected and extracted with hexane—
ethyl acetate (1:1). Fraction 2 of Super Yellow extract was further separated into
6 subfractions by TLC using hexane—ethyl acetate—dichloromethane (3:2:1).

Bioassays. To evaluate the repellent activity of extracts, or fractions of ex-
tracts, two leaf disks (1.5-cm diam.) of green pepper (California Wonder bell
peppers, Capsicum annuum) were used, one treated with a solution containing the
extract or fraction in acetone—water (1:1) at a rate of 0.3 mg extracted material/ml,
the other with solvent only (control). The pair of disks was placed in a glass Petri
dish (5-cm diam.). Ten adult female WFT were collected in a vial from flower-
ing potted WFT-susceptible chrysanthemum plants grown in the greenhouse at
Vineland Station and starved for 4 hr before being transferred to the Petri dish by
hitting the bottom of the inverted open vial. The dish was then sealed with Dura
Seal™ film (Diversified Biotech, Boston, MA) and placed in a growth chamber
(12:12 LD, 20°C). The number of thrips located on each leaf disk was recorded af-
ter 24 hr. Each experiment was replicated 10 times. A Student’s z-test (two-sample
assuming equal variances) was performed to determine if the means for the two
disks were equal.

RESULTS AND DISCUSSION

Extraction Solvent Selection. Bioassay results showed that extracts
obtained with solvents of high and intermediate polarity, i.e., water, acetone, and
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dichloromethane, had significant repellent activity compared to the correspond-
ing control. The mean number of thrips on the treated disk was significantly
lower (P < 0.05) than the number on the control disk for all but the hexane
extract. Acetone extracts exhibited the greatest degree of repellence; acetone was,
therefore, chosen as the most appropriate solvent for extracting the active
compounds.

Thin Layer Chromatography. The TLC profiles of susceptible, intermediate,
and resistant cultivars exhibited similar pigment patterns at the top (R¢ > 0.65),
and bottom (R; < 0.3) regions of the TLC, whereas differences were observed in
the region Ry = 0.3-0.65 (Fraction 2), which became the focus of further charac-
terization.

Median Ry values for the 6 TLC subfractions of Fraction 2 were 0.37, 0.44,
0.54, 0.60, 0.66, and 0.71. Leaf disks treated with the subfraction at Ry = 0.44
(subfraction 2-2) from Super Yellow extract were found to be those least preferred
by the adult female WFT. This fraction was the focus of subsequent studies.

Chemical Profiling by HPLC. The TLC subfraction 2-2 exhibited a clus-
ter of peaks at R, = 30-35 min when analyzed by HPLC. Figure 1 illustrates
chromatograms of Florida Marble, a WFT-susceptible cultivar, and Super Yellow,
a WFT-resistant cultivar. The height of a peak at 31.7 min in chromatograms
of leaf extracts of eight chrysanthemum cultivars showed a strong correlation
(r = —0.8286, P < 0.01) with the mean cultivar rank reported by Broadbent
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FIG. 1. HPLC chromatograms (monitored at 254 nm) of TLC subfraction 2-2 of leaf extracts
from two chrysanthemum cultivars. A: Florida Marble (susceptible cultivar); B: Super
Yellow (resistant cultivar).
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FIG. 2. Structure of N-isobutyl-(E, E, E, Z)- 2,4,10,12-tetradecatetraen-8-ynamide.

et al. (1990). Structure identification by spectroscopic methods (Tsao et al., 2003)
attributed this peak to N-isobutyl-(E, E, E, Z)- 2,4,10,12-tetradecatetraen-8-
ynamide (1, Figure 2), a novel compound. Figure 3 illustrates the relation be-
tween the peak height of 1 and mean cultivar rank using an exponential curve
(r? = 0.802).

Distribution of 1 in Plants. The concentration of 1 in mature vegetative
chrysanthemums was highest in the first pair of fully opened leaves, and decreased
toward the bottom of the plants in both Super Yellow and Florida Marble (Figure 4).
Figure 4 also illustrates that the difference in marker concentration within cultivars
was significantly less than between susceptible and resistant cultivars. The highest
concentration of 1 in Florida Marble was lower than the lowest concentration of
1 in Super Yellow. These observations, combined with greenhouse observations
that more thrips damage is found on leaves positioned lower on the plants, provide
additional support for the association of the concentration of 1 with host-plant
resistance against thrips. Choice bioassay tests between leaf disks of upper (2nd)
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FIG. 3. Mean cultivar rank of eight chrysanthemum cultivars as determined by Broadbent
etal. (1990) vs. mean peak height of compound 1 in each cultivar reported in milliabsorbance
units (mAU) (mean of three replicates, error bars indicate standard deviation). The higher
the cultivar rank, the more susceptible the cultivar is to damage by WFT.
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FIG. 4. Peak height of compound 1 in two-leaf sections from the top of Super Yellow (SY,
left axis) and Florida Marble (FM, right axis) plants. mAU = milliabsorbance units

and lower (6th) leaves of the same plants of four cultivars confirmed that thrips
preferred the lower leaves (Figure 5).

Concentration of 1 in Chrysanthemums of Different Maturity. The peak
heights of 1 in leaf extracts of 20-day-old Super Yellow and Florida Marble plants
(18.0 and 1.0 milliabsorbance units (mAU), respectively) were not appreciably
different from those in leaf extracts of 42-day-old plants of the same cultivars
(18.0 and 1.5 mAU, respectively). This suggests that the concentration of 1 may
not be influenced by the age of the plant.

Other unsaturated isobutylamides have been shown to have insecticidal prop-
erties (Jacobson, 1971; Miyakado et al., 1989). The concentration of 1 in the
leaves of chrysanthemum cultivars may be useful as a predictor of the degree
of thrips-resistance exhibited by those cultivars. This information would be use-
ful in breeding programs for identification of resistant parent and progeny
lines.

6th Leaf
2nd Leaf

P>0.10

No. of Thrips

FIG. 5. Number of thrips (mean of 10 replicates) observed on leaf disks from lower (6th)
and upper (2nd) leaves of Amber (AM), Florida Marble (FM), Polaris (PO) and Super
Yellow (SY) plants.
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Abstract—The essential oil and a number of extracts of Rosmarinus officinalis
L. in solvents of increasing polarity were isolated, and their components identi-
fied and tested as pest control agents. Ethanol and acetone extracts attract grape
berry moth Lobesia botrana. However, none of the extracts had a significant
effect on western flower thrips Frankliniella occidentalis, which is attracted by
1,8-cineole, a major essential oil component.

Key Words—Rosmarinus officinalis, essential oil, Lobesia botrana, Franklin-
iella occidentalis, 1,8-cineole, insect attractants.

INTRODUCTION

Rosemary (Rosmarinus officinalis L.) is an evergreen shrub that grows in the
Mediterranean region and is widely known for its culinary and folklore medicinal
uses. The plant, belonging to Labiatae family, grows to a height up to 2 m, and has
linear leathery leaves that are sharply pointed, deep green with revolute margins,
and are whitish beneath. Its flowers are pale to mid-blue, 10—-12 mm long, and
borne in small lateral clusters (Blamey and Grey-Wilson, 1998).

The essential oil composition of rosemary has been investigated and re-
ported in literature of several areas, mainly in the Mediterranean region. Stud-
ies in the Balkan and Northern Mediterranean regions include analyses of Greek,
Yugoslavian, Bulgarian, Hungarian Portuguese, Spanish, French, and Italian oil.

* To whom correspondence should be addressed. E-mail: kater@chemistry.uoc.gr
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Reports on South-Eastern Mediterranean regions include Egyptian, Tunisian, and
Turkish oil, whereas studies from other areas include USA, Cuban, and Argentinean
oil (Lawrence, 1979, 1989, 1993, 1995). The consistency of the oils varies de-
pending of the origin of the sample; major oil components include 1,8-cineole
(eucalyptol), a-pinene, camphor, borneol, myrcene, and p-cymene.

Plant volatiles play an essential role in communication between host plants
and herbivorous insects, and affect their behavior by stimulating host orienta-
tion, landing, oviposition, feeding, sexual maturity, as well as by attracting para-
sitoids of pests searching for potential insect hosts (Finch, 1980; Ahmad, 1983;
Harborne, 1987; Mitchell et al., 1990; Lewis et al., 1994). During the last 10 years,
plant allelochemicals, especially volatile compounds, have received increasing at-
tention as important adjuncts to sex-pheromone technology. Identification of plant
odors that affect host locating, feeding, deterring, and reproductive behavior, could
complement other control methods that aim at the control of the establishment,
development, and dispersal of crop insect pests and their parasitoids (Visser, 1986;
Mitchell and Tingle, 1996; Hanson and Christensen, 1999).

Plant produced semiochemicals provide a variety of opportunities to develop
several alternative strategies, e.g., push-pull (Bennison et al., 2002), and to con-
trol crop pests. Plants that attract parasitoids can be located strategically in and
around cultivated crops as an “incubating” pool to increase the population dy-
namic of biological agents. Khan et al. (1997) reported that the parasitization of
Chilo partellus (Swinhoe) (Lepidoptera: Crambidae) and Busseola fusca Fiiller
(Lepidoptera: Noctuidae) increased significantly in maize crops surrounded by
Sudan grass as compared to the monoculture. The combination of trap and repel-
lent plants has been also used successfully in a push—pull strategy. Several plants
with such properties have been identified (Khan et al., 2001). Among them, Napier
grass, Pennisetum purpureum Schumach, and Sudan grass, Sorghum vulgare su-
danense Stapf, appeared to be most promising (Khan et al., 2001). Moreover,
application of selected chemicals can mask pest attractants emitted by plants and
confuse orientation to breeding areas (Thiéry and Visser, 1986).

The grape berry moth Lobesia botrana Den. and Schiff. (Lepidoptera: Tor-
tricidae) is the most serious pest of grape berries causing heavy crop losses of
up to 80% in Crete and Greece. It is a polyphagus insect that develops—two to
four generations in vineyards per year, depending on the climate conditions. The
2nd and 3rd generations are destructive to grapes (Stellwaag, 1928; Bovey, 1966;
Stoeva, 1982; Roditakis, 1987; Roditakis and Roditakis, 2003). Rosemary is a
favorable autumn host of L. botrana in Greece, on which it develops a fourth
generation (Roditakis, 1987; Roditakis and Roditakis, 2003). The role of volatiles
emitted from this host plant in the orientation, host finding, egg laying, feeding,
etc. of the insect is unknown. Gabel et al. (1992, 1994) reported that tansy flower
extracts, a nonhost plant, and certain components of its extracts were attractive to
L. botrana.
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Western flower thrips Frankliniella occidentalis (Pergande) (Thysanoptera:
Thripidae) is also one of the most serious pests of vegetables grown either in
greenhouse or as outdoor crops in Crete (Roditakis, 1991; Roditakis et al., 2001).
As F. occidentalis is resistant to most registered insecticides and a vector of tomato-
spotted wilt virus, it can cause heavy crop losses in several vegetable fruits even
in very low populations (Cho et al., 1989; Immaraju et al., 1992). Consequently,
alternative control methods are needed.

Both insects have a wide range of host plants (Roditakis, 1987; Mantel and
Van De Vrie, 1998; Roditakis and Roditakis, 2003). Studies on pest-host plant
relations, based mainly on volatiles emitted from host plants (semiochemicals), can
lead to new, effective, natural means of insect control. Pheromones have been used
successfully for sex confusion control methods or to monitor the grape berry moth
(Charmillot and Pasquier, 2000). Promising results have been obtained using neroly
spec, the commercial essential oil, in mass trapping methods of F. occidentalis in
greenhouse cucumber crops (Roditakis et al., 2002).

The aim of this study was to examine a pest control strategy using natural
compounds from host plants of grape berry moth and western flower thrips. The
essential oil and a number of increasingly polar extracts of Rosmarinus officinalis
L. were isolated, and their components identified, and tested as biological agents
in pest control.

METHODS AND MATERIALS

Chemical Analysis. The essential oil and extracts were analyzed by GC-MS
on a Shimadzu GC-17 A gas chromatograph coupled with a Shimadzu GCMS-QP
5050 mass selective detector. A Supelco SBP-5 fused silica capillary column of
a30 m x 0.25 mm i.d. (0.25-um film thickness) was used for the analysis. The
carrier gas was helium (He) at flow rate of 0.9 ml/min, the injector temperature
was 250°C, the detector temperature was 230°C, and the column was temperature
programmed as follows: 50°C for 2 min, the temperature increased to 150°C
at a rate of 10°C/min, increased to 290°C at a rate of 4°C/min, and then held
constant at 290°C for 20 min. This oven program resulted in the best component
resolution with a total analysis time of 67 min. The mass unit conditions were:
ionization energy 70 eV, ion source 195°C, with 0.5 scans/sec from 35 to 450 m /z.
Chromatographs and mass spectra were recorded using the CLASS 5000 program.
Components were identified on the basis of their mass spectra using the NIST 64
and NIST 120 GC-MS libraries and the comparison of their retention times with
those of reference compounds.

The essential oil from the leaves of the plant was received as follows: pow-
dered leaves of R. officinalis (60 g, dw) were hydrodistilled to a total of 1.5 1 of
distillate (three fractions of 500 ml); 50 g NaCl were added to each fraction, which
consequently was extracted four times with 40 ml of diethyl ether. The organic
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phases were combined, dried over anhydrous magnesium sulfate, filtered, and the
solvent was removed in vacuo to a volume of 1 ml. The remainder of the solvent
was removed by a stream of nitrogen.

Leaves of R. officinalis were extracted as follows: powdered leaves (10 g)
were extracted successively using a Soxhlet extractor, with hexane dichlo-
romethane, acetone, and ethanol. The extracts were filtered, the filtrate was evap-
orated to a volume of 1 ml, and the rest of the solvent was removed under a stream
of nitrogen. Samples from the essential oil and the four extracts were diluted in
methylene chloride to a concentration of 1 mg/ml and analyzed by GC-MS as
described earlier.

Plants. Rosmarinus officinalis L. was collected from the island of Crete in
Heraklion on September 1999 (coll. N. Roditakis). The plant was identified by
Dr. Z. Kypriotakis, Technical University of Crete, and voucher specimens deposited
at the Plant Protection Institute of National Agricultural Research Foundation
(Heraklion Crete, Greece). Samples were dried in a dark, air conditioned room at
24 + 1°C. Although some volatiles might have been lost during the drying process,
dry samples were used instead of fresh material for comparison with literature data.

Insects and Bioassays. Two types of olfactometers were used in the bioassays:
(1) a modified “star” four arm Plexiglas olfactometer consisting of two plates
(105 x 105 x 6 mm?) with an air pump system directing a weak air stream from
each of four arms towards the center, suitable for thrips olfactometer tests (Peterson,
1970; Pow et al., 1999), and (2) a Y-tube olfactometer designed for grape berry
moth tests. The latter consisted of two cylindrical glasses (8 cm diam x 10 cm
high) connected with a Y-tube (0.5 cm diam, 7 cm arm length). An electric pump
was used to pump air from the Y-joint. The tested material was put onto cylindrical
glasses. Air speed was regulated by a flow meter (GPE 314-271 UK) at 4.8 m/min.
Laboratory tests on L. botrana were performed on the Y-tube olfactometer in a
rearing conditioning room (25 £ 1°C, 50 &+ 5% RH, and 3000 Iux light intensity).
Three quantities of neat extracts (20, 40, and 60 nl) were compared with the
respective extraction solvent. Control experiments using air vs. air and solvent vs.
solvent indicated that each arm of the Y-tube was equally visited.

Newly emerged virgin female adults of grape berry moth (3—4), from a lab-
oratory colony grown on artificial media (Tzanakakis and Savopoulou, 1972) for
9 generations per year, were placed into the test tube, and their movement to the
arms was recorded at 1, 2, and 24 hr at 25 & 1°C, 50 £+ 5% RH, and 3000 lux. A
total of 30-34 adults were tested per treatment.

Data Processing and Statistics. The choice test was statistically evaluated.
Ten adults of western flower thrips were tested in each assay. Certain volatile
compounds of plant extracts were also chosen for further tests on L. botrana and F.
occidentalis under laboratory conditions (25 £ 1°C, 60 £ 5% RH). In the case of
L. botrana, 1,8-cineole, camphor, and 1-borneol, major components of rosemary
extracts, were tested. The attractiveness of linalool, and 1,8-cineole, components
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of extracts of R. officinallis, were tested on F. occidentalis, and compared with
p-anisaldehyde, a known component of floral scents attractive to F. occidentalis
(Harborne, 1987; Teylon et al., 1993), and salicylaldehyde, previously tested at 1%
concentration in paraffin oil under working greenhouse conditions by Roditakis
and Lykouressis (1996).

RESULTS AND DISCUSSION

Results of the component analyses by GC-MS are listed in Table 1. The essen-
tial oil contains a group of major components, listed in decreasing abundance, and
includes camphor, eucalyptol (1,8-cineole), and borneol, followed by a-terpineol,
4-terpineol, cuminal, cuminol, trans-carveol, and 7-cadinol. Major components
in the essential oil appear also in most solvent extracts and in the same order of
abundance. «-Pinene, mentioned as a major component in most literature reports,
was not present in any of the analyzed samples, and B-pinene appeared as a trace
component in the essential oil. @-Terpineol was identified as the major (5.67%)
component in contrast to most literature reports. However, its presence in rela-
tively large amounts (>5%) has been reported before (Boutekedjiret et al., 1999).
Its large abundance combined with the absence of a-pinene could be used as a
means of identification of the plants growing in the area.

L. botrana is attracted by certain extracts of tansy flowers Tanacetun vulgare
L., even though it is not a host plant (Gabel et al., 1992, 1994). Analysis of extracts
by GC-EAG methodology showed that a number of monoterpenes including p-
cymene, d-limonene, «-thujene, o-thujone, ablend of 8-thujone, and thujyl alcohol
elicited responses in 70% of females (Gabel et al., 1992) Hurtrel and Thiéry (1999)
reported that photoperiod, age, and mating plays a role on flight activity of grape
berry moth. During a 24 hr ligh/dark period, its activity increased close to the end
of the photophase. One-day old females did not fly as often as older ones, and
mated females showed better response to plant odors from tansy flowers.

In our olfactometer tests, we used 1-day-old females for quick tests since they
have to make a double choice (volatile vs. solvent), running (and not flying) a 2-3
cm glass tube up to the arena in 24 hr (8 hr:16 hr D:L).

Adults did not respond during the first 2 hr of their exposure to volatiles.
However, there was a distinct response close to the end of the photophase. A
small percentage (20—40%) of adults tested remained immobile in the test tube
for unknown reasons during the whole experimental period, while the rest made a
choice between solvent and extract (Figures 1 and 2).

Given that R. officinalis is a good autumn host plant (Roditakis, 1987,
Roditakis and Roditakis, 2003) for L. botrana, its response to three different quan-
tities (20, 40, and 60 wl) of plant extracts was tested. The response depended on
the type of extract as well as its quantity (Figures 1 and 2). Increasing quantities of
acetone extract from 20—60 ul caused a linear response, while the corresponding
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TABLE 1. COMPOSITION OF THE ESSENTIAL OIL AND EXTRACTS FROM Rosmarinus

officinalis L.
Essential Hexane CH,Cl, Acetone Ethanol
Component Rt oil extract  extract  extract  extract
1 4,4-Dimethyl-2-buten-4-olide? 7.34 0.09
2 Benzaldehyde 7.55 0.08
3 1-Octen-3-ol 7.88 0.13
4 B—Pinene 7.93 0.03 1.15 0.22
5 2,3-Dehydro-1,8-cineole 8.15 0.26
6 p-Cymene 8.46 0.10 2.02 1.61 0.89 1.08
7 1,8-Cineole 8.80 12.89 27.39 35.67 19.96 30.57
8 o0-Cresol 9.40 0.04
9 cis-Linalool oxide 9.66 0.42
10 cis-Ocimene-8-oxo 9.84 0.63
11 6-Camphenone 10.12 0.43
12 Linalool 10.26 0.29 1.85
13 trans-Pinocarveol 10.49 1.49 0.96 0.78 0.65
14 Camphor 11.01  22.24 30.23 33.45 27.76 32.71
15 Borneol 11.39 7.37 5.45 3.75 4.55 4.39
16 4-Terpineol 11.54 3.58
17 «-Terpineol 11.70 5.67 1.80 2.57 3.67
18 Myrtenal 11.86 1.85 0.86 0.68 3.24 0.62
19 Eucarvone 12.06 1.79 2.04
20 trans-Carveol 12.17 2.36 0.82
21 p-Cumenol 12.33 0.51
22 Cuminal 12.56 3.39 2.11 1.80 1.93
23 Carvone 12.79 1.29 0.78 0.69 0.88
24 3[10]-Caren-2-ol 13.18 1.16
25 p-Cymen-7-o0l 13.38 2.51 1.01 1.64 2.20 0.92
26 Thymol 13.50 0.95
27 Verbenone 13.82 0.86
28 Thymoquinone 13.93 1.44 2.36 3.88 2.21
29 «a-Terpinyl acetate 14.33 0.50
30 Isoeugenol 14.54 0.51
31 Geranyl acetate 14.89 0.29
32 Coumarin 16.26 1.55 1.08 2.53 435 8.97
33 y—Muurolene 17.91 0.85 1.33 1.05 1.52 1.52
34 Caryophyllene oxide 19.56 1.85 1.92 1.26 1.39 1.28
35 Cubenol 20.22 0.50 0.23
36 t-Cadinol 20.79 2.25 2.08 1.61 2.06 1.59
37 «a-Bisabolol oxide 21.12 1.56 1.28 1.00
38 «a-—Bisabolol 21.69 0.67 0.46 0.56
39 Megastigmatrienone 23.28 0.57
Total % in the mixture 85.21 85.63 9294 7833 87.97

“Tentative identification. MS data: m/z: 112 (19.8), 110 (5.7), 97 (100), 81 (2.2), 69 (96.5), 67 (16.4),
59 (15.7), 54 (19.2).
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FIG. 1. Attractiveness of increasing doses of acetone extract of Rosmarinus officinalis L.

on grape berry moth Lobesia botrana.

ethanol extract quantities peaked at 40 ul. Insects were attracted by rosemary
acetone extracts at 60 ul, as well as ethanol extracts at 40 ul quantities. It ap-
peared that these quantities of extracts had the optimum concentration of active
attractants. Chi square analysis on the number of one-day-old females of L. botrana
attracted by different quantities of extracts vs. those attracted by the correspond-
ing extraction solvent (Table 2) showed that 60 ul of acetone extract and 40 and
60 ul of ethanol extracts of R. officinalis exhibited significant attractiveness. The
response of insects to hexane extracts was minimal; further experiments were not
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FIG. 2. Attractiveness of increasing doses of ethanol extract of Rosmarinus officinalis L.

on grape berry moth Lobesia botrana.
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TABLE 2. CHI SQUARE ANALYSIS OF NUMBER OF 1-DAY-OLD L. Botrana
FEMALES ATTRACTED BY DIFFERENT QUANTITIES OF ACETONE OR
ETHANOL EXTRACTS OF Rosmarinus officinalis VS. THOSE ATTRACTED
BY THE RESPECTIVE SOLVENTS

Number of insects

Attracted Attracted

Treatments by extract by solvent x2(P = 0.05)
1. Acetone extract
20 pl 13 11 0.72 NS“
40 pl 14 7
20 ul 13 11 3.99 SsP
60 pnl 18 4
2. Ethanol extract
20 pl 9 10 6.55 SS
40 pl 21 2
20 pl 9 10 2.75 SS
60 pul 14 5

¢NS: Non significant.
bsS: Statistically significant.

performed due to the limited availability of sample. Traces of methylene chloride
in the extracts were fatal to insects.

Among selected components, 20 ul samples of 1,8-cineole (1% in paraffin oil)
showed distinct activity (Table 3), borneol was neutral, and camphor was repellent.
All three of these are known components of flowers in many plants (Harborne,
1987). Single compounds are less attractive than complete blends. Gabel and
Thiéry (1995) reported that odorant traps with a complete floral blend of tansy
flowers, and two floral blends reduced to eight and six monoterpenes, respectively,
attracted many more L. botrana females than a binary blend consisting of «- and
B-thujone. Although camphor and borneol were not attractive, we believe that they
should be studied further at several doses or in blends before proper conclusions
can be drawn.

TABLE 3. ATTRACTIVENESS OF 1,8-CINEOLE, CAMPHOR, AND BORNEOL
ON GRAPE BERRY MOTH Lobesia botrana

Number of Number of Percentage of
Compound’ tested females attracted females attracted females
1,8-cineole 16 12 75
Camphor 59 36 61
Borneol 38 16 23

420 pl dose, 1% in paraffin oil.
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Analysis of rosemary extracts (Table 1) showed that, with the exception of
p-cymene and a-terpineol, other components were different than tansy flowers’
(Gabel et al., 1992). The attractive blend of L. botrana used by Gabel et al.
(1992) had only two components (p-cymene and a-terpineol), similar to those
of rosemary extracts. Analysis of volatiles in grape leaves, grapes, and immature
grapes (Schreier et al., 1976) indicated that only 1-octene-3-ol, a-terpineol, and
(&£)-linalool were similar to the components listed in Table 1. The only compo-
nent present in the above-mentioned host and nonhost plants, which is listed in
Table 1, is a-terpineol. Studies on antenal lobe neuronal responses of L. botrana
to «-terpineol showed significant differences between male and female insects
and between mated and unmated females. The number of responding neurons
was higher in mated females (Masante-Roca et al., 2002). a-Terpineol could be a
promising attractant, but has to be tested further.

B-Thujone and thujyl alcohol, the main components of a nonhost plant that
elicited the most frequent responses to antenal lobe neurons of grape berry moth
(Masante-Roca et al., 2002), and also the main components in an attractive blend
used by Gabel et al. (1992), are not present in its hosts, vines, and rosemary. Several
functional hypotheses could be considered to provide an interpretation for their
absence. (a) L. botrana may search for a more or less accurate “chemical image”
from host and nonhost plants, or (b) the female adapts its behavior to different
chemical compositions.

Rosemary essential oil at 0.1% and 1% concentrations in paraffin oil decreased
feeding damage of onion thrips Thrips tabaci, while 1,8-cineole reduced oviposi-
tion rate by 30% in these concentrations (Koshier and Sedy, 2002). The attractive-
ness of these odors varies with the thrips species. Anisaldehyde attracted F. occiden-
talis but not T. tabaci. Salicylaldehyde in certain concentrations acted as repellent
to F. occidentalis, but highly attractive to T. tabaci (Kogel and Koshier, 2002).

On the basis of these data, we tested the response of F. occidentalis to R.
officinalis extracts as well as to several other compounds of plant origin. None of the
extracts caused a significant effect. Also, no responses were positively correlated
with an increase in concentration of single compounds (Table 4). Linalool at 2.0%,
anisaldehyde at 0.5%, salicylaldehyde at 0.5%, and 1,8-cineole at 1% induced a
positive response in 70-80% of the adults tested.

Floral volatiles, e.g., p-anisaldehyde, benzaldehyde, and ethyl nicotinate, are
very good attractants to western flower thrips and could be used for accurate mon-
itoring (Teylon et al., 1993). Temperature and wind strength affect the response of
insects to volatiles. Colored traps with volatile chemicals may be useful for control
trapping in a protected environment such as a greenhouse. Roditakis et al. (2002) re-
ported that the commercial essential oil, neroly spec, at 1% concentration in paraf-
fin oil is promising for control of F. occidentalis in greenhouse cucumbers. Traps
with volatiles may not kill so many thrips, but they could be used in combination
with other methods as part of an integrated pest management program. The use of
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TABLE 4. ATTRACTIVENESS % OF 1,8-CINEOLE, LINALOOL, p-ANISALDEHYDE
AND SALICYL ALDEHYDE (IN PARAFFIN OIL) ON WESTERN FLOWER THRIPS
Frankliniella occidentalis

Concentration Effect (%) of tested compounds on Frankliniella occidentalis
% v/v of tested
compounds? 1,8-cineole  Linalool p-Anisaldehyde Salicylaldehyde

0.125 NT? NT NT 70
0.25 NT NT 50 40
0.50 50 0 70 20
1.00 80 50 40 0
2.00 60 80 NT NT

“ul of each solution in parafin oil was used in each assay.
" Not tested.

1,8-cineole, p-anisaldehyde, linalool, and salicylaldehyde in appropriate concen-
trations could be used either for monitoring purposes or for mass trapping of F.
occidentalis on greenhouse crops as alternative means to chemical control of pests.

In conclusion, initial tests, employing extracts from R. officinalis as well as
selected compounds, indicate the ability of these agents to attract insect pests. The
effect of specific components from the acetone and ethanol extracts on L. botrana
is currently under investigation.
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Abstract—Interactions among nutrients and plant secondary metabolites (PSM)
may influence how herbivores mix their diets and use food resources. We de-
termined intake of a food containing a mix of terpenoids identified in sage-
brush (Artemisia tridentata) when present in isoenergetic diets of increasing
concentrations of protein (6, 9, 15, or 21% CP) or in isonitrogenous diets of
increasing concentrations of energy (2.17, 2.55, 3.30, or 3.53 Mcal/kg). Lambs
were offered choices between those diets with or without terpenes or between
diets with terpenes and alfalfa hay. Intake of the diets with terpenes was low-
est with the lowest concentrations of protein (6%) and energy (2.17 Mcal/kg)
in the diets, and highest with diets of 15% CP and 3.53 Mcal/kg. In contrast,
when terpenes were absent from the diets, lambs consumed similar amounts
of all four diets with different concentrations of protein, and more of the di-
ets with intermediate amounts of energy. When given a choice between the
diet with or without terpenes, lambs preferred the diet without terpenes. When
lambs were offered choices between terpene-containing diets and alfalfa, en-
ergy and protein concentrations influenced the amount of terpenes animals in-
gested. Energy densities higher than alfalfa, and protein concentrations higher
than 6%, increased intake of the terpene-containing diet. Thus, the nutritional
environment interacted with terpenes to influence preference such that lambs
offered diets of higher energy or protein concentration ate more terpenes when
forced, but not when offered alternative food without terpenes. The nutrients
supplied by a plant and its neighbors likely influence how much PSM an an-
imal can ingest, which in turn may affect the dynamics of plant communi-
ties, and the distribution of herbivores in a landscape. We discuss implications
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of these findings for traditional views of grazing refuges and varied diets in
herbivores.

Key Words—Terpenes, refuges, nutrient—toxin interactions, choice, preference,
foraging, energy, protein, sagebrush.

INTRODUCTION

Herbivores can change ecosystems by removing specific kinds and amounts of
tissues from plants (Hobbs, 1996), but the mechanisms that explain “which” and
“how much” tissues are eaten are not well understood. Plants produce diverse
mixtures of biochemicals that provide herbivores with nutrients for survival and
reproduction and secondary metabolites that can both cause toxicity and yield
health benefits (Cheeke and Shull, 1985; Engel, 2002). Despite the diversity of
chemicals ingested in a meal, with few exceptions our understanding of multiple
interactions among nutrients and plant secondary metabolites (PSM) is rudimen-
tary (Simpson and Raubenheimer, 2001; Villalba et al., 2002a). We have relied on
univariate approaches to studying the isolated effects of PSMs or nutrients on food
selection.

Plant secondary metabolites satiate herbivores (Garcia, 1989; Provenza,
1996), and the degree to which a PSM limits food intake is influenced by the
kinds and amounts of nutrients herbivores ingest (Villalba et al., 2002a). Many
PSM are lipophilic compounds that must be transformed into hydrophilic sub-
stances before excretion (Cheeke and Schull, 1985), and these processes deplete
the body of amino acids and glucose (Illius and Jessop, 1995, 1996). Thus, in-
gesting appropriate amounts of nutrients should increase the threshold of PSM
satiation and enable animals to ingest more of foods that contain PSM, although
the willingness of herbivores to consume PSM as a function of the concentration
of nutrients containing PSM is not known.

Outcomes of interactions among nutrients and PSM may help explain the
dietary choices of herbivores. Browsing by black-tailed deer causes serious dam-
age to young Douglas-fir trees, which contain an array of volatile terpenes that
can inhibit rumen microbial fermentation (Connolly et al., 1980). Browsing be-
gins shortly after bud burst (Crouch and Radwan, 1981), when concentrations of
nitrogen and fermentability of the new growth is higher than in the old growth (Oh
et al., 1970). Nitrogen fertilization increases protein content and fermentability
of seedlings, which increases acceptability to deer (Oh et al., 1970; Crouch and
Radwan, 1981). Thus, the amount of a chemically defended species an herbivore
will eat is influenced by concentration of nutrients and PSMs, likely in relation
to those in neighboring plants. Because concentrations of nutrients and toxins co-
vary in the field, controlled experiments are needed to disentangle the influence of
PSM and nutrients on foraging behavior.
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We hypothesized intake and preference for PSMs are influenced by the nu-
tritional context where herbivores experience PSM. We further hypothesized that
the willingness of herbivores to ingest PSM is influenced by the nutritional com-
position of the food containing the PSM relative to the nutritional composition
and availability of alternative foods. Based on these hypotheses, we predicted that
intake of PSM would increase with an increase in the concentration of either en-
ergy or protein in the food, and that preference for PSM would increase with the
increased capacity—due to energy and protein—to consume higher amounts of
PSM, and/or with the decrease in nutritive value of alternative foods. To assess the
effects of PSM on food intake and preference, we exposed lambs to isoenergetic
foods with increasing concentrations of protein and to isonitrogenous foods with
increasing concentrations of energy, with or without the addition of a mix of ter-
penoids in sagebrush (Artemisia tridentata). We then determined preference for
terpene- and nonterpene containing foods.

METHODS AND MATERIALS

We determined intake and preference of lambs for terpenes in isoenergetic
and isonitrogenous foods that differed across gradients of protein and energy,
respectively. For each gradient, we used a different set of 32 lambs (commercial
crossbreds, 4-5 mo age). Throughout each experiment, lambs were individually
penned and had free access to mineral blocks and fresh water.

Ingestion of Terpenes across Gradients of Protein and Energy. Lambs were
weighed and randomly assigned to four diets (8 lambs/diet) that differed in con-
centrations of energy or protein. Diets contained different proportions of the same
ingredients (Table 1), ground to 1-5 mm particle size.

To modify the nutritional state of the animals and familiarize them with the
food ingredients, for the first 10 d, Groups 1, 2, 3, and 4 were offered control diets
1, 2, 3, and 4, respectively, without the addition of terpenes from 0900 to 1300 hr.
At 1300 hr, refusals were collected, intake was determined and no other food was
offered until the next day.

For the next 10 d, we used the same procedures, but terpenes were added
to each diet at the same relative concentrations found in Artemisia tridentata
(Personius et al., 1987; Launchbaugh, unpublished results): 1.82% camphor, 1.1%
1,8-cineole, 0.12% methacrolein, 0.06% p-cymene, dissolved in vegetable oil and
then mixed with the rest of the food ingredients on a daily basis (Table 1). These
terpenes adversely influence intake and preference (Bray et al., 1991; Villalba
et al., 2002a).

Preference Tests Immediately after Exposure. We then determined preference
of lambs for food with or without terpenes, or for food with terpenes vs. alfalfa
hay. From 0900 to 1300 hr the day after exposure to the terpene-containing diets,
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TABLE 1. INGREDIENTS, DIGESTIBLE ENERGY (DE) AND CRUDE
PROTEIN (CP) IN FOODS (AS-FED BASIS)

Ingredient (g/100g) Groupl Group2 Group3  Group4
Protein gradient
Control diets
Beet pulp 48.0 39.0 14.0 1.0
Grape pomace 42.5 41.0 31.0 31.5
Alfalfa hay 5.0 11.0 39.0 415
Soybean meal 0.5 5.0 12.0 22.0
Vegetable oil 4.0 4.0 4.0 4.0
Terpene diets
Beet pulp 48.6 40.0 15.0 2.0
Grape pomace 37.8 359 259 26.9
Alfalfa hay 6.0 12.0 40.0 42.0
Soybean meal 0.5 5.0 12.0 22.0
Vegetable oil 4.0 4.0 4.0 4.0
Terpenes 3.1 3.1 3.1 3.1
DE (Mcal/kg)? 2.55 2.55 2.55 2.55
CP (%)° 5.5 8.7 15.1 20.7
CP/DE ratio 21.0 30.0 50.0 65.0
Energy gradient
Control diets
Beet pulp 5.0 14.0 65.0 81.0
Grape pomace 64.0 31.0 9.0 2.0
Alfalfa hay 2.0 39.0 12.0 4.0
Soybean meal 25.0 12.0 10.0 9.0
Vegetable oil 4.0 4.0 4.0 4.0
Terpene diets
Beet pulp 6.8 15.0 66.5 83.0
Grape pomace 59.6 25.9 4.9 0.1
Alfalfa hay 1.5 40.0 11.5 0.1
Soybean meal 25.0 12.0 10.0 9.7
Vegetable oil 4.0 4.0 4.0 4.0
Terpenes 3.1 3.1 3.1 3.1
DE (Mcal/kg)* 2.17 2.55 3.30 3.53
CP (%) 14.7 16.1 13.6 13.8
CP/DE ratio 59.0 50.0 39.0 36.0

“Calculated values of DE are based on values obtained from NRC (1985).
bNitrogen was determined by Kjeldahl method (AOAC, 1975); CP calcu-
lated as N x 6.25.

each group of lambs received simultaneously the two diets they received during
exposure (control diet and diet with terpenes) for 2 d. Intake was determined and
no other food was offered until the next day. For the next 2 d, preference tests were
conducted as described earlier, but alfalfa hay (2.50 Mcal/kg; 16% CP) replaced the
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control diet for each group of lambs. After preference tests, lambs were weighed,
and daily weight gains (g/d) were estimated ([final BW-initial BW]/number of
days elapsed between initial and final determination of BW).

Preference Tests 20 Days after Exposure. First, we put all lambs on a similar
plane of nutrition after the initial preference tests by offering them ad libitum
alfalfa pellets and 300 g of barley grain/lamb/day for 20 d. Then, we conducted
preference tests as previously described.

Ingestion of Terpenes across a Gradient of Protein Concentrations. Lambs
consumed terpenes in isoenergetic diets (2.55 Mcal/kg) with increasing concentra-
tions of protein. Four groups of lambs were randomly assigned to four treatment
diets, across a gradient of protein concentrations (Group 1 = 6%; Group 2 = 9%;
Group 3 = 15%; Group 4 = 21% CP; Table 1).

Ingestion of Terpenes across a Gradient of Energy Concentrations. Lambs
consumed terpenes in isonitrogenous (15% CP) diets with increasing concentra-
tions of energy. Four groups of lambs were randomly assigned to four diets across
a gradient of energy concentrations (Group 1 = 2.17; Group 2 = 2.55; Group 3 =
3.30; Group 4 = 3.53 Mcal/kg; Table 1). The concentration of protein was that
where lambs had the highest intake of terpenes in the previous study.

Statistical Analyses. The statistical design for the ANOVA during exposure
was a split-plot with lambs nested within Group (1-4) and day (1-10) as the
repeated measure. Intakes were converted to g food ingested/kg metabolic body
weight (kg®7%). During preference tests, Group (1-4) was the between-animal
factor, and lambs were nested within group. Diet (with terpenes, without terpenes,
or alfalfa) was the within-animal factor in the analysis. Day (1-2) and period
(immediately after exposure, 20-d after exposure) were repeated measures. When
F values were significant (P < 0.05), means were compared using the LSD test.
The ANOVA was performed using the MIXED procedure (Littell et al., 1996).

RESULTS

Ingestion of Terpenes across a Gradient of Protein Concentrations. Intake did
not differ for diets with different concentrations of protein without terpenes (main
effect; P = 0.922; group x day, P = 0.731; Figure 1). However, that pattern
changed after the addition of terpenes to the diets (group x day, P = 0.004).
Initially, terpenes caused a marked decline in intake of all diets, but intake then
increased differently depending on the protein concentration in the diets (15% >
21% and 9% > 6% CP; Group effect, P = 0.004; Figure 1).

Ingestion of Terpenes across a Gradient of Energy Concentrations. When ter-
penes were absent from the diets (control diets), lambs in Groups 2 (2.55 Mcal/kg)
and 3 (3.30 Mcal/kg) ate more food than lambs in Groups 1 (2.17 Mcal/kg) and
4 (3.53 Mcal/kg; Group effect; P = 0.003). As with protein, all groups decreased
intake of the diets after the addition of terpenes, and intake diverged through time,



128 VILLALBA AND PROVENZA

100 Panel A
90 -®--6%CP - 9% CP ——15%CP ——21%CP

80 1 ‘ SEM | SEM

Intake, g/Kg®™®

1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Day

100
90 -

OWithout Terpenes
B With Terpenes

80 -
70 -

60 -
50 -

Intake, g/Kg®’®

40 -
30 A
20
10 4

6% CP 9% CP 15% CP 21% CP

FIG. 1. Intake of diets with or without terpenes across a gradient of protein concentrations.
Values are daily means recorded for 8§ lambs/diet (Panel A), and averages with standard
error bars for each 10-d period, when diets were fed without (without terpenes) or with
(with terpenes) terpenes (Panel B).

particularly for lambs in Group 1 vs. Groups 2, 3, and 4 (group x day, P < 0.001;
Figure 2); averaged across days, intake of food was Group 4 > Group 3 =
Group 2 > Group 1 (P = 0.012; Figure 2).

Preference Tests. Lambs avoided the terpene-containing diets, but the pattern
of selection was influenced by the nutritional composition of the diets with terpenes
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FIG. 2. Intake of diets with or without terpenes across a gradient of energy concentrations.
Values are daily means recorded for 8 lambs/diet (Panel A), and averages with standard
error bars for each 10-d period, when diets were fed without (without terpenes) or with
(with terpenes) terpenes (Panel B).

as well as the nutritional quality of the alternatives (Diet effect; P < 0.001;

Figure 3).

Preference Tests across a Gradient of Protein Concentrations. When lambs
were offered a choice of their respective diets with or without terpenes immediately
after exposure, they ate similar amounts of the diet with terpenes (P > 0.05).
However, 20 d after exposure, only lambs fed the diet with 15% ate more of the
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FIG. 3. Intake of diets with (terpenes) and without (control) terpenes, or with terpenes
(terpenes) and alfalfa hay (alfalfa) by four groups of lambs during preference tests conducted
immediately and 20-d after exposure to diets of different protein (protein gradient) and
energy (energy gradient) concentrations. Values are means with standard error bars recorded
for 8 lambs/group during 2 consecutive days.

diet with terpenes than lambs fed the diet with 6% CP (P < 0.05; Figure 3). Lambs
fed 6% CP ate the least of the diet without terpenes in both periods (P < 0.05;
Figure 3).

When lambs were offered choices between their respective diets with terpenes
and alfalfa hay, lambs fed the diet with 9% CP (Group 2) tended to consume more
diet with terpenes than lambs fed the diet with 6% CP (Group 1) immediately
after exposure (P = 0.10). Lambs fed the 6% and 9% CP diets ate less alfalfa than
lambs fed the 15% and 21% CP diets. After 20 d, lambs fed 6 % CP ate the least
of the diet with terpenes (P < 0.001; Figure 3). All lambs ate the same amounts
of alfalfa, except that lambs fed 21% CP ate more alfalfa than lambs fed 6% CP
(P < 0.05; Figure 3).
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Preference Tests across a Gradient of Energy Concentrations. When all
groups were offered choices between their respective diet with or without terpenes,
intake of the terpene diets did not differ among groups either when preference tests
were conducted immediately or 20-d after exposure (P > 0.05; Figure 3). In both
periods, lambs in Group 4 (3.53 Mcal/kg) ate the least amounts of diet without
terpenes and lambs in Group 2 (2.55 Mcal/kg) ate the most of the diet without
terpenes (P < 0.05).

When lambs were offered choices between diets with terpenes and alfalfa
hay, lambs fed the diet with 3.53 (Group 4) and 3.30 Mcal/kg (Group 3) ate more
diet with terpenes and less alfalfa than lambs fed the diet with 2.17 (Group 1) and
2.55 Mcal/kg (Group 2), both immediately and 20 d after exposure (P < 0.05;
Figure 3). Lambs in Group 2 ate more terpenes than lambs in Group 1 (P < 0.05;
Figure 3).

Body Weight Changes. With regard to diets differing in protein, groups did
not differ in average daily weight gains (P = 0.861), but trends varied along
a gradient. Lambs in Groups 1 (6% CP) and 2 (9% CP) lost weight (-22 and
—13 g/d, respectively), lambs in Group 3 (15% CP) maintained weight, and lambs
in Group 4 (21% CP) gained weight (6 g/d).

With regard to energy, daily weights changed along a gradient (Group effect;
P < 0.001). Lambs in Group 1 (2.17 Mcal/kg) lost more weight than lambs in
Group 2 (2.55 Mcal/kg) (=140 vs. —65 g/d), and lambs in Groups 3 (3.30 Mcal/kg)
and 4 (3.53 Mcal/kg) gained weight (5 and 35 g/d).

DISCUSSION

Animals Forced to Consume PSM. We assessed the ability of lambs to con-
sume terpenes across isoenergetic diets that varied in protein, and isonitrogenous
diets that varied in energy. Protein and energy availability affected the amount of
terpenes lambs ingested. Intakes of diets with terpenes were lowest with diets of
6% CP and 2.17 Mcal/kg, and highest with diets of 15% CP and 3.53 Mcal/kg
(Figures 1 and 2). In contrast, when terpenes were absent from the diets, lambs ate
similar amounts of diets with different concentrations of protein, and more of diets
with intermediate energy (2.55 and 3.30 Mcal/kg) than of either low (2.17 Mcal/kg)
or high (3.53 Mcal/kg) concentrations of energy.

Our results are consistent with modeling efforts that suggest the ability to
ingest PSM depends on nutrient intake (Illius and Jessop, 1995, 1996). Detoxifica-
tion processes deplete the body of protein and glucose, and, thus, adequate levels of
nutrients are needed to tolerate ingesting PSM (Foley et al., 1995). Supplemental
macronutrients increase intake of foods that contain toxins as diverse as lithium
chloride (Wang and Provenza, 1996), terpenes (Banner et al., 2000; Villalba et al.,
2002b), menthol (Illius and Jessop, 1996), and tannins (Villalba et al., 2002c).
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Nonetheless, nutrient availability alone cannot increase tolerance for PSM, as nu-
tritional imbalances can depress ingestion of PSM. Tannic acid affects Locusta
migratoria performance only when the ratio of protein to carbohydrate in the diet
is low (Simpson and Raubenheimer, 2001). Likewise, sheep and goats fed concen-
trates high in protein, or offered a choice between concentrates high in energy and
high in protein, ingest more terpenes (Villalba et al., 2002b) and tannins (Villalba
et al., 2002c) than when they receive only concentrates high in energy.

In our study, intake of the terpene-containing diets increased monotonically
within the range of energy densities (2.17-3.53 Mcal/kg). In contrast, lambs fed a
diet with 21% CP ate less terpene-containing food than lambs fed a diet with 15%
CP (Figure 1), which indicates that intake of the terpene-containing diets did not
increase monotonically with levels of protein, and that the protein—energy ratio was
important. High protein concentrations may overload the animal’s deaminating
systems (Harper, 1974), and the addition of terpenes might have enhanced the
negative effects of excess protein, promoting a decline in food intake relative
to diets with lower nitrogen concentrations. Collectively, these results suggest a
balanced ratio of protein—energy in the diet can be more important than the absolute
concentration of a single nutrient.

Theorists usually regard PSM as fixed constraints on food intake (Belovsky
and Schmitz, 1991), but our results argue against that contention (see also Simpson
and Raubenheimer, 2001; Behmer et al., 2002). The effects of terpenes depended on
the balance of energy and protein. Some also propose that animals cannot consume
a food that exceeds a threshold ratio of PSM—nutrient unless they can dilute the
ratio by adding other foods or nutrients (Illius and Jessop, 1996). However, by
varying protein and energy concentrations we showed that diluting PSM with
protein is different from diluting PSM with energy, and that ingesting terpenes
as a function of energy and protein density is graded rather than an all-or-none
response dependent on a threshold of nutrient supply.

Thus, we predict that when animals are forced to consume an abundant plant
high in PSM, the amounts of biomass eaten will depend on the concentrations and
balances of energy and protein supplied by the plant. The higher the concentra-
tion of nutrients in the plant, along with an adequate balance of protein—energy,
the higher the potential amount of plant that can be ingested and the higher the
likelihood to sustain maintenance and detoxification costs (Figure 4).

Plants lessen herbivory by reducing nutritive quality (Rhoades, 1979;
Haukioja et al., 1991), provided animals are unable to compensate by increas-
ing rates of consumption or time feeding (Augner, 1995). Intake also is restricted
by PSM and their interactions with low or imbalanced amounts of nutrients
(Figures 1 and 4). Compensatory feeding on a nutritionally imbalanced food,
which is needed to satisfy requirements for a limiting nutrient, also can be re-
stricted by PSM (Raubenheimer, 1992). Thus, when alternative plants are scarce,
herbivory on abundant, defended plants may decline, even if concentrations of
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FIG. 4. Conceptual model of ingestion of PSM by herbivores based on results of this study.
When animals are forced, due to lack of alternatives, higher concentrations of protein and
energy lead to greater intake of PSM, but only when protein—energy ratios are appropriate
(forced). When animals have choices of equally abundant defended and undefended plants,
their willingness to consume PSM increases only when the quality of undefended alterna-
tives declines relative to the quality of defended plants (choice). This increase in use of
defended species increases the degree of dietary breadth due to more uniform use of all
foods available, which increases the associational refuge value for undefended species.

PSM do not change, due to dilution or imbalance of nutrients in the
plant.

Animals Offered Choices with Foods Containing PSM. All animals ate simi-
lar (low) amounts of the terpene-containing foods, regardless of energy or protein
contents, when given a choice between diets with or without terpenes. More-
over, the physiological state of the animals—immediately after exposure vs. fed
the alfalfa-based diet—did not influence choice, except lambs fed 6% protein
ate less diet with terpenes than animals fed 15% protein 20 d after exposure
(Figure 3). Thus, while lambs fed diets higher in energy or protein could eat
more terpenes when forced (Figures 1 and 2), they did not do so when alternative
foods of similar quality without terpenes were available. Thus, contrary to what
some propose (Illius and Jessop, 1995, 1996), animals with higher nutrient intake
may not always be more willing to eat PSM than animals with lower nutrient
intake.

Experience and nutritional context both influence preference (Provenza et al.,
2003). Experiences with combinations of PSM-containing foods that are comple-
mentary increase preferences for those foods, even when high-quality alternatives
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are available ad libitum (Baraza et al., 2005; Villalba et al., 2004). Thus, “positive”
experiences with PSM due to the presence of appropriate kinds and amounts of
nutrients may lead to a higher preference for PSM than “aversive” experiences
with PSM created by the absence of appropriate kinds and amounts of nutrients.
In the current study, where only food with terpenes was available, lambs preferred
less defended foods regardless of plane of nutrition (Figure 3).

Chemical defenses satiate detoxification capabilities of herbivores at critical
thresholds of plant abundance. Below these thresholds, local extinction is more
likely as species become less abundant because toxin satiation is not achieved and
the relative removal of biomass of a species increases with its decline in abundance
(Provenza et al., 2003). Results from our study suggest highly defended and rare
plants with either high or low nutrient content may escape herbivory, provided
that the quality of undefended neighbors is similar to the quality of the defended
plant.

When lambs chose between the terpene-containing diets and alfalfa, the pro-
tein and energy concentrations of the former affected the amount of terpenes in-
gested (Figure 3). Energy densities higher than alfalfa, and protein concentrations
higher than 6%, increased the likelihood of lambs ingesting the terpene-containing
diet. This suggests the amount of defoliation a defended plant will sustain may be
influenced by its nutritional quality relative to that of its neighbors. Lambs fed diets
with more energy (3.30 and 3.53 Mcal/kg) ingested more terpene than animals fed
diets with less energy (2.17 and 2.55 Mcal/kg), and lambs offered the diet with
the least energy ingested the least terpenes. Lambs fed 6% CP ingested the least
terpenes, but only during the second period of preference tests, after they received
alfalfa pellets and barley for 20 d. The energy density of alfalfa was similar to
the isoenergetic foods (2.50 Mcal/kg), and its protein concentration was similar to
the isonitrogenous foods (16%). Thus, protein but not energy was different when
alfalfa was tested against isoenergetic foods [alfalfa had more protein than foods
offered to Groups 1 (6%) and 2 (9%), but less protein than the food offered to
Group 4 (21%)], whereas energy but not protein was different when alfalfa was
tested against isonitrogenous foods [alfalfa had more energy than the food of-
fered to Group 1 (2.17 Mcal/kg), but less energy than foods offered to Groups 3
(3.30 Mcal/kg) and 4 (3.53 Mcal/kg)]. Higher energy densities increased intake of
terpenes during the choice with alfalfa (Figure 3), but intake of terpenes did not
increase along different protein concentrations tested against alfalfa. Intake of ter-
penes did not differ immediately after exposure, or among foods with 9%, 15%, or
21% CP, 20 d after exposure (Figure 3). Lambs typically show stronger preferences
for energy than for protein (Villalba and Provenza, 1999), probably because rumi-
nants require nearly five times more energy than protein on a daily basis (NRC,
1985), and because they are efficient at recycling nitrogen (Owens, 1988). Thus,
lambs evidently did not need the protein provided by alfalfa when they were fed
diets of 9% to 21% CP because they had enough protein to detoxify terpenes and
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to complement the marginal levels of energy in the test diets (2.55 Mcal/kg) and
alfalfa (2.50 Mcal/kg). Higher amounts of protein (21%) did not promote greater
intake when animals were forced to eat just one food (Figure 1).

Accounts of partial preferences have received more attention (McNamara and
Houston, 1987; Berec and Krivan, 2000) than explanations for their occurrence
(but see Dearing et al., 2000 for a contrast between generalists and specialists).
Dilution of PSM (Freeland and Janzen, 1974) and nutrient balancing (Westoby,
1978) are the main hypotheses for varied diets in herbivores, but these explana-
tions are not mutually exclusive (Provenza, 1996; Behmer et al., 2002; Singer et al.,
2002). The two mechanisms operate simultaneously, with the relative importance
of each dictated by the kinds and amounts of PSM and nutrients. Based on our
results, a uniform nutritional environment—choice between foods of similar qual-
ity with or without terpenes—narrows the diet constituents to the least defended
species, regardless of food quality, whereas a diverse nutritional environment may
broaden the diet if the quality of defended species is high relative to the quality
of undefended species. If the concentration of nutrients in a plant is higher than
the concentration of nutrients in an equally abundant and undefended neighbor,
an herbivore may ingest higher amounts of the defended plant, and thus higher
amounts of PSM. A diverse nutritional environment may also narrow the diet to
the less defended plant species if the quality of the defended species is lower than
the quality of the undefended neighbor (Figure 4).

Plant neighbors may be an important way plants cope with herbivores. The
preference or avoidance of a plant species depends not only on factors internal
to the plant, but also on the chemical and physical characteristics of neighbors
(Atsatt and O’Dowd, 1976). While little attention has been given to these in-
teractions (Milchunas and Noy-Meir, 2002; but see Hay, 1986; Pfister and Hay,
1988), the kinds and amounts of nutrients and toxins in a plant may influence how
herbivores use their neighbors. Plant—plant-herbivore interactions may affect the
probability of extinction of a plant chemotype within a plant community, and thus
the diversity of plant species (Provenza et al., 2003). External factors for coping
with herbivory include associational plant refuges (Atsatt and O’Dowd, 1976),
which occur when “a plant that is susceptible to herbivory gains protection from
herbivory when it is associated with another plant” (Pfister and Hay, 1988). Within
a plant community, defoliation of an individual depends on the surrounding matrix
of plant species (Milchunas and Noy-Meir, 2002). Thus, benefits and costs of a
defense need to be weighed not only in terms of the individual, but also within the
context of the association (Tuomi and Augner, 1993). Refuges may be essential
for maintaining the diversity of plant communities and their resilience to changing
grazing pressures (Milchunas and Noy-Meir, 2002). Factors that affect refuges
include characteristics of the herbivore as well as the plant association. Palatable
plants may gain associational protection from unpalatable plants when herbivores
are selective between patches and unselective within a patch. On the other hand,
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palatable plants are less likely to gain protection if herbivores are selective within
a patch (Hjalten et al., 1993).

Nutrient—PSM interactions add another dimension to “palatability”” and “un-
palatability” within the context of associational plant refuges (Villalba et al.,
2002a). Interactions among multiple nutrient and PSM dimensions may explain
why certain plant—plant associations are of higher or lower preference to herbivores
than predicted from the isolated effects of PSM repellency or plant palatability. Our
results suggest undefended plants are more likely to gain protection, even if herbi-
vores are selective within a patch, when the quality (energy density in our study) of
the PSM-containing plant is higher than the quality of the undefended plant. In con-
trast, undefended plants are less protected from herbivory when the qualities of all
plants, defended and undefended, in the patch are similar (Figure 4). Thus, the pos-
sible increase in herbivory of toxic plants promoted by their higher quality relative
to their neighbors may enable palatable and less-competitive species to survive.

In summary, energy and nutrient concentrations influenced ingestion of ter-
penes in a graded fashion. The amounts of PSM that lambs ingested depended on
the nutritional composition of the PSM-containing food relative to the nutritional
composition of the alternatives (Figure 4). These interactions between PSM, nu-
trients, and neighbors can influence preference in ways that cannot be predicted
solely by the isolated effects of nutrients or PSM. The effects of nutrients and PSM
on herbivores can influence interactions and coexistence of plant species with dif-
ferent kinds and amounts of PSM, nutrients, and different competitive abilities. A
formal integration of nutrient—PSM interactions into existing models of foraging
behavior and plant community ecology will provide further insights into how pro-
tection or susceptibility function within plant communities to increase or decrease
species richness.
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Abstract—In this article, we analyzed the concentration of coumarins in leaves
of female and hermaphrodite individuals of the gynodioecious shrub Daphne
laureola, along an elevational gradient in southern Spain. Combining HPLC
and NMR techniques, we identified three different glycosides of 7-methoxy-
coumarin in leaves of this species. Total coumarin concentration averaged be-
tween 60 and 120 mg/g dry weight for mature summer leaves of D. laureola
growing at six different populations. As predicted by optimal theory, females
tended to have a higher concentration of coumarins than hermaphrodites, thus
upholding the idea that male reproductive function is costly for hermaphrodites.
Furthermore, concentrations in females but not hermaphrodites were positively
correlated with increasing population altitude, and the magnitude of gender di-
vergence in coumarin concentration varied among populations, suggesting that
the cost of the male function may be context dependent. To our knowledge, this is
the first evidence of gender differences in chemical defenses of a gynodioecious
species in the field.

Key Words—Coumarins, Daphne laureola, elevation, gynodioecy, plant—animal
interactions, plant defense.
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INTRODUCTION

In this study, we analyze the relationship between allocation to reproduction and
chemical defenses, and its natural variation along an altitudinal gradient, in a long-
lived perennial shrub. According to optimal theory, organisms allocate resources
to survival, growth, and reproduction, such that their fitness will be maximized
(Maynard-Smith, 1978). Plant defenses aim to decrease pathogen and herbivore
attacks that may eventually reduce plant survival, growth, and reproduction and,
thus, plant allocation to defenses can also be interpreted within optimal theory
(Herms and Mattson, 1992). Within this framework, trade-offs (or opportunity
costs) between growth, defense, and reproduction should exist whenever resources
are limited. However, field measurements of trade-offs and other physiological
costs in plant allocation to reproduction and defenses are not straightforward (see
Obeso, 2002; Cipollini et al., 2003 for a review of each topic, respectively). Gender
dimorphic species split the range of individual variance in reproductive alloca-
tion into categories, thus facilitating the assessment of consequences in terms of
survival, growth, and defense of a higher reproductive allocation under natural
conditions.

In dioecious species, allocation to reproduction in males is commonly higher
than in females at flowering, though the opposite is true at fruiting time when
the sink of resources to reproduction is maximum (Delph, 1990). Therefore, both
the nature and magnitude of differences between genders in resource allocation
may change with time (Agren et al., 1999). Overall, herbivores usually distinguish
and prefer males over females of dioecious plant species (Agren et al., 1999, and
references therein) suggesting that differences in reproductive allocation modify
other plant features that in turn decrease quality of females as food for herbivores
(e.g., Boecklen et al., 1990; Jing and Coley, 1990). Gynodioecy consists of popula-
tions having both hermaphrodite and female pollenless individuals. Thus, gender
difference in allocation to reproduction is in principle lower and due to the male
function only. The costs of male function are apparently more subtle, but still rel-
evant (Eckhart and Seger, 1999), and there is also evidence for male-biased flower
and seed predation favoring the maintenance of females in gynodioecious popu-
lations (Uno, 1982; Marshall and Ganders, 2001; Collin et al., 2002; reviewed in
Ashman, 2002). To our knowledge there are no data available comparing physical
or chemical defenses in gynodioecious species (but see Gouyon and Vernet, 1980)
and, thus, whether gender differential consumption is mediated through distinct
defenses or otherwise, for example through differential attractive properties, is
unknown.

We explore the relationship between allocation to reproduction and defense
in a gynodioecious species. Hermaphrodite and female Daphne laureola plants
produce a similar number of flowers and fruits, and fruit size is also similar be-
tween genders (Alonso and Herrera, 2001). However, female flowers are smaller
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and pollenless, thus leading to a lower allocation to reproduction of female indi-
viduals. In southern Spain, D. laureola is consumed by several species of Noctuid
caterpillars. Defoliation has been related to plant architecture (Alonso and Herrera,
1996) and leaf nutrient composition (Alonso and Herrera, 2003), and caterpillars
are able to distinguish among several plant structures (Alonso and Herrera, 2000).
The role of allelochemicals in this plant-herbivore interaction remained unstud-
ied. Coumarins are effective chemical defenses against herbivores in other plant
species (Berenbaum, 2001 and references therein), and were known to exist in the
Daphne genus (Hegnauer, 1973; Ulubelen et al., 1986; Zobel and Brown, 1988).
Our expectation was that, if the increased reproductive allocation associated with
the male function were costly, D. laureola females should have a higher con-
centration of coumarins than hermaphrodite conspecifics. Thus, we evaluated the
concentration of the three most abundant coumarin glycosides found in leaves of
female and hermaphrodite D. laureola individuals.

Furthermore, since the natural concentration of chemical defenses may vary
geographically (Johnson and Scriber, 1994), the study was conducted in six dif-
ferent populations selected along an altitudinal gradient, that ranged from 950 to
1800 m asl. Increased exposure to UV radiation and low temperatures at higher
altitudes may select for different chemical profiles in plants that in turn can affect
herbivores (Johnson and Scriber, 1994; Stratmann, 2003). In particular, contents
of UV-B absorbing compounds tend to increase at higher elevation sites in several
plant species (Rozema et al., 1997). Coumarins are able to absorb UV radiation
(Murray et al., 1982). Thus, we also expected an increase of coumarin concentra-
tions in plants at higher elevation sites.

METHODS AND MATERIALS

Plant Species and Study Area. Daphne laureola L. (Thymelaeaceae) is a
long-lived evergreen shrub distributed throughout the Palearctic region and gen-
erally found in the understory of coniferous and mixed montane forests in the
Mediterranean area. In the Natural Park of Sierras de Cazorla, Segura y Las Villas
(Jaén province, south-eastern Spain), where this study was conducted, the species
is gynodioecious, and the proportion of female plants varies with site altitude
(Alonso and Herrera, 2001).

In June 2002, we collected undamaged leaves from female and hermaphrodite
individuals in six different populations comprising the entire altitudinal range of the
species at our study area. Study locations were Coto del Valle (950 m elevation),
Roblehondo (1235 m), Cafiada del Espino (1575 m), Nava de las Correhuelas
(1615 m), Cabeza del Tejo (1640 m), and Puerto Llano (1800 m), hereafter referred
toas CV,RH, CNE, NC, CT, and PLL, respectively. Aiming to have three replicates
for each combination of gender per population, leaves of each individual (N = 7—
20) were collected independently and later split into three different sets. Each
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replicate had 8—17 g fresh mass. Leaves were collected when plants were bearing
mature fruits and all plants were at the same phenological stage despite the fact
that the different populations were collected on different dates due to altitudinal
variation in plant phenology.

Chemical Analyses. Leaves were washed, dried with filter paper, and stored
at —80°C prior to analysis. Frozen samples were weighed, deep-frozen with liquid
nitrogen and ground in a coffee mill. As an internal control, 1.5 mg of esculetin
(6,7 dihydroxy-coumarin, Aldrich) were added to each sample to evaluate poten-
tial process errors. Leaf powder was extracted 2 x 24 hr with methanol (80%),
and the combined extract was filtered and concentrated to dryness under reduced
pressure. The residue was dissolved in water and cleaned by sequential decanta-
tion with chloroform. Coumarins were detected as pale-blue spots on C;g3-TLC
(Alugram® RP-18W/UV>s4) only in the aqueous phase, that was subsequently
concentrated to dryness under reduced pressure to record the weight of the final
residue. The residue was suspended in 15 mg of double-distilled water to obtain
a 10% concentration of the internal control, esculetin. Three 750 ul aliquots were
taken from this solution and centrifuged for 10 min at 12,000 rpm. The super-
natant contained the target coumarins. For every aliquot, solid phase extraction
was conducted on packed MFE Cg 3/500 columns (Anélisis Vinicos S.L.) prior to
HPLC analysis. On each occasion, a new packed column was gently washed with
distilled water. The sample supernatant (250 ul) was loaded and elution started
with 750 ul of methanol (85%) that was discarded. A mixture of methanol-water—
glacial acetic acid (60:40:1, v/v; 1500 ul) was collected directly into an HPLC
vial. Two injections of 10 ul from each vial were analyzed by HPLC, and the
average peak area for each compound was used for further statistical analyses
(see below).

HPLC was conducted on a Waters 2690 separation module with a Waters
996 PDA detector (Waters Cromatografia S. A., Barcelona, Spain) that allowed
coumarin identification by way of their characteristic UV spectrum with two max-
ima absorption lengths around 260 and 320 nm (Murray et al., 1982). A Waters
ODS2-3 um RP-HPLC column (4.6 mm i.d. x 15 cm length) was used for quan-
tification. Analyses were conducted in isocratic mode at a flow-rate of 1 ml/min,
using a mixture of water—methanol—glacial acetic acid (84.8:14.2:1, v/v) as mobile
phase (modified from Thompson and Brown, 1984). Double distilled water and
HPLC quality solvents were used for the analyses. A calibration regression line
was obtained for esculetin by varying the volume injected of two different solu-
tions w/w in methanol. Regression of peak area on amount of esculetin injected
explained 99.8% of peak area variation. Analyses of esculetin recovery based on
this calibration showed that on average 76% of the esculetin initially added to leaf
samples was lost during sample processing. Thus, error for each individual sample
was calculated as the ratio between the expected and observed area of esculetin
peak.
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Each coumarin was purified by liquid chromatography, and the 'H and '*C
NMR (DMSO-dg) obtained on a Bruker AVANCE 500 spectrometer were com-

pared to literature data for molecule identification.
Data Analyses. Statistical analyses were performed using the SAS statistical

package (SAS Institute, 1996). Peak areas were transformed into coumarin con-
centrations assuming that for each sample coumarin quantification had the same
recovery error as that observed for esculetin, and using esculetin regression to trans-
form peak areas into quantities. Results obtained for each aliquot were averaged
by sample, and concentration was referred to total leaf dry weight of the sample.
Differences between genders and populations on concentration of coumarins were
analyzed by General Linear Models (Procedure GLM). Gender, population, and
their interaction were treated as fixed effects.

RESULTS

The methanolic extract of D. laureola leaves contained three major compo-
nents (Figure 1) that were identified as three different glycosides of 7-methoxy-
coumarin. The observed molecular structures based on 'H and '*C NMR, and the
references where these compounds were previously reported (Konishi et al., 1993;
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FiG. 1. HPLC chromatogram of the methanolic extract of D. laureola leaves with esculetin
added, recorded at 320 nm wave length. Key to peak identity: Peak 1: 5-O-8—D-glucosyl-
7-methoxy-8-hydroxy coumarin (1); Peak 2: 5-O-B—D-glucosyl-(6<1)-B-glucosyl)-7-
methoxy-8-hydroxy coumarin (2); Peak 3: esculetin; Peak 4: 5-hydroxy-7-methoxy-8-O-
B—D-glucosyl coumarin (3).
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Jung et al., 1994) are shown in Table 1. The major component (1) averaged 54,938
(£17,646) ppm leaf dry weight, whereas average concentration of the other two
compounds were 10,403 (£4182) ppm and 17,940 (£5787) ppm for (2) and (3),
respectively. Concentrations of all three D. laureola coumarins into a sample were
positively correlated (N = 42; 0.78 <r < 0.91; P < 0.001 in all cases).

Populations differed in the concentration of the major coumarin glycoside
(1) (Fs30 = 4.56, P = 0.003; Figure 2). Population x gender interaction was not
statistically significant (F5 39 = 1.09, P = 0.38). Females tended to have greater
concentrations of compound (1) than hermaphrodites, except in the CV popu-
lation (Figure 2), when samples from this population were excluded from the
analysis, differences between genders were statistically significant (F} 4 = 5.76,
P = 0.025). Although the patterns were similar, gender differences were less
apparent for concentrations of compounds (2) and (3) (analyses not shown). Popu-
lations also differed in the average concentration of compounds (2) and (3). Plants
of the CT population had the highest concentration of both coumarin glycosides
(14,471.0 £ 3986.0 ppm and 22,763.8 + 7203.7 ppm for (2) and (3), respec-
tively), whereas plants of the RH population showed the lowest concentrations of
both (7614.9 £ 1818.4 ppm, and 14,903.7 £ 2355.6 ppm, respectively).

Since the concentration of the three coumarin glycosides was positively cor-
related, we calculated total concentration of coumarins in D. laureola leaves by
adding them. The average concentration of total coumarins in female individuals
of different populations was positively correlated to site altitude (N = 6,r = 0.90,
P = 0.01; Figure 3). However, such arelationship was not found for hermaphrodite
individuals (N = 6,r = 0.27, P = 0.60; Figure 3).

DISCUSSION

The three most abundant coumarin glycosides found in leaves of D. laure-
ola were previously reported from other natural sources. Strangely, compounds
(1) and (2) were isolated from mosses (Jung et al., 1994), compound (1) was
found in Polytricum formossum and Atrichum undulatum, and compound (2) only
in P. formossum. Compound (3) was previously isolated from leaves of the con-
generic Daphne pseudo-mezereum (Konishi et al., 1993). No evidence for a similar
coumarin daphnetin (7,8-dihydroxy coumarin) was detected in D. laureola leaves,
despite a former report on its presence in the bark of this species (cf. Murray et al.,
1982). This highlights that further analyses are needed to determine the identity
and abundance of coumarins in other plant structures. The three compounds found
in leaves are 5,7,8 trioxygenated coumarins. Apparently, all coumarins with an
oxygen-containing substituent at the 7-position seem to be biosynthetically dis-
tinct from those that lack such a function, and derived from p-coumaric acid, an
intermediate in lignin biosynthesis (Brown, 1970). It is also remarkable that all D.
laureola coumarins share a 7-methoxy function, differing only in the nature and
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TABLE 1. CHEMICAL STRUCTURE AND 'H (J HZ) AND 3 NMR DATA (500 MHZ,
DMSO-dg) OF THE THREE COUMARINS OBTAINED FROM THE METHANOLIC EXTRACT
OF Daphne laureola LEAVES, AND THE REFERENCES WHERE THESE COMPOUNDS WERE
PREVIOUSLY REPORTED

145

MeO

Compound R, R; References

1 O-B-1-glc H Jung et al. (1994)

2 0O-B-1-glc-6<1-B-glc Jung et al. (1994)

3 H 0O-8-1-glc Konishi et al. (1993)

'H (J Hz) and 3C NMR data

1 2 3

Aglycone 'H 3¢ 'H 3¢ 'H 3¢
2 159.8 161.4 160.3
3 6.21d (9,7) 110.1 6.24d (9.8) 111.9 6.11d (9.6) 109.4
4 8.23d (9,7) 139.4 8.25d (9.6) 140.7 8.04d (9.7) 139.8
5 146.1 147.6 151.9
6 691s 96.5 6.85s 97.9 6.52's 95.6
7 150.8 152.4 155.8
8 127.7 - 124.1
9 142.2 143.8 147.9

10 103.5 106.6 102.5

Ome 3.85s 55.8 385s 57.3 3.84s 56.2

Glucose

1’ 4.80 m 102.2 4.86 d (7.0) 102.9 4.93d(7.3) 102.4

2’ 329 m 73.2 - 74.1 3.29t(7.9) 74.1

3 330m 76.2 - 77.1 324t(8.4) 76.5

4 3.12m 70.0 - 70.7 3.17t(8.4) 69.9

5 337m 77.4 - 76.7 3.08 m 77.2

6’ 3.39m/3.75 m 60.8 - 70.0 3.61 m/3.37 m 60.9

1” 4.17d (7.6) 105.3

27 3.03t(10.9) 74.3

3” 3.11t(8.5) 77.6

47 - 70.8

57 2.951(7.9) 74.3

6” - 66.6




146 ALONSO ET AL.

1.2e+5

I FEMALES
HERMAPHRODITES

1.0e+5

8.0e+4

6.0e+4

4.0e+4

2.0e+4

CONCENTRATION (ppm dry weigth)

0.0

cv RH CNE NC cT PLL
(950)  (1235)  (1575)  (1615)  (1640)  (1800)

POPULATION
(altitude, m asl)

FIG. 2. Average concentration (4-SE) of the most abundant coumarin, 5-O-f—D-glucosyl-
7-methoxy-8-hydroxy coumarin, in leaves of female and hermaphrodite D. laureola indi-
viduals from six populations in southern Spain. Note that populations are ordered from
lower to higher elevation.

position of the glycoside substituent, suggesting a common biosynthetical path-
way. Further studies are needed to elucidate the metabolic relationships between
these compounds and other plant physiological processes such as leaf maturation,
since it is known that hydroxycoumarin content in Daphne mezereum from the
Moscow region is maximal during leaf formation and at the end of the growth
period (cf. Murray et al., 1982).

Our estimates of total coumarin concentration averaged between 60 and
120 mg/g dry weight for mature summer leaves of D. laureola. This figure is
ca. 10 times higher than the concentration of dihydroxycoumarins reported for
mature summer leaves of Daphne mezereum (Zobel and Brown, 1988), although
the difference could partially reflect differences in the accuracy of the methods
applied. The use of esculetin as internal standard in all samples allowed us to
estimate the actual process errors and be confident of our estimates. Moreover, the
low rates of standard recovery we observed revealed that further efforts to improve
our methods would be important it to detect less abundant compounds.

Female and hermaphrodite individuals of D. laureola growing in the same
population can have differential concentrations of secondary compounds. As
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FIG. 3. Average concentration of the sum of all coumarins found in hermaphrodite and
female D. laureola individuals at six different Spanish populations and the relationship
with site altitude (solid line for females and dashed line for hermaphrodites).

expected from optimal theory, due to lower allocation to flowers, female leaves
had on average higher concentrations of coumarins, upholding the idea that male
function is costly for hermaphrodites (Eckhart and Seger, 1999). However, the
magnitude of the difference was not constant, and even in the CV population, the
one at the lowest altitude and with the highest proportion of females, the sign of
the difference was reversed (Figure 2). Thus, costs of male (and likely also female)
reproduction seem to be context dependent.

Finally, we found that average coumarin concentrations differed among D.
laureola populations within a relatively small region. Heterogeneous spatial dis-
tribution of allelochemicals seems to be ubiquitous in both managed and natural
systems (Hoy et al., 1998). Occurrence and concentration of plant allelochem-
icals may vary with latitude, elevation, sun exposure, and other environmental
factors (Louda and Rodman, 1983; Dudt and Shure, 1994; Johnson and Scriber,
1994; Salmore and Hunter, 2001; Gémez et al., 2003). A negative relationship
between elevation, occurrence, and concentration of some alkaloids (Salmore and
Hunter, 2001) and glucosinolates (Louda and Rodman, 1983) has been found in
some species, although unrelatedness and nonlinear relationships were found for
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different alkaloids and glucosinolates in the same species. Also the content of
UV-B absorbing compounds increases with site elevation in several plant species
(Rozemaetal., 1997). D. laureola showed a gender-specific response to site altitude
since concentration of coumarins in leaves of female shrubs increased with pop-
ulation altitude, but hermaphrodites did not show a similar altitudinal pattern. On
one hand, a higher concentration of coumarins could benefit plants by increasing
the UV absorbance in higher elevation sites. Apparently, mostly females would be
able to benefit from this advantage, once more supporting the existence of a cost of
the male function in this species. Interestingly, some field experiments have shown
that plants exposed to ambient solar UV-B radiation are more resistant to herbiv-
orous insects than plants grown under filters that excluded the UV-B component
of solar radiation (Stratmann, 2003). In addition to the flavonoids, isoflavonoids,
and tannins quoted by Stratmann (2003), coumarins could be also associated with
the observed overlapping between plant physiological responses to UV radiation
and herbivory. Ongoing studies aimed at specifically evaluating the defensive role
of D. laureola coumarins against insect defoliation will help to clarify the conse-
quences of gender and altitudinal variation in coumarin concentrations in leaves
herein reported.
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Abstract—We characterized the distribution of nutritional and defensive bio-
chemical traits in galls elicited on chestnut oak (Quercus prinus L.) by the
gall wasp Andricus petiolicolus Basse (Cynipidae) in comparison with gypsy
moth-wounded and unwounded leaves. Gall cortex and epidermis exhibited el-
evated soluble peroxidase (POX) and soluble invertase activities, and greater
condensed tannin concentrations than did nutritive tissues or leaves. Nutritive
tissue, on which the insect feeds, contained few polyphenols, and lower POX
and invertase activities compared with other gall tissues and leaves. Elevated
total POX activity arose from a complex pattern of enhanced and suppressed
isoform activities in galls. Invertase enzyme activity decreased in all tissues
over the course of the 7-d study, although gypsy moth wounding suppressed this
decline slightly in ungalled leaves. Our results indicate that the distribution of
biochemical defenses in this typical cynipid gall differs significantly from the
leaf tissue from which it is formed and support a role for invertases in establish-
ing the gall as a sink. A. petiolicolus larvae do not induce, and may suppress,
plant defense responses in nutritive tissue, while enzymatic activity and pheno-
lic accumulation are enhanced in gall tissues surrounding feeding sites. These
patterns suggest that the gall is manipulated by the insect to enhance its food
and protective value.
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INTRODUCTION

Galls are specialized plant structures formed when a galling organism alters the
development of normal plant tissue (Kinsey, 1920; Felt, 1940). Oak trees support
a diverse assemblage of galling insects (Dreger-Jauffret and Shorthouse, 1992),
the most prevalent of which are wasps of the family Cynipidae (Kinsey, 1920;
Bronner, 1983). Cynipid galls consist of an outer layer of epidermal tissue, a
cortex of schlerenchyma, and one or more nutritive tissue chambers that contain
and nourish the larvae.

While galls may provide diverse benefits to the insects that elicit them (Price
et al., 1987), considerable evidence supports the view that the gall provides a su-
perior food source to the insect (the “Nutrition Hypothesis” [Price et al., 1987,
Bronner, 1992]). For example, galling aphids elicit proliferation of phloem ele-
ments, on which they feed (Wool et al., 1999). The plant’s nutritive value to insect
and microbial gallers may be enhanced further via formation of strong metabolic
sinks in the gall (Bronner, 1977, 1983; Larson and Whitham, 1997). All galls so far
examined constitute enhanced sinks for photosynthate (Inbar et al., 1997, Larson
and Whitham, 1997). Sink strength is functionally linked to invertase activity in
normal plant tissues (Ricardo and Ap Rees, 1970; Leigh et al., 1979; Huber, 1989;
Patrick, 1990; Yelle et al., 1991; Scholes et al., 1994; Zhang et al., 1996) and
bacterial galls (Weil and Rausch, 1990).

Most galls contain specialized, distinctive “nutritive tissues” on which the in-
sect feeds and which may contain elevated or altered nutrient concentrations (Paclt
and Hassler, 1967; Bronner, 1977, 1992; Schonrogge et al., 2000). Putative anti-
herbivore defenses may be increased or decreased in gall tissues (Hartley, 1998;
Nyman and Julkunen-Tiitto, 2000), but recent evidence from sawfly systems indi-
cates that at least phenolic concentrations are reduced in nutritive tissues compared
with the rest of the gall or other tissues (Nyman and Julkunen-Tiitto, 2000).

We studied the globular gall elicited on petioles and midribs of chestnut
oak (Quercus prinus L.) leaves by the cynipid wasp Andricus petiolicolus Basse.
Like other members of its genus, A. petiolicolus larvae chew and progressively
destroy the nutritive tissue inside the gall as they develop (Kinsey, 1930; Bronner,
1983). Chewing by free-living insects induces defensive biochemical responses
in many tree species (Karban and Baldwin, 1997), including chestnut oak, which
responds to gypsy moth (Lymantria dispar L.) attack by increasing production of
polyphenols in the leaves (Hunter and Schultz, 1995). Plant defense responses may
also include increased activity of oxidative enzymes such as peroxidases (POXs)
and polyphenol oxidase (PPO), which activate and polymerize polyphenols and are
implicated in biochemical responses to insects and pathogens (Vaughn and Duke,
1984; Appel, 1993; Felton et al., 1994; Bi et al., 1997). The Nutrition Hypothesis
predicts that such defensive responses should be suppressed in tissues consumed
by galling insects.
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We examined these aspects of the Nutrition Hypothesis by measuring the con-
centrations of protein, of putatively defensive phenolics, and activities of oxidative
and sink-inducing enzymes in nutritive and non-nutritive tissues of A. petiolicolus
galls as compared with galled and ungalled leaves, and with leaves wounded by a
nongalling chewing insect, the gypsy moth (Lymantria dispar L.).

METHODS AND MATERIALS

Tissue Collection. Twenty-six Q. prinus L. saplings parasitized by
A. petiolicolus were selected in late May, 1997 near State College, Centre County,
PA, USA. Three to five ungalled and 3-5 galled leaves were collected from each
tree on May 24 (Date 1) by plucking the leaf at the base of the petiole. Chilled galls
were quickly dissected and separated into cortex, epidermis, and nutritive tissues.
Ungalled leaves, galled leaf, and gall tissues were flash frozen in liquid N, and
stored at —20°C. Nutritive tissue from several trees was pooled to provide enough
sample for analysis. Epidermis was separated from cortex for colorimetric analy-
ses of polyphenols. Because of assay sensitivity limitations and the small amounts
of nutritive tissues, phenolic contents could not be quantified colorimetrically, so
staining was used instead (below).

To assess the impact of wounding on leaf traits, on May 24 (Date 1) we con-
fined 4—7 third-instar gypsy moth larvae within window-screen cages and allowed
them to feed on the chestnut oak saplings for 7 d (until May 31, “Date 2”; see
Rossiter et al., 1988). Each sapling received 5 cages, and each cage contained
both galled and ungalled leaves, producing wounded and unwounded galled and
ungalled leaves after 1 wk.

Enzyme and Protein Extraction. Frozen gall and leaf tissue was homogenized
in an ice cold mortar and pestle with potassium succinate (KSuc) buffer, pH 5.5,
containing 10% (v/v) glycerol and 10% (v/v) polyvinylpolypyrrolidone. Buffer
was added to plant tissue at a ratio of 10:1 (v/w), and 10% (v/v) Triton X-100
was added at a rate of 0.8 ul/mg tissue. Nutritive tissue samples were diluted
further to obtain enough extract for analysis. All extracts were sonicated for 15 min
and centrifuged at 1100 x g for 15 min at 4°C. The supernatant was removed,
stored at —20°C, and later used as the source of protein and enzyme activity. All
chemicals were purchased from Sigma Chemical Company, St. Louis, MO, or
Bio-Rad Laboratories, Hercules, CA.

Protein Assay. Total protein was measured in each sample extract using the
Bradford reagent method (Bio-Rad, Inc.). Bovine serum albumin was used as a
standard, and standard curves were prepared with the same concentration of Triton
X-100 as in the samples to account for detergent effects on the assay.

Peroxidase: Total Soluble Activity. POX activity was assayed by using a mod-
ified version of Bietal. (1997) spectrophotometric procedure. Twenty p1 of extract
were added to 980 ul of 88.2 mM H,0; and 4.6 mM guaiacol in 0.1 M KSuc,
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pH 5.5, and vortexed for 5 sec. The increase in absorbance due to the formation of
tetraguaiacol was monitored for 60 sec at 470 nm.

Peroxidase: Nitrocellulose Blotting. To determine the location of POX in gall
tissue layers, sectioned galls were pressed to wet nitrocellulose, and the blot was
stained for POX activity according to Spruce et al. (1987). A. petiolicolus galls
were sliced in half with a scalpel, and the cut face was pressed to the nitrocellulose
for 60 sec. After 3—5 water rinses, the nitrocellulose was stained with 20 mM
guaiacol, with or without 60 mM H,0O,, in 0.1 M KSuc, pH 5.5, for 2-5 min.
Orange staining indicated the location of POX activity.

Peroxidase: Tissue Staining. POX activity within the gall tissue was examined
using diaminobenzidine (DAB) as a substrate (Harris et al., 1994). Galls were
sectioned into 1 mm slices and rinsed with water to remove POX that smeared
across tissue layers during cutting. Tissue slices were then exposed to the following
substrates (in 0.05 M Tris—HCI, pH 7.6): no substrate, 2.3 mM DAB, 2.3 mM
DAB + 5.9 mM H,0,, 2.3 mM DAB + Aspergillus niger catalase. Slices were
immersed in the substrate or control solutions for 8 min, rinsed with water, and
examined for POX activity indicated by orange—brown staining.

Peroxidase: Isoelectric Focusing. POX isozymes were separated using poly-
acrylamide gel electrophoresis/isoelectric focusing (IEF) with a Model 111 mini-
IEF unit (Bio-Rad, Inc.). Gels were cast using 50 pl 3/10 ampholyte, 200 ul
8/10 ampholyte, and 700 pul 3/5 ampholyte, 5.05 ml H,O, 2.0 ml 24.25% acry-
lamide with 0.75% bis-acrylamide, and 2.0 ml 25% glycerol (v/v). Fifty ul of 0.44
M ammonium persulfate (w/v) and 5 ul tetramethylethylenediamine were added
to initiate gel polymerization.

One pul of crude extract was added to each well of a 10 well sample tem-
plate and allowed to diffuse into the gel for 5 min. Isozymes were separated by
stepwise increases in voltage of 100, 200, and 450 V for 15, 15, and 45 min,
respectively. Following focusing, gels were soaked in 0.1 M KSuc, pH 5.5, for
10 min to equilibrate the pH throughout the gel. POX isozymes were visualized
by immersing the gel in substrate solution for 30 min. The substrate solution
was made by dissolving 8 mg/ml o-dianisidine in methanol, combining 2.5 ml
of this solution with 97.5 ml 0.1 M KSuc buffer, pH 5.5, and adding 44.8 ul
30% H,0,. Gels were then rinsed 4-6 times in KSuc buffer. Relative isozyme
activity was quantified by using a Shimadzu CS-9000U dual-wavelength scanning
densitometer.

Polyphenol Oxidase: Total Soluble Activity. We used a spectrophotometric
assay for PPO activity developed by Tono and Fujita (1995) that employs caffeic
acid as substrate. Ten pl enzyme extract were added directly to a cuvette containing
490 pl of 0.06 mM caffeic acid in 0.1 M KSuc, pH 5.5, shaken 4 times, and the
absorbance monitored at 310 nm for 30 sec.

Polyphenol Oxidase: Nitrocellulose Blotting. To determine the location of
PPO activity in gall tissue, the same blotting procedure used for POX was repeated
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with 14 mM L-DOPA in 0.1 M KSuc, pH 5.5, as a substrate. Orange staining
indicated the location of PPO activity.

Polyphenol Oxidase: Tissue Staining. Galls were sectioned as in the POX
procedure, and PPO activity was visualized in the gall by immersing tissue slices
in 10 mM L-DOPA in 0.1 M KSuc (pH 5.5). Slices were immersed in the substrate
solution or a control solution without L-DOPA for 45 min at room temperature.

Soluble Invertase Activity. Soluble invertase activity was determined by us-
ing the dinitrosalicylic acid (DNSA) method (Sumner, 1925; Arnold, 1965) with
modifications by Miller (1959). Fifty ul of enzyme extract were added to 950 ul
0.1 M sucrose in 0.1 M KSuc, pH 5.5 (Tang et al., 1996), and incubated for 40 min
at room temperature. One ml Sumner’s reagent (44 mM 3,5-DNSA, 53 mM phe-
nol, 0.25 M NaOH, 4 mM Na,SO3) was added to the reaction mixture, and the
solution was boiled for 15 min. Before cooling, 330 ul of 1.42 M sodium potas-
sium tartrate were added to the mixture. The absorbance was read at 560 nm on
a spectrophotometer and converted to a reducing sugar concentration based on a
glucose standard curve. The above procedure was repeated without the 40 min in-
cubation in order to determine the concentration of reducing sugar already present
in the enzyme extract; this amount was then subtracted from the final concentration
before calculating the enzyme activity. Blanks contained all components except
the enzyme extract, for which the sucrose/KSuc solution was substituted.

The results for all enzyme assays were expressed as activity per milligram
total protein to reflect the amount of enzyme abundance or activity relative to other
proteins, and as activity per gram fresh weight to assess the activity an herbivore
or pathogen is likely to encounter in the hydrated plant tissue.

Phenolics: Tissue Concentrations. Leaf, gall cortex, and gall epidermis were
assayed for (1) “Folin-reactive polyphenols” with the Folin-Denis assay (Appel
etal., 2001), which measures the ability of extracts to reduce a mixture of phospho-
molybdic and phosphotungstic acids, (2) condensed tannins using the Butanol-HCl
assay (Appel et al., 2001), which quantifies hydrolyzed proanthocyanidin residues,
and (3) hydrolyzable tannins with the potassium iodate method modified for quan-
titative use (Schultz and Baldwin, 1982), which quantifies galloyl esters. Purified
chestnut oak tannins from the same trees were used as standards (Appel et al.,
2001), and results are expressed as mg phenolics per mg tissue dry weight.

Phenolics: Tissue Staining. The location of polyphenols in gall tissue was
determined by using the nitroso reaction according to Harris et al. (1994). Galls
were sliced into 1 mm sections with a scalpel and immersed in equal volumes of
1.2 M NaNOs, 3.3 M urea, and 1.7 M acetic acid for 5 min before adding 2 volumes
of 2 M NaOH. Sections were rinsed in water and examined immediately under a
Zeiss light microscope for red staining, indicating the presence of polyphenols.

Data Analysis. Chemical variation among chestnut oak tissues (2 gall tis-
sues, ungalled, galled, and gypsy moth-wounded leaves) was subjected to analy-
sis of variance (ANOVA) with the SAS MIXED procedure (SAS Institute, Inc.,
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1999). We used an incomplete block design without replication with individual
trees as blocks and tissue type, wounding, and date as fixed effects. Because they
were pooled from several trees, nutritive tissues were assigned unique block num-
bers. Differences of adjusted least square means (o = 0.05) were used to identify
significant differences among the 4 tissue types and 2 dates. One-way ANOVA
was used to determine significance of differences among tissues in polyphenol
concentrations.

RESULTS

Protein Content. Protein concentrations declined with time in ungalled leaves,
but overall variation with date was not statistically significant (Table 1, Figure 1A).
Protein concentration in the gall cortex was 25-50% lower than in ungalled
leaves; other differences among tissues were not statistically significant (Table 1,
Figure 1A). Gypsy moth wounding had no effect on protein concentration of any
tissue.

Peroxidase: Total Soluble Activity. Total soluble POX specific activity dif-
fered significantly among tissues, but not among dates (Table 1). POX activity
in gall cortex + epidermis was double the activity in leaves (galled or ungalled)
and 5 times the activity in the nutritive tissue (Figure 1B). POX activity was not
altered when leaves were wounded by gypsy moth larvae (Table 1, Figure 1B).

TABLE 1. ANOVA RESULTS FOR CHEMICAL VARIABLES

Variable Effect df (num., den.)*  F-value  P-value

Protein concentration Woundingb 1,96 1.70 0.195
Tissue® 3,96 38.37 <0.001

Date 1,96 2.16 0.145

Wound x Tissue 3,96 1.37 0.258

Date x Tissue 3,96 10.79 <0.001

POX? specific activity Wounding 1,96 0.25 0.620
Tissue 3,96 20.90 <0.001

Date 1,96 1.53 0.220

Wound x Tissue 3,96 0.54 0.656

Date x Tissue 3,96 0.93 0.432

Invertase specific activity Wounding 1,95 0.08 0.773
Tissue 3,95 54.96 <0.001

Date 1,95 30.68 <0.001

Wound x Tissue 3,95 1.23 0.302

Date x Tissue 3,95 0.96 0.414

“Numerator and denominator degrees of freedom for the F -test.
PWounding consisted of 1 wk of herbivory by caged gypsy moth larvae.
“Tissues were ungalled leaf, galled leaf, gall body, and nutritive tissue.
4Peroxidase.
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FIG. 1. Means (standard deviation) of total soluble protein concentration (A), peroxidase
(POX) specific activity (B), and invertase specific activity (C), by tissue, date, and wounding
treatment. Means with the same lowercase letters are not significantly different (P > 0.05).
Leaf = ungalled leaves; gall-leaf = leat on which there was one gall; gall body = gall

cortex + epidermis; nutri-layer = dissected nutritive tissue from feeding chambers.
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Patterns in POX activity and statistical significance were the same when activity
was expressed per gram fresh tissue (data not shown).

Peroxidase: Nitrocellulose Blots and Tissue Staining. Nitrocellulose blots of
A. petiolicolus galls revealed POX activity in the gall cortex immediately sur-
rounding nutritive tissues, but little or none directly within the nutritive tissue
(Figure 2A and B). Moderate staining occurred in the gall cortex and intensified
in the epidermis of the gall structure. No POX staining was observed when H,O,
was excluded from the substrate solution as a control (not shown). Direct POX
staining (Figure 2E) was generally consistent with the results of the nitrocellulose
blotting. Staining within the nutritive tissue was weak (Figure 2E), while intense
staining was observed around the gall epidermis (not shown) and in the cortex just
outside the nutritive tissue.

Peroxidase Isozymes. Isozyme activities in leaves and gall cortex 4 epidermis
were examined with IEF (Figure 2F). Activity of several isozymes appeared to be
elevated in gall tissues and/or galled leaves compared to leaves on the same tree,
while others were depressed. The gel resolution limited our ability to determine
statistical significance of most of these differences. However, quantitative scanning
densitometry indicated that gall cortex + epidermis contained significantly greater
activity of one anionic and one cationic isozyme (Figure 2F, arrows) and lower
activities of most other isozymes. This pattern was observed in all 3 sets of chestnut
oak leaves and galls measured.

Polyphenol Oxidase: Total Soluble Activity, Nitrocellulose Blots, and Tissue
Staining. Although our assays were able to detect PPO in extracts of other plant
species under the same conditions (data not shown), our chestnut oak extract
exhibited no PPO activity and actually inhibited auto-oxidation of the substrate.
In contrast to the POX assay, no PPO staining of the nitrocellulose membrane was
observed with L-DOPA as a substrate (not shown). No PPO staining was observed
in any gall sections in the absence of H,O, (not shown), indicating that this enzyme
is either not present or not detectable by this method in A. petiolicolus gall tissue.

Soluble Invertase Activity. Specific activity of soluble invertase differed sig-
nificantly among tissues and dates (Table 1), with similar patterns observed for
invertase activity per unit fresh weight (data not shown). Activity was greatest in
gall cortex 4 epidermis and lowest in nutritive tissue on the first date; galled and
ungalled leaves had intermediate activities (Figure 1C). Invertase specific activity
declined over the week in all tissues, but there was some indication that gypsy moth
wounding may have limited this decline in ungalled leaves (Figure 1C). A post-hoc
Tukey analysis of wound effects supported this observation (Figure 1C). However,
wounding did not have a statistically significant effect on invertase activity across
all tissues and dates.

Polyphenol Tissue Concentrations and Staining. Colorimetric assays indi-
cated that gall epidermis had significantly elevated condensed tannin (ANOVA,
F>41 = 20.8, P < 0.001) and nearly-significant elevated Folin-reactive contents
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FIG. 2. Unstained A. petiolicolus gall section (A) with its nitrocellulose blot (B). In (B),
note the absence of peroxidase (POX) staining within, and intense POX activity immediately
outside of nutritive tissue (nt). ep = epidermis, cor = cortex. (C) A. petiolicolus gall stained
for polyphenols. Staining is reduced or absent in the nutritive tissue (arrows). (D) A second
unstained A. petiolicolus gall section with associated close-up (E) of nutritive tissue stained
for POX with DAB. Note lighter color (less POX activity) in nutritive tissue compared to
surrounding cortex. All scale bars = 1 mm. (F) IEF gel showing POX isozyme activities in
A. petiolicolus galls from chestnut oak. “Galled leaf” indicates the leaf on which the gall
formed, “gall” indicates gall cortex + epidermis, and “leaf” indicates a control leaf from
the same tree with no galls. (—) = direction of migration for cationic POXs, (4) = direction
of migration for anionic POXs relative to the origin. Arrows indicate isozymes that were
significantly more active in gall tissue.
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FIG. 3. Mean (standard deviation) polyphenol concentrations of gall tissues and ungalled
leaf on last day of study. (*) indicates mean differs at P = 0.08 for Folin-reactives, and
P < 0.05 for condensed tannins.

(F2,41 = 2.56, P =0.08), while cortex phenolic concentrations were indistin-
guishable from those of the adjacent leaf tissue (Figure 3). Dark red staining for
polyphenols with the nitroso reaction revealed lower polyphenol concentrations
in the nutritive tissue than in the gall cortex or epidermis (Figure 2C). Globules of
polyphenols were present in some cortical cells.

DISCUSSION

Our biochemical characterization of A. petiolicolus galls provides support
for the Nutrition Hypothesis and reveals a previously undescribed shift in POX
isoforms within cynipid gall tissue. The pattern of POX isoform activity in gall
cortex + epidermis differed from that of adjacent leaf tissue; some isoforms were
more abundant or active in galls, while others were suppressed there. Enhanced
activity of particular POX isoforms is frequently associated with responses to
wounding, pathogen infection and other stresses (Méder et al., 1980; Grisebach,
1981; Christensen et al., 1998; Hiraga et al., 2000a,b). Differential activation of
various isoforms has been seen in response to pathogens (Lebeda et al., 2001),
ethylene and abscisic acid (Kim et al., 2000), cytokinins (Limam et al., 1998),
and aphid feeding (Chaman et al., 2001), and diverse stimuli elicit differential
accumulation of mRNAs for a wide range of POXs in rice (Hiraga et al., 2000). It
is important to note that differences in POX isozyme activity were not detectable
in the present study by the spectrophotometric assays of total POX activity.
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The distribution of POX in A. petiolicolus galls is likely to reduce the food
quality of the outer part of the galls for many herbivores and pathogens, but should
improve food quality in the tissues the cynipid larva actually eats. Total POX activ-
ity (per mg protein) was elevated above that of leaves in gall cortex + epidermis,
a finding similar to that of Gopichandran et al. (1992) in thrips galls. In contrast,
nutritive tissue had less total POX activity than did leaf and cortex. The results
from our nitrocellulose blots (Figure 2B) and direct staining for POX (Figure 2E)
confirm that most of the POX activity within galls is concentrated in the cortex
and epidermis, rather than the nutritive tissue where it could adversely affect the
developing larvae.

Elevated POX within the gall cortex and epidermis could benefit cynipid lar-
vae by deterring other organisms from consuming or entering the gall. POX activity
can produce reactive oxygen species (ROS) such as H,O, and O*~ (Bolwell, 1996;
Bietal., 1997) and catalyzes the oxidation of o-dihydroxyphenolics to o-quinones
in the presence of H,O, (Kahn, 1985; Bi et al., 1997). Appropriate phenolic sub-
strates for POX are known to be present in many oak galls, particularly those of
cynipids (Figure 3; Nierenstein, 1930; Cornell, 1983; Hartley, 1998), and were
present at high levels in non-nutritive tissues of A. petiolicolus galls (Figure 2C).
In the gall cortex, POXs and oxidized phenolics may toughen cell walls through
lignin production and cross-linking with cell wall proteins (Gaspar et al., 1982;
MacAdam et al., 1992; Lamb and Dixon, 1997).

Because both phenolic compounds and POX activity were found to be local-
ized away from the nutritive tissue, A. petiolicolus larvae are likely to consume few
POX-associated ROS (Tenhaken et al., 1995; Doke et al., 1996; Lamb and Dixon,
1997; Wojtaszek, 1997) harmful to herbivores (Appel, 1993; Felton et al., 1994;
Bi and Felton, 1995). These gross patterns are consistent with the view that gall
chemistry may be influenced by the galling insect (Hartley, 1998) to provide pro-
tection from herbivores (Janzen, 1977; Schultz, 1992), fungal entomopathogens
(Taper et al., 1986; Barrett et al., 1998), or fungal endophytes that can threaten
galling insects (Carroll, 1988; Wilson, 1995), while preserving or enhancing the
food quality of the nutritive tissues.

Schonrogge et al. (2000, and personal communication) have suggested that
cynipid galls resemble plant seeds in tissue structure and/or physiology. Patterns in
POXisoform activity (Gijzen et al., 1999) and invertase activity (Wobus and Weber,
1999) seen in developing seeds resemble those we found in galls and suggest that
cynipid gall development might incorporate aspects of seed development.

As in crown galls formed by Agrobacterium (Weil and Rausch, 1990) and
galls of the aphid Hormaphis hamamelidis (Rehill and Schultz, 2003), our results
implicate elevated invertase activity as a means by which insect galls become sinks.
Galls are known to act as sinks for plant assimilates (Bronner, 1977, 1983; Larson
and Whitham, 1997), and high levels of soluble invertase are associated with the
establishment of sink characteristics (Patrick, 1990; Sturm and Chrispeels, 1990;
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Yelle et al., 1991). Within the gall tissue, vacuolar acid invertase may hydrolyze
sucrose to provide the hexoses required for elevated metabolic activity (Billet
et al., 1977; Zhang et al., 1996), and invertases in the nutritive tissue are known
to hydrolyze sucrose to glucose and fructose (Bronner, 1977). While gypsy moth
wounding may also elicit invertase activity (Arnold and Schultz, 2002), the increase
brought about by gallers was much greater than that caused by 1 wk of gypsy moth
feeding in this study.

Although gall formation is associated with significant biochemical changes,
not all aspects of plant biochemistry necessarily differ in gall tissues. Previous stud-
ies have found increased nitrogen and protein content (Paclt and Hissler, 1967;
Schonrogge et al., 2000), extensive protein synthesis (Rohfritsch and Arnold-
Rinehart, 1991), and large amounts of soluble amino compounds, ribosomes, and
mRNA in the nutritive tissue of other cynipid galls (Bronner, 1977, 1992). How-
ever, nutritive tissues of A. petiolicolus galls had protein levels similar to those of
ungalled leaves, despite having lower protein levels in the cortex. We also found
that neither galled nor control chestnut oak tissues contained PPO, although we
have measured vigorous PPO activity in tissues from other plant species under
the same analytical conditions. Although PPO is present in a number of plants
(Richard-Forget and Gauillard, 1997; Shin et al., 1997; Halder et al., 1998) and
could reinforce some anti-herbivore functions of POX (Felton et al., 1994; Haruta
et al., 2001), it may be absent (Grisebach, 1981) or difficult to extract from some
plant tissues (Hsu et al., 1988; Burton and Kirchmann, 1997). We have found
previously that PPO activity is low or absent in the leaves of chestnut oak (H. M.
Appel and J. C. Schultz, unpublished data), and conclude that this enzyme either is
not present in chestnut oak tissue, is present in an inactive form, or is not detectable
using the methods employed.

Our data show that Andricus galls are biochemically distinct from their host
leaves. Altered and redistributed activity of various POX isoforms, concentration
of polyphenols away from feeding sites, and the increase in invertase activities
in A. petiolicolus gall tissue relative to leaves probably combine to improve plant
quality for this galling insect. It is also clear that while some responses typically
induced by chewing insects are active in A. petiolicolus gall cortex or epidermis,
they are not induced or are suppressed in the insects’ food tissue; this may repre-
sent manipulation of host plant quality by the insect (Hartley, 1998; Nyman and
Julkunen-Tiitto, 2000).

Acknowledgments—Thanks to Sharie Ketcho and Brian Rehill for help in the lab and field
as well as discussion, and Heidi Appel for comments on the manuscript. Two anonymous review-
ers also provided helpful comments on the manuscript. This work was completed in partial fulfill-
ment of the requirements for the Bachelor of Science Degree with Honors in the Schreyer Honors
College, Pennsylvania State University, and was supported by NSF grants DEB-9974067 (JCS) and
BIR-9413204 (JCS and E. J. Pell).



BIOCHEMICAL RESPONSES OF CHESTNUT OAK TO A GALLING CYNIPID 163

REFERENCES

APPEL, H. 1993. Phenolics in ecological interactions: the importance of oxidation. J. Chem. Ecol.
19:1521-1552.

APPEL, H. M., GOVENOR, H. L., D’ASCENZO, M., SISKA, E., and SCHULTZ, J. C. 2001. Limitations of
folin assays of foliar polyphenols in ecological studies. J. Chem. Ecol. 27:761-778.

ARNOLD, W. N. 1965. B-fructofuranosidase from grape berries. Biochim. Biophys. Acta 110:134—147.

ARNOLD, T. M. and SCHULTZ, J. C. 2002. Induced sink strength as a prerequisite for induced tannin
biosynthesis in developing leaves of Populus. Oecologia 130:585-593.

BARRETT, J. D., CLARKE, P. V., and RICHARDSON, D. H. S. 1998. The in-vitro culture of rose-gall
tissue induced by the cynipid wasp (Diplolepsis spinosa Ashmead). Symbiosis 25:229-236.

BL, J. L. and FELTON, G. W. 1995. Foliar oxidative stress and insect herbivory: Primary compounds,
secondary metabolites, and reactive oxygen species as components of induced resistance. J.
Chem. Ecol. 21:1511-1530.

BL J.L., MURPHY, J. B., and FELTON, G. W. 1997. Anutritive and oxidative components as mechanisms
of induced resistance in cotton to Helicoverpa zea. J. Chem. Ecol. 23:97-117.

BILLET, E. E., BILLET, M. A., and BURNETT, J. H. 1977. Stimulation of maize invertase activity
following infection by Ustilago maydis. Phytochemistry 16:1163—-1166.

BOLWELL, G. P. 1996. The origin of the oxidative burst in plants. Biochem. Soc. Trans. 24:438-442.

BRONNER, R. 1977. Contribution a 1’étude histochimique des tissus nourriciers des zoocécidies.
Marcellia 40:1-134.

BRONNER, R. 1983. Adaptation insect-plant in cynipid galls, pp. 61-68, in N. S. Margaris, M.
Arianoutsou-Faraggitaki, and R. J. Reiter (eds.). Adaptations to Terrestrial Environments
International Symposium on Adaptations to Terrestrial Environment. 1982: (Chalkidiké, Greece).
Plenum Press, New York.

BRONNER, R. 1992. The role of nutritive cells in the nutrition of cynipids and cecidomyiids,
pp. 118-140, in J. D. Shorthouse and O. Rohfritsch (eds.). Biology of Insect-Induced Galls.
Oxford University Press, New York.

BURTON, S. G. and KIRCHMANN, S. 1997. Optimised detergent-based method for extraction of
a chloroplast membrane-bound enzyme: polyphenol oxidase from tea (Camellia sinensis).
Biotechnol. Tech. 11:645-648.

CARROLL, G. 1988. Fungal endophytes in stems and leaves: From latent pathogen to mutualistic
symbiont. Ecology 69:2-9.

CHAMAN, M. E., CORCUERA, L. J., ZUNIGA, G. E., CARDEMIL, L., and ARGANDONA, V. H. 2001.
Induction of soluble and cell wall peroxidases by aphid infestation in barley. J. Agric. Food
Chem. 49:2249-2253.

CHRISTENSEN, J. H., BAUW, G., WELINDER, K. G., VAN MONTAGU, M., and BOERJAN, 1998.
Purification and characterization of peroxidases correlated with lignification in poplar xylem.
Plant Physiol. 118:125-135.

CORNELL, H. V. 1983. The secondary chemistry and complex morphology of galls formed by the
Cynipidae (Hymenoptera): Why and how? Am. Midl. Nat. 110:225-234.

DOKE, N., MIURA, Y., SANCHEZ, L. M., PARK, H.-J., NORITAKE, T., YOSHIOKA, H., and KAWAKITA,
K. 1996. The oxidative burst protects plants against pathogen attack: Mechanism and role as an
emergency signal for plant bio-defence—a review. Gene 179:45-51.

DREGER-JAUFFRET, F. and SHORTHOUSE, J. D. 1992. Diversity of gall-inducing insects and their galls,
pp- 8-33, in J. D. Shorthouse and O. Rohfritsch, (eds.). Biology of Insect-Induced Galls. Oxford
University Press, New York.

FELT, E. P. 1940. Plant Galls and Gall Makers. Comstock, New York.



164 ALLISON AND SCHULTZ

FELTON, G. W., SUMMERS, C. B., and MUELLER, A. J. 1994. Oxidative responses in soybean foliage
to herbivory by bean leaf beetle and three-cornered alfalfa hopper. J. Chem. Ecol. 20:639—650.

GASPAR, T., PENEL, C., THORPE, T., and GREPPIN, H. 1982. Peroxidases 1970-1980. A Survey of their
Biochemical and Physiological Roles in Higher Plants. Université de Geneve, Geneve.

GUZEN, M., MILLER, S. S., BOWMAN, L. A., BATCHELOR, A. K., BOUTILIER, K., and MIKI, B. L. 1999.
Localization of peroxidase mRNAs in soybean seeds by in situ hybridization. Plant Mol. Biol.
411:57-63.

GOPICHANDRAN, R., PETER, A. J., and SUBRAMANIAM, V. R. 1992. Age-correlated biochemical
profiles of thrips galls in relation to population density of thrips. J. Nat. History. 26:609-619.

GRISEBACH, H. 1981. Lignins, pp. 457478, in P. K. Stumpf and E. E. Conn (eds.). The Biochemistry
of Plants, Vol. 7. Academic Press, New York.

HALDER, J., TAMULIL, P., and BHADURI, A. N. 1998. Isolation and characterization of polyphenol
oxidase from Indian tea leaf (Camellia sinensis). Nutr. Biochem. 9:75-80.

HARRIS, N., SPENCE, J., and OPARKA, K. J. 1994. General and enzyme histochemistry, pp. 51-68, in
N. Harris and K. J. Oparka (eds.). Plant Cell Biology: A Practical Approach. Oxford University
Press, New York.

HARTLEY, S. E. 1998. The chemical composition of plant galls: Are levels of nutrients and secondary
compounds controlled by the gall-former? Oecologia 113:492-501.

HARUTA, M., PEDERSEN, J. A., and CONSTABEL, C. P. 2001. Polyphenol oxidase and herbivore defense
in trembling aspen (Populus tremuloides): cDNA cloning, expression, and potential substrates.
Physiol. Plant. 112:552-558.

HIRAGA, S., ITO, H., SASAKI, K., YAMAKAWA, H., MITSUHARA, 1., TOSHIMA, H., MATSUI, H., HONMA,
M., and OHASHI, Y. 2000a. Wound-induced expression of a tobacco peroxidase is not enhanced
by ethephon and suppressed by methyl jasmonate and coronatine. Plant Cell Physiol. 41:165—
170.

HIRAGA, S., YAMAMOTO, K., ITO, H., SASAKI, K., MATISUL, H., HONMA, M., NAGAMURA, Y., SASAKI,
T., and OHASHI, Y. 2000b. Diverse expression profiles of 21 rice peroxidase genes. FEBS Letters
471:245-250.

Hsu, A. F,, THOMAS, C. E., and BRAUER, D. 1988. Evaluation of several methods for estimation of
the total activity of potato polyphenol oxidase. J. Food Sci. 53:1743-1745.

HUBER, S. C. 1989. Biochemical mechanism for regulation of sucrose accumulation in leaves during
photosynthesis. Plant Physiol. 91:656—662.

HUNTER, M. D. and SCHULTZ, J. C. 1995. Fertilization mitigates chemical induction and herbivore
responses within damaged oak trees. Ecology 76:1226-1232.

INBAR, M., ESHEL, A., and WOOL, D. 1997. Interspecific competition among phloem-feeding insects
mediated by induced host-plant sinks. Ecology 76:1506-1515.

JANZEN, D. H. 1977. Why fruits rot, seeds mold, and meat spoils. Am. Nat. 111:691-713.

KAHN, V. 1985. Tropolone—-a compound that can aid in differentiating between tyrosinase and
peroxidase. Phytochemistry 24:915-920.

KARBAN, R. and BALDWIN, 1. T. 1997. Induced Responses to Herbivory, University Chicago Press,
Chicago.

Kmv, K. Y., KwoN, H. K., KwWoN, S. Y., LEE, H. S., HUR, Y., BANG, J. W., CHOL K. S., and KWAK,
S. S. 2000. Differential expression of four sweet potato peroxidase genes in response to abscisic
acid and ethephon. Phytochemistry 54:19-22.

KINSEY, A. C. 1920. Phylogeny of cynipid genera and biological characteristics. Am. Mus. Nat.
History Bull. 42:357-402.

KINSEY, A. C. 1930. The gall wasp genus Cynips: A study in the origin of species. Indiana Univ. Stud.
16:84-86.

LaMB, C. and DIXON, R. A. 1997. The oxidative burst in plant disease resistance. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 48:251-275.



BIOCHEMICAL RESPONSES OF CHESTNUT OAK TO A GALLING CYNIPID 165

LARSON, K. C. and WHITHAM, T. G. 1997. Competition between plant galls and natural plant sinks:
Plant architecture affects resistance to galling. Oecologia 109:575-582.

LEBEDA, A., LUHOVA, L., SEDLAROVA, M., and JANCOVA, D. 2001. The role of enzymes in plant-fungal
pathogens interactions—Review. J. Plant Dis. Protect. 108:89—111.

LEIGH, R. A., AP REES, T., FULLER, W. A., and BANFIELD, J. 1979. The location of acid invertase activ-
ity and sucrose in the vacuoles of storage roots of beetroot (Beta vulgaris). Biochem. J. 178:539—
547.

LimMAM, E., CHAHED, K., OUELHAZI, N., GHRIR, R., and OUELHAZI, L. 1998. Phytohormone regulation
of isoperoxidases in Catharanthus roseus suspension cultures. Phytochemistry 49:1219-1225.

MACADAM, J. W., NELSON, C. J., and SHARP, R. E. 1992. Peroxidase activity in the leaf elongation
zone of tall fescue. Plant Physiol. 99:872-878.

MADER, M., UNGEMACH, J., and SCHLOS, P. 1980. The role of peroxidase isozyme groups of Nicotiana
tabacum in hydrogen peroxide formation. Planta 147:467-470.

MILLER, L. 1959. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem.
31:426-428.

NIERENSTEIN, M. 1930. Galls. Nature 125:348-349.

NYMAN, T. and JULKUNEN-TIITTO, R. 2000. Manipulation of the phenolic chemistry of willows by
gall-inducing sawflies. PNAS USA 97:13184-13187.

PACLT, J. and HASSLER, J. 1967. Concentration of nitrogen in some plant galls. Phyton 12:173-176.

PATRICK, J. W. 1990. Sieve element unloading, cellular pathway, mechanism, and control. Physiol.
Plant. 78:298-308.

PRICE, P. W., FERNANDES, G. W., and WARING, G. L. 1987. Adaptive nature of insect galls. Environ.
Entomol. 16:15-24.

REHILL, B. J. and SCHULTZ, J. C. 2003. Enhanced invertase activities in the galls of Hormaphis
hamamelidis. J. Chem. Ecol. 29:2703-2720.

RICARDO, C. P. P. and AP REES, T. 1970. Invertase activity during the development of carrot roots.
Phytochemistry 9:239-247.

RICHARD-FORGET, F. C. and GAUILLARD, F. A. 1997. Oxidation of chlorogenic acid, catechins, and
4-methylcatechol in model solutions of pear Pyrus communis Cv. Williams. Polyphenol oxidase
and peroxidase: A possible involvement of peroxidase in enzymatic browning. J. Agric. Food
Chem. 45:2472-2476.

ROHFRITSCH, O. and ARNOLD-RINEHART, H. 1991. Gall development and fine structure of the nutritive
cells of Myopites blotti (Diptera, Tephritidae) on Inula salicina. Can. J. Bot. 69:2232-2241.
ROSSITER, M., SCHULTZ, J. C., and BALDWIN, I. T. 1988. Relationships among defoliation, red oak

phenolics, and gypsy moth growth and reproduction. Ecology 69:267-277.

SAS Institute, Inc. 1999. SAS/STAT® User’s Guide, Version 8. SAS Institute Inc., Cary, NC.

SCHOLES, J. D., LEE, P. J., HORTON, P., and LEWIS, D. H. 1994. Invertase: Understanding changes in
the photosynthetic and carbohydrate metabolism of barley leaves infected with powdery mildew.
New Phytol. 126:213-222.

SCHONROGGE, K., HARPER, L. J., and LICHTENSTEIN, C. P. 2000. The protein content of tissues in
cynipid galls (Hymenoptera: Cynipidae): Similarities between cynipid galls and seeds. Plant
Cell Environ. 23:215-222.

SCHULTZ, B. B. 1992. Insect herbivores as potential causes of mortality and adaptation in gallforming
insects. Oecologia 90:297-299.

SCHULTZ, J. C. and BALDWIN, I. T. 1982. Oak leaf quality declines in response to defoliation by gypsy
moth larvae. Science 217:149-151.

SHIN, R., FRODERMAN, T., and FLURKEY, W. H. 1997. Isolation and characterization of a mung bean
leaf polyphenol oxidase. Phytochemistry 45:15-21.

SPRUCE, J., MAYER, A. M., and OSBORNE, D. J. 1987. A simple histochemical method for locating
enzymes in plant tissue using nitrocellulose blotting. Phytochemistry 26:2901-2903.



166 ALLISON AND SCHULTZ

STURM, A. and CHRISPEELS, M. J. 1990. cDNA cloning of carrot extracellular S-fructosidase and its
expression in response to wounding and bacterial infection. Plant Cell 2:1107-1119.

SUMNER, J. B. 1925. A more specific reagent for the determination of sugar in urine. J. Biol. Chem.
65:393-395.

TANG, X., RUFFNER, H.-P., SCHOLES, J. D., and ROLFE, S. A. 1996. Purification and characterisation
of soluble invertases from leaves of Arabidopsis thaliana. Planta 198:17-23.

TAPER, M. L., ZIMMERMAN, E. M., and CASE, T. J. 1986. Sources of mortality for a cynipid
all-wasp Dryocosmus dubiosus (Hymenoptera: Cynipidae): The importance of the tannin/fungus
interaction. Oecologia 68:437—-445.

TENHAKEN, R., LEVINE, A., BRISSON, L. F,, DIXON, R. A., and LAMB, C. 1995. Function of the
oxidative burst in hypersensitive disease resistance. PNAS USA 92:4158-4163.

ToNo, T. and FuIITA, S. 1995. Difference spectra spectrophotometry for polyphenol oxidase assay,
pp. 188-199, in C. Y. Lee and J. R. Whitaker (eds.). Enzymatic Browning and Its Prevention.
American Chemical Society, Washington DC.

VAUGHN, K. C. and DUKE, S. O. 1984. Function of polyphenol oxidase in higher plants. Physiol.
Plant. 60:106-112.

WEIL, M. and RAUSCH, T. 1990. Cell wall invertase in tobacco crown gall cells. Enzyme properties
and regulation by auxin. Plant Physiol. 94:1575-1581.

WILSON, D. 1995. Fungal endophytes which invade insect galls: Insect athogens, benign saprophytes,
or fungal inquilines? Oecologia 103:255-260.

WoBUS, U. and WEBER, H. 1999. Seed maturation: Genetic programmes and control signals. Curr.
Opin. Plant Biol. 21:33-8.

WOITASZEK, P. 1997. Oxidative burst: an early plant response to pathogen infection. Biochem. J.
322:681-692.

WooL, D., ALONI, R., BEN-ZVI, O., and WOLLBERG, M. 1999. A galling aphid furnishes its home
with a built-in pipeline to the host food supply. Entomol. Exp. Appl. 9:183-186.

YELLE, S., CHETELAT, R. T., DORAIS, M., DEVERNA, J. W., and BENNET, A. B. 1991. Sink metabolism
in tomato fruit: IV. Genetic and biochemical analysis of sucrose accumulation. Plant Physiol.
95:1026-1035.

ZHANG, L., CoHN, N. S., and MITCHELL, J. P. 1996. Induction of a pea cell-wall invertase gene by
wounding and its localized expression in phloem. Plant Physiol. 112:1111-1117.



Journal of Chemical Ecology, Vol. 31, No. 1, January 2005 (© 2005)
DOI: 10.1007/s10886-005-0982-4

BIOFUMIGANT COMPOUNDS RELEASED BY FIELD
PENNYCRESS (Thlaspi arvense) SEEDMEAL!

STEVEN F. VAUGHN,* TERRY A. ISBELL, DAVID WEISLEDER,
and MARK A. BERHOW

New Crops and Processing Technology Research
USDA, ARS, National Center for Agricultural Utilization Research
1815 N. University St., Peoria, Illinois 61604, USA

(Received May 27, 2004; accepted September 16, 2004)

Abstract—Defatted field pennycress (Thlaspi arvense L.) seedmeal was found
to completely inhibit seedling germination/emergence when added to a sandy
loam soil containing wheat (Triticum aestivum L.) and arugula [Eruca vesicaria
(L.) Cav. subsp. sativa (Mill.) Thell.] seeds at levels of 1.0% w/w or higher.
Covering the pots with Petri dishes containing the soil-seedmeal mixture de-
creased germination of both species at the lowest application rate (0.5% w/w),
suggesting that the some of the phytotoxins were volatile. CH,Cl,, MeOH,
and water extracts of the wetted seedmeal were bioassayed against wheat and
sicklepod (Senna obtusifolia (L.) H. S. Irwin & Barneby) radicle elongation.
Only the CH,Cl, extract was strongly inhibitory to both species. Fractiona-
tion of the CH,Cl, extract yielded two major phytotoxins, identified by gas
chromatography—mass spectrometry and NMR as 2-propen-1-yl (allyl) isothio-
cyanate (AITC) and allyl thiocyanate (ATC), which constituted 80.9 and 18.8%,
respectively, of the active fraction. When seeds of wheat, arugula and sicklepod
were exposed to volatilized AITC and ATC, germination of all three species
was completely inhibited by both compounds at concentrations of 5 ppm or
less. In field studies, where seedmeal was applied at 0.50, 1.25, and 2.50 kg/m?
and tarped with black plastic mulch, all of the treatments significantly reduced
dry weight of bioassay plants compared to the tarped control, with the highest
seedmeal rate decreasing dry matter to less than 10% of the control 30 d af-
ter seedmeal application. Field pennycress seedmeal appears to offer excellent
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potential as a biofumigant for high-value horticultural crops for both conven-
tional and organic growers.

Key Words—Field pennycress, Thlaspi arvense, brassicaceae, seedmeal, glu-
cosinolate, allyl isothiocyanate, allyl thiocyanate, phytotoxicity, soil amendment.

INTRODUCTION

Biofumigation is the exploitation of plant biochemicals with pesticidal properties
that may serve as ecologically-friendly alternatives to chemical fumigants such
as methyl bromide (Angus et al., 1995). Additionally, organic growers lack most
of the soil fumigation/sterilant options available to conventional growers. Several
plant families, especially the Brassicaceae or mustard family, have been extensively
studied as green manure crops, as mustards have been shown to suppress weeds
(Grossman, 1993; Boydston and Hang, 1995; Brown and Morra, 1995; Vaughn
and Boydston, 1997; Al-Khatib et al., 1997; Boydston and Vaughn, 2002), soil
pathogens (Papavizas, 1966; Lewis and Papavizas, 1971; Papavizas and Lewis,
1971; Ramirez-Villapudua and Munnecke, 1988; Muelchen et al., 1990; Vaughn
et al., 1993; Mayton et al., 1996; Brown and Morra, 1997; Williams-Woodward
et al., 1997; Olivier et al., 1998; Sarwar et al., 1998), nematodes (Mojtahedi et al.,
1991, 1993; Donkin et al., 1995), and insects (Brown et al., 1991) when plant tis-
sues were incorporated into the soil. Mustards are characterized by the presence of
glucosinolates, a class of glucose and sulfur-containing organic anions (Figure 1),
whose biologically-active degradation products are produced when plant vacuoles
are ruptured and the glucosinolates present in vacuoles are hydrolyzed by the en-
zyme myrosinase (f-thioglucosidase glucohydrolase; EC 3.2.3.1) (VanEtten and
Tookey, 1983). These products include substituted isothiocyanates, thiocyanates,
nitriles, and oxazolidinethiones that vary depending on the side-chain substitu-
tion, pH, and iron concentration (Cole, 1976; Fenwick et al., 1983; Uda et al.,
1986; Chew, 1988). Many of these hydrolysis products have pesticidal properties
(Vaughn, 1999). Seedmeals from glucosinolate-containing plants have also been
identified as potential soil amendments for weed and insect control (Brown and
Morra, 1995; Vaughn et al., 1996; Walker, 1996; Elberson et al., 1997; Vaughn
and Berhow, 1999). The wide range of glucosinolates found in the Brassicaceae
provides the opportunity to select those species that have the highest biofumigation
potential (Kirkegaard and Sarwar, 1999; Warton et al., 2001).

Field pennycress (Thlaspi arvense L.) is a weedy annual/winter annual species
of the Brassicaceae that is a native of Europe but has a wide distribution through-
out temperate North America (Rollins, 1993). Field pennycress is considered a
major agricultural weed that competes with crops causing significant yield losses
(Holm et al., 1997). The plant produces an unpleasant, garlic-like odor that has
caused it to be widely known as stinkweed (Mitich, 1996). Each plant may produce
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FIG. 1. The general structure of glucosinolates and their enzymatic degradation products.
Adapted from Rask et al. (2000).

up to 15,000 seeds, and fields heavily infested with field pennycress yield up to
1345 kg seed/ha (Best and Mclntyre, 1975). Field pennycress seed contains the
glucosinolate sinigrin (Daxenbichler et al., 1991). Sinigrin can be hydrolyzed by
endogenous myrosinase to form principally allyl isothiocyanate (AITC), a potent
biocide that may be involved in allelopathy (Vaughn and Berhow, 1999), with al-
1yl nitrile, allyl thiocyanate (ATC), and epithiopropylnitrile also being formed at
other pH values or in the presence of reducing compounds (Cole, 1976; Springett
and Adams, 1989). However, Liithy, and Benn (1977) found that field pennycress
seed flour extracts converted radiolabeled sinigrin into ATC without any AITC
being formed. While AITC has been shown to be an effective biocide against a
wide range of organisms, relatively little data have been published concerning
the biocidal activity of ATC (Shofran et al., 1998; Tsao et al., 2002). Our inter-
est in using glucosinolate-containing seedmeals as biofumigants prompted us to
further investigate the use of field pennycress seedmeal as a soil amendment for
weed suppression in high-value, low-acreage crops, and if active, to identify those
compounds responsible for phytotoxicity.

METHODS AND MATERIALS

Seedmeal Bioassays. Field pennycress seeds were harvested on June 30,2003
from a native population present in a limited-tillage soybean field near Hanna
City, IL, USA Seeds were dried at room temperature for at least 30 d before use
in bioassays. Seeds were ground in coffee grinder and defatted with hexane for
24 hr in a Soxhlet apparatus. The dry seedmeal was stable for an extended period
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(>30 d at room temperature), but was used within 2 d of being defatted in all
experiments. Seedmeal was thoroughly mixed with soil (Onarga sandy loam; Typic
Argiudoll) at rates of 0.5, 1.0, and 5.0% (w/w). The seedmeal-soil mixture was
added to 200-ml cups, and 10 seeds of wheat (Triticum aestivum L.) and arugula
[Erucavesicaria (L.) Cav. subsp. sativa (Mill.) Thell.] seeds (both of which exhibit
nearly 100% germination) were added and covered with approximately 3 cm of
the soil-seedmeal mixture. Nonamended soil was used as the control. Each cup
received 10 ml of a solution containing 1g/I thiabendazole (excessive saprophytic
fungal growth occurred at the higher seedmeal rates without this fungicide that
we thought might influence the results), and then additional water was added to
bring the soil to field capacity. Half of the treatments were covered with plastic
Petri dishes for the initial 72 hr to prevent loss of potential volatile compounds,
similar to what would be done with tarping in the field. All cups were placed
in a growth chamber set at a 16 hr, 25°C d/8 hr, 20°C night regime. Emerged
seedlings were counted after 14 d, and the above ground tissue of the emerged
seedlings were counted. Each treatment was replicated five times in a completely
randomized design, and the experiment was repeated. Data were subjected to
analysis of variance (SAS, Cary, North Carolina).

Extract Preparation. One hundred grams of defatted seedmeal were wetted
with 100 ml ddH,O and allowed to sit in a beaker covered with aluminum foil
for 4 hr. The wet seedmeal was extracted with three successive 250 ml aliquots of
CH,Cl,. The CH,Cl,-extracted seedmeal was dried in a fume hood at room tem-
perature to remove residual solvent, and then extracted x 3 with 250 ml aliquots of
MeOH. Extracts from both solvents were pooled and concentrated by rotoevapo-
ration. A water extract was obtained by soaking the solvent-extracted seedmeal in
250 ml of distilled water overnight in a refrigerator at 2°C, after which the marc
was washed with two additional 250 ml aliquots, and the extracts lyophilized. The
crude CH,Cl, extract subsequently found to be active in the bioassays was sepa-
rated on a lipophilic Sephadex LH-20 (Supelco, Inc., Bellefonte, PA) column into
three separate fractions using 100% CHCls; 50% CHCl3/50% MeOH; and 100%
MeOH as solvents.

Seedling Radicle Elongation Bioassay. Wheat and sicklepod (Senna obtusi-
folia (L.) H. S. Irwin & Barneby) seeds were surface sterilized with 0.5% com-
mercial chlorine bleach for 15 min, after which they were rinsed with and then
soaked in sterile distilled water for 2 hr. Seeds were wrapped in sterile paper tow-
els saturated with water and incubated overnight in darkness at 25°C. All crude
and column extracts were assayed by adding extracts to which solvents had been
completely evaporated to autoclaved water agar (1.0% w/v containing 500 mg/1
chloramphenicol) at the rate of 1 mg extract/ml agar (this concentration is gener-
ally effective at identifying active fractions), after the agar had cooled to ~40°C.
Fifteen ml of the agar-extract mixtures were placed in 9.0-cm plastic Petri dishes,
and five germinated seedlings were placed on the agar in the Petri dishes. The dishes
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were incubated in darkness at 25°C on 45° slants for 24—48 hr, then evaluated for
inhibition of radicle growth.

Chromatography and Spectroscopy. Gas chromatography—mass spectrom-
etry (GC-MS) was performed using an Hewlett-Packard (HP) 6890 GC system
attached to an HP 5972 A Mass Selective Detector. Quantitation of compounds was
performed on an HP 5890 gas chrmoatograph equipped with a flame ionization
detector. Columns used in both systems were fused silica HP-5MS capillaries
(0.25-pum-film thickness, 30 m x 0.25 mm ID). The GC operating parameters
were as follows: splitless injection mode; temperature programmed from 40° to
315°C at 5°C/min with a 20-min initial temperature hold; He carrier gas flow rate
at 1.1 ml/min, with the injector temperature set at 100°C, as ATC has been re-
ported to decompose to AITC at higher injection temperatures (Liithy and Benn,
1977). Spectra were compared with known standards or by computer with the
Wiley/NBS Mass Spectral Registry (McLafferty and Stauffer, 1989). Proton and
carbon-13 spectra were obtained on a Bruker Avance 500 spectrometer (Billerica,
MA, USA) equipped with a 5-mm inverse broadband Z-gradient probe ('H NMR,
500 MHz, 13C, 125 MHz). The software used to obtain the NMR data was ICON
3.5. The solvent was deuterated chloroform.

Effect of Volatilized AITC and ATC on Seed Germination. AITC and ATC, the
active compounds identified in the extract, were tested for inhibition of seed germi-
nation of wheat, annual ryegrass (Lolium multiflorum Lam.), sicklepod, arugula,
and velvetleaf (Abutilon theophrasti Medicus). Due to the difficulties involved
in isolating and purifying large amounts of the compounds from seedmeal ex-
tracts, synthetic AITC and ATC were used in these tests. ATC was synthesized
according to the method of Slater (1992) while AITC was purchased from Sigma.
Ten seeds of each species were placed into 9-cm Petri dishes on Whatman No.
1 filter paper disks saturated with sterile distilled water. The dishes were then
placed into 2.4 1 glass desiccators containing a filter paper disk onto which AITC
or ATC were added (neat) on a volume compound-headspace volume basis at
rates of 0.0, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ppm. Flasks were placed in dark-
ness in a growth chamber at 25°C for 4 d, after which germination was scored.
Each treatment consisted of three replicates per species and the experiment was
repeated.

Isolation and Quantification of Glucosinolates from Seedmeal. For quanti-
tation of seedmeal glucosinolates, a modification of a high-performance liquid
chromatography (HPLC) method developed by Betz and Fox (1994) was used.
Replicates of defatted seedmeal (5.0 g) were added to 200 ml boiling 70% (v/v)
MeOH with stirring for 15 min, cooled, and then filtered through Whatman No. 2
filter paper. The marc was washed twice with 50 ml aliquots of 70% MeOH. The
resulting extract was concentrated to 5-10 ml by rotoevaporation, and diluted to
25 ml to form a working solution. The extract was run on a Finnegan Thermo-
quest P4000 HPLC system (San Jose, CA) using a C;g column (250 x 4.6 mm?;
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RP-18, 5; Licrosorb, Alltech, Deerfield, IL). Peaks were detected with a Finnegan
Thermoquest P6000 photodiode array detector set at 237 nm. The initial mobile
phase conditions were 12% methanol/88% aqueous 0.005M THS at a flow rate
of 1 ml/min. The binary gradient was developed to 70% methanol/30% aqueous
0.005 M THS for 20 min, and held at these conditions for an additional 15 min.
Quantitation was determined from a standard curve prepared from pure sinigrin
(Sigma, St. Louis, MO). Each treatment was run in triplicate and the experiment
was repeated.

Field Studies. Seedmeal was tested for its ability to suppress plant germina-
tion and growth when applied to tarped field plots. Experiments were conducted in a
randomized complete block design with four replications (each replicate measured
0.75 m by 1.5 m) on a field site soil which was an Orthents complex containing a
silt loam surface of 30-40 cm underlaid with a silt clay loam. The site was conven-
tionally tilled 1 wk prior to experiments. In addition to native weed seeds present
in the soil, each plot was spiked prior to seedmeal incorporation with 75 g of a
bioassay seed mixture containing 1:1:1 amounts of annual ryegrass, white mustard
(Sinapis alba L.), and sicklepod seeds. Defatted seedmeal prepared as previously
described was applied to test plots at rates of 0.5, 1.0, and 2.5 kg/m? by sprinkling
the seedmeal evenly over the test plots and incorporating the seedmeal into the soil
with pitchforks to a depth of approximately 10 cm. The plots were then watered
(approximately 5 1 per plot) thoroughly, and covered with polyethylene plastic
sheets (0.1-mm thickness, 0.91 m by 2 m; Sunbelt Plastics, Minneapolis, MN) that
were covered with soil at the edges to prevent loss of volatiles. Controls consisted
of untarped plots and tarped plots without seedmeal. Tarps were removed after
7 d, and all plots were watered as needed. After 30 d, the plant biomass of the
plots was determined by digging up and washing all of the plants after which they
were placed in a 50°C drying oven for 48 hr before being weighed. Data were
subjected to analysis of variance (SAS, Cary, NC). Dry weight mean separation
was performed using the Student—-Newman—Keuls multiple range test (P < 0.1).

RESULTS AND DISCUSSION

Bioassays. After 14 d, field pennycress seedmeal added to soil completely
inhibited germination of wheat and arugula at rates of 1.0% or higher (Table 1).
Covering the cups increased inhibition at the 0.5% rate over uncovered meal at
the same rate, suggesting that some or all of the phytotoxins were volatile. Indeed,
when the covers were removed after 72 hr, all of the cups possessed a distinctive
garlic-like odor regardless of application rate, which could also be detected initially
from the seedmeal after watering. At the 5% rate, this odor was still detectable
after 3 d from uncovered cups as well as covered ones.

Identification of the Phytotoxins. The crude CH,Cl, extract strongly inhibited
sicklepod and wheat radicle elongation, while the MeOH and water extracts had no
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TABLE 1. INHIBITION OF WHEAT AND ARUGULA GERMINATION BY FIELD PENNYCRESS
SEEDMEAL

Germination (% of control)?

0.5% 0.5% 1.0% 1.0% 5.0% 5.0%
Species covered uncovered covered uncovered covered uncovered
Wheat 15£29% 40+41c 00+£0.0a 00+£0.0a 0.0+£0.0a 0.0+£0.0a
Arugula 32+£32b  73+£4.0c 00+0.0a 00+0.0a 00+0.0a 0.0=%0.0a

“Mean =+ SE values within a row followed by the same letter were not significantly different by the
Student—Newman—Keuls multiple range test (P < 0.1).

effect. Fractionation of the crude CH,Cl, extract on a Sephadex
LH-20 column yielded one fraction (100% CHCIl3) that was inhibitory to radi-
cle elongation in bioassays when tested at 1 mg extract/ml agar. This fraction
contained two major peaks as determined by GC-FID. The compounds were iden-
tified by GC-MS spectra and by NMR analysis as AITC and ATC. Prominent
diagnostic mass spectral ions and their relative intensities for ATC are as follows:
EI-MS [m/z (%)]: 99 (M, 91), 86 (6), 84 (10), 72 (35), 58(12), 41 (100). Promi-
nent diagnostic mass spectral ions and their relative intensities for AITC are as
follows: EI-MS [m/z (%)]: 99 (M™, 100), 98 (9), 72 (28), 71 (8), 41 (47). The
AITC and ATC peaks accounted for 80.9 and 19.1%, respectively, of the active
fraction as quantitated by GC—FID. 'H NMR and '3C spectra for ATC are as fol-
lows: '"HNMR § (CDCls): 5.86 (1H, m) CH=; 5.32 (1H, d, J = 16.8 Hz) CH =;
5.28 (1H, d, J = 10 Hz); 3.49 (2H, d, J = 7.3 Hz) CH,. '3C NMR § (CDCls):
130.5 (C=); 121.4 (CH,=); 111.7 (C); 36.7 (CH,). '"H NMR and *C spectra for
AITC are as follows: 'H NMR § 5.78 (1H, m) CH=; 5.33 (1H, d, J = 16.9 Hz)
CH =; 5.22 (1H,d, J = 10.3 Hz) CH =; 4.08 (2H, m) CH,. '*C NMR § (CDCl;):
132 (C); 130.3 (CH=); 117.7 (CH; =); 47.1 (CH,). In the proton NMR spectrum
of ATC, the aliphatic methylene protons are observed at 6 3.49, in the AITC spec-
trum the methylene protons resonate at § 4.08. Differences in the '*C spectra for
the two compounds are striking. The resonance for the nonprotonated carbon in
ATC is observed at § 111.7. In AITC, the nonprotonated carbon is observed as a
small, broad signal at § 132.0. The changes in aliphatic methylene resonances also
demonstrate the difference between the two compounds.

Intact Glucosinolate Analysis. Analysis of intact glucosinolates from de-
fatted seedmeal by HPLC found only one major glucosinolate peak, tentatively
identified by retention time as sinigrin. LC-MS analysis of the peak confirmed
the mass of the unknown to be 358, affirming that the compound was indeed sini-
grin. Total amounts of sinigrin contained in the seedmeal were found to be 39.7 &
3.8 mg sinigrin/g defatted seedmeal.

Inhibition of Seed Germination by AITC and ATC. Both AITC and ATC were
inhibitory to seed germination, with 5 ppm levels of both compounds completely
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TABLE 2. MINIMUM INHIBITORY CONCENTRATIONS OF AITC AND
ATC

Concentration (ppm)

Volatile Wheat  Ryegrass  Arugula  Sicklepod  Velvetleaf
AITC 1 0.5 5 5 1
ATC 1 1 5 1 0.5

inhibiting the germination of the five species tested (Table 2). The lowest level
tested (0.1 ppm) did not inhibit the germination of any of the species, although
annual ryegrass seed germination was completely inhibited by both compounds
at 0.5 ppm levels. Interestingly, arugula, the only bioassay species to possess
the glucosinolate-myrosinase system, was the most tolerant of the five species
to both compounds. Although thiocyanates have been shown to have activity
against plants, they are generally thought to be less active than their respec-
tive isothiocyanates (Vaughn, 1999). However, Shofren et al. (1998) found that
ATC had similar inhibitory activity to AITC against several bacteria, while Tsao
et al. (2002) found that the LCsy (concentration required to kill 50% of the pop-
ulation) values of ATC as a fumigant against house fly (Musca domestica L.)
and lesser grain borer (Rhyzopertha dominica Fabricius) adults was lower than
AITC.

Field Studies. At all three rates tested, field pennycress seedmeal reduced
plant biomass as compared to both the tarped and untarped controls (Figure 2). At
the highest rate of incorporated seedmeal, biomass was reduced to less than 9% of
the tarped control and less than 8% of the untarped control. All of the treatments
exhibited visual reductions in seed germination compared to controls, and in the
two highest treatment levels the ground remained completely bare in the center of
each plot at the time of harvest. This seems to indicate that volatile compounds
were primarily responsible for the inhibition, as leakage of volatiles near the edges
of the tarps would decrease their concentrations compared to the centers. At the
0.5 kg/m? rate, there was some fungal growth found upon tarp removal near the plot
edges that was lacking at the higher rates, although visible evidence of this fungi
dissapeared within several days after removal of the tarps. Tarping alone appeared
to promote rapid seed germination, possibly due to increased soil temperatures
under the tarps, but many of the seedlings that had germinated either died after
tarp removal or took longer to recover.

Using glucosinolate-containing plant material and processed seedmeals offer
excellent potential in controlling weeds and soilborne pests, whether for organic
or conventional growers. Because the bioactive degradation products dissapate
rapidly, they pose less environmental risk than compounds that persist for greater
periods of time. Field pennycress seedmeal offers potential as a biofumigant if the
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FIG. 2. Weed biomass in field plots 30 d after seedmeal application. Bars represent
1 S. E. Treatments with the same letter are not significantly different by the Student—
Newman—Keuls multiple range test (P < 0.1).

agronomic obstacles associated with growing the plant as a crop are solved. Addi-
tionally, unlike synthetic fumigants, field pennycress seedmeal also is an excellent
organic fertilizer, containing approximately 4% nitrogen.
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Abstract—Published studies focused on characterizing the allelopathy-based
weed suppression by rye cover crop mulch have provided varying and incon-
sistent estimates of weed suppression. Studies were initiated to examine several
factors that could influence the weed suppressiveness of rye: kill date, cultivar,
and soil fertility. Ten cultivars of rye were planted with four rates of nitrogen
fertilization, and tissue from each of these treatment combinations was harvested
three times during the growing season. Concentrations of a known rye allelo-
chemical DIBOA (2,4-dihydroxy-1,4-(2H)benzoxazine-3-one) were quantified
from the harvested rye tissue using high performance liquid chromatography
(HPLC). Phytotoxicity observed from aqueous extracts of the harvested rye
tissue correlated with the levels of DIBOA recovered in harvested tissue. The
amount of DIBOA in rye tissue varied depending on harvest date and rye cul-
tivar, but was generally lower with all cultivars when rye was harvested later
in the season. However, the late maturing variety ‘Wheeler’ retained greater
concentrations of DIBOA in comparison to other rye cultivars when harvested
later in the season. The decline in DIBOA concentrations as rye matures, and
the fact that many rye cultivars mature at different rates may help explain why
estimates of weed suppression from allelopathic agents in rye have varied so
widely in the literature.

Key Words—Allelopathy, cover crop, residue, redroot pigweed (Amaranthus

retroflexus L.), goosegrass (Eleusine indica L. Gaertn.), 2,4-dihydroxy-1,4-
(2H)benzoxazine-3-one, DIBOA, maturity, phenology, rye (Secale cereale L.).
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INTRODUCTION

Rye cover crop residues have been well studied for their weed suppressive capa-
bilities (Barnes and Putnam, 1983; Masiunas et al., 1995; Creamer et al., 1996;
Nagabhushana et al., 2001). Reviews of this literature have noted that estimates
of weed control attributable to rye mulch allelopathy have varied considerably
between studies (Weston, 1996; Foley, 1999). Foley (1999) suggested that these
differences could be due to the use of different cultivars of rye. Support for this
theory was found in a recent study of an important allelochemical, DIBOA. Among
eight cultivars of rye, there was over a 10-fold difference in the concentration of
DIBOA (Burgos et al., 1999). While the relative contribution of DIBOA to rye al-
lelopathy is still under debate (Blum, 1995), its high phytotoxicity to many weeds
and relative abundance in the plant have often singled it out for study (Barnes et al.,
1987; Niemeyer, 1988). The large differences among cultivars in the production of
this compound may explain the discrepancies in weed suppression among studies
that utilized different cultivars.

Another factor that may be causing discrepancies among studies is differences
in the date at which the rye is killed. The typical date of kill varies considerably
among regions depending on temperatures and soil moisture, and also which crop
is being planted after the rye. As aresult, the rye residues from various studies differ
dramatically in the age of the tissue and the developmental stage at which it was
killed. Age and developmental stage have proven important factors in greenhouse
studies of DIBOA production in rye (Burgos et al., 1999). These factors may also
interact with the cultivar effect to determine allelochemical concentrations. Some
cultivars are slower to develop phenologically, with as much as amonth’s difference
in flowering time having been observed in fall-sown rye (Reberg-Horton, 2002).
The biggest difference in the development of cultivars is seen between winter and
facultative types of rye. Winter types will only flower and complete their life cycle
if sown in the fall. Facultative types can be planted in spring or fall and will develop
normally. The facultative types also appear to develop more rapidly in the southern
US (Reberg-Horton et al., 2003). The impact of differing developmental rates on
allelochemical concentrations has not been explored.

Fertility is another factor that may be impacting allelochemical production.
In the only study examining the effect of fertility on rye allelopathy, Mwaja et al.
(1995) found that low to moderate rates of fertilization led to higher DIBOA
production than higher rates. This effect was also evidenced in their bioassays of
the rye tissues.

How to measure the impact of any of these factors on allelopathy has been
much debated in the literature (Blum et al., 1999; Inderjit and Weston, 2000).
Many studies have utilized weed seedling bioassays due to their simplicity and
ability to screen for general phytotoxicity, without invoking a bias about which
compounds are the most important. Critics, however, argue that most bioassays
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do a poor job simulating natural systems and often overestimate the toxicity of
plant extracts. Another approach is to quantify individual compounds that have
proven to be phytotoxic. For this approach to be reliable, extensive prior research
is required to identify the likely toxic compounds. Fortunately, rye allelopathy has
been well researched with the identification of multiple allelopathic compounds
including the extensively studied benzoxazinone, DIBOA (Shilling et al., 1986;
Barnes et al., 1987). Not only is this allelochemical highly toxic to most weed
seedlings (Barnes et al., 1987; Burgos and Talbert, 2000), it is also produced in
abundance by rye (Burgos et al., 1999). By using DIBOA quantification in parallel
with bioassays, this study was able to examine allelochemical production both
at the specific compound and general toxicity level. Both methods were used to
examine how date of kill, cultivar, and fertility affect rye allelopathy.

METHODS AND MATERIALS

The experimental design was a split plot with the main plots laid out in
randomized complete blocks. The main plots were fertilized with four rates of
nitrogen: 0, 22, 45, or 90 kg N ha~! applied as ammonium nitrate (34-0-0). The
nitrogen was spread with a Gandy drop spreader and incorporated prior to plant-
ing. Ten rye cultivars comprised the subplot factor: ‘Aroostook,” ‘Bates,” ‘Elbon,’
‘Maton,” ‘WinterGrazer 70, ‘Wrens 96, ‘Wrens Abruzzi,” ‘Wheeler,” ‘Bonel,” and
NC unnamed. NC unnamed is not an actual cultivar, but comes from a large seed
distribution chain with the variety unstated.

Plots were located at the Center for Environmental Farming Systems in
Goldsboro, North Carolina on a well-drained, Wickham loamy sand (fine-loamy,
mixed, semiactive, thermic Typic Hapludult). The rye was planted on raised 1.2 m
beds by using an Almaco grain drill with an 18 cm row spacing at 124.3 kg ha™!
with 6 rows fitting on each bed. They were seeded on November 16th, 2000 in
plots that were 3 beds wide and 9.1 m long. Aboveground biomass was measured
by clipping shoot tissue at ground level in 0.5 m? quadrants, placed in the center
4 rows of a bed. Samples were taken on March 1, April 5, and April 23, 2001.
Tissue was placed in cotton bags and dried at 60°C for 2 d in a forced-air oven
and weighed. A portion of this tissue was reserved for bioassays and quantifying
DIBOA, making sure that whole plants were kept so that all shoot tissues were
fairly represented. Tissue was ground using a Wiley mill with a 1 mm mesh size
and stored at room temperature in the dark.

Bioassay Methods

Bioassays were conducted on all cultivar and sample date combinations and
on 2 of the 4 nitrogen rates: the 22 and 90 kg N ha~! treatments. To make the rye
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extracts, 1 g of ground tissue was added to 40 ml de-ionized water, placed on a
shaker for one hr, vacuum filtered through Whatman no. 1 filter paper, and kept
for 12 hr at 4°C. Five ml aliquots of the extract were added to 90 mm diam by
15 mm high culture dishes containing three Whatman no. 1 filter papers. Ten seeds
of redroot pigweed or 25 seeds of goosegrass were placed on the filter papers, and
the dishes were sealed with parafilm and incubated in a germination chamber at
28°C with constant light. Root elongation of each seedling was measured to the
nearest mm after 72 hr.

A 1:40 ratio (wt/v) for the extracts was chosen based on past research with
the technique that showed optimal separation of the cultivars at this concentration
(Reberg-Horton, unpublished). However, tissue from the March 1 sampling date
was so inhibitory that many petri dishes had no seeds germinating. These samples
were subsequently bioassayed at a dilution of 1:160 (wt/v).

Data were square root transformed before being analyzed over time using a
Repeated Measures ANOVA model (SAS Institute, 2002). Preplanned orthogonal
contrasts were used to test for difference among cultivars. Choices of comparisons
to make were based on previous work with these cultivars (Reberg-Horton et al.,
2001). The Wilk’s Lamda statistic was used to test the effect of time and all inter-
actions with time. Root measurements were converted to percentage of untreated
plants after the statistical analysis.

Quantification of Diboa

The interactions of all combinations of cultivars, nitrogen rates, and time
on DIBOA levels were not quantified. Three of the 4 nitrogen rates were used:
0, 45, and 90 kg N ha~!. Four cultivars were chosen for DIBOA quantification
based on the bioassay results and past research. Two of these cultivars, ‘Wheeler’
and NC unnamed, are winter types of rye, and the shoot tissue had demonstrated
relatively high levels of allelochemical activity in preliminary work done the year
prior. The other two cultivars, ‘Bonel’ and ‘Wrens Abruzzi,” are facultative types
of rye, meaning they can be planted in the fall or spring. ‘Bonel” was chosen due
to published reports of high DIBOA production (Burgos et al., 1999) and ‘Wrens
Abruzzi’ due to its popularity in the South. The decision to choose 2 facultative
and 2 winter types was based on observations of the growth and development of
these different classes over time. Facultative types produce more biomass early in
the season and flower earlier than winter types.

DIBOA content in the tissue was determined by using a protocol modified
from previously published methods (Yenish et al., 1995; Melansom et al., 1997).
Ground tissue (0.5 g, see above) was first extracted in water, and then incubated for
1 hr (to hydrolyze the DIBOA-glycoside into DIBOA). Methanol was then added
(to 60%, v/v) and the mixture vigorously agitated. The extract was then filtered
through 2 layers of Miracloth, and centrifuged at 20,000 x g for 20 min. The
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supernatant was retained and extracted twice with a 2-fold (v/v) excess of ethyl-
acetate, and the combined nonpolar phases were dried under vacuum (Speed-Vac).
The dried sample was re-solubilized with 0.5 ml mobile phase (see below) and
filtered through a 0.2 u filter.

Chromatographic separation of the extracts was conducted by using an iso-
cratic mobile phase consisting of 40% methanol and 60% water (0.02% phos-
phoric acid). The chromatography was facilitated by using a Waters system high
performance liquid chromatography (HPLC), and a Beckman Ultrasphere ODS,
5 w, C18 column (4.6 x 250 mm?). The detector used was a Perkin Elmer vari-
able wavelength, UV-Vis detector, monitored at 254 nm. DIBOA was identified
and quantified utilizing a chemically synthesized analytical standard (provided by
Dr. Scott Chilton, NCSU). BOA was identified and quantified using a standard
purchased from Sigma Chem. Co.

The HPLC method was found to effectively resolve BOA, DIBOA, and the
DIBOA-glycoside. DIBOA was the principal benzoxazinone found in the extracts,
and only trace levels of DIBOA-glycoside and BOA were observed. The identity
of the DIBOA glycoside was deduced by incubating subsamples of a rye extract
in the presence of almond glucosidase (Sigma Chem. Co.) for different times. The
successive decrease in the area of the peak eluting at 6 min, and the corresponding
increase in the DIBOA peak at 8 min indicated that the 6 min peak was the DIBOA
glycoside. (Subsequent, efforts with GC-MS have established that the 6 min peak
is the DIBOA glycoside, details to be published).

The DIBOA content per gram of dry tissue derived from the HPLC anal-
ysis was multiplied by the biomass production for each plot to generate es-
timates of the rate of DIBOA being produced on a per unit area basis. This
variable is likely a useful predictor of weed suppression in the field. DIBOA
rates and concentrations were analyzed over time by using a Repeated Measures
Analysis ANOVA (SAS, 2002). Preplanned orthogonal contrasts were used to
compare winter and facultative types and within type differences. The Wilk’s
Lamda statistic was used to test the effect of time and all interactions with
time.

Harvesting by Developmental Stage

A separate study was conducted simultaneously using the same 10 rye cul-
tivars. The study was planted at the Cunningham Research and Extension Center
in Kinston, North Carolina. A three replicate completely randomized design was
utilized. The rye was planted on October 20, 2000 in single row plots 1.2-m long,
spaced 0.3-m apart. Twenty-two kg N ha~! was applied as a top dressing in early
February 2002. A key difference between the two studies is when the tissue was
harvested. In this study, tissue was not harvested at specific dates, but whenever
each cultivar reached the early boot stage (Feeke’s growth stage 9). Using this
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FIG. 1. Inhibition of goosegrass root elongation in shoot tissue extracts form different rye
varieties.

criterion, the harvest date varied from March 12 for ‘Wrens Abruzzi’ to April 11
for “Wheeler.’

RESULTS AND DISCUSSION

Bioassays

Root elongation of goosegrass (Figure 1) and pigweed (Figure 2) was inhibited
by the aqueous extracts from all rye cultivars. Tissue extracts from all varieties
on the March 1st harvest inhibited root elongation of both test species by greater
than 95%. The relative phytotoxicity of extracts for all cultivars progressively
decreased over time. This decrease was rapid and was significant at the 0.001
level for both weed species. By the April 5th harvest, inhibition of pigweed and
goosegrass root elongation ranged between 60 and 95%. At the April 26th harvest,
the relative phytotoxicity had decreased, with 20-60% inhibition for pigweed,
and 5-75% for goosegrass. The rate of decreasing phytotoxicity was similar for
extracts from all cultivars when pigweed was the indicator species (Figure 2).
Goosegrass, however, revealed differences between the cultivars in the rate at
which phytotoxicity decreased (Figure 1). ‘Wheeler’ had a slower rate of decrease
in phytotoxicity in comparison to the other 9 cultivars when goosegrass was the
indicator species (P = 0.004). The declining phytotoxicity of the extracts as the
growing season progressed suggested that a time dependent factor at the time of kill,
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FIG. 2. Inhibition of pigweed root elongation in shoot tissue extracts form different rye
varieties.

e.g., developmental stage of growth, is important in determining the allelopathic
potential of rye tissue.

DIBOA

DIBOA concentrations likewise varied over time and among the cultivars
(Figure 3). DIBOA concentrations in rye tissue decreased over time (P < 0.001)
in a pattern similar to changes in the phytotoxicity of the extracts at different
harvests (Figures 1 and 2). At the March 1st harvest, ‘Bonel’ contained the highest
amount of DIBOA (1.8 mg g~! dry wt), and ‘Wrens Abruzzi’ contained the least
(1.0 mg g=! dry wt). At the April 5th harvest, ‘Wheeler’ and NC Unspecified
contained between 0.7 and 0.9 mg g~ ! dry wt, and ‘Wrens Abruzzi’ and ‘Bonel’
contained 0.2-0.3 mg g~ dry wt. By the April 26th harvest, all varieties contained
less than 0.2 mg g~! dry wt. Though the DIBOA concentrations in all varieties
declined over time, the rate of decline varied with the cultivar. The changes in the
winter types (‘Wheeler’ and NC Unspecified) were different from the facultative
types over time (P < 0.001). The winter types declined more slowly between
March 1 and April 5, but all cultivars had similar levels by April 26th.

Another factor that distinguishes the winter and facultative types of rye is
evident in the graph reporting growth stage changes over time (Figure 4). ‘Wheeler’
and NC Unspecified are the slowest to develop phenologically. At each sampling
date, these two winter types were at an earlier stage of development than the other
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FIG. 3. Changes in DIBOA concentration in shoot tissue from different rye varieties over
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FIG. 4. Relative changes in the phenology of 10 rye cultivars over time. The average growth
stage (Feekes scale) was determined visually in each experimental plot.
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TABLE 1. ROOT GROWTH INHIBITION BIOASSAYS OF
EXTRACTS FROM DIFFERENT RYE CULTIVARS HARVESTED
AT THE SAME GROWTH STAGE (FEEKE’S STAGE 9)

Inhibition of root
elongation (%)

Variety Harvest date ~ Pigweed  Goosegrass
NC unnamed 4/2-4/11) 8 a? 77"
Aroostook (3/25-4/2) 46 abc 80
Wheeler 4/11) 50 abed 91
Bonel (3/25) 58 bed 72
Wrens 96 (3/19) 61 bed 80
WinterGrazer 70 (3/19) 63 bed 85
Elbon (3/19-3/25) 63 bed 89
Maton (3/25) 69 bed 85
Bates (3/19-3/25) 78 cd 87
Wrens Abruzzi (3/12) 92d 94

“Means followed by the same letter are not significantly different
according to Fisher’s Protected LSD (P < 0.05) test.
bGoosegrass bioassays found no significant differences.

cultivars. Because the allelochemical content in rye tissue was greater earlier in
the season and decreased over time, the levels may be related to the developmental
stage of growth. The winter types of rye had slower phenological development, and
had higher levels of DIBOA later in the season when compared to the facultative
types (Figure 3). This suggests that the relative rates of maturation of winter and
facultative varieties play a role in the change of DIBOA content.

At the Kinston study site, cultivars were harvested at the same developmental
stage (Feeke’s Stage 9, or ‘boot stage’), but on different harvest dates (Table 1).
The results from this experiment further emphasized that the varieties had dis-
tinct developmental profiles over time because ‘Wheeler’ and NC Unspecified
reached boot stage by April 11, nearly 1 mo later than ‘Wrens Abruzzi,” which
reached boot stage on March 12. The other varieties reached the boot stage during
March.

When the varieties were harvested at the same growth stage, even though
there was a 1-mo period between the harvest of the first and last varieties, reaching
Feeke’s 9, inhibition of goosegrass by extracts from the different varieties was
not different (Table 2). However, there was variation in the inhibition of pigweed
root elongation by extracts of the different varieties. If the pigweed inhibition data
for each variety from Table 2 is graphed according to each harvest date, there
is a negative correlation (R?> = 0.67) between phytotoxicity and date of harvest,
with the earlier harvests more toxic. If the developmental stage of growth were
the only determining factor in allelochemical production, then harvesting at the



188 REBERG-HORTON ET AL.

TABLE 2. ROOT GROWTH INHIBITION BIOASSAYS OF
EXTRACTS (1:160, W/V DILUTION) FROM DIFFERENT
RYE CULTIVARS HARVESTED MARCH 1

Inhibition of root
elongation (%)

Cultivar Pigweed Goosegrass
Maton 9 a? 29°
Elbon 16 ab 29
Bates 20 abc 32
Wrens Abruzzi 21 abc 19
NC unnamed 22 abc 28
WinterGrazer 70 23 abc 29
Wheeler 24 be 26
Bonel 27 be 33
Wrens 96 30 be 30
Aroostook 3lc 35

“Means followed by the same letter are not significantly different
according to Fisher’s Protected LSD (P < 0.05) test.
bpigweed bioassays found no significant differences.

same growth stage should have eliminated the differences between varieties, as
observed with the goosegrass data. Remaining differences between varieties could
be due to the environmental conditions previous to harvest. During the month over
which varieties reached the boot stage, temperature, rainfall, and soil moisture
were changing rapidly. The varieties may also differ due to genetic factors that are
not related to developmental rate. The pigweed data suggest that developmental
stage is not the only factor affecting a cultivars allelopathic potential.

While the general phytotoxicity of the rye tissue (as measured by the bioas-
say) and DIBOA content decreased over time, biomass increased (Table 3). The
field rate (kg ha™') of allelochemical(s) that would be (potentially) available for
weed suppression is a function of both biomass and allelochemical content of the
tissue. The field rate of DIBOA increased between March 1 and April 5 for the
winter types but decreased during the same time for facultative types (P < 0.001,
Figure 5). After reaching a maximum level, the DIBOA rates in the winter types
decreased. DIBOA rates for all cultivars were similar by the last sampling on
April 23.

The rye extracts from the March 1 harvest were so toxic to the seedlings at
1:40 dilution, that all the varieties inhibited growth >95% (Figures 1 and 2). The
same tissue was subsequently bioassayed at a dilution of 1:160 (Table 2). The
more dilute extracts were still toxic, with inhibition of either goosegrass or redroot
pigweed ranging from 9 to 35% for all the rye varieties. The more dilute bioassay
from the March 1 harvest also allowed for treatment mean separation with goose
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TABLE 3. SHOOT BIOMASS (mg ha™!) OVER TIME

Cultivar March 1st  April 5th  April 26th
Wheeler 1.5¢% 5.9 de 109a
Bonel 1.7 bc 7.0 abc 10.8 ab
Wrens 96 1.8 ab 7.7 a 10.4 abc
Wrens Abruzzi 2.0a 7.2 ab 10.0 abc
Maton 1.8 ab 6.9 bc 10.0 abc
WinterGrazer 70 0.6e 52e 9.7 be
Aroostook 1.1d 6.4 cd 9.5¢
Elbon 1.8 ab 7.2 ab 9.2cd
Bates 1.1d 7.0 cd 9.2cd
NC unspecified 0.8¢e 44f 8.3d

“Means followed by the same letter are not significantly different
according to Fisher’s Protected LSD (P < 0.05) test.

grass, but not pigweed. No clear division between winter and facultative types
can be seen at this date. All cultivars were between Feeke’s Stage 5 and 7. Given
the high toxicity of the young tissue relative to that of the later harvests, using
the early-harvest 1:160 data as a predictor of field performance of the different
cultivars may be unreliable.
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a5l NN\ —{—Wrens Abruzzi|

30+ g~ S\ N\

3 e R

20 1 — — —— P e N AN

DIBOA rate (kg ha™)

March 1 April 5 April 26

FIG. 5. DIBOA rate (concentration x biomass) for different rye varieties over time.
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Fertility Effects

The rate of N fertilization had no effect on biomass accumulation for any
of the varieties (data not shown). Soil N was tested on February 9, 2001, which
demonstrated a high level of total soil N in the 0 N treatments (40-70 kg N
ha=! at 0-30 cm depth; and 65-75 kg N ha™! at the 30—-60 cm depth: see Reberg-
Horton, 2002 for details). Others have reported fertility levels in greenhouse grown
rye influenced allelochemical production (Mwaja et al., 1995). Given the high N
levels and biomass production at the 0 N rate, we conclude that the residual N in
the field was too high to either observe a growth response or induce low N stress. In
addition, the bioassays failed to detect any N effects. However, a significant effect
of N was observed in the DIBOA levels (P = 0.008), but only at one point in time.
‘Wheeler’ had higher DIBOA concentrations (LSD, o = 0.05) in the O N rate at
the March 1 sampling (data not shown). No differences in DIBOA levels due to
N treatments were present at the other sample dates. Because neither an N growth
response nor evidence of N stress was observed in this study, a fair test of N effects
on allelopathy was not achieved. The observation that DIBOA levels were higher
at the 0 N treatments was not expected, but the results parallel the observations
of Mwaja et al. (1995). We can only speculate as to the mechanism for a greater
DIBOA level at low N, but because no N stress was apparent, a stress-induced
increase in DIBOA is an unlikely hypothesis.

Time and Cultivar Effects

These data demonstrated that the allelochemical content in field-grown rye
changed over the growing season. For any given variety, comparing the kill dates
selected, the younger tissue produced greater phytotoxic effects on selected bioas-
say species and contained a greater amount of DIBOA than older tissue. These
results confirm other research that describe a temporal profile of benzoxazinones
(BX) levels in rye and other species (Nakagawa et al., 1995; Collantes et al., 1998;
Burgos et al., 1999; Copaja et al., 1999; Cambier et al., 2000; Gianoli et al., 2000).
BX biosynthesis begins after germination, and the content (g g~! dry wt) increases
over time to some maximum level, and then decreases. In the greenhouse, Burgos
et al. (1999) found the maximum to be about 60 d after germination. In corn,
the maximum BX content occurs between 7 and 10 d. The date or growth stage
at which the maximum DIBOA/allelochemical content in field grown rye occurs
is not known. The factors that regulate the allelochemical content in cover crops
needs to be defined to obtain optimum weed suppression from a cover crop mulch.

While date of kill was a critical factor, all cultivars were not affected equally.
Winter types of rye, such as ‘“Wheeler,” had higher concentrations of allelochem-
icals later into the season. ‘Wheeler’s’ ability to retain these high concentrations
may be due to its later maturation, although more research is needed to accurately
compare the differences between winter and facultative types of rye.
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It is likely that the allelopathic components in the cover crop mulch that func-
tion in weed growth suppression represent a mixture, rather than a single chemical.
Several potential allelochemical compounds have been identified in rye (Zuniga
et al., 1983; Shilling et al., 1986; Barnes et al., 1987). Though information of
the complex of allelochemical compounds is limited, there is a growing body of
information about DIBOA and related chemicals (Friebe, 2001; Gierl and Frey,
2001; Sicker et. al., 2001). The temporal changes in the content of the individual
allelochemicals in rye may be different, but our data demonstrate that the total
phytotoxic potential of rye extracts declines over time, as does the DIBOA con-
tent. The observation that the DIBOA and general allelochemical content of rye
decreased over the growing season was verified by additional studies the following
year (data not shown). Given the phytotoxicity of DIBOA to multiple weed species
(Barnes et al., 1987), the similarities between the quantity of DIBOA found in leaf
tissue and the phytotoxicity demonstrated in the bioassay suggest an important
role for DIBOA.

Allelochemical content is not the only factor in determining how much
weed control will be provided by rye mulch. The quantity of mulch determines
how much weed control will be obtained through physical suppression (Teasdale
and Mohler, 2000). NC Unspecified is a low biomass producer (Table 3), and
this may negate the impact of high DIBOA rates. However, ‘Wheeler’ main-
tained high DIBOA levels and produced high biomass, and, thus, may be a bet-
ter choice for weed management. Crops that can be planted early to mid April
will be able to capitalize on the high DIBOA rates provided by winter types of
rye.

The weed suppression provided by cover crop mulch is most likely due
to both the allelochemical content in the tissue and the total biomass present.
Thus, the dramatic changes in the rate of DIBOA in the field (Figure 5) over
time and among varieties suggests that the specific variety used, and time at
which the cover crop is killed play a critical factor in weed suppression, and a
knowledge of the tissue levels of allelochemicals is necessary for optimum weed
management.

Further work is needed to elucidate factors that regulate allelochemical con-
tent in rye. Opportunities for delaying maturation of rye also need to be explored.
Possibilities include later plantings, repeated mowing, plant growth regulators,
and breeding for later maturation. The implications of these temporal changes in
allelochemical content, and their interaction with different cultivars, have not been
fully integrated into cover crop utilization.
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Abstract—Phlorotannins are ubiquitous secondary metabolites in brown algae
that are phenotypically plastic and suggested to have multiple ecological roles.
Traditionally, phlorotannins have been quantified as total soluble phlorotan-
nins. Here, we modify a quantification procedure to measure, for the first time,
the amount of cell-wall-bound phlorotannins. We also optimize the quantifi-
cation of soluble phlorotannins. We use these methods to study the responses
of soluble and cell-wall-bound phlorotannin to nutrient enrichment in growing
and nongrowing parts of the brown alga Fucus vesiculosus. We also exam-
ine the effects of nutrient shortage and herbivory on the rate of phlorotan-
nin exudation. Concentrations of cell-wall-bound phlorotannins were much
lower than concentrations of soluble phlorotannins; we also found that nutri-
ent treatment over a period of 41 days affected only soluble phlorotannins.
Concentrations of each phlorotannin type correlated positively between grow-
ing and nongrowing parts of individual seaweeds. However, within nongrow-
ing thalli, soluble and cell-wall-bound phlorotannins were negatively corre-
lated, whereas within growing thalli there was no correlation. Phlorotannins
were exuded from the thallus in all treatments. Herbivory increased exuda-
tion, while a lack of nutrients had no effect on exudation. Because the amount
of cell-wall-bound phlorotannins is much smaller than the amount of soluble
phlorotannins, the major function of phlorotannins appears to be a secondary
one.

Key Words—Phenolics, phlorotannins, plant defense, Fucus vesiculosus, brown
alga, cell-wall-bound, exudation.
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INTRODUCTION

Tannins are a subgroup of phenolic compounds that are produced as secondary
metabolites by a host of diverse plant species. These water-soluble compounds dif-
fer from other phenolics in their ability to bind proteins (Stern et al., 1996; Strack,
1997; Harborne et al., 1999). Tannins can be divided into soluble tannins, occurring
in cytoplasm or within cell organelles, and insoluble tannins, bound to the cell wall
(Strack et al., 1988; Peng et al., 1991). Phlorotannins, a subgroup of tannins, are
produced entirely by polymerization of phloroglucinol (1,3,5-trihydroxybenzene)
(Ragan and Glombitza, 1986; Waterman and Mole, 1994; Arnold and Targett,
1998), which is the product of the acetate—malonate pathway, also called the
polyketide pathway (Waterman and Mole, 1994).

Phlorotannins are known only from brown algae (Phaeophyceae), where sol-
uble phlorotannins can constitute up to 25% dry weight (e.g., Targett et al., 1992;
Van Alstyne et al., 1999). They are suggested to have multiple ecological roles:
some phlorotannins act as chemical defenses against herbivory (e.g., Steinberg,
1988; Targett and Arnold, 1998; Arnold and Targett, 2000; Pavia and Toth, 2000a)
and as antifouling substances (Sieburth and Conover, 1965; Wikstrom and Pavia,
2004), although the evidence for this function is equivocal (Jennings and Steinberg,
1997). Concentrations of phlorotannins show phenotypic plasticity in response to
environmental parameters, such as salinity, nutrient and light availability, ultravi-
olet irradiation, and intensity of herbivory (Yates and Peckol, 1993; Peckol et al.,
1996; Pavia et al., 1997; Pavia and Toth, 2000b; Honkanen et al., 2002; Swanson
and Druehl, 2002). This implies that the pools of soluble phlorotannins are not
stable but rather in a state of flux, and their concentration may be determined by
the balance between rates of synthesis and turnover (Arnold and Targett, 2000).
Existing data on phlorotannins are based solely on soluble phlorotannins, which
limits our knowledge of factors controlling their metabolism and degradation.

Soluble phlorotannins are stored in cell organelles, physodes, which are round
to elliptical, highly mobile, vesicle-like, strongly refractive bodies observed in the
cytoplasm of brown algae (Ragan and Glombitza, 1986; Schoenwaelder, 2002).
Phlorotannins are suggested to transform into components of the cell walls of
brown algae when physodes fuse with the cell membrane and the phlorotannins are
secreted into the cell wall, complexing finally with alginic acid (Arnold and Targett,
2003). The cell walls of brown algae are mainly composed of polysaccharides:
alginic acid, alginates (carboxylated polysaccharides, salts of alginic acid), and
fucans (sulfated polysaccharides), which comprise up to 40% of the thallus dry
weight (Mabeu and Kloareg, 1987; van den Hoeck et al., 1995). Schoenwalder
and Clayton (1998) have suggested that phlorotannins are likely to be integral
structural components of brown-algal cell walls. There are few quantitative data
on cell-wall-bound phenolics or their functional roles (but see Strack et al., 1989;
Peng et al., 1991; Viriot et al., 1993). One possible generalization is that phenolic
compounds are bound into the cell wall during maturation (Peng et al., 1991).
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Resource availability is expected to have an impact on algal growth and sec-
ondary metabolism. Resource-based hypotheses assume that under conditions of
good nutrient availability, the allocation of carbon will shift from the production
of secondary metabolites to growth (e.g., Bryant et al., 1983; Herms and Mattson,
1992). Often, negative correlations have been found between the contents of avail-
able nutrients and the production of soluble phenolic compounds, both in terrestrial
plants (reviewed by Herms and Mattson, 1992) and brown algae, although much
spatial and temporal variation in this relationship exists (e.g., Yates and Peckol,
1993; Steinberg, 1995; Peckol et al., 1996; Pavia and Toth, 2000b). Variation in the
contents of soluble phlorotannins has also been found among different parts of al-
gae. In actively growing meristems, soluble phlorotannins have often been found
in lower concentrations than in older vegetative parts (Jennings and Steinberg,
1997; Van Alstyne et al., 1999).

In addition to soluble and cell-wall-bound phenolics, brown seaweeds re-
lease phlorotannins into the surrounding water directly via exudation (Carlson
and Carlson, 1984; Ragan and Glombitza, 1986; Jennings and Steinberg, 1994;
Toth and Pavia, 2000; Swanson and Druehl, 2002). Phlorotannins may also be
released indirectly as a consequence of grazing or tissue erosion. The occurrence
of phlorotannin excretion in healthy, relatively unstressed algal tissues in situ has
been confirmed in several studies (Sieburth and Jensen, 1969; Ragan and Jensen,
1979; Swanson and Druehl, 2002). However, few data are available on quantities
of exuded phlorotannins (but see Toth and Pavia, 2000) or on their ecological
function.

In this study, we modified a quantification procedure for cell-wall-bound
phlorotannins, optimized the quantification of soluble phlorotannins, and used
these procedures to examine the contents of soluble, cell-wall-bound, and exuded
phlorotannins in the brown alga Fucus vesiculosus (L.). In two manipulative ex-
periments, we explored the environmental variation of these different types of
phlorotannins. In the first, we compared the contents of phlorotannins between
growing and nongrowing parts of the thallus in order to clarify the consequences
of active growth for the dynamics of soluble vs. insoluble phlorotannins. We also
tested the effect of nutrient enrichment. In the second experiment, we quantified
the amount of exuded phlorotannins, and studied the effects of nutrient short-
age and grazing action by the isopod Idotea baltica (Pallas) on the amount of
exudation.

METHODS AND MATERIALS

Study Organisms

F. vesiculosus is a perennial, brown alga dominating the littoral rocky
bottom of our study area in the Archipelago Sea, SW Finland. The thallus grows
by dichotomous branching; it consists of both vegetative apices and, during the
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reproductive period, generative apices. F. vesiculosus has an apical meristem, so
growth occurs only at the blade tips. Individuals live for many years, so most of
the thallus is nongrowing tissue. In our study area, the alga has only one important
herbivore, the isopod /. baltica; this is a generalist feeder, but prefers F. vesiculosus
over other potential host species (Jormalainen et al., 2001).

Experimental Growing Conditions of Algae

Effect of Ambient Nutrients on Soluble and Cell-Wall-Bound Phlorotannins in
Growing and Nongrowing Thalli. We conducted the study at the Archipelago Re-
search Institute of the University of Turku (60° 14’ N, 21° 40" E). On June 10, 1999,
we collected 20 F. vesiculosus individuals from one population in the Archipelago
Sea of Finland and randomly assigned them to 10 microcosms of 60 I, two indi-
viduals in each. Microcosms were located outdoors, with natural light and diurnal
rhythm, and were protected from rainfall by a thin plastic cover, permeable to UV
light; they had continuous seawater through-flow of 200 1/d. Five microcosms were
randomly assigned to a nutrient-enrichment treatment, while the others served as
controls. The fertilizer [nutrient content of dry mass: N 20% (NO, + NO; 3.7%,
NH4 11.3%), P 2.0%, K 8.0%, Mg 1.0%, S 9.0%, B 0.03%, Fe 0.1% (Kemira,
Agro OY)] was applied by automatic feeders, which added 0.03 g of the fertilizer
into the pools three times a day. The mean (£SE, N = 2) content of total nitrogen,
NO; 4+ NOs3, NHy, and PO4 (ug/1) in the control microcosms was 255 (£120.1), 6
(£3.4),1(£2.6),8 (£11.8), and mean (+SE, N = 5) in the fertilized ones were 420
(£90.6), 12 (£1.8), 7 (£1.7), 25 (£8.7), respectively. Samples of water for chem-
ical analysis were collected immediately after collecting the algae for the chemical
analyses. We did not conduct statistical contrasts on nutrient concentrations due
to low replication of control-tank measurements and, consequently, low statistical
power. However, the existence of the treatment effect was confirmed because the
algae responded to our manipulation. At the end of the experiment (20 July), we
took samples for analyses of soluble and cell-wall-bound phlorotannins from each
individual (now numbering 17: 9 individuals from the nutrient-enrichment treat-
ment and 8 from the control), from both the apical parts that had grown during
the experiment, and the older parts (nongrowing) of the thallus. Samples were
freeze-dried, homogenized, and stored at —20°C until analysis. Contents of solu-
ble and cell-wall-bound phlorotannins were measured as described in subsequent
paragraphs.

Effects of Nutrient Shortage and Herbivory on Exudation of Phlorotannins.
For this experiment, we collected four F. vesiculosus individuals, split each indi-
vidual into three equal-sized pieces (approximately 40 g fresh weight), and placed
them individually into plastic, transparent, 2.5-1 aquaria. The aquaria were aerated
and placed under greenhouse light (400 W sodium vapor lamps, Sylvania, MA,
USA). Pieces of algae were randomized among three different treatments in such



CONTENTS OF PHLOROTANNINS IN THE BROWN ALGA 199

a way that one piece from each individual was assigned to each treatment. The first
treatment was a control, to which nutrients were added every second day [¢(NH3)
= 120 pg/l, V(added) = 1.5 ml; ¢c(NO3) = 40 ng/l, V(added) = 1.0 ml; c(POy)
= 30 ng/l, V(added) = 0.75 ml] to maintain availability of nutrients during the
experiment. In the second treatment, no nutrients were added. Because algae in
closed aquaria, when light is not limiting, quickly deplete the ambient nutrients,
the algae in this treatment faced a nutrient shortage. In the third treatment, five /.
baltica individuals were placed in each aquarium to graze. As in the control, nu-
trients were made available by nutrient additions. The experiment was maintained
for 14 d, after which the water from each aquarium was filtered (pore 0.45 pum
diam.) and stored in dark bottles at 4°C for a few days before a half-liter aliquot
was taken from each sample, evaporated to an exact volume of 100 ml, and the
amount of exuded phlorotannins measured as described subsequently.

Extraction and Quantification Methods

Optimizing Extraction Efficiency. Freeze dried and ground F. vesiculosus
powder was extracted with eight different extractants (Figure 1) to examine ex-
traction efficiency of soluble phlorotannins. Three replicates for each extractant
were extracted x4 described as follows. Freeze dried and ground algal aliquots
(200 mg dry weight) were weighed and placed into screw-top test tubes (16 mm
diam. and length 100 mm). Samples were treated with 10 ml of extractant for 1 hr
with continuous shaking, after which they were centrifuged (10 min at 3200g).
Supernatants were collected and a fresh extractant aliquot was added. After the
fourth extraction, supernatants from each replicate for a specific extractant-type
were collected into one container, thus producing only one independent assess-
ment for each extractant type. However, the sample thus obtained was com-
posed of three independently weighed and extracted subsamples prior to pool-
ing of the samples. After volatile solvents were removed in the fume hood,
both aqueous extracts and insoluble residues in the extraction tubes were freeze
dried. Freeze-dried extracts were dissolved in a known amount of water, their
phlorotannin content was analyzed, and the residuals were stored in a freezer;
the insoluble residues were also weighed and stored in the freezer. In a separate
test, we tested the efficiency of the extraction of phlorotannins by performing
consecutive extractions with 70% aqueous acetone and analyzing each extract
separately.

Soluble Phlorotannins. Dried and ground aliquots (200 mg dry weight) from
the first experiment were extracted x4 (1 hr) with 10 ml of 70% aqueous acetone.
Samples were centrifuged (10 min at 3200g), and the supernatants were combined.
Acetone was removed in open air, and the aqueous extracts and insoluble residues
in the extraction tubes were freeze dried. Extracts of soluble phlorotannins were
dissolved in water (2 x 2.5 ml) and stored in a freezer.
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FIG. 1. Acquisition (as a mean of three replicates) of soluble phlorotannins with the different
extractants. Extractants are ranked by increasing_order of polarity according to Hildebrand
solubility parameters (Barton, 1983): ethyl acetate (polarity § (SI) 18.6 MPal/Z), ethanol
(26.0), methanol (29.6), acetone (20.2), 70% aqueous acetone (28.5), 80% aqueous ethanol
(41.1), 80% aqueous methanol (42.4), water (47.9).

In order to remove the remaining soluble phlorotannins from the freeze-dried
insoluble residues, they were treated (according to Strack, 1989) with the following
solvents (10 ml) for 15 min with stirring followed by centrifugation (5 min at
2400¢g): (1) MeOH; (2-4) H,0; (5-9) MeOH; (10,11) Me,CO; (12, 13) Et,0.
After this washing, the remaining insoluble residues (cell-wall fraction) were oven
dried at 60°C for 1 hr.

Insoluble Phlorotannins. Phenolic compounds bind with four major types
of bonds—hydrophobic, hydrogen, ionic, and covalent—in order of increasing
strength (Appel, 1993). Possible linkages between the cell wall (alginic acid)
and phlorotannins are the ester bond and the hemiacetal bond, both of which are
covalent, irreversible bonds, thus requiring strong conditions to degrade.

Cell-wall-bound phlorotannins were quantified with a modified alkaline-
degradation method described by Strack et al. (1989), which was originally de-
veloped to degrade phenolics other than phlorotannins. In addition to alkaline
degradation, an acidic-degradation method (Peng et al., 1991) was tested: samples
were treated with methanol hydrochloric acid (9:1, v/v) at 120°C for 160 min.
Preliminary tests showed alkaline degradation to be slightly more effective than
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acidic degradation (data not shown); we, therefore, chose to continue with the
alkaline-degradation method. To modify the method to suit our purposes, we tested
the reaction time, the strength of the sodium hydroxide (NaOH) solution, the num-
ber of repeats, and the volume of acid addition.

The total insoluble residue of the alga remaining after the extraction and wash-
ing of soluble phlorotannins was suspended in 8 ml of 1 M aqueous NaOH solution
(80°C) and stirred for 2.5 hr at room temperature. Samples were centrifuged (5 min
at 2400g), and 1 ml aliquots were neutralized with 45 wl of H3POy; the remaining
NaOH was discarded. The alkaline treatment was repeated x4, with the aliquots
of each treatment analyzed separately.

Spectrophotometric Determination of Phlorotannins. The contents of total
phlorotannins in the extracts of soluble and cell-wall-bound phlorotannins were
determined according to a modification of the Folin—Ciocalteu method (Waterman
and Mole, 1994), using phloroglucinol (ICN Biomedicals Inc.) as a standard agent.
Samples were diluted taking into account the measurable range of the spectropho-
tometer [e.g., a 0.05 ml aliquot of extract of soluble phenolics (samples from
the first experiment) was mixed with 4.95 ml water]. A 1.0 ml aliquot of the di-
luted sample was mixed in a test tube with 1.0 ml of 1 N Folin-Ciocalteu reagent
(Merck). The mixture was allowed to stand for 3 min, after which 2.0 ml 20%
Na,;COj3 were added. Samples were incubated in the dark at room temperature for
45 min and centrifuged for 8 min (1600g), after which the absorbance of the super-
natant was measured at 730 nm on a Unicam Helios ¢ UV-VIS spectrometer. Total
phenolic content is expressed as percent dry weight (soluble and cell-wall-bound
phlorotannins) or as percent dry weight per day (exuded phlorotannins).

RESULTS

Method Development

Soluble Phlorotannins. The most efficient extractant was 70% aqueous ace-
tone (Figure 1). Quantitatively, most of the soluble phlorotannins (78% of the
total amount in 13 consecutive extracts) were acquired during the first extraction
(Figure 2a). After the extraction tubes were allowed to stand in the refrigera-
tor overnight, the amount of phlorotannins extracted (fifth and ninth repeat) was
slightly higher than in the preceding extraction. On the basis of this result, we
decided to use only four extractions, which could be completed in a single day.
These four extractions yield 93.5-95% of the amount of soluble phlorotannins
acquired with the 13 consecutive extracts. When analyzing soluble phlorotannins
from ecological experiments, we used four extractions.

The amount of soluble phlorotannins from the first study (34 samples, pooled
over all data) was 7.99% (£0.23). After extraction of soluble phlorotannins, before
analyzing the insoluble ones, the residue was washed with several extractants in
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FIG. 2. Acquisition of soluble (values and their mean) (a) and cell-wall-bound (mean +
SD) (b) phlorotannins in consecutive extractions. nd. = not detectable.

order to remove all remaining soluble phlorotannins. Extractants were combined
and the mean content (£SE) of remaining soluble phlorotannins (34 samples,
pooled over all data) was 0.36% (£0.03) of dry weight.

Insoluble Phlorotannins. The alkaline degradation of cell-wall-bound phe-
nolics originally included acid addition, i.e., the reduction of pH in the insoluble
phenolics liquor aliquot from 13 to 2. The effect of pH on the amount of phlorotan-
nins measured with the Folin—Ciocalteu method was tested with solutions rich
in phlorotannins. The effect of this pH range on phlorotannin content is almost
linear; the variation between the high and low ends of the range is about 2% in
phloroglucinol units (Figure 3). Because soluble phlorotannin extracts were in
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FiG. 3. Effect of pH in the crude extract on quantification of phlorotannins with
Folin—Ciocalteu method.
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distilled water, i.e., near neutral pH, we added acid to neutralize the solution of
phlorotannins that were degraded from the cell wall in alkaline conditions. This
allowed a comparison of the quantifications of these two phlorotannin fractions.

The final results were obtained by combining the results of the first three
treatments, since in the fourth repeat, they were no longer at a detectable level.
Similar to soluble phlorotannins, most of the cell-wall-bound phlorotannins (68%)
were released by the first alkaline treatment (Figure 2b).

Experimental Growing Conditions of Algae

Effect of Ambient Nutrients on Soluble and Insoluble Phlorotannins in Grow-
ing and Nongrowing Thalli. The amount of phlorotannins in the cytoplasm was
significantly higher than in the cell wall (Figure 4, Table 1). The average content
of soluble phlorotannins was 8.0 & 0.2% (mean *+ SE), while that of insoluble
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FIG.4. Mean (£SE) content of soluble and cell-wall-bound phlorotannins from growing and
nongrowing parts of algae grown in control or nutrient enrichment treatment.
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TABLE 1. ANOVA OF REPEATED MEASURES STATISTICS ON THE EFFECTS OF NUTRIENT
ENRICHMENT AND THALLUS TYPE (GROWING AND NONGROWING THALLI) ON THE CON-
CENTRATION OF SOLUBLE AND CELL-WALL-BOUND PHLOROTANNINS IN F. vesiculosus

Soluble Cell-wall-bound
phlorotannins phlorotannins
df F P df F P

Between-subject effects
Nutrient enrichment?

—_

6.72 <0.05 1 1.87 0.20

Aquaria (nutrient enrichment) 9 2.42 0.15 9 0.97 0.54
Error 6 6

Within-subject effects

Thallus type 1 1785 <0.01 1 4630 <0.001
Thallus type x nutrient enrichment? 1 0.70 0.42 1 1.74 0.06
Thallus type x aquaria (nutrient enrichment) 9 1.70 0.27 9 0.37 0.91
Error (thallus type) 6 6

“Aquaria (nutrient enrichment) as an error term.
bThallus type x aquaria (nutrient enrichment) as an error term.

phlorotannins was only 0.84 £ 0.03%. The concentrations of both were lower in
growing tissue than in nongrowing tissue (Figure 4, Table 1). Nutrient enrichment
reduced the content of soluble phlorotannins in both growing and nongrowing
thalli (Figure 4, Table 1). However, nutrient enrichment did not have a significant
effect on the content of cell-wall-bound phlorotannins in either type of thallus
(Figure 4, Table 1). Algal growth rates, measured in terms of numbers of vegeta-
tive apices, did not differ among treatments (final number of vegetative apices in
control treatment: 212.0 & 16.1, N = 9; in nutrient enhancement treatment: 200.5
+ 15.3, N = 10; ANCOVA, initial number of apices as a covariate, nutrient effect:
Fi9=0.07, ns).

In nongrowing thalli, there was a negative correlation between soluble and
cell-wall-bound phlorotannins (Figure 5a), whereas in growing thalli we found
no such correlation (Figure 5b). There was a positive correlation between the
contents of soluble and cell-wall-bound phlorotannins in both nongrowing and
growing thallus (Figures S5c and d).

Effects of Nutrient Shortage and Herbivory on Exudation of Phlorotannins.
Algae growing under control conditions with abundant nutrients exuded phlorotan-
nins into seawater at a rate of 0.49 x 107> % dry weight x d~'. The amount of
exudation varied in three treatments (Figure 6; one-way ANOVA F, 9 = 10.47,
P < 0.01). When algae were grazed by Idotea, the amount of exuded phlorotan-
nins was over twice that of the other treatments (Tukey a posteriori comparisons
with other groups; P < 0.05). Phlorotannin exudation was not affected by nutrient
shortage (Tukey: NS). Soluble phlorotannins did not differ among the treatments
in either growing or nongrowing thalli (mean +SE in control, nutrient shortage
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and grazing treatments, respectively: 8.0 £ 0.53,7.8 £ 0.61, 7.9 £ 0.29, ANOVA:
F>3 =0.06, P = 0.94). The difference between nongrowing and growing tissue,
on the other hand, was significant (8.5 £+ 0.34 and 7.3 £ 0.32, respectively;
ANOVA: F; g = 8.97, P < 0.05).

DISCUSSION

Alkaline degradation was effective in releasing cell-wall-bound phlorotannins
so that they could be quantified; after three consecutive treatments, all detectable
phlorotannins were released. Alkaline degradation is also repeatable as judged by
the small variance among the three replicates. We cannot, however, exclude the
possibility that there may be compounds classifiable as phlorotannins still left in
the cell wall due to tight bonding, which were not released by the method. The
method used here, however, was more effective than the one of Peng et al. (1991),
implying that it is capable of efficiently releasing cell-wall-bound phlorotannins.
We also suggest that the washing treatments prior to alkaline degradation minimize
the amount of soluble phlorotannins in the fraction of insoluble phlorotannins (see
Salminen, 2003).

Both the polarity of the extractant and the solubility of the compounds of in-
terest are crucial for the yield of polyphenols, and extraction of different phenolics
from different plant material requires different polarities (Waterman and Mole,
1994; van Beek, 2002). Phenolic compounds are usually most soluble in extrac-
tants less polar than water. The general recommendation for extractant selection is
a mixture of water and methanol, ethanol, or acetone (Waterman and Mole, 1994).

The extraction efficiency of a solvent generally increased with increasing po-
larity. An exception to this trend is 70% aqueous acetone—which was the most
efficient extractant, better than expected on the basis of its polarity. It was fol-
lowed in efficiency by water, the most polar extractant among those tested. It may
be that acetone increases the total yield by inhibiting interactions between tannin
and proteins during extraction (Hagerman, 1988) or even by breaking hydrogen
bonds (Porter, 1989). In the analyses of proanthocyanidins, monomers and low-
molecular weight compounds can be generally extracted with anhydrous organic
solvents, while the addition of water to the extractant increases the solubility of
higher molecular weight compounds (Rohr, 2002). We also found a marked differ-
ence between extractions with anhydrous organic solvents and solvents containing
water. The solvents most commonly used to extract phlorotannins from F. vesiculo-
sus have been aqueous mixtures of ethanol and acetone (e.g., Ragan and Glombitza,
1986), and in several studies the efficiencies of different solvents in extracting tan-
nins have been similar to ours (Hagerman, 1988; Keininen, 1993; Salminen, 2003).
The solubility of most phenolic compounds in polar extractant enables for instance
the use of LC-ESI-MS, which requires at least semipolar conditions, to analyze
polyphenols (Wang and Cole, 1997).
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Ecological experiments revealed that in both growing and nongrowing tissue
of F. vesiculosus, the amount of phlorotannins in soluble form within the cells
was greater by approximately an order-of-magnitude than those bound to the cell
wall. This is because they are either bound only in very small amounts, or in the
process of binding may have been transformed chemically into other compounds
that cannot be quantified as phlorotannins. In addition, a part of the phlorotannins
passes through the cell wall and is exuded. Although phlorotannins, like other
tannins, are terminal products of their synthetic pathway, they can further degrade,
for instance, via demethylation, hydration, or oxidation (Strack, 1997). They may
bind temporarily to the cell wall, and then undergo turnover or degradation, e.g.,
into cell-wall building compounds, complexing with alginic acid. Based on the
small amount of phlorotannins found in the cell wall, they seem to play a minor
role in cell-wall construction as such; if, however, degradation regularly occurs in
the cell wall, they may function as important transitional compounds in cell-wall
construction, as suggested by Arnold and Targett (2003).

In higher plants, it is suggested that phenolic compounds are esterified or
etherified into cell-wall components (Lozovaya et al., 1999), while phlorotannins,
due to their structure, may become involved in the cell wall via esterification
or a hemiacetal reaction. One suggested function may be in cell-wall hardening
(Schoenwaelder and Wiencke, 2000). Thallus toughness may function as a defense
against herbivory (reviewed in Lucas et al., 2000), but it may also be part of
the necessary adaptation to life in the intertidal littoral zone, where on the one
hand wave exposure, and on the other periodical desiccation set demands on the
structural strength of the thallus.

The lack of correlation between soluble and cell-wall-bound phlorotannins in
growing parts of algae may be an indication of active phlorotannin production. In
growing parts, phlorotannins are produced intensely, probably in the cytoplasm or
chloroplasts like other phenolic compounds, and subsequently stored in physodes
(Schoenwalder, 2002). Although phlorotannins are both exuded and bound to the
cell wall, the high rate of production may explain the excess of soluble phlorotan-
nins.

We assume that phlorotannin production does not stop as the thallus gets
older. Rather, production decreases because of the thickening of the thallus and
the consequent decrease in photosynthesis. A trade-off develops when phlorotan-
nins are bound to the cell wall and soluble phlorotannins are no longer effectively
replenished by synthesis. However, it is worth noting that the levels of both soluble
and cell-wall-bound phlorotannins remain higher than those in actively growing
parts. On the other hand, phlorotannins can differ qualitatively at different stages
of age: in young thallus, they may be rather short oligomeric forms. As the thallus
ages, they may polymerize into longer and more complex forms, which may be
more difficult to degrade or exude through the cell wall. Disappearance of soluble
phlorotannins from cytoplasm happens rather fast, which is primarily explained
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with excretion and incorporation into the cell wall (Arnold and Targett, 2000). De-
tailed information, however, awaits the development of a suitable chromatographic
method for separating individual phlorotannin oligomers and polymers.

Nutrient enrichment had an effect only on soluble phlorotannins, indicating
that phlorotannins bound to the cell wall may be relatively stable with respect to
environmental variation. A constant and minor amount of phlorotannins appear to
be bound to the cell wall, regardless of the amount produced, which varies with
environmental conditions. Nutrient enrichment decreased the amount of soluble
phlorotannins. While such a nutrient effect is often explained by an increase in
growth at the expense of allocation to the production of soluble phlorotannins, this
was not the case in our experiment, since growth rate was not affected. In through-
flow mesocosms, nutrient enrichment commonly leads to increased growth of
epibiota (Honkanen and Jormalainen, unpublished data; Jormalainen et al., 2003);
this, in turn, causes shading and may thereby explain the decrease in phlorotannin
production. As such, the dynamic behavior of soluble phlorotannins together with
the relative stability of cell-wall-bound phlorotannins supports an approach that
uses soluble phlorotannins as the basis for studying phlorotannin plasticity.

There was considerable variability among individuals in the contents of both
soluble and cell-wall-bound phlorotannins; some individuals have a concentra-
tion only half that in others. Variation in the contents of soluble phlorotannins
is to a large extent genetic (Jormalainen et al., 2003), but variation in cell-wall-
bound phlorotannins has never been measured. Since soluble and cell-wall-bound
phlorotannins were not positively correlated, higher production does not neces-
sarily mean a thicker cell wall. The variation in the contents of cell-wall-bound
phlorotannins seems to be due to different causes and it may be related to genetic
or phenotypic variation in cell-wall characteristics. When there was a large amount
of phlorotannins—soluble or cell-wall-bound—in growing parts, there was also a
large amount in nongrowing parts.

In all of our treatments, we found exudation of phlorotannins into the water.
The amount of exudation was not affected by nutrient shortage. Since a short-
age of nutrients may slow the growth rate and increase the amount of secondary
metabolites (Herms and Mattson, 1992) our result suggests that a diminished need
of phlorotannins for cell-wall construction would not lead to an increase in their
exudation. The amount of exudation may be relatively independent of the growth
rate, for instance if exudation also takes place in the old, nongrowing thallus that
comprises a major part of the algal biomass. However, exudation did increase
compared to the other treatments when the alga was grazed by Idotea. There are
two possible explanations for the increase. The feeding process may induce an
indirect defense in algae, i.e., increased excretion of phlorotannins into the water.
By indirect defenses, plants reduce losses to herbivory by facilitating the ene-
mies of herbivores (Karban and Baldwin, 1997). There is evidence from terrestrial
plant-herbivore systems for indirect defenses based on volatile plant metabolites
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(reviewed in Sabelis et al., 1999; Dicke and van Loon, 2000; Dicke et al., 2003).
Alternatively, phlorotannins end up in the water without any induction in the alga,
as a consequence of the breaking of the surface, chewing action, or digestion of
Idotea. In both cases, the consequence of herbivory is an increase in exudation, and
it is possible that predators or other plants use exuded phlorotannins as a signal
of the presence of herbivores. If the defense were induced, however, we would
expect an increase in phlorotannin production, and also in the level of soluble
phlorotannins found in the algae. The content of soluble phlorotannins found in
both growing and nongrowing parts of the alga, however, showed no change, thus
supporting the latter explanation.

In summary, the quantification of phlorotannins from F. vesiculosus revealed
only a small amount bound to the cell wall, while the bulk was found in solu-
ble form in the cytoplasm. This suggests that the chemical role of phlorotannins
is mainly secondary; in other words, there is no evidence for a role as primary
metabolites, but they may have adaptive functions in interactions with other or-
ganisms or the abiotic environment. Phlorotannins, after degradation, may be-
come part of the cell wall, and thereby have a function as primary metabolites,
but at least quantitatively this is minimal. If, however, degradation to other, non-
phenolic compounds occurs commonly in binding to the cell wall, this conclu-
sion needs reassessment. Clarification of the biosynthetic pathway of phlorotan-
nins, the enzyme systems involved, and the turnover and degradation processes
is needed before our understanding of the functional role of these compounds is
complete.
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Abstract—Stressed woody plants represent an ephemeral and unpredictable
resource for larvae of some species of longhorned beetles (Coleoptera: Cer-
ambycidae) because prime subcortical tissues are rapidly degraded by a guild
of xylophagous competitors. Selection favors efficient mechanisms of host and
mate location to expedite colonization of hosts by larvae. Based on previous
research, we hypothesize that mate location in some species of the subfam-
ily Cerambycinae involves three sequential behavioral stages: (1) both sexes
are attracted to larval hosts by plant volatiles; (2) males attract females over
shorter distances with pheromones; and (3) males recognize females by con-
tact pheromones in their epicuticular wax layer. We already have evidence of
second-stage and third-stage behaviors in three species in this subfamily whose
xylophagous larvae feed in hardwood trees: Xylotrechus colonus, Megacyllene
caryae, and Neoclytus mucronatus mucronatus. In this report, we evaluate the
first behavioral stage of mate location behavior (i.e., independent response of
both sexes to host plant volatiles) for the same three species. Supporting our hy-
pothesis, both males and females responded to volatiles emanating from hickory
logs in Y-tube olfactometer bioassays.

Key Words—Host location, mating behavior, pheromone, Cerambycidae, Xy-
lotrechus, Megacyllene, Neoclytus.

INTRODUCTION

A better understanding of host and mate location is critical for developing man-
agement strategies of longhorned beetles (Coleoptera: Cerambycidae), among the
most important pests of woody plants in natural and managed systems world wide
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!Current address: Department of Biochemistry and Molecular Biology, University of Nevada, Reno,
Nevada 89557, USA.
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(Hanks, 1999). Disparate studies of many species in this family have suggested
that the sexes are brought together by a mutual attraction to the larval host rather
than by long-range pheromones (reviewed by Hanks, 1999). Recent research on
several species in the subfamily Cerambycinae, however, has revealed that males
produce pheromones that operate over short or moderate distances (reviewed by
Lacey et al., 2004). The pheromones are comprised of single or multiple com-
pounds based on a common structural motif: straight chains of six, eight, or ten
carbons with hydroxyl or carbonyl groups at C, and Cs.

We have documented the first aggregation pheromone in a longhorned beetle,
that of the cerambycine species Neoclytus acuminatus acuminatus (F.) (Lacey etal.,
2004), and the structure of the single active component conforms to this structural
motif. Nevertheless, both sexes of N. a. acuminatus also are attracted in the field by
volatiles emanating from larval hosts, dying hardwoods (Lacey et al., 2004). Adults
of other cerambycine species also respond to plant volatiles (e.g., Hanks et al.,
1996; Fettkother et al., 2000), and males use their antennae to recognize females
by contact chemoreception of cuticular hydrocarbons (Ginzel and Hanks, 2003;
Ginzel et al., 2003). We, therefore, hypothesize that mate location and recognition
in cerambycine species involves three sequential behavioral stages: (1) both sexes
are independently attracted to larval hosts by plant volatiles; (2) males attract
females over shorter distances with pheromones; and (3) males recognize females
by contact pheromones.

In this paper, we evaluate the first stage of mate location in three species
of cerambycines by testing the hypothesis that adult males and females are in-
dependently attracted to volatiles produced by larval hosts. We have evidence of
second-stage behaviors in two species: male Xylotrechus colonus F. and Megacyl-
lene caryae (Gahan) produce compounds consistent with the pheromone structural
motif, and we are evaluating their activity (E. S. Lacey, J. G. Millar, L. M. Hanks,
unpublished data). We predict that males of the third species, Neoclytus mucrona-
tus mucronatus (F.), also produce pheromones because it is a congener of N. a.
acuminatus and the males display a “perching” behavior that is associated with
release of pheromones in that species (Lacey et al., 2004). We have documented the
third-stage behaviors for all three species: males use their antennae to recognize
females by contact chemoreception (Ginzel and Hanks, 2003; Ginzel et al., 2003).

All three study species are native to eastern North America and their lar-
vae commonly feed in stressed or moribund hickories (Linsley, 1964). Both sexes
of all three species congregate on freshly cut logs of hickory in the area of the
study (Ginzel et al., 2003; unpub. data). This behavior could be cued by host
plant volatiles or entirely by long-range pheromones. Larvae of X. colonus de-
velop in many species of hardwoods, and the crepuscular adults are active from
May to September (Linsley, 1964; Ginzel et al., 2003). Larval hosts of M. caryae
include several species of hardwoods, but especially hickory, and adults are di-
urnal, aposematically-colored wasp mimics that are active from April to June
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(Linsley, 1964). Larvae of N. m. mucronatus develop in hickories, and the adults
are crepuscular and nocturnal and active in June and July (Linsley, 1964).

METHODS AND MATERIALS

We collected adult beetles of all three species from felled shagbark hickories,
Carya glabra (Mill) Sweet, or reared them from the logs. Adult X. colonus were
collected at dusk from trees felled in May and June 1998 at Allerton Park, Piatt
County, IL. Adult M. caryae emerged in March—April 2001 from logs of a tree
felled in Athens County, OH, in Spring 2000. Adult N. m. mucronatus emerged in
May 2003 from logs of a tree felled at Allerton Park in June 2002.

We housed beetles individually in the laboratory in cylindrical cages of alu-
minum window screen (9 cm diam, 12 cm tall) with clean 9-cm glass Petri dishes
at top and bottom. Every 2—3 days we provided fresh 10% sucrose solution in a
glass vial into which was inserted a cotton dental roll (Patterson Dental, South
Edina, MN). Reared beetles could have mated with a few individuals before they
were caged, but the mating history of field-captured beetles was unknown. Beetles
used in bioassays had been isolated in cages for at least 24 hr and were active.

We measured the response of walking adult beetles to volatiles from logs of
shagbark hickory with a glass Y-tube olfactometer (6 cm diam, main tube 26 cm
long, arm length 22 cm, angle between arms 70) positioned on a table with the arms
directed toward north-facing windows. Bioassays were conducted under laboratory
conditions and natural light during the normal activity periods of the species: late
afternoon and evening (X. colonus and N. mucronatus) or morning (M. caryae).
To bioassay X. colonus, we placed a freshly cut hickory log (~15 cm diam, 30 cm
long) in a Plexiglas® box (30 x 30 x 120 cm tall) with the open bottom sealed
by standing it in ~10 cm of water. Air entered the box through a hose connector
at the top, and air was drawn from the box through another hose connector on the
opposite side of the top that was connected with 1 cm i.d. Teflon® tubing to one
arm of the Y-tube. An empty box of identical design was connected to the other
arm of the Y-tube as a control. To bioassay M. caryae and N. mucronatus, we
placed a hickory log (~8 cm diam, 15 cm long) in a plastic cylinder (10 cm diam,
20 cm long) sealed at one end with aluminum foil with a ~3 cm diam hole to allow
air to enter and the other end connected with Teflon® tubing to one arm of the
Y-tube. An identical cylinder containing moistened cotton dental rolls served as a
control. Air was drawn through these systems (~1.7 1/min) with a 1 hp vacuum
cleaner (Shop—vac® , Williamsport, PA) on a variable power supply, and entering
air was purified with ~450 g of activated charcoal.

Odor sources were randomized between arms of the olfactometer for each
bioassay to control for location effects, and the olfactometer was rinsed with
acetone and air dried between trials. A beetle was released in the olfactome-
ter at the downwind end of the main tube and responded by walking at least
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TABLE 1. PERCENTAGES OF FEMALE AND MALE LONGHORN BEETLES OF THREE SPECIES
THAT RESPONDED IN AN OLFACTOMETER TO VOLATILES EMANATING FROM HICKORY
LOGS VERSUS A BLANK CONTROL

% Responding

Species Sex N  #Responding Hickory Control ¥ 2statistic (P)
Xylotrechus colonus Female 36 30 77 23 8.53 (P < 0.01)

Male 34 30 80 20 10.8 (P < 0.01)

Megacyllene caryae Female 36 30 80 20 10.8 (P < 0.01)
Male 40 30 73 27 6.53 (P < 0.01)

Neoclytus m. mucronatus ~ Female 25 25 80 20 9.0 (P < 0.01)
Male 30 30 83 27 13.3 (P < 0.001)

16 cm down one of the arms. Beetles that did not enter either arm of the ol-
factometer within 15 min were recorded as “no response.” We tested 25-40
males and females of each species and compared percentages of beetles respond-
ing to hickory volatiles with percentages responding to the control with a x?2
goodness-of-fit test.

RESULTS AND DISCUSSION

Adult beetles of all three species showed a significant response to plant
volatiles, with an average of ~80% of each sex responding to volatiles produced
by hickory logs (Table 1). These findings support the hypothesis that the sexes
are brought together by a mutual attraction to volatiles of the larval host. These
data also lend support to our proposed three-stage behavioral sequence of mate
location.

Stressed and dying host trees become available to wood borers sporadically
and unpredictably when they are damaged or weakened by such environmental
factors as wind, lightning strike, fire, and water deficit (reviewed by Hanks, 1999).
Their quality as hosts declines rapidly, however, as subcortical tissues are degraded
by xylophagous competitors, including buprestid and scolytid beetles, as well as
by other cerambycid species. Thus, the quality of larval nutrition depends on
the timing of colonization by larvae, and selection favors behaviors in adults that
expedite that process, including mutual attraction of males and females to the larval
host, and brief copulation followed immediately by oviposition. Adults of other
species of the Cerambycinae that require stressed hardwood hosts show similar
reproductive behaviors, presumably due to convergent selective pressures (Hanks,
1999).
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Abstract—Polydimethylsiloxane (PDMS) materials were used to quantify lev-
els of the photosynthesis inhibitor sorgoleone in the undisturbed rhizosphere of
sorghum plants. The materials used included stir bars coated with PDMS (stir
bar sorptive extraction), technical grade optical fiber coated with a thin film of
PDMS (matrix-solid phase microextraction), and PDMS tubing. PDMS tubing
retained the most sorgoleone. As analyzed by high performance liquid chro-
matography, amounts of sorgoleone retained on the PDMS materials increased
with time. Other materials tested (polyurethane foam plugs, C18 and Tenax
disks, and resin capsules) proved less suitable, as they were subject to some-
times extensive penetration by fine root hairs. These results demonstrate the
potential for PDMS-based materials to monitor the release of allelochemicals in
the undisturbed rhizosphere of allelopathic plants. Unlike extraction procedures
that recover all available compounds present in the soil, PDMS functions in a
manner more analogous to plant roots in sorbing compounds from soil solution
or root exudates. Information on chemical dynamics in the rhizosphere is crucial
for evaluating specific hypotheses of allelopathic effects, understanding allelo-
pathic mechanisms, and assessing the importance of allelopathic processes in
plant communities.

Key Words—Methods, Sorghum bicolor x Sorghum sudanense, sorgoleone,

rhizosphere chemistry, polydimethylsiloxane, stir bar sorptive extraction,
matrix-SPME, biomimetic extraction, allelopathy.

INTRODUCTION

The knowledge of the chemical basis of allelopathy has advanced greatly since
Putnam and Tang’s (1986) observation that “chemistry has been the Achilles’ heel
of allelopathy.” Several allelochemicals with toxicity rivaling that of synthetic
herbicides are known, including a-terthienyl (Campbell et al., 1982), artemisinin
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(Duke et al., 1987), and sorgoleone (Einhellig and Souza, 1992; Nimbal et al.,
1996). a-Terthienyl has been found in the rhizosphere beneath the source plants
(Campbell et al., 1982; Tang et al., 1987; Martin and Weidenhamer, 1995; Thijs,
1999), and sorgoleone exudation by sorghum roots has been the subject of numer-
ous investigations (Einhellig and Souza, 1992; Czarnota et al., 2001, 2003).

Unfortunately, analysis of rhizosphere chemistry has lagged behind advances
in natural product characterization. The general lack of understanding of the qual-
itative and quantitative dynamics of allelochemicals in the rhizosphere is perhaps
the present Achilles’ heel for research in this field (Weidenhamer, 1996). The
need for such information has been emphasized repeatedly. Fuerst and Putnam
(1983) considered knowledge of the amount of toxin released to the environment
and taken up by the target plant crucial to proving a hypothesis of allelopathy.
Radosevich and Holt (1984) concurred, arguing “research in this area must be
designed specifically to prove that a toxic substance is produced and that it accu-
mulates or persists long enough at concentrations in the environment sufficient to
inhibit development of other plants.” Williamson and Weidenhamer (1990) went
a step further, arguing that knowledge of concentrations alone is not enough be-
cause soil concentrations reflect the current balance of input vs. output rates for
a compound. Plant roots compete with both microorganisms and other processes
to remove allelochemicals from soil solution, and the rate at which allelochemi-
cal concentrations are replenished will determine how much is available for plant
uptake. Allelochemical flux rates are, thus, likely to be a key component of toxicity.

Blum et al. (1999) assert that the research focus in studies of allelopathy needs
to shift to the soil, and “specifically the barrier of the rhizosphere through which
allelochemicals must pass.” In a recent review of rhizosphere chemistry, Bertin
et al. (2003) note that root exudates vary greatly in both chemical composition and
biological effects, and argue for the development of techniques that will deepen
our understanding of the chemical and biological dynamics of the rhizosphere.
The results of Tang et al. (1987) and Weidenhamer and Romeo (2004) underscore
these points. Tang et al. (1987) found much higher concentrations of 5-(4-hydroxy-
1-butynyl)-2,2-bithienyl (BBT-OH) relative to other thiophenes in the rhizosphere
than in roots of Tagetes patula, and concluded that analysis of the rhizosphere
was more important than analyses of plant tissues for studies of allelopathy.
Weidenhamer and Romeo (2004) showed that soil microorganisms rapidly convert
the hydroquinone glycoside arbutin to hydroquinone and then to benzoquinone.
The latter two compounds are suspected to be the allelopathic agents of the Florida
scrub perennial Polygonella myriophylla, but they do not occur in free form in the
plant itself. The question, then, is what methods can be used to gain insight to the
chemical dynamics of the rhizosphere.

Tang and Young (1982) developed a method to analyze compounds pro-
duced by plant root systems. Plants are grown in open-bottomed pots in sand,
and water and/or nutrient solutions circulate through a trap containing XAD-4
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resin. Hydrophobic compounds are eluted from the XAD-4 resin with methanol
and identified by standard methods. Tang (1986) pointed out that with typical soil
extractions, it is impossible to be certain that all fine roots have been removed
from soil beneath potentially allelopathic plants prior to analyses, and, thus, one
cannot be sure that the compounds extracted are actually from the soil rather than
from root fragments. The Tang and Young method has the virtue of monitoring
allelochemicals in root exudates, and has been successfully employed in the in-
vestigation of root exudates of several species (Brown et al., 1983; Stevens and
Tang, 1986; Tang and Zhang, 1986). Miiller et al. (1993) adapted the method to
preparative-scale by using a 250 g bed of XAD-4 resin. However, for the quanti-
tative measurement of allelochemical release rates over time, the Tang and Young
technique has serious disadvantages. First, the ecological realism of the technique
is limited by the requirement to use sand as the growing medium and the ab-
normally high flow of water through the root zone. Second, and perhaps more
importantly, it is not applicable to field situations.

Environmental researchers have devised a number of approaches to attack
a similar problem—the qualitative and quantitative measurement of bioavailable
concentrations of hydrophobic organic pollutants in surface and ground water and
sediment. Several of these methods offer two key advantages over the trapping
technique of Tang and Young (1982): simplicity, and potential adaptability to field
monitoring.

Materials used in the study of anthropogenic pollutants include adsorbents
such as Tenax-TA (Yeom et al., 1996), octadecyl-modified (C18) silica disks
(Verhaar et al., 1995; Tang et al., 1999; Krauss and Wilcke, 2001), polyurethane
foam (PUF, Farag and El-Shahawi, 1991), and various encapsulated carbonaceous
resins (Johns and Skogley, 1994; Morse et al., 2000). The polymer polydimethyl-
siloxane (PDMS) has also found many uses in environmental analysis. In contrast
to adsorptive materials in which analytes adsorb to the surface, PDMS is clas-
sified as a sorptive material in which analytes actually dissolve into the PDMS
phase (Baltussen et al., 2002). PDMS is used in a number of forms. In solid phase
microextraction (SPME), a fiber coated with a sorptive or adsorptive phase, often
PDMS, is used to extract volatile organics from water or headspace. These are
then analyzed by gas chromatography (GC) after thermal desorption, or by high
performance liquid chromatography (HPLC) after liquid desorption (Arthur and
Pawliszyn, 1990). A wide variety of fiber coatings and applications have been
developed (Pawliszyn, 1999). However, the fragility of the fiber limits its utility
in soil analysis to the sampling of volatiles in pore spaces. A recently devel-
oped alternative to SPME with potential applications to rhizosphere analysis is
matrix-SPME (Mayer et al., 2000). In this technique, a technical grade optical fiber
coated with a thin film of PDMS was used to extract PCBs and other persistent and
bioaccumulative pollutants from sediment. The low cost of optical fiber allows
for disposable usage, which is not practical with regular SPME because of the
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high cost of the individual fibers. Stir bar sorptive extraction (SBSE) is a recently
developed method in which a stir bar is coated with a layer of PDMS (Baltussen
et al., 1999). After concentration of the analytes on the stir bar, it is desorbed with
solvent or thermally. The larger volume of the PDMS phase compared to SPME
allows for higher recovery and as much as a 500-fold increase in sensitivity with
SBSE (Baltussen et al., 1999). Reported applications include the extraction of wa-
ter (Baltussen et al., 1999; Popp et al., 2003), direct analysis of fruit by insertion
into strawberries (Kreck et al., 2001), and analysis of volatiles emitted by living
plants (Vercammen et al., 2000).

The objective of this study was to evaluate the ability of several materials
to analyze the undisturbed rhizosphere of living plants. The materials compared
were: (a) SBSE (PDMS coated stir bar); (b) matrix-SPME using PDMS coated
optical fibers; (c) PDMS tubing; (d) Tenax TA disks; (e) C18 disks; (f) PUF
plugs; and (g) capsules containing XAD-7 or Ambersorb 563 resin. Sorghum was
chosen as the plant species for this study. The highly phytotoxic sorgoleone is
known to be the principal component of the root exudate. Varieties of sorghum
that produce greater or lesser quantities of sorgoleone are known (Nimbal et al.,
1996). Furthermore, root exudates can be readily analyzed for sorgoleone content
by HPLC (Czarnota et al., 2003).

METHODS AND MATERIALS

Chemicals. All chemicals used were reagent grade. Chromatography
solvents were HPLC grade.

Sorgoleone Isolation and Purification. The isolation and purification proce-
dure followed that of Rimando et al. (1998). Seeds of Sorghum bicolor (L.) Moench
cv. Bundle King, a hybrid forage sorghum (Browning Seed Co., Plainview, TX),
were sown in a flat containing a sandy loam soil. Seeds were laid on a fiberglass
screen and covered with approximately 1 cm soil. After 20 d, the roots beneath the
fiberglass screen were cut, washed with water to remove adhering soil, and blot-
ted dry. Roots were extracted twice by covering with methylene chloride (0.25%
acetic acid, v/v) for 2 min. The resulting extract was dried with granular sodium
sulfate, filtered, and concentrated by rotary evaporation. A crude extract of 41 mg
was obtained from 103 g (fresh mass) roots. Sorgoleone was purified by prepara-
tive thin layer chromatography on silica gel using hexane/isopropanol (90:10) as
the developing solvent. The UV spectrum, TLC, and HPLC profiles of the puri-
fied material matched those reported in the literature (Czarnota et al., 2003). This
purification procedure does not eliminate several minor analogs of sorgoleone
that have been reported (Kagan et al., 2003) but these have low concentrations.
Sorghum root exudates contain 85-90% pure sorgoleone by weight (Nimbal et al.,
1996).
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Sorghum Growth Conditions. Approximately 20 seeds of Sorghum bicolor x
sudanense cv. High Sugar, an experimental sorghum—sudangrass hybrid (Browning
Seed Co., Plainview, TX), were planted in Spinks soil (a sandy, mixed mesic
Lamellic Hapludalf) in 3.8 1 polyethylene nursery pots. This variety was chosen
on the basis of a preliminary screening study of sorghum and sorghum—sudangrass
hybrid cultivars in which it produced the greatest quantities of sorgoleone. The
pot bottom was covered with fiberglass screen and a 2.5-cm layer of gravel to hold
in the soil.

Plants were grown in a greenhouse during January—April 2004. In general,
daytime temperatures ranged from 21°C to 30°C and nighttime temperatures from
14°C to 18°C. Temperature extremes were 13°C and 43°C. Pots were laid out
in three replicates in a randomized block design. Pots were thinned to a density
of four seedlings 11 days after planting (DAP). Plants were watered as needed.
Natural sunlight was supplemented by 3 hr of mixed metal halide and sodium
vapor lighting beginning 28 DAP. Plants received 300 ml of a general purpose
fertilizer solution (Expert gardener®all purpose plant food, 15-30-15 plus B, Cu,
Fe, Mn, Mo, and Zn) at 25, 33, and 47 DAP to supplement soil nutrients. Plants
were harvested and extractant materials removed and analyzed (see below) on
29, 55, and 88 DAP. Fresh shoot and root biomass of all pots were measured at
harvest.

Rhizosphere Adsorbents and Sorbents. Suppliers, conditioning procedures,
placement in soil, and extraction methods are summarized in Table 1. A different
extractant was buried in each pot, and extractants were removed only at harvest.
There were three replicates of each treatment per harvest, and extractants buried
in unplanted pots served as background controls. Once prepared, all extracts were
transferred to autosampler vials. For extracts of 350 ul volume or less, microvial
inserts were used. All samples were analyzed in duplicate.

HPLC Analysis. HPLC procedures followed those of Czarnota et al. (2003).
The HPLC system included a Spectra Physics Model 8800 ternary gradient pump,
manual Rheodyne injection valve, Econosphere (Alltech Associates) octadecylsi-
lyl (C18) column (250 x 4 mm?, 5 um particle size), and a Dionex variable
wavelength detector set at 280 nm. A Varian 4270 integrator was used for peak in-
tegration and retention time measurements. Compounds were eluted at 1.75 ml/min
with a gradient of (A) water containing 2.5% (v/v) acetic acid and (B) acetonitrile.
Gradient conditions were: 0—15 min, 45% A/55% B isocratic; 15-22 min 55—
100% B linear gradient, 22—25 min 100% B, 25-26 min 100-55% B, 26-30 min
45% A/55% B equilibration. The injection volume was 25 ul.

Samples from the final harvest were analyzed with the same column on an
Agilent diode array HPLC that included a model 1050 quaternary pump, model
1050 autosampler, and model 1100 diode array detector. Samples were analyzed
isocratically (45% A/55% B) at a flow rate of 1 ml/min. The monitoring wavelength
was 280 nm and injection volume was 50 ul.
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HPLC-MS Analysis. To confirm the presence of sorgoleone in the rhizosphere
extracts, one sample and standard were analyzed by HPLC-Mass Spectrometry
(MS). Experiments were performed on a Micromass LC-TOF(tm) II (Micromass,
Wythenshawe, UK) mass spectrometer equipped with an orthogonal electrospray
source (Z-spray) operated in positive ion mode. Sodium iodide was used for mass
calibration for a calibration range of m/z 100-2000. Optimal ESI conditions were:
capillary voltage 3000 V, source temperature 110°C, and a cone voltage of 55 V.
The ESI gas was nitrogen. All ions transmitted into the pusher region of the TOF
analyzer were scanned over m/z (100-500) with a 1 sec integration time. Data
were acquired in continuum mode during the LC run.

The HPLC system consisted of a Waters Alliance 2690 Separations Module
(Waters, Milford, MA). A Supelco (St. Louis, MO) Discovery C18 HPLC Column
(250 x 4.6 mm?, 5 um particle size) was used for the separation. A 100 ml injection
was made of the samples. The mobile phase [45% water containing 2.5% (v/v)
acetic acid and 55% acetonitrile] flow rate was maintained at 1 ml/min and was
split postcolumn by using a microsplitter valve (Upchurch Scientific, Oak Harbor,
WA) to ~20 wl/min for introduction to the ESI source.

RESULTS

Sorgoleone quantitation was linear (2 values 0.97-0.99) over a range of 0.1—
50 mg/I~! for both peak area vs. concentration and log area vs. log concentration.
The approximate detection limit was 0.25 ng per injection (corresponding to a
concentration of 0.01 mg/l~' on the HPLC system used for the first two harvests).
Chromatograms of both a standard and SBSE sample are presented in Figure 1.

The non-PDMS materials proved to be problematic to work with. The cap-
sules, foam plugs, and disks were all penetrated by sorghum roots to greater or
lesser extent. Analyses of these materials are, therefore, suspect, given that any
sorgoleone recovered might be from root fragments that could not be removed
rather than from sorgoleone adsorbed from the rhizosphere by these extractants.
Also, several blanks showed contaminant peaks that overlapped sorgoleone. For
these reasons, results for the analysis of the non-PDMS materials are not presented.
However, PUF plugs as well as the C18 and Tenax disks all showed reddish-purple
stains suggestive of sorgoleone.

All three PDMS-based materials trapped measurable amounts of sorgoleone
that increased with time (Table 2, Figure 2). Sorgoleone in the samples was
identified on the basis of its retention time compared to the known standard.
Where UV spectra of peaks could be obtained (diode array HPLC, final harvest),
these were consistent with sorgoleone. LC-MS analysis of a sorgoleone standard
and one of the SBSE samples from the first harvest confirmed the presence of
sorgoleone (m/z 359) in the rhizosphere extract. The PDMS tubing gave the
highest recovery of the three PDMS materials used, and the amounts recovered
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FIG. 1. HPLC chromatograms of sorgoleone standard (1 mg/l1~!, injection corresponds to
25 ng sorgoleone) and SBSE rhizosphere extract from the first harvest (determined to have
concentration of 0.17 mg/1~!). The peak in this sample was confirmed as sorgoleone by
LC-MS.

correlate well with sorghum plant growth over the 88 days of the experiment
(Figure 3).

DISCUSSION

These results demonstrate PDMS can be used to sorb and measure root-
exuded allelochemicals in the undisturbed rhizosphere of living plants. While this
experiment was conducted in pots, all of the PDMS materials used could readily
be taken into the field. Both PDMS tubing and optical fiber are fairly inexpensive
and, therefore, applicable to large-scale studies.

Of the three PDMS-based materials tested, PDMS tubing recovered higher
amounts of sorgoleone and was also more consistent in recovering some Sor-
goleone in all samples (Table 2). However, because of the different placement of
the optical fiber (vertically, rather than being buried) and the different volumes
and surface areas of the PDMS materials used in this study, conclusions cannot
be drawn about which material was most efficient in extracting sorgoleone. This
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TABLE 2. RECOVERY OF SORGOLEONE (ng) from PDMS
Materials for all Replicates

Harvest (DAP) Replicates (ng sorgoleone) Mean?
Optical fiber
29 68.3 nd? nd 22.7
55 nd 54 9.2 7.3
88 261.8 58.7 lost 160.2
Stir bar sorptive extraction
29 15.5 424 nd 19.3
55 35.5 63.4 nd 33.0
38 180.5 16.8 83.8 93.7
PDMS tubing
29 24.5 17.1 19.5 19.6
55 50.8 26.5 31.0 36.1
38 272.1 198.4 315.5 262.0

“ Means and standard errors were calculated using values of zero for
samples below detection limits.
b nd = not detected.

experiment was not designed to compare extraction efficiencies of the different
PDMS materials, but rather to demonstrate the feasibility of using PDMS to mon-
itor allelochemical dynamics in the rhizosphere. PDMS tubing had both a larger
PDMS phase volume and surface area than the optical fiber and PDMS-coated stir
bars. The four 10 cm strands of tubing had a surface area of 812 mm?, compared to
243 mm? for the optical fiber and 69 mm? for the stir bar. Approximate PDMS vol-
umes were 241, 55, and 7 ul for the tubing, stir bar, and optical fiber, respectively.

Sorgoleone recovery from PDMS materials

L
o
o

(=3
=1
=1

L]
o
o

b
=3
o

W Opical Fiber
Bsese
Dvutirg

ng Sorgoleone found
-
(<4
Q

=
=1
o

29 55 88
Days after planting

o

FIG. 2. Mean recovery of sorgoleone with PDMS materials. Bars indicate standard errors.
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FIG. 3. Total, shoot and root fresh biomass of sorghum—sudangrass at each harvest. Bars
indicate standard errors. If not shown, standard errors are too small to depict visually.

The volume estimates have been adjusted for the estimated 40% (v/v) of fumed
silica found in PDMS tubing by Baltussen et al. (1999). The greater volume
and surface area of the tubing may provide some integration of the presumably
heterogeneous distribution of sorgoleone in the rhizosphere.

It is recognized that other forms of the non-PDMS materials—e.g., beads
or resins mixed with soil and recovered by centrifugation (Thien and Myers,
1991; Lake et al., 1996; Yeom et al., 1996)—could provide usable results and
avoid the problems with fine root penetration of capsules and disks. However,
field placement in soil would be problematic, recovery would be destructive, and
the extraction procedure would be much more difficult than the aqueous rinse
followed by acetonitrile soak used for the PDMS materials. The importance of
minimizing disturbance of roots is illustrated by the results of Paavolainen et al.
(1998), who measured volatile organic compounds (VOCs) from soil in conifer
forests by using microair passive diffusive samplers. These samplers use charcoal
as an adsorbent for volatile compounds. The samplers were placed in 30 cm-
deep holes (5 cm diam.) bored into the soil, and samplers were suspended within
the borehole, which was capped. Significant quantities of monoterpene emissions
were measured, but the authors noted that increased production of monoterpenes
is a known result of root injury. Thus, there is no way of knowing whether the
release rates measured by these researchers bear any relation to undisturbed forest.

Because PDMS rhizosphere sorbents do not extract a known volume of
soil, the amounts of sorgoleone found cannot be directly translated into estimates
of flux rates. The data provided by these sorbents estimate relative, rather than
absolute, flux rates. However, even with this limitation, PDMS sorbents could
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be useful in deepening our understanding of the qualitative and quantitative flux
rates of allelochemicals in the rhizosphere. Ion-exchange resin capsules, used for
the measurement of soil nutrients, have similar limitations and potential. Skogley
(1992) buried ion exchange capsules in burned and unburned sites at three different
locations. He found striking differences between burned and unburned sites in the
amounts of nitrate, potassium, and sulfur recovered from capsules buried for
8-20 months. In addition to monitoring rhizosphere concentrations over time in
response to external treatments or variables, PDMS materials could be used to
map allelochemical distribution in the rhizosphere (Fan et al., 1992) or to follow
microbial degradation of allelochemicals.

Existing methods for determination of allelochemical concentrations in soil
have relied on aqueous or solvent extractions of the soil (e.g., Ponder and Tadros,
1985; Dalton et al., 1987) or direct analysis of soil solution (e.g., Gallet and
Pellissier, 1997). The low concentrations of allelochemicals typically found in
analyses of soils beneath allelopathic plants, and the often rapid degradation of
allelochemicals by soil microorganisms, are commonly cited as evidence against
these compounds playing a significant role in plant—plant interactions (Schmidt,
1988). However, static concentrations in the environment reflect the balance of
input vs. output rates for a compound at a given point in time. As such, static
concentrations do not provide information about these input and output rates any
more than static concentrations of ammonium and nitrate in the soil indicate
the magnitude of the processes of nitrogen mineralization, denitrification, and so
on (Williamson and Weidenhamer, 1990). Seldom have attempts been made to
quantify the input and output rates for suspected allelopathic compounds.

An additional problem with existing methodology is that bioassays of al-
lelochemicals are normally conducted by one exposure of a test species to a
known concentration of a compound, which then decreases in concentration over
the length of the assay. This is a quite different situation than in nature, where
small pulses of allelochemical inputs may disappear due to microbial degrada-
tion, plant uptake, and other processes, but be replenished by new inputs such
as root exudation or leaching by precipitation throughfall. Chronic exposure to
a low dose of allelochemical may inhibit plant growth significantly (Blum and
Rebbeck, 1989), but this has seldom been examined. Weidenhamer et al. (1987)
showed that in standard Petri dish germination assays using cucumber seeds and
ferulic acid, the ferulic acid rapidly disappeared. When concentrations of ferulic
acid were stabilized by either decreasing the number of cucumber seeds used
per dish or by making a larger reservoir of ferulic acid available to the seeds,
much greater inhibition of cucumber germination and growth resulted. If soil
processes maintain the concentration of an allelochemical within a certain range,
the potential toxicity of the compound will exceed that seen in bioassays where
the concentrations available in soil are mimicked but decrease without replen-
ishment over the course of the assay. Thus, data on the dynamic availability of



232 WEIDENHAMER

allelochemicals are essential to the serious evaluation of hypotheses of allelopathic
activity.

The term “biomimetic” is proposed to describe the PDMS rhizosphere sor-
bents. Krauss and Wilcke (2001) used this term to describe the extraction of PAHs
and PCBs from soil with C18 disks. Their intent was not to quantitatively extract
all hydrophobic material from the sample, but an amount corresponding to what
might be taken up by an organism. Allelochemical extraction procedures seek
to recover all of a certain fraction of a compound present at a certain point in
time (e.g., soil solution, reversibly/irreversibly adsorbed) (Blum et al., 1999). In
contrast, the PDMS materials function in a manner more analogous to plant roots
in sorbing compounds from soil solution or through direct contact with root exu-
dates. In principle, allelochemicals sorbed by PDMS traps should be potentially
available to roots of other plants. For this reason, the term “biomimetic extraction”
is proposed to describe this technique.

Further research is needed to clarify the potential of biomimetic PDMS ex-
tractants for analysis of the rhizosphere. Questions that need to be addressed
include: (a) How stable are adsorbed allelochemicals on PDMS over time? Do the
amounts of sorgoleone found reflect the cumulative amount trapped by PDMS, or
is some sorgoleone sorbed and subsequently desorbed over time? Should PDMS
be found to desorb allelochemicals over time, such materials might also be used
to provide controlled release of known doses of allelochemicals to measure their
effects in the absence of the source plant. (b) How broad a range of allelochemicals
can be effectively sorbed by PDMS? PDMS is a nonpolar material, and analyte
recoveries have been correlated with K, (octanol-water partition coefficient)
values. Higher recoveries are found for nonpolar compounds (Baltussen et al.,
1999). However, SBSE has been used successfully to quantify the polar benzoic
acid in beverages (Tredoux et al., 2000). Quantitation was linear for concentrations
of 1-1000 ppm in both water and diluted soft drinks. Thus, PDMS would seem
to have potential to measure both nonpolar and polar allelochemicals in the rhizo-
sphere. (c) Do other forms of PDMS, e.g., membranes (Bruheim et al., 2003) or
rods (Montero et al., 2004) have potential advantages for rhizosphere extraction?
What proportion of PDMS volume to surface area is optimal? (d) Can relative flux
rates of rhizosphere allelochemicals be correlated with the results of soil bioas-
says? Szmigielska et al. (1998) and Szmigielska and Schonenau (1999) applied
such an approach to the analysis of herbicide residues. The utility of PDMS soil
probes for the evaluation of hypotheses of allelopathic effects would be enhanced
if the results obtained by soil analyses with the probes could be correlated to
bioassays of soil activity, and (e) How effective is solvent extraction of PDMS
materials compared to thermal desorption and analysis by GC? Solvent desorp-
tion is advantageous in that it does not require additional instrumentation beyond
liquid or gas chromatographs that are available in many laboratories. However,
in solvent desorption, only a portion of the desorbed sample is injected, so the
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sensitivity is inherently less than thermal desorption, where the PDMS material
is heated in a closed chamber and all of the volatized analytes transferred into
the GC. Most applications of PDMS as a sorbent for anthropogenic pollutants use
thermal desorption because of the greater sensitivity, although some compounds
are unstable during the thermal desorption process or at high temperatures in
the GC.

The demonstration that fluxes of allelochemicals can be measured in the
rhizosphere will not prove that allelopathic interactions are occurring. Yet, it
is also true that demonstration of allelopathic interactions without data on al-
lelochemical dynamics in soil will remain problematic. PDMS-based materials
provide a new tool for obtaining this information, and helping to assess the impor-
tance of allelopathic processes in plant communities. In principle, PDMS should
also be an effective, low-cost sorbent for large-scale collections of rhizosphere
exudates.
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Abstract—L-DOPA is an active allelochemical that inhibits plant growth. To de-
termine whether the phytotoxicity is due to the reactive oxygen species generated
during its oxidation to melanin, oxidative damage, melanin accumulation, and
the effect of antioxidants on its phytotoxicity were examined in L-DOPA-tolerant
(barnyard grass) and -susceptible (lettuce) plants, and in suspension-cultured
carrot cells. L-DOPA suppressed root elongation in lettuce compared to barnyard
grass. Levels of melanin and thiobarbituric acid reactive substances (TBARS) in-
creased remarkably in L-DOPA-treated lettuce roots, but not in barnyard grass.
L-DOPA also suppressed carrot cell growth to 60% of the control at 1 mM.
Melanin content in 1 mM L-DOPA-treated carrot cells increased continu-
ously; however, ascorbic acid and «-tocopherol suppressed accumulation. When
melanin formation was inhibited by ascorbic acid and «-tocopherol, growth of
L-DOPA-treated cells was restored. TBARS levels were higher in 1 mM
L-DOPA-treated carrot cells than in untreated control cells 2 d after treatment,
but not at 4 or 6 d. Ascorbic acid and a-tocopherol suppressed the production of
lipid peroxide during the initial 2 d. These results suggest that the phytotoxicity
of L-DOPA is due to oxidative stress caused by reactive oxygen species from
the melanin synthesis pathway.

Key Words—L-DOPA, inhibition of root elongation, melanin synthesis pathway,
lipid peroxidation, reactive oxygen species.

INTRODUCTION

L-DOPA (L-3, 4-dihydroxyphenylalanine), a precursor for alkaloids, phenylpro-
panoids, flavonoids, lignin, and melanin (Halbrock and Scheel, 1989) is an active
allelochemical. Velvet bean (Mucuna pruriens), a leguminous species, exudes a
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large amount of L-DOPA from its root and inhibits the growth of nearby species
(Fujii et al., 1991). Previous studies have revealed that L-DOPA suppresses the
growth of roots more significantly than shoots, and the inhibitory effect is selec-
tive among plant species (Fujii, 1994; Fujii et al., 1991; Nakajima et al., 1999;
Hachinohe et al., 2004).

In the past few decades, natural toxins, including allelochemicals that sup-
press or eliminate competing plant species near the source plant, have received
special attention due to their agricultural potential as herbicides (Dayan et al.,
2000). Although hundreds of allelochemicals have been identified, the mode of
action of many of these is not yet clear. This study focuses on the phytotoxic
mechanism of L-DOPA, which is synthesized via oxidation of tyrosine in the
presence of the copper-containing enzyme tyrosinase and molecular O,. In plant
cells, L-DOPA is metabolized to several chatecholamines, phenylpropanoids, and
melanin (Pattison et al., 2002). Nakajima et al. (1999) reported that cucumber
plants detoxify L-DOPA to nontoxic amino acids such as phenylalanine or tyro-
sine. We previously compared the metabolic activity of L-DOPA in barnyard grass
(Echinochloa crus-galli L.: tolerant) and lettuce (Lactuca sativa L. cv. Great lakes
366: susceptible) (Hachinohe et al., 2004). There was no significant difference in
the composition of metabolites between the species; however, L-DOPA accumu-
lated solely in lettuce suggesting that it is an active principle of the phytotoxic
action.

There are numerous studies on the effect of L-DOPA in animal cells. It is a
potential therapeutic agent for Parkinson’s disease; however, there is considerable
concern about the long-term effects caused by L-DOPA-induced cell apotosis and
cytotoxicity (Basma et al., 1995; Lai and Yu, 1997; Melamed et al., 1998; Haque
et al., 2003). L-DOPA can be oxidized non-enzymatically to form melanin (Riley,
1997); a process that generates reactive oxygen species (Kruk et al., 1999). The
cytotoxicity of L-DOPA in nerve cells is due to oxidative damage from reactive
oxygen species and can be suppressed with antioxidative enzymes or antioxidants
in many cases.

This study was conducted to determine whether the phytotoxicity of L-DOPA
is due to reactive oxygen species formed during oxidation to melanin. Oxidative
damage and the effect of antioxidants on phytotoxicity were examined in L-DOPA-
tolerant (barnyard grass) and -susceptible (lettuce) plants, and in suspension-
cultured carrot cells.

METHODS AND MATERIALS

Plant Materials. Seeds of barnyard grass and lettuce were sown on aluminum
mesh trays covered with cheesecloth and set on plastic boxes (310 x 220 x
5 mm?) containing distilled water. They were germinated in a growth chamber
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under 25°C/20°C (day/night, 12 hr each, 80-100 xmol m~2 s~!). The uniformly
germinated seeds, 1-d-old lettuce and 4-d-old barnyard grass were used for the
experiments.

Effect on Root Elongation. Ten germinated seeds of barnyardgrass and let-
tuce were placed in a plastic box (60 x 60 x 100 mm?) containing 200 ml of a
0.5% agar culture medium (pH 6.0) with L-DOPA (0.1 mM). They were kept in the
chamber, and their root lengths were measured at 1, 2, 3, and 5 d. Each experiment
was conducted using five boxes, and the experiment was repeated three times.

Cell Culture and Effect on Plant Growth. Suspension cultures of carrot
(Daucus carota L. cv. Harumakigosun) cells were grown in Murashige and Skoog
medium (MS medium), pH 6.0, containing 30 g L~! of sucrose and 2mg L. =" of 2,4-
dichlorophenoxyacetic acid (Matusmoto et al., 2002). Cultures were maintained
on a gyratory shaker (NR-20; TATITEC Corporation, Saitama, Japan) agitated at
100 rpm under dim light at 25°C, and subcultured at 2-wk intervals by transferring
20 ml of cell culture into 100 ml of fresh medium. Cell cultures were grown
with medium containing L-DOPA with/without ascorbic acid or a-tocopherol for
6 or 8 d. The effect on growth was determined by measuring packed cell volume
(Warabi et al., 2001) at 2, 4, and 6 d after treatment.

Spectrophotometric Assay of Melanin. Total melanin was determined ac-
cording to Wakamatsu and Ito (2002). Roots of lettuce and barnyard grass (30 mg
FW) were homogenized in 3 ml of a 90% (v/v) Soluene-350 solution, and solubi-
lized completely by incubation for 30 min at 100°C. After cooling, absorbance at
500 nm was determined by using synthetic melanin as a standard. In carrot cells,
the yellow pigments were removed with methanol before the cells, 0.2 ml, were
homogenated in 3 ml of Soluene-350.

Determination of Lipid Peroxidation. Lipid peroxidation was determined
with the thiobarbituric acid (TBA) test (Velikova et al., 2000). Roots of lettuce
and barnyard grass (500 mg) were homogenized in a 0.1% (w/v) TCA solution
(5 ml). The homogenate was centrifuged at 10,000 g for 20 min, and 0.5 ml of
the supernatant were added to 1 ml of 0.5% (w/v) TBA in a 20% TCA solution.
The mixture was incubated for 30 min at 98°C, and the reaction was stopped
by cooling in an ice bath. The samples were centrifuged at 10,000 g for 5 min,
and the absorbance of supernatants was analyzed at 532 nm. The value for non-
specific absorbance at 600 nm was subtracted. The amount of thiobarbituric acid
reactive substances (TBARS) was calculated with an extinction coefficient of
155mM~! cm~!,

Statistical Analysis. Data were analyzed with Statcel (OMS, Saitama, Japan),
and tested for normality and homogeneity of variances (F-test or Bartlett test)
followed by ANOVA or simple linear regression analysis. Differences between
treatments were determined by Fisher’s PLSD test, Student’s ¢-test, or Welch’s
t-test.
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FiG. 1. Effect of 0.1 mM L-DOPA on growth of barnyard grass and lettuce roots. Bars
indicate =SE of the mean (N = 5). Asterisks indicate a significant preference between
control and L-DOPA treatment (**P < 0.01; **P < 0.001).

RESULTS

L-DOPA caused selective suppression of root elongation in barnyardgrass
and lettuce (Figure 1). The root lengths of both L-DOPA-treated species were
approximately 80% and 20% of untreated control root lengths, respectively.

Although L-DOPA induced accumulation of melanin in the roots of both
species, the increase was more remarkable in lettuce (Figure 2). Melanin con-
tent was positively correlated with growth inhibition of L-DOPA-treated roots
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FIG. 2. Melanin levels in roots of barnyard grass and lettuce treated with L-DOPA. Bars
indicate +SE of the mean (N = 3). Asterisks indicate a significant preference between
control and L-DOPA treatment (*P < 0.05; **P < 0.01).
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FiG. 3. Effects of L-DOPA on TBARS levels in roots of barnyard grass and lettuce. Bars
indicate =SE of the mean (N = 3). Asterisks indicate a significant preference between
control and L-DOPA treatment (**P < 0.01; **P < 0.001).

(r* = 0.85, Fi23 =152.8, P <0.001). Levels of TBARS were higher in L-
DOPA-treated lettuce roots, but not in barnyard grass (Figure 3). Lipid peroxida-
tion also correlated with growth inhibition (r> = 0.67, F; 1o = 20.4, P < 0.05) in
the regression analysis.

Toxicity of L-DOPA in nerve cells is caused by the reactive oxygen species,
H,0,, 10,, O, , and OH*, generated from its oxidative metabolism to melanin
(Graham et al., 1978; Rosenberg, 1988; Kruk et al., 1999; Pattison et al., 2002).
Cytotoxicity was restored with the addition of antioxidative enzymes or antiox-
idants (Parsons, 1985; Basma et al., 1995; Lai and Yu, 1997; Haque et al.,,
2003). To investigate the involvement of this oxidative process in L-DOPA’s
action, melanin content and TBARS content were determined in carrot cells
cultured with MS medium. Suspension-cultured carrot cells were used for the
experiments because it is easy to regulate concentrations of chemicals in the
medium.

At 6 d after treatment, L-DOPA suppressed cell growth to 85% and 60%
of the control level at 0.1 mM and 1 mM, respectively (Figure 4). The melanin
content increased continuously in 1 mM L-DOPA-treated cells for 6 d (Figure 4).
The amount of melanin accumulated in cells depended on the concentration of
L-DOPA (data not shown). Ascorbic acid and «-tocopherol suppressed melanin
formation in L-DOPA-treated carrot cells (Figure 5). When melanin production
was inhibited by ascorbic acid and «-tocopherol, growth of L-DOPA-treated cells
was restored (Figure 6). TBARS levels were higher in 1 mM L-DOPA-treated
carrot cells than untreated control cells 2 d after treatment, but not at 4 and 6 d
(Figure 7). Ascorbic acid and a-tocopherol suppressed this initial increase in the
formation of the lipid peroxide.
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FIG. 4. Effect of L-DOPA on growth of carrot cells. Bars indicate +=SE of the mean (N = 3).
A one-way ANOVA was performed (Fy; 24 = 7.22, P < 0.001).

DISCUSSION

L-DOPA is a strong neurotoxic agent owing to its ability to induce apotosis
(Melamed et al., 1998; Haque et al., 2003) and adverse effects on neurological
degenerative diseases in animals (Enochs et al., 1994; Bowling and Beal, 1995;
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FiG. 5. Effect of ascorbic acid (A) and «a-tocopherol (B) on melanin levels in carrot cells
treated with L-DOPA. Concentrations of L-DOPA and antioxidants are 1 mM. Bars indicate
+SE of the mean (N = 3). A one-way ANOVA was performed: ascorbic acid at 4 d
(Fp6 =2476.7, P < 0.001); ascorbic acid at 6 d (F,6 = 980.2, P < 0.001); c-tocopherol
at4d (Fp6 = 1221.2, P < 0.001); a-tocopherol at 6 d (F, 6 = 1223.3, P < 0.001).
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FIG. 6. Effect of ascorbic acid (A) and a-tocopherol (B) on growth of carrot cells treated
with L-DOPA. Concentrations of L-DOPA and antioxidants are 1 mM. Bars indicate £SE
of the mean (N = 3). A one-way ANOVA was performed: ascorbic acid (Fg 3 = 67.72,
P < 0.001); a-tocopherol (Fg 13 = 86.56, P < 0.001). Bars labeled with same letters are
not significantly different (P = 0.05).

Smythies, 1997). Several studies have proposed that the cytotoxicity is attributable
to reactive oxygen species generated during its oxidation to melanin. The purpose
of this study was to examine whether L-DOPA acts on plant cells as it does on

animal cells.
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FI1G. 7. Effect of antioxidants on TBARS levels in carrot cells treated with L-DOPA. Bars
indicate +SE of the mean (N = 3). A one-way ANOVA was performed: (Fy; 4 = 8376.87,
P < 0.001). Bars labeled with same letters are not significantly different (P = 0.05).
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Based on our previous study, barnyard grass and lettuce were selected as
L-DOPA-tolerant and -susceptible species, respectively (Hachinohe et al., 2004).
First, we confirmed the difference in sensitivity between them (Figure 1). A greater
melanin accumulation was observed in L-DOPA-treated lettuce (Figure 2). Our
results indicate that the melanin synthesis pathway in plants metabolizes exoge-
nously applied L-DOPA. From a regression analysis, the amount of accumulated
melanin correlated with the growth inhibitory activity of L-DOPA. Therefore,
the melanin synthesis pathway might be closely linked to the L-DOPA phytotoxic
mechanism. We checked the effect of exogenously applied melanin on lettuce root.
Elongation was not inhibited (92.9% of the untreated control) when plants were
grown with 60 g ml~! melanin containing agar medium formed by polyphenol
oxidase-catalyzed oxidation of medium containing 0.1 mM L-DOPA. Moreover,
melanin itself has not been reported to be a cytotoxic substance, but is a free
radical sink that protects cells from oxidative damage (Peters and Schraermeyer,
2001). Some intermediate(s) or by-product(s) of the melanin synthesis pathway
may be involved in the phytotoxicity.

In neuroblastoma SH-SYSY cells, Lai and Yu (1997) showed a correlation
between L-DOPA cytotoxicity and formation of melanin. The cells suffered oxida-
tive damage from reactive oxygen species that disrupted cell membrane integrity.
This ultimately resulted in a reduction in growth or cell death. To estimate the
oxidative damage due to L-DOPA in plants, amounts of lipid peroxides were de-
termined. Lipid peroxides levels were much greater compared with the untreated
lettuce control, but not in barnyard grass (Figure 3). This suggests the involvement
of reactive oxygen species and a mechanism similar to cytotoxicity in animal cells.

Cytotoxic effects in animal cells can be completely prevented by antioxidants
or antioxidative enzymes, particularly catalase, superoxide dismutase (SOD),
ascorbic acid, and «-tocopherol (Parsons, 1985; Basma et al., 1995; Haque et al.,
2003). We confirmed that the phytotoxicity of L-DOPA in carrot cells was stopped
with ascorbic acid and a-tocopherol. However, the antioxidative enzymes catalase
and SOD had less of a protective effect (data not shown). Macromolecules such as
catalase and SOD may not easily penetrate cell membranes (Buckley et al., 1987,
Beckman et al., 1988; Clement et al., 2002).

Growth of carrot cells was suppressed by L-DOPA in a concentration-
dependent manner (Figure 4), although the cells were more tolerant than lettuce.
A significant accumulation of melanin was observed in carrot cells (Figure 5),
indicating that the melanin pathway functions in the metabolism of L-DOPA.
Ascorbic acid and a-tocopherol suppressed the formation of melanin (Figure 5).
Levels of TBARS in carrot cells decreased at 4 and 6 d in the untreated control
(Figure 7). This is probably due to increased cell division in the new medium.
In L-DOPA-treated cells, great peroxidation was observed at 2 d, but not at 4 or
6 d. When the synthesis of melanin was inhibited by the antioxidant chemicals,
the levels of TBARS decreased at 2 d. These results suggest that the melanin
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pathway is involved in oxidative damage, and that lipid peroxidation occurs in
the early phase of the culture. Rapid recovery of carrot cells from lipid peroxida-
tion might be due to greater levels of carotenoids, anitioxidants, and/or the rapid
metabolism of L-DOPA to nontoxic metabolites other than melanin. Although
melanin formation and lipid peroxidation were suppressed during the exposure
period, the effect of «-tocopherol on cell growth was not remarkable compared
to ascorbic acid. The reason for this difference is not clear, but, both antioxidants
effectively reduced the phytotoxicity of L-DOPA in the early stages of exposure
(Figure 6).

This study suggests that the phytotoxicity of L-DOPA is due to oxidative
stress, and that reactive oxygen species generated by the synthesis of melanin are
involved. This is the first report suggesting such involvement in the allelopathic
activity of L-DOPA. Our future goals are to clarify the mechanisms behind the
production of reactive oxygen species in the melanin synthesis pathway, and the
selectivity difference between barnyard grass and lettuce.
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Abstract—Several volatile allelochemicals were identified and characterized
from fresh leaf tissue of three distinct populations of the invasive perennial
weed, mugwort (Artemisia vulgaris). A unique bioassay was used to demon-
strate the release of volatile allelochemicals from leaf tissues. Leaf volatiles were
trapped and analyzed via gas chromatography coupled with mass spectrometry.
Some of the components identified were terpenes, including camphor, eucalyp-
tol, a-pinene, and B-pinene. Those commercially available were tested indi-
vidually to determine their phytotoxicity. Concentrations of detectable volatiles
differed in both absolute and relative proportions among the mugwort popu-
lations. The three mugwort populations consisted of a taller, highly branched
population (ITH-1); a shorter, lesser-branched population (ITH-2) (both grown
from rhizome fragments from managed landscapes); and a population grown
from seed with lobed leaves (VT). Considerable interspecific variation existed
in leaf morphology and leaf surface chemistry. Bioassays revealed that none
of the individual monoterpenes could account for the observed phytotoxicity
imparted by total leaf volatiles, suggesting a synergistic effect or activity of a
component not tested. Despite inability to detect a single dominant phytotoxic
compound, decreases in total terpene concentration with increase in leaf age
correlated with decreases in phytotoxicity. The presence of bioactive terpenoids
in leaf surface chemistry of younger mugwort tissue suggests a potential role for
terpenoids in mugwort establishment and proliferation in introduced habitats.

Key Words—Artemisia vulgaris, mugwort, allelopathy, monoterpenes, volatiles,
invasive weed, volatile bioassay, glands.

INTRODUCTION

Mugwort (Artemisia vulgaris L.) is a rhizomatous perennial weed that commonly
infests roadsides, waste areas, and landscapes. The US nursery industry considers

* To whom correspondence should be addressed. E-mail: jnb22@cornell.edu
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mugwort as one of the ten worst weed problems impacting nursery production
(Henderson and Weller, 1985; Holm et al., 1997). Mugwort is a Eurasian dicot
that spreads quickly upon introduction via an extensive rhizome system, and is
difficult, to control chemically or culturally (Bing, 1983; Henderson and Weller,
1985; Foy, 2001; Neal and Adkins, 2001; Barney and DiTommaso, 2003). With
few effective control strategies, this aggressive weed has rapidly colonized new
areas in the eastern United States. Mugwort is most troublesome, often forming
dense monospecific stands, along roadsides, in turfgrass and rights-of-way, and
is a lesser threat in agronomic settings (Barney and DiTommaso, 2003). Not
surprisingly, diversity of native flora, namely early successional species, in these
habitats has declined following mugwort colonization (Holm et al., 1997; Barney
and DiTommaso, 2003). However, the exact mechanism(s) of interference (e.g.,
allelopathy and/or competition) is unknown.

Allelopathy has been reported in an increasing number of plant species in re-
cent years, several of which are classified as invasive (Qasem and Foy, 2001; Bais
et al., 2003; Hierro and Callaway, 2003). The invasive ability of certain vigorous
and often nonnative plants was thought to be associated with greater compet-
itive ability of the invasive species, or a release from natural enemies (Keene
and Crawley, 2002; Mitchell and Power, 2003). Recently, allelopathic activity of
invasive species also has been reported as a significant factor that negatively influ-
ences species biodiversity and ecosystem succession, while enhancing nonnative
species establishment and proliferation (Ridenour and Callaway, 2001; Hierro and
Callaway, 2003).

The presence of volatile allelochemicals in aromatic shrubs was first estab-
lished in the early 1960s in the semiarid chaparral regions of California (Muller
et al., 1964; Muller, 1965). Characteristic volatiles or essential oils of species in
Artemisia and many other taxa have since been explored for their inhibitory ef-
fects on plant growth in both field and laboratory assays (Halligan, 1975; del Amo
and Anaya, 1978; Kim and Kil, 1989; Abraham et al., 2000). Major inhibitory
components of the California chaparral shrubs are terpenes. Several monoterpenes
inhibit seedling root and shoot growth (Penuelas et al., 1996), with specific cy-
totoxic effects that include the reduction of intracellular mitochondrial and Golgi
body populations, inhibition of respiration and photosynthesis, decreasing cell
wall permeability, as well as accelerating the oxidative destruction of chloroplast
pigments (Charlwood and Charlwood, 1991; Loreto et al., 1996; Abraham et al.,
2000). The antimalarial drug artemisinin, a sesquiterpenoid from annual worm-
wood (A. annua L.), is inhibitory to several broadleaf weeds and crops, but its
mode of action is unknown (Duke et al., 1987; Lydon et al., 1997). Other Artemisia
species with terpenoid allelochemics include A. absinthium L. (Funke, 1943),
A. californica Less. (Muller et al., 1964; Muller, 1966), A. princeps var. orientalis
(Yun and Kil, 1992), and A. tridentata Nutt. ssp. vaseyana (McCahon et al., 1973;
Weaver and Klarich, 1976; Weaver and Klarich, 1977). Most Artemisia species
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produce predominately monoterpenes, which suggests that the mugwort might as
well. Previous studies have suggested that mugwort has allelopathic potential, but
the source of its inhibitory chemicals is largely unknown (Hale, 1982; Melkania
et al., 1982; Inderjit and Foy, 1999). Inderjit and Foy (1999) suggested that de-
composing mugwort foliage and rhizomes were highly suppressive to red clover
(Trifolium pratense L.) seedling growth.

More than 80 compounds have been isolated from the foliage of mugwort
populations around the world, many of these being terpenes (Misra and Singh,
1986; Banthorpe and Brown, 1989; Milhau et al., 1997; Pino et al., 1999). To
date, none of these has been examined for suppressive potential. Therefore, the
objectives of this research were to evaluate the allelopathic potential of several
populations of mugwort, determine which terpenes are implicated in allelopathic
activity, and establish the potential for soil activity of these volatiles.

METHODS AND MATERIALS

Plant Material. Two separate mugwort populations were collected from two
geographically isolated areas in Ithaca, NY; specifically from a cemetery site
(labeled ITH-1) and the Cornell Test Gardens (labeled ITH-2). Both populations
were managed in a turfgrass setting that received regular mowing to a height
of approximately 6 cm, and no additional irrigation or fertilization for at least
5 yr previous to this study. Plant material was collected in August of 2000, and
subsequently maintained in a greenhouse at 30°C day/24°C night, under high-
pressure sodium lighting (Sylvania LV 400/EC) with a 12/12 L/D photoperiod
and an average of 300 umol m~2 s~! of overhead irradiance. Both biotypes
were transplanted and potted in a Cornell 1:2:1 media mix (soil:peat:perlite) from
10 cm rhizome pieces and watered as needed with no fertilizer applied throughout
the experiment. An additional biotype was obtained from seed, and is referred to
as VT (Vermont, USA) for the location of the seed company from which it was
purchased. On average, the ITH-1 population was taller (>1 m), exhibited densely
pubescent stems and light green, and deeply dissected leaves; ITH-2 was shorter
(0.75-1 m) with hairless stems and dark green, and deeply dissected leaves; and
VT had a prostrate-like growth habit (>1 m in length) with moderate pubescent
stems and light green-lobed leaves.

Species evaluated in the bioassays included curly cress (Lepidium sativum L.),
foxtail millet (Setaria italica (L.) Beauv.), large crabgrass (Digitaria
sanguinalis (L.) Scop.), white clover (T. repens L.), and mugwort (Le Jardin
seed company, VT).

Chemical Standards. Terpenoids identified from mugwort foliage via gas
chromatography coupled with mass spectrometry (GC-MS) that were commer-
cially available were purchased from Sigma-Aldrich, including camphene,
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camphor, eucalyptol, D-limonene, S-myrcene, a-pinene, and B-pinene. However,
not all of the terpenes identified were available.

Allelopathic Potential of Mugwort Foliage: Volatile Bioassay. Freshly har-
vested leaves were evaluated for bioactive volatile activity in a manner that allowed
only atmospheric contact between the test species and the mugwort foliage. Fo-
liage was harvested from the three populations, ITH-1, ITH-2, and VT, at 60 days
after planting (DAP). At harvest, stock plants were nearly 0.75 m tall, and were
trimmed to the soil surface. All leaves were stripped from shoots, including small
petioles. Sampled foliage was randomly mixed, to obtain leaves of various matu-
rities. Foliage (2, 5, or 10 g f.w.) was placed into a single layer of Grade 50 cheese
cloth. Ten seeds of the bioassay indicator species, curly cress, were placed onto
a single layer of Whatman #1 filter paper moistened with 2.5 ml Milli-Q water
in a 500 ml Erlenmeyer flask. To maximize volatile release, mugwort foliage was
hand-crushed in cheese cloth before placement into the flask, which was imme-
diately sealed with a rubber stopper. The negative control contained only cheese
cloth and the receptor species with no mugwort foliage, while the positive control
contained the receptor species plus 10 g tall fescue shoots (Festuca arundinacea
Schreb.), in an effort to simulate other commonly released plant volatiles. Sealed
flasks were incubated at 27°C for 72 hr in the dark, after which test species root
and shoot lengths were recorded. All experiments contained three replicates and
were arranged in a completely randomized design, repeated once in time. Data
were pooled after homogeneity analysis, and analyzed using a two-sample ¢-test
for comparison to the control.

To examine the effect of foliage age on phytotoxicity, the experiment was
repeated with 60 and 120 DAP foliage collected from the VT population, as this
mugwort population exhibited the greatest range in test species response in the
previous experiment. Flasks were arranged in a completely randomized design,
with three replicates of 60 and 120 DAP foliage using 2, 5, or 10 g fresh leaf
biomass, in addition to a control (no mugwort biomass). Ten g of fresh mugwort
foliage is the equivalent of approximately 15 mature leaves, which represents one
plant, 0.3 m in height. Cress radicle elongation was recorded after 72 hr. The
experiment was repeated once in time and data were analyzed as above.

Identification of Volatile Compounds. GC-MS was utilized to identify and
quantify volatiles collected from the atmosphere surrounding mugwort foliage.
One leaf from the top, middle, and bottom of the shoot of each population was
selected at 60 and 120 DAP. After being crushed by hand to maximize the release
of volatiles, three leaves from each plant were placed together in a 5 ml conical
vial with a Teflon septum. The VT population was not available for examination
at 60 DAP.

After 30 min of equilibration, a hypodermic needle was used to withdraw
10 ul of headspace from each vial, which were then injected into an Hewlett
Packard 6890 GC equipped witha30m x 250 um x 0.25 um HP-5MS (5% phenyl
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methyl siloxane) column and an Hewlett Packard 5973 Mass Selective Detector.
The oven temperature gradient used was as follows: 35°C (1 min); 200°C at
15°C/min for 10 min; and 300°C at 40°C/min for 5 min. The quadrapole and
source settings were 150°C and 230°C, respectively. Two replicates were analyzed
for each sample, and peak values were averaged. Individual peaks were identified
by comparison of their mass spectrum with published spectra, as well as by
comparisons with both the retention times and mass spectra of authentic samples
when available.

Response factors for the seven terpenes readily available as standards (cam-
phene, camphor, eucalyptol, D-limonene, S-myrcene, a-pinene, and B-pinene)
were determined using standard curves formulated with concentrations of 0.1, 1,
10, 100, and 1,000 mg/l in chloroform. Concentrations of Santolina triene, the
only other identified compound in the headspace that was not available as a stan-
dard, were estimated using an average of the response factors of the other seven
standards.

Phytotoxicity of Identified Terpene Components. Individual terpenes identi-
fied above, except Santolina triene, were tested for inhibitory potential, utilizing
the volatile bioassay described above. Test tubes (13 x 100 mm?) containing pure
terpenes dissolved in methanol (30 ul aliquots) were placed inside closed 500 ml
Erlenmeyer flasks, which contained the seeds of test species sown on moist filter
paper. Activity of each terpene was examined at 0, 1, 10, 50, 100, 250, 500, and
1,000 mg/m3 , plus a methanol control, with a curly cress indicator. In addition,
mugwort, white clover, large crabgrass, and foxtail millet indicators were exam-
ined at 1,600 mg/m? (chosen to exaggerate toxicity effects). Flasks were arranged
as a completely randomized design with three replicates, and were incubated for
72 hr at 27°C in the dark, after which root and shoot lengths were recorded. Tests
were conducted on multiple days, with two terpenes evaluated per analysis plus
a water and methanol control. Control means were significantly different among
days as shown by ANOVA analysis. Therefore, data was not pooled. Data for each
day were analyzed using ANOVA and means were compared using Dunnetts tests
for comparison to the methanol control (SAS ver. 8).

Test for Soil Activity. In order to determine if the mugwort volatiles could
impart a residual effect in soils, an assay was developed to examine the germina-
tion and establishment of test species in soil that had previously been exposed to
mugwort volatiles. ITH-1, ITH-2, and VT greenhouse grown plant material was
harvested at 60 DAP, and the foliage was removed, including petioles. Harvested
tissue within each population was mixed for uniformity, and 20 g of the foliage was
used for each treatment, after hand-crushing. A fine sandy loam soil was dried for
96 hr at 90°C, and subsequently sifted through a 2-mm soil sieve. In a sealed 11.4-1
plastic box, 75 g of the soil were placed into a separate 0.71-1 plastic dish, adja-
cent to, but not touching 20 g of the hand-crushed mugwort foliage. An aquarium
pump was included inside the box to aid in circulation of the volatiles. The chamber
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equilibrated for 24 hr at room temperature before the soil was removed. The soil
box was removed and subsequently wetted with 35 ml Milli-Q water, and sown
with 25 curly cress seeds. The control consisted of the soil inside the sealed cham-
ber in the absence of mugwort foliage. The soil box was then sealed and incubated
for 72 hr at 27°C in the dark, after which time test species root and shoot lengths
were recorded. Boxes were arranged in a completely randomized design with three
replicates. The experiment was repeated once in time and data were pooled, with
means analyzed using a two-sample #-test for comparison to the control.

RESULTS

Phytotoxicity of Mugwort Foliage via Volatile Bioassay. Curly cress radicle
elongation is an excellent indicator of plant growth inhibition due to its uniformity
of growth and overall sensitivity, and was used as the assay of choice for bioassay-
directed identification of unknown volatiles. Of the three mugwort populations
evaluated, ITH-1 and ITH-2 significantly inhibited cress radicle elongation at
2 g f.w. whereas the VT population showed minor cress stimulation (Figure 1).
Inhibition (P < 0.05) of both curly cress root and shoot elongation was observed
with 10 g fresh foliage of ITH-1, ITH-2, and VT populations. Only VT, the seed
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FIG. 1. Percent inhibition of root and shoot elongation of curly cress (L. sativum) compared
with controls following 72-hr exposure to different amounts of fresh mugwort foliage.
*Indicates significant radicle length inhibition (P < 0.05) and { indicates significant shoot
inhibition compared to the control.
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grown population, produced significant shoot growth inhibition of cress at 2, 5, and
10 g f.w. of foliage. Greater than 50% root growth inhibition and 65% shoot growth
inhibition were observed with 10 g VT foliage, the most suppressive of all popula-
tions evaluated at this tissue concentration. Our findings show that population-level
differences exist with respect to mugwort’s potential phytotoxicity. Interestingly,
percent inhibition of curly cress radicle elongation did not appear to follow a typ-
ical dose response relationship. Greatest tissue weight (10 g), however, did result
in the greatest inhibition of both radicle and shoot length (Figure 1).

Harvest date, or plant age, also had an impact on phytotoxicity of foliar tissue
(Figure 2). Foliar tissue (VT) was evaluated at 60 or 120 d after planting (DAP).
The 60 DAP foliage significantly inhibited root elongation at 5 and 10 g, and shoot
elongation at 2, 5, and 10 g. Conversely, the 120 DAP foliage significantly reduced
cress shoot elongation at 10 g only, while cress radicle length was unaffected.

Test for Soil Activity. To determine if residual phytotoxicity was present in
soils previously exposed to mugwort leaf volatiles, a soil bioassay was performed
in an enclosed environment. Even after removal of the mugwort leaves, seeds that
were germinated in soil that had 24 hr of prior exposure to leaf volatiles were
inhibited with respect to root and shoot elongation (Figure 6). Root growth was
inhibited up to 27%, whereas shoot growth was inhibited up to 50%. Differences

70 | [E60DAP
120 DAP

% Inhibition

Root Length Shoot Length
grams fresh mugwort foliage

FIG. 2. Percent inhibition of root and shoot elongation of curly cress (L. sativum) compared
with controls following 72-hr exposure to different ages (60 and 120 d after planting) and
weights of fresh mugwort foliage from the VT population. *Indicates significant radicle
length inhibition (P < 0.05) and T indicates significant shoot inhibition as compared to the
control.
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FIG. 3. GC-MS analysis of (A) 60-d-old and (B) 120-d-old plant material. Peaks labeled
with “*” did not match any known compounds in the database.

among populations were observed with respect to shoot growth inhibition, with
ITH-2 foliage causing greater phytotoxicity than ITH-1 and VT foliage.
Identification of Volatile Compounds. The components of the volatile at-
mosphere were collected and analyzed via GC-MS. Of the 10 identified peaks
(Figure 3), 8 were monoterpenes, including Santolina triene, a-pinene, camphene,
B-pinene, B-myrcene, limonene, eucalyptol (1,8-cineole), and camphor (Figure 4).
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FIG. 4. Terpene structures identified in mugwort foliage.

The 60-d-old ITH-1 foliage contained between 1- and 28-fold higher concen-
trations of each of the compounds in the leaf headspace compared to older 120-
d-old foliage (Table 1). ITH-2 60 DAP foliage contained between 1- and 12-fold
greater concentrations of the identified compounds than did the 120 DAP foliage.
The major component of ITH-1 foliage at 60 DAP was a-pinene (119.5 mg/m?),
with the second most abundant component being Santolina triene (86.9 mg/m?).
At 120 DAP, the most abundant volatiles were «-pinene and camphene (18.7
and 17.2 mg/m?, respectively), followed by camphor (13.5 mg/m?). Volatiles pro-
duced by the ITH-2 population included «-pinene (43.5 mg/m?), followed by
camphene (22.1 mg/m?) at 60 DAP. At 120 DAP, the ITH-2 population contained
a-pinene and camphene (19.8 and 17.0 mg/m?, respectively) followed by camphor
(12.0 mg/m?). At 120 DAP, the VT foliage exhibited slightly different concen-
trations of volatiles than did ITH-1 and ITH-2 (Table 1). VT foliage at 120 DAP
contained «-pinene (16.3 mg/m?), followed by camphene (15.9 mg/m?), while
camphor and B-pinene were found at concentrations near 10 mg/m?>.
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FIG. 5. Response of curly cress (L. sativum), to various terpenes identified from mugwort
foliage as compared to a methanol and water control, as measured by radicle or shoot
elongation. See Table 2 for significance values.
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FIG. 6. Percent inhibition of curly cress (L. sativum) root and shoot elongation compared
with controls after indirect exposure of soil to fresh mugwort foliage of different popula-
tions. *Indicates significant radicle length inhibition (P < 0.05) and 7 indicates significant
shoot inhibition as compared to the control.

TABLE 1. INFLUENCE OF MUGWORT POPULATION AND TISSUE AGE, 60 AND 120
DAP, ON RELATIVE AMOUNTS OF TERPENES (MG/M?) AS MEASURED BY GC/MS, AND
ESTIMATED LOG Pk, AND WATER SOLUBILITIES OF COMPONENTS

Retention Water
times Log solubility®
(min) pk4 ~ (mg/!) ITH-1 ITH-2 ITH-1 ITH-2 VT

60 DAP? 120 DAP

Santolina triene 459  3.06 1.99  86.9¢ 10.3° 3.1¢ 0.82° 0.63°
a-Pinene 491  3.08 1.89 1195 435 187 19.8 163
Camphene 5.08 3.08 489 372 221 172 17.0 159
B-Pinene 540 3.08 489 740 194 59 7.0 9.7
B-Myrcene 553  3.10 6.92 28 0 0 0 0
3-Hexen-1-ol, acetate (Z) 5.69

Hexyl ester acetic acid 5.76

Limonene 593 312 3.15 2.9¢ 0.3¢ 0 1.0 0.6¢
Eucalyptol 6.01 203 5324 59 14 1.3 06 0.1
Camphor 724 202 186.3 15,0 122 135 120 114

“Log pkoc values and water solubilities estimated using Epi Suite v 3.10.

bTerpene concentrations calculated from response factor equations as determined by standard
curves.

“Terpene concentrations estimated by average response factor of known standards.
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TABLE 2. SIGNIFICANCE TABLE FOR INDIVIDUAL MONOTERPENES
ASSESSED IN VOLATILE BIOASSAY

Camphor a-Pinene B-Pinene
[Terpene] Root Shoot Root Shoot Root Shoot
(mg/m?) length  length  length  length  length  length
1 * 4 * 1 * 1 ns ns ns
10 ns ns * ns ns ns
50 ns ns P ns ns ns
100 ns ns £ ns ns ns
250 *] * ] * 1 ns ns ns
500 ns e * ns ns ns
1,000 *] * ] P P ns P

ns = Nonsignificant (P > 0.05), 1= mean greater than MeOH control (i.e.,
stimulation), | = mean lower than MeOH control (i.e., inhibition). Terpenes
not shown, myrcene and limonene, are all nonsignificant (P > 0.05).

*P < 0.05.

Phytotoxicity of Terpene Components. Terpenes were tested at concentra-
tions bracketing those calculated from the unknown injections (0—1,000 mg/m?).
Overall, myrcene, limonene, and S-pinene had no effect on the test species com-
pared to the methanol control (Figure 5). Camphene had a pattern similar to
both limonene and myrcene (data not shown). Eucalyptol had no phytotoxicity to
radicle elongation, but did cause shoot length stimulation at 50 and 100 mg/m?,
while a-pinene stimulated cress radicle growth at all concentrations (Table 2).
Only camphor suppressed radicle and shoot growth, showing a nonlinear trend
(Figure 5 and Table 2). Methanol significantly reduced both radicle and shoot
length compared to water (P < 0.001).

The terpenes were also evaluated on mugwort, crabgrass, and foxtail millet
germination at 1,600 mg/m? to determine their phytotoxicity toward a variety of
test species at high concentration (Table 3). Mugwort root and shoot inhibition was
observed with all terpenes except camphene. Fewer inhibited monocotyledonous
test species, suggest that broadleaf species may be more sensitive to the phytotoxic
effects.

DISCUSSION

Plant species succession, whether in a natural or agroecosystem, is often
disrupted by the introduction of a nonnative species that rapidly displaces native
flora or interferes with crop production (Turner, 1988; Sax et al., 2002). Most
often this phenomenon is attributed to the greater competitive ability of the
introduced plant compared to the native flora or crops in a particular setting
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(Williamson, 1996; Williamson and Fitter, 1996; Lockwood et al., 2001). How-
ever, in the case of mugwort and about 80 other weedy species (Singh et al.,
2001), habitat invasion and loss of biodiversity may be partially accomplished
through the release of allelochemicals that can reduce seedling establishment and
overall plant fitness (Ridenour and Callaway, 2001; Bais et al., 2003). A greater
comprehension of the growth and ecology of nonnative species would assist in
furthering our understanding of the mechanisms that contribute to invasiveness
(Whittaker and Feeny, 1971; Wardle et al., 1998). A recent study by Callaway
and Aschehoug (2000), suggested the importance of allelopathic interference in
the ability of diffuse knapweed (Centaurea diffusa Lam.) to invade crop and
rangelands across North America. The identified toxin in a related Centaurea
species (C. maculosa), (—)-catechin, is believed to cause the formation of reactive
oxygen species and lead to eventual root necrosis (Bais et al., 2003). This allelo-
pathic response, deemed the “novel weapons hypothesis,” states that nonnative
species exude/emit compounds foreign to the native plant community, resulting
in enhanced invasiveness (Bais et al., 2003). We attempted to test the “novel
weapons hypothesis” in controlled laboratory studies using the invasive perennial
weed mugwort, which belongs to a family known for their production of volatile
aromatics.

We know that mugwort tends to establish in dense monospecific stands,
gradually resulting in a decrease of plant biodiversity, while increasing its radius
of expansion from the nucleus of introduction (Barney, 2003). Related Artemisia
spp. are also reported to be invasive, and many are considered to be noxious weeds,
and also known to contain volatile bioactive compounds, primarily terpenoids
(Funke, 1943; Muller et al., 1964). Literature states that mugwort contains similar
chemicals (LeFevre, 1964; Dung et al., 1992), although a thorough analysis of
foliar chemistry has not been performed. Based on the hypothesis that many of
the allelochemicals present in mugwort foliage would be volatile terpenoids, we
developed a specific assay to assess this potential toxicity.

The assay allowed only indirect (atmospheric) contact between fresh mug-
wort leaves (donor) and the test species (receptor) in an enclosed environment.
We observed significant inhibition of curly cress radicle elongation by volatiles
released from as few as two mature mugwort leaves. Assays performed with
leaves of various ages from identical mugwort populations demonstrated that
the inhibitory potential of foliage, or quantity of volatiles produced, was leaf-
age dependent. Similarly, monoterpene concentrations in peppermint (Mentha x
piperita L.) leaves exhibited an exponential decrease with increase in leaf age
(Rohloff, 1999; McConkey et al., 2000). This finding is consistent with the de-
crease of limonene concentrations in peppermint as the plant ages (Gershenzon
et al., 2000), showing that terpene concentrations are not static throughout a
plant’s life cycle. GC-MS results obtained with the ITH-1 population indi-
cate that younger foliar tissue contained up to 28-fold greater concentrations
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of monoterpenes. This increase in total volatiles correlates with increased phy-
totoxicity, as younger tissue is significantly more inhibitory to seedling
growth.

Volatile assays were conducted in enclosed receptacles using hand-crushed
leaves, which may have resulted in greater volatile concentrations compared to
actual field settings (Fehsenfeld et al., 1992). While this assay cannot mimic field
conditions, our intention was to evaluate the potential impact of maximal terpene
concentrations. If no phytotoxicity were observed with all possible monoterpenes
(null hypothesis), one could assume that monoterpenes were not likely influencing
the surrounding plant community structure.

Several studies have suggested the role of volatile compounds in suppres-
sion of neighboring vegetation. These include the chaparral species Salvia and
Eucalyptus, and the rangeland weed A. tridentata (Muller, 1965; del Moral and
Muller, 1970; Klarich and Weaver, 1973; Kohli and Singh, 1991), all of which cre-
ate “monocultural islands” with no surrounding vegetation. These present studies
suggest that foliar terpenes can influence the germinators of competing species.
Interestingly, in field settings mugwort produces large quantities of foliage result-
ing in noticeable quantities of released aromatics (Barney, personal observation).
Foliar tissues likely generate volatiles continuously over the course of the season,
with environmental conditions influencing emission quantities and the association
of potential allelochemicals with soil particulates, as observed in many forest and
shrubby ecosystems (Lerdau et al., 1995; Guenther et al., 1996; Hayward et al.,
2001). In addition, if terpene storage structures are ruptured, their contents are
immediately released into atmosphere, with some terpenes likely partitioning into
soil organic matter. Soils in a Sitka spruce forest (Picea sitchensis Bong.) re-
emit monoterpenes accumulated throughout the growing season from the general
emission of the spruce trees (Hayward et al., 2001).

Despite their volatility, these compounds have relatively high log pk,. values,
with lipophyllic monoterpenes having a 10-fold greater affinity for organic matter
than the more polar terpenes. This suggests a potential for accumulation in soil
organic matter over time. Association of phytotoxic terpenes with soil organic
matter presents a possible mechanism for allelopathic interactions in natural set-
tings. In addition, the solubility of terpenoids identified in mugwort foliage varies
greatly (see Table 1), and toxicity is dependent upon concentration. Weidenhamer
et al. (1993) showed that camphor in aqueous solution significantly inhibited ger-
mination of Lactuca sativa L. and Rudbeckia hirta L. with concentrations as low
as 25 mg/l. Therefore, our results suggest that the affinity of various terpenoids for
soil organic matter, coupled with their relatively high water solubility, may lead
to accumulation in multiple environmental compartments.

It is possible that the terpenoids produced by mugwort foliage may be active
in the environment. Mugwort tissue incorporation, or decomposition over time
reduces neighboring species germination (Inderjit and Foy, 1999). The action
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of rainfall or dew may also result in the transport of these compounds to the
soil surface, resulting in reduced seed germination. Studies performed by Muller
(1965) showed that Salvia spp. produced volatiles that bind to the soil surface
underneath Salvia infestations, and subsequently reduce the growth of surrounding
weedy species.

Our results indicate that volatile compounds are produced and released by
the foliage of three separate mugwort populations. However, potential phytotox-
icity varied with population. Numerous studies have shown similar variations in
the production of allelochemicals with genotype and plant age (Weston et al.,
1987; Fajer et al., 1992). In addition, Inderjit et al. (2001) found site varia-
tion, and likely concomitant mugwort population variation between sites, with
respect to the effect of mugwort-infestation on soil characteristics. Population
variation in phytotoxic chemicals likely explains some of the inconsistencies re-
ported in field studies examining allelopathy (Muller, 1966; Fuerst and Putnam,
1983).

We attempted to identify the specific monoterpenes associated with the
phytotoxicity observed in the presence of mugwort foliage, or soil associated
volatiles. No one terpenoid could account for the phytotoxicity observed in fo-
liar assays. Most of the monoterpenes produced no inhibition of either root or
shoot growth, while some stimulated growth at low concentrations. Camphor
treatments, however, did result in reductions to root and shoot growth of var-
ious indicator species. This finding is consistent with Abraham et al. (2000)
who examined the effect of four monoterpenes on maize seed germination and
found the following order of activity: camphor > eucalyptol > «-pinene >
limonene.

It is possible that the toxicity observed in our initial experiments with mug-
wort foliage is due to synergistic combinations of phytotoxic terpenes. Due to the
difficulty involved in accurately mimicking terpene mixtures in the lab, neither we
nor any other researchers have examined terpene mixtures for allelopathic activ-
ity. Therefore, activity observed with mugwort foliage might include combinations
of those tested in this study, as well as those untested, such as santolina triene,
which occurs in substantial quantities in the foliage, but which was unavailable
for evaluation. It is possible that Santolina triene, or unidentified components may
influence the overall phytotoxic potential of mugwort volatiles emitted over time
in an additive fashion.

Of the parameters assessed, shoot growth was generally slightly more sen-
sitive than radicle elongation to the presence of mugwort volatiles. The quan-
tity of the terpenes appears to be inversely proportional to plant tissue age,
and is also population dependent. However none of the individual monoter-
penes tested was highly suppressive. Further research on the production, re-
lease, and activity of volatiles produced by populations under field conditions
are needed. In addition, the potential role of rhizome exudates should be
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evaluated to elucidate the contribution of other allelochemicals involved in mug-
wort interference.
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Abstract—Atmospheric CO, concentrations have increased exponentially over
the last century and continuing increases are expected to have significant effects
on ecosystems. We investigated the interactions among atmospheric CO,, foliar
quality, and herbivory within a scrub oak community at the Kennedy Space
Center, Florida. Sixteen plots of open-top chambers were followed; eight of
which were exposed to ambient levels of CO, (350 ppm), and eight of which
were exposed to elevated levels of CO, (700 ppm). We focused on three oak
species, Quercus geminata, Quercus myrtifolia, Quercus chapmanii, and one
nitrogen fixing legume, Galactia elliottii. There were declines in overall nitro-
gen and increases in C:N ratios under elevated CO;. Total carbon, phenolics
(condensed tannins, hydrolyzable tannins, total phenolics) and fiber (cellulose,
hemicellulose, lignin) did not change under elevated CO; across plant species.
Plant species differed in their relative foliar chemistries over time, however, the
only consistent differences were higher nitrogen concentrations and lower C:N
ratios in the nitrogen fixer when compared to the oak species. Under elevated
CO,, damage by herbivores decreased for four of the six insect groups investi-
gated. The overall declines in both foliar quality and herbivory under elevated
CO, treatments suggest that damage to plants may decline as atmospheric CO;
levels continue to rise.

Key Words—Elevated CO,, Quercus myrtifolia, Quercus chapmanii, Quercus
geminata, Galactia elliottii, herbivory, nitrogen fixer, Kennedy Space Center.
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INTRODUCTION

Atmospheric carbon dioxide (CO,) concentrations began increasing with the ad-
vent of the industrial revolution and are continuing to increase at a rate of approx-
imately 4 ppm annually. At the current rate of increase, CO, levels are expected
to double by the end of this century to 750 ppm. The increase is expected to have
significant effects on ecosystems, including short-term physiological changes in
plants and long-term changes in ecosystem structure and function. Numerous
studies have been conducted to determine the effects of elevated CO, on plants
and their associated communities. Plant responses to elevated CO, concentrations
are idiosyncratic within and among species (Williams et al., 1986; Lindroth et al.,
1993; Curtis et al., 1996; Johnson et al., 1996; Mousseau et al., 1996; Cook et al.,
1997; Van Gardingen et al., 1997; Woodward and Beerling, 1997). Some general
trends, however, have emerged.

In the short term, elevated CO, increases photosynthesis across various
ecosystems (Drake et al., 1997; Norby et al., 1999), including arctic tundra
(Oberbauer et al., 1986; Tissue and Oechel, 1987), grasslands (Smith et al.,
1987), and deciduous forests (Williams et al., 1986). After a period of time,
some species adjust their photosynthetic rates whereas others show little or no
adjustment (Williams et al., 1986; Smith et al., 1987; Tissue and Oechel 1987).
Root to shoot ratio (Ceulemans and Mousseau 1994; Mousseau et al., 1996) and
biomass tend to increase (Leadley et al., 1999; Owensby et al., 1999). Consistent
plant chemical changes include increases in foliar C:N ratios and decreases in fo-
liar nitrogen concentrations (Bezemer and Jones, 1998). According to some plant
defense hypotheses, increases in carbon availability should result in increases
in carbon based secondary metabolites (Bryant et al., 1983; Tuomi et al., 1984)
though there have been no consistent affects of CO, on secondary metabolite
concentrations (Bazzaz, 1990).

Resource availability appears to influence the degree to which plant species
adjust to elevated CO, (Bazzaz, 1990; Lindroth et al., 1993). The effect of elevated
CO, on plants is enhanced when other resources such as water, light, and nutrients
are abundant (Bloom et al., 1985; Chapin et al., 1987), and the effects are mitigated
when nitrogen or phosphorus is limiting (Zangerl and Bazzaz, 1984; Brown and
Higginbotham, 1986). Plant responses appear to be linked to the ability of species
to store carbohydrates by increasing the size and/or number of leaves, length of
roots, and fine root turnover (Ceulemans and Mousseau, 1994; Johnson et al., 1996;
Mousseau et al., 1996). Changes in the nutritional and defensive characteristics
of host plants may result in behavioral and/or physiological changes in herbivores
(Lindroth, 1996; Bezemer and Jones, 1998; Stiling et al., 1999). Lower levels
of nitrogen and higher C:N ratios in plants under elevated CO, have generally
been associated with compensatory feeding and subsequent increases in levels of
damage or defoliation (Lincoln et al., 1984, 1993; Fajer et al., 1989; Lindroth
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et al., 1993, 1995; Salt et al., 1995; Docherty et al., 1997; Kinney et al., 1997,
Williams et al., 1997; but see Hamilton et al., 2004).

Leaf-chewing insects such as grasshoppers (Johnson and Lincoln, 1990)
and lepidopteran larvae (Lindroth et al., 1993, 1995) generally consume more
leaf area when fed plants that have been grown under elevated CO,. Likewise,
the area damaged by leaf-mining insects may also increase (Salt et al., 1995).
Lepidopteran larvae exhibit increased mortality and slower growth rates when
feeding on elevated CO, plants (Akey and Kimball, 1989; Fajer, 1989; Fajer
et al., 1989, 1991). Consequently, herbivores may become more susceptible to
pathogens, parasitoids, and predators (Price et al., 1980; Lindroth, 1996; Stiling
etal., 1999). For example, increases in mortality of leaf miners feeding on elevated
CO; plants has been linked to increases in parasitism (Stiling et al., 1999). In the
longest field study to date, some insect herbivore populations have been shown to
decline markedly under elevated CO, (Stiling et al., 1999, 2002, 2003).

Our study used open top chambers in a field-based experiment to examine the
effects of elevated CO, on foliar chemistry and herbivore damage in a scrub oak
community. We focused on four dominant plants species within the community;
three oaks and a nitrogen-fixing legume, and hypothesized that the oak species
would respond similarly with decreases in nitrogen and increases in C:N ratios
and secondary metabolites under elevated CO,. We further hypothesized that the
nitrogen-fixing legume would exhibit little change in nitrogen concentrations since
the ability to fix nitrogen may result in less nitrogen dilution. Additionally, we
measured foliar damage by six different herbivore-feeding guilds on the four plant
species. We hypothesized that herbivore damage would decline on the oaks under
elevated CO; because we expected that herbivores would be unable to compensate
for decreases in foliar nitrogen under the rigors of field conditions. We predicted
that there would be little change in herbivore damage on the nitrogen-fixing
legume.

METHODS AND MATERIALS

Study Site. Our study site lies within a 2-hectare native scrub-oak community
located at Kennedy Space Center, Florida. This woody ecosystem is controlled
by a natural fire return cycle of 8—12 yr and the mature canopy is 3—5 m high.
The last burn cycle was in 1996 prior to site set up. Sixteen 3.6-m diam plots,
each enclosed with a clear polyester film open-top chamber 3.4 m in height, were
utilized to control CO, levels. Chambers were overlaid on an octagonal framework
of PVC pipe with a removable access door and frustrum to reduce dilution of air
within the chamber by outside wind. All re-growth was cut to ground level in
May 1996 and, since that time, the vegetation in eight of the chambers has been
exposed to almost twice ambient CO, (700 ppm), while the other eight have been
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exposed to ambient levels (350 ppm). The CO; is supplied 24 hr a day. Monitoring
and control of CO; injection into each chamber is done by infrared gas analyzer in
conjunction with manually adjusted needle valves. In ambient CO, chambers, the
airflow is identical to that of the elevated CO, chambers but is not supplemented
with CO,. Four species dominate this community and are present in every chamber:
three oak species, Quercus myrtifolia Willd; Q. chapmanii Sargent; Q. geminata
Small; and the nitrogen fixing legume, Galactia elliottii Nuthall. Chambers were
originally established to investigate effects of elevated CO, on plant productivity
and nutrient cycling. Studies of herbivores and leaf chemistry were a later addition
to the project.

Foliar Chemistry. Samples of fresh leaves from each of the four study species
were collected for chemical analysis. We haphazardly removed four undamaged
leaves from each of three individuals per chamber from each of the three oak
species every 3 mo (May 2001-May 2003). While in the field, a hole punch was
used to remove two disks of leaf tissue from each leaf. One disk was used to obtain
the dry weight of the disk, while the other was placed into 70/30 acetone/water with
1 mM ascorbic acid and used for subsequent phenolic analysis. The remaining
portion of the leaf was returned to the lab on ice, dried, and used to measure
C, N, and fiber (cellulose, hemicellulose, lignin). Because of its small leaf size,
the collection method for G. elliottii differed slightly. Two opposite leaflets, each
from three individuals were collected from each chamber. One leaflet was placed
in acetone for phenolic analysis; the opposite leaflet in a bag and used to obtain
leaf weights and, subsequently, C, N, and fiber content. Samples from different
individual plants of a given species were pooled within chambers so that chambers
(8 per treatment) acted as replicates. Dried leaves were ground to a fine powder
and stored at —80°C prior to analysis.

Percent dry weight nitrogen and carbon were estimated from leaf powder on a
Carlo-Erba NA1500 model C/N analyzer (Milan, Italy). These data also provided
estimates of foliar C:N ratios. Subsamples of leaf powder (above) were also used
to assess the effects of elevated CO, on foliar concentrations of cellulose, hemi-
cellulose, and lignin by sequential neutral detergent/acid detergent digestion on an
Ankom fiber analyzer (Abrahamson et al., 2003). Phenolic analysis was conducted
using the leaf disks collected into 70% acetone in the field. Proanthocyanidins,
an estimate of condensed tannin, were assayed by using N-butanol: HCL methods
described in Rossiter et al. (1988). Total phenolics were estimated by using the
Folin-Denis assay (Swain, 1979), and gallotannins (hydrolyzable tannins) were
estimated with a potassium iodate technique developed by Bate-Smith (1977) and
modified by Schultz and Baldwin (1982). Standards for tannin analysis were gen-
erated by multiple sequential washes of bulk samples (one for each species) by
acetone extraction. All tannin assays produced colorimetric readings, in propor-
tion to tannin concentration, which were quantified by using a BioRad microplate
reader.
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Damage Estimates on Green Leaves. We counted 200 randomly selected
leaves from each of the species from each chamber every 3 mo starting in May
2001 and ending in May 2002. Each leaf was scored for the presence of six types
of herbivore damage; leaf gall, eye spot gall, leaf tier, chewed leaf, mined leaf,
and (G. elliottii only) leaf mite.

Statistical Analysis. All data met the assumptions of normality (Kolmogorov-
Smirnov test, « = 0.05) and were analyzed using parametric statistics. Foliar
chemistry was analyzed over a 2-yr period (May 2001-May 2003). This represents
9 sampling dates for the oak species and 8 for G. elliottii, which was absent from
all chambers during February 2003. Variation in foliar quality (carbon, nitrogen,
fiber, and phenolics) under elevated and ambient CO, treatments across time was
analyzed using repeated measures GLM with Tukey’s HSD test for significant
differences (o = 0.01). Damage estimates were analyzed for a single year (May
2001-May 2002). Variation in herbivore damage under elevated and ambient CO,
treatments across time was analyzed using repeated measures GLM with Tukey’s
HSD test for significant differences (o = 0.05).

RESULTS

Foliar Chemistry. As predicted, foliar nitrogen concentrations declined and
C:N ratios increased under elevated CO; treatments. The mean percent dry weight
of nitrogen was 1.37 (SE % 0.02) under ambient CO, conditions and 1.25 (SE £
0.02) under elevated CO, conditions (F; 3z = 9.20, P = 0.004). The mean C:N
ratio was 38.57 (SE = 0.56) in the ambient treatments and 41.74 (SE = 0.58) in
the elevated treatments (F; 33 = 13.39, P < 0.001). Contrary to our predictions,
foliar phenolics, total carbon, and fiber content were unaffected by elevated CO,
(Table 1). There were no significant treatment (CO,) by date or species inter-
actions, suggesting that elevated CO, also caused reductions in foliar nitrogen
of the nitrogen-fixer, G. elliottii comparable to those observed in the three oaks.
Hydrolyzable tannin concentrations were greatest in Q. chapmanii and lowest
in Q. geminata, while total phenolic concentrations were greatest in G. elliottii
and lowest in Q. geminata (hydrolyzable tannins, F3 33 = 4.94, P = 0.006; total
phenolics F35; = 9.63, P < 0.001). Nitrogen concentrations were highest and
carbon and C:N ratios lowest for the nitrogen fixer G. elliottii, while Q. myrtifolia
had the lowest levels of nitrogen and highest levels of carbon and C:N ratio (sta-
tistical values for species effects on nitrogen, carbon, and C:N ratio, respectively;
F3,38 = 974, P < 0001, F3’33 = 709, P < 0001, P < 0001, F3’3g = 1216,
P < 0.001. Q. geminata had the highest percentage of fiber (cellulose, hemicel-
lulose). G. elliottii had the lowest levels of cellulose and hemicellulose (cellulose,
F337 =9.18, P < 0.001; hemicellulose, F3 37 = 7.49, P < 0.001). Species dif-
fered in their relative foliar chemistries over time (Figure 1). The only consistent
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TABLE 1. FOLIAR CHEMISTRIES OF FOUR PLANT SPECIES UNDER ELEVATED AND
AMBIENT LEVELS OF CO,

Condensed tannins Hydrolyzable tannins Total phenolics
Species Ambient Elevated Ambient Elevated Ambient Elevated
Q. myrtifolia 33.56 35.11 35.31 36.23 42.94 43.50
(1.50) (1.76) (1.68) (2.12) (2.60) (2.70)
Q. chapmanii 41.50 44.66 38.97 39.49 42.21 44.04
(1.89) (1.59) (2.50) (2.43) (2.35) (2.31)
Q. geminata 25.76 28.65 28.15 30.34 33.10 35.60
(1.43) (1.47) (1.20) (1.39) (2.13) (2.23)
G. elliottii 37.37 38.84 32.32 36.40 48.88 52.38
(2.38) (2.62) (2.87) (3.02) (2.95) (3.03)
Nitrogen Carbon C:N Ratio
Q. myrtifolia 1.12 1.07 50.73 50.78 45.83 48.44
(0.02) (0.02) 0.17) 0.27) (0.62) 0.77)
Q. chapmanii 1.29 1.21 49.00 49.25 38.77 41.79
(0.02) (0.02) (0-17) 0.37) (0.71) (0.92)
Q. geminata 1.19 1.12 49.23 49.66 42.11 45.29
(0.02) (0.02) (0.22) 0.37) (0.62) (0.72)
G. elliottii 2.03 1.71 48.47 48.78 24.66 28.95
(0.04) (0.04) (0.29) (0.44) (0.65) (0.66)
Cellulose Hemicellulose Lignin
Q. myrtifolia 20.55 20.69 13.26 13.48 9.18 9.48
(0.46) (0.45) (0.31) (0.26) (0.50) 0.47)
Q. chapmanii 18.37 17.52 13.02 12.84 8.09 8.74
(0.43) (0.42) (0.31) (0.30) (0.44) (0.56)
Q. geminata 26.11 2591 15.37 15.19 10.32 10.49
(0.51) (0.46) (0.29) 0.27) 0.47) (0.48)
G. elliottii 15.35 14.05 12.29 11.22 9.14 9.52
(0.39) (0.53) (0.40) (0.51) (1.47) (L.51)

Note. Data represent % dry weights (except C:N ratio) and are the means of 72 samples except
G. elliottii (64 samples). Standard errors are in parentheses. Significant teatment differences are in
bold.

differences among species were higher nitrogen concentrations and lower C:N
ratios in G. elliottii compared with the three oak species (Figure 1a and c).
Damage Estimates on Green Leaves. Herbivore damage by chewers, miners,
eye spot galls, and leaf tiers declined under elevated CO, (chewed, F; s, = 29.01,
P < 0.001, mined F; s = 17.06, P < 0.001; eye spot galls, F} 33 = 14.91, P <
0.001, leaf tier F} 33 = 6.92, P = 0.012) (Figure 2). Additionally, there was a
weak trend for leaf mite and leaf gall damage to decline under elevated CO,
(Figure 2). Chewers and miners occurred on all species, while leaf galls, eye spot
galls, and leaf tiers occurred exclusively on the Quercus species and leaf mites
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FIG. 1. Foliar chemistry of plant species over time. Nitrogen = a, carbon = b, C:N ratios =
¢, condensed tannins = d, hydrolyzable tannins = e, total phenolics = f, cellulose = g,
hemicellulose = h, lignin = i. Data are the means of 16 samples (chambers). Bars represent
standard errors. Note that G. elliottii was absent from all chambers in February 2003.
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occurred exclusively on G. elliottii (Table 2). Chewing damage was higher un-
der ambient than elevated CO, during all months except November (date* CO,
interaction Fy 03 = 7.18, P < 0.001, Figure 3a). Leaf tier damage was higher
under ambient than elevated CO, during all months except May 2001 and Febru-
ary 2002 (Date* CO; interaction Fy 15, = 2.98, P = 0.021 Figure 3b). Effects
of elevated CO, on chewer damage were particularly pronounced on Q. chap-
manii (F3 5, = 4.30; P = 0.009, Figure 4a), while CO, effects on eye spot galls
were pronounced on Q. myrtifolia and Q. geminata (F,33 = 7.31, P = 0.002,
Figure 4b).

DISCUSSION

Though not all plants respond identically to increased concentrations of CO,
(Bezemer and Jones, 1998; Hunter, 2001), all four of our study species responded
in a similar fashion. While there were differences in overall chemical composition
among the four species (Table 1), all exhibited declines in foliar nitrogen concen-
trations and increases in C:N ratios under elevated CO,, while polyphenolics and
fiber were unaffected. Changes in nitrogen levels and C:N ratios in the oak species
are not surprising given the consistency with which this has been found in pre-
vious studies (Cipollini et al., 1993; Ceulemans and Mousseau, 1994; Luo et al.,
1994; Curtis et al., 1996; Wilsey, 1996; Stiling et al., 1999; Reich et al., 2001).
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FIG. 2. Herbivore damage across all plant species. Data are the means of 160 samples for
miner and chewer damage (occurred on all plant species), 120 samples for eye spot gall,
leaf gall, and leaf tier damage (occurred only on oak species) and 40 samples for leaf mite
damage (occurred only on the nitrogen fixer). Bars represent standard errors.

TABLE 2. HERBIVORE DAMAGE ON FOUR PLANT SPECIES AT THE KENNEDY SPACE
CENTER, FLORIDA

Chewing Mined Eye spot Leaf tier Leaf gall
Species damage damage gall damage damage damage
Q. myrtifolia 11.61 13.35 12.56 5.56 2.17
(1.07) (1.01) (1.40) (0.76) (0.55)
Q. chapmanii 18.75 12.49 0.43 5.60 0.33
(2.14) (1.34) (0.15) (1.13) (0.13)
Q. geminata 9.84 7.60 7.12 4.59 1.27
(0.96) (0.88) (0.70) (0.73) (0.37)
G. elliottii 7.45 5.89 — — —
(0.86) (1.00) ) ) )
P value P <0.001 P <0.001 P < 0.001 P =0.807 P =0.018

Note. Not all herbivore damage occurred on all plant species, therefore data are the means of
80 samples for chewers and miners and 60 samples for eye spot galls, leaf tiers, and leaf galls.
Standard errors are in parentheses and P values represent the significance of species effects on
herbivore damage.
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Finding the same response in the nitrogen fixer, however, was not expected. Reich
et al. (2001) did report that aboveground (foliar) nitrogen levels declined in four
legumes (Amorpha canescens, Lespedeza capitata, Lupinus perennis, Petaloste-
mum villosuni), while below ground (root) nitrogen levels remained unchanged
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FIG. 5. The percent change in nitrogen and C:N ratio under elevated CO, treatments for
Q. myrtifolia, Q. chapmanii, Q. geminata, and G. elliottii. Percent change values are shown.

under elevated CO,. This indicates that even nitrogen fixers exhibit modified leaf
nitrogen under elevated CO,. More surprising, however, was the magnitude of
change in nitrogen levels and C:N ratios of the nitrogen fixer when compared to
the three oaks. The percent decrease in nitrogen and increase in C:N ratio of the
nitrogen fixer under elevated CO, was more than twice the percent change seen
in the three oak species (Figure 5). Given that lower nitrogen levels appear to be
the primary driver affecting herbivores under elevated CO,, the decrease in foliar
nitrogen and increases in C:N ratios may be expected to have strong effects on
herbivores that depend on nitrogen fixing plant species.

Though nitrogen levels were lower and C:N ratios higher under elevated
CO; conditions, there were no treatment effects on the compounds measured
(condensed tannins, hydrolyzable tannins, total phenolics, cellulose, hemicellu-
lose, and lignin). It is expected that increased availability in carbon via increased
levels of CO, would result in changes in carbon-based compounds in plants.
However, studies thus far have been inconclusive. Some species increase in lev-
els of phenolics, while others decrease or remain the same (Bezemer and Jones,
1998, Hamilton et al., 2004). Dury et al. (1998) found short term increases in
phenolics in Quercus robur. Lindroth et al. (1993) examined seedlings of three
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trees (Populus tremuloides, Quercus rubra, Acer saccarum) and found varying
responses in phenolic concentrations with increases, decreases, and no changes
being recorded. Phenolic concentrations also varied with leaf flush (i.e., time
of CO, exposure). Williams et al. (1998) found that young leaves of Quercus
alba had significantly lower leaf nitrogen content and significantly higher total
nonstructural C:N ratio as plant CO, concentrations rose, while nonstructural car-
bohydrates and total carbon-based phenolics were unaffected. In some instances,
total nonstructural carbohydrates (TNC), especially starch, show large increases
in elevated CO, conditions (Saxe et al., 1998). Also, in woody species, available
carbon might be allocated to woody tissue rather than foliar tissue. Therefore, it is
possible that changes in carbon concentrations occurred in our species, but were
not found because we did not measure TNC or woody tissue.

In our study, herbivore damage by a number of feeding guilds was lower under
elevated CO,. Additionally, there were no treatment by plant species interactions,
indicating that the response to elevated CO, was the same across all species.
The nutritional quality of plant foliage can have profound effects on herbivores
(Feeny, 1968, 1992; Coley and Aide, 1991; Dury et al., 1998). Low nitrogen and
high concentrations of polyphenolics and lignin indicate low nutritional quality.
Nitrogen is often a limiting resource for herbivores, and limited nitrogen levels
can lead to decreased growth rates, development, and fecundity (Scriber and
Slansky, 1981; Schultz and Baldwin, 1982; White, 1984; Bazzaz, 1990). High
concentrations of polyphenolics, such as tannins, may inhibit digestion. Increased
fiber can lead to tougher and/or indigestible leaves (Feeny, 1968, 1992; Schultz
and Baldwin, 1982; Schowalter et al., 1986; Coley and Aide, 1991; Dury et al.,
1998; Williams et al., 1998).

Studies showing compensatory feeding by herbivores on high C:N foliage
have occurred exclusively under laboratory conditions (Lincoln et al., 1986; Fajer,
1989; Johnson and Lincoln, 1990). Low nitrogen foliage may increase develop-
ment time and under field conditions increase the risks posed to herbivores by
natural enemies (Stiling et al., 1999, 2002, 2003) or abiotic factors.

The decline in foliar nitrogen concentrations and increase in C:N ratios in our
study are the only indication of low foliar quality under elevated CO,. Previous
studies have shown that low quality foliage has negative impacts on leafmining
insects (Stiling et al., 1999, 2002, 2003). These impacts appear to result from the
combined effects of nutrient limitation and increases in parasitism and predation.
Stiling et al. (1999) found that decreases in plant quality due to elevated CO,
doubled leafminer mortality, while increases in parasitism due to elevated CO,
quadrupled leafminer mortality. Insect herbivores often compensate for low foliar
quality by increasing their food intake (Karban and Baldwin, 1997; Agrawal et al.,
1999), yet such compensation did not act to increase the proportion of leaves
damaged under elevated CO; in our study.
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Herbivore damage can influence foliar and litter quality (Findlay et al., 1996;
Agrawal et al., 1999) by a number of mechanisms including chemical induction
and premature leaf abscission. These changes can affect vital ecosystem processes,
such as decomposition and nutrient cycling. Therefore, elevated CO, can poten-
tially influence these ecosystem processes via direct effects through changes in
foliar quality and indirect effects through herbivores that change foliar and litter
quality. Future research will investigate some of these ecosystem level effects.
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Abstract—Studies in crop species show that the effect of plant allelochemicals
is not necessarily restricted to herbivores, but can extend to (positive as well as
negative) effects on performance at higher trophic levels, including the preda-
tors and parasitoids of herbivores. We examined how quantitative variation in
allelochemicals (iridoid glycosides) in ribwort plantain, Plantago lanceolata,
affects the development of a specialist and a generalist herbivore and their
respective specialist and generalist endoparasitoids. Plants were grown from
two selection lines that differed ca. 5-fold in the concentration of leaf iridoid
glycosides. Development time of the specialist herbivore, Melitaea cinxia, and
its solitary endoparasitoid, Hyposoter horticola, proceeded most rapidly when
reared on the high iridoid line, whereas pupal mass in M. cinxia and adult mass
in H. horticola were unaffected by plant line. Cotesia melitaearum, a gregar-
ious endoparasitoid of M. cinxia, performed equally well on hosts feeding on
the two lines of P. lanceolata. In contrast, the pupal mass of the generalist
herbivore, Spodoptera exigua, and the emerging adult mass of its solitary en-
doparasitoid, C. marginiventris, were significantly lower when reared on the
high line, whereas development time was unaffected. The results are discussed
with regards to (1) differences between specialist and generalist herbivores and
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their natural enemies to quantitative variation in plant secondary chemistry, and
(2) potentially differing selection pressures on plant defense.

Key Words—Chemical defense, iridoid glycosides, Melitaea cinxia, multi-
trophic interactions, Plantago lanceolata, Spodoptera exigua.

INTRODUCTION

Many plants produce a range of toxic secondary compounds (allelochemicals) that
are either constitutively expressed, or induced in response to herbivory (Karban
and Baldwin, 1997). These chemicals may act as feeding deterrents or alter the
physiology and development of herbivores, resulting in reduced rates of growth,
smaller adult size, and increased mortality. However, plant allelochemicals not
only affect the behavior and performance of herbivores feeding on the plant, but
also the behavior and performance of organisms at higher trophic levels (Hare,
2002). Such effects have implications for the evolution of plant chemical defense.
In some cases, higher-trophic level effects are beneficial for the plant and en-
hance the selective advantage of producing high levels of an allelochemical in the
presence of parasitoids or predators of herbivores. For instance, allelochemicals
that slow down the rate of herbivore development increase the exposure time or
window of their vulnerability to parasitoids and predators (Turlings and Benrey,
1998). In other cases, these effects may be detrimental, especially if herbivores
use plant allelochemicals for their own defense against parasitoids and preda-
tors (e.g., Campbell and Duffey, 1979). Many insect herbivores are specialized
on plants producing particular groups of allelochemicals. For example, larvae of
many species of checkerspot (fritillary) butterflies (Nymphalidae) are restricted to
plants producing iridoid glycosides (Wahlberg, 2001). Specialized herbivores can
often deal with high levels of specific phytotoxins in their diet (Nishida, 2002),
even though their performance may be lower on plants containing high rather than
low amounts of these phytotoxins (Adler et al., 1995). Although some herbivore
species break down and excrete ingested allelochemicals during development,
many others use them to their own advantage by sequestering them in hemolymph
and other tissues, or concentrating them in the gut (Rimpler, 1991; Nishida, 2002).

A number of studies have reported that allelochemicals in herbivores reduce
the performance of less well-adapted predators and parasitoids (e.g., Duffey et al.,
1986; Gunasena et al., 1990; Barbosa et al., 1991). In contrast, in the handful
of studies addressing the performance of specialized natural enemies, such as
parasitoids that attack one or only a few related hosts in nature, development
appears to be less affected by differences in allelochemicals (Barbosa et al., 1986;
Sznajder and Harvey, 2003). The higher-tropic-level effects of allelochemicals
are, thus, likely to depend on the level of specialization of the herbivores and
parasitoids or predators involved.
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We examined the developmental responses of a generalist and a special-
ist insect herbivore and their endoparasitoids to quantitative variation in iridoid
glycosides (IGs) in ribwort plantain, Plantago lanceolata L. (Plantaginaceae), a
perennial plant species with a worldwide distribution and a large ecological ampli-
tude. IGs are a group of monoterpene-derived compounds that have been recorded
in over 50 plant families (Jensen, 1991). The main IGs found in P. lanceolata
are catalpol and its precursor aucubin (Bowers, 1991). Concentrations of IGs in
natural populations of P. lanceolata range from undetectable to ca. 9% of plant
dry weight, and vary both among populations and individuals within populations
(Bowers, 1991; Nieminen et al., 2003). IG concentrations in P. lanceolata are
partly under genetic control (Adler et al., 1995; Marak et al., 2000), but also vary
in response to plant attributes such as leaf and plant age (Bowers and Stamp, 1993)
and abiotic factors such as light and nutrient levels (Marak et al., 2003), and can
be induced by both herbivores and pathogens (Darrow and Bowers, 1999; Marak
et al., 2002a). In artificial diet studies, these compounds reduce the growth of gen-
eralist, but not specialist, insect herbivores (Bowers and Puttick, 1988; Puttick and
Bowers, 1988). Specialist insects use these compounds as oviposition and feeding
stimulants (Pereyra and Bowers, 1988; Nieminen et al., 2003) and sequester them
for their own defense (Bowers and Collinge, 1992; Camara, 1997; Suomi et al.,
2001).

The insect species used in this study were (i) the specialist herbivore, Meli-
taea cinxia L. (Lepidoptera: Nymphalidae) and its endoparasitoids, Cotesia meli-
taearum Wilkinson (Hymenoptera: Braconidae) and Hyposoter horticola Graven-
horst (Hymenoptera: Ichneumonidae) and (ii) the generalist herbivore, Spodoptera
exigua Hubner (Lepidoptera: Noctuidae) and its endoparasitoid, C. marginiventris
L. (Hymenoptera: Bracondiae).

M. cinxia, the Glanville fritillary, is a specialist feeder of plants containing
iridoid glycosides. Larvae use IGs as feeding stimulants, whereas adults use them
as oviposition cues (Nieminen et al., 2003; van Nouhuys and Kumar, unpublished
data). The first five instars develop within a large silken web during the first year.
The following spring, after diapause, larvae complete the final two instars. In
Northern Europe, M. cinxia is univoltine. A detailed description of the life cycle
is provided by Kuussaari et al. (2004). C. melitaearum is a specialist parasitoid
of butterfly larvae in the genus Melitaea (van Nouhuys and Hanski, 2004). It
attacks early and late instars of M. cinxia, ovipositing into the host hemocoel.
Larvae feed primarily on host hemolymph and fat body. It may complete up to
three generations in a single year. H. horticola is also a specialist parasitoid of M.
cinxia. It produces only one generation per year and its development is closely
synchronized with that of its host. It lays a single egg in first instar host larvae
just before they hatch from the egg (van Nouhuys and Hanski, 2004; van Nouhuys
and Ehrnsten, unpublished results). Although the eggs hatch within a few days,
development is suspended as a first instar until the host has reached its fifth instar
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and has broken diapause. Once the host has entered its final instar, the parasitoid
larva starts attacking all tissues, ultimately consuming the entire host except for
its cuticle.

S. exigua, the southern beet armyworm, is a highly polyphagous insect her-
bivore (Greenberg et al., 2001). It is endemic to South East Asia, but has been
introduced over much of the world. Larvae complete five instars during develop-
ment. In warm regions, it produces several generations per year. C. marginiventris
parasitizes larvae of several species in the family Noctuidae. It parasitizes first to
fourth instars of S. exigua and oviposits a single egg in the host hemocoel. Like the
closely related species C. melitaearum, larvae of C. marginiventris feed primarily
on host hemolymph and fat body.

In this study, we compare fitness correlates (development time and pupal
or adult body mass) of the herbivores and their parasitoids reared on two lines
of P. lanceolata containing different levels of iridoid glycosides. The results are
discussed in terms of the role that generalist and specialist herbivores and their
natural enemies play in selection for direct chemical defense.

METHODS AND MATERIALS

Plants. P. lanceolata used in this experiment was derived from an artificial
selection experiment (for details see Marak et al., 2000), in which plants were
selected on the basis of high and low concentrations of total leaf iridoid glyco-
sides for four generations. Selection resulted in an average 3-fold difference in
leaf iridoid glycoside concentration between upward and downward selected lines
(Marak et al., 2000, 2003). Within each of these selection lines, iridoid glycoside
concentrations vary considerably among maternal half-sib families, so that much
larger, up to 20-fold, differences are present between extreme families from these
selection lines. For the current experiment, seeds from the six most extreme fe-
male half-sib families from each selection line were used. Ten seeds from each
family were germinated in a growth cabinet (14/10 hr and 25/15°C L/D), and
transplanted individually into plastic 2.2 | pots with a mixture of potting soil and
sand (4:1 v:v). Plants were grown in a greenhouse (16/8 hr and 22/18°C L/D)
and regularly fertilized with half strength Hoagland’s nutrient solution. Two ex-
tra plants per family were grown and harvested 5 wk after transplantation for
chemical analysis. Of each plant, 50 mg from the freeze-dried and fine-ground
leaf material were extracted overnight in 10 ml of 70% methanol for analysis of
iridoid glycosides (aucubin and catalpol) using HPLC (methods in Marak et al.,
2002b). Another 300 mg of each plant were used for analysis of total nitrogen
and phosphorus using a Technicon Traacs 800 autoanalyzer (Technicon Instru-
ments Corp., Tarrytown, NY) following methods described in Novozamsky et al.
(1983).



EFFECTS OF QUANTITATIVE VARIATION 291

Specialist Insects. Unless indicated otherwise, cultures of insect species were
maintained in climate rooms under 16:8 hr L/D photoperiod under a constant
temperature of 25 + 0.5°C and 50 + 2% RH. M. cinxia used in the experiments
all originated from the Aland islands of SW Finland. Two different groups of M.
cinxia larvae were used, one group (reared in 2000-2001) of which a subset was
parasitized by C. melitaearum and another group (reared in 2001-2002) of which
a subset was parasitized by H. horticola.

The first group of M. cinxia larvae consisted of approximately 200 offspring of
field-caught butterflies that were reared at ambient temperatures in the laboratory
from June to August 2000 (diapause as L5) on P. lanceolata plants that had
been collected randomly from natural populations in the Aland islands. Larvae
were maintained in diapause at 2°C under 6:16 hr L/D photoperiod until April
2001. At this time, diapause was broken by gently spraying water on the larvae.
Upon resuming activity, larvae were randomly separated into two cohorts of
approximately 100 individuals and placed into plastic boxes containing moistened
paper towel and excised leaves of P. lanceolata containing either high or low levels
of iridoid glycosides (see below for a quantitative measure). Leaves were selected
from both plant lines, which were of approximately the same age and location on
the plant, and were refreshed on a daily basis.

Approximately 100 cocoons of C. melitaearum were obtained from over-
wintering Aland laboratory populations in April 2001. Upon emergence, wasps
were housed collectively in plastic Petri dishes (20 cm diam) at 10°C and were
constantly supplied with honey and water. The remaining insects were reared ac-
cording to standard protocol for cultures (top). Approximately half of the M. cinxia
larvae reared on each line of P. lanceolata were randomly selected from culture
as L6, and were presented individually to an adult female of C. melitaearum in
small plastic vials. Oviposition was verified by a single insertion and removal
of the ovipositor. Parasitized caterpillars were reared separately on leaves of
P. lanceolata from either the high or low IG line, continuing the treatment prior to
parasitism. Upon larval egression from the host, parasitoid brood sizes were deter-
mined, and following adult parasitoid emergence, wasps were killed by freezing.
Egg-to-adult development time in days was determined, and adult (wet weight)
body mass was measured using a Sartorius microbalance (accuracy 1 pg).

The second group of M. cinxia larvae was directly collected from the field. In
contrast to C. melitaearum, experimental parasitation of M. cinxia by H. horticola,
which parasitizes larvae before hatching, is extremely difficult. Therefore, eight
larval groups of M. cinxia that had been observed being naturally parasitized by
H. horticola (S. van Nouhuys, personal observation) were obtained from Aland
populations in July 2001. H. horticola parasitizes 1/4 to 1/3 of the larvae in each
larval group, so approximately 200 of the 800 larvae were parasitized. From L3,
each larval group was split into two, and one half was reared (under standard
rearing conditions, top) on intact plants from the high IG line and the other half on
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plants from the low IG line. At the end of August, L5 larvae were removed from
food-plants and maintained under diapause conditions at 2°C under 6:16 hr L/D
photoperiod until April 2002. Thereafter, the experimental protocol was the same
as for C. melitaearum.

The parasitized and the unparasitized larvae were reared together because
they are indistinguishable from each other until just prior to pupation of the
parasitoid. The development of healthy (unparasitized) larvae of M. cinxia reared
on each line of P. lanceolata was monitored along with that of the parasitized
larvae. At pupation, the development time (calculated in days from the breaking
of disapause in LS to adult butterfly emergence) and pupal wet weight (mg) of M.
cinxia were measured from larvae reared on each line of P. lanceolata.

Generalist Insects. The host moth S. exigua was maintained on artificial diet
as described by Vickerman and Trumble (1999). Moths were housed in 1 I plastic
beakers containing a vermiculite base and were provided ad libitum with 20%
sugar solution absorbed into cotton wool. Adult females oviposited onto filter
paper placed inside the beaker. Newly hatched eggs were placed onto artificial
diet. In rearing C. marginiventris, approximately 50 L1 larvae were placed into
Petri dishes (20 cm diam) in which five mated female wasps were added. Wasps
were allowed to parasitize hosts for several hours, after which they were returned
to separate Petri dishes containing drops of honey and water. Cocoons of C.
marginiventris were collected periodically, and wasps were allowed to emerge in
Petri dishes (above).

For experiments, newly hatched larvae of S. exigua were reared on the two
lines of P. lanceolata in April 2002. Newly molted L2 larvae of S. exigua were in-
dividually presented to female C. marginiventris in small plastic vials. Parasitism
was verified by a single insertion and removal of the ovipositor. Parasitized larvae
were reared using the same methods described for M. cinxia. At adult eclosion,
wasps were killed by freezing, and wasps were weighed on a Sartorius microbal-
ance. Egg-to-adult development time in days was also measured. The development
of control (unparasitized) larvae was measured as for M. cinxia.

Statistical Analyses. Differences in weight and development time between
hosts reared on high and low iridoid glycoside plants and between parasitoids
developing on these two types of hosts were analyzed with independent #-tests if
conditions for parametric analyses were met (Levene’s test for homogeneity of
variances and Kolmogorov—Smirnov’s test for normality) or with Mann—Whitney
U-tests otherwise. Differences in leaf concentrations of nitrogen, phosphorus,
and the iridoid glycosides aucubin and catalpol between selection lines were
analyzed with ANOVA. Line effects were tested over effects of maternal half-
sib family within selection lines. Data for iridoid glycosides were square-root
transformed prior to analysis to meet assumptions for parametric analysis. All
analyses were performed using Statistica version 6.1 (StatSoft, Inc., Tulsa OK,
USA).
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RESULTS

Differences in Iridoid Glycosides, Nitrogen, and Phosphorus Among P. lance-
olata Lines. Leaf iridoid glycoside levels differed 5-fold between plants from the
low and from the high selection line (Table 1). The higher total iridoid glyco-
side level in the leaves was due to both higher levels of aucubin and of catalpol
(Table 1). Nitrogen concentrations did not differ between selection lines (Table 1,
P = 0.10). Phosphorus concentration varied among families within lines, but no
consistent difference between selection lines was observed (Table 1, P = 0.56).

Development of Specialist Insects. Development time of M. cinxia post-
diapause larvae until adult in 2001 was affected by plant line (t;7 =2.49, P =
0.024); butterflies developed more rapidly on plants containing high levels of
iridoid glycosides (Figure 1a). However, host pupal weight was not affected by
plant line (¢;9 = 1.29, P = 0.21), although there was a tendency for pupae to be
slightly larger when reared on lines containing higher levels of iridoid glycosides
(Figure 1b).

In line with 2001 results, development time in M. cinxia in 2002 was affected
by plant line (Mann—Whitney U -test, U3 24 = 502.5, P = 0.006). Development
proceeded more rapidly when larvae were reared on lines containing high levels
of iridoid glycosides (Figure 1¢). In both years, development was completed about
2 days earlier for cohorts reared on the line of P. lanceolata containing high levels
of iridoid glycosides. As in 2001, the pupal weight of unparasitized individuals
was not affected by plant line (ts3 = 0.70, P = 0.49) although pupae tended to be
somewhat larger than in the previous year (Figure 1d).

Development time (#46 = 1.45, P = 0.15) and adult body mass (t46 = 0.97,
P = 0.34) of C. melitaearum were not affected by plant line on which their host
had been reared (Figure le and f). Also, secondary clutch size of C. melitaearum

TABLE 1. LEAF CONCENTRATIONS OF THE IRIDOID GLYCOSIDES AUCUBIN
AND CATALPOL, TOTAL N, AND TOTAL P, IN SIX MATERNAL HALF-SIB
FAMILIES FROM EACH OF TWO Plantago lanceolata LINES SELECTED FOR
Low AND HIGH LEVELS OF IRIDOID GLYCOSIDES?

Low line High line Line Fam(Line)
Mean (SE)  Mean (SE) F[1,10] F[10,12]
Iridoid glycosides (% dw) 0.56 (0.09) 2.98 (0.33)  70.58*** 1.26
Aucubin (% dw) 0.33(0.07) 1.73(0.16)  88.20*** 1.31
Catalpol (% dw) 0.22(0.03) 1.25(0.33) 34.13*** 1.03
Nitrogen (% dw) 4.02(0.29) 3.41(0.19) 3.23 1.08
Phosphorus (% dw) 0.49 (0.03)  0.48 (0.01) 0.36 7.72%%*

“Significance of differences between lines and between families nested within lines
(ANOVA) are indicated (* P < 0.05; **P < 0.01; ***P < 0.001); sample size N = 24.
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Host Parasitoids
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FIG. 1. Development of unparasitized caterpillars of the specialist herbivore M. cinxia
feeding on P. lanceolata selected for low (gray bars) and high (black bars) levels of iridoid
glycosides in 2001 (a and b) and 2002 (c and d) and development of its endoparasitoids C.
melitaearum (e and f) and H. horticola (g and h) in parasitized caterpillars from the larval
groups raised in 2001 and 2002, respectively. Numbers within bars represent sample sizes.
Bars represent 1 SE of the mean. Asterisks indicate significant effects of plant selection
line (*P < 0.05; *P < 0.01).

did not vary among wasps reared on M. cinxia that were fed P. lanceolata leaves
containing high or low levels of iridoid glycosides (7 = 0.31, P = 0.76). Brood
sizes were on average only slightly higher for wasps reared from high (mean +
SE: 7.13 £ 0.69) than from low iridoid plants (6.71 &£ 0.69).

As with the host M. cinxia, development time in H. horticola was significantly
different when reared on hosts from the two lines of P. lanceolata (ts9 = 2.42,
P = 0.019). Parasitoids completed their development approximately 1-2 days
earlier when originating from high iridoid lines (Figure 1g). However, plant line
did not affect emerging adult parasitoid size (tso = 1.49, P = 0.14) even though
wasps tended be larger on high lines (Figure 1h).

Development of Generalist Insects. Egg-to-adult development time of
S. exigua did not vary with the diet (f;9 = 0.78, P = 0.45). Irrespective of iridoid
glycoside content, larvae of S.exigua completed their development in
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Host Parasitoid
S. exigua C. marginiventris
_ olp
) g
()]
[}
£ )
= 8
2 3
s =
3 5
o
o 2
o o
—~ >
[®)]
£ c
= s
[+)) @
S 2
2 =
E —
g é
n- N

Low High Low High

Food plant iridoid glycoside level

FIG. 2. Development of unparasitized caterpillars of the generalist herbivore S. exigua
feeding on P. lanceolata selected for low (gray bars) and high (black bars) levels of iridoid
glycosides (a and b), and development of its endoparasitoid C. marginiventris in parasitized
caterpillars (c and d). Numbers within bars represent sample sizes. Bars represent 1 SE of the
mean. Asterisks indicate significant effects of plant selection line (* P < 0.05; **P < 0.01).

approximately 35-36 days (Figure 2a). In contrast, pupal weight in S. exigua
was strongly affected by the line of P. lanceolata upon which the larvae had de-
veloped (39 = 3.49, P < 0.001). Pupae of S. exigua reared on the low iridoid line
were some 15% larger than conspecifics reared on the high iridoid line (Figure 2b).

Similarly, development time in C. marginiventris was uniform when reared
from S. exigua on both lines of P. lanceolata (tg3 = 0.51, P = 0.61). Parasitoids
typically took just over 13 days to complete their development in host caterpillars
on the two iridoid lines (Figure 2c). However, like S. exigua, adult parasitoid size
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differed with the plant line upon which their hosts had been reared (t53 = 2.48,
P = 0.016). Wasps originating from the high iridoid line were 7% smaller than
those originating from the low iridoid line (Figure 2d).

DISCUSSION

Our results show that the effect of genotypic variation in IG content in
P. lanceolata on the development of herbivores differed between the generalist
and specialist species used. High levels of IGs reduced the pupal weight of the
generalist S. exigua. In contrast, IG levels did not affect the pupal weight of
the specialist M. cinxia, and larvae of this specialist were able to complete their
development more quickly on plants with higher levels of these allelochemicals.
Levels of nitrogen and phosphorus did not consistently differ between the IG
lines, suggesting that effects of allelochemical differences were not confounded
by differences in primary metabolites. Our results are in agreement with previous
studies on the effects of IGs from P. lanceolata on other generalist and specialist
herbivores using artificial diet (Bowers and Puttick, 1988; Puttick and Bowers,
1988; Bowers, 1991); addition of aucubin and catalpol to artificial diet reduced
larval growth rate of the generalists Lymantria dispar and S. eridania, but not of
the specialist Junonia coenia, that developed more quickly on diets with higher
amounts of IGs (but see Adler et al., 1995 for in vivo effects on J. coenia). This
suggests that specialized mono- or oligophagous herbivores are better able to cope
with plant allelochemicals than polyphagous herbivores. We note, however, that
the generalist herbivore was derived from a lab-strain that did not necessarily
have previous experience with P. lanceolata. As a consequence, it might have had
limited opportunity to adapt to the chemistry of this host plant.

Recent studies provide insight into the effects of IGs on the performance of
S. exigua and M. cinxia. Using the same selection lines, it was found (Biere et al.,
2004) that the reduced growth of L4 S. exigua caterpillars on the high IG line
was due to a reduced ingestion rate and not to a reduced digestibility or lower
efficiency of conversion of ingested food. Thus, for the generalist, IGs act as
feeding deterrents without additional post-ingestive effects, at least at this larval
stage. In contrast, L4 caterpillars of M. cinxia had higher consumption rates on
the high IG line (S. van Nouhuys and S. Kumar, unpublished results). Hence,
for the specialist, IGs act as feeding stimulants. Moreover, L4 M. cinxia larvae
ingested food from the high IG line more efficiently, and had a higher growth
rate than caterpillars feeding on the low IG line. This contrasts with artificial diet
studies of the specialist J. coenia, where lower efficiency of using high IG diets
was observed due to reduced digestibility (Camara, 1997). As we did not observe
a significantly higher pupal weight of M. cinxia reared on the high-1G plants in the
present experiment, the higher growth rate of L4 M. cinxia may be instar-specific
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or may not be sufficiently large to translate into a significant effect on weight at
the pupal stage.

The development of endoparasitoids was also affected by the level of alle-
lochemicals in the food plant of their herbivore hosts. For two of the parasitoids,
developmental responses paralleled those of their hosts. High IG levels in host
plants resulted in a more rapid development of both the specialist M. cinxia and
its parasitoid H. horticola and in reduced weight in both the generalist herbivore
S. exigua and its parasitoid C. marginiventris. In the only other study addressing
effects of IGs on herbivore-parasitoid development (Mallampalli et al., 1996), a
similar pattern, i.e., parallel responses of herbivore and parasitoid, was found.
Early stages of the generalist herbivore L. dispar suffered reduced growth on diets
with high levels of catalpol, but total larval development was not significantly af-
fected, nor was that of the tachinid parasitoid Compsilura concinnata (Mallampalli
et al., 1996). In the present experiment, only the parasitoid C. melitaearum was
not affected by the IG level in the diet of its host, while its host showed a more
rapid development.

A number of studies have reported detrimental effects of allelochemicals
in the diet of host or prey on the growth and development of parasitoids and
predators (Barbosa et al., 1986; Duffey et al., 1986; Gunasena et al., 1990; Havill
and Raffa, 2000). In general, toxic phytochemicals in the plant tend to have
more negative effects on the development of polyphagous herbivores and their
natural enemies than on oligophages and their antagonists, presumably because
the former are less-well adapted to cope with them (Gunasena et al., 1990; Barbosa
et al., 1991; Sznajder and Harvey, 2003). Consequently, beneficial effects of the
production of allelochemicals to the plant in terms of reduced plant damage
by generalist herbivores may be partly mitigated by harmful effects of these
allelochemicals on the natural enemies of the herbivore. On the other hand, slower
development of generalist herbivores on more toxic host plants may increase their
“window of vulnerability” to parasitoid or predator attack (the “slow-growth-high-
mortality hypothesis,” sensu Turlings and Benrey, 1998), enhancing the efficacy
of natural enemies through higher parasitation rates, even if they have a slower
development on these hosts. Since the development rate of neither S. exigua nor
C. marginiventris was affected by IG level, such a mechanism does not seem to
operate in the P. lanceolata—S. exigua—C. marginiventris system.

Positive responses (accelerated development while attaining similar size) to
increased levels of IGs were observed for M. cinxia and the parasitoid H. horticola.
This suggests adaptation of the parasitoid to the presence of IGs in its herbivorous
host. Like other butterfly larvae that are restricted to feeding on IG producing
host plants (Bowers and Collinge, 1992; Bowers, 2003), caterpillars of M. cinxia
sequester IGs from their food plants (Suomi et al., 2001; Nieminen et al., 2003).
Catalpol seems to be a more effective deterrent to predators than aucubin, and
is also sequestered in higher proportions than aucubin in J. coenia (Bowers and
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Collinge, 1992), Ceratomia catalpae (Bowers, 2003), and M. cinxia (Nieminen
et al., 2003). Endoparasitoids must cope with sequestered or concentrated phyto-
chemicals during their entire larval development because ingested allelochemicals
cannot be excreted outside the host environment until after egression (Quicke,
1997). If we assume that M. cinxia caterpillars raised on food plants from the
high-IG line sequester higher levels of IGs than caterpillars raised on the low line,
then H. horticola does not appear to suffer from the higher levels of sequestered
IGs in its host. On the contrary, like its host, H. horticola showed accelerated
development while reaching similar weight, suggesting increased consumption or
more efficient use of hemolymph, and later fat and other ingested tissues, from
hosts raised on high-IG plants.

In contrast to H. horticola, the development of C. melitaearum was not
affected by differences in IG levels in the diet of its host. In the field, parasitism
of M. cinxia by C. melitaearum significantly decreased with increasing average
level of catalpol in the P. lanceolata plant that larval groups of caterpillars had
been feeding on (Nieminen et al., 2003). This trend could be the consequence of
adult parasitoids avoiding oviposition into larvae that were feeding on plants with
high levels of catalpol, or differential mortality of parasitoids developing in larvae
feeding on high and low catalpol containing plants. Our results appear to support
the first hypothesis.

The differential developmental responses of the two parasitoids may be due to
the different host exploitation strategies they exhibit (Harvey and Strand, 2002).
C. melitaearum is gregarious and passes through several generations during a
single host generation. It completes development in a relatively short time, feeding
primarily on host hemolymph until the last instar during which it feeds on a
portion of the host fat body. In contrast, the development of H. horticola is more
synchronized physiologically with that of the host. It inhabits hosts from early
in the first host instar until just before the time that an unparasitized host would
pupate. During most of this time, the parasitoid remains small and ingests little
host hemolymph, but at the end of the final stage it consumes all host tissues
except for the cuticle (E. Punju and S. van Nouhuys unpublished results; Lei et al.,
1997). The positive effect of IGs on H. horticola development rate may be a direct
response to an increase in host development rate mediated by allelochemicals
ingested from its food plant.

Since the seminal paper by Price et al. (1980), many studies have assessed
the effects of plant traits on the interaction between herbivores and their nat-
ural enemies (for reviews, see e.g., Bottrell et al., 1998; Turlings and Benrey,
1998; Cortesero et al., 2000), mostly by using agricultural, artificially assem-
bled, biological control systems. Of great concern in classical biological con-
trol programs are cases where the combined effects of plant resistance and
natural enemy impact on herbivores are less than the additive effect of each
these components separately (“antagonistic” interactions sensu Hare, 2002). In
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extreme cases, where natural enemies are more susceptible to plant resistance
mechanisms than herbivores (e.g., Campbell and Duffey, 1979), chemical de-
fense may prevent herbivore control by natural enemies (“disruptive interactions”
sensu Hare, 2002). In agricultural systems, additive effects seem to predomi-
nate, and only few examples of disruptive interactions have been found (Hare,
2002).

In contrast to agricultural systems, knowledge of indirect effects of plant
secondary metabolites on the natural enemies of herbivores in natural systems is
scarce despite the fact that plant secondary chemistry has evolved under natural
conditions. Non-additive effects might have a large impact on the evolution of
levels of plant secondary metabolites (“direct defense”) in natural populations.
For instance, antagonistic effects may result in selection for lower levels of plant
allelochemicals in the presence than in the absence of natural enemies, and we
would not be able to understand patterns of selection in natural populations when
studied in the traditional bitrophic plant-herbivore or plant-pathogen context (Hare,
1992, 2002).

Thus far, few studies have assessed the effects of quantitative allelochemical
variation in non-agricultural plants on the development of higher trophic level or-
ganisms (e.g., Harvey et al., 2003; Sznajder and Harvey, 2003). As far as we know,
our study is one of the first to document effects of genetic variation in secondary
metabolites within a single natural plant species on the parasitoids of its herbivores.
We suggest that there might be antagonistic effects of IGs on the generalist para-
sitoid of the generalist herbivore, but not on the specialist parasitoids of the special-
ist herbivore of P. lanceolata. Conclusive evidence for effects of natural enemies
of herbivores on the evolution of concentrations of plant allelochemicals in natural
populations still awaits studies that exploit natural study systems (i) in which there
is evidence for top-down control of herbivores by parasitoids or predators, (ii) the
pattern of selection on plant chemical defense differs in the presence and absence of
natural enemies of the herbivores, and (iii) the evolutionary response to selection is
investigated.
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Abstract—Securidaca longepedunculata Fers (Polygalaceae) is commonly used
as a traditional medicine in many parts of Africa as well as against a number
of invertebrate pests, including insects infesting stored grain. The present study
showed that S. longepedunculata root powder, its methanol extract, and the
main volatile component, methyl salicylate, exhibit repellent and toxic prop-
erties to Sitophilus zeamais adults. Adult S. zeamais that were given a choice
between untreated maize and maize treated with root powder, extract, or syn-
thetic methyl salicylate in a four-way choice olfactometer significantly preferred
the control maize. Methyl salicylate vapor also had a dose-dependant fumigant
effect against S. zeamais, Rhyzopertha dominica, and Prostephanus truncates,
with a LD¢g achieved with a 60 u1 dose in a 1-1 container against all three insect
species after 24 hr of exposure. Probit analyses estimated LDs( values between
34 and 36 ul (95% CI) for all insect species. Furthermore, prolonged expo-
sure for 6 days showed that lower amounts (30 wl) of methyl salicylate vapor
were able to induce 100% adult mortality of the three insect species. The im-
plications are discussed in the context of improving stored product pest control
by small-scale subsistence farmers in Africa.

Key Words—Securidaca longepedunculata, Polygalaceae, methyl 2-hydro-

xybenzoate, methyl salicylate, olfactometer, fumigant toxicity, Sitophilus zea-
mais, Rhyzopertha dominica, Prostephanus truncatus.

INTRODUCTION

Interest in the discovery of new chemicals for the control of insect pests has
continued to increase despite the commercial difficulties of bringing new products
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to market (Isman, 1997). Although much of this work is agrochemically driven to
find novel compounds and modes of action, other aspects of bioprospecting such
as providing low-cost “natural” alternatives to synthetic pesticides, which are safer
and less polluting, have also continued. Poor rural farmers in developing countries
particularly have difficulty in accessing good quality and affordable synthetic
pesticides that are suited to their needs (Belmain and Stevenson, 2001). These
farmers, however, have access to local ethnobotanicals and indigenous knowledge
systems that could help increase agricultural productivity with minimal human and
environmental health hazards that are often experienced when synthetic pesticides
are used inappropriately (Belmain, 2002).

Securidaca longepedunculata Fers (Polygalaceae) is commonly used as a
medicine in many parts of Africa for the treatment of rheumatic conditions, fever,
headache, and various other inflammatory conditions (Oliver-Bever, 1986; Assi
and Guinko, 1991; Iwu, 1993). Powdered dried roots are also used as a pest control
agent and have potential as a protectant against insect pests in stored grain (Belmain
etal.,2001; Boeke et al., 2001). During research to investigate the active principles
in S. longepedunculata, we analyzed the volatile fraction and found a single major
component, methyl salicylate (methyl 2-hydroxybenzoate), accounting for over
90% of volatile material together with two related minor components (Jayasekara
et al., 2002). In this report, we evaluate the deterrent and toxic effects of methyl
salicylate, the crude root material of S. longepedunculata, and amethanol extract of
the root material against three major stored product pests, Rhyzopertha dominica,
Sitophilus zeamais, and Prostephanus truncatus to determine if methyl salicylate
is responsible for use of the plant material as a pest control agent. The implications
of these results in storage pest management are discussed.

METHODS AND MATERIALS

Insects and Test Materials. Strains of Sitophilus zeamais Motschulsky,
Rhyzopertha dominica (Fabricius), and Prostephanus truncatus (Horn) originally
collected in Ghana were reared in the laboratory on organic maize, wheat, and
maize, respectively, at 27 £ 5°C, 60 £+ 5% RH, and a 12L:12D photoperiod.
Roots of S. longepedunculata were collected from northern Ghana where they
were immediately shade-dried for a period of 2 wk before transport to the UK.
The plant roots were ground to a fine powder and extracted in methanol according
to the methods described by Jayasekara et al. (2002). Methyl salicylate (Aldrich,
Gillingham, Dorset, UK; 98%) was used for all bioassays.

Four-Way Choice Olfactometer Bioassay. Maize grain was treated with
S. longepedunculata root powder, its methanol extract, methyl salicylate, and
methanol only (as the control). The dried methanol extract (0.3 g), prepared
according to Jayasekara et al. (2002), was re-dissolved in methanol (5 ml) and
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mixed with maize (25 g) in a 100 ml glass jar for 1 min. Treated maize was dried
for 15 min under a fume hood at room temperature (18°C). Another two sets of
maize (25 g each) were treated separately with methyl salicylate (1.4 mg in 5 ml
methanol) and methanol only (5 ml) by following the same procedure described
above. Three glass tubes (15 cm x 2 cm diam) were filled separately with the
maize samples and connected with polythene tubes to three of the four outlets
of a four-way choice olfactometer arena as illustrated by Bashir et al. (2001).
The fourth outlet of the arena was connected to a tube containing maize (25 g)
mixed with S. longepedunculata root powder (1.25 g). A continuous stream of air
was passed through each treatment and into the arena by using a vacuum pump
(DA7C, Charles Austin Ltd, UK). The airflow rate through each treatment into
the arena was set at 150 ml/min by using flow meters (D1X640, Meterate GPE,
UK). Unsexed S. zeamais adults (7—14-days old; 200) that had been deprived of
food for 4 days were introduced into the center of the olfactometer arena. The
location of each insect was recorded after 12 hr. The bioassay was carried out in
a controlled temperature and humidity room (27 £ 5°C and 60 £ 5% RH). Each
experiment was repeated x 12, rotating the tubes containing the different maize
commodity clockwise to the adjacent delivery pipe between trials to correct for
any potential photoresponse behavior. The mean numbers of live adults in each
treatment were compared by ANOVA, and means were separated by the LSD test
at the 95% confidence level.

Fumigant Potential of Methyl Salicylate. A piece of cotton wool (8§ mm X
3.5 mm height) was fixed to the center on the interior surface of a plastic lid to
serve as a vapor diffuser inside a glass jar (1 1). Methyl salicylate (10, 20, 30, 40,
50, 60, and 70 pul) was applied with a syringe to the diffusers with 10 replicates
per concentration per insect species. Fifty unsexed S. zeamais, R. dominica, and
P. truncatus adults (7-14-days old) were introduced separately into glass jars (1
1), and the jars were capped with the lids holding the diffusers. After 24 hr, the
dead adults in each jar were removed to separate clean jars and kept for a further
24 hr to confirm whether they were dead or alive, at which time the numbers of
dead adults were recorded. The numbers of dead adults were subjected to Probit
analysis to estimate the LDs, values of methyl salicylate.

To evaluate the effect of prolonged exposure of adult insects to low concentra-
tions of methyl salicylate, th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>