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Abstract The up-regulation of secondary metabolic path-
ways following herbivore attack and the subsequent reduc-
tion in herbivore performance have been identiWed in
numerous woody plant species. Eucalypts constitutively
express many secondary metabolites in the leaves, includ-
ing terpenes and formylated phloroglucinol compounds
(FPCs). We used clonal ramets from six clones of Eucalyp-
tus grandis and two clones of E. grandis £ camaldulensis
to determine if methyl jasmonate (MeJA) treatment could
induce changes in the foliar concentrations of either of
these groups of compounds. We also used bioassays to
determine if any changes in the performance of larvae of
Paropsis atomaria, a chrysomelid leaf beetle, could be
detected in treated ramets versus the untreated controls,
thus indicating whether MeJA induced the up-regulation of
defences other than terpenes or FPCs. We found no signiW-
cant eVects of MeJA treatment on either the foliar concen-
trations of terpenes and FPCs or on herbivore performance.
We did, however, detect dramatic diVerences in larval per-
formance between Eucalyptus clones, thereby demonstrat-
ing large variations in the levels of constitutive defence.
Larval feeding on clones resistant to P. atomaria resulted in
high Wrst instar mortality and disruption of normal gregari-
ous feeding behaviour in surviving larvae. Histological

examination of larvae feeding on a resistant clone revealed
damage to the midgut consistent with the action of a toxin.
These Wndings concur with mounting evidence that most
evergreen perennial plants lack foliar-induced defences and
suggest that constitutively expressed secondary metabolites
other than those commonly examined in studies of interac-
tions between insect herbivores and Eucalyptus may be
important in plant defence.

Keywords Induced resistance · Phenolics · Plant–insect 
interactions · Terpenes

Introduction

Much of the theory on the evolution of plant defence assumes
that defences are costly (Coley et al. 1985; Feeny 1976;
Herms and Mattson 1992; Rhoades and Cates 1976). Given
the limited resources available to plants for defence, research-
ers suggest that trade-oVs between allocation to diVerent
types of defences within species should occur and that such
a trade-oV should exist between inducible and constitutive
defence strategies (Herms and Mattson 1992; Karban and
Myers 1989; Mattson et al. 1988). A meta-analysis of
defence strategies (Koricheva et al. 2004) did Wnd a nega-
tive correlation between inducible and constitutive defence
strategies but, overall, the presence of an induced defence
strategy is diYcult to predict a priori because plants can
possess many complementary defensive strategies (Nykanen
and Koricheva 2004). For example, some conifers demon-
strate induced oleoresin production as a defence against
bark beetles (Byun-McKay et al. 2006; Litvak and Monson
1998; Martin et al. 2002; RaVa and Smalley 1995), indicat-
ing that species with high concentrations of constitutive
defensive secondary metabolites can still evolve induced
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defensive strategies if these strategies result in a Wtness
advantage.

Increased resistance to herbivores following defoliation
is often derived from qualitative and quantitative changes
in plant biochemistry. Typically, there is up-regulation of
biochemical pathways producing defensive secondary
metabolites or increased expression of proteinase inhibitors
or polyphenol oxidases that inhibit digestion (reviewed by
Haukioja 1990; Karban and Baldwin 1997). Such defences
may already be constitutively expressed in the plant at a
lower concentration. Many studies investigating the eVects
of prior leaf damage on subsequent insect performance,
however, demonstrate minor or no additional eVects on her-
bivore performance relative to those of constitutively
expressed defences (Nykanen and Koricheva 2004). For
example, the variation in the concentration of phenolic gly-
cosides, the most important secondary metabolite determin-
ing the performance of lepidopteran defoliators on quaking
aspen (Hwang and Lindroth 1998; Osier et al. 2000), is pri-
marily determined by genotype and is unaVected by defoli-
ation (Osier and Lindroth 2001). In contrast, quantitative
changes in condensed tannins occur after defoliation in this
species, but these do not contribute to signiWcant changes in
herbivore performance [Osier and Lindroth 2001; but see
Donaldson and Lindroth (2004) for the eVects of tannins on
a specialist beetle]. Consequently, the general importance
of induced responses to insect population dynamics and
how much they contribute to relative levels of defoliation
between host genotypes remains unknown.

The foliage of species in the genus Eucalyptus (Myrta-
ceae) contains relatively high concentrations of secondary
metabolites, including tannins, other phenolics, terpenes
and another group of defensive secondary metabolites,
formylated phloroglucinol compounds (FPCs) (Eschler
et al. 2000). While eucalypts possess signiWcant constitu-
tive defences, the existence of induced responses in Euca-
lyptus has not been demonstrated, although a single study
on a lepidopteran defoliator (Thyrinteina arnobia) of plan-
tation Eucalyptus in Brazil did show a small increase in lar-
val mortality on previously damaged leaves (Holtz et al.
2003). In eucalypts, terpenes and FPCs are constitutively
expressed in leaves, and intraspeciWc variation in concen-
trations are largely due to genetic diVerences between indi-
vidual trees (Andrew et al. 2005, 2007; Barton et al. 1991).
Large variations in foliar concentrations of terpenes and
FPCs within and between Eucalyptus species suggest that a
concomitant variability in resistance to herbivores could be
anticipated. Several studies have shown that FPCs deter
feeding by vertebrate herbivores (Lawler et al. 2000; Marsh
et al. 2003; Moore et al. 2005; Wallis et al. 2002) and con-
fer a cross resistance to Christmas beetles (Andrew et al.
2007), but their eVect on other insect taxa remains
unknown. Some Weld studies (Edwards et al. 1993; Stone

and Bacon 1994) suggest terpene concentration or compo-
sition may limit herbivory by some insects on Eucalyptus,
but other studies on paropsine chrysomelids (a group of
specialist eucalypt herbivores) have failed to detect any
negative relationship between terpenes and insect perfor-
mance (Lawler et al. 1997; Morrow and Fox 1980; Patter-
son et al. 1996). This is likely due to the ability of
paropsine chrysomelids to metabolise most of the terpenes
ingested (Ohmart and Larsson 1989).

Terpenoids are a diverse group of compounds, many of
which are involved in plant defence and exhibit toxic and/
or inhibitory eVects on herbivores (Gershenzon and Cro-
teau 1991; Hummelbrunner and Isman 2001; Langenheim
1994). The treatment of conifers with methyl jasmonate
(MeJA) mirrors the eVects of bark beetle activity both his-
tologically and by stimulating terpene (oleoresin) produc-
tion (Franceschi et al. 2002; Hudgins et al. 2004; Martin
et al. 2002). In addition, recent work has shown that terp-
enes accumulate in Norway spruce (Picea abies) needles
and monoterpene emissions increase after MeJA treatment
(Martin et al. 2003). Monoterpene synthase activities and
monoterpene emissions from the foliage of conifers follow-
ing simulated and real insect damage have also been
reported (Litvak and Monson 1998). In conifers and many
angiosperms, the jasmonate (octodecanoid) signal pathway
(Farmer and Ryan 1992; Liechti and Farmer 2002; Rey-
mond and Farmer 1998) thus appears to be closely linked to
the increased expression of terpene synthases and, in some
cases, an increase in accumulated terpenes.

In this study we sought to determine if exposure to
MeJA would induce accumulation or qualitative changes in
foliar terpenes and FPCs in clonal ramets of E. grandis and
two E. grandis hybrids. We also conducted bioassays to try
to detect any induced responses in foliage via changes in
the growth and development of the Wrst three larval instars
of Paropsis atomaria (Coleoptera: Chrysomelidae). These
bioassays demonstrated an unexpectedly large variation in
resistance to P. atomaria between clones of E. grandis that
was independent of MeJA treatment. Consequently, we
also carried out additional analyses aimed at determining
the underlying cause of this variability.

Materials and methods

Plant material

Plant material was grown under shade cloth at the plant
culture facility, School of Botany and Zoology, The Aus-
tralian National University, Canberra, ACT, Australia.
Experimental plants consisted of seven Eucalyptus gran-
dis and two E. grandis £ camaldulensis hybrid clones
with 8–12 ramets per clone. The ramets were fertilised
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with slow release Osmocote® fertiliser and were approxi-
mately 15 months old and >1 m tall at the time of the exper-
iment.

Experimental design

Half the ramets in each clonal trial were exposed to MeJA
in a chamber (1 £ 1 £ 1.2 m) for 24 h, with the remaining
ramets housed in an identical chamber as a control. Each
chamber consisted of a frame welded from 10 mm2 hollow
steel rod covered with clear plastic and sealed with adhe-
sive clear plastic tape. Ramets of Wve of the nine clonal
lines were exposed to MeJA vapour using a modiWed ver-
sion of the method of Farmer and Ryan (1990). In brief, a
solution of 10% MeJA in ethanol was applied at a rate of
1 �l of solution per litre of air (120 �l MeJA total) in the
chamber by pipetting small volumes onto cotton wool-
tipped bamboo skewers inserted upright in the potting
medium. Control ramets were treated with ethanol only.
Rather than risk exposing the chambers to sunlight in the
summer where there was a chance of overheating, the
sealed chambers were placed under artiWcial light for 24 h.
Although we chose to expose the plants to MeJA vapour,
many other researchers have instead sprayed variable quan-
tities of the compound directly onto foliage. To determine
if the concentration of methyl MeJA in the chambers was
too low and/or the method of application ineVective, the
second set of four clones were treated with MeJA by spray-
ing the leaves of each set of treated ramets with a solution
containing 250 �l of MeJA in 40 ml of 10% ethanol. We
applied this solution with an atomiser and then immediately
sealed the chamber. Control plants were similarly treated
with ethanol, and all ramets were then incubated in the
chambers as previously described. All clones exposed to
MeJA via one of the two application methods were treated
within 7 days of each other. The rate of MeJA application
per plant in both methods was comparable to that used in
other studies on woody plants, such as Norway spruce
(Martin et al. 2003).

Bioassay experiments

After 24 h exposure to MeJA or ethanol only, treated and
control ramets were kept separate to avoid any potential
induction of defence chemistry by endogenous elicitors
generated by treated plants. Eight days after treatment with
MeJA, all ramets were transferred to a pair of climate-con-
trolled glasshouses with natural light and a 30/18°C day/
night temperature regime. As treated and control ramets
could not be housed together, the locations of the treated
and control ramets for the Wrst set of Wve and the second set
of four clones were switched between glasshouses to
counter glasshouse-speciWc eVects.

Paropsis atomaria colonies of locally collected adults
were cultured in the laboratory. Adults were housed in tim-
ber and mesh cages (0.4 £ 0.4 £ 0.5 m) and supplied regu-
larly with fresh E. grandis foliage. We collected egg
batches daily, and when several egg masses hatched simul-
taneously, they were placed in containers until the neonates
started wandering in search of food. The larvae were eVec-
tively randomised between trees by the inherent mixing of
neonates within the hatching container.

Four of the seven E. grandis clones plus the two hybrid
clones were used for bioassays, which consisted of deposit-
ing 20 neonates onto a small slip of paper and clipping this
paper to approximately the same position of an expanding
shoot tip on each ramet. Neonates were then free to select
appropriate expanding leaves to feed upon. Each cohort
was then monitored to determine the time taken to reach
moult (measured as time for 50% of remaining larvae in a
cohort to moult) and mortality over each instar stage. The
experiment was terminated when a cohort had completed
third instar development (of a total four instars) or, more
rarely, when all larvae in a cohort had died. In the former
scenario, the larvae were collected, weighed and dried at
50°C to a constant mass (or for 48 h). For a subset of the
clones, mortality within the Wrst cohort was unusually high,
prompting us to repeat the bioassay with a second larval
cohort placed on these clones 4–5 days after the Wrst to
assess if this result was repeatable.

Terpene analysis

Immediately before each bioassay, we collected and stored
on ice approximately 5 g of fully expanded new leaves
(approximately upwards of ten leaves) from each ramet for
later quantiWcation of secondary metabolites. Recently
expanded leaves were used to avoid confounding variation
associated with rapid changes in terpene concentration in
expanding leaves. Terpene extraction methods and gas
chromatography-mass spectroscopy (GC-MS) analysis
were based on the method of Ammon et al. (1985). BrieXy,
approximately 1.5 g of fresh leaf was added to a weighed
volume (15 ml) of ethanol containing the internal standard,
n-tridecane (0.25 g/l). The extraction was then left for at
least 14 days before GC analysis. The remaining leaf sam-
ple was weighed and then freeze-dried (for FPC analysis)
and weighed again to determine moisture content. We used
an Agilent 6890 N GC (Agilent Technologies, Santa
Clara, CA) with helium as the carrier gas at a Xow rate of
1 ml/min, split injector with a split ratio of 25:1 (injection
temperature 250°C, 1 �l injection volume) and a 60 m £
0.25 mm £ 0.25 �m HeliXex AT-35 column. Terpenes
were separated using a 25-min programme with an initial
temperature of 100°C held for 6 min, an increase of 20°C/
min until 200°C, then 5°C/min until 250°C, which was held
123



850 Oecologia (2008) 156:847–859
for 4 min. The coupled MS was an Agilent 5973 with a
quadrupole mass selective detector, transfer line tempera-
ture 230°C, source temperature 230°C, quadrupole temper-
ature 150°C, ionisation potential 70 eV and a scan range of
40–350 amu. Compounds were identiWed by comparing
mass spectra to reference spectra in the Wiley and National
Institute of Standards and Technology libraries. Because
we were interested in concentration changes for individual
peaks rather than changes in ratios of concentrations of
terpenes, we calculated concentrations based on the ratio of
peak area to the internal standard peak area (milligram
internal standard equivalents per gram dry leaf).

FPC analysis

We extracted and analysed the FPCs in each leaf sample
using the method of Wallis and Foley (2005) with about
50 mg of freeze-dried ground leaf. The speciWc FPC com-
pounds separated by high pressure liquid chromatography
(HPLC) were quantiWed using authentic standards puriWed
in the laboratory.

Protease inhibition assays

To test for the presence of protease inhibitors, we prepared
protein fractions from expanding leaf tissue by two diVer-
ent methods. The second method, sequential fractionation,
was used in order to minimise the probablility that a null
Wnding using our initial approach was due to failure of col-
umn separation to isolate any inhibitors present. All of the
subsequent steps described herein were carried out in
refrigerated centrifuges or in a cold room (4°C) to minimise
oxidation and protein precipitation by phenolic compounds
in the extract. The protein concentrations of the Wnal eluent/
fractions were then determined using the method of Brad-
ford (1976), with bovine serum albumin as a standard.

Solid-phase silica-bonded Wltration Approximately 0.5 g
fresh weight of expanding leaf tissue from each clonal
ramet was frozen in liquid nitrogen and ground with a small
amount of glass powder using a mortar and pestle. This
sample was split between two microcentifuge tubes and
thawed on ice before the addition of 1 ml extraction buVer
containing 2% (w/v) polyvinylpolypyrrolidone (PVPP),
0.1 M Tris–Cl, pH 7.6 and 0.05 M Na2EDTA to each tube.
The tubes were mixed on a vortex and centrifuged at
12,000g for 10 min before decanting the supernatant and
repeating the process. The pooled supernatant was then
centrifuged in a Beckman ultracentrifuge (Beckman Coul-
ter, Fullerton, CA) at 44,000g for 45 min. Protein was sepa-
rated from this crude extract using a solid phase separation
column with a silica-bonded trifunctional octadecyl 18 car-
bon hydrocarbon chain (Bond Elut C18-EWP; Varian, Palo

Alto, CA) coupled to a 5-ml syringe. After the column had
been primed with 1 ml methanol, it was Xushed with 2 ml
extraction buVer (without PVPP). The supernatant was then
loaded onto the column, followed by washing with a further
4 ml of buVer. The column was then eluted with 2 ml 50%
aqueous MeOH. The methanol was removed, and the sam-
ple concentrated to about 50% of the initial volume by lyo-
philisation.

PEG fractionation of crude extract The preparation of the
crude extract was the same as described above but approxi-
mately 1.2 g fresh weight of expanding leaf tissue was
used, divided between 4 £ 2-ml microfuge tubes contain-
ing 1.5 ml extraction buVer [1% (w/v) polyethylene glycol
(PEG) (8000 MW)] per tube. Four fractions were then
obtained from the pooled crude extract by the sequential
addition of solid PEG (followed by mixing until dissolved)
to achieve 10, 20 and 30% solutions and a Wnal fraction
precipitated by lowering the pH to 5 using 10% acetic acid.
The sample was centrifuged at 30,000g for 15 min between
PEG additions to pellet the protein fractions, which were
resuspended in 400 �l buVer containing 0.1 M MOPS pH
6.8, 0.15 M NaCl and 0.005 M MgCl2 to test their activity.

Inhibition assays As our interest initially lay in determin-
ing relative diVerences in protease inhibition activity, all
assays were conducted in pairs to directly compare the most
resistant and the most susceptible clones. Assays consisted
of combining 50 �l of insect enzyme extract (see below)
with up to 100 �l of plant protein extract in a microcentri-
fuge tube. We adjusted the volume of plant extract per
assay to use an equivalent amount of protein from all frac-
tions from the same plant and also equivalent amounts from
the paired comparison clone. We then added MOPS buVer
so that each tube contained 650 �l. The mixture was then
allowed to stand at room temperature for 10 min before the
addition of 500 �l of 1% azocasein solution. All assays
were completed in triplicate with positive controls (larval
extract without plant extract) and negative controls (no
added extracts). After mixing, 100 �l was immediately
pipetted into 500 �l of ice-cold 10% TCA and allowed to
stand at 4°C for at least 30 min. The tubes were then centri-
fuged at 14,000g for 5 min, and the absorbance of the
supernatant was measured at 340 nm. The assays were
incubated at 28°C, and 100 �l subsamples were removed
for spectrophotometry at approximately 4.5-h intervals
until the absorbance of the positive control had at least dou-
bled.

Insect protease extracts First instar larvae from the
captive population were placed on an expanding shoot of
E. grandis and allowed to feed for approximately 5 days.
Protease extracts were made in a microfuge tube using a
stainless steel pestle to homogenise 20 entire larvae in
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400 �l of ice cold buVer containing 0.1 M MOPS pH 6.8,
0.15 M NaCl and 0.005 M MgCl2. The homogenate was
then centrifuged for 10 min at 8000g (4°C) and kept on ice
until required.

Condensed tannin assay

Tannin extraction We used the radial diVusion method of
Gedir et al. (2005) with minor modiWcations to identify rel-
ative diVerences in the condensed tannin content of expand-
ing foliage of the E. grandis clones. Young foliage was
harvested from clonal ramets and kept on ice. The leaf sam-
ples were then Xash frozen in liquid nitrogen and freeze
dried before being ground to a Wne powder in an SDI Ultra-
mat 2 ball mill (Henry Schein Regional, Rosebery, Austra-
lia). Approximately 500 mg of leaf powder was used per
extraction, supplying 1.5 ml of acetone extract obtained by
the method of Gedir et al. (2005); this was then reduced to
approximately 75 �l in a rotary evaporator. The residue was
resuspended by adding 250 �l of 50% methanol and soni-
cating before precipitating any nondissolved material by
centrifugation at 2000g for 5 min. The assay was conducted
by depositing 10 �l of this preparation into 4.5-mm diame-
ter wells punched into gel plates (Hagerman 1987) and
incubating the plates at 30°C for 120 h.

DiVusion ring measurement The gel plates were scanned
against a black background using a Xat bed scanner. An
occluding disc was drawn over the ring of the precipitated
protein on the images to obtain a sharp boundary, the area
of which was then measured (in mm2) using IMAGEJ digital
imaging software [Rasband WS (1997–2006) ImageJ, http:/
/rsb.info.nih.gov/ij/, U.S. National Institutes of Health,
Bethesda, MD] This area was then divided by the dry
weight of leaf extracted and used as a relative measure of
tannin content.

Statistical analyses

Concentrations of foliar compounds were analysed using
restricted maximum likelihood (REML) models to deter-
mine any diVerences between treated and untreated clonal
ramets. Each compound was analysed separately with clone
and MeJA treatment as Wxed factors. To analyse data from
the bioassays, we Wrst examined the dependent variables of
larval dry weight and development time using REML mod-
els with the same Wxed factors but including a ramet-level
random term to estimate variance within clones. If this was a
minor component of total variance, and other data assump-
tions were satisWed, regression was then used to determine
the explanatory power of the Wxed eVects clone, glasshouse
location, MeJA treatment and cohort. The ability of these
same Wxed eVects to explain mortality within instars was

examined using binomial regression, but we included devel-
opment time as an explanatory variable. Various terpenes and
FPCs were also added as factors to this model to determine if
their foliar concentrations could explain Wrst instar survival.

Histological examination of Wrst instar larvae

One E. grandis clone exhibited signiWcant resistance to
P. atomaria larvae (see Bioassay data section of Results for
details). To determine an underlying cause, we sectioned
Wrst instar larvae in search of any histological changes that
may indicate a toxicological response. Approximately 25
Wrst instar larvae were placed on ramets of the most resis-
tant and least resistant clones and allowed to feed for sev-
eral days until larvae on the resistant clones started to
exhibit high rates of mortality. Remaining larvae from two
ramets per clone (total larvae per clone: approx. 7) were
collected and prepared for sectioning as described below.

Sample preparation The tissues were treated with
Bouin’s Wxative for 1 day before being washed with 70%
ethanol to remove the Wxative and begin dehydration by
exposing them to an ethanol concentration series (70, 95
and 100% twice, then superdry 100% over a molecular
sieve to remove any remaining water). Fixed tissue samples
were mounted in paraYn wax blocks at 55°C.

Sectioning and staining We used a rotary microtome to
cut 5-�m sections that were Wxed to glass slides. Tissues
were deparaYnised in histolene for 10 min and re-hydrated
in a series of decreasing ethanol concentrations before rins-
ing in phosphate buVered saline (PBS) to remove any
remaining ethanol. Tissues were stained using Periodic
acid–SchiV’s reagent to clarify the carbohydrate moieties
within the digestive system.

Dehydration and clearing After staining, the tissues were
dehydrated with increasing concentrations of ethanol (70%,
95%, 2 £ 100%) for 5 min each, and then histolene for
2 min to clear the tissues. After clearing the tissues were
mounted permanently on the slide using Permount™ and a
cover slip and allowed to dry on a slide warmer for 24 h.

Results

Chemical analyses

The variation in foliar concentrations of FPCs in the
E. grandis clones was within the range we previously mea-
sured in this species (e.g. total sideroxylonal 0–17 mg/g dry
leaf). Linear mixed models using REML showed there were
consistent diVerences in foliar chemistry between clones for
all compounds examined but that there were no signiWcant
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eVect of MeJA treatment on the foliar concentrations of
either terpenes or FPCs (Table 1). The method of MeJA
application also had no eVect in any analysis; consequently,
data were pooled for subsequent analyses.

Bioassay data

The estimated component of variance (ramet term) in the
REML analyses indicated that random variation between
ramets did not contribute signiWcantly to variation in either
mean dry weight of larvae or development time. Subse-
quent regression analyses demonstrated that the clone on
which the larvae fed had a signiWcant eVect on their Wnal
weights and development rates while treatment with MeJA
had no signiWcant eVect. Clonal diVerences did not account
for much variation in larval weight (22.6%) but did explain
around 70% of the variation in Wrst instar development time
(Table 2). Ranking the clones by Wnal mean dry weight of
larvae did not correspond to their ranking by any other
parameters of larval performance measured.

The use of ‘Cohort’ as a Wxed eVect (denoting a second
cohort of larvae on the same clone) did not account for any
signiWcant variation in larval growth and survival (Wald
tests P = 0.950 and P = 0.799 for mean dry weight per lar-
vae and Wrst instar development time, respectively). Data
from the Wrst and second larval cohorts were then pooled in
subsequent analyses to increase the sample size for those
clones on which most larvae died. There was no eVect of
the location of each treatment within the two glasshouses,
so this factor was excluded from models.

There was a marked eVect of clonal host on development
rate, with the larvae on Clone E attaining the second instar
stage more than twofold faster than larvae on Clone F, on
which development was signiWcantly retarded (Fig. 1).
Feeding on at least two of the clones C and F) appeared to
impair the development of larvae, with a concomitant
decrease in survival. First instar larvae raised on these latter
clones suVered high mortality rates, which reached 100% in
some cohorts, as did a second set of larval cohorts placed
on the same ramets, suggesting that cohorts did not diVer in
their ability to develop on these clones. The feeding behav-
iour of surviving larvae on these clones was consistent
between ramets as follows: neonates moved to the outer-
most expanding leaves and proceeded to initiate gregarious
feeding normally; after 1–2 days, any remaining larvae
ceased feeding on these expanding leaves and commenced
wandering with ensuing disruption of gregarious feeding;
survival to the second instar was associated with larvae
moving to those leaves further down the stem that were still
soft enough for Wrst instars to consume but on which
growth was slow.

The inclusion of ‘Development time’ as a variable in a
generalised linear model for a binomial distribution with a

logit link of survival across the Wrst three instars conWrmed
the relationship between mortality and rate of development.
This model demonstrated a signiWcant increase in propor-
tional survival in latter instar stages but also an overall sig-
niWcant negative eVect on the probability of survival to the
next instar with increasing development time (Table 3).
This model became far more complex when clonal host
plant was included as a factor, with multiple signiWcant
interactions between development time, instar and clone
simultaneously inXuencing larval survival. This reXects the
spectrum of responses to diVerent clonal host plant compo-
sition during larval development shown in Fig. 1. Due to
the higher mortality in Wrst instars across all clones, we
examined the eVect of leaf secondary metabolites on Wrst
instar survival using generalised linear models as before.
However, neither terpene nor FPC concentrations signiW-
cantly inXuenced larval survival to the second instar
(results not shown).

Protease inhibition and condensed tannin content assays

We tested the clones on which Wrst instar larvae survived
best (susceptible clones) and those on which survival was
worst (resistant clones) to determine if diVerences were due
to the activity of digestibility reducers, similar perhaps to a
trypsin inhibitor found in seeds of E. urophylla (Trema-
coldi and Pascholati 2002). Although the column separation
successfully extracted leaf protein, extracts from resistant
and susceptible clones did not diVer in their ability to
inhibit proteolytic activity. Either extract in suYcient quan-
tities, however, did completely inhibit insect proteolytic
activity in vitro (Fig. 2). Boiling the extract did not dimin-
ish its ability to inhibit enzyme activity, suggesting that
inhibition did not involve proteinaceous inhibitors (data not
shown).

The protein fractions from PEG fractionation of the
crude extract also did not diVer in their inhibition of proteo-
lytic activity and did not inhibit activity relative to positive
controls. This was true for fractions from both resistant and
susceptible clones (data not shown), providing further evi-
dence that the inhibitory factor obtained by chromatogra-
phy was not proteinaceous. Finally, although E. grandis
clone extracts varied considerably in their ability to precipi-
tate protein in the condensed tannin assay, resistant clones
did not always contain higher concentrations of condensed
tannins than susceptible clones.

Histological response to feeding on foliage from resistant 
clones

The midgut from larvae that fed on foliage from the resistant
clonal ramets diVered distinctly from those of larvae that
ingested less resistant foliage (Fig. 3). The midguts from the
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latter larvae had intact peritrophic matrices adjacent to even
brush borders of microvilli. In contrast, ingesting foliage from
resistant clones appeared to disrupt the peritrophic matrix
such that it was absent in the sections examined. In addition,
the layer of microvilli appeared to be sparser and less even,
possibly due to physical abrasion by ingested food particles
after the loss of the peritrophic matrix (Tellam 1996).

Discussion

In this study, the application of exogenous MeJA to
E. grandis did not induce any changes in the foliar concentra-

tion of either terpenes or FPCs, two groups of compounds
considered to be important defences in Eucalyptus. Our
results do not exclude the possibility that simulated herbiv-
ory, real herbivory or treatment with MeJA increases ter-
pene synthase activity because, as demonstrated by Litvak
and Monson (1998) in needles from several conifer species,
higher rates of terpene volatilisation associated with higher
activity of terpene synthases can occur without necessarily
increasing the pool of leaf terpenes. The release of volatile
terpenes in responses to the application of MeJA or jas-
monic acid occurs in many angiosperms (Arimura et al.
2004; Degenhardt and Lincoln 2006; Dicke et al. 1999;
Halitschke et al. 2000; Hampel et al. 2005; Ozawa et al.
2000; Rodriguez-Saona et al. 2001). Changes in leaf vola-
tiles induced by herbivory have been shown to be important
signals for predators and parasitoids to locate their prey in
some tritrophic interactions (reviewed by Dicke et al.
2003). It is unknown whether quantitative or qualitative
induced changes in volatile emissions occur in Eucalyptus.

Another possibility is that induced changes only occur
during some stages of leaf development. Rapid induced
resistance that occurs in birches is absent in mature leaves
(Neuvonen et al. 1988; Neuvonen and Haukioja 1991). In
this study we restricted our sampling for terpenes and FPCs
to new fully expanded leaves to minimise unwanted varia-
tion associated with leaf age as terpene concentration and
composition changes rapidly during leaf expansion (Maarse
and Kepner 1970; Simmons and Parsons 1987). It is possi-
ble that an induced response occurred in expanding tissues
and was not detected in our study by direct measurement. It
is worth noting, however, that Wrst instar larvae (including
P. atomaria) usually feed on expanding leaves and are gen-
erally the larval stage most sensitive to diVerences in diet
quality. The fact that we were unable to detect induced
eVects in our bioassays suggests signiWcant changes to
defence chemistry did not occur.

Our results show that the application of exogenous
MeJA did not induce any responses in ramets of E. grandis
(or the two hybrid clones) that aVected the performance of

Table 2 Analysis of variance (ANOVA) results from regression analysis of larval dry weight and Wrst instar (L1) development time of Paropsis
atomaria larvae feeding on six clones

Parameter Factor df SS MS F P r2

Mean dry weight larvae (mg) Clone 5 103.48 20.70 5.14 <0.001 19.4

MeJA treatment 1 1.46 1.46 0.36 0.55

Clone £ MeJA treatment 5 32.16 6.43 1.6 0.173

Residual 68 273.75 4.03

ln L1 development time (days) Clone 5 6.944 1.389 43.62 <0.001 70.2

MeJA treatment 1 0.0004 0.0004 0.01 0.911

Clone £ MeJA treatment 5 0.143 0.029 0.9 0.488

Residual 79 2.515 0.032

Fig. 1 Number of Paropsis atomaria larvae versus time during
development on four Eucalyptus grandis clones and two E. grandis £
camaldulensis clones. Data points are the number of surviving larvae
at instar changes from the Wrst to the start of the fourth instar (clonal
mean § SE). Clones (A–H) are as per Table 1. Filled square A, open
square B, open triangle C, Wlled circle E, open circle F, Wlled inverted
triangle H
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P. atomaria larvae relative to those on control ramets.
Herbivory by P. atomaria also appeared to induce no sys-
temic changes in any ramets, as indicated by the similar

performance of cohorts of larvae on ramets previously
damaged by the cohorts of larvae deposited on the plants
several days before. Paropsis atomaria is a widely distrib-
uted species that uses a variety of eucalypt host species
within its range (Carne 1966). Analysis of intraspeciWc
genetic variation throughout the distribution of P. atomaria
suggests there are no races restricted to either geographic
areas or host plants in this species (Schutze et al. 2006).
This implies that P. atomaria has evolved a digestive phys-
iology and detoxiWcation capacity with a high degree of
plasticity to cope with a diet that varies greatly in the com-
position and concentration of plant secondary metabolites.
Such plasticity has been demonstrated in species of both
Coleoptera and Lepidoptera that alter the expression of
digestive proteases to overcome protease inhibitors in their
diet (Jongsma and Bolter 1997). Similarly, ingestion of the
toxin nicotine by tobacco hornworms stimulates the activity
of cytochrome P450 enzymes required for its detoxiWcation
(Snyder and Glendinning 1996). Consequently, we should
have expected that, unless MeJA changed defensive
chemistry dramatically in E. grandis, there would be only
minor eVects or no observable eVect of induced changes
on the development of a specialist insect herbivore such as
P. atomaria.

Our results agree with other studies that failed to detect
any change in defensive chemistry in response to damage
or induction using other methods (Chapin et al. 1985;
Delano-Frier et al. 2004). Comparisons of the extent and
nature of foliar-induced responses across species and life
history strategies suggest the existence of broad patterns.

Table 3 Results from two logit regression models of larval survival across the Wrst three instars of P. atomaria fed six eucalypt clones. The Wrst
model includes MeJA treatment while excluding the eVect of clone and the second incorporates clone as a factor

Parameter Change df Deviance Mean deviance Deviance ratio Approximate 
F probability

Final larvae Instar 2 543.29 271.65 74.56 <0.001

MeJA treatment 1 0.08 0.08 0.02 0.885

Development time 1 151.67 151.67 41.63 <0.001

Instar £ MeJA treatment 2 0.72 0.36 0.1 0.906

Development time £ instar 2 8.73 4.37 1.2 0.304

Development time £ MeJA treatment 1 0.33 0.33 0.09 0.762

Development time £ instar £ MeJA treatment 2 1.09 0.55 0.15 0.861

Residual 237 863.52 3.64

Final larvae Clone 5 426.99 85.40 34.12 <0.001

Instar 2 435.22 217.61 86.94 <0.001

Development time 1 12.14 12.14 4.85 0.029

Instar £ clone 10 60.75 6.08 2.43 0.009

Development time £ clone 5 37.38 7.47 2.99 0.013

Development time £ instar 2 11.10 5.55 2.22 0.111

Development time £ instar £ clone 10 52.71 5.27 2.11 0.025

Residual 213 533.15 2.50

Fig. 2 The results from two paired assays demonstrating the dose-
dependent decrease in protease activity with increasing volumes of col-
umn eluent from leaf protein extractions. Inhibition of larval protease
activity was determined by a change in absorbance at 340 nm after 4 h
relative to a positive control (+ve) which contained no leaf extract. The
addition of 100 �l of extract totally suppressed protease activity as no
change in absorbance was detected after an additional measurement at
8 h. Each graph represents one paired assay conducted in parallel with
the same extract of larval proteinases and leaf protein extracts from one
ramet of a resistant (Wlled circle) and non-resistant (open circle) clone
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Both the review by Karban and Baldwin (1997) and the
meta-analysis by Nykanen and Koricheva (2004) suggest
that broadleaf deciduous trees commonly respond to her-
bivory by increasing their concentrations of foliar second-
ary metabolites. Evergreens, in contrast, are relatively
unresponsive to treatments that otherwise induce secondary
metabolites in broadleaf deciduous trees and instead
counter herbivores by relying on constitutive defence and
induced premature leaf abscission (Karban and Baldwin
1997; Nykanen and Koricheva 2004). The rapid responses
to folivorous insects identiWed thus far in evergreen conifer
foliage are best described as indirect defences because they
rely on the production of volatiles that attract predators and
parasitoids (Mumm and Hilker 2006). Eucalypts, with the

exception of a few tropical species, are evergreens which
retain their leaves for at least a year (Lowman and Heatw-
ole 1987). The consistent and signiWcant variation in larval
performance on diVerent clones suggests that constitutive
defenses based on genetic diVerences explain diVerential
insect performance on E. grandis hosts. These results sup-
port the typical diVerences in foliar defence strategies
between evergreens and deciduous trees and suggest that
variation in defences during leaf expansion may dictate
diVerential rates of herbivory on eucalypt genotypes.

The results of this study may suggest that E. grandis is
insensitive to exogenous MeJA; however, it is still probable
that the jasmonate pathway mediates the general wounding
response in eucalypts. Recent advances in the understand-
ing of regulation of defence-related genes induced in
response to herbivory or wounding have shown that jas-
monic acid (and MeJA, its volatile counterpart) along with
salicylic acid and ethylene regulate these genes (Reymond
and Farmer 1998). Such regulatory mechanisms appear to
be common to all plants examined to date, suggesting that
jasmonate-regulated induced changes in metabolism would
be detectable in many species even if they are not all
involved in defence. This has been demonstrated by the
complexity of transcriptional responses in studies investi-
gating patterns of mRNA production induced in plants by
wounding and/or herbivores (see reviews by Gatehouse
2002; Kessler and Baldwin 2002).

Although we restricted our histological examination of
the larval midgut to a single contrast between larvae
raised on either a resistant or on a susceptible E. grandis
clone, the eVect was dramatic. The loss of the peritrophic
matrix and digestive function associated with ingesting
resistant foliage indicates toxicity rather than a diVerence
in digestibility of leaf tissue. In contrast to this clear
diVerence and consistent with previous studies (Lawler
et al. 1997; Morrow and Fox 1980; Patterson et al. 1996),
we did not detect any diVerences in foliar chemistry,
including protease inhibitors, that would explain the resis-
tance of some clones to paropsine chrysomelid larval
feeding. No terpene or FPC compound had any bearing on
which clones appeared to resist P. atomaria larvae and
which were susceptible although, admittedly, we sampled
much older leaves than those on which the Wrst two instars
feed. Other research in our laboratory found a similar lack
of correlation between FPC concentrations and defoliation
of E. grandis by P. atomaria in trial plantations (Henery
et al. 2008).

Likewise, the lack of correlation between the concentra-
tion of condensed tannins in expanding leaves and P.
atomaria performance on individual clones suggests that
these compounds do not cause Wrst instar mortality, which
agrees with the results of previous work on this eucalypt
herbivore (Fox and Macauley 1977). Recent Wndings,

Fig. 3 Sections of midgut from two Wrst instar P. atomaria larvae after
feeding for several days on non-resistant (a) and resistant (b) E. gran-
dis clones. a Midgut shows a dense, even layer of microvilli (MV) on
midgut epithelial cells (EC), with a distinct peritrophic matrix (arrows)
separating the brush border from the endoperitrophic matrix space
(ENPS). b In larvae demonstrating a toxic response, the midgut lacks a
peritrophic matrix and the layer of microvilli is greatly reduced in den-
sity and length. Scale bars: 0.1 mm
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however, suggest that the tannin assay used in this study is
too general to diVerentiate between tannins with potentially
diVering activities against herbivores (Barbehenn et al.
2006a, b). In an attempt to explain the high larval mortality
linked to some tannin bioassays, Ayres et al. (1997) sug-
gested that reactions in the insect midgut converted certain
tannins to other, more biologically active products that
were toxic. It is now known that some tannins have high
oxidative activities, suggesting that plants containing these
compounds have active oxidative defenses against herbi-
vores (Barbehenn et al. 2006a). Thus, we cannot discount
the possibility that phenolic compounds damaged the insect
midgut in P. atomaria larvae, which would explain the cor-
responding high mortality we observed.

Studies using other host eucalypt species may conWrm
whether the toxicological symptoms in P. atomaria larvae
are peculiar to larvae feeding on E. grandis or whether they
also occur in larvae feeding on other eucalypts. IdentiWca-
tion of the causative agent, however, is likely to be diYcult
for the following reasons: (1) compounds belonging to an
unidentiWed chemical group may be involved; (2) several
compounds acting synergistically or being converted to a
toxic product within the insect may be responsible; (3) any
diVerences in leaf chemistry may be subtle because the tox-
icity primarily aVects Wrst instar larvae, which is the larval
stage typically most sensitive to variations in plant
defences.
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