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Summary. Following herbivory, induced responses
involving plant secondary metabolites have been reported in
a number of tree species. Although a wide range of plant
secondary metabolites appear to operate as constitutive
plant defences in trees belonging to the Eucalyptus genus,
no induced responses have as yet been reported following
foliar-chewing insect damage. We empirically tested
whether branch defoliation (artificial and larval) of 2-year-
old Eucalyptus globulus Labill. trees altered the abundance
of specific plant secondary metabolites immediately (3
months after initial larval feeding) and 8 months after the
cessation of larval feeding. Metabolites assayed, included
essential oils, polyphenolic groups and foliar wax com-
pounds and in all cases their abundance was not signifi-
cantly altered by defoliation. However, the level of foliar
tannins after 3 months of larval feeding did display a trend
that suggested elevated levels as the result of defoliation,
though this trend was not evident 8 months later, indicating
that, if real, the response was a rapid and not a delayed
induced response. The level of foliar tannins was also nega-
tively correlated to both average larval survival and average
percentage branch defoliation, suggesting that foliar tannins
may operate as toxins and/or anti-feedants to M. privata lar-
val feeding.

Key words. Plant-insect interactions — leaf chemistry —
induced and constitutive plant defences — Lepidoptera —
Geometridae — Mnesampela privata — Myrtaceae —
Eucalyptus globulus

Introduction

Induced responses have been recorded for many plant sec-
ondary metabolites in different tree species including; phe-
nolic compounds in birches induced by Epirrita autumnata
larval feeding (Kaitaniemi ef al. 1998) and artificial leaf
damage (Hartley and Lawton 1991), phenolic compounds in
quaking aspen following larval feeding by Choristoneura
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conflictana (Clauson et al. 1991), tannins in oak after larval
damage by Lymantria dispar (Schultz and Baldwin 1982;
Rossiter et al. 1988) and terpenoids and phenolics in
conifers after attack by bark beetles (Raffa 1991). However,
although changes in plant secondary metabolites have been
recorded as a response to, for example, wounding and dis-
ease in the phloem and xylem of eucalypts (Eyles et al.
2003a; 2003b), induced responses as a result of foliar-
chewing insect herbivory have yet to be demonstrated
(Haukioja et al. 1994). Nevertheless, Edwards and Wanjura
(1989) have reported that several species of eucalypt feed-
ing insects chew off and discard partially eaten leaves and
proposed that these insects are sabotaging a feedback loop
from the damaged leaf to the host tree that may confer resis-
tance. We also might expect to find induced resistance in
eucalypts, because the foremost hypothesis explaining
inducible plant defences suggests it is of particular benefit
for plants, such as eucalypts, that experience variable her-
bivory (Herms and Mattson 1992). This is because defend-
ing a plant against herbivory is assumed to have a cost, since
resources allocated to defence cannot be simultaneously
allocated to other functions (Zangerl and Bazzaz 1992,
Karban et al. 1997; Heil 2002). Therefore, inducible
defences economise the plants expenditure by allowing the
plant to invest in defence only when necessary, avoiding
costly allocations when herbivores are absent (Agrawal
2000). Further, Agrawal and Karban (1999) identified alter-
nate reasons why inducible defences might be preferred
over constitutive strategies. These included improved resis-
tance against differing herbivores due to the variability it
creates in food quality, which may inhibit feeding and slow
adaptation and cause greater dispersal of damage by increas-
ing herbivore movement. Also, induced defences may
reduce autotoxicity and host finding by specialist herbivores
and limit deleterious effects on natural enemies and pollina-
tors (Agrawal and Karban 1999).

In the present study the larvae of autumn gum moth,
Mnesampela privata Guenée, were used to achieve defolia-
tion of experimental trees. These larvae are a destructive
defoliator of many Eucalyptus species (Elliott and Bashford
1978; Neumann and Collett 1997; Lukacs 1999), including
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the most commercially significant hardwood species grown
in Australia, Eucalyptus globulus Labill. (Farrow et al.
1994; Jones et al. 2002; Rapley et al. 2004a). The study
focused on empirically testing E. globulus foliar plant sec-
ondary metabolites, that are known to affect eucalypt her-
bivory, to determine if they are mobilised either during
larval feeding in a rapid induced response (little time lag,
affecting the generation of herbivores that did the damage),
or 8 months later in a delayed induced response (with time
lag, affecting subsequent generations), or simply operate as
constitutive defences uninfluenced by herbivore feeding
(Klemola et al. 2003; Haukioja 2005). The time-frame
tested was designed to determine the appropriateness of a
retrospective approach used for identifying putative consti-
tutive chemical differences in the foliar waxes between
proximal trees which differ in observed levels of field her-
bivory (Jones et al. 2002; Rapley et al. 2004b). The com-
pounds investigated were foliar wax constituents (Edwards
1982; Jones et al. 2002; Rapley et al. 2004b), essential oils
(Larsson and Ohmart 1988; Li 1993; Steinbauer and
Matsuki 2004) and polyphenolic compounds (Larsson and
Ohmart 1988; Floyd and Foley 2001; Steinbauer and
Matsuki 2004). In the present study the foliar wax abun-
dance of the even carbon length benzyl alkanoates, and in
particular benzyl n-tetracosanoate, were of foremost interest
as increased abundance of these compounds have been asso-
ciated with reduced E. globulus defoliation by M. privata
larvae (Jones et al. 2002; Rapley et al. 2004b).

Materials and methods

Experimental site

A 2-year-old E. globulus plantation near the Russell River
(42°54'S, 146°43'E) in southern Tasmania was selected as the
experimental site. Site selection involved locating an E. globulus
plantation in which trees were displaying homoblastic juvenile
foliage and had no previous history of herbivory or current dam-
age. In July 2002, 40 trees of similar height (ca. 3m) and form were
selected and marked for experimental usage. No experimental trees
were neighbours to each other, with experimental trees at least sep-
arated by a distance of 10m, the greatest distance between trees
being approximately 300m. On each of these trees eight branches
were marked in order to identify branches to which treatments
were to be applied. This represented between 15 to 20% of
branches present on trees.

Replicates and treatments

Field replicates were designed so that the four trees in each repli-
cate had a similar abundance of benzyl n-tetracosanoate in their
foliar wax prior to treatment application (see pre and post treatment
foliage sampling). This was achieved by ranking the 40 experimen-
tal trees according to the abundance of benzyl n-tetracosanoate pre-
sent in their foliar waxes and then allocating field replicates to the
highest ranked four trees sequentially down to the lowest ranked
four trees. One month (7"-9" of August) later experimental treat-
ments were randomly allocated to each of the four trees within a
replicate. The four treatments used, to control for each other, were
(1) uncaged branches (control); (ii) caged branches (cage control);
(iii) caged branches, plus artificial defoliation of branches within
cages and (iv) caged branches, plus M. privata larval defoliation of
branches within cages. Each cage enclosed the six expanded leaf
pairs located directly behind the second expanded leaf pair (sam-
pled leaf pair) back from the terminal bud. Cages were tubular
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sleeves (60x20cm) made from white mesh cloth, which were then
tied at both ends on to branches to enclose the desired leaves and
larvae. For the artificial defoliation treatment, three quarters of each
leaf to be caged was removed by hand ripping. Larval defoliation
was achieved by releasing 40 second and third instar larvae in to
each cage at the time of securing the cage on to the branch.

Foliage sampling pre and post treatments

Approximately 2 weeks (24" of July) prior to the commencement
of the experiment foliage samples were collected from each tree.
Foliage samples were comprised of eight leaves, with one leaf
removed from each marked branch. Each leaf sampled was ran-
domly chosen from the second expanded leaf pair back from the
terminal bud and removed from the branch by cutting the petiole
with scissors. All eight leaves from each tree were pooled in a sin-
gle sample bag, which was transported to the laboratory in a car
fridge. In the laboratory, the eight leaves in each foliage sample
were cut into 1.0 to 1.5cm? squares to provide approximately 8
grams of cut foliage, with care taken to remove the midrib of the
leaf, as well as any necrotic material. Cut foliage of each sample
was placed in a sealed plastic container, which was shaken to ran-
domise the sample. The foliage samples were then split by weight
for use in the extractions of foliar wax compounds (2g), essential
oils (2g) and polyphenolic compound groups (1g).

ApEroximately 3 months after the application of treatments to
trees (4" of November), at the cessation of larval feeding, cages, lar-
vae and foliage samples were removed from marked branches of each
tree. Foliage samples at this time were obtained by cutting the
remaining leaf from the leaf pair previously sampled from each of the
eight marked branches. The number of surviving larvae and the per-
centage of branch defoliation caused by larval feeding were also
recorded. Approximately 8 months after cessation of larval feeding
(24" of July), to coincide with the time of year in which M. privata
oviposition occurs in southern Tasmania, foliage samples were again
removed from marked branches of each tree. Foliage samples at this
time were obtained by randomly cutting a leaf from the leaf pair
located at the next node out from the node formerly used for the first
two foliage samples. However, as leaves sampled at this time were
smaller then previously obtained there was not enough foliage mass
to quantify essential oils. Foliage samples that were removed from
trees after 3 months of larval feeding as well as 8 months later were
prepared for chemical analysis as previously described.

Extraction of foliar waxes, essential oils and polyphenolics

Foliar waxes were obtained by saturating the cut foliage sample
(2g) in a 10ml aliquot of high performance liquid chromatography
(HPLC) grade hexane containing the internal standard n-tetrade-
cane (0.1mL of n-tetradecane in 1L of hexane) for 50 minutes. The
extraction method used was developed by Li er al. (1997) and
modified by Jones ef al. (2002) for small foliage samples. The wax
extracts were then analysed using gas chromatography and mass
spectrometry (GC-MS) with instrument hardware and settings the
same as used by Jones et al. (2002). The compounds were identi-
fied by both their relative retention time and full mass spectra. The
relative abundance of each wax compound was then expressed as
the ratio of the area of a diagnostic ion to the total ion current area
of the internal standard. The use of diagnostic ion areas rather than
total ion current areas enables more precise determinations in oth-
erwise overlapping GC peaks. A standardised measure of the wax
yield was also obtained from the mass spectra by calculating the
total ion current for the complete profile and correcting this value
by subtracting the total ion current of the internal standard.

Essential oils were obtained by saturating the cut foliage sam-
ple (2g) in a 10ml aliquot of HPLC grade dichloromethane con-
taining the internal standard heptadecane (100mg of heptadecane
in 1L of dichloromethane) for 1 hour. Essential oil extracts were
analysed by combined GC-MS on a Hewlett-Packard 5890 Gas
Chromatograph coupled to a Hewlett-Packard 5970B Mass
Selective Detector using a 25mx0.32mm HP-1 column with a 0.17
micron film. The interpretation of mass spectra was the same as
previously described for foliar wax compounds.
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Polyphenolic compounds were obtained by adapting a
methodology developed by Close et al. (2001). Using scissors the
foliage sample (1g) was finely cut before being homogenised with
a 20 ml aliquot of acidified methanol in a tissue homogeniser.
Samples were then immersed in a water bath at 90°C for 1.5 min-
utes and left to extract in the dark at 5°C for 24 hours. Extracts
were centrifuged at 2500rpm for 7 minutes and from the resultant
supernatant a small volume was pipetted in to an HPLC vial.
Polyphenolic extracts were analysed within 24 hours of being
obtained by HPLC-UV with instrument & column the same as used
by Close et al. (2001). The mobile phases were A: 2% acetic acid
in methanol, B: 2% acetic acid in water, C: hexane. Flow rate was
0.8mL/min, and the gradient was 15:85 A:B to 100% A at 6 min-
utes, to 80:20 A:C at 7 minutes and this was held till 12 minutes.
Re-equilibration was 1 minute at 100%, A then programmed to
15:85 A:B at 14 minutes, with 3 minutes hold before the next injec-
tion. Measurement of tannins was made at 280nm for all peaks
prior to 7 minutes retention time, and FPCs were measured at
280nm as all peaks from 7 to 11 minutes (based on LC-MS data on
previous Eucalypt samples). Flavonoids were measured at 370nm
as all peaks between 4.5 and 7 minutes. A small correction to the
tannin measurement was made based on 80% of the absorbance of
flavonoids at 370nm, since these fell within the same time window.

Data analysis

The abundance of each chemical compound or group assayed was
log transformed following Jones et al. (2002). To test for treatment
effects on the abundance of each compound a one-way ANOVA
using the PROC GLM procedure of SAS (SAS Institute, 1999) was
undertaken on the difference between pre-treatment and post-
treatment log transformed abundance measures. Tree rank on the
level of benzyl n-tetracosanoate (see replicates and treatments) was
included in the model as a covariate along with the fixed treatment
effect. The significance of treatment effects was tested for each
chemical compound or group assayed, totals of even carbon length
phenylethyl and benzyl alkanoates (C**%°) as well as wax and oil
yield, both after 3 months of larval feeding (test for a rapid induced
response) and 8 months later (test for a delayed induced response).
Probability values for treatment effects were Bonferroni adjusted
for multiple comparisons between each chemical compound or
group within each secondary metabolite class (i.e. foliar wax com-
pounds, polyphenolic groups and essential oils) before a significant
response was declared.

Cage + Larvae
Cage

—+
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Uncaged

Cage + Artificial

Ccv2

o
e

-2 -1
CV1

Fig.1 The ordination of defoliation and control treatments (mean
+ SE) on the first (CV1, 56%) and second (CV2, 39%) axes derived
from discriminant analysis of changes in the three polyphenolic
groups assayed (tannins, flavonoids and FPCs).
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To allow for the possibility of interactive effects between indi-
vidual chemical compounds or groups, a multivariate approach
was also undertaken. We therefore tested for significant treatment
effects of various classes of secondary metabolites using a dis-
criminant analysis. This analysis was again based on the change in
log transformed abundance of the various chemical compounds or
compound groups within each secondary metabolite class and was
achieved using PROC DISCRIM procedure of SAS (SAS Institute
1999). The discriminant analyses were undertaken both for abun-
dance changes after 3 months of larval feeding and 8 months later.

For the 10 trees subjected to larval defoliation the PROC
CORR procedure of SAS (SAS Institute 1999) was used to calcu-
late Pearson's correlation coefficients of larval survival with the
abundance of each chemical compound or group, both prior to
caging and after 3 months of larval feeding. Further, Pearson's cor-
relations of the foliar tannin abundances with average branch defo-
liation were also calculated. Finally, we investigated the stability of
the variation between trees of each compound or group across time
for a 3 month (pre-treatment until cessation of larval feeding), 8
month (cessation of larval feeding until final sample) and 11 month
(pre-treatment until final sample) duration. This was achieved by
calculating Pearson's correlation coefficients between all sampling
periods for chemical abundance. Probability values calculated
from all correlations were Bonferroni adjusted for multiple com-
parisons as described previously.

Results

Across the three classes of secondary metabolites investi-
gated, no individual compound or group showed a signifi-
cantly different change in abundance between the four
treatments after Bonferroni adjustment, either after 3
months of larval feeding or 8 months later (Table 1). As no
significant treatment effects were found we investigated the
stability of the variation between trees over the 11 month
period for each chemical compound or group. The strong
correlation between the levels of the chemicals in each tree
across the duration of the experiment (Table 1) indicated a
strong stability of the E. globulus chemical profile. It was
only the levels of the two wax ketones, heptadecan-2-one
and n-pentatriacontan-16, 18-dione, and three monoter-
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Fig.2 Mean (+ SE) increase in foliar tannins at the three months
sampling period, calculated by subtracting the log abundance at
the time of sampling from the log abundance prior to treatment
application for the treatments: caging larvae on branches (C+L),
caging branches following artificial damage (C+A), caging
branches (C) and uncaged branches (NC).
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penes, o-pinene, 1,8 cineole and limonene as well as oil
yield, which changed between trees at one or other time
interval (Table 1). Interestingly the abundance of wax alka-
noates, including benzyl n-tetracosanoate, was the most
highly correlated across time, indicating that the differences
in these wax compounds between trees are extremely stable
(Table 1).

The only suggestion of a treatment effect on the plant
chemistry that we detected involved the polyphenolic com-
pounds (FPCs, flavanoids and tannins), and this was only
significant at the multivariate level. A difference between
the three caged treatments was evident in the discriminant
analysis involving the three polyphenolic compound groups
at the cessation of larval feeding (CV1 P = 0.005, CV2 P =
0.030; Fig. 1). At the cessation of larval feeding, both defo-
liation treatments were separated from both the uncaged and
the caged controls along CV1 and this separation was asso-
ciated with a trend for tannins to increase in the defoliation
treatments after 3 months of larval feeding (Fig. 2). This
trend was not evident 8 months later. At the cessation of M.
privata larval feeding, high mortality was evident with the
average number of larvae surviving on branches per tree
being 1.41 + 0.35 (range: 0.13 to 2.88) out of 40 and aver-
age defoliation of branches per tree was 26.3% =+ 3.34
(range: 10 to 40 %). At this time larval survival was signif-
icantly positively correlated to defoliation (Pearson's corre-
lation, n = 10, r = 0.89, P < 0.001). Average survival of M.
privata larvae on branches and average defoliation of
branches per tree was also negatively correlated to foliar

Log tannin abundance

tannin abundance prior to caging (Pearson's correlation, n =
10, survival: r = —0.63, P = 0.05, defoliation: r = —0.68, P =
0.03) (Fig. 3a and b) and after 3 months of larval feeding
(Pearson's correlation, n = 10, survival: r=—0.77, P=0.009,
defoliation: r = —0.61, P = 0.06) (Fig. 3c and d). Levels of
the other foliar compounds assayed were not significantly
correlated to survival prior to caging or after 3 months of
larval feeding (Table 1).

Discussion

Jones et al. (2002) reported that variable E. globulus defoli-
ation in a genetics trial was correlated with the variability of
several aliphatic phenylethyl and benzyl alkanoates found in
juvenile foliage waxes. For specific even carbon length ben-
zyl alkanoates and in particular benzyl n-tetracosanoate this
correlation was found to be robust in other germplasm and
across different locations (Rapley et al. 2004b). However, as
the quantification of foliar wax compounds of both studies
was undertaken post tree defoliation, we could not be cer-
tain that the alkanoates were operating as a constitutive
resistance mechanism rather then being induced as the result
of larval defoliation. Until this study, the evidence that these
foliar wax alkanoates were not induced was that their levels
did not significantly differ between undamaged and dam-
aged foliage of the same plant, or between undamaged and
damaged ramets of the same genotype grown in a common
field environment (Jones et al. 2002). In the current study
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we found no empirical evidence indicating branch defolia-
tion induced any tree level changes in the abundance of any
foliar wax alkanoates including benzyl n-tetracosanoate. It
therefore appears these alkanoates are operating as a consti-
tutive plant defence. Interestingly the phenotypic differ-
ences in the abundance of benzyl n-tetracosanoate between
trees was extremely stable over time and a large proportion
of these differences are thought to be under strong genetic
control as Jones et al. (2002) reported a broad-sense heri-
tability of 0.82 for benzyl n-tetracosanoate. Rapley et al.
(2004a) has found that E. globulus trees most resistant to M.
privata defoliation are least preferred for oviposition of
gravid female moths. It has therefore been hypothesised by
Jones et al. (2002) and Rapley et al. (2004b) that benzyl n-
tetracosanoate may be antixenotic in its function, acting as a
deterrent to M. privata oviposition.

Significantly the present study found evidence that
foliar tannins were operating as a chemical defence in E.
globulus against larval feeding. Trees with increased foliar
tannins prior to treatment application recorded the greatest
larval mortality and the correlation after 3 months of larval
feeding was strengthened by what appears to be the induce-
ment of tannins. Condensed and hydrolysable tannins are
both powerful precipitants of protein forming indigestible
complexes that lower the efficiency of conversion of food to
animal biomass and elevate the amount of nitrogen excreted
(Reese 1979). Tikkanen and Julkunen-Tiitto (2003) found
the level of condensed tannins in oak foliage was negatively
correlated to the growth and survival of Operophtera bru-
mata larvae, while Kopper et al. (2002) found condensed
tannins in paper birch increased stadium duration, decreased
relative growth rates and decreased food conversion effi-
ciencies of Orgyia leucostigma larvae. Interestingly, how-
ever, Ayres et al. (1997) demonstrated that condensed
tannins are specific in antiherbivore activity, recording vari-
able survival or development when six species of lepi-
dopteran larvae were reared on condensed tannins from 16
woody plant species depending on the specific species com-
binations (insect and woody plant) used. The positive corre-
lation between larval survival and branch defoliation
indicates that larval mortality must have happened quite
soon after larvae were introduced to experimental trees, so
that low mortality could lead to high foliar damage and vice
versa. This suggests that foliar tannins or another unidenti-
fied compound was an important determinant for mortality
early in larval feeding.

After 3 months of larval feeding, there was a trend for
a greater abundance of tannins in tree defoliation treat-
ments compared to control treatments. Similarly, Schultz
and Baldwin (1982) and Rossiter et al. (1988) both
reported increased tannin levels in oak foliage following
defoliation by L. dispar larval feeding and induced
increases in wood tannins have also been reported follow-
ing artificial wounding and fungal infection in Eucalyptus
globulus and Eucalyptus nitens (Barry et al. 2001; Eyles
et al. 2003b). The trend for increased foliar tannins in
tree defoliation treatments was not evident in foliage
sampled 8 months later suggesting that foliar tannin
induction in E. globulus is a rapidly induced response
affecting feeding larvae rather than a lasting delayed
induced response affecting future generations of larvae
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(Haukioja and Neuvonen 1987; Stevens and Lindroth 2005).
Furthermore, increased levels of foliar tannins have also
been hypothesised to be a response to photodamage
(Close and McArthur 2002), but in our experiments the
plantation studied did not have a closed canopy and the
position of the defoliation would not have altered light
penetration levels to the sampled leaves.

Excluding one possible exception (foliar tannins), over
the time-frame studied, we found no evidence for Edwards
and Wanjura's (1989) hypothesis for the existence of induced
chemical resistance to herbivores within eucalypts. This
includes the even carbon length benzyl alkanoates identified
by Jones et al. (2002) and Rapley et al. (2004b) to be associ-
ated with reduced E. globulus defoliation by M. privata. It is
possible, that the trees with the damage treatments might have
induced a defensive response in the control trees so that no
chemical differences were detectable. This phenomenon is
known as inter-plant communication and occurs when a plant
damaged by herbivory elicits a defensive response in a neigh-
bouring conspecific. This type of communication has been
demonstrated over shorter distances than used in our experi-
ment, in poplars and maples in the laboratory (Baldwin and
Scultz 1983) and alders in the field (Dolch and Tscharntke
2000, Tscharntke et al. 2001), but is highly unlikely in the
present study due to the greater distances between damaged
and undamaged trees. Although again unlikely, it may be that
in establishing baseline levels of secondary metabolites in
experimental trees we induced a defensive response in all
trees prior to defoliation. However, we only removed a very
small fraction of the leaves on a tree (eight leaves) for base-
line chemical analysis, and all by a clean abscission at the
petiole. Therefore, we cannot completely reject the idea of
induced resistance in E. globulus. Indeed the trend for
increased foliar tannins in defoliation treatments and the evi-
dence indicating their abundance are a determinant of larval
survival lead us to suspect that with increased tree defoliation
or sampling foliage during larval feeding or more specific
compound sampling (eg. analysing levels of hydrolysable and
condensed tannins separately) a compound induced by her-
bivory may be identified. Also, future studies should incorpo-
rate primary metabolites as the nutritive status of the leaves
may influence the effects of defensive secondary compounds
on insect feeding behaviour (Haukioja 2003). It is feasible
though, that in young E. globulus trees displaying only juve-
nile foliage induced responses during and/or post herbivory
are non-existent as carbon allocation remains principally ded-
icated to plant metabolites essential for the continuation of
rapid growth and constitutive resistance mechanisms, such as
the foliar wax alkanoate benzyl n-tetracosanoate.
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