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Abstract—In order to compare the metabolism of 1,8-cineole in the pyrgo bee-
tle,Paropsisterna tigrina, three other herbivorous insect species,Faex nigrocon-
spersa, Chrysophtharta bimaculata, andOxyops vitiosa, were fed 1,8-cineole
leaf diets.F . nigroconspersaadults excreted predominantly 9-hydroxy-1,8-
cineole (36.2% of the volatile constituents) with some 2α-hydroxy-1,8-cineole
(11.4%). In contrast, larvae excreted predominantly 2α-hydroxy-1,8-cineole
(27.4%) and smaller proportions of 9-hydroxy-1,8-cineole (5.2%) and 3α-
hydroxy-1,8-cineole (4.3%).C. bimaculataadults excreted predominantly 3α-
hydroxy-1,8-cineole (16.5%).Oxyops vitiosaadults, on a lower 1,8-cineole diet,
excreted predominantly 2α,9-dihydroxy-1,8-cineole (4.2%) and 2α-hydroxy-
1,8-cineole (3.5%), with smaller proportions of 3α-hydroxy-1,8-cineole (1.1%)
and 9-hydroxy-1,8-cineole (0.5%). This is the first reported occurrence of a
dihydroxycineole as an insect metabolite. Gas chromatographic and mass spec-
tral data for hydroxycineoles are recorded and interspecific metabolite variation
discussed.

Key Words—Faex nigroconspersa, Chrysophtharta bimaculata, Oxyops vitiosa,
Pergagrapta,terpenoid metabolites, 1,8-cineole, hydroxy-1,8-cineole metabo-
lites, gas chromatography–mass spectrometry.
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INTRODUCTION

Trees and shrubs of the family Myrtaceae are abundant food sources for numer-
ous herbivores throughout Australia. Many species of the commonEucalyptus
and Melaleucagenera contain an essential oil that frequently comprises sub-
stantial concentrations of the cyclic monoterpenoid ether 1,8-cineole (Figure 1,
structure1) (Boland et al., 1991; Southwell, 1999a). Although the ingestion of
neat eucalyptus oil (presumably 1,8-cineole rich oils) has caused death in hu-
mans (Tisserand and Balacs, 1995), herbivorous marsupials, such as the possum
(Flynn and Southwell, 1979; Southwell et al., 1980; Carman and Klika, 1992;
Bull et al., 1993; Carman et al., 1994; Boyle et al., 2000) and koala (Southwell,
1975; Eberhard et al., 1975), mammals, such as the rabbit (Miyazawa et al., 1989)
and rat (Madyastha and Chadha, 1986), and invertebrate insects (Morrow and
Fox, 1980; Ohmart and Larsson, 1989; Southwell et al., 1995; Schmidt et al.,
2000; Fletcher et al., 2000) and microorganisms (MacRae et al., 1979; Nishimura
et al., 1982; Carman et al., 1986; Williams et al., 1989; Liu and Rosazza, 1990;

FIG. 1. Structures of 1,8-Cineole and metabolites.
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Miyazawa et al., 1991) are able to cope with substantial quantities of this potential
toxin.

In addition, 1,8-cineole has significant bioactivity as a mosquito feeding de-
terrent and ovipositional repellent (Klocke et al., 1987) and repellent and toxicant
against stored-grain beetles (Obeng-Ofori et al., 1997). The use of terpenoids, in-
cluding trace quantities of 1,8-cineole in the fecal shields of the tortoise beetle,
Eurypedus nigrosignata, for chemical defense also has been demonstrated (Gomez
et al., 1999).

Identification of 1,8-cineole metabolites (+)-2β-hydroxycineole(3) and 2α-
hydroxycineole(2) in the frass of pyrgo beetle,Paropsisterna tigrinawhen fed
1,8-cineole-richMelaleucaleaves (Southwell et al., 1995) raised the question: do
other insect species metabolize 1,8-cineole in an identical manner? WithP. tigrina,
frass analysis indicated that all terpenoids except 1,8-cineole were being excreted
unchanged. In an attempt to acquire evidence more general for insects, the cineole
metabolites of other closely and distantly related species were examined, and
details of this investigation provided support for a preliminary communication
(Southwell, 1999b).

This paper reports the metabolite structures of 1,8-cineole in the frass of
chrysomelid beetles,Faex nigroconspersaandChrysophtharta bimaculata, and
compares the structures with those previously reported for pyrgo beetle,Paropsis-
terna tigrina(Southwell et al., 1995). Recently published 1,8-cineole metabolites
reported from both Leichhardt’s grasshopper,Petasida ephippigera(Fletcher et al.,
2000), and from the larvae ofPergagrapta,a Pergid sawfly (Schmidt et al., 2000),
also are discussed and compared. In addition, the 1,8-cineole frass metabolites of
the weevilOxyops vitiosaare described. We recorded chromatographic (GC) and
spectral (MS) data useful for identifying 1,8-cineole metabolites.

METHODS AND MATERIALS

Instrumentation.Analytical chromatography was performed on the follow-
ing: (A) an Hewlett Packard 5890 chromatograph, 3393A Integrator, 7673A auto-
sampler and an Alltech AT35 60-m×0.25-mm, 0.2-µm film thickness, midpolarity
FSOT column with hydrogen (45 cm/sec) as carrier gas, injection port (split 1:50)
at 250◦C, flame ionization detector at 300◦C and temperature program from 60◦C
(1 min) to 250◦C at 10◦C/min; (B) an Hewlett Packard 6890 gas chromatograph,
HP Chemstation Rev A.06.03 (509) and autosampler using an Alltech AT35 60-m
× 0.25-mm, 0.25-µm film thickness, midpolarity FSOT column with hydrogen
(55 cm/sec) as carrier gas, injection port (split 1:50) at 200◦C, flame ionization de-
tector at 300◦C and temperature program from 60◦C (3 min) to 240◦C at 9◦C/min;
and (C) a Shimadzu GC14B gas chromatograph with AOC 14 autoinjector, AOC
1400 autosampler using a BP1 50-m× 0.22-mm, 0.25-µm film thickness, FSOT
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column with hydrogen (35 cm/sec) as carrier gas, injection port (split 1:50) at
250◦C, flame ionization detector at 300◦C and temperature program from 50◦C (1
min) to 240◦C at 6◦C/min, and a DB WaxETR 60-m× 0.25-mm, 0.25-µm film
thickness, FSOT column with hydrogen (35 cm/sec) as carrier gas, injection port
(split 1:50) at 250◦C, flame ionization detector at 300◦C and temperature program
from 50◦C (1 min) to 240◦C at 6◦C/min. Retention indices were measured against
n-alkanes. For constituent identification, GC-MS investigations were performed
similarly using (D) a Hewlett Packard 6890 instrument using an HP5-MS 30.3-m×
0.25-mm, 0.25-µm film thickness, FSOT column with helium (36 cm/sec) as car-
rier gas, injection port (split 1:50) at 250◦C, mass selective detector (HP 5973) at
250◦C (source) and 150◦C (quad) with transfer line 280◦C, and ion source fila-
ment voltage of 69.9 eV. Component identification was made on the basis of mass
spectral fragmentation, retention time comparison with authentic constituents, and
mass spectral and retention matching with commercial (NIST, Wiley and Adams)
libraries. Authentic components were donated by Dr. Ray Carman, Department
of Chemistry, University of Queensland, and 4-hydroxy-1,8-cineole was synthe-
sized from terpinolene via the 4,8-epoxide, which, after ring opening with acid
and oxymercuration, yielded the desired isomer as previously reported (Carman
and Rayner, 1994).

Insect Species and Diets. Faex nigroconspersawere collected from a New
South Wales (NSW) Agriculture planting ofMelaleuca alternifoliaat Duck Creek,
Ballina, NSW, transferred to the Tropical Fruits Research Station, Alstonville,
NSW, and maintained on a foliage diet gathered from mature high cineole (59.8%)
M. linariifolia trees cultivated at Richmond Hill, Lismore.

Chrysophtharta bimaculataadults were obtained as a small population (<50)
from a laboratory colony at the Cooperative Research Centre for Temperate Hard-
wood Forestry at Sandy Bay in Tasmania and prefed on cuttings from preferred
field host speciesEucalyptus nitensandE. regnans. Following arrival at the Trop-
ical Fruits Research Station, Alstonville, NSW, the foliage diet was changed to
mature high cineole (59.8%)M. linariifolia trees cultivated at Richmond Hill,
Lismore.

Oxyops vitiosaadults were collected fromM. quinquenerviatrees growing
in an abandoned nursery in Fort Lauderdale, Florida, USA, and fed fresh leaves
of an intermediate cineole (22.7%) variety ofM. quinquenerviacollected from a
field site also in Fort Lauderdale.

Pterygophorussp. sawfly larvae were investigated in a commercial low ci-
neole (1.6%)M. alternifolia natural stand at Greenridge, NSW, where frass was
collected during heavy infestation.

Frass Collection, Extraction, and Replication.Samples of frass (10–100 mg)
were collected, extracted with absolute ethanol while moist, exposed to microwave
irradiation (700 W) (Southwell et al., 1995), and analyzed by GC and GC-MS. In
these qualitative investigations, sample size was too small to quantify the amounts
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of metabolite excreted with respect to the quantity of cineole ingested, and enan-
tiomeric ratios of the hydroxycineole metabolites were not measured. For all frass
samples, the best of several replicates, similar by GC, was used for detailed GC-MS
analysis and compared with both the leaf ingesta volatiles and frass volatiles from
low to zero cineole diets.

RESULTS

The regiospecific and stereospecific nature of the hydroxylation of 1,8-cineole
(1) to predominantly (+)-2β-hydroxy-1,8-cineole(3) by the pyrgo beetle (Parop-
sisterna tigrina) feeding on 1,8-cineole-richM. linariifolia leaf (Southwell et al.,
1995) raised the question of whether the function of this conversion was detox-
ification or metabolism for the production of semiochemicals. As a first step in
seeking clarification of this issue, thein vivoconversion of 1,8-cineole in a number
of other insects was investigated and compared with that of pyrgo beetle (Table 1).

F. nigroconspersa(Clark) is a chrysomelid beetle that occupies a similar niche
to P. tigrina (Southwell et al., 1995) amongM. alternifolia/linariifolia herbivores.
Larvae and adults of both species preferentially attack the terminal foliage and
young flush leaf, thus restricting plant growth and regrowth.F. nigroconspersais
normally more abundant in drier seasons (Maddox 1996).

When fed 1,8-cineole-rich (60.0%) leaf fromM. linariifolia , the larvae ex-
creted frass containing volatile constituents that were found, by GC-MS, GC coin-
jection, and retention index comparison with authentic standards, to consist of
27.4% 2α-hydroxy-1,8-cineole(2), smaller proportions of the 3α- (4) (4.3%) and
9- (8) (5.2%) hydroxyl isomers, and a trace of the 2β-(3) (0.5%) hydroxyl isomer.
In contrast, the adult insect frass volatile constituents contained the 9-hydroxyl
isomer(8) as the major component (36.2%), smaller proportions of the 2α- (2)
(11.4%) and 3α- (4) (6.7%) hydroxyl isomers, and again a trace of the 2β- (3)
(0.5%) hydroxyl isomer. Hence, theF. nigroconspersafrass volatile components
contrast withP. tigrina frass volatile components by varying not only in chemical
content, but also in larvae and adults (Table 1).

With F. nigroconspersaand the other species investigated, the enantiomeric
excess of the metabolites derived from achiral 1,8-cineole was not investigated.
Even though chiral standards of the synthetic hydroxycineole metabolites were
available, they could not be separated on two different chiral GC columns. The
chirality of the majorP. tigrina metabolite was determined by optical rotation
measurement of a substantial quantity (57.4 mg) of (+)-2β-hydroxy-1,8-cineole
(Southwell et al., 1995).

C. bimaculata(Olivier) is another paropsine chrysomelid beetle and a ma-
jor flush leaf defoliator inEucalyptusplantations and native regrowth forests of
Tasmania (Greaves 1966; De Little, 1983). When fed 1,8-cineole-rich (59.8%)
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leaf fromM. linariifolia , the adults excreted frass containing volatile constituents
found, by GC-MS, GC coinjection, and retention index comparison with authentic
standards, to consist of 16.5% 3α-hydroxy-1,8-cineole(4), a smaller proportion
of the 9-(8) (3.4%) hydroxyl isomer, and traces of the 2β- (3) (0.8%) and 2α- (2)
(0.6%) hydroxyl isomers (Table 1). The larvae of this species were unavailable for
investigation.

O. vitiosais an Australian weevil species that has become widely established
in Florida, USA, since its release in 1997 for the biological control ofMelaleuca
quinquenervia(Center et al., 2000). Invasive populations ofM. quinquenervia
threaten the biodiversity of the Florida Everglades (Turner et al., 1998). Both the
larvae and adults ofO. vitiosafeed on the emerging flush foliage ofM. quinquen-
ervia and a few related taxa (Wheeler, 2001). When fedM. quinquenervialeaves
with intermediate levels of 1,8-cineole, the adults excreted frass containing volatile
constituents found, by GC-MS, GC coinjection, and retention index comparison
with authentic standards, to consist of 4.2% of 2α,9-dihydroxy-1,8-cineole(9).
This is, to the best of our knowledge, the first report of a dihydroxycineole from
insect frass. This diol has been identified previously as a 1,8-cineole metabo-
lite of the brushtail possum,Trichosurus vulpecula, and subsequently synthesized
(Carman et al., 1994). Other hydroxylated cineoles detected were 2α-hydroxy-1,8-
cineole(2) (3.5%), a smaller proportion of 3α-hydroxy-1,8-cineole(4) (1.1%), and
a trace (0.5%) of the 9-hydroxyl isomer(8) (Table 1). Although the larval frass
of this weevil was unavailable, a shiny oil secretion from the cuticle has been
the subject of a separate investigation (Wheeler et al., 2002) and was also avail-
able for hydroxycineole determination. This analysis showed the presence of trace
(0.1%) quantities of 2α-hydroxy-1,8-cineole(2) and none of the other hydroxyl
cineoles.

No further investigations of thePetasida ephippigera, Leichhardt’s grasshop-
per, were undertaken (Fletcher et al., 2000) other than an extrapolation of the
contribution of the hydroxycineoles to the total frass volatiles, given that the hy-
droxycineoles contributed 50% (Fletcher, personal communication, 2001). Hence,
the contribution to the total frass volatile fraction from each of the hydroxycine-
oles identified is shown in Table 1 for comparison. Fletcher et al. (2000) were
incorrect in claiming “the first occurrence in which the 3α-isomer (9) [our(4)]
is the predominant isomer formed and only the second reported occurrence of ci-
neole oxidation in insects.” We had described cineole metabolites from two other
species in a preliminary report (Southwell, 1999b) (including the 3α-isomer as the
predominant isomer fromC. bimaculataadults) published prior to the submission
of their report.

Two other earlier investigations reported, but did not identify, cineole metabo-
lites from insect frass. The published chromatograms (Ohmart and Larsson, 1989)
for the larval frass oils ofParopsis atomariaindicate substantial modification
of the 1,8-cineole in theirEucalyptus blakelyidiet to compounds with similar
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retention times to the above hydroxycineoles. 1,8-Cineole fromM. quinquenervia
was modified byPergagraptasawfly larvae (Hymenoptera, Symphyta, Pergidae) to
an unassigned hydroxycineole (Schmidt et al., 2000). The published mass spectrum
indicates one of the 2-hydroxy-1,8-cineoles but does not distinguish between theα-
(2)andβ- (3) isomers. Coinjection of 2β-hydroxy-1,8-cineole(3)did not give peak
enhancement, but showed that the sawfly metabolite eluted 10 sec. later when in-
jected on a HP5 stationary phase column (Moore, personal communication, 2001),
indicating that the metabolite was almost certainly 2α-hydroxy-1,8-cineole(2).

The usefulness of this GC-MS method for the determination of cineole
metabolism in insects was established by detecting as little as 0.09% of 3α-
hydroxy-1,8-cineole(4) as the only 1,8-cineole metabolite from a different sawfly
species,Pterygophorussp. (also Hymenoptera, Symphyta, Pergidae), feeding on
the terpinen-4-ol chemotype ofM. alternifolia containing only 1.6% 1,8-cineole.
This is a relative ofPergagraptasp. (Schmidt et al., 2000) and is also known to
defoliateEucalyptus.This is consistent with the detection of trace quantities of
2β-hydroxycineole in the frass of the pyrgo beetle,P. tigrina, adults and larvae fed
M. alternifolia leaf containing 2% 1,8-cineole in the volatile extract (Southwell
et al., 1995). The major component of thePterygophorusfrass volatiles was virid-
iflorol (24.6%). This sesquiterpene alcohol was present in only trace quantities in
theM. alternifoliaon which the larvae were feeding and, hence, accumulated from
either this food source or another local food source, such asM. quinquenerviathat
can contain higher concentrations of viridiflorol (Brophy, 1999). ThePergagrapta
sawfly was not seen as accumulating viridiflorol in frass (Schmidt et al., 2000)
when feeding onM. quinquenervia, whereas the weevil,O. vitiosa, does seem to
sequester this sesquiterpenoid in cuticular secretions (Wheeler et al., 2002).

With metabolites of 1,8-cineole becoming increasingly significant in chemical
ecology, ease of detection is imperative. NMR assignments of both1H and13C
signals are available (Carman et al., 1994). A comprehensive investigation into the
biotransformation of 1,8-cineole in the brushtail possum,Trichosurus vulpecula,
(Boyle et al., 2000), has recorded MS and GC retention data for the trimethylsilyl
ethers of metabolites of undefined stereochemistry. Consequently, for the ease of
identification of small quantities of metabolites in mixtures, we now summarize the
GC retention indices on four stationary phases, along with the MS data of the eight
most significant ions from eight known hydroxycineole isomer metabolites from
insects (Table 2). These data are based on the authentic, synthetic hydroxycineoles
as measured in our laboratory and are identical to the insect metabolites where
identified.

DISCUSSION

This investigation has shown that the metabolism of 1,8-cineole in insects
is extremely variable, with variation occurring both between species and, in at
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least one case (F. nigroconspersa), between the larval and adult forms. In contrast,
however, the adult frass from another species (O. vitiosa) was found to contain the
same major cineole metabolite, 2α-hydroxy-1,8-cineole, as the cuticular secretion
of the larvae of the same species. Hydroxylation, presumably catalyzed by micro-
somal, cytochrome P-450-dependent enzymes (Gershenzon and Croteau, 1991;
Miyazawa et al., 2001) favored, with the possible exception ofF. nigroconspersa
andO. vitiosaadults, ring carbon oxidation rather than the exposed methyl oxida-
tion more common with vertebrates (Carman and Klika, 1992; Bull et al., 1993;
Carman et al., 1994; Southwell et al., 1995).

Although these hydroxycineole metabolites have been positively identified
as metabolites of the stated species, and dual oxygenase roles of both detoxifica-
tion and semiochemical production are possible (Gershenzon and Croteau, 1991),
bioassay investigations are needed to test the activity of these compounds before
it is known whether they actually induce a response in the insect.

Acknowledgments—The authors are indebted to Dr. Ray Carman and Dr. Mary Fletcher (Chem-
istry Department, University of Queensland) for providing hydroxycineole samples and unpublished
data, respectively, and Dr. Chris Moore (Queensland Department of Primary Industries) for unpub-
lished data on the cineole ingestion inPergagraptasawfly larvae investigation (Schmidt et al., 2000).
We also thank Dr Anthony Clarke (Cooperative Research Centre for Temperate Hardwood Forestry,
Sandy Bay, Tasmania) for providing a small population (<50) ofC. bimaculataadults for a laboratory
colony, and George Wagner, Greenridge, New South Wales, for collecting frass from a field population
of thePterygophorus sp. sawfly larvae.

REFERENCES

BOLAND, D. J., BROPHY, J. J., and HOUSE, A. P. N. (eds.) 1991. Eucalyptus Leaf Oils: Use, Chemistry,
Distillation and Marketing, ACIAR/CSIRO, Inkata, Melbourne.

BOYLE, R., MCLEAN, S., and DAVIES, N. W. 2000. Biotransformation of 1,8-cineole in the brushtail
possum (Trichosurus vulpecula). Xenobiotica30:915–932.

BROPHY, J. J. 1999. Potentially commercial melaleucas, pp. 247–274,in I. A. Southwell and R. F.
Lowe (eds.). Tea Tree, the GenusMelaleuca, Vol 9, in R. Hardman (ed.). Medicinal and Aromatic
Plants—Industrial Profiles. Harwood Academic Publishers, Amsterdam.

BULL, S. D., CARMAN, R. M., CARRICK, F. N., and KLIKA , K. D. 1993. 7-Hydroxy-1,8-cineole and
7-cineolic acid. Two new possum urinary metabolites.Aust. J. Chem.46:441–447.

CARMAN, R. M. and KLIKA , K. D. 1992. Partially racemic compounds as brushtail possum urinary
metabolites.Aust. J. Chem.45:651–657.

CARMAN, R. M. and RAYNER, A. C. 1994. 2α,4-Dihydroxy-1,8-cineole. A new possum urinary metabo-
lite. Aust. J. Chem.47:2087–2097.

CARMAN, R. M., MACRAE, I. C., and PERKINS, M. V. 1986. The oxidation of 1,8-cineole byPseu-
domonas flava. Aust. J. Chem.39:1739–1746.

CARMAN, R. M., GARNER, A. C., and KLIKA , K. D. 1994. 2,9-Dihydroxy and 2,10-dihydroxy-1,8-
cineole. Two new possum urinary metabolites.Aust. J. Chem.47:1509–1521.

CENTER, T. D., VAN, T. K., RAYACHHETRY, M., BUCKINGHAM, G. R., DRAY, F. A., WINERITER, S. A.,
PURCELL, M. F., and PRATT, P. D. 2000. Field colonization of the melaleuca snout beetle (Oxyops
vitiosa) in south Florida.Biol. Control19:112–123.



P1: FLT

Journal of Chemical Ecology [joec] PP720-joec-457571 December 24, 2002 17:5 Style file version June 28th, 2002

INSECT METABOLISM OF1,8-CINEOLE 93

DE LITTLE, D. W. 1983. Life cycle and aspects of the biology of Tasmanian eucalyptus leaf beetle
Chrysophtharta bimaculata(Olivier) [Coleoptera: Chrysomelidae].J. Aust. Entomol. Soc.22:15–
18.

EBERHARD, I. H., MCNAMARA , J., PEARSE, R. J., and SOUTHWELL, I. A. 1975. Ingestion and excretion
of Euc. punctataand its essential oil by the koala.Aust. J. Zool.23:169–179.

FLETCHER, M. T., LOWE, L. M., KITCHING, W., and KONIG, W. A. 2000. Chemistry of Leichhardt’s
grasshopper,Petasida ephippigera, and its host plants,Pityrodia jamesii, P. ternifoliaand P.
pungens. J. Chem. Ecol.26:2275–2290.

FLYNN, T. M., and SOUTHWELL, I. A. 1979. 1,3-Dimethyl-2-oxabicyclo [2. 2. 2]-octane-3-methanol and
1,3-dimethyl-2-oxabicyclo [2.2.2]-octane-3-carboxylic acid, urinary metabolites of 1,8-cineole.
Aust. J. Chem.32:2093–2095.

GERSHENZON, J. and CROTEAU, R. 1991. Terpenoids, pp. 165–219,in G. A. Rosenthal and M.
Berenbaum (eds.). Herbivores: Their Interactions with Secondary Plant Metabolites. Vol I: The
Chemical Participants, 2nd ed., Academic Press, San Diego, California.

GOMEZ, N. E., WITTE, L., and HARTMANN, T. 1999. Chemical defense in larval tortoise beetles:
Essential oil composition of fecal shields ofEurypedus nigrosignataand foliage of its host plant,
Cordia curassavica. J. Chem. Ecol.25:1007–1027.

GREAVES, R. 1966. Insect defoliation of eucalypt regrowth in the Florentine valley, Tasmania.Appita
19:119–126.

KLOCKE, J. A., DARLINGTON, M. V., and BALANDRIN , M. F. 1987. 1,8-Cineole (eucalyptol), a mosquito
feeding and ovipositional repellent from volatile oil ofHemizonia fitchii(Asteraceae).J. Chem.
Ecol. 13:2131–2141.

LIU, W.-G. and ROSAZZA, J. P. N. 1990. Stereospecific hydroxylation of 1,8-cineole using a microbial
biocatalyst.Tetrahedron Lett.31:2833–2836.

MACRAE, I. C., ALBERTS, V., CARMAN, R. M., and SHAW, I. M. 1979. Products of 1,8-cineole oxidation
by a pseudomonad.Aust. J. Chem.32:917–922.

MADDOX, C. D. 1996. Aspects of the biology ofParopsisterna tigrina. MSc thesis. University of
Queensland, Brisbane.

MADYASTHA, K. M. and CHADHA, A. 1986. Metabolism of 1,8-cineole in rat: its effects on liver and
lung microsomal cytochrome P-450 systems.Bull. Environ. Contam. Toxicol.37:759–766.

MIYAZAWA , M., KAMEOKA, H., MORINAGA, K., NEGORO, K., and MURA, N. 1989. Hydrox-
ycineole: four new metabolites of 1,8-cineole in rabbits.J. Agric. Food Chem. 37:222–
226.

MIYAZAWA , M., NAKAOKA , H., HYAKAMACHI , M., and KAMEOKA, H. 1991. Biotransformation of 1,8-
cineole to (+)-2-endo-hydroxy-1,8-cineole byGlomerella cinqulata. Chem. Express6:667–670.

MIYAZAWA , M., SHINDO, M., and SHIMADA , T. 2001. Oxidation of 1,8-cineole, the monoterpenoid
cyclic ether originated fromEucalyptus polybractea, by cytochrome P450 3A enzymes in rat and
human liver microsomes.Drug Metab. Dispos.29:200–205.

MORROW, P. A. and FOX, L. R. 1980. Effects of variation inEucalyptusoil yield on insect growth and
grazing damage.Oecologia45:209–219.

NISHIMURA, H., NOMA, Y., and MIZUTANI , J. 1982.Eucalyptusas biomass. Novel compounds from
microbial conversion of 1,8-cineole.Agric. Biol. Chem.46:2601–2604.

OBENG-OFORI, D., REICHMUTH, C. H., BEKELE, J., and HASSANALI, A. 1997. Biological activity of
1,8-cineole, a major component of essential oil ofOcimum kenyense(Ayobangira) against stored
product beetles.J. Appl. Entomol. 121:237–243.

OHMART, C. P. and LARSSON, S. 1989. Evidence for absorption ofEucalyptusessential oils byParopsis
atomariaOlivier (Coleoptera: Chrysomelidae).J. Aust. Entomol. Soc.28:210–205.

SCHMIDT, S., WALTER, G. H., and MOORE, C. J. 2000. Host plant adaptations in myrtaceous-feeding
Pergid sawflies: essential oils and the morphology and behaviour ofPergagraptalarvae (Hy-
menoptera, Symphyta, Pergidae).Biol. J. Linn. Soc. 70:15–26.



P1: FLT

Journal of Chemical Ecology [joec] PP720-joec-457571 December 24, 2002 17:5 Style file version June 28th, 2002

94 SOUTHWELL ET AL.

SOUTHWELL, I. A. 1975. Novel urinary monoterpenoid lactones.Tetrahedron Lett.16:1885–1988.
SOUTHWELL, I. A. 1999a. Introduction, pp. 1–7,in I. A. Southwell and R. F. Lowe (eds.). Tea Tree,

the GenusMelaleuca, Vol 9, in R. Hardman (ed.). Medicinal and Aromatic Plants—Industrial
Profiles. Harwood Academic Publishers, Amsterdam.

SOUTHWELL, I. A. 1999b. Tea tree constituents, pp. 29–62,in I. A. Southwell and R. F. Lowe (eds.). Tea
Tree, the GenusMelaleuca, Vol 9, in R. Hardman (ed.). Medicinal and Aromatic Plants—Industrial
Profiles. Harwood Academic Publishers, Amsterdam.

SOUTHWELL, I. A., FLYNN, T. M., and DEGABRIELE, R. 1980. Metabolism ofα- andβ-pinene,p-cymene
and 1,8-cineole in the brushtail possum,Trichosurus vulpecula. Xenobiotica10:17–23.

SOUTHWELL, I. A., MADDOX, C. D. A., and ZALUCKI , M. P. 1995. Metabolism of 1,8-cineole in tea
tree (Melaleuca alternifoliaandM. linariifolia ) by pyrgo beetle (Paropsisterna tigrina). J. Chem.
Ecol. 21:439–453.

TISSERAND, R. and BALACS, T. 1995. Essential Oil Safety. Churchill Livingston, Edinburgh, p. 52.
TURNER, C. E., CENTER, T. D., BURROWS, D. W., and BUCKINGHAM, G. R. 1998. Ecology and manage-

ment ofMelaleuca quinquenervia, an invader of wetlands in Florida, USA.Wetl. Ecol. Manage.
5:165–178.

WHEELER, G. S. 2001. Host plant quality factors that influence the growth and development ofOxyops
vitiosa, a biological control agent ofMelaleuca quinquenervia. Biol. Control22:256–264.

WHEELER, G. S., MASSEY, L. M., and SOUTHWELL, I. A. 2002. Anti-predator defense of biological
control agentOxyops vitiosais mediated by plant volatiles sequestered from their host plant
Melaleuca quinquenervia. J. Chem. Ecol. 28:297–315.

WILLIAMS , D. R., TRUDGILL, P. W., and TAYLOR, D. G. 1989. Metabolism of 1,8-cineole by aRhodococ-
cusspecies: ring cleavage reactions.J. Gen. Microbiol.135:1957–1967.


