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ABSTRACT

Foliar terpenes in Eucalyptus have multiple ecological functions and also
show a great deal of variation between and within species. Variability in
these chemicals make them significant from ecology, taxonomy and indus-
trial utilization point of view. The present review summarizesthe available
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knowledge on terpene biosynthesis and its relevance in understanding the
variation in terpene concentration, terpene profile and terpene composi-

tion, and ecology of these secondary metabolites.
© 2010 Trade Sciencelnc. - INDIA

INTRODUCTION

Oneof themost distinctivefeaturesof Eucalyptus
istheir high content of foliageessentia oilswhich are
stored inthelysogenic oil glands. These oilsarecom-
plex mixturesof mono-(C, ) and sesquiterpenes(C,,)
hydrocarbons and their oxygenated derivativeswhich
arevoldile, havedigtinct aromasand contributetowards
characteristics scent of the Eucalyptustrees.

1,8-cineoleisthe main dominant monoterpene of
Eucalyptus, particularly, in high oil yielding species?
whileinlow il yielding speciesa-pineneisusudly the
predominant monoterpene. Other monoterpenesthat
areknown asmagjor constituents of thefoliar oilsare
piperitone, citrondlal, a-phellendrene, p-cymeneand
terpinen-4-ol. The main sesquiterpene hydrocarbons
in Eucalyptus are aromadendrene, 3-caryophyllene,
and bicyclogermacrene, and themgor terpenedcohols
areglobulol, spathulenol and eudesmol §%2. Triterpenes
with ursane skeleton have been characterized in euca
lyptusfoliage where ursolic acid predominates®. In
addition to the simple terpenes, polyketides called

Formylated Phloroglucinol Compounds (FPCs), occur
frequently in Eucalyptusfoliage, as conjugates of ter-
penes, and two main types-macrocarpa sand euglobals
can bedistinguished.

Terpenes in Eucalyptus have either an external
(ecological) or internal (either physiologica or meta-
bolic) role. Plant feeding studieswithradiolabelled CO,
meva onic acid and terpenes have shownthat essentid
oilsmay provideametabolic pool for synthesisof in-
dispensabl e plant components such as pigments, sug-
ars, amino acids, and respiratory co-enzymes“. Ter-
penesaresignificant ascomponent of cell membranes
(sterol typetriterpenes), as components of photosyn-
thesisl and Il (carotenoid tetraterpenesand diterpenoid
phytol chainsof chlorophylls) and as phytohormones
[gibberellins (of aditerpenoid origin) and absisicacid
(of tetraterpenoid origin). Theterpeneinvolvedin above
metabolic processesaregeneraly non volatile contain-
ing C,,or more carbon atoms, and account for main-
tainingintracdlular structureand assimilativeand regu-
lative processes. While specidized biochemical studies
areto be conducted, it may be specul ated that euca-
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lyptusoilsaso haveametabolicroleto play withinthe
plant. Seasond variationin concentration might then be
partially explained in terms of adynamic balance be-
tween increasein concentration dueto synthesisof ter-
penesandther chemica dterationand utilizationwithin
thefoliageor plant. For example, monoterpeneshave
been shown to haveasignificant effectinincreasingthe
thermo tolerance of photosystem |1, Thereforethe
function of amonoterpenewithin aplant could bees-
sentid to maintai n photosynthesisin summer, whereas
inthe cooler months, whenthereislittleneed for thermo
protection, it may servemainly asadeterrent to herbi-
VOres.

What areter penes?

Terpenesisagenericterm originated fromthefirst
isolation of thisclassof natura product from turpentine
oil. Thebasi c building block of theterpenesistheiso-
prene unit [(C,H,), 2-methyl-1,3-butadiene] called
hemiterpene, union of which givesriseto other terpe-
nes classified asmonoterpenes (2 isopreneunits, C,
H..), sesquiterpenes (3 isoprene units, C . H,)),
diterpenes (4 isoprene units, C, H,), triterpenes (6
isopreneunits, C, H,,), and tetraterpenes (8 isoprene
units, C, H,,). Within each of themain classes, catego-
riessuch asacyclic, monocyclic and polycyclicterpe-
nes consi sting of hydrocarbons, alcohols, ketones, al-
dehydes, acids, esters, lactones are al so recogni zed.
Although terpene can occur as simple compounds,
they area so found as components of more complex
structures such as complex with acetate and other
carboxylic acids, iridoids’®, simple sugars” and
polyketideg®9.

How ter penesareproduced in foliage?

In the Eucalyptus different classes of terpenes
require different substrate and enzymesfor their bio-
synthesis. They areall biosynthesi zed from two inde-
pendent and compartmentally separated pathways-
caled mevaonicacid pathway (MAV) operated inthe
cytoplasm and deoxyxylulose phosphate pathway
(DXP) localized in the plastidi*®. The former uses
acetyl co- enzymeA fromthe Krebscycle, viameva
lonic acid whilethelatter uses glycera dehyde phos-
phatefromthe Calvin cycle, viadeoxyxylulose phos-
phate. Both the MVVA and DXP pathways|ead to the
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production of isopentenyl diphosphate (IDP), thesim-
plest common precursor, and itsisomer dimethyl alyl
diphosphate (DM ADP) which form prenyl diphos-
phates (PDPs) such as geranyl diphosphate (GDP)
used as a precursor to the monoterpenes, farnesyl
diphosphate (FDP) used in the biosynthesis of ses-
quiterpenes and triterpenes, and geranylgeranyl
diphosphate (GGDP) used in the biosynthesis of di-
and tetraterpenes. Specificratiosof IDPand DMADP
are responsible for the synthesis of the individual
PDPS, for example-GDP synthases utilize IDP and
DMADPIn 1:1 ratio and FDP synthases use the two
isomers in a 2:1 ratio, respectively. The GGDP
synthases require three IDP molecules for every
DMADPmolecules. To obtaintheoptimal ratioineach
specific tissue, isopentenyl diphosphate isomerases
(IDPI) catalyze the conversion of IDPto DMADP.
Thus, it hasbeen found that variation in these genes
affect theoverall composition of foliar terpenes@. All
the above described processes, incorporating differ-
ent compounds, compartmentsand biosynthetic path-
waysend inthe synthesisof aterpene skeleton. This
processiscatayzed by asinglefamily of enzymes, the
terpene synthases (TPS), irrespective of the specific
substrate used or the organellar localization of there-
action.

Although monoterpenessuch asa-pineneand 1,8
cineol e and sesquiterpenes such asbicyclogermacrene,
[3-caryophyllene, globulol, farnesol and o-humuleneare
produced directly by TPSwhile production of monot-
erpene- piperitoneistheresult of post enzymatic modi-
fication of the primary structure. Production of some
terpenesisalso possiblewithout enzymatic catalysis.
Theseinvolvespontaneousconvers on of severd monot-
erpenes contai ning polyunsaturated cyclohexanerings
into p-cymenein the presence of atmospheric oxygen
through natural processes such asleaf ageing but also
during steam distillation and solid phase micro extrac-
tion™*4, Themajority of thetricyclic structures such
asaromadendrene, globulol and somebicyclic sesquit-
erpenes such as eudesmols arelikely to be acid sol -
volysis products of macrocyclic structures*®.
Bicyclogermacreneis known to form artifact during
seamdidtillation and intheinjector and/ or the column
of aGC*Y, Similar changesmay appear intheleaf dur-
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ing ageing dueto exposureto high temperatureand UV
radiation617,

Chemical variability in foliar terpenes

Eucalyptusterpenesshow significant varigbility, be-
tween and within species, interpeneconcentration, ter-
pene profile and terpene composition. Thisvariation
may be attributed to thefour mgjor factorssuch asge-
netics, typeand ageof | eaf, environment and technique
of extraction and anaysis. Understanding the cause of
terpenevariationisof interest to ecol ogists, taxono-
mistsand natural productsindustries. Variationinthe
total concentration of terpenesisthe most important
typeof variation relevant to theessentia oil industry.
Thisvariaionisinfluenced by environmental and ge-
netic factors, and the processes|eading to an increase
or decreaseinfoliar terpene concentration may ariseat
several stages of the metabolic pathway. Changesin
theavailability of enzymes of terpenebiosynthesi saf-
fectdl oil components. Thismay result from changesin
theregulation of the DXPand M VA pathways™.

Presence or absenceof individua components, ir-
respectiveof overal terpenecontent or theratiosof the
componentsto each other, congtitutesthefoliar oil pro-
file. Variationinterpene profiledefinesachemicd form
or chemotype. Chemotypesare plantsin naturally oc-
curring population which can not be distinguished on
the basis of morphological charactersbut which are
readily distinguished by marked differenceintheir oil
profile. A number of chemotypeshave beenidentified
inmany eucalyptus speciessuch asfivein E. dives, Sx
in E. radiata, four in E. citriodora, five in E.
racemosa, threein E. elataand twoin E. piperital*®
aswell asdistinct variantsin E. camphora, E. ovata™
and E. camaldulensis®. In case of E. radiata where
presence or absence of piperitone distinguishestwo of
itssix known Chemotypes™?, The ketonegroupin
piperitoneisnot likely to result from reactionsdirectly
catalyzed by TPS. Therefore, formation of aketone
(piperitone) must result from conversion of either ater-
pene hydrocarbon (a-phellendrene) or aterpeneal co-
hol (piperitol) catalyzed by separate enzymes. Thisis
supported by the co-occurrence of a-phellendreneand
piperitonein Chemotype 2%, and the presence of an
intermediate chemotype characterized by high piperitol
contentinmosaic E. radiataindividual§?2. Based on

theana ogy of the conversion of limoneneto (-) -trans-
carveol, and piperital to piperitoneinmint®, thetrans-
formation of a-phellendreneto piperitol and piperitol
to piperitone may likely to be catalyzed by a p450
monoxygenase and NA D-dependent dehydrogenase
enzymes, respectively. Both theenzymesare substrate
specificandif the preferred substrate at any of these
stepsis shifted dueto genetic change, theoil profile
corresponding to the changed chemotypewoul d result.
Followingthisisinterestingto specul atethat variationin
terpene-FPC adduct in E. globulusand E. melliodora
isattributed to thesimilar mechanism if the presence
or absence of macrocarpal sisdetermined by thefunc-
tion of enzymescatayzing FPC-terpeneaddition. Snce
macrocarpal s and euglobal s and other FPC-terpene
adductsarenon volatile congtituents of thefoliageand
such biochemical processesmay dso havedirect influ-
enceonthefoliar ail profileby removingindividua com-
ponentsfrom the pool of volatileterpenes®.

Variation intheterpene compositioni.e. the pro-
portion of theindividua compoundspresent isobserved
dueto variation in the terpene synthases since these
genes often have overlapping product profile. In cer-
tain cases, theratio of entire chemical classessuch as
sesquiterpenes and monoterpenes can vary between
chemotypesasfor examplein chemotype 1 and 2 of E.
camaldulensigl. Chemotype 1 isrichin monoterpe-
nes (dominated by 1,8-cineol€e) whilechemotype2is
rich in sesquiterpenesand thismay beinfluenced by the
IDP.DMADP ratio asdetermined by the activity and
expression of IDPI.

In Eucalyptuschemical variability interpenesap-
pearsto beacommon and significant characteristics of
individual speciesand thisvariation may be brought
about by sequencevariation of multiplegenesinvolved
with terpene biosynthesis pathway. Considerablere-
searchintothebiochemicd pathwaysleadingto thefor-
mation of foliar volatiles hasbeen conducted and con-
tributed Sgnificantly inindustrialy important species.
Thus understanding the cause of chemical variationin
foliar terpeneshasecol ogical, taxonomica and indus-
trid sgnificance. Such findings canhel pin selection of
the right species for asite under land rehabilitation
programme. Oncechemical variation to gene sequence
variationislinked, genetic markers could be devel oped
and used to screentheindividualsfor optima ail yied

————————, Natural Products

Au Tudian Journal



154

Reviaw

Understanding variation and ecology of foliar terpenes in Eucalyptus

NPAIJ, 6(4) 2010

and quality, and disease and pest resistancein natura
population andtrids. Thismeansthat screening could
be carried out before planting and the maturation of the
foliar chemotype, and that subsequent generation can
further bescreenedto maintain theoptimal characteris-
ticsin spiteof open pollination. Thisknowledge could
be utilized by aromaindustries, and paper and pulpin-
dustries which are dependent on Eucal yptus planta-
tiong*y,

Chemoecology of eucalyptusfoliar ter penes

Terpenesplay an important role among plantsand
between plantsand animals and variability in these
chemicasmakethem ecol ogically sgnificant. Terpene
mediated ecological interactionsare seenin Eucalyp-
tus. They haverole as attractant / repellent to verte-
brate herbivores®!, feeding and reproductive deter-
rentsto insect herbivores?, allelopathic?” and anti-
funga agentd®, attractantsfor parasitoidsand polli-
natorg?), cuesthat indicate the presence of other toxic
constituents® and determinantsof leaf litter decom-
position rates®. Terpenes are al so thought to influ-
encevariationin soil mineralization ratesand under-
story biodiversity aswell assignificantly contributing
to atmospheric hydrocarbons®2.

Thesurvival potentia of the Eucalyptusgenusin
relatively harsh Australian environments could be at-
tributed to the contributions of their essential oilsow-
ingtotheir leaf eating insectsrepellant properties. This
isfurther supported by theresistance of the Eucalyp-
tus, introduced in areas outside Australia, to thelo-
cally adapted herbivores. A relationship between fo-
liar oil concentration and leve of insect herbivory!?
has been shown. Phytochemical studies of Eucalyp-
tusgrowingin Tasmaniaand feeding bioassays have
shown that host tree selection by paropsine chry-
somelid defoliatorsisaffected by the quantitativeand
gualitative mix of monoterpene hydrocarbons. 1,8-
cineole, a-pinene and o-phellendrene have been dem-
onstrated to significantly influence the ovipositional
preferenceand ratesof larval feeding and survivalt¥,

A strong rel ationshi p between foliar concentrations
of thecommercially va uableterpene-1,8-cineoleand
FPC (macrocarpalsin the case of E. viminalis and
sideroxylonalsinthe caseof E. Melliodora) hasbeen
found®. TheFPCsact aspowerful antifeedant against
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insectsand marsupial folivores®, Thiscorrelationis
important ecol ogicaly becausemarsupia folivoresuse
the concentration of the cineole asacueto the con-
centration of theFPC i.e. if high concentration of cin-
eoleisdetected, thefolivoreswill egt little of thefoli-
age, and low concentration of thecineolewill suggest
tothefolivorethat thefoliageispaatable®. Thisfind-
ings suggested that any sel ection towardsincreasing
theconcentration of essential oilswill dsoresultinthe
improvement intheyield of FPCs, where thesetwo
compoundsdoinfact co-occur. The FPCshave been
found to be associated with awiderange of biological
activitiesincluding potency asantifouling agents, tu-
mour suppression and antifungd , antibacteria, antivi-
ral and enzymeinhibitory properties®,

Increased leve of a-phellendrene and p-cymene
inthefoliage hasbeen found to be associated with the
early cold resistancein seedlings of several eucalypt
speciesgrownin Florida, USAR, Allelopathic effects
of theterpenesleached from theleaves of Eucalyp-
tuson theforest floor has been reported to inhibit the
growth of associated vegetation®-39, The likely
mechanism of allelochemical release could be attrib-
uted to aqueous|eaching of foliageand litter - an ap-
parent incongruity with the reputed insolubility of
monoterpenes. Agueous sol ubility of many bioactive
monoterpenes has been determined by gas chroma-
tography (GC) in support of thishypothesis. Thiswas
established that hydrocarbonswere of low solubility
(< 35 ppm) while oxygenated monoterpenes exhib-
ited solubilitiesone or two ordersof magnitude higher
with ranges of 155-6990 ppm for ketonesand of 183-
1360 ppm for a cohol 9. Many monoterpeneswere
phytotoxic in concentration under 100 ppm, well be-
low the saturated agueous concentration of oxygen-
ated solutions of monoterpenes. Therefore, even di-
|ute unsaturated sol utions of monoterpenes occurring
naturally in plant tissuesand soil solution, may act as
potent biological inhibitors.
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