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ABSTRACT

Leaf oils and waxes of 29 native Tasmanian Eucalyptus species were studied from
primarily a taxonomic aspect and their effects on insect-plant selection were evaluated. E.
nitens, an important introduced pulpwood species that is not indigenous to Tasmania was
also investigated in detail. |

The chemical compositions of leaf oils and waxes of both juvenile and adult leaf
samples of each species were examined by GC-MS. Results indicated that the distribution
of both oil and wax components within Tasmanian eucalypts and their relative
proportions between subgenera and species have taxonomic importance. A
chemotaxonomic classification based on these data was constructed and this classification
more functionally describes insect-host-tree relationships as opposed to the classification
based on morphological differences. A

The results of this study indicated that differences in leaf oils of eucalypt species are
correlated to genetic divergence in the biosynthesis of terpenoid compounds and that
biochemically related terpenoid compounds provide sensitive taxonomic characteristics
for the identification of eucalypt species. A study, using material from
species/provenance trials, indicated that seasonal variation in leaf oil chemicals was
influenced by time, ontogenetic and physiological aging effects. The variation pattern of

- leaf oils between different species was found to be under strong genetic control and

environmental factors tended to affect leaf oils quantitatively but not qualitatively.

For the first time the chemical composition of eucalypt leaf waxes of trees from a
large number of species localities has been determined by the direct analysis of crude
wax. In a representative number of species localities, wax morphology was examined by
scanning electron microscopy (SEM). Two general wax categories, amorphous and
structured were found, the latter including three types. The results indicated that wax
structure was correlated with chemical compositibn and that the distribution and variation
in both wax chemicals and wax types has relevance at all levels of the taxonomic
hierarchy.

The chemical composition of leaf oils and waxes among most provenances and
localities of E. nitens were examined. The differences in leaf oil characteristics of two
forms of E. nitens has supported the separation of the two morphological forms into

separate species, E. nitens and E. denticulata. Results indicated that the chemical
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composition of leaf oils and waxes of E. nitens was similar to most Symphyomyrtus
species but that oil yields from all E. nitens populations were significantly lower.

Commercially important eucalypt species are attacked by two paropsine defoliating
beetles:. Chrysophtharta bimaculata and C. agricola (Coleoptera: Chrysomelidae,
Paropsini). The feeding and oviposition preferences of these beetles and the feeding
response of their larvae to eucalypt leaves were examined in laboratory bioassay in which
the effects of leaf oils and waxes were evaluated. The results indicated that leaf
acceptance or rejection by C. bimaculata and C. agricola was correlated to differences in
leaf oils and waxes which were chemotaxonomically correlated among Tasmanian
eucalypt species. The toxic effects of 1,8-cineole and related chemicals on C. bimaculata
beetles were confirmed by leaf extract and chemical bioassay. It was found that the leaves
of E. nitens were successfully attacked by C. bimaculata through the lack of chemical
defence, notably low levels of 1,8-cineole. The wax bloom on juvenile foliage acts also
as a physical defence against adult C. bimaculata beetles. Results also indicated that leaf
preference of C. agricola was related more to variation in the triterpenoid class of wax

chemicals.

The inheritance of leaf oils and waxes in interspecific F1 hybrids of Eucalyptus was

s analysed. Results indicated that both oil and wax chemicals were strongly inherited in F1
hybrids and were valuable for identification of tree hybrids. Bioassay results indicated

that feeding resistance was related to the inheritance of leaf oils in interspecific F1

hybrids. Hybrids between high and low cineole species had intermediate cineole levels
and were therefore more resistant to C. bimaculata attack than the low cineole parent.
\ T
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Chapter 1
Introduction

The genus Eucalyptus, which belongs to the family Myrtaceae, is one of the largest and
most complex genera of woody plants in the world and is the dominant feature of the
Australian vegetation except in drier desert areas and the closed rainforests. The genus
contains 513 accepted species (Chippendale 1988) while many species contain either
hybrids, clinal or other forms. Eucalypts are used mainly for pulpwood, poles,
fuelwood, charcoal and sawn timber with minor forest products such as floral nectar for
honey, bark for tannin, besides being extensively planted in certain areas for harvesting
of their essential oil for pharmaceutical and industrial purposes.

Since the taxonomic history of eucalypts began in 1788 with Charles L' Heritier, it has
been the subject of study by many botanists. Description of the large genus Eucalyptus
has long been regarded as taxonomically difficult and, the delimiting of species within
this genus is wrought with difficulties, many of which are inherent in the genus itself.
The most recent treatment of Eucalyptus and angophoras in the Flora of Australia’ series
(Chippendale 1988) bring together all currently accepted species and presents a formal
classification at the series level. However, in the past 20 years taxonomic research into
the genus has been concerned mainly with the structure of the genus and inter-specific
relationships. ‘A classification of the Fucalyptus' by Pryor and Johnson (1971)
recognised seven subgenera within the genus Eucalyptus. Moreover, some consideration
has been given to re-organising Eucalyptus into eight genera, by raising the subgeneric
groups to generic level (Johnson and Briggs 1983), although, a detailed revision along
these lines awaits publication, and there may be resistance, for morphological or practical
reasons, to its widespread acceptance (McAlpine 1986). Whereas such studies for
eucalypt taxonomy are based on the premise that species, as currently accepted, are valid
biological taxonomic groups. Many species of eucalypts are poorly defined and
knowledge of their biology is limited. This is apparent when one considers that over
1200 names have been applied to species (including binomials applied to hybrids) of
Eucalyptus (Chippendale 1976).

Many of the taxonomic problems of Eucalyptus, particularly at the species level, can be
attributed to the large amount of genetic variability maintained in most eucalypt
populations, and the ability of species to perform reproductive manoeuvres of



considerable complexity. The patterns of variation in many cases have been defined to
mainly comprise hybridisation between species with systematic (i.e. taxonomic) affinities
and the clinal variation that can occur within individual species and between closely
related species. However, there is a limitation in the range of available characteristics and
a lack of knowledge regarding their variability under natural conditions. Where variation
has been described, it represents only a small proportion of the total genus.

Eucalyptus trees are widely distributed throughout Tasmania. Members of the genus
occupy virtually all habitats from the sub-alpine environments on very poor soils found in
south-west Tasmania with an annual rainfall in excess of 2,500 mm, through to the tall
wet sclerophyll forests where tree heights may exceed 100m, and to the dry sclerophyll
woodlands with an annual rainfall of less than S00mm per annum (Davidson et al. 1981).

There are twenty nine species of eucalypts native to Tasmania, of which seventeen are
considered to be endemic. According to the classification of Pryor and Johnson (1971),
the genus Eucalyptus is divided into eight subgenera, only two of which have been
recorded to occur in Tasmania. They are the subgenera Monocalyptus and
Symphyomyrtus. The Monocalyptus species in Tasmania all fall into the two series of the
Obliquae (commonly known as the ashes) and the Piperitae (commonly known as the
peppermints). The Symphyomyrtus species also come from only two series of the
subgenus, the Ovatae and the Viminales, and are commonly known as the gums. The 29
Tasmanian eucalypt species comprise only five per cent of the number of Eucalyptus
species occurring in Australia (Duncan 1989). However, variation in some morphological
characteristics of eucalypts is possibly more pronounced in Tasmania than elsewhere.
While most of the ashes exhibit less pronounced clinal variation and less intergradation
between species allowing individual species to be readily identified in almost all
situations, extreme variation occurs in the peppermint and gum groups in which many
clinal intergradations and hybridisations between species have been found. These
variations in morphological characteristics do not completely match with those of species
described or illustrated in texts (e.g. Chippendale 1988). Difficulty is often experienced,
therefore, in positively identifying trees in the peppermint and gum groups.

Eucalypts support many insect species, and many of these depend completely on one or
- more subgenera for their survival. In Tasmania, eucalypt species from both subgenera
Monocalyptus and Symphyomyrtus are attacked by species of leaf feeding paropsine
beetles of the family Chrysomelidae. Chrysopharta bimaculata, the major pest of eucalypt
forestry in the state, is associated predominantly with the 'ash’ group and some species
of the ‘peppermint’ group of Monocalyptus. The Symphyomyrtus species are commonly
defoliated by another major pest, C. agricola, among others. However, E. nitens (of the
Subgenus Symphyomyrtus, series Viminales), which is not indigenous to Tasmania, is
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extensively attacked by both paropsine species. C. agricola preferentially attacks the
juvenile foliage and C. bimaculata the adult foliage. Although food preferences of C.
bimaculata and C. agricola have been documented, the factors influencing host plant
selection by them have not been examined. C. bimaculata is reported to favour eucalypts
of the ash group but in recent times extensive defoliation of E. nitens of the ‘gum’ group
has raised a question as to the general host plant specificity of C. bimaculata.
Furthermore, the utilisation of E. nitens as a host by C. bimaculata has resulted in a
reassessment of its economic impact. Because E. nitens is a pbtentially important
introduced pulpwood species in the forest industry of the state and is the subject of
intensive tissue culturing and breeding (crossing with E. globulus etc), an appreciation of
the factors involved in host selection has relevance. |

This thesis describes a study of the essential oils and leaf surface waxes of eucalypts and
their influence on the host plant relationships of C. bimaculata and C. agricola. This
study includes two major parts: '

(1) A chemotaxonomic study of Eucalyptus based on analysis of leaf oils and surface
waxes.

a. The first step of this study was to investigate the genetic differentiation and the
seasonal, developmental and environmental variation in leaf essential oils of several
important eucalypt species in Tasmania. This provided a basic profile of sources of
variation in oil and wax characteristics in eucalypts and information which was useful for
further analysis of chemotaxonomy in Tasmanian eucalypts and the study of host plant -
insect relationships. :

b. A chemotaxonomic study of all eucalypt species native to Tasmania based on essential
oil and leaf waxes. Populations encompassing the major localities and important varietal
forms of each eucalypt species in Tasmania were sampled. The variation patterns of their
characteristics were elucidated by the application of numerical pattern analysis techniques.
Variation patterns provide information which can be useful for taxonomic adjustments to
Eucalyptus while the chemotaxonomic structure of Tasmanian eucalypts were obtained.
Gene flow both within and between taxa can be indicated by gradations in characteristics.
A biochemical relationship of terpenes in eucalypt essential oils was proposed and this
proposal can reveal variation in oil character states which indicate taxonomic
differentiation involving divergence in the biosynthesis of terpenes. This approach can be
useful to demonstrate the genetic differentiation of essential oils among taxa and
attributable to biogenetic divergence in terpene biosynthesis. The relationships that may

occur between taxa in the wax chemistry, morphology and their visual glaucousness of
their leaves were also evaluated.



c. Examination of leaf oils and waxes among an extensive range of mainland provenances
of E. nitens. Samples from E. nitens provenance trials in Tasmania were used. The oil
and wax characteristics of the E. nitens were compared with Tasmanian eucalypts.

d. Investigation into the heritability of oil and wax traits in hybrids. Samples from natural
stands and hybrid trials were used. Oil and wax characteristics in eucalypts appear to be

strongly inherited. The heritability of oil and wax characteristics provide information that -

is useful for the identification of hybrids. Moreover, the possibility is discussed that
substantial increases in total oil yield and yield of individual compounds could be realised
by establishing plantations using genetically improved trees.

(2) Study of the chemical ecology of eucalypt oils and leaf waxes involved in host-plant
selection by insects (beetles).

Based on a comparison of chemical differentiation between eucalypt species, further
research was undertaken to investigate the possible role of these chemicals in host-plant
selection by C. bimaculata and C. agricola beetles. In this study, a twofold approach was
adopted: (i) the effects of essential oils and waxes in various Eucalyptus species from
different subgenera related to host-plant relationships was investigated by laboratory
bioassay, while (ii) in several series of feeding tests the effects on beetles of the major
components of different essential oils were evaluated by use of pure terpene compounds.

In general, the aims of this thesis are further the to understanding of the distribution of
essential oils and leaf waxes in Tasmanian eucalypts and their effects on insect-plant
selection and, furthermore, to provide information for chemotaxonomic study of
Eucalyptus and to guide selection in future breeding program towards species,
provenances or trees less preferred by major pests.

The body of the thesis is divided into twelve chapters:
Chapter 1 is the introduction.

Chapter 2 reviews the literature relevant to the thesis. The Tasmanian eucalypts and
their major pests are described. The philosophies underlying chemotaxonomy based on
essential oils and leaf waxes and the principles of insect-plant selection are discussed.

Chapter 3 describes the sources of variation in o0il characteristics that may occur in
Eucalyptus. The oil characteristics of two provenances of each of four commercially
important eucalypt species, E. regnans, E. delegatensis, E. globulus and E. nitens,
growing in provenance trials were examined.



Chapter 4 describes the variation in leaf oils within and between Tasmanian eucalypt
species and the taxonomic significance of the patterns observed. - -

Chapter S describes the variation in leaf wax chemistry and morphology and their
taxonomic significance.

Chapter 6 is a general discussion of leaf oils and waxes. A chemotaxonomic structure
based on both oil and wax data was constructed. The relationships between leaf
chemicals and current taxonomy of Eucalyptus were discussed.

Chapter 7 evaluates the feeding and oviposition preference of C. bimaculata and C.
agricola adult beetles to Eucalyptus leaves in laboratory bioassay in which both chemical
and physical effects of leaf oils and waxes were evaluated. '

Chapter 8 evaluates the feeding response of C. bimaculata and C. agricola larvae to
Eucalyptus leaves in laboratory bioassay where effects of leaf oils and waxes were
evaluated.

Chapter 9 describes bioassays of C. bimaculata and C. agricoia larvae in which the
effects of the principal components of leaf oils were evaluated.

Chapter 10 describes the inheritance of feeding resistance in interspecific F1 hybrids of
Eucalyptus.

Chapter 11 describes the variation in oil and wax characteristics among a wide range of
provenances of E. nitens.

Chapter 12 is a general discussion and conclusion.



Chapter 2
Literature Review

2.1. Introduction to Tasmanian Eucalyptus spp.
- 2.1.1. Taxonomic affinity

The genus Eucalyptus belongs in the family Myrtaceae and the infra-familial classification
is:

family: Myrtaceae
subfamily: Leptospermoidene
tribe: Leptospereae
subtribe: Eucalyptinae
genus: Eucalyptus

Eucalyptus is mainly endemic to Australia, but several species occur in parts of
Indonesia, New Guinea, and the Philippines. According to Chippendale (1988), there are
approximately 550 species and many varieties of Eucalyptus recognised but the
relationship and status of many of these taxa are still undergoing change.

Species within the genus Eucalyptus were grouped into seven subgenera by Pryor and

. Johnson (1971) and then into eight by Johnson (1972, 1975), and some consideration
has been given to re-organising the eucalypts into eight genera, by raising the subgeneric
groups to generic level (Johnson 1975; Johnson and Briggs 1983). However, McAlpine
(1986) considered that a detailed revision along these lines awaits publication, and there
may be resistance, for morphological or practical reason, to its widespread acceptance. In
the most recent treatment of eucalypts in the 'Flora of Australia' series, Chippendale
(1988) maintains the status quo, and Eucalyptus remains the genus status. He brought
together all currently accepted species and presented a formal classification at the series
level where eucalypt species in Australia are divided into 92 series although the
relationships of these series were not defined.

In contrast with Chippendale's (1988) classification, 'A classification of the Eucalyptus'
by Pryor and Johnson (1971), was concerned with intra-generic relationships with
species in the genus grouped at the levels of subgenus, section, series, subseries,
superspecies, species and subspecies (incl. cline-form). However, their classification is




considered informal as they did ho_t presented an account of characters upon which they
based their classification.

In this thesis, the informal classification of Pryor and Johnson (1971) was used in
conjunction with the classification of Chippendale (1988) which does not include
grouping above the series level. The scientific names and authorities follow Chippendale
(1988).

Eucalyptus species from two of the seven subgenera described by Pryor and Johnson
(1971) occur in Tasmania. They are the two largest subgenera, Monocalyptus and
Symphyomyrtus (Table 2.1). These two subgenera differ in many respects such as
reproduction, physiology, morphology and their response to environmental stress
(Florence 1981, 1982; Noble 1989). The Tasmanian Monocalyptus species all fall into
the two series, the Obliquae (commonly known as the ashes) and the Piperitae
(commonly known as the peppermints) (Table 2.1). The Symphyomyrtus species also
come from only two series of the subgenus, the Ovatae and the Viminales, and are
collectively known as the 'gums'. Within Symphyomyrtus, species were divided into
five subgroups by Jackson (1965). All four species from the series Ovatae corresponded
to the 'black gum' subgroup and species of the series Viminales were divided into four
subgroups: 'white gum', 'yellow gum', 'blue gum' and 'alpine white gum'.

In all, twenty nine species of eucalypts have been recognised to naturally occur in
Tasmania (Chippendale 1988), 12 from the subgenus Monocalyptus and 17 from
Symphyomyrtus. Sixteen of these species are endemic to Tasmania (Duncan 1989, Fig.
2.1). All five 'ash' species are not endemic, although the Tasmanian form of E.
delegatensis is recognised as being sufficiently distinct from its mainland counterpart to
be designated as E. delegatensis var. tasmaniensis (Boland 1985). All seven Piperitae and
ten of the seventeen Symphyomyrtus species are endemic (Fig. 2.1).

In Chippendale's (1988) classification, all seven Tasmanian peppermints from Pryor and
Johnson's series Piperitae were maintained in a series, named as Radiatae and the black
gums, from the series Ovatae were classified into the series Foveolatae. The status of the
series Viminales was also maintained, however, the yellow gums, which were classified
as subspecies by Pryor and Johnson (1971) were returned to species level. The other two
subspecies of E. gunnii, ssp. gunnii and ssp. archeri, recognised by Pryor and Johnson
were also returned to the species level (E. gunnii and E. archeri respectively). The five
‘ash' species, which were included in Pryor and Johnson's series Obliquae, were
classified into three different series by Chippendale (Table 2.1).



Table 2.1. The classification of Tasmanian Eucalyptus by Pryor and Johnson (1971)
and Chippendale (1988), the species groups of Jackson (1965) and the glaucousness
phenotype proposed by Barber (1955).

Pryor and Johnson's classification Chippendale’s classification Jackson's Barber's
Subseries Superspecies  Species Species series group types
Subgenus Monocalyptus
Series Obliguae
Obliquinae
obliqua obliqua Eucalyptus Ash Green
Delegatensinae
delegatensis delegatensis  Eucalyptus Ash Clinal
ssp. tasmaniensis
Regnantinae
Regnans regnans regnans Regnantes Ash Green
Considenianinae
Consideniana  sieberi sieberi Psathyroxyla Ash Clinal
Pauciflorinae
Pauciflora pauciflora pauciflora Eucalyptus Ash Clinal
Seiner ex Sperengel
Series Piperitae
Amygdalininae
. risdonii risdonii Radiatae Peppermint  Glaucous

Risdonii { tenuiramis tenuiramis Radiatae Peppermint  Glaucous
pulchella pulchella Radiatae Peppermint Green
"amygdalina amygdalina  Radiatae Peppermint Clinal

Amygdalina { nitida nitida Radiatae Peppermint Clinal
radiata radiata Radiatae Peppermint Clinal

ssp. robertsonii
coccifera coccifera Radiatae Peppermint Clinal
Subgenus Symphyomyrtus
Series Ovatae
Ovatinae ’

Ovata ovala ovata Foveolatae Black gum Green
brookeriana brookeriana  Foveolate Black gum Green
barberi barberi Foveolatae  Black gum Green

Aggregata rodwayi rodwayi Foveolatae  Black gum Green

Series Viminales
Globulinae
Globulus globulus globulus Viminales Blue gum Glaucous
ssp. globulus
‘Vernicosinae
vernicosa
ssp. vernicosa vernicosa Viminales Yellow gum Green
ssp. subcrenulata  subcrenulata  Viminales Yellow gum Green
ssp. johnstonii johnstonii Viminales Yellow gum Green
Viminalinae
viminalis viminalis Viminales White gum Green
ssp. viminalis
Cordatinae
dalrympleana dalrympleana Viminales White gum  Subglaucous

Rubida { ssp. dalrympleana
rubida rubida Viminales White gum  Glaucous
gunnii

ssp. gunnii gunnii Viminales Alpine white GI/Subgl*

Gunnii ssp. archeri archeri Viminales Alpine white Subgl/Green
morrisbyi morrisbyi Viminales Alpine white  Glaucous
urnigera urnigera Viminales Alpine white Glaucous
perriniana perriniana Viminales Alpine white Glaucous
cordata cordata Viminales Blue gum Glaucous

* Gl = glaucous, Subgl = subglaucous
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Figure 2.1. Species of Eucalyptus native to Tasmania, showing those species forming
clines and hybrids.
*For each species, follow the horizontal and vertical axes. For example, Eucalyptus barberi is known to

hybridise with E. ovata and E. brookeriana (horizontal axis) and possibly hybridises with E. gunnii and
E. cordata (vertical axis). (from Duncan 1989).

A series of studies aimed at phylogenetic reconstruction and biogeography analysis of the
informal subgenus Monocalyptus of Pryor and Johnson (1971) have been undertaken by
Ladiges and co-workers (Ladiges and Humphries 1983, 1986; Ladiges et al. 1983,
1984,1987, 1989). They suggest that the subgenus Monocalyptus is a monophyletic
group, and that the subgenera Idiogenes and Gaubaea are its sister taxa (Ladiges and
Humphries 1983). They also suggest that the Western Australian species of
Monocalyptus are a paraphyletic group and have revised the informal classification of
Pryor and Johnson (1971) recognising three sections, five subsections, five
infrasections, five superseries, five series and two subseries (Ladiges et al. 1987). Their
cladistic analysis suggested that the ‘ash’ group of Monocalyptus are not monophyletic
and that they probably consist of two groups, ‘green ashes’ and ‘blue ashes’ (Ladiges et
al. 1987). The major differentiating characters upon which they based their classification
are that the ‘green ashes’ have prominent oil glands and brown seeds in contrast to the
‘blue ashes’ which have dull, blue-green seedling and juvenile leaves and black seeds.
The similarity in leaf arrangement was interpreted as a convergent feature of the ‘ashes’.
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Ladiges et al. (1989) classified the green ashes as a superseries Eucalyptus (Table 2.2).
The major differences between the series Obliquae of Pryor and Johnson (1971) and their
superseries Eucalyptus is that the latter consists of only ‘green ashes’ but the former
includes both blue and green ash species. In the superseries Eucalyptus, E. regnans and
E. obliqua were classified into the series Regnaninae and series Eucalyptus respectively,
with E. regnans and E. fastigata as sister species. In Chippendale’s classification (1988),
the five Tasmanian ashes were classified into three series: the green ash E. regnans in
series 30, Regnantes, the green ash E. obliqua and the blue ashes E. delegatensis and E.
pauciflora in series 32, Eucalyptus, and the blue ash E. sieberi in series 33, Psathyroxyla
(Table 2.1). However, Ladiges et al. (1989) pointed out that the three series of
Chippendale (series 30, 32 and 34), which includes the green ashes, are not arranged in a
phy1etic sequence and the classification, if it is intended to reflect phylogenetic
relationships, is misleading because the green and blue ashes are mixed up.

Table 2.2. Informal classification of the green ashes by Ladiges et al. (1989)

1 Superseries Eucalyptus
1.1 series Regnaninae

E.regnans
E. fastigata
1.2 series Eucalyptus
E. obliqua
1.3 series Strictinae
1.3.1 subseries Dendromorphitae
. E. dendromorpha
1.3.2 subseries Strictitae
E. triflora
E. strica
Spp. strica

spp. obtusiflora
E. burgessiana
1.3.3 subseries Approximanitae
E. kybeanensis
E. palifiormis
E. approximans
Spp. approximans
Spp. codonocarpa
E. rupicola
E. apiculata

Ladiges and Humphries (1983) also considered the series Piperitae of Pryor and Johnson
(1971) to be heterogeneous and follow Brooker (1977) in transferring subseries
Piperitinae and Haemastominae to Obliquae. They recognise the peppermints, subseries
Amygdalininae, as a series, Amygdalinae whose sister taxon is the series Pilulares, and
rnondphyletic groups within it as subseries and superspecies (Table 2.3). In their revised
classification of the Amygdalininae of Pryor and Johnson (1971), the peppermints were
classified into four subseries. A notable change of species relationships for the
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Tasmanian peppermints in their revised classification is that the superspecies Amygdalina
of Pryor and Johnson (1971), which linked E. amygdalina, E. nitida and E. radiata, is
not a natural group. E. nitida, E. coccifera, E. risdonii and E. tenuiramis were grouped
into a subseries Cocciferinae while E. pulchella, E. amygdalina and E. radiata were
classified into subseries Pulchellinae, Amygdalininae and Radiatinae respectively.

Table 2.3. Revised classification of the Amygdalmmae of Pryor and Johnson (1971)
by Ladiges et al. (1983).

Subgenus Monocalyptus
Series Amygdalinae
Subseries Pulchellinae
pulchella
Subseries Amygdalininae
amygdalina
Subseries Cocciferinae
nitida
o coccifera
Superspecies Risdonii
risdonii
tenuiramis
Subseries Radiatinae
Superspecies Radzaza
radiata
spp. radiata
spp. robertsonii
elata
Superspecies Dives
willisii
dives

Ladiges et al. (1984) have investigated the relationships among members of series
Ovatae of Symphyomyrtus (Pryor and Johnson 1971). Although the sister group to the
Ovatae for polarisation of characters and establishment of monophyly were not identified
readily, they suggested that this series is not monophyletic and needs taxonomic revision.
Based on seedling characters, they found that the ovata subgroup (includes species E.
ovata, E. barberi and E. brookeriana) identified is monophyletic in the subseries Ovatinae
of Pryor and Johnson (1971), except that they included E. aromaphloia (classified by
Pryor and Johnson in the subseries Manniferinae) and excluded E. rodwayi (classified by
Pryor and Johnson in the subspecies Aggregata of the Ovatinae).

2.1.2. Distribution and ecology |

The relationships between vegetation and Tasmanian’s environment have been discussed

and described at a general level and for specific vegetation types or areas (e.g. Gilbert .

1959; Jackson 1968, 1973; Kirkpatrick 1977, 1981; Brown and Podger 1982; Ellis

1985). The natural distribution of Tasmanian eucalypts was provided by Jackson (1965),
11



Boland et al. (1984) and Kirkpatrick and Backhouse (1985, 1989). The distribution of
major vegetation types in Tasmania was mapped by Kirkpatrick and Dickinson (1984)

(Fig. 2.2) and the distribution of endemic eucalypt species is indicated on a 10 Km x 10
Km grid by Brown et al. (1983).

In spite of a temperate oceanic élimate, the natural vegetation of Tasmania is varied due to
the mixing of Australian and Southern Oceanic ('Antarctic’) components, and a wide
diversity of habitats. Jackson (1965) classified the natural vegetation that developed in
Tasmania into three main ecological formations of austral-montane, temperate rain forest,
and sclerophyll forest with the sclerophyll forest being completely dominated by eucalypt
trees. However, the distribution of eucalypt species in the dominant sclerophyll forest in
Tasmania is broadly determined by the climate with a steep rainfall gradient from west to
east across the state producing a range of environments from wet to semi-arid, while
Tasmanian's latitude (41-430 south) provides a cool temperate climate resulting in an
extensive subalpine environment (Jackson 1965). Imposed upon the climatic influence in
Tasmanian forest is the effect of fire. Jackson (1968) considered that fire is an important
- factor in maintaining eucalypt or mixed (eucalypts plus rainforest) forest in higher rainfall
areas which would be expected to support, climatically, a temperate rainforest. For
example, stands of E. regnans tend to be killed by intense wild fires resulting in extensive
seedling regeneration. This does not, however, appear to be the case for other species
which tend to be more fire resistant and vegetatively regenerate from either lignotubers or
epicormic shoots following wildfire (e.g. E. risdonii, Potts 1986; E. delegatensis,
Bowman and Kirkpatrick 1986) and seedling recruitment tends to be much more
continuous, although still fire dependent. Davidson ez al. (1981) suggested that climate
and fire frequency, therefore, play a major role in determining the geographical region
that the genus Eucalyptus can occupy.

According to Davidson et al. (1981), the eucalypt forests of Tasmania tend to be divided
into three categories as determined by water availability (e.g. rainfall) and temperature
gradients to give dry sclerophyll, wet sclerophyll and subalpine forests (Table 2.4 and
Fig. 2.2). Species of the subgenus Monocalyptus series Obliquae (the ashes) tend to
dominate wet sclerophyll forests and species of the subgenus Monocalyptus series
Piperitae (the peppermints) tend to dominate dry sclerophyll forests and woodlands. The
species from the subgenus Symphyomyrtus (the gums) tend to occur as subdominant or
minor species in both forests while the subalpine forests may be dominated by species of
either subgenus depending on the specific environments.
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Table 2.4. The preferred habitat of each eucalypt species occurring in Tasmania.
(following Davidson et al: 1981).

Dry Sclerophyll Preferred Habitat

E. sieberi dry infertile soils normally over granite in the north-east

E. amygdalina widely distributed on dry sandy podsolic soils in the north and east
E. pulchella dry soils developed on dolerite in the south-east

E. tenuiramis

E. risdonii
E. radiata

E. viminalis
E.rubida
E. ovata

E. barberi.

E. perriniana

E. morrisbyi

Wet Sclerophyll

‘E. regnans .

E. obliqua

E. globulﬂ&
E. cordata

E. dalrympleana
E. brookeriana
E. rodwayi

E. delegatensis

Subalpine

E. coccifera
E. nitida

E. pauciflora

E. vernicosa

E. johnstonii
E. urnigera -
E. gunnii

E. archeri

dry soils developed mainly on mudstone and dolerite in the south-east -

restricted on very dry, skeletal soils developed on mudstone to the east of the River
Derwent

very restricted distribution on Ordovician gravels in the Mersey and Forth River valleys
widespread in coastal and riverine corridors in dry habitats, often subdominant

replaces E. viminalis on very dry, cold sites at intermediate altitude, frequently on
mudstone

sites prone to occasional waterlogging at low to intermediate altitude
mallee scrub on dry, rocky dolerite hills in the Eastern Tiers

restricted distribution on poorly drained, infertile shallow soils derived from Permian
sandstone in frosty sites at intermediate altitude

endangered species on poor coastal soils in the Clarence municipality

sites of low fire frequency, on moist, deep, well-drained soils to 700m

widespread, replacing E. regnans on slightly drier sites with a higher fire frequency
through to dry coastal areas

relatively moist coastal sites and in well-drained frost free valleys to 500m

local in the south-east, mainly on dolerite extending from dry coastal cliffs to poorly
drained sub-alpine sites to 600m

replaces E. viminalis in colder, wetter sites to 1050m
well drained rocky soils or alluvial deposits adjacent to streams
replaces E. ovata on poorly drained soils at intermediated altitudes

replaces E. obliqua and E. regnans on well-drained sites at higher altitudes about 600m

cold well-drained sites, forms treeline on most dolerite capped mountains in the centre
and south-east

infertile skeletal soils or peaks in high rainfall areas of west and south-west, wide
altitudinal range

well-drained sites in cold habitats in centre and east, wide altitudinal range

replaces E. vernicosa on less exposed sites and on waterlogged sites towards the south-
east

replaces sub-alpine E. subcrenulata at lower altitudes towards the south-east
cold sites on well-drained dolerite soil mainly in the south-east
cold, waterlogged sites, generally on dolerite or basalt in central regions

upper woodlands, moderate exposure, forms treeline in the north-east
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2.1.3. Genetic variation and clinal variation

~ It has been pointed out by Pryor and Johnson (1971) that a common characteristic of

most eucalypts is the close adaptive response of the population to the environment where
a large amount of genetic variability is often found within and between species. In cases

- where species are widely distributed, clinal variation commonly occurs, either

continuously or more often in a stepped series (Pryor and Johnson 1971). Such clinal
variation occurs when morphological and physiological differences within a species are
correlated with particular changes in the physical environment (Pryor 1976) such as
altitude (as a surrogate for temperature or rainfall), latitude (as a surrogate for temperature
or day length) or environmental stress (such as moisture availability or frost
susceptibility). :

Numerous examples of clinal variation have been reported within and between the
Tasmanian eucalypts and between disjunct populations and in cases appears to be
maintained by selection despite considerable gene flow in some cases (e.g. Barber and
Jackson 1957; Davidson et al. 1981). Within species, clinal patterns of variation have
been reported both within continuous populations and between disjunct populations. For .
example, a continuous clinal variations in frequency of glaucous phenotypes have been
reported along altitudinal gradients within E. urnigera (Barber and Jackson 1957; Thomas
and Barber 1974a,b) and E. gunnii (Potts and Reid 1985a,b). Clines have also been .
reported in E. regnans (Ashton 1975, 1981), E. delegatensis (Boland and Dunn 1985),
E. globulus (Kirkpatrick 1975) and between disjunct populations of E. cordata (Potts
1989) and E. perriniana (Wiltshire and Reid 1987). '

In addition to the marked amount of differentiation which occurs within species, many of
the 29 species have been reported to intergrade in various combinations (Figure 2.1).
However, clinal variation between species tends to only involve species which are
relatively closely related. For example, species within the series Piperitae, and the
subgroup of the series Viminales tend to intergrade within each group but not between
groups (Figure 2.1). In contrast, no interspecific clinal variations have been reported in
the series Obliqua and the series Ovatae, although hybridisation does occur. '

Clinal variation between species which vary in height and form or other morphologicai
characteristics have been observed in geographic or environmental extremes. The
Tasmanian yellow gums (E. johnstonii, E. subcrenulata and E. vernicosa) are
continuously linked in a complex clinal array which is strongly correlated with exposure
to the alpine environment and which may vary with geography, altitude (e.g. Mt
Arrawsmith) and aspect (Jackson 1960; Potts and Jackson 1986). Altitudinal clines have _
also been reported between the two white gums, E. viminalis and E. dalrymplearia
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(Phillips and Reid 1980) and the alpine white gums, E. gunnii and E. archeri (Potts and
Reid 1985a,b).

Within the Tasmanian Piperitae, a complex variation pattern occurs among species which
are markedly different at the morphological level. The species intergrade in virtually all
possible combinations, but also variation is common within species. Clinal variation
occurs between E. amygdalina and E. pulchella (Davidson et al. 1981; Kirkpatrick and
Potts 1987) and between E. tenuiramis and E. risdonii (Davidson et al. 1981; Wiltshire
1991, 1992). E. amygdalina also intergrades into E. nitida which in turn intergrades into
E. coccifera (Davidson et al. 1981; Shaw et al. 1984).

Clinal variation between species in some cases may involve changes in the pattern of
ontogenetic variation as in the case between E. risdonii and E. tenuiramis (Wiltshire et al.
1991, 1992). When differences in ontogenetic pattern were removed the clinal variation
in morphological variation is also continuous and the morphological variation between E.
risdonii and E. tenuiramis populations in the same geographical region is much smaller
than that within E. tenuiramis. 1t has been suggested that E. risdonii may be the product
of relatively recent changes in developmental timing (heterochrony) from E. tenuiramis
(Wiltshire et al. 1992).

In contrast to the peppermints and some gum species in which extreme variation and
intergradation has been reported, some species, such as the ash species, E. regnans, E.
obliqua and E. delegatensis and the gum E. globulus, which occupy wet environments
over an extensive geographic range, exhibit less pronounced clinal variation within
- species and less intergradation between species. Davidson et al. (1981) considered that
the habitats where these species occur are buffered against environmental fluctuations,
and therefore, selective pressures change less rapidly than that for the peppermints.

2.1.4. Hybridisation

In the genus Eucalyptus, hybridisation does not occur between the subgenera
Monocalyptus and Symphyomyrtus, but hybridisation between species, even from
different series within the same subgenus, may be extensive (Griffin et al. 1988).
Hybridisation can be induced artificially in eucalypt breeding programs when barriers to
natural hybridisation between species are circumvented.

The patterns of natural hybridisation between the Tasmanian eucalypt species have been
reviewed by Duncan (1989, see Figure 2.1). He compared the frequency of hybrids
amongst the Tasmanian species with the Australian wide results presented by Griffin ez
al. (1988). The Tasmanian figure ranged from 34 percent (using verified hybrids only) to
51 per cent (if reliably observed hybrids are also included) of potential hybrid
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combinations among Tasmanian euéalypt species in the subgenus Monocalyptus. A
similar figure was also recorded in Symphyomyrtus. In contrast, the figures of potential
hybrid combinations within the genus Eucalyptus in Australia have been found to be only
about 11 per cent in the subgenus Monocalyptus and six percent in Symphyomyrtus
species. Duncan (1989) considered that these higher figures of potential hybrid
combinations in Tasmania were not only due to the extent of the botanical survey and
collection but the environmental heterogeneity that occurs over relatively short distances
in Tasmania. The large environmental heterogeneity arising through the rugged
topography results in species with substantially different ecological requirements often
occurring close to each other. A

It appears that the presence of hybrid individuals in Tasmanian eucalypts is common
between species within series, such as the hybrid swarms of E. amygdalina x E. risdonii
(Potts and Reid 1985c, 1988) in the series Piperitae and the hybrids between species
within the series Ovatae or Viminales of gam (Duncan 1989; see Fig. 2.1).

Numerous interseries hybrids in Tasmanian eucalypts have been also reported, such as E.
delegatensis x E. coccifera and E. delegatensis x pulchella (Davidson et al. 1987), E.
obliqua x E. pulchella (Potts and Reid 1983) and E. globulus x E. ovata (McAulay

1938). These do not, however, tend to be as common as hybrids between species within
series. '

In addition to the natural hybrids, artificial hybrids have been produced amongst many of
the Tasmanian Symphyomyrtus species, such as the interspecific hybrids of E. globulus
(Potts and Savva 1988), E. gunnii (Potts et al. 1987) and E. nitens (Tibbits 1988, 1989).
A major post mating barrier has been identified which is unilateral and associated with the
flower size (Gore et al. 1990). Large flowered species are unable to act as female parents
as pollen tubes of smaller flowered species cannot grow the full length of the style of the
larger flowered species such as E. globulus.

The problems in identification of hybrids on morphological characteristics have been
discussed by Duncan (1989). It is considered that most hybrids tend to be intermediate in
several morphological characteristics between the two parents. In such cases, hybrids are
relatively easy to identify, particularly when the putative parents are observed or known
to occur in the general vicinity , e.g. E. ovata x E. globulus hybrids are intermediate in
the shape and size of capsules, and in the shape of juvenile leaves between their parents
(McAulay 1938). However, identification is relatively difficult when parents are
morphologically similar, e.g. E. viminalis and E. dalrympleana and the clinal variation
between the two species may also confuse the issue. Thus, it is difficult to tell whether
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intergradation between species is a result of introgression (advanced generation | }
hybridisation) or primary differentiation (Potts and Jackson 1986; Potts and Reid 1985b). . -

2.2, The Eucalyptus-defoliating paropsine beetles and host .
specificity

2.2.1. The major insect defoliators of Eucalyptus and their effects

The major defoliating insects in Australian eucalypt forests have been reviewed by several
authors (Greaves 1961, 1966; Newman and Marks 1976; Carne and Taylor 1978;

Ohmart 1990, Ohmart and Edwards 1991). These reviews have considered that three -

eruptive insect groups, which cause severe damage or tree death, are represented by three
leaf feeding insect orders, notably Phasmatodea, Coleoptera, and Lepidoptera.

The phasmatids (Phasmatodea: Phasmatidae) have been reported mainly in south eastern
Australia where the three species, Didymuria violescens (Keach), Podocanthus
wilkinsoni (Macleay) and Ctenomorphodes tessulata (Greg) represent insects that cause
serious defoliation to a range of eucalypt species, especially to ash species i.e. E. regnans

and E. delegatensis (Hadlington and Hoschke 1959; Campbell 1960, 1961, 1964; -

Readshaw 1965; Mazanec 1966, 1967, 1968; Browne 1968; Readshaw and Mazanec
1969; Neumann et al. 1977).

The serious lepidopteran defoliators of eucalypts consist of the jarrah leaf miner, Perthida
glyphopa (Lepidoptera: Incurvariidae) in jarrah forests (i.e. E. marginata) in Western
Australia (Wallace 1970; Mazanec 1974, 1978, 1985, 1987; Casotti and Bradley 1991;
Bennett ez al. , 1992), the gum leaf skeletonizer, Uraba lugens (Walker) (Lepidoptera: -
Nolidae), on a wide range of eucalypt species in many parts of Australia (Brimblecombe
1962; Campbell 1962, Harris 1974; Morgan and Cobbinah 1977; Cobbinah 1985), and
the autumn gum moth, Mnesampela privata (Guen.) (Lepidoptera: Geometridae), on’
Tasmania eucalypts (Anon 1977; Elliott and Bashford 1978, 1983; Elliott ez al. 1980). |

The paropsine leaf beetles (Coleoptera: Chrysomelidae) are serious pests of regeneration,
plantations and mature forests and are regarded as an ecologically and economically
important group of eucalypt herbivores. Chrysophtharta bimaculata (Olivier) is
considered to be one of the most important forest insect pests in Tasmania (Carne 1966;
Greaves 1966; Kile 1974; Carne et al. 1974; de Little and Madden 1976; de Little 1983;
Elliott and de Little 1985). Many species of chrysomelid beetles have been also reported
as defoliators of a range of eucalypt species (Ohmart et al. 1983a,b; Strauss and Morrow
1988) and Paropsis atomaria Olivier is a common species in south eastern Australia -
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which may cause occasiohal death of woodland eucalypts (Carne 1966; Tanton and Epila
1984; Larsson and Ohmart 1988; Edwards and Wanjura 1990). Christmas beetles
(Coleoptera: Scarabaeidae) are also severe defoliators in eastern Australia (Carne 1957,
1981; Allsopp and Carne 1986; Carne et al. 1981)

Eucalypt defoliating insects in Tasmania have been reviewed by Elliott and de Little
(1985). They concluded that leaf beetles (chrysomelids), gum leaf Skeletonizer Moth,
Autumn Gum Moth, Termites, and the Fireblight Beetle, Pyrgoides orphara, and the
Chrysophtharta bimaculata (Olivier), were major pests of Tasmanian eucalypt plantations
and mature native forest. Severe defoliation of plantation and naturally regenerating
eucalypts by C. bimaculata has caused reduced growth rates and poor form and is
considered the major limiting factor to growth of fast-growing eucalypt species.

C. bimaculata severely defoliates regeneration and mature forest of E. regnans, E.
obliqua and E. delegatensis (Greaves 1966; Kile 1974; de Little and Madden 1976; Elliott
and de Little 1985) resulting in a noticeable effect on height growth. In areas with a high
population of C. bimaculata, trees protected from defoliation by continual spraying with
insecticide during a season were compared with unprotected trees (Kile 1974). The mean
height increments of trees _vi/hich were sprayed were approximately twice as great as those
of unsprayed control trees. Moreover, paropsine defoliation may predispose eucalypts to
attack by other organisms by contributing towards a condition of stress in the host trees.
More recently, C. bimaculata has also been reported to heavily defoliate the potentially
important pulp wood species, E. nitens.

2.2.2. Host specificity among insects which graze on Eucalyptus

The major tree genera Acacia and Eucalyptus in Australia, support very many species of
insects, and many of these species depend completely on one or other plant genus for
their survival. The species of phytophagous insects found on Eucalyptus, though, are
almost entirely separate from those found on Acacia. Moreover, surveys on specialisation
in the community of eucalypts and their herbivorous insects have shown that host
specificity on eucalypts by grazing insect pests occurs at somewhat different levels of
differentiation in which different insects exhibit different specificities to different species
even in different populatiohs of a species (Moore 1970; Carne 1965; Morrow 1977a,b).

Noble (1989) suggested that differences in herbivores and parasite damage to leaves is
one of the major difference in ecological traits between Monocalyptus and
Symphyomyrtus. He hypothesised that the Monocalyptus species carry a lower diversity
of leaf herbivores and pathogens and suffer less leaf loss and damage by them than
Symphyomyrtus species. However, comparison of the insects feeding on different
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eucalypts reveals some host specificity of insects among the two major subgenera. Thus,
some insect groups are specific to particular eucalypt subgenera (Noble 1989). For
example, surveys of insect defoliation on two major subgenera Monocalyptus and
Symphyomyrtus of eucalypts in south eastern Australia (Burdon and Chivers 1974)
indicated that of seventeen species of insects, including both grazers and sap-suckers,
four species showed a preference for Symphyomyrtus, and three species showed a
preference for Monocalyptus. Morrow (1977b) showed that of insect population
association on two Monocalyptus and one Symphyomyrtus species, 62 per cent of the
collected insects (grazers and sap-suckers) attacked only one eucalypt species, 30 per cent
attacked two species, and only 8 per cent fed on all three species. These results indicated
that insect species varied in their host preference among Eucalyptus species.

Among the major stick insects which are associated with eucalypts in south eastern
Australia, the polyphagous Ctenomorphodies tessulatus (Gray) feeds on a wide range of
species among the different genera of Eucalyptus plus Syncarpia, Acacia and Casuarina
species (Hadlington and Hoschke 1959), however, Didymuria violescens feeds on a
range of both Monocalyptus and Symphyomyrtus species of the genus Eucalyptus but
not on species of the other genera (Readshaw 1965). de Little (1979) found that among
the leaf beetles of Chrysomelidae in Tasmania, Chrysophtharta nobilitata, Paropsis
aegrota and P. porosa defoliated species over the full taxonomic range of eucalypts,
however, Chrysophtharta bimaculata, C. agricola and Paropsis charybdis usually
occurred only on eucalypts within a distinct sub-genera. '

Some studies indicated that the host specificity could differ between species, between
provenances within eucalypt species or between trees in some localities of a species.
Strauss and Morrow (1988) reported that the distributions of Chrysophtharta hectica on
the two host plant species, E. stellulata and E. paucifiora from the series Obliquae, were
generally clumped which was partially due to their preference for E. stellulata over E.
pauciflora. Steven (1973) assessed the performance of larvae of Paropsis charybdis in the
laboratory on foliage from three localities of E. obligua and also on foliage of some other
species. Steven found that one source of E. obliqua foliage ranked second in palatability
compared to the other species whereas the other two sources of E. obliqua were the least
palatable of all foliage tested. Mazanec (1985) found that although the jarrah leafminer,
Perthida glyphopa, occurred at chronically high levels on E..-marginata, three different
levels of tree susceptibility to P. glyphopa were identified. One type of tree was found to
be totally resistant, another one resistant by preventing egg hatch or causing larvae to die
but was still fed on by adult females, while the third was attacked and susceptible to P.
glyphopa.
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Studies into host specificity of insects on eucalypts have shown that host specificity could
also differ between different growth stages of a defoliating insect species, hence, larval
feeding preferences did not necessarily reflect adult feeding or oviposition preferences.
For example, 150 tree species were acceptable for oviposition by the gum leaf
skeletonizer, Uraba lugens female, but larvae could be successfully reared to the fourth
instar on only seven species (Morgan and Cobbinah 1977). In contrast, the females of
autumn gum moth, Mnesampela privata (Guen.), prefer to oviposit on the glaucous
juvenile-form foliage of the blue gum group of eucalypts, but larvae can feed on a wide
range of other eucalypts species (Elliott and Bashford 1978). In laboratory trials, larvae
. of leaf beetles of Paropsis atomaria performed best on E. macrorhyncha foliage which is
a species that P. atomaria females do not oviposit on in the field (Carne 1966).

The host specificity of individual insect species may also differ with the different growth
stages of a eucalypt trees. For example, C. bimaculata did not defoliate juvenile foliage of

E. nitens but defoliated and oviposited on the non waxy adult-form foliage (de Little
1989).

2.2.3. Factors influencing host-plant selection in Eucalyptus

Noble (1989) reviewed the differences between the two largest subgenera,
Symphyomyrtus and Monocalyptus, and suggested that these can be summarised as
differences in leaf chemistry, in root morphology, chemistry and activity, and in early
growth rates. Noble (1989) considered that variation in concentrations of secondary
compounds may provide a basis for understanding the variation in herbivory levels.

Eucalyptus leaves usually have high levels of secondary compounds, including essential
oils, phenolics, tannins and surface waxes which vary between species and subgenera
(Hillis 1966a,b, 1967a,b,c,d; Pryor 1976, Hallam and Chambers 1970; Boland ez al.
1991). Many of these secondary compounds océurring in eucalypt foliage have been
demonstrated to significantly influence insect-plant relationships. However, their actual
effects in insect-eucalypt interactions have not yet been demonstrated. Investigations into
the effects of secondary compounds in eucalypt defoliators are few and show only a
small effect on insect herbivory.

- One of the most characteristic features of eucalypt leaves is the presence of oil glands; the
secretions of which may comprise up to 5% of the fresh weight of leaves. Penfold and
Willis (1961) suggested that oils may provide some protection from insect and fungus
attack. However, there is little direct evidence to suggest that eucalypts are themselves -
protected by oils. Few studies have shown a relationship between foliar oil concentration

- and level of insect herbivory. Morrow and Fox (1980) examined the effect of leaf oils of
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five eucalypt species which were growing in monospecific stands and found that the high
oil yielding trees of E. dives and E. viminalis showed a significant negative correlation
between oil content and insect damage, although the other three species had no effect on
patterns of herbivory. Nevertheless, these authors have suggested that some insects
overcome the oil defences of eucalypt leaves by toleration, passing it through the gut
without change or by sequeétering it in special body structures (Morrow et al. 1976;
Morrow and Fox 1980), or by detoxifying it (Ohmart and Larsson 1989). It has teen
suggested that a threshold level of oil is needed to influence attack by adapted insect
herbivores (Morrow and Fox 1980).

Some reports have claimed that tannin and phenolic compounds in eucalypt foliage also
appear to have little influence on patterns and amounts of defoliation. Such an
investigation by Fox and Macauley (1977) indicated that the variation in tannin and
phenol contents of 11 eucalypt species did not appear to affect the growth of Paropsis
atomaria and these compounds did not interfere with the efficiency of nitrogen utilisation
of this insect species.

However, most publications appear to be concerned with the effects of N content of the
leaves rather than that of secondary compounds or oils (Fox and Macauley 1977; Morrow
and Fox 1980; Ohmart et al. 1985). Fox et al. (1977) investigated the insect response to
variation in eucalypt leaf nitrogen and found that the nitrogen appears to affect the growth
of eucalypt defoliators. She suggested that the growth and development of eucalypt
defoliators depends upon obtaining sufficient nitrogen, which, however, is low in the
foliage; therefore they must consume large amounts of foliage. Edwards and Wanjura
(1990) demonstrated that P. charybdis is more efficient at converting nitrogen in E.
viminalis foliage. Moreover, the nitrogen level of E. blakelyi foliage has been
demonstrated to directly affect the growth of Paropsis atomaria larvae, the growth of
which proceeds at an optimum rate regardless of the level of nitrogen ingested (Ohmart et
al. 1985). Furthermore, variation in nitrogen level of foliage has been found to be an
important factor which causes dieback in E. blakelyi (Landsberg 1990a,b,c). Thus,
foliage of mature E. blakelyi trees suffering from dieback was more heavily grazed than
that of neighbouring healthy trées, because the foliage of dieback trees was younger and
higher in nitrogen content, even when corrected for leaf age with the healthy trees.
However, these findings only indicated that insect growth and development may relate to
the nitrogen percentage, but have not shown evidence of a systematic difference between
the subgenera in leaf N contents and their relationship with host specify.

A striking feature of eucalypts is the different leaf types produced during the development
of the tree. In many species, juvenile leaves differ markedly from adult leaves. This
difference is marked in species of the blue-gum group, in which juvenile leaves are
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opposite, sessile, ovate, and glaucous, whereas adult leaves are alternate, petiolate,
lanceolate, and dark green. Tree height, distribution and growth habitats are features
which differ in eucalypts. Studies of insect-plant interactions have indicated that several
of these characteristic features may influence the interactions between the trees and their
herbivorous insects (Ohmart and Edwards 1991).

Physical characters of eucalypt leaves have been reported to affect insect herbivory in
some studies. The leaf waxes, particularly the glaucous bloom on the juvenile leaves of
some blue gum species, have been suggested to confer resistance against P. charybdis
adults due to their inability to grip on to wax on juvenile foliage of E. globulus and E.
nitens (Edwards 1982). The glaucous wax surface of juvenile E. globulus foliage has
been found to provide also a physical protection from C. bimaculata by preventing adult
beetle attachment (Leon 1988). These ﬁndirigs have led to the speculation that C.
bimaculata adults which defoliate adult but not juvenile foliage of E. nitens may be
deterred by the physical effect of E. nitens juvenile foliage which is similar to the
glaucous condition of E. globulus juvenile foliage.

The role of visual cues in host location of eucalypt defoliators has been investigated by
Leon (1988) and Madden (unpublished data). Colour traps indicated a prefetence for
yellow - light green, then yellow, then orange and lastly red. This has corresponded to
field observation that C. bimaculata adults fed and oviposited preferentially on foliage of
some “ash’ species with a range of colours close to yellow and yellow-green (Madden,
unpublished data). It has been suggested that the location of host plants by ovipositioning
adults of C. bimaculata is aided by an attraction to 'orange’ or anthocyanin-rich foliage
(Leon 1988).

Entomologists have also paid attention to the tough and leathery nature of eucalypt leaves
which may influence the population dynamics of specific eucalypt defoliators (e.g.
Ohmart et al. 1987; Larsson and Ohmart 1988). Ohmart er al. (1987) suggested that
toughness of foliage influenced the survival of P. atomaria larvae. P. atomaria fed
- preferentially on newly flushed eucalypt foliage which is high in nitrogen, however, as
the foliage aged, leaves became low in nitrogen and very tough, and mortality probably
resulted from the inability of first instar larvae to feed rather than by nitrogen starvation.
Moreover, he proposed that nitrogen and foliage toughness influence -the population
performance of P. atomaria. Thus, during years of normal or enhanced growth of E.
blakelyi, new foliage that is suitable for females to oviposit is plentiful and suitable for
larval growth and development, favouring population growth. However, during years of
drought, new foliage production would be minimal or absent, and old foliage which is
tough and low in nitrogen would not be suitable for either adults or larvae, and therefore
overall population performance would be reduced.
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It has been found that population distribution of a insect species on eucalypt species was
_ 'ziffected by a complex of factors. Strauss and Morrow (1988) found that the clumping of
‘.Chrysophtharta hectica within species E. stellulata and E. pauciflora was related to
nutritional, spatial and biomass attributes of plants with plant height and foliage
_production the best predictors of beetle numbers.

2.2.4. The Eucalyptus -defoliating paropsine beetles

‘The Eucalyptus-defoliating paropsine beetles belong to a sub-tribe (Paropsina) within the
tribe Chrysomelini of the sub-family Chrysomelinae which is one of 10 sub-families in
the large cosmopolitan famiiy Chrysomelidae (Briton 1970). Paropsine species feed
~mainly on foliage of Eucalyptus but also fed on foliage of related Myrtaceae genera :
Angophora, Tristania, Leptospermum and Melaleuca. Some species also feed on the
foliage of Acacia species (Cumpston 1939 in de Little 1979).

In a survey of eucalypt forest and woodlands through most of the island of Tasmania, de
Little (1979) recorded that of the 36 paropsid species found to feed on foliage of
eucalypts, 25 have been positively identified and classified as species belonging to five
genera of the subfamily Chrysomelinae, viz: Paropsis Olivier, Trachymela Weise,
Chrysophtharta Weise, Paropsisterna Motschulsky, and Sterromela Weise. He
considered that the isolation of Tasmania from mainland Australia has led to the evolution
of a distinct Tasmanian paropsine fauna, but that there are close affinities with the fauna
of mainland, south-eastern Australia. For example, some endemic Tasmanian species
have closely related species in the mainland south-east, e.g. Paropsis incarnata Erichson
and P. atomaria Olivier.

‘The genus Chrysophtharta was established by Weise and Chrysophtharta bimaculata
(Olivier) and C. agricola (Chapuis) were identified by de Little (1979) according to
Blackburn's key and description (1899).

: _' Adult C. bimaculata beetles are oval shaped approximately 9 x 7mm in size and are most

easily recognised by the two distinct and invariable black marks on the pronotum. Live
adults are variable in colour, changing from pale green to dark red-brown while
hibernating. In their second season they change through a brilliant "brick" red to pale
green with faint golden tessellation. The larvae of this species are highly gregarious and
form large feeding colonies. C. bimaculata is extremely common in wet eucalypt forest
and feeds preferentally on 'ash' species (genus Monocalyptus, series Obliquae).

In contrast, adult C. agricola beetles show more distinct differences in size between
female and male with females approximately 9.6 x 7.5mm in size and males 8.8 x
7.1mm. It is the only Tasmanian paropsine species with a totally melanic form (de Little
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1979). The C. agricola adult is easily distinguished from C. bimaculata by its body form
which is much more convex in C. agricola. The colour of adult C. agricola are variable.
In the spring season, after emergence from pupation adults are black with brilliant red
prothoracic and elytral margins. After a short period of feeding, the red pigmentation is
lost and the adults are entirely black. The larvae of C. agricola are strongly gregarious,
feeding and resting in large groups. C. agricola is mostly encountered on ‘gum’ species
(genus Symphyomyrtus, series Ovatae and Viminales).

C. bimaculata and C. agricola are closely related, both having adopted the "exposed"
strategy having gregarious larvae, high fecundities, and closely synchronised
phenologies (de Little 1979). However, they show strong host preferences in the field.
Surveys of insect defoliation showed that C. bimaculata and C. agricola exhibited host
specificity at any locality where there was a choice of potential host (Kile 1974; de Little
and Madden 1976) with C. bimaculata preferring Monocalyptus and C. agricola
Symphyomyrtus species.

The distributions of both C. bimaculata and C. agricola is not totally restricted to their
preferred hosts. In a survey of the Tasmanian eucalypt defoliating paropsids, de Little
(1979) encountered C. bimaculata and C. agricola on fifteen eucalypt species as listed in
Table 2.5 and found that both insect species co-occurred on foliage of eucalypt species of
both subgenera. However, in the non-preferred sub-genus, only adult C. bimaculata
were found on E. ovata and E. vernicosa and adult C. agricola on E. obliqua and E.
delegatensis. No larvae were found on the non-preferred subgenus.

In a comparison of the gross conversion ratio of larvae of C. bimaculata larvae fed on E.
delegatensis, and C. agricola on E. dalrympleana, de Little (1979) suggested that C.
bimaculata was a less efficient feeder than C. agriéola. However, C. bimaculata
developed significantly faster than C. agricola on E. delegatensis. Therefore, it was
concluded that C. bimaculata was a more highly “r” selected species than C. agricola,
because it had a selective advantage on E.delegatensis. In contrast, C. agricola has
adapted to E. dalrympleana which was as suitable to it as E. delegatensis, but on which it
did not face competition from a more highly “r” selected species. '

de Little also suggested that the host preferences of these two insect species may be quite
distinct between the species of the two different subgenera. However, their host
specificities are still not clearly defined, as in some cases the findings of different
workers conflict. Greaves (1966) reported that E. regnans and E. viminalis were the most
favoured hosts for C. bimaculata in his study, E. delegatensis was also readily attacked,
but E. obliqua and E. simmonsii (=E. nitida Pryor and Johnson 1971) were not attacked
under natural conditions. However, E. viminalis was recognised to be an unsuitable host
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for C. bimaculata in both field and laboratory, and E. obliqua a suitable host in de Little’s
study (1979). More recently, de Little (1989) observed heavy attack by C. bimaculata on
the Symphyomyrtus species E. nitens which is commonly planted in Tasmania. Only the
adult foliage was attacked, the glaucous juvenile foliage being avoided by C. bimaculata
but attacked by C. agricola.

Table 2.5. The distributions of C. bimaculata and C. agricola in Eucalyptus spp. (de
. Little 1979).

C. bimaculata C. agricola
Adult Larvae Adult Larvae

Monocalypius species

E. obliqua

E. delegatensis
E. regnans

E. pauciflora
E. amygdalina
E. nitida

E. coccifera

+ 4+ +

+++++++
+

Symphyomyrtus species

E. ovata

E. vernicosa
E. nitens

E. globulus

E. viminalis
E. darympleana
E. rubida

E. gunnii

+ +
+4++++ 4+ +
+ 4+ + +

+

Again, in a species trial where E. globulus, E. nitens, E. delegatensis and E. regnans
were grown together, C. bimaculata preferred foliage of E. delegatensis, E. regnans and
the adult foliage of E. nitens but not E. globulus. In contrast, C. agricola preferred

_foliage of E. globulus and E. nitens but not the 'ash' species E. delegatensis and E.
regnans (Madden pers. comm.). Large numbers of adults, eggs and larvae of C.
bimaculata occurred on the adult foliage of E. nitens as well as on the two ‘ash’ species.
Once again, a large population of C. bimaculata was found to defoliate the E. nitens
provenance trial in which trees had almost complete adult foliage. Similar findings have
also been reported for other E. nitens plantations in Tasmania. These indicated that adult
E. nitens was a suitable host for C. bimaculata as it supported larval growth,
development and adult reproduction.

Southwood et al. (1974) suggested that the adventitious phytophagous insects which
colonise transient habitats are selected for maximal food intake rather than their ability to
utilise food efficiently. Thus highly “r” selected species are favoured in such situations
where rapid population growth is at a premium rather than the conservation of food
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resources and are more successful in establishing in new geographical regions. As a
highly r-selected species, C. bimaculata has the potential to erupt in Tasmania in contrast
to other paropsid defoliators. '

The spatial dispersion of the host plant population and the species composition had been -
found to influence patterns of forest herbivory (Kareiva 1983; Stanton 1983; Schowalter
et al. 1986 and reference therein). It has been suggested that eucalypt species that are the
preferred hosts of only a few herbivores may do better if they occur in mono-specific
stands (Morrow (1977a), and that Monocalyptus species tend to have a less diverse
herbivore fauna. It is notable that C. bimaculata host trees are more likely to occur in
mono-specific (Florence 1981; Kirkpatrick 1981) or mono-subgeneric stands (Austin er
al. 1983).

In Tasmania, the wet sclerophyll forest, is dominated by subgenus Monocalyptus series
Obliquae (the ashes). In those temperate habitats extensive continuous stands of ash
species may occur (Davidson et al. 1981). Therefore, de Little and Madden (1976)
speculated that Monocalyptus species are more susceptible to outbreaks of specialist
herbivores and suffer high damage because they tend to occur in mono-specific stands. In
addiﬁon, most species of Tasmanian eucalypts are resistant to intense fires, recovering
from burning by sprouting epicormic buds and coppice shoots from lignotubers.
However, the ‘ash’ species are killed by intense fires but due to their high seeding
capacity, heavy seeding into ash-beds occurs after a hot burn. Since most of the
undergrowth vegetation is killed by the fire, a dense, monospecific seedling stand results.
de Little (1979) suggested that this ecological strategy of ‘ash’ species provided an
ecologically unstable and ruderal habitat which favours the most highly “r”-selected pest
C. bimaculata. Furthermore, ‘ash’ species of eucalypts have historically been the
commercial timber species in Tasmania. A regeneration technique, which has been
commonly employed, is the burning of logging slash followed by aerial seeding of the
same species on to the ash-bed, to follow the natural ecological strategy of the 'ash'.
Thus, they have provided a succession of large, monospecific regeneration stands highly
attractive to C. bimaculata. Again, recent trends in large-scale planting of E. nitens has
also attracted C. bimaculata to this new food resource.

L{(P}]

In contrast, C. agricola, which is a lesser “r” species than C. bimaculata, preferred hosts
of Symphyomyrtus species which are more fire-resistant and which recover from burning
by sprouting epicormic buds and coppice shoots from lignotubers (de Little 1979). These
species tend to occur in mixed stands with other fire-resistant Monocalyptus species and
provide a more stable ecological strategy for C. agricola. Although C. agricola has been
found to also favour Symphyomyrtus species in plantations, it does not appear to have
the capacity to outbreak as does C. bimaculata. Moreover, C. agricola has never been
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reported feeding on 'ash’ plantation although it's larvae can feed on E. delegatensi& in the
laboratory (deLittle 1979) and adults were reported to attack natural stands of E.
delegatensis (Greaves 1966). '

Nevertheless, with the exception of E. nitens, C. bimaculata does not attack E. globulus
and other Symphyomyrtus species which occur in many plantations in Tasmania, even
where these plantations are established in the same way as 'ash’ species plantations or
where E. globulus is mixed with 'ash’ in mixed trials. This indicates that the preférénce
of C. bimaculata is specific rather than just the location of mono-specific stands or forest
composition. '

The differences in the ecological traits, and especially early growth rate is one of the most
distinctive features between Monocalyptus and Symphyomyrtus species. Monocafyptus
species have slower germination, resprouting and growth than Symphyomyrtus species
but appear to catch up relatively quickly (Davidson and Reid 1980). Coley ez al. (1985)
suggested that slower growing species should have a greater investment in anti-herbivore
defences than faster growing species. Symphyomyrtus species tend to grow slower after
the initial establishment or re-establishment period, and to have higher levels of
condensed tannins and phenolic compounds (Coley ez al. 1985). However, Noble (1989)
considered that the high production of secondary compounds has developed for reasons
other than defense against herbivores or even as a response to the damage caused by
herbivory because Symphyomyrtus species tend to suffer more damage from herbivores
than Monocalyptus. But in contrast to Noble’s conclusion, ash species from
Monocalyptus species in Tasmania suffer more damage from pests than Symphyomyrtus
species. Thus, Symphyomyrtus species must have a greater investment in defence agéinst
the major pest, C. bimaculata. While Symphyomyrtus species have tannins and phenolic
compounds, the leaf oils have been found to differ markedly between the major pulp
species of the Symphyomyrtus and the ‘ash’ species of Monocalyptus in Tasmania.
Leaves of E. nitens, especially adult leaves, have very low oil contents compared to other
Symphyomyrtus species (e.g. E. globulus and E. viminalis) (Li et al. 1990). E. nitens is
one of the faster growing species among eucalypts. E. nitens not only has faster
establishment and early growth, but also grows faster during the initial establishment than
does E. globulus and other Symphyomyrtus species (Beadle and Turnbuil 1986; Turnbull
et al. 1988). If leaf oils of the Symphyomyrtus species play a role against C. bimaculata,
then E. nitens lacks the defenses predicted by Coley ez al. (1985). |

The survey of the Tasmanian eucalypt defoliating paropsids by de Little (1979) showed
that C. bimaculata adults occurred on juvenile leaves of the non-glaucous gum species, E.
ovata and E. vernicosa but not on glaucous gum species. The glaucous juvenile leaves of
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some gum speciés- provide a physical protective barrier against attack by C. bimaculata
(Leon 1988). This indicates that leaf waxes are also involved in host plant selection.

This review above indicates that both C. bimaculata and C. agricola appear to be strongly
host specificity. However, since the highly “r’-selected species C. bimaculata has
adapted to the Symphyomyrtus species E. nitens, their host selection can no longer be
attributed to gross subgeneric differences.

It is known that seéondary compounds play a mayor role in host selection of many other
systems of insect herbivory. As suggested by de Little (1979), if the essential oils of
Eucalyptus have a role in protecting them from defoliation by paropsids, some oil
components in the foliage of eucalypt species (e. g. Penfold and Willis 1961) may also
play a role in host tree selection. In the case of host specificities of C. bimaculata and C.
agricola the investigation of leaf oils and waxes has relevance.

2.3. The principles of host-plant selection by insects
2.3.1. Factors involved in herbivory in forested ecosystems

Recent reviews of host-plant interactions on herbivorous insects are contained in several
books, such as Ahmad (1983), Denno and McClure (1983), Crawley (1983), Hedin
(1983) Barbosa and Schultz (1987) and Smith (1989). Reviews and discussion that focus
on herbivory in forest systems have also been made by Schowalter et al. (1986) and
Landsberg and Ohmart (1989).

These authors considered herbivory to be a function of size or biomass of herbivore
populations. They reasoned that several majors factors influenced herbivory by affecting
the natality, mortaﬂity and dispersal of such populations. These factors consist of abiotic
factors, plant biochemistry, physical defenses, nutrients, predation and parasitism, and
forest structure. T-he effects of these factors described by Schowalter et al. (1986) are re-
summarized below.

a). Abiotic factors -

Abiotic variables can influence herbivory directly through effects on insect feeding and
survival and indirectly through effects on host susceptibility. The major controlling
factors in forests are weather, soil conditions, and industrial pollution. Weather appears

to be a dominant factor which influences insect activity, dispersal, defoliation, host
choice and mortality.
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b). Chemical defences

The chemical defenses are of two types: nitrdgenous and nonnitrogenous. They
considered the nitrogenous type to consist of non protein amino acids, cyanogenic
metabolically glycosides, glucosinolates, alkaloids, and lectins which are relatively
‘expensive’ chemical defenses closely related to plant nutrition. Thus insect herbivory
requires a potentially limiting nutrient for its construction.

Nonnitrogenous defenses include two major chemical compounds types: chemical
products of the terpenoid pathway, tannins and related compounds of the phenolic
pathway (see Harborne 1982). Terpenoid defences consist of mono-, di-, tri- and sesqui-
terpene derivatives, including their cardiac glycosides, saponins, and phytohormones,
which are formed by the condensation of five-carbon isoprene units produced from
mevalonic acid (see section: biosynthesis of terpenoids).

¢). Physical defences

Physical or morphological defences often deter insect feeding and oviposition. They
include characteristics of the leaf surface and margins, such as surface hairs or trichomes
and epicuticular waxes, cutin, and suberin.

The leaf trichomes affect herbivores in several ways, such as to deter herbivore feeding,
attachment or chewing on leaves, or eventually causing death of larvae. Plant leaves may
be protected against insect herbivores by a layer of surface waxes over the epicuticle
which functions as a physical or chemical defence. Leaf waxes, cutin and suberin act as
physical defences making the surface slippery and cdmouﬂaging taste, while structural
components such as calcium, cellulose, and lignins increase leaf toughness (Levin 1973).
Leaf waxes containing allelochemicals may also affect insect feeding and oviposition
(Thibout er al. 1982). Incorporation of silica and oxalate crystals lower palatability
physically, whereas gums, resins, pectins, and milky sap are sticky and may also contain
chemical defenses (McClure 1977). ‘

d). Nutrients

Qualitative and quantitative levels of nutrients in food are important for phytophagous
insects. The nutrients include nitrogen and inorganic irons. Thus, nitrogen levels of
foliage have been found to be positively correlated with herbivory and nitrogen in foliage
can limit insect populations. Some plants protect themselves from herbivores by
producing less nutrious foliage instead of investing in feeding deterrents. Toliage levels

of inorganic ion, such as K, and Ca, have also been found to correlate with herbivore
biomass. '
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Schowalter et al. (1986) claimed that the effects of forest fertilisation on herbivory are
still poorly understood because only limited studies have included the examination of
plant allocation of nutrients. However, they referred to other workers suggestions that
‘inducible responses of trees to herbivores is a by-product of mechanisms that rearrange the plant
carbon/nutrient balance in response to nutrient stress' (Tuomi et al. 1983) and 'excess carbon that

cannot be diverted to growth due to nutrient stress is diverted to the production of plant defenses'
(Haukioja et al. 1985).

e). Predation and parasitism.

Forest herbivores are subject to a complex array of hymenopteran, dipteran, arachnid,
and vertebrate predators and parasitoids. Meanwhile, predation and parasitism have a
large effect on herbivore population size and therefore on the amount of herbivory in
forested ecosystems. Pathogens may become epizootic in dense defoliator populations,
resulting in population decline (Leonard 1981; Torgersen and Dahlsten 1978). Trees may
'buy’ protection from herbivores by encouraging residence by predators (Tilman 1978;
Price et al. 1980) and folivores engage in a number of predator-avoidance behaviours that
effect herbivory in forested ecosystems (Holmes et al. 1979; Heinrich and Collins 1983).

f). Forest structure

Forest structure determines the spatial distribution of acceptable resources and influences
the efficiency of resource discovery by dispersing herbivores. Aspects of forest structure
also affect host condition, which may influence survival of feeding herbivores. On a set
of host plants tree age, size, density, species composition, and vertical stratification,
across stands and through time, could influence patterns of forest herbivory.

The effects of these factors described by Schowalter er al. (1986) and discussed by
above other authors indicated that factors involved in regulating insects in forested
ecosystems are very complex. Insect/plant interactions in forest system can be fully
understood only when approached as a holistic phenomenon in community ecology.
Competition and predation, evidently play a major role in the final realisation of an
insect’s feeding niche. However, there is little doubt that plant chemicals, are the
important or key factor in the establishment of these associations, in particularly the host
plant selection (Smith 1989).

2.3.2. Definition of plant chemicals involved in host-plant selection

An important definition of the host range of phytophagous insects was provided: by
Dethier (1954), who suggested that definitions of host range should be made on the basis
of the chemical interaction between insect and plant. However, he regarded host range as
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being dctérmined by the attractant range of plant chemicals to the insect. This view was
later criticised by several authors when more research was carried out on this field
(Ishikawa et al. 1969).

Thorsteinson (1960) enlarged the view of Dethier and considered host range to be
determined by all the varieties of stimuli offered by a plant and not just the chemical ones.
He suggested that host range was determined by a 'signal pattern’ which is capable of
inducing feéding by an insect when close to the plant and that food-plant preference was
subdivided on the basis of the distribution of chemical stimulators or inhibitors among
plant taxa.

The separate stages in the behavioural pattern of an insect finding and recognising an
.acceptable host plant were modified by Beck (1965) and are, (i) directed movement
towards a plant, (ii) cessation of movement on reaching the plant, (iii) the initiation of
biting or piecing, and finally (iv) continued feeding. He classified stimuli into a sequence
which may exist in either a positive or negative response. Thus, the positive stimuli are
positive attractants, arrestants, incitants and stimulants. In contrast, the repellents,
suppressants and deterrents are negative stimuli. Hsiao (1985) further described chemical
stimuli affecting insect feeding behaviour and classified them on the basis of the
behavioural patterns they elicit (Table 2.6).

Table 2.6. The chemical stimuli involved in insect feeding behaviour (after Hsiao
1985) '

Behavioural effect Positive Stimulus Negative Stimulus

orientate insect to attractant repellent

habitat or patch

elicit biting or probing arrestant locomotion stimulant

induce ingestion or feeding stimulant feeding deterrent

engorgin - phagostimulant

In addition:

Feeding cofactors - chemicals which do not elicit feeding responses by themselves
but synergise with other feeding stimulants

Toxicants/toxins - chemicals producing acute neurotoxicity

Metabolic inhibitors - chemicals causing chronic adverse effects on growth and
development

Whittaker (1970) reviewed the biochemical ecological aspects of higher plants, and
introduced the term allelochemical to replace secondary plant compounds. From an
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ecological standpoint, an allelochemical was defined as a secondary substance produced
by an organism that has the effect of modifying the growth, health, behaviour or
population dynamics of other species, often having an inhibitory or regulatory effect
(allelopathic substance) (Lincoln et al. 1982). An allelochemical, which is regarded as a
non-nutritional chemical involved in host selection by insects, has been shown to affect
insect feeding behaviour, oviposition, and survival in either a positive or negative
manner. Thus, allelochemicals function to affect insects in a positive manner and can
function as kairomones, when the chemical benefits the recipient insect and is represented
by attractants, arrestants, and feeding or oviposition stimulants. Conversely, in a negative
manner as allomones, when the chemical benefits the plants, and represented by plant-
produced deterrents, repellents, or inhibitors of feeding and oviposition (Smith 1989).
Allomones may also be prodﬁced by the insect themselves (Evans 1984).

2.3.3. Mechanisms Aof chemical defenses involved in insect host
plant selection

The effects of chemical defénces on herbivorous insects results in differential host plant
~ selection through their effects on both insect sensory and metabolic systems (Visser
1983). ‘

Visser (1983, 1986) suggested that visual and chemical stimuli are perceived
simultaneously during the orientation of an insect to a potential host plant. He described
that during long-range orientation, an insect may use vision for recognition of the shape
of an object or utilise olfaction to perceive a plant attractant. Chemical defences may affect
the responses elicited by insect herbivory. Odours emitted by plants that stimulate insect
olfactory receptors involved may result in an insect moving toward or away from plants
such as described by Visser (1983, 1986).

Andow suggested that plant volatile chemicals could influence host finding and thus
affect insect populations (1986 and reference there in). Some workers found that insect
response to host odours varies with concentration and is influenced by non-host
vegetation near the host (Kareiva 1983; May and Ahmed 1983; Stanton 1983). Moreover,
Morrow et al. (1989) postulated that non-host plant may affect host finding indirectly
through decreasing‘ host plant density and thus concentration of host volatiles or directly,
by altering host quality through competitive interactions, making host less attractive or
changing the way that host volatiles are perceived by insect.

Prokopy and Owens (1983) suggested that the final contact with the plant surface by
many foliage feeding insects is due to a positive response to yellow or yellow-green
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pigments in plant foliage where pigment compounds play an important role forming the
colour characteristics of foliage. '

The activity of chemical defences can affect an insect’s taste where several different types
of gustatory receptors detect both qualitative and quantitative differences in the chemical
content of the plant tissues tested, as described by Hanson (1983). Therefore, chemical
defences may act as deterrents or stimulants for insect feeding, resulting in feeding
preferences, such as phenolic (Levin 1971) and tannic (Zucker 1983) compounds.

Chemicals involved in host plant selection may act through antibiosis, which is the
negative effect of a plant on the biology of an insect herbivore attempting to use that plant
as a host. The antibiotic effects of plants range from mild to lethal. Smith (1989)
suggested that generally, lethal effects mainly affect young larvae and eggs while chronic
affects can lead to mortality in older larvae, prepupae, pupae, and adults through failure
to moult, pupate or eclose. Antibiosis may also result in a reduction of body size and
weight, prolonged periods of development in the immature stages, and the reduction of
fecundity of surviving adults. Beside the chemical defenses antibiosis may also be due to
the lack of nutrients in plants.

2.3.4. The role of phytochemistry in host specificity

Many plant chemicals, nutrient and non nutrient, are widely recognised to elicit
behavioural responses in insects. However, the nature of the role played by these
chemicals in host selection is the subject of a long running debate amongst entomologists.
The two major proposals that have been developed are the token stimuli and dual
discrimination theories. These theories are reviewed by Smith (1989).

The token stimuli theory was first proposed by Fraenkel (1959) and further developed in
a major review by Ehrlich and Raven (1964) in which a new theory of biochemical
coevolution between animals and plants was proposed. Subsequent to the publication of
Ehrlich and Raven's review, several important reviews which extensively explored the
coevolution of plants with their insect herbivores were provided by Dethier (1972),
Feeny (1975), Fraenkel (1969), Meeuse (1973) and Schoonhoven (1968, 1972). The
symposium contribution of Visser and Minks (1982) are also relevant.

Harborne, a major contributor to this topic (1977, 1982, 1988), continued to review the
proposals of Fraenkel (1959) and Ehrlich and Raven (1964) and extensively explored the
coevolutionary aspects between insects and plant biochemicals. He considered the
.evolution of host plant selection within an overall evolutionary context between both
insects and their potential host plants and, suggested that host plant specificity by insects
is the result of the coevolution of insects and plants with plant secondary compounds
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(terpenoids, alkaloids, flavonoids er al. ) all probable major factors controlling

- relationships between insects and plants.

~ Essentially, the coevolutionary theory considers the development of insect specificity
paralleling the coevolution of insects and plants. In the long course of evolution that has
occurred in plants, plants have responded to insect herbivory attack by the use of
chemicals as defensive agents. Insects may overcome these defences by behavioural and
metabolic changes that have undergone adaptation to host plants which underscores the
genetic plasticity of each of the participating organisms. Some of the species of insects
‘which have overcome plant defence were able to utilise such chemicals as specific
sensory cues in the identification of their host plants. Fraenkel (1959, 1969) suggested

- - that phytophagous insects were essentially similar in nutritional requirements being

adequately provided by most plants and, therefore, postulated that these nutritional
substances could not be a factor in determining host plant specificity. Thus, "....host
selection is guided by the presence or absence of secondary plant substances, and that qualitatively or

quantitatively nutrients can play only a very minor role, if one at all, in this context' (Fraenkel 1969).
~ He also considered that the frequent occurrence of monophagy or oligophagy among
phytophagous insects was therefore the result of a long evolutionary chemical struggle

- between insects and their host plants. Thus, the insect segment of plant-insect

coevolution is a shift from polyphagy (general feeding) to oligophagy (specialised
-feeding) or monophagy (highly specialised feeding on a single plant species).

There has been much debate in the past whether preferential feeding behaviour of insects
~ is determined by nutritional requirements or solely by their response to hostile chemicals,
 since many studies have also demonstrated that feeding stimulants such as amino acids,
carbohydrates, and vitamins could frequently be nutritionally important substances, (e.g.
Beck 1965; House 1969, Hsiao 1969, 1985). Such information, although mostly based
on laboratory experiments, provided evidence for the dual discrimination theory, which
was proposed by Kennedy (1965). Kennedy's proposal views host selection as based on
insect responses to both nutrient and non nutrient phytochemicals with host selection
determined by a combination of both nutrients and secondary chemicals.

An important review on the effects of different proportions of nutrients on insects was
provided by House (1969), who discussed the conversion of food material into insect
- performance as measured by growth, development, survival, reproduction and other vital
_functions but without concern for the stimuli to which an insect responds when locating
~ food and recognising its suitability. He considered all insects to have quite similar
| qualitative nutritional requirements as it is likely that all plants contain the 25 or so
nutrients required by insects. Therefore, he suggested that these qualitative factors for
insect requirements play a less decisive role in the relations between insects and plants
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and emphasised quantitative aspects as more important. Thus, whether the food plant is
suitable for insect requirements 'depends on how much of each nutrient digested can provide for
insect nutrition; and on how well the amounts and proportions of the nutrients made available fit the

quantitative nutritional requirements, including especially proportional relationships, of insects.'

A important review of the chemosensory basis of host-plant selection was provided by
Schoonhoven (1968) who considered that monophagy and oligophagy can be well based
on a fairly subtle combination of a number of common plant components, combined with
absence of several plant substances. He gave a more balanced view of the interaction of
both nutritional and non nutritional chemicals in determining the host selection of a
phytophagous insect. Thus, "when combining the present knowledge about the type of sensory
information which the insect central nervous system reéeives from its gustatory receptors, it appears that
sapid nutrients as well as secondary plant substances together characterise a particular plant for its
commensal....In some insect-plant relations the accent may lay on the stimulating or deterrent effect of
odd substances, in other cases the amounts or ratios of the nutritive constituents may form the decisive
factors. Several volatile factors, acting as sign stimuli to release feeding behaviour or oviposition belong

to the category of the secondary plant substances.’

At present, few insects have been studied in detail for the factors controlling all the
various facets of host selection and ingestion to be known. The chemical basis of host
selection of the chrysomelid Leptinotarsa decemlineata Say, Colorado potato beetle
(CPB), an oligophagous insect naturally occurring on members of the plant family
Solanaceae, is an example of the different chemical facets of host selection. The series of
studies on feeding behaviour undertaken by Hsiao and Fraenkel (1968a,b,c,d) represent
the major contributions to the chemical basis for host selection by this insect which is
supported by many similar findings in other oligophagous insects.

First, the nutrient chemicals, including sucrose, several amino acids and phospholipids,
have been recognised to stimulate feeding in CPB while several inorganic salts were
regarded as feeding co-factors. However, the function of these stimulating chemicals has
to be regarded in terms of their chemosensory influence on the insect rather than their
nutritional value (Hsiao and Fraenkel 1968a). Hsiao and Fraenkel (1968a,b) also
considered that these feeding stimulants and co-factors were widely distributed in the

plant kingdom and therefore, could not be regarded as specific token stimulants for the
potato beetle.

Second, Hsiao and Fraenkel (1968b) found that CPB larvae were able to discriminate
between different species of solanaceous and non-solanaceous plants. Thus, the
recognition of the host plant and initiation of feeding by this insect appeared to require a
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botanically restricted chemical for the presence of active substances in various fractions of
potato-leaf extract and an active flavonoid.

Further experiments showed that both the leaf powder of 9 solanaceous and 9
nonsolanaceous plant enhanced feeding and growth. Thus, as both solanaceous and
nonsolanaceous were effective, it suggested that the active substance was generally
distributed in plants. However, the active substance was not confined to a particular -
fraction of these powders when each of them were separated into different extract
fractions and it was concluded that several kinds of plant substances were responsible for
the increase of larval growth. Hsiao and Fraenkel (1968c) therefore suggested that a
diverse group of plant chemicals can serve as feeding stimulants for potato beetle larvae
which is in agreement with findings on the influence of nutrient chemicals (Hsiao and
Fraenkel 1968a) and the occurrence of feeding stimulants in the host plant of this insect
(Hsiao and Fraenkel 1968b).

Again, Hsiao and Fraenkel (1968c) found that substances that affected the degree of
feeding inhibition varied with species with effects ranging from reduced weight gains by
beetle larvae to complete suppression of feeding. These substances were confined to
particular fractions, and in most cases the inhibitory substances occurred in water extracts
of leaf powder, with few in other fractions. The results also showed that the presence of
feeding deterrents was responsible for the resistance of solanaceous and nonsolanaceous
plants. Since their results imply that a large number of chemically and botanically
unrelated plant substances are responsible for the inhibition of feeding by the potato
beetle, Hsiao and Fraenkel (1968c) concluded that:

"the high degree of sensitivity to deterrent chemicals stresses the important role of secondary plant
substances in the resistance of plants to feeding by the beetle.”

Moreover, the acceptability and suitability of foliage for CPB larvae were tested for
leaves of 104 species by Hsiao and Fraenkel (1968d). They found that 36 were accepted
to some degree, but only 15, which belonged to 5 unrelated families, supported growth
of four-instar larvae to pupation. Four nonsolanaceous plants also supported growth
from egg to adult, and 2 of them supported reproduction and continuous culturing.
However, preference experiments indicated discrimination by larvae between solanaceous
and nonsolanaceous plant. Thus, when potato leaves were present, the non-host plants
(nonsolanaceous) were not selected. With non-hosts they found that larvae required a
considerable period of adaptation before normal feeding proceeded but this was not
observed with solanaceous plants. These results indicated that nonsolanaceous plants lack
a chemical stimulus which is required by larvae to recognise the plant. From this evidence
they suggested that:
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"feeding and growth do not require the presence of host-specific substances”... however, "the host
selection of the potato beetle is determined not only by the availability of adequate feeding stimuli and
nutrients of the plant, but also by the presence of a host-specific substance which releases the initial
feeding behaviour."

Furthermore, in the oviposition preference of the adults for potato and other plants where
11 solanaceous and 6 nonsolanaceous plant were tested, the potato plant was preferred.
However, one species, Solanum nigrum, which was highly attractive for oviposition,
was never grazed by adults and larvae. Hsiao and Fraenkel (1968d) suggested that host
specific stimuli were required for oviposition and that selection of an oviposition site was
the first and primary step in host selection by the CPB. They also showed evidence to
suggest that oviposition stimuli (both positive and negative) were chemical and not
physical in nature.

Hsiao's (1969) review of the available information from studies of CPB and the alfalfa
weevil [Hypera postica (Gyll.)], concluded that host specificity in both species occurred
and, that many different types of plant chemicals served as regulating factors for host
selection. The main points of Hsiao's conclusion were: '

"The host finding and oviposition of both species require the presence of host speciﬁc olfactory and
gustatory stimulants and the absence of repellents and deterrents. Recognition of host and initiation of
biting and feeding also require the presence of host specific sign stimulants....On the basis of available
evidence, it appears that the resistance of botanically unrelated species to oligophagous insects is largely
due to the presence of a diverse group of repellents and deterrents and the absence of attractants and feeding
stimulants. Among the botanically related plant species or varieties, the presence of physiological
inhibitors, and the deficiency and imbalance of nutrient factors would also be important determining

factors."”

Later, Visser and Nielsen (1977) found evidence to explain the host finding and
oviposition preference of L. decemlineata adults, and demonstrated that unfed, newly
emerged females and unfed post-diapause beetles were attracted_ by the volatiles of several
solanaceous and nonsolanaceous species. They concluded that olfactory orientation
would mainly lead adult beetles towards solanaceous specieé. Thus, secondary plant
substances play a major role in the host selection and ovipbsition preference of L.
decemlineata adults. '

Moreover, Hsiao (1978) found evidence for four distinct, geographically isolated and
host adapted populations of L. decemlineata in North America. He considered that this
finding implied that the formation of host races or biotypes among oligophagous insects
must be préceded initially by geographical isolation of the preferred and non-preferred

38



hosts, so as to allow sufficient time for the insect population to develop adaptation to the
less preferred host. '

Nevertheless, detailed study on one of the most typical examples of a monbphagous
insect, the silkworm Bombyx mori L., has demonstrated the inter-relationships of the
various chemical factors that control the various facets of host selection and ingestion of
larvae (Hamamura 1959, 1970).

Hamamura (1970) found that different chemicals were essentially controlling the
complexity of the insect-plant interaction in which the volatile secondary plant substances
may be involved in the initial phases of host location while nutrients act during later
stages. Thus, the isoprenoids present as secondary plant compounds in mulberry leaves
(e.g. citral, linaly acetate, linalool and terpinyl acetate et al. ) were all found to be
attractive to Bombyx mori larvae while foreign isoprenoids were unattractive. Factors
initiating biting were also the secondary compounds B-sitosterol, sioquercitin and morin.
However, the next step in the feeding sequence, which was termed 'swallowing factors',
was stimulated by a range of different chemicals, such as inositol, sucrose, silica and
potassium phosphate. These substances when combined with several nutrients in an agar
base, evoked feeding in Bombyx larvae. However, it was found that growth and
development of larvae were poor unless twenty per cent of mulberry leaf powder was
added to the agar diet. Thus, some secondary plant compounds, such as chlorogenic
acid, linolenic acid and oleic acid were identified as growth promoting factors present in
mulberry leaves. When additional nutrient chemicals, e.g. acetylcholine, gallic acid or
protocatechuic acid, were added to the artificial diet without leaf powder growth and
survival were improved, but the average weight of the cocoon produced was still below
that of larvae fed a leaf-based diet.

Currently it is generally agreed that host selection is based on insect responses to both
nutritional and non nutritional phytochemicals because the relative importance of nutrition
versus secondary chemistry may vary from insect to insect (Harborne 1988).

Harborne (1988) stated that 'secondary chemistry is usually the controlling factor, since all plants
are relatively similar in nutritional value’. He pointed out the two important facts in support of
this view. Thus, 'Since the primary biochemical processes within the leaf are practically identical in
all green plants, the relative amounts of sugar, lipid, polysaccharide, amino acid and protein are ihevitably
very similar. Again, physiological processes (¢.g. senescence) are more likely to affect nutritional status
in the plant than anything else’ (Harborne 1988). In addition, little concrete evidence has been
provided from insect feeding studies to suggest that certain plants are avoided because
they are nutritionally inadequate (van Emden 1973). '
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From this review it can be seén that the host specify by insects is very complex. The
diversity of insect/plant interactions related to plant chemicals cannot be explained by one
universal model. However, both theories on this subject have reasoned that the plant
chemicals are one of the most important factors controlling host specificity regardless of
nutritional or non nutritional phytochemicals. It appears that volatile secondary plant
compounds are more important in the initial phases of host selection, and that non-volatile
phytochemicals (nutrients or non nutrients) operate principally in the later stages of the
process. However, as complex relationships have not evolved in, nor operate in a void, it
must be considered that influences affectirig the life and development of both partners
must operate within the framework of a dynamic equilibrium existing between insects and
their potential host plants.

2.4. Introduction to chemotaxonomy

Plant taxonomy (botanical systematics) is the scientific study of (i) delimiting and naming
any group of plants considered to represent a distinct unit (taxonomic unit or entity =
taxon); (ii) airanging all recognised taxa in a logical classification (system); (iii) the
relationships between taxa; (iv)‘ the dynamics of evolution of characters and taxa and (v)
the dynamics of the evolution of characters and taxa in the past and present.
Chemotaxonomy (or chemosystematics) is the use of chemical characteristics for
taxonomic assessment. Comprehensive reviews of this discipline are provided by
Harborne (1968a,b), Smith (1976) and Harborne and Turner (1984).

The principles of chemosystematics have early beginnings. The early history is largely the
history of the medicinal use of plants. Early herbalists began grouping together those with
similar medical properties. By doing this they based their taxonomy upon the chemical
attributes of plants. Toward the end of the 17th century the groupings began to resemble
some of the modern plant taxa. The writings of 17th century taxonomists refer to the
importance of chemical properties of plant groups (Smith, 1976). The relationshipb
between chemistry and plant taxonomy has moved away from the pharmacological
aspects toward providing a source of new characteristics which may improve
classification and elucidate phylbgenies.

Today, the most common feature to be used as a chemical characteristic has been
biochemical including micro- and macromolecules and metabolic pathways (Harborne and
Turner 1984; Hegnauer 1986). The investigation of macromolecular characters involves a
broader spectrum of chemical characteristics, such as amino acid sequences of proteins,
which are more closely related to the genetic make-up of plants than secondary substances
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and provide valuable information about phylogeny and relationships at the higher
taxonomic categorical level (families, orders, classes) (Boulter and Parthier, 1982). The
investigation of micromolecular characters uses 'secondary plant products’ or 'secondary
metabolites’ which also provide an insight into evolutionary processes and, in general,
have been applied in the study of lower taxonomic categorical levels, such as species and
genus (Turner 1969; Seigler 1981).

2.4.1. Secondary plant products? as chemical characters for
chemotaxonomy

Secondary plant products are micro-molecular organic compounds which are non-
polymeric metabolic products. Included in this group are non-protein amino acids,
alkaloids, flavonoids, betalains, glycosides and terpenoids, etc.. Secondary compounds
can be defined as "compounds that have no recognised role in the maintenance of
fundamental life processes in the organisms that synthesise them" (Conn 1981). This
definition excludes the intermediates and end products of primary metabolic pathways and
compounds such as the photosynthetic pigments of green plants and the oxygen-carrying
pigments of mammalian blood (Bell 1981).

Many studies have indicated that secondary plant products, not less than the
morphological features of plants, are subjected to the selection pressures of the
environment (Harborne 1988 and references therein). Seigler (1981) suggested that, in
plant evolution, all characters of a plant are related and self-consistent while the rate of
change in the genetic material of a plant in large part depends on the function of products
produced. Therefore, the evolution of morphological and chemical features of a plant
must be interrelated but, significantly, the forces of natural selection do not have the same
effect on each type of genetic expression. And therefore the evolution of chemical
constituents may differ from morphological evolution through differences in selection so
that the two processes are not parallel from a taxonomic standpoint (Turner 1970).
Furthermore, for chemical constituents, the structure of any compound may be
determined by different biosynthetic procedures under different selective forces. This
suggests that not only the structure of a compound itself but the biochemical pathway
from which it has arisen may be of taxonomic significance (Harborne and Turner 1984).
. Many chemotaxonomic studies have shown that secondary plant products, in conjunction
with their metabolic pathways, have been valuable characters for resolving many
problems of speciation and evolution (Harborne and Turner 1984 and references therein).

The rationale for the application of secondary plant products has been discussed by
several authors (Hegnauer 1976, 1986; Seigler 1974, 1981; Harborne and Turner 1984).
From these, several viewpoints should be noted in mind before the determination of
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secondary compounds and their biosynthesis at what point has the sequence diverged and
what subsequent changes have come to pass. First, as discussed by Hegnauer (1976), the
biosynthesis and the accumulation of secondary products are distinct processes. These
authors suggested that the concentration of secondary plant products in plants may be
affected by natural selection operating on different processes such as the storage of
products which one observes as the accumulation or disappearance of an altered product
(e.g Seigler 1981). Second, one of the fundamental problems inherent in the taxonomic
application of secondary plant products is the determination of the origin of homologues
(Hegnauer, 1967). Analogues and homologues of secondary plant products should be
recognised with enough biogenetical information or sufficiently plausible biogenetical
hypotheses (Hegnauer 1986). Third, two taxa may synthesise or accumulate the same
prOducts by different pathways, therefore a relationship between these taxa is not
necessarily indicated by the mere presence of a compounds (Seigler 1974, 1977, 1981).
Fourth, even the structural characters of homologues is often not sufficient to indicate
phylogenetic relationships due to metabolic convergence which is a very common feature
and therefore should be examined carefully and compared with many types of characters
(Hegnauer 1986). Finally, many secondary plant products may perform diverse
ecological roles. This aspect should not be neglected because some of these compounds
may be more ecologically important so occur in unrelated taxa but less deviate from
essential metabolites.

2.4.2. Observable variation in secondary plant products and data
collection for chemotaxonomic studies

A rélationship between plant taxa is established by summarising the similarities among
groups of plant populations and contrasting their differences. From this procedure, the
plants can be considered to be either similar or closely related if they have many common
characters, and only distantly so (or at higher categorical levels) if differences outweigh
the similarities. In contrast to this, the important factors in evolution are change and the
ability to maintain variability (Seigler 1981). Many studies have indicated that secondary
pl’ant products within the plant may vary in their distribution such as the amount and
composition of classes of compounds which may be governed by age of either the plant
or its parts, by the plant's locality and its habitat, etc.. Furthermore, chemical character
data may also vary from experimental operations. The variability in chemical characters
found among individuals in an given chemotaxonomic study, as summarised by
Harborne and Turner (1984), may reflect several variables: (1) developmental differences
among the organs or organisms being studied; (2) environmental conditions prevailing at
the site or sites from which the samples are taken; (3) genetic differences among the
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individuals and Iiopulations studied; and (4) inconsistency of sampling techniques and
inconsistent techniques of extraction and analysis.

The amount and composition of phytoconstituents usually vary from different parts of an
individual plant at various developmental stages or ages during a plant's growth and
development which reflects the expression of enzymes. For example a given part of plant,
such as leaves of some eucalypt species, may have different morphological types between
juvenile and adult growth stages and essential oils may vary in these different leaves (e.g.
Boland et al. 1982; Boland ez al. 1990). The variability in the phytoconstituents of leaves
is also commonly associated with leaf age and seasonal variation (Zavarin et al. 1971;
Adams 1979). Harborne and Turner (1984) suggested that samples for chemotaxonomic
work can only come out of studies in which multiple comparisons are made of chemical
characters taken from comparable parts of plant at comparable stages of plant
development.

Furthermore, the phytoconstituents may also vary between plants within a population
associated with variation from genetic and environmental sources as do plant height,
flowering time or size of vegetative features (Cranmer and Turner 1967; Nowacki 1963;
Harborne and Turner 1984). Consistent sampling techniques and careful experimental
design are needed to avoid this variability in a chemotaxonomic study. In addition,
techniques for extraction and analysis should be carefully chosen. As has been pointed
out by Harborne and Turner (1984), if experiments in chemotaxonomy had recognised
these problems, most of the qualitative variability encountered would probably be due to

genetic variation while quantitative variability would probably reflect environmental
factors.

The principles and prabtices of describing the environmental and genetical variation of
plants were developed using morphological characters. Therefore, some .important
aspects of morphological classification and basic definitions relating to chemotaxonomy
are summarized here.

Variation in natural populations of plants can be partitioned into genotypic, environmental
and environment x genotype components of variation. The genotypic component is that
component of the phenotypic variation which is heritable and may arises through mutation
and recombination of genes (Davis and Heywood 1963). Environmental variation arises
through external factors such as spatial, temporal, physical and general ecological factors
etc.. The environmental x genotype interaction arises through the differential expression
of the genotype in different environments. Samples of natural populations confirm these

sources of variation. However, environmental components are minimised when samples
are taken from the same locality.
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The way to partition the phenotypic variation into causal components is either through
growing clones or families collected from field populations in a common environment to
determine the magnitude of the genotype x environment interaction. The genetic material
must be planted in trials established across a range of environments (e.g Potts 1985a,b).
The genetic components of variation can be further partitioned into additive and non-
additive components using various pedigreed mating designs (Lawrence 1984). From
these, the proportion of the phenotypic variation which is due to additive genetic effects is
termed the narrow-sense heritability whereas the proportion which is due to total genetic
variation is termed the broad-sense heritability.

In nature, species populations affected by geographical, ecological, or reproductive
barriers may exhibit clinal variation which tends to differentiate into a series of
populations with gradually accruing differences or ecotypic variation which is stepwise
variation associated with ecological differences (Davis and Heywood 1963). Where these
differences among populations increase sufficiently and especially when reproductive
barriers arise, these differentiating populations may be recognised as separate species
(Seigler 1981). In contrast, where the genetic variation within a local population is
discrete rather than continuous and individual variants are able to become new races by
migration and selection, the genetic variation in the population is termed a polymorphism.
Furthermore, species which comprise several races or subspecies, i.e. units with their

own combination of characters and area and (or) habitats are called phlytypic (Hegnauer
1986).

Variation in plant chemicals may be inconsistent with morphological characters (Pryor
and Bryant 1958), however, there is no reason to think that variation in chemical
characters has not occurred and is not maintained in a similar manner. Furthermore,
secondary compounds with specific structures and different biosynthetic pathways and
steps may better identify genetic control (Seigler 1981). Many studies have indicated that
variation in secondary compounds are also largely under the control of environmental and
genetic factors. Occurrence of variation in secondary plant products bearing on these
aspects, mainly with respect to flavonoids, terpenoids and alkaloids, have been discussed
by Hegnauer (1976), Seigler (1981), Harborne and Turner (1984). The reader is referred
to these comprehensive reviews.
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2.5. Essential oils - a background
2.5.1. Definition of essential oils

Steam distillation of plant material produces an extract known as 'essential oil' or 'volatile
oil' (Dell and McComb 1978). For the study of this thesis, the definition of essential oil is
the biologically oriented definition of Hegnauer (1982):

"Essential oils are complex mixtures of odorous and steam-volatile compounds which are deposited by

plants in the subcuticular space of glandular hairs, in cell organelles, in idioblasts, in excretory cavities
and canals or exceptionally in heartwoods".

From a chemical and biogenetical standpoint, essential oils are heterogeneous chemicals
commonly belonging to three different classes of compound: (1) mono-, sesqui- and di-
terpenoids which are derived from mevalonic acid; (2) phenylpropanoids derived from
cinnamic acid and (3) alkane derivatives (alkanes, alkenes, alkynes, alkanols, alkanals,
alkanoic acids: mostly acetogenins). An essential oil may be formed by components from
one, two or all three biogenetic families of compounds (Hegnauer 1982). It has to be
noted that many publications dealing with chemotaxonomic studies based on the analysis
of essential oils often use the term 'terpenoids’ or 'terpenes’, such as 'terpenoids are the
-main components of essential oil' (Dell and McComb 1978), in fact to include only
mono-, sesqui- and di-terpenoids but no other class of terpenoid compounds.

252, Chemistry and biosynthesis of terpenoid compounds

Terpenoids are the main components of essential oils (Dell and McComb 1978).
Terpenes, a generic term, can be recognised as compounds based on multiples of 5C
isoprene units (CsHg). Terpene compounds possess 5, 10, 15 or 20 carbon atoms, to
form hemi-, mono-, sesqui-, and di-terpenes respectively. The term 'terpenoid’ covers a
wide range of plant substances derived from isoprene units via common biosynthetic
pathways. Terpenoids can show modified structures which result in deviations from exact
multiples of the 5C structure (Dell and McComb 1978).

Monoterpenoids and sesquiterpenoids are compounds which contain a sequence of two or
three isoprene units joined together in the structure indicating their origin from either head
to tail or head to head units or derived from these initial condensations due to a range of
secondary chemical transformations (Loomis and Croteau 1981). They are biosynthesized
from mevalonic acid which is itself formed from photosynthates through the biologically
active isoprene isopentyl pyrophosphate plus dimethylallyl pyrophosphate. The
monoterpenes arise from a precursor, geranyl pyrophosphate, through the coupling of
two isoprene units, while the head-to-tail coupling of three isoprene units provides

45



farnesyl pyrophosphate to serve as the progenitor of the sesquiterpenes (Dell and
McComb 1978). ’

Since the 1960's separation and quantification of essential oils by Gas- Liquid—
Chromatography (GLC) has been the major technique and the number and chemical
typing of terpenes known to occur in plants has increased dramatically (Loomis and
Croteau 1973). The structures and occurrence of terpenoids in plants have been reviewed
by several authors (Devon and Scott 1972, Newman 1972, Nicholas 1973 and Robinsdn
1980; Erman 1985). The chemistry and biochemistry relating to terpenoids in this thésis,
such as chemical names and genetic category of structure, are based on those proposed by
Devon and Scott (1972).

Monoterpenoids may be classified simply into acyclic (open chain), monocyclic (one
ring) and bicyclic (two ring) compounds, where the monoterpenes of each group may be
further chemically subdivided into hydrocarbons and other functional groups such as
alcohols, aldehydes, ketones, acid and esters (Harborne and Turner 1984). However,
they can be structurally divided into four categories: acyclic, cyclopentanoid,
cyclohexanoid, and irregular monoterpenes. The first three categories are constructed by
the typical head-to-tail fusion of isoprene units and the last is atypical (Loomis and
Croteau 1981). Furthermore, the monoterpenes are genetically classified into acyclié,
menthane (monocyclic), pinane, bornane, carane, thujane and iridane classes according to
their original genetic skeleton (Devon and Scott 1972; Charlwood and Banthorpe 1978).

Sesquiterpenoids are also mevalonate derived but their structures are based on three
isoprene units so that they have C;s skeletons (Harborne and Turner 1984). They may be
classified into four major groups; acyclic, monocyclic, bicyclic and tricyclic (Erman
1985). Because sesquiterpenes contain one more isoprene unit than monoterpenes, this
allows much greater flexibility in the construction of sesquiterpenoid compounds. Almost
200 different carbon skeletons and several thousand individual sesquiterpenes have been
identified. Most are formed by the typical head-to-tail fusion of isoprene units while the
many atypical types can be regarded as rearrangement products of a more typical head-to-
tail structures (Loomis and Croteau 1981). Details of these structures and genetic skeleton
fypes of sesquiterpenoids, are provided by Devon and Scott (1972).

Plant monoterpenes and sesquiterpenes are usually synthesised and accumulated in
complex secretory structures. These specialised structures appear only in particular
organs at particular stages of plant development. Their formation is greatly influenced by
environmental conditions. The biosynthesis of monoterpenes and sesquiterpenes may be
restricted to certain times and places in the life of the plant as it is a regulated process. The
biosynthesis of monoterpenes in plants has two stages: (i) the early stage results in the
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biosynthesis of geranyl pyrophosphate (GPP) from acetyl coenzyme A (acetyl-CoA) and
(ii) the later stage by the metabolism of monoterpenes from GPP. The early stage of the
biosynthesis of sesquiterpenes is the biosynthetic process from acetyl coenzyme A to
farnesyl pyrophosphate (FPP) and the later stage proceeds from FPP to essential
sesquiterpene metabolism. Detailed information on the origin and biosynthesis of
monoterpenes and sesquiterpenes are contained in Banthorpe et al. (1972); Roberts
(1972); Banthorpe and Charlwood (1972, 1977); Rucker (1973); Cordell (1976);
Charlwood and Banthorpe (1978); Anderson ef al. (1978); Cane (1980); Loomis and
Croteau (1981) and Dev et al. (1982) and more recent works in conjunction with early
research in this field are discussed by Croteau (1987). The most recent review dealing
with the regulation of monoterpene biosynthesis is that of Gershenson and Croteau
(1990). Based on these reviews, aspects of the biosynthesis of monoterpenoids and
sesquiterpenoids, which relate to this thesis, will be summarised and discussion in
conjunction with the results of oil analysis in Chapter 4.

2.5.3. Function and ecological significances of leaf oils to insects.

The major functions of volatile terpenoids in plants are ecological. They are commonly
ascribed to play an allelopathic or allelochemic role while recent evidence has
demonstrated that they are either rapidly synthesised or catabolized and thus may play a
dynamic role in metabolism. Studies in this field have been reviewed by Rice (1974),
Hanover (1975), Harborne (1977, 1982, 1988), Deverall (1977), Swain (1977), Erman
1985, Croteau 1988). Recently, reviews dealing with the interactions between plant
essential oils and terpenes have been provided by Saxena and Koul (1982) and Brattsten
(1983). Based on these reviews in conjunction with other references, the major aspects of
ecological functions of volatile terpenoids are summarized as follows.

The most common function that has been attributed to volatile terpenoids of plant is an
allelopathic role in the plant-insect relationships. The function of volatile terpenoids has
been suggested to make a major contribution to floral fragrances which serve as
attractants to animal pollinators to plants by odour, such as the pheromone-flower scent
interaction that attract bees to orchid flowers (Harborne 1988 and references therein).
They may also serve as allelopathic agents in a defensive role against either predators and
pathogens (Gershenson and Croteau 1990), or as non-specific toxicants produced in the
defensive secretions of many insects (Harborne 1988). Terpenes have received the most
attention from entomologists working on insect-tree relationships, and the specific
composition of terpene vapours emitted by trees is particularly relevant to the problem of
host selection by insects (Hanover 1975). Some fundamental roles of many volatile
terpenoids to insect-plant relationships have been explored by many workers. They have
shown that the many volatile terpenoids involved in insect-plant relationships may act as
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attractants/repellents, feeding stimulants/deterrents, insecticides, ovicides, synergists,
insect growth regulators and chemosterilants, etc. (Saxena and Koul 1982).

Communication between insects is known to be controlled by chemical signals, which
take the form of volatile organic constituents released vby one insect to affect another
(Birch and Haynes 1982; Bell and Carde 1984). These substances are active in very small
amounts and have been named as pheromones which can be defined as chemicals
excreted by an organism that conveys information to another individual of the same
species (Lincoln et al. 1982). In higher plants, volatile chemicals (mostly terpenoids) are
involved in interactions between organisms, such as the detrimental allelopathic effects
involving monoterpenoids and other compounds that occur between one higher plant and
another (Harborne 1988). ' '

Like pheromones, volatile terpenoids may act as (i) a sex attractant which elicits sexual
displays by providing sex stimulant signals to male insects or attracting either sex (Vogel
1963; Bowers and Bodenstein 1971; Satoshi ez al. 1975; Nishino and Tsuzuki (1975),
and (ii) trail pheromones, such as feeding attractants, which are used by social insects to
lay down an odour trail which other members of the species follow to guide them to a
food source and back to the nest (Hamamura and Naito 1961; Rudinsky 1966; Gueldner
et al. 1970; Payne 1970; Werner 1972; Birch et al. 1972; Sumimoto et al. 1974; Hedin et
al. 1974; Reiter et al. 1977). Moreover, volatile terpenoids may also act as oviposition
stimuli (e.g. Wiklund 1975). In contrast, some volatile terpenoids repel the insects and
produce alarm and therefore act as alarm pheromones. For example, many volatile
terpenoids have been reported to repel or mimic alerting or alarm pheromones of some
insect species (Mayer 1952; Oksanen et al. 1970; Moore 1974; Hedin et al. 1974,
Bordasch and Berryman 1977; Dabrowski and Rodriguez 1971; Hubbell ez al. 1983;
Saxena and Okech 1985).

Volatile terpenoids have been found to play an important role in the chemical defences of
plants, thus they act not only as alarm pheromones as above but also deterrents which
hinder the trophic relationships existing between insects and their host plants. For
example, mixtures of mono- and diterpenes in pine resin, o— and B—pinene are probably
major deterrents as they are known to be highly obnoxious to most arthropods (Harborne
1988). Many workers have reported that some volatile terpenoids inhibit feeding (e.g.
Wada and Munakata 1967, 1971; Wada et al. 1968; Beck and Reese 1976, Rhoades and
Cates 1976) and some monoterpenoids, such as p-cimol, terpinen-4-ol and o~terpineol,
may exert an antifeedant effect by contact action (e.g. Gombos and Gasko 1977).

Furthermore, many instances have shown that volatile terpenoids may act as toxicants
(insecticides) killing the insects after contacting the body or following ingestion.
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Altemati\}ely they may act as ovicides to kill the embryo in the egg stage of insects.
Essential oils from many plant Aspecies have been reported to possess an insecticidal
property against insect pests (€.g. Su et al. 1972; Saxena 1973; Ohigashi and Koshimizu
1976; Tipnis 1976; Oda et al. 1977 in Saxena and Koul 1982; Brattsten 1983). Pure
compounds from essential oils, such as the monoterpenoids cineole, a—pinene,
camphene, carvacrol, carvone, d- and /-limonene, citral, citonellol,'geraniol, and B—
phellandrene and the sesquiterpenoids farnesol and eugneol have been found to possess a
lethal action against house flies with the mortality rate ranging from 0-37% for adults and
28-63% for larvae (Sharma 1974 referenced by Saxena and Koul 1982). More recently,
Shaaya et al. (1991) assessed the fumigant activity of 28 essential oils extracted from
various spices, against the adult beetles Rhyzopertha dominica, Oryzaephilus
surinamensis, Tribolium castaneum, and Sitophilus oryzae. They found that three groups
could be distinguished within the 28 essential oils, similarly, the major oil constituents
were active against the four major stored-product insects. Thus, the compounds terpinen-
4-0l, 1,8-cineole, and the extracted essential oils characterized by these éomponents were
most active against R. dominica while the compounds linalool, a—terpineol, and
carvacrol and the essential oils predominated by these components were most active
against O. surinamensis. Similarly, the compound 1,8-cineole and the essential oils of
anise and peppermint were active against T. castaneum.

On the other hand, the toxicant effect of volatile terpenoids exhibited as ovicides to kill the
insects at the egg stage consisted of preventing exchange of gases, hardéning the ehorion
thus preventing hatching, imbalance in water content, softening or dissolving of shell,
coagulation of protoplasm or interference with enzymes and hormones (Saxena and Koul
1982 and references therein), Reports have shown that citrus oil is effective against
Callasobruchus chinensis (Vogel 1963; Tipnis 1976). The effects of many identified
monoterpenoids and sesquiterpenoids have also been recorded (Saxena and Sharma
1972).

2.5.4. Distribution and chemotaxonomy of the essential oils

The distribution and chemotaxonomy of natural plant products throughout the Plant
Kingdom has been reviewed by Hegnauer (1962, 1963, 1964, 1966, 1969, 1973),
Thorne (1976) and (Seigler 1981) and for angiospermous plants by Gibbs (1974) and
Young and Seigler (1981). The distribution and chemotaxonomy of essential oils in
plants has been discussed by Hegnauer (1982) and many aspects of chemotaxonomic
studies using volatile terpenoids by Harborne and Turner (1984). For detailed
information of distribution of essential oils, the reader is referred to these reviews.
Important aspects relating to this study are briefly reviewed below based on these sources
of information in conjunction with other published works.
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The essential oils widely occur throughout the Plant Kingdom but the bulk of essential
oil-bearing plants belongs to spermatophytes (seed plants). In Gymnosperms, essential
oils are ubiquitous in Coniferopsida and Taxopsidae which possess schizogenous cavities
and canals and, in Cycadopsida, essential oils appear to be restricted to Ginkgo biloba L.
(lysigenous cavities). Chlamydospermutes seem to be devoid of essential oils. Within the
angiosperms, which are classified into 62 orders according to Engler's Syllabus (1964),
essential oils occur in 46 orders (Hegnauer 1982).

Essential oils have been extensively used as taxonomic markers in studies of
gymnosperms due to their wide distribution in the leaves of conifers. Today, most
available knowledge on chemotaxonomic studies using essential oils has been provided
by these studies. In contrast, although many medicinally and industrially useful
angiosperms are rich in essential oils much less work has been done on their
chemotaxonomy. This may, partly, be due to the irregular distribution of essential oils in
angiospermous families ‘(Harborne and Turner 1984). For example, Myrtiflorae
(=myrtales) contains 17 families but only the family Myrtaceae are essential oil-bearing
plants throughout (Hegnauer 1982). For these reasons, the following review of
chemotaxonomic study using essential oils is drawn from the information and ideas from
studies in gymnosperms and, for angiosperms, is concentrated on the genus Eucalyptus.

2.5.5. Chemotaxonomic studies using essential oils in gymnosperms

Chemotaxonomic studies ﬁsing essential oils in gymnosperms have focussed on conifers
and many results have shown that terpenes from essential oils certainly meet the four
basic réquirements, as indicated by Harborne (1967), for chemotaxonomic study. First,
many essential oils contain a large number of components some with over 100 individual
terpene components and therefore possess both chemical complexity and structural
variety. Second, in many plant species, the terpene composition remains unchanged
during certain stages of plant ontogeny and this can be regarded as physiological stability.
Third, the wide variety and distribution of volatile terpenoids found in many plant
families such as discusSed above. Finally, GC-MS apparatus is available for the
identification of most volatile terpenoids while recent GLC apparatus provides high
resolution for quantitative assessment so that the compound could be easily and quickly
identified and quantified (von Rudloff 1975).

Moreover, recent biochemical research has provided greater understanding of the
biogenetic and biosynthétic pathways of terpenoid synthesis and, especially
monoterpenoids. Many studies of coniferous essential oils indicate that it is possible to
arrive at biosynthetic relationships between various monoterpenes by observing their co-
occurrence and in many céses, certain terpenes are closely linked in biogenetically related
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groups which have agreed to the principals of current hypothesis and theories, e.g.
Zavarin (1970), von Rudloff (1975), Rhoades et al. (1976), Lincoln and Langenheim
(1976, 1981), Bailey et al. (1982), Zavarin and Snajber (1985). A chemotaxonomic
study of volatile leaf oils of North American conifers by von Rudloff (1975) has provided
an excellent over-view of the suprafamilial value of biochemical relationships of terpenes
as systematic markers. Different biogeneﬁcally related terpenoid groups concurred with
hypothetical pathways that were closely correlated to genetic variation of Conifers at the
species and subspecies levels. These findings indicated that chemotaxonomic studies
using essential oils could be based on biogenetic pathways when they are supported by
sufficient biogenetic hypotheses and statistical correlations.

However, as a tool for chemotaxonomic study, essential oils have many inherent
problems owing to their reactive nature toward developmental and environmental factors.
As has been discussed by Harborne and Turner (1984), during the early developmental
stages plants and their organs are likely to show considerable variation in terpenes
especially. In the foliage of conifers, many studies have indicated that quantitative and
qualitative variation in essential oils is affected by seasonal age and the most serious
errors in chemotaxonomic studies are those relating to seasonal variation (von Rudloff
1968; Zavarin et al. 1971; Adams 1970a, 1972a,b).

A point of controversy is the actual cause of seasonal variation; whether it is genetic or
environmental and whether losses and gains are due to catabolism, biosynthesis or
interconversions.

Adams (1970a) found that the most volatile terpenoids in the leaves actually increased
during the hottest months and the least volatile decreased and suggested that the volatile
terpenoids were either being produced at a greater rate than they were being lost, or that
non-volatiles were being produced at a lower rate than in winter. Some studies suggested
that the variability of volatile terpenes during the flush period was due to the diluting
effect of young leaves. However, over the same period of time, only minor changes in
the older leaf material were observed (von Rudloff 1972a). Thus seasonal variation in
volatile terpenoids are mainly due to changes in the young leaves during the growth
flushes.

Adams (1970a) also found that variations in terpenes occur during the aging process of
leaves and this was due to the physiological age of leaf material which is of utmost
importance when studying the essential oil of any given tree. Oil components have been
found to change rapidly in young actively growing leaves and is evident during growth

flushes as it is then that a large amount of young material is present (Adams 1970a; von
Rudloff 1972a; Zavarin et al. 1971). |
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- In contrast, in the dormant period oil composition stabilises due to the small amount of

..~ young, actively growing material. There is little or no change in terpene composition in

_ conifer leaves in Canada from the fall through the winter and this period can be regarded

_as one of physiological stability (von Rudloff 1975). Adams (1970a,b) found that the
~ distillates of 'bulk' foliage may show measurable quantitative variation in the winter
~ months which is less than that reported for the summer. Adams and Hagerman (1976),

. claimed that failure to separate bud material and developing needles from mature foliage

~ may add considerable variability into samples. Furthermore Adams (1974) and Adams

- and Powell (1976) found that the winter foliage was least variable from month to month

" and from year to year, presumably because, during this period, the metabolic activity of
plants is at a minimum.

- Therefore, Harborne and Turner (1984) suggested that some standardisation involving
season and age should be considered to minimise these variances, such as omitting those
- data which were detected to be associated with random changes through computation and

omitting very young leaves from samples. Studies on some conifer species have shown
 that the quantitative composition of volatile terpenoids of leaves remain constant during

later summer, fall and winter, such as those samples reviewed by Harborne and Turner
"~ (1984), e.g. von Rudloff (1962, 1966, 1967a,b, 1972a,b), Pauly and von Rudloff
(1971), Juvonen (1966), and Zavarin et al. (1971).

- The genetic make-up of the individual plant determines the types of components which
can occur. Generally, the environment cannot alter this fact but it can cause variation in

~levels by triggering innate biochemical processes to varying extents. Environmental

conditions such as temperature and photoperiod could cause changes in enzyme activity
resulting in either decreased or increased synthesis of some components (Adams 1970a,b;
Flake et al. 1973; von Rudloff 1975; Lincoln and Langenheim 1978). Although the
potential yield of an individual tree is determined genetically, however, yield is more
affected by environmental factors than oil composition (von Rudloff 1972a), for
satisfactory rainfall and warm temperatures in the dormant and post-dormant periods were
’ - very important for the attainment of maximum yield of oil during the growth period.

- In fact, the flush period varies annually in commencement, intensity and duration being
‘dependent upon climatic conditions and rainfall. von Rudloff (1972a) found that while oil
“yield fluctuated seasonally it did not vary significantly over a five year period when
'samples were collected in the winter of each year. This showed that certain environmental

- conditions always affect oil yield in a similar manner.

. Studies in gymnosperms had indicated that the variation of leaf oils were under strong
genetic control and even though environmental factors were found to induce quantitative
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variation in thcse terpenes almost all quantitative variation was under fairly strong genetic
control (Mirov 1956; Hanover 1966, Squillace 1971; Rockwood 1973 and von Rudloff
1972a). The genetic control of 0il compositional variation among Satureja douglassi had
been demonstrated by growth of plant under controlled conditions and by hybridization
(Lincoln and Langenheim 1976, 1981). Comer et al. (1982) compared volatile
consitituent between juvenile foliage collected from 78 Juniperus virginiana and 28 J.
scopulorum seedling sources growing in a “common garden” environment. They found
that the species differences were maintained and the clinical patterns were indicated.

The genetic variation in essential oils of gymnosperms has been found to show
interspecific and intraspecific variation and therefore these essential oils have been used to
define species, detect hybridisation, confirm the presence of geographical races and to
confirm generic and tribal limits.

Use of oil patterns for defining species has shown that species-specific patterns in leaf
volatile are the rule rather than the exception, e.g. Bothriochloa (de Wet and Scott, 1965),
Monarda (Scora 1967), Salvia (Emboden and Lewis (1967) and Single-Needle pines
(Zavarin et al..1990). Leaf oils could indicated interspecific taxa between species (Adams
and Hogge 1983) or infraspecific taxa (Adams and Turner 1970; von Rudloff er al.
1988). Individual trees which were difficult to identify on the basis of morphology could
be identified on the basis of their oil chemistry (Mirov ez al. 1966a,b; Adams and Turner
1970). On the other hand, studies on essential oil of conifers have also demonstrated that
variations in chemical characteristics may parallel morphological differentiation in some
fir species (Zavarin et al. 1978) and Pinus species (Snajberk and Zavarin 1986).

Oil characteristics have been used to define some complex infra-species variation. The
differentiation of oil chemistry between populations within a species may enable
identification of populations which are apparently diverging from the "core" of species of
junipers (Adams and Turner 1970). The variation in oil chemistry between populations of
Juniperus ashei and J. pinchotii could be explained in relation to the pre-history of the
area (Adams Vv1975a). The leaf oils were used to identify whether or not variation observed
in J. virginiana was due to introgression of J. ashei. These work indicated that J.
virginiana showed clinal variation and that there was no biochemical evidence to suggest
that J. ashei was involved (Flake er al. 1973; Flake and Turner 1973).

The difference between species may be such that hybrids can be identified by an oil
chemistry that is intermediate of the suspected parent species (Adams 1970b). Essential
oils have been used to detect hybrids occurring in natural populations of conifers
especially where morphological characters overlap and can not be used (Harborne and
Turner 1984 and references therein). Terpenoid data has successfully demonstrated the
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introgression of Pinus monophylla into P. quadrifolia by natural hybridisation (Snajberk
et al. 1982) and P. cembroides into P. discolor (Bailey et al. 1982).

Some chemotaxonomic studies of gymnosperm essential oils dealing with geographic
variation undertaken by von Rudloff (1972b) and Zavarin et al. (1975, 1982, 1990,
1991), have shown that essential oils did demonstrate geographic population groups and
geographic relationships. Moreover, geographic patterns of terpenoid composition have
been found to involve different biogenetic relationships of terpenoids (Lincoln and
Langenheim 1976; Zavarin and Snajberk 1985).

The specific nature of gymnosperm essential oils has proved useful to determine gene
flow within and between taxa and for the identification of hybrids. Clines within species
have been detected, as have areas of divergence from species "cores” and introgression.
In addition, analysis of leaf oils of North American conifers has provided good examples
that demonstrate that essential oils of conifers are useful in determining differentiation of
species and varieties, in population studies and, in favourable instances in the study of
hybrids, intermediates and introgressives (von Rudloff 1975). von Rudloff (1975) has
reviewed the chemotaxonomic studies of the essential oils of conifers from which a
number of generalisations can been made.

2.5.6. Chemotaxonomic studies using essential oils in angiosperms,
especially Eucalyptus

In contrast to gymnosperms, very few of the essential oils of angiosperms have been
investigated chemotaxonomically and no genus has been investigated
chemotaxonomically using essential oils to the extent of the conifers. Studies of eucalypt
essential oils which have been made have been for commercial purposes rather than
biological. With these limitations, information which relates to this thesis are reviewed
below.

Studies on essential oils of Eucalyptus

Essential oils from the leaves of eucalypts with commercial value have attracted interest
since the first settlement of Australia. Early studies into the identification of the
composition of individual oils and their classification into groups according to their
suitability for medicinal, industrial and perfumery purposes were commenced by a French
chemist, Close, in 1870. In these initial studies, Close named the principal constituent of
E. globulus oil as ‘eucalyptol’ (Read 1944) which was later isolated and correctly
identified as 1,8-cineole by Jahns in 1884 (Boland 1991). A eucalypt oil industry was
well established by 1900. A number of species were harvested in the southeastern states
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of Australia and the country became the largest eucalypt oil supplier to the world market
until about the end of World War I (Small 1977).

Baker and Smith (1920), two famous early researchers now regarded as the fathers of
organic chemistry in Australia, investigated the chemical composition of the eucalypt oils
of more than 300 known species growing in all parts of Australia, although they had
difficulty in obtaining samples from more remote localities. Their results were published
in 1902 and this was perhaps the first publication which dealt with the chemical characters
of species of this large genus. From that time, they continued research and identified 40
different constituents from eucalypt oils. They had a profound and lasting impact on
eucalypt oil chemistry and produced a revised edition of their 1902 edition in 1920 (Baker
and Smith 1920; McKern 1968; Boland 1991).

Following Baker and Smith (1920), research into essential oils in Australia continually
emphasised the commercial exploitation of essential oils for pharmaceuticals and industry
and the main concern was to locate areas where the commercially viable chemical forms
dominated (McKern 1968). It was considered up to the end of the 1940s that the essential
oils from Western Australia had been largely overlooked and today a similar situation

exists with eucalypt species growing naturally in the remoter tropical parts of Australia
(Boland 1991).

Meanwhile, during this period, some chemical researchers had also made other studies
relating to biology, such as work by Penfold and Morrison (Boland 1991). These
workers investigated the variation of oil received from bush distilleries and made a
significant finding. They found that although chemically distinct forms of a species
existed, in many cases adjacent trees contained different chemical forms such that "several
varieties or forms of Eucalyptus dives existed, distinguished only by chemical means”
(Penfold and Morrison 1927). Their studies, mainly with peppermint eucalypt species,
indicated a number of chemical forms, which they termed 'physiological varieties',
existed in a range of distinct species which could be interpreted biologically as being
chemical forms of the same species (Penfold and Morrison 1927, 1935). Furthermore,
investigations of the seasonal variation of oil composition occurred during that time, e.g.
Penfold and Morrison (1935) and Berry (1947). Beside that, the inheritance of oil
characteristics was investigated by Pryor and Bryant (1958), although they have not been
able to predict the chemistry of hybrids and very little correlation between morphological
characters and terpenoid contents were found.

The early chemical investigations of eucalypt oils were limited by several factors, which
have been summarised by Boland (1991), e.g. a notable lack of knowledge of terpene
chemistry provided an obstacle to further investigations and often led to erroneous results
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in the identification of oil constituents and also the lack of sufficiently accurate analytical
techniques. Although Bellanto and Hidalgo (1971) published infrared spectra for the
essential oils of a wide range of plants, infrared spéctroscopy was not featured as a
primary means of identification of essential oil composition and did not result in any
major breakthroughs in chemotaxonomic studies. This deficiency was overcome by the
development of GLC analysis, particularly when GC-MS was employed (Boland 1991).

After 1960, examination of eucalypt oils considered many aspects beside just commercial
investigation. Biological studies of eucalypt oils involved both ecological and genetic
studies and the heritability of specific oil traits. Investigations of the different aspects of
these studies have been summarised in Boland e al. (1991) in which most available
published and some unpublished references are included. In this book, many
investigations relating to biology have been reviewed by Doran (1991) while the principal
components of essential oils from all eucalypt species which have been examined have
been summarised by Lassak er al. (1991). The composition of essential oils from leaves
of 111 species, including some Tasmanian species provided by this studies of this study
are included (Brophy et al. 1990). Although the main aim of the book, Eucalyptus leaf
oils, was for commercial purposes a clear profile of the distribution of essential oils
among eucalypt species is given. Based on this book, some aspects relating to this study
are summarised, in conjunction with other studies, below.

Distribution of essential oils in Eucalyptus

The essential oils of the genus Eucalyptus, which is classified into seven subgenera
according to Pryor and Johnson (1971), are restricted to six subgenera with the exception
of the subgenus Gaubaea. In the subgenus Corymbia, the essential oils are characterized
by the bicyclic monoterpenoids a— and B—pinene as principal components while the sole
species, E. citriodora, is characterized by citronellal which distinguishes this species from
nearly all other eucalypt species. Only the essential oils of four species from the subgenus
of Eudesmia have been reported and they are characterized by high levels of either o— and
B—pinene or d- borneol and 1,8-cineole. The subgénus Idiogens contained only one
species but two forms of essential oils have been reported, one characterized by o— and
B—pinene and the other by the phenolic compound, Tasmanone, as principal components.
The subgenera Monocalyptus and Symphyomyrtus contain most species of eucalypts
with 134 in Monocalyptus and 483 in Symphyomyrtus '(Pryor and Johnson 1971)

Of the 134 species in the subgenus Monocalyptus, essential oils have been recorded for
about half of them (Lassak et al. 1991). However, there was no regular distribution of
chemical types of essential oils restricted to this sub.g_enus or series within the subgenus.
The essential oils found indicated a wide variation among species and also within species.
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Within the series Piluquae, some species produced leaf oils charactérized by a—pinene
and/or 1,8-cineole as major components, some by the sesquiterpenoids o—, B— and y-
eudesmol and some by other compounds. In only two species, E. aggregata and E.
mckieana, were the essential oils found to be characterized by high percentages (90% and -
60%) of the phenylic ester B—phenylethyl phenylacetate as the principal component.
Nevertheless, the essential oils of most species of the series Obliquae tended to be
characterized by o~ and B—phellandrene, piperitone, cis- and trans- piperitol and p-
cymene and a few by either a—, B— and y—eudesmol or 1,8-cineole as principal
components. Moreover, the essential oils of series Piperitae showed mainly three major
chemotypes, piperitone, o.—phellandrene or 1,8-cineole predominaxit types. Notable
variation in essential oils within species was found in this series where species occur in a
- wide range of habitats, thus E. dives has multiple chemotypes of essential oils which
have been named by Lassak et al. (1991) as: (1) 'type' chemotypes [piperitone (53%),
o—phellandrene (20%)]; (2) 'var. A' chemotype [piperitone (2-8%), o—phellandrene (60-
80%)]; (3) 'var. B' chemotypes [o—phellandrene, 1,8-cineole (25-45%), piperitone (12-
18%)]; and (4) 'var. C' chemotype [1,8-cineole (68-75%), terpineol, geraniol and citral].
In addition, five chemotypes of essential oils for this species were proposed by Johnstone
(1984).

In the subgenus Symphyomyrtus, the largest subgenus of the genus Eucalyptus with over
480 species, essential oil compositions for over 170 species have been determined
(Lassak et al. 1991). In contrast to the subgenus Monocalyptus, Symphyomyrtus shows
less variability in its composition of essential oils. The essential oils of most species of
Symphyomyrtus contain high amounts of 1,8-cineole plus a—pinene as principal
components with few other prominent compounds. It is considered that the essential oils
of Symphyomyrtus species are characterized by 1,8-cineole and related oil compounds.

Variation in essential oils of Eucalyptus

Like gymnosperms, sources of natural variation in essential oils of Eucalyptus may be
attributed to three major factors, genetic, developmental and environmental factors.

(1) Genetic variation studies in essential oils of eucalypts and other
angiosperms

As in conifers, the essential oils of Eucalyptus tend to show more variation at low
taxonomic levels. Doran (1991) suggested that the leaf oils of Eucalyptus have assisted
botanists in the interpretation of patterns of variation within and between species and in
detecting hybrids. Thus, “qualitative differences are most common between species while variability

within species, although by no means exclusively, is quantitative in nature” (Doran 1991).
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Some early investigations into the essential oils of a number of eucalypts were concerned
with the description of essential oil composition of specific samples and did not consider
the variability of composition within species (e.g. Willis ez al. 1963; Hellyer et al. 1964,
Hellyer and McKern 1966; Lassak and Southwell 1969). More recently, the publication
of the essential oils from a large numbers of eucalypt species based on GC-MS analysis
has shown that the essential oils of many eucalypt species that are closely related
taxonomically differ substantially in chemical composition (Brophy ez al. 1991). Some
studies of genetic variation of eucalypt essential oils were concerned not only with
variability between species but also within species. For example, a study into variation
and relationships between numbers of the "ovara” group of eucalypts, which considered |
both geographic morphological and chemical variation, has indicated that variation in
essential oils is related to gene flow within and between species (Simmons 1974).

Within a given eucalypt species there may also exist a number of physiological forms
which can be separated on the basis of their essential oil composition. This variation is
most common in species which have a large geographic distribution. Local populations
evolve particular adaptations to their specific environments and this results in apparent
geographic variation which can lead to genetic divergence between populations through
limited gene exchange (Johnstone, 1984). Even in species with no marked physiological
forms there are often significant differences between individual trees grown at the same
location. This indicates that biochemical processes resulting in oil formation are subject to
separate genetic control. '

Many chemical forms have been reported for eucalypt leaf oils and they are defined as
‘plants in naturally occurring populations which cannot be separated on morphological evidence, but
which are readily distinguished by marked differences in the chemical composition of their essential oils'
(Penfold and Willis 1953, cited by Doran 1991) . These chemical forms did not appear to
be correlated with seasonal, geographic, leaf age variation or hybridisation and appeéred
to be under strong genetic control. The chemical forms have now been simply referred to
as biochemical variants, forms, chemoforms, chemovars or chemotypes, etc.. Generally,
they could be well defined and readily distinguished from each other, such as the five
chemical forms of E. dives, six of E. radiata, four of E. citriodora and E. racemosa (syn.
E. micrantha), three in E. elata (syn E. andreana), and two in E. piperita (Doran 1991).
Studies on variation in essential oils within a complete population of E. radiata indicated *
that chemically distinct forms of the species exist and that they are not correlated to any
environmental parameters within a restricted locality (Bouchier 1976). However, study in
E. punctata spp. punctata indicated that there was a wide variation in the leaf oil
composition between individual trees and no grounds for the establishment of chemical
varieties within this subspecies (Southwell 1974). o
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During crossing or hybridisation, the progeny will adopt characteristics of each parent
and the way they interact will determine the final oil composition. Recent studies have
indicated that oil characteristics in Eucalyptus appear to be strongly inherited, such as the
high family heritabilities of 0.83 for 1,8-cineole yield in E. kochii (Barton et al. 1991)
and individual tree heritabilities for 1,8-cineole yield of 0.5 in E. camaldulensis (Doran
and Matheson in Doran 1991). Moreover, eucalypt essential oils have been reported to be
also strongly inherited in hybrids in which the parents belong to different species and the
oil characters have been used to detect hybrids (e.g. Simmons 1985). The strong
heritability of oil traits in eucalypts suggests the possibility of increasing oil yield or
yields of particular components by establishing plantations of genetically improved trees.

While the information of genetic studies in eucalypt essential oils is limited, studies in
essential oils of other angiosperms, and particularly the family Labiatae, have provided
many examples which indicate that essential oils are under strong genetic control. Some
studies have involved the biosynthetic characteristics of essential oils, such as that for
Mentha (Labiatae) (e.g. Burbott and Loomis 1969; Croteau et al. 1972) and reviewed by
Hefendehl and Marry (1976). For example, studies of Mentha (Labiatae) have
demonstrated the genetic control of oil inheritance through a series of controlled crosses
in which a single incompletely dominant gene controls the production of menthol or
menthofuran in Mentha aquatica (Murray and Hefendehl 1972), whereas another gene
largely prevents either the conversion of limonene into isopiperitone or o.—terpineol into
terpinolene (Murray and Hefendehl 1973). Thus, Hefendehl and Marry (1976) have
claimed that the biosynthesis of the compounds of Mentha essential oil must be
genetically controlled and qualitative variation determined by controlling genes while
environmental influences normally affect oil yield. Moreover, genetic studies into
polyploidal strains and gene-inhibited strains derived from convergent backcrosses in
Mentha have shown that the systematic creation of proper gene combinations could lead
to the accumulation of large amounts of specifically selected components. ‘

Studies in essential oils of other members of the family Labiatae have also shown similar
results to that in Mentha. For example, a study of natural populations of Thymus vulgaris
showed that different chemical forms of the species when established in progeny trials
were stable and clearly genetically determined features of the plants (Granger and Passet
1973). Backcrosses in three taxa within the genus Hedeoma also led to possible genetic
models of inheritance of monoterpenes (Irving and Adams 1973).

Chemical forms of essential oils have also been found in some other angiosperms, such
as chemical forms found in Bursera microphylla (Burseraceae) which corresponded to
morphological variation patterns (Mooney and Emboden 1968). A number of chemical
forms were detected in Chrysanthemum vulgare (Compositae) and controlled crosses of
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different forms suggested that every step of terpenoid biosynthesis may be under genetic
control (Forsen and von Shants 1973). Furthermore, Hefendehl and Forces (1976, 1978)
have found that a number of chemical forms of Elyonurus viridulus (Poaceae) could be
attributed to divergences in the early stages of terpenoid biosynthesis.

(2) Developmental variation

In contrast to conifers, five distinct morphological types of leaves may occur during the
life time of different eucalypts species: (1) cotyledons; (2) 'seedling’ leaves; (3) ‘juvenile’
leaves; (4) 'intermediate’ leaves; and (5) 'adult’ leaves (Doran 1991). Perhaps, the most
typically distinct morphological types of eucalypt leaves are between adult and juvenile
leaves. Nevertheless, it should be noted that these leaf types recognised are the different
developmental stages of tree but not the physiological leaf age commonly denoted by the
terms 'young leaf’, ‘mature leaf’ and 'aged leaf' as described by (Penfold and Willis
1961 in Doran 1991). Therefore, the variation in essential oils of eucalypt leaves
attributed to developmental factors may reflect to both distinct morphological types (e.g.
juvenile and adult) of leaves which related to the development of tree and physiological
leaf age which related to the development of leaves within a developmental stage of tree.

Doran (1991) stated that few studies of variation of eucalypt essential oils have adequately
define sampling controls such that the data can be on identity assumed to be free of the
confounding influences of ontogeny and of physiological leaf age. Some studies:
suggested that the effects of ontogeny on eucalypt essential oils are mainly quantitative
variation rather than qualitative (e.g. in E. dives Penfold and Willis 1961; in E.

delegatensis Weston 1984; in E. polybractia Brooker et al. 1988), while one study
showed marked qualitative differences between leaf types of E. camphora (Coorey et al.

in Doran 1991). Studies on six eucalypt species in Tasmania comparing juvenile and adult
leaves of the same physiological leaf age in samples of each species from the same

locality have shown that there are limited qualitative differences in essential oils between

leaf types while similar quantitative differences between leaf types were found in species

within subgenera. Juvenile oil yields of two Symphyomyrtus species, E. globulus and E.

nitens, were higher than adult leaves. In contrast, the oil yields of adult leaves of three

Monocalyptus species, E. obliqua, E. regnans and E. delegatensis, were higher than

juvenile leaves (Li et al. 1990). Studies on the variation in essential oils of eucalypt leaves

between three age classes showed that contents of the compound cineole in leaf oils of E.

kochii and citronellal in leaf oils of E. citriodora increased steadily in seedling trees and at

3 years had attained stable levels (Doran 1990 and references therein).

In contrast to leaf types, the variation in essential oils due to the physiological age of
leaves is more complex. As with findings in conifers, studies into the variability of
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eucalypt essential oils with respect to leaf age have indicated that oil yields between young
and mature leaves are often marked but there is a lack of agreement in regard to the trends
in this variation. Thus, the variability in the direction and extent of these differences occur
not only between species but also between individuals of the one species in the same
population (Doran 1990 and references therein). Some studies found that young, actively-
growing leaves have a higher percentage oil yield than mature or aged leaves (Berry
1947) or older leaves (Berry 1947; Dzhnashiya and Fogel 1973).

Aged leaves have been found to generally yield less oil than recently matured leaves
(Doran 1990 and reference therein). Furthermore, a study by Kapur er al. (1982)
separated mature leaves of E. citrodora into three categories: mature young (mean age
three months); mature adult (mean age six months) and mature aged (mean age nine
months). The oil yield and citronellal content was found to be appreciably higher in
mature young and mature adult leaves than in mature aged leaves. On the other hand,
some studies have reported that there were no significant differences in the oil yield
between different physiological ages, such as in E. smithii (Bryant 1950 in Doran 1990).

It can be summarised that oil yield appears to be determined by a complex pattern of
quantitative change in individual or groups of compounds with some remaining constant,
some increasing or decreasing with leaf age and that patterns can vary even between
individuals of the one species at the same site and, in fact, appear to be dependent on the
genetic constitution of individual trees (Simmons and Parsons 1987).

With respect to the qualitative variation in eucalypt essential oils it has been reported that
oil components change rapidly in young actively growing leaves and then stabilize at the
time when leaf expansion ceases (Willis et al. 1963). The greater change of essential oils
in young compared to mature leaves may be due to the active physiological development
of young leaves with the environment having a greater influence on young, rapidly-
changing oil than in mature, stable oil. If sampling a whole tree, these rapid changes are
only evident during growth flushes as it is then that a large amount of young material is
present (Berry 1947). During the growth flush constituents are present which almost
entirely disappear later, indicating that they are involved in some biogenetic relationship,
being precursors to constituents which increase. Bryant (1950) reported that qualitative
variation between old and young leaves of E. radiata in which young leaves contained
high percentage contents of phellandrene which was absent in older leaves. An
investigation of variation in the oil composition with leaf age of E. camphora and E. ovata
indicated that while substantial quantitative changes may be taking place with age, the
composition of leaf oils is invariable related to the biosynthetic production of components
(Simmons 1974). A study of variation with leaf aging in the essential oil of E. radiata var
australiana was undertaken by Burgess (1986) and involved the observation of sampled
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leaves on labelled nodes of individual trees and branches which had all been exposed to
the s'ai_ne environment at different developmental stages of leaf development. It was found
that the essential oil was produced as a by-product of the physiological development of
leaves and accumulated in young leaves and stabilised in mature leaves. There was both
quantitative and qualitative variation with leaf age. However, individual major
components of oils were related to the possible biosynthetic conversions between
biogenetically related components during active periods of leaf development.

(3) Seasonal variation

A number of studies on seasonal influence in essential oils has been carried out for
eucalypts, however like that for conifers, there is a lack of agreement in regard to the
nature and trends in this variation. Thus, some workers found that oil yields were higher
in summer than winter (e.g. Berry 1947; Guenther 1950; Penfold and Willis 1961;
Dzhnashiya and Fogel 1973) but some found that the highest oil yield occurred in winter
rather than in summer (e.g. Nour El-Din et al. 1976; Rajeskara et al. 1984, Yatagai and
Takahashi 1984). Oil composition of eucalypts was also found to differ seasonally.
Studies have found that the percent cineole content of leaf oils was highest in winter oil
with the actual yield highest in summer (e.g. Berry 1947; Abou-Dahad and Abou-Zied
1974). Kapur et al. (1982) recorded that seasonal variation in essential oils of E. citrodora
grown in India and sampled at monthly intervals over one year indicated that there was a
pattern of consistent variation in oil yield in all observed trees. Thus, oil yield was
minimal the during summer months but, after the rhonsoons, yields increased gradually
throﬁgh to early winter reaching maximum levels during the coldest months while the
citronellal content was lowest in early summer but higher for rest of the year in all trees.

The observed fluctuations in oil yield and composition are almost entirely due to changes
in the young growing leaves, with no marked variation in the older material. Moreover,
almost all studies considered that seasonal variation in oil component levels are mainly
due tb changes in the young leaves during growth flushes but in the dormant period of
winter, oil composition stabilises due to the non production of young, active material. A
study on seasonal variation undertaken by Simmons and Parsons (1987) of the oils of E.
ovata and E. camphora indicated that the oil yield in mature leaves of E. ovata remained
relatively constant throughout the summer and winter months with only slight changes in
E. carﬁphom. They concluded that variation in oil composition was not related with
seasonal influence but rather to leaf ageing effect. Seasonal variation in cineole production
was studies by Brooker ez al. (1988) for E. kochii and E. plenissima. There was a small
seasonal effect with the highest production of 1,8-cineole occurring in January and
Februéuy and the lowest in August. They found that the variation between individual trees
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within the one site far outweighed the modest seasonal effect again pointing to the
overriding importance of individual genetic makeup on volatile oils.

Studies on the seasonal variation in species of two myrtaceous genera closely related to
Eucalyptus are of interest. In Angophora costata Leach and Whiffin (1989) found that the
seasonal and diurnal variations in oil composition were much less than genotypic
variation between individuals. Their results indicated that seasonal variation was weekly
linked to monthly or seasonal temperatures and diurnal variation appears to be associated
with humidity. In co_ritrast, study in Melaleuca alternifolia (Murtagh 1988) indicated that
the monthly pattern of variation in oil concentration was strongly correlated with water
availability while the pattern between days showed oil concentration to be negatively
correlated with daily minimum temperatures. Although the factors affecting seasonal
variation may be inconsistent as found by above authors, they suggested an association
between oil concentration and the metabolic activity of the plants. Oil yields reveal a
significant annual cycle of change being at their lowest in late winter and early spring and
highest during summer and autumn (Williams and Home 1988). '

(4) Environmental variation

In contrast to conifer studies, there is little information available concerning the effects of
environmental factors on eucalypt essential oils. A study for E. citriodora undertaken by
Rajeskara et al. (1984) used the same tree strains at two different sites and thus had the
same genetic material at each location which differed environmentally and as a result the
essential oil also differed in yield. They chose Site A at 2200m altitude with an annual
rainfall of 1600mm and Site B at 100m with an annual rainfall of 820mm. At site B, the
highest oil yield (2.37%) was obtained, with no significant differences between any of
the monthly values. The oil yield was lower at site A (1.43%) than site B and the yield
varied significantly between months, with the highest level being obtained in winter.
These findings indicated that the agronomic condition affected oil yield, however, there
was no significant variation in oil composition to be observed in their studies. In contrast,
Shieh (1978) studied E. citriodora at four localities in Taiwan and found that oil
composition varied between sites. Thus, proportions of citronellal varied from 32.2% to
77.94%. However, Shieh (1978) did not mention the source of the trees used or their
genetic relationships and therefore failed to describe whether this variation can be
attributed to environment or genetic causes.
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2.6. Leaf waxes - a background

A wax layer is usually deposited OVCI.'vCutiCIC surfaces, occurring particularly on leaves
and fruits but also on the stems, petals, bark and root surfaces of a wide variety of higher
plant species and also on some bryophytes, bacteria and fungi.

As an important component of the cuticle, plant epicuticular wax has been extensively
examined by a variety of methods for its morphology, chemical composition,
biosynthesis, physiological significance and usefulness in plant taxonomy. Most aspects
of epicuticular waxes have been discussed by Martin and Juniper (1970) and Cutler et al.
(1982). Reviews dealing with the chemistry and biochemistry of epicuticular waxes are
contained in Tulloch (1976a) and Kolattukudy (1980). A review dealing with
relationships between the fine structure and chemistry of epicuticular waxes has been
made by Jeffree ez al. (1976). More recently, biochemical and morphological genetics of
wax formation have been discussed by Bianchi (1985; 1987) and Avato (1987).
Important aspects relating to this study are briefly reviewed below based on these sources
of information in conjunction with other published works. ’

2.6.1. Definition of plant waxes

Wax is an important component of the plant cuticle. The term wax is used to denote a
class of substances which qualitatively have certain physical properties such as plasticity
in common (Hatt and Lamberton 1956) rather than to define a precise chemical entity.
Kolattukudy (1980) explained that wax is a complex mixture of relatively non-polar lipids
with physical properties similar to those of the honeycomb. The wax is embedded within
and sometimes exuded over the surface of cuticle.

2.6.2. Functions

The cuticle is an important structural element of plants as it holds the cellular tissues
compact and firm and forms the boundary and site of interaction between the plant and its
environment. It therefore plays an important role in the interaction between the two.
Cuticular waxes, as a component of the cuticle, take part in the functions of the plant
cuticle and can be viewed from various aspects.

The most common functions that have been attributed to cuticular waxes are in preserving
a favourable water balance for the plant through cuticular and stomatal transpiration and
its ability to repel water from the plant surface. It has been demonstrated that the waxes
constitute the major diffusion barrier in the cuticle and that structural waxes have an
important role limiting cuticular tran»s‘piration (Martin and Stott 1957; Hall and Jones
1961; Horrocks 1964; Danna 1970; Schoncherr 1976). The removal of waxes or damage
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results in increased transpiration or a decrease in diffusion resistance (Clark and Leavitt
1956; Hall and Donaldson 1963; Espelie et al. 1980; Schoncherr and Ziegler 1980).
Evidence has shown that the inhibition of wax syntthis, but not the formation of the
major aliphatic components of polymers of cuticle, inhibited development of diffusion
resistance (Soliday et al. , 1979). Some studies have shown certain wax components to
be more effective in reducing transpiration than others (Baker and Bukovac 1971; Hadley
1981; Proksch et al. 1981). The important role of wax in minimizing cuticular
transpiration was summarized by Martin and Juniper (1970) as:

"....the degree of impregnation of the cuticle with wax, and not.the thickness of the cuticle, is the
important factor in controlling cuticular transpiration. Furthermore, the chemical composition of the wax
markedly affects its efficiency as a water barrier. No generalisaﬁbns can be made on the role of the cuticle

in preventing the loss of water from plants...."

Similarly, wax form, composition and the amount of wax present all play a role in water
repellence. The ability of the plant surface to repel water has been suggested to be related
to the roughness of the surface in the form of projecting crystals that form a dense
covering. The wettability of leaf surfaces is often indicated by contact angle
measurements which are used to determine comparative values for various isolated
waxes. For example, wettability increases with increasihg polarity, hence alkanes were
the most, and triterpenoids the least hydrophobic compounds (Holloway 1969a). Wax
removal tended to increase surface wettability although there was no apparent correlation

between the contact angle measured on a leaf surface and its chemical composition
(Holloway 1969b). '

It has been suggested that wax deposits on leaves play a role in the prevention of damage
by frost (Hall and Jones 1961; Martin and Juniper 1’970, Single and Marcellos 1974;
Kolattukudy 1980). Barber (1955) observed in Tasmanian eucalypts that clines in
glaucousness were correlated with degree of frost activity with the more glaucous
populations of Eucalyptus spp. occurring in the more frosty localities. A rodlet type of
wax predominates on the leaves of Eucalyptus urnigera at high altitudes which becomes
progressively less conspicuous at lower levels (Hall e al. 1965). Furthermore, the
difference in supercooling temperatures of the glaucous leaves which remain dry and
wettable green leaves of E. urnigera may be of ecological and selective significance
(Thomas, 1961; Thomas and Barber 1974a,b). '

It has been suggested that surface waxes may contribute to drought resistance, although
these aspects have not been adequately investigated (Leyton and Juniper 1963; Tulloch
1976b; Richards et al. 1986; Dixon 1986). Leaf wakes may assist in contfolling the
temperature of leaves by reflection of incident radiation and protect the cellular tissues
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from excessive ultraviolet radiation (Martin and Juniper 1970). For example, the
reflectivity of the rodlet form of the wax of E. urnigera at the higher altitudes has
probably been of selective significance in the origin and maintenance of the cline (Thomas
1961). |

An important consequence of cuticular waxes is in relation to the deposiiion and
penetration of chemicals present in various agricultural sprays. The water repellence of
many plant surfaces has raised the problem of the deposition of chemicals used as
pesticides or for other purposes (Martin and Juniper 1970). |

Cuticular wax has been supposed to play an important role in the interaction between the
plant and other organisms in its environment (Kolattukudy 1980) or to provide a potential
barrier to the entry of fungi, bacteria and viruses (Martin and Juniper 1970). The
possibility that the wax bloom on foliage prevents deposition of inoculum and the
formation of the surface water film required by pathogens has been suggestcd (Dickinson
1960; Martin 1964), as, for example, the glaucous coating of Eucalyptus bicostata affects
the deposition of conidia of Phaeoseptoria eucalypti (Heather 1967).

The leaf waxes have also been demonstrated to be involved in insect-plant relationships
(Way and Murdie 1965; Lin et al. 1971; Bernays et al. 1985; Eumatsu and Sakanoshita
1989). The glaucous wax of plant leaves could provide physical protection from insect
attack by preventing insect attachment to leaves (Stork 1980b, Edwards 1982) and such
an effect has been observed for Eucalyptus globulus juvenile foliage preventing C.
bimaculata adult attachment (LLeon 1988).

Chemicals present in cuticular waxes are also known to be involved in host selection by
insects (Martin and Juniper 1970; Jackson and Blomquist 1976). Leaf wax chemicals had
been found to act as feeding and ovipositional attractants and stimulants, e.g. Thibout et
al. (1982), Takabayashi and Takahashi (1985), Eumatsu and Sakanoshita (1989),

"Takahashi et al. (1990); or repellents and deterrents, e.g. Atkin and Hamilton (1982),
Hubbell and Howard (1984); or antibiosis, e.g. Cook er al. (1987).

Moreover, some studies indicated that the host selection by some insects could affected
by both wax morphology and chemicals. For example, dispersal and survival of neonate
diamondback moth larvae, Plutella xylostella, were found to be affected by wax
morphology of cabbage while the acceptance of cabbage for larvae was correlated to

chemical differentiation of waxes (Eigenbrode and Shelton 1990, Eigenbrode et al.
1991).
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2.6.3. Wax chemistry, morphology and their genetic control
Wax chemicals and their biosynthesis

The composition of plant surface waxes is complex and varies considerably in the
numbers, relative abundance and distribution of chemical homologues and constituent
classes (Baker 1982). Several major structural features which characterise surface waxes
and add to their complexity are: chain length, degree of branching, positioning and
number of functional groups and degree of unsaturation (Kolattukudy 1976, 1980). |

Plant surface waxes consist of mainly lipid compounds, such as long-chain fatty acids,
fatty alcohols, esters, hydrocarbons and triterpenoids in conjunction with some other.
components. Based on the reviews of Tulloch (1976a), Kolattukudy (1980) and Baker

(1982), the constituents occurring in plant surface waxes are listed in Table 2.7 and
briefly described below: '

a) Hydrocarbons are widespread in plant waxes and n-alkanes are the most common hydrocarbons. They
comprise a wide range of homologues (Cy7 - C37) of predominantly straight chain with odd-carbon-
numbers, usually with Co9 and C3; prominent. Even straight chain, branched, cyclic and unsaturated

hydrocarbons may show a restricted distribution pattern but occur generally only as very minor
constituents. ' :

b) Free primary alcohols are widespread and their straight chain compounds consist almost entirely of an
even number of carbons ranging from C,3-C3,, yet only three homologues consistently constitute major

wax components (Cy¢, Cog, and C3). Branched primary alcohols occur generally as minor components,

¢) Secondary alcohols and ketones occur in plant waxes with chain length generally corresponding to
those of the alkanes present. Among the secondary alcohols, only nonacosan-10-ol (Cyg) has been

reported as a dominant wax constituent. Ketones usually exhibit similar homologue and isomer profiles:
as the secondary alcohols.

d) B-Diketones and hydroxy-fi-diketones. B-diketones are often a major component of waxes which are
confined to a restricted range of plants, e.g. Eucalyptus, cereals and other graminaceous species. B-
Diketones often dominate with a single homologue, usually C,g, C31 or C33. The chain length of the
dominant B-diketone homologue does not correspond to that of the hydrocarbons.

€) Aldehydes are generally only found in small quantities in plant waxes. They occur as straight ché_ins
with an even number of carbons and have a chain length distribution similar to that of primary alcohols.

f) Alkyl esters are formed almost exclusively through the esterification of even chain n-alcohols (C22-'
C39). frequently Coy, Cy¢ and Cyg, with even chain fatty acids of the short series (C15-Cqg).

g) Esters of secondary alcohols (alkanol-2-ols), are composed of odd chain length homologues (Cg-Cy7).

Esterified to even chain fatty acids have so far been identified only in the leaf waxes of Eucalyptus sp..
(Horn et al. 1964) and Hordeum (von Wettstein-Knowles 1976).

h) Cyclic constituents. Triterpenoids of the ursane, oleanane and lupane series are widely distributed -
among surface waxes and form a significant proportion of the wax in some plant waxes.

i) Phenolic constituents. Flavonoids and their glycosides have been found from the surface waxes of
certain plants and form a group of compounds which may be present as a minor wax constituent.
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Table 2.7. Plant surface wax components*

A. Principal classes of constituents occurring in plant surface waxes

Component class Homologue Dominant Most common
Range carbon-number  constituents
Hydrocarbons
n-alkanes C17 - C37 odd C29 and C31
Alcohols
n-alkanols C22-C32 even C26' C28 and C30
2-alkanals Cy1-C33 odd Cog and C3y
Ketones Cy3-C33 odd Cyg and C3;
Aldehydes (alkanals) C14-C3 4 even C26’ C28 and C30
Acids
short series Cq12-C1g even Cyigand Cyg
long series Co0-C32 even Ca6, C2g and C3
B-Diketones Cq9-C35 odd Ca9, C31 and C33
Hydroxy- or oxo-8-diketones Ci9-C35 odd derivative of B-diketones
Alkyl esters C36-Cq2 even Cy¢-0l and Cpg-0l esters of
CIG’ CIS’ C20 and C22 acids
Triterpenoid
acid Ursolic acid and oleanolic acid
alcohols 8- and a—amyrin, lupeol
esters 8-amyrenyl acetate, tatraxeryl
acetate and lupeyl acetate
ketones

taraxerone and lupene-3-one

B. Minor or unusual wax constituents.

Component class

Aliphatic constituents
Unsaturated and Branched-chain hydrocarbons
Branched-chain primary alcohols
Branched-chain acids
Branched-chain esters
Hydroxy ketones
a, w—diols; o, w—diol esters; y—diols
Oxo-B-diketones
Acetates
Polyestolides

Cyclic constituents
Sterols, Steryl esters
Uvaol
Erythrodiol
Dihydroxy triterpenoid acids

Phenolics
Flavonoids; Flavonoid glycosides

* Compiled from Tulloch 1976; Kolattukudy 1980; Baker 1982.

Studies dealing with the biosynthesis of plant waxes can be traced back to the work of
Channon and Chibnall (1929) who proposed a head to head condensation mechanism for
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the biosynthesis of hydrocarbons. Since that time several biosynthetic mechanisms for
various lipid compounds have been proposed and modified but little advance was made
until exogenous labelled precursors were applied in the early 1960s. These early works
have been summarized by Eglinton and Hamilton (1967), Martin and Juniper (1970) and
Caldicott and Eglinton (1973). Since Kolattukudy (1967) proposed an elongation-
decarboxylation mechanism for biosynthesis of hydrocarbons, and this mechanism has
been adopted up to now. Kolattukudy was the main contributor to research in this field,
and has produced alone and in collaboration with other workers a series of papers and
provided the most recent review of the available observations (Kolattukudy 1980). Here,
the aspects related to study in this thesis, in conjunction with other recent reports, are
briefly reviewed below according to Kolattukudy's 1980 review.

According to Kolattukudy, hydrocarbons are biosynthesized from palmitin acid, the end
product of fatty acid, which is elongated by the addition of C; units until the main length
reaches the appropriate size (e.g., C39-Csp), the acid is decarboxylated, and hydrocarbon
is released. The intermediates in this process could be channelled into reductive
pathways, to generate fatty alcohols which would be subsequently esterified to give wax
esters through an acyl transfer mechanism under physiological conditions (Kolattukudy
1967). The hydrocarbons could then be hydroxylated, and the resulting secondary
alcohols could give rise to ketones by oxidation (Kolattukudy 1965, 1966, 1968a,b,c,
1971; Wettstein-Knowles 1985). Another important class, the 8-diketones, which are
widely found in leaf waxes of eucalypt and other species are unlike the monocarbonyl
compounds and do not correspond to the hydrocarbons in their chain length distribution
(Tulloch, 1976a). Some studies have indicated the different pathways involved in the
biosynthesis of B-diketones and hydrocarbons (von Wettstein-Knowles 1976; Mikkelson
and von Wettstein-Knowles 1978; Mikkelson 1978). The exact mechanism of the
biosynthesis of B-diketone is yet to be elucidated (Kolattukudy 1980). However, on the
basis of the distribution of radioactive labels along the carbon chain of hentriacontan-
14,16-dione derived from specifically labelled [14Clacetate suggested that this B-diketone
was generated by an elongation process starting from the C3; end of the chain (Netting
and von Wettstein-Knowles 1976) and that the two carbonyl groups in the B-diketones
are conserved during the elongation process (Mikkelson and von Wettstein-Knowles
1978, 1984). Some secondary alcohols (alkan-2-ols), that are found frequently in plants
which contain 8-diketones, are probably derived by the decarboxylation of B-keto acid
followed by reduction (von Wettstein-Knowles 1976).
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Wax morphology and their structural formation

Some of the earliest recorded observations characterising wax morphology are briefly
reviewed by Martin and Juniper (1970) and Baker (1982). These include Bary (1871)
who attempted the earliest classification of plant waxes and identified four main structural
forms: needles, rods, granular layers and films as seen under a light microscope. Kreger
(1949) confirmed many of these wax types using a micro X-ray diffraction technique.
Since that time techniques for the study of plant waxes have advanced considerably with
the development and continual refinement of the electron microscope.

The majority of the early studies employed the transmission electron microscope (TEM)
and the studies of ultra-microscopic structures developed by Juniper and Bradley (1958).
The greater resolution now obtained with the scanning electron microscope (SEM),
coupled with its greater flexibility has indicated a diverse array of configurations ranging
from thin films to complex three dimensional structures, e.g. Heslop-Harrison and
Heslop-Harrison (1969), Baker and Holloway (1971) and Baker and Parsons (1971).
These wax types and the structure of plant wax from the most recent findings have been
reviewed and summarised by Baker (1982).

Baker (1982) reported that the aerial surface of all higher plants carry a partial or
continuous coverage of amorphous wax and that the formation of crystalline wax is
frequently superimposed upon these amorphous layers. He considered that the crystalline
waxes on specific organs of individual plants consist predominantly of a single structural
form but occasional deposits are composite. Baker (1982) broadly classified those
crystalline waxes as plates, tubular waxes, ribbons, rodlets, filaments and dendrites and
the plates and tubular waxes are the most widely reported wax types.

The cuticular or epicuticular waxes are known to be formed mainly by the epidermal cells
and occur at an early stage in leaf development and synthesis continues at least
throughout the period of leaf expansion (Kolattukudy 1968c, 1970; Martin and Juniper
1970; Cassagne and Lessire 1974, 1975; Lessire et al. 1982). However the mechanism
by which wax is transported to the leaf surface and how it is deposited on the plant
surface in a crystalline form remains unresolved, although many theories have been
proposed, such as those reviewed by Martin and Juniper (1970), Jeffree et al. (1976),
Baker (1982) and Hallam (1982).

These proposals deal mainly with wax transport and are dominated by the extrusion and
exudation theories including the view that wax is released via either cuticular pores and
channels (Mueller er al. 1954; Scott et al. 1948, 1958, Davis 1971; von Wettstein-
Knowles 1974; Jeffree et al. 1976 and references therein; Miller 1982, 1983, 1985,
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1986) or in a softened form under pressure (Mueller ez al. 1954; Schieferstein and
Loomis 1959). Alternatively it is proposed that wax is exuded to the surface via cuticular
pores (De Bary 1871 and Wijnberg 1909 in Jeftree et al. 1976) or through the cuticle as a
liquid (Weber 1942 in Jeffree et al. 1976; Juniper 1959, Juniper and Bradley 1958; Leigh
and Matthews 1963; Hall 1967a,b). Some other workers have proposed that wax is
transported to the cuticle surface by either molecular diffusion through intermolecular
spaces in the cuticular membrane (Franke 1967; Jeffree et al. 1976) or via a protein or
carbohydrate carrier (Hallam 1981, 1982) or secreted in a volatile solvent (Chambers ez
al. 1976). In addition, it also been suggested that wax lamellae may occur within the
cuticle itself (Hallam 1964 in Martin and Juniper 1970). However, the extrusion and
exudation theories of the mechanism for wax formation have been rejected by many
workers for pores or canals could not be found in many cases (Jeffree et al. 1976 and
references therein) while others claimed that conclusive experimental evidence is lacking.

A number of mechanisms by which the final wax structure is formed on the cuticle
surface following transport of wax have been proposed. These mechanisms include (a)
that pore.number, density and orientation determine the final structure of the wax (Hall
and Donaldson 1962; Hall 1967a,b), (b) that the rate of exudation of wax and it's
chemical composition determines the structure of the wax (von Wettstein-Knowles 1974)
or (c) evaporation of the solvent containing wax at rates determined by environmental
conditions (Baker 1974). However, Hallam (1970) demonstrated that some eucalypt leaf
waxes could be recrystallised from solution in a form related to the shape in which they
naturally occur. Hallam and Chambers (1970) found that two types of eucalypt leaf
waxes were determined by the presence or absence of B-diketones, and evidence now
exists that wax structure is primarily dependent on the chemical composition of the wax
and that chemical composition is determined by specific genes. The different aspects of
this theory have been discussed in detail by Jeffree e al. (1976) and supported by more
recent studies, e.g. the principal aspects of the theory in conjunction with earlier and
current research are summarized as follows:

The formation of wax structure could be affected by several factors and particularly
environmental and developmental factors and the effects of the chemical composition on
crystal formation:

1. Environmental factors, particularly temperature and light intensity, can markedly
influence the structure of plant waxes, e.g. Juniper 1960a,b; Troughton and Hall 1967,
Hallam 1970; Baker 1974. Changes in these environmental factors, may affect
componeht distribution among the classes of compound of a wax (Giese 1975) and
environmentally induced changes in wax structure may occur more readily in those waxes
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which are composed of a complex mixture of chemical components rather than in those in
which one class of compound is dominant.

2. Waxes sometimes undergo chemical and structural modification during development
and ageing, e.g. Bain and McBean 1967; Mazlia 1963; Tulloch 1973. These
modifications may also be related with seasonal variation, e.g. Schuck 1969; Schutt and
Schuck 1973.

3. The wax structure may be concerned with the relationship between the crystalline
behaviour of waxes and their chemical compositions, e.g. Piper et al. 1931; Fontana
1953; Birdwell and Jessen 1966; Edwards 1957. Kreger (1948) found that the
arrangement of the molecules in the wax crystals on leaf surfaces was a function of their
chemical composition. Furthermore, re-crystallisation and surface diffusion studies show
that accurate representations of normal wax formations can be produced artificially
(Jeffree 1974, Jeffree et al. 1975, 1976; Chambers et al. 1976).

While considering the above major effects on the final formation of a wax structure in
conjunction with some other aspects, such the site of wax synthesis and transport, Jeffree
et al. (1976) concluded that: "....wax is capable, under appropriate conditions, of organizing itself
into crystalline structures independemly of underlying cells, and it is possible that subsequent to wax
synthesis, the epidermal cclis and cuticular membrane may play no further part in the development of

ultrastructure of plant surface waxes."

Furthermore, Jeffree demonstrated, in a study of plant mutants that one of three effects of
mutation could occur. The first type of effect is characterized by a severe reduction in
wax production caused by a metabolic block in the synthesis of major éomponents, such
as a reduction in the quantities of elongated wax products resulting in the loss of the tube
and dendritic structures present on normal glaucous plants, e.g. Hall er al. 1965; Macey
and Barber 1970a,b; Baker 1972, 1974; Lundqvist et al. 1968. The second effect was a
change in the chemical composition of the wax accompanied by the appearance of new
crystalline structures, e.g. Macey and Barber 1970a,b; Baker 1972, 1974; Lundqvist et
al. 1968. Finally, the third effect was that the quantity and chemical compositions of the
wax was similar to the normal form but its ultrastructure dramatically altered, again
giving a sub-glaucous appearance, e.g. Netting et al. 1972; Baker 1972, 1974.

Meanwhile, an interesting finding in this connection was the discovery of the genetic
control of B-diketone and hydroxy-B-diketone synthesis in waxes of barley (von
Wettstein-Knowles 1972) in which five eceriferum (cer) mutants were characterized. The
results indicated that changes in proportions of B-diketone and hydroxy-B-diketone were
determined by genes and correlated with changes in the morphology of epicuticular
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waxes. Thus hydroxy-8-diketones were shown to be unnecessary for the formation of
wax tubes and that tube waxes lacked hydroxy-B-diketone. In contrast, the propbrtions
and amount of B-diketone were positively related to the presence of a wax tube. This
finding agrees with that found by Hallam (1970) in eucalypts in that the wax tubes or
plates were dependent on the presence or absence of B-diketones. Moreover, it was
further indicated that specific genes determine the presence and proportion of B-diketones
in wax. Hallam (1970) reported that probably at least 50 gene loci (Blakely'
classification, 1956) in Eucalyptus control the formation of epicuticular wax. It is also
likely that the polymorphism in wax morphology observed, e.g. in Eucalyptus
camaldulensis (Hallam 1970) was caused by the presence and segregation of various
eceriferum alleles. Similarly genetical polymorphism may be involved in the observed
species differences. -

The evidence from these studies has confirmed that a relationships exists between wax
chemistry and structure and suggest that specific genes determine the nature of the classes
of wax compounds and govern the homologues composition within each class of
substance (Jeffree et al. 1976; Bianchi et al. 1980).

The variability in leaf wax chemistry and/or structure has been linked to genetic control
and reported from a number of studies deé.ling with different aspects. The variability may
take the form of differences in the proportions of the component wax classes (Silva et al.
1964; Barber and Netting 1968; Tulloch 1973; Chang and Grunwald 1976; Bianchi and
Corbellini 1977; Franich et al. 1978; Baas and Fidgor 1978; Hunt and Baker 1979; Baker
and Hunt 1981; Woodhead et al. 1982; Avato et al. 1984; Freeman and Turner 1985).
Meanwhile, some reports have indicated that changes in homologue distribution within an
individual compound class may occur (Herbin and Robins 1969; Dyson and Herbin
1970; Tulloch 1973; Schuck 1976; Stocker and Wanner 1975; Baker ez al. 1979; Gamou
and Kawashima 1980; Faboya et al. 1980a,b; Baker and Hunt 1981; Salasoo 1981,
1983). In addition, some change only in the amount of wax deposited i.e. the same
components are produced in the same'p_roportion throughout development (Leon and
Bulovac 1976; Baker and Hunt 1981).

2.6.4. Epicuticular waxes and plant taxonomy, and their use in
eucalypt taxonomy

Epicuticular waxes as chemotaxonomic criteria

Two different approaches have been used to incorporate information from the study of
epicuticular waxes into a taxonomic framework. Firstly there is the chemotaxonomic
approach using the chemistry of selected constituents of epicuticular wax. Second, there
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is the approach using the fine structure of the crystalline waxes themselves as a relevant
taxonomic character. '

Many studies have indicated that the chemical composition of waxes is an valuable aid to
the botanical classification of plants (Douglas and Eglinton 1967; Herbin and Robins
1969; Harborne 1968; Martin and Juniper 1970; Harborne and Turner 1984). So far, the
chemical composition of waxes as a chemotaxonomic character has mainly related to the
species and generic level, but the possibility of using it at the family level was discarded
(Eglinton and Hamilton 1963). There is evidence that indicates that the wax composition
or compound pattern is usually distinctive, although not invariably so. Many studies has
shown that the chemical composition of a wax could distinguish species and often be
related to different taxonomic groups at the generic levelb(Horn et al. 1964; Hallam 1970;
Evans et al. 1975a,b; Salatino and Salatino 1983; Guelz 1986; Avato et al. 1990).
Moreover, some studies have indicated that the distribution of different compound
homologues could indicate species specificity (Eglington et al. 1962; Herbin and Robin
1968a,b; Nordby and Nagy 1977; Sorensen et al. 1978; Guelz 1986; Salatino et al. 1989;
Page et al. 1990; Avato et al. 1990) or related to taxonomy at the generic level, such as
alkanes, although it is still not entirely clear in spite of the fact that a variety of genera

have now been explored in some depth (Harborne and Turner 1984 and references
therein).

In most plants cuticular wax is found on the surface and the crystalline structure of this
wax is a rather unique characteristic of each species. The structures of plant epicuticular
waxes are now commonly described as morphological' characters (Martin and Juniper
1970). Wax morphology, as revealed by scanning electron microscopy (SEM), shows
comparatively few types occurring throughout the family and indicates phenetic groups of
genera which are supported from other lines of evidence. A number of genera may be
uniform in wax morphology, and others variable with two or three types occurring. Thus
at lJower taxonomic levels (i.e. species, genus) wax rriorphology may not distinguish
between taxa but indicate similarities between some genér_a and, at higher levels correlates
with sectional grouping. Although only a limited number of studies have examined
morphology from a taxonomic viewpoint and not all have been successful, those that
have however, perceived differences at all levels of the taxonomic hierarchy. Distinction
between species was achieved for apple (Gough and Shutak 1972) and barley (Marchylo
and Laberge 1981) cultivars; banana varieties (Freeman and Turner 1985); eucalypt spp.
(Hallam and Chamber 1970), Prosopis spp. (Hull and Bleckmann 1977), Isocoman spp.
(Mayeaux et al. 1981), Pinus spp. (Yoshie and Sakai 1985) as well as characterizing
genera within the Triticeae (Baum et al. 1980) and orders within monocotyledons
(Barthlott and Froelich 1983). '
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Epicuticular waxes as taxonomic criteria for Eucalyptus species

The structure and morphological characters of plant cuticular waxes received attention as
early last century. It is possible that Eucalyptus was one of the earliest investigated due to
the fact leaves and stems of many Eucalyptus species are glaucous, particularly during the
juvenile period of growth. |

The earliest recorded observations on plant surface waxes were made by_dev'Bary (1871)
who published drawings of large wax crystals from a large number of species as seen
under a light microscope. He recognised four groups. In de Bary's work, waxes of
Eucalyptus globulus were investigated and classified as several layers of very small
needles. :

The leaf waxes of eucalypt species were used by taxonomists to separate species
populations. It is of interest that the Tasmanian eucalypts were the first species group of
Eucalyptus to be recorded. Barber (1955) observed the wax blooms present on
Tasmanian eucalypts and classified them into either structural or non-structural types. He
defined the structural type to possess a blue-gray colour of foliage which is: stable to the
touch. In contrast, the non-structural type is glaucous which is easily removed by
rubbing. The wax which provides a glaucousness between these two types is the clinal
form. In this report, the classification of the 24 Tasmanian species into the three groups
as regards waxy glaucousness is based on a preliminary field survey: seven species are
wholly green, six wholly glaucous while eight show clinal variation in the degree of
glaucousness with the remaining three species also probably clinal (see Table 2.1).
Furthermore, it was found that the melting point of wax is apparently correlated with
Blakely's (1956) classification. Waxes from a group of species of section Macrantherae,
belonging to the series Globulares, have melting points within the range 57-619C, but
those from the section Renantherae fall into two groups - in the series Piperitales the
melting points are much lower (45-48 0C), while in the series F raxinales and
Longitudinales the melting points range from 51-54 0C,

Since that time techniques for the study of plant ultrastructure have advanced
considerably with the development and continual refinement of electron microscopy. In
this area, a notable study of a wide range of leaf waxes was undertaken by Hallam and
Chambers (1970). They investigated 315 species of the genus Eucalyptus by electron
microscopy and demonstrated that the leaf wax structure of Eucalyptus can, in some
instances, aid in the classification of this taxonomically complex genus. They reported
three main wax types within Eucalyptus: plates, tubes, and a mixed wax of both plates
and tubes. Referring to Barber's (1955) classification of eucalypt waxes, Hallam and
Chambers defined tubes to represent "non-structural" waxes and plates the "structural”
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waxes. Whether the mixed "tube and plate” waxes produce a "structural” or non-

structural” wax depends on the relative amount of each wax type present on the leaves. -

Furthermore, they described the edges of plate waxes to be entire, sinuate, crenate, or
digitate and concluded that the degree of ornamentation of the margins of the plates can
frequently be correlated with taxonomic groupings or suggested evolutionary trends
based on other lines of evidence. In addition tube waxes, depending on their branching
pattern and arrangement on the leaf surface, also proved useful as indicators of natural
groupings of species. In their study, the affinities of large groups of species within genus
Eucalyptus were recognized by evidence derived from wax morphology.

Beside contributing to the classification of Eucalyptus spp. on the basis of wax
morphological characters, the chemistry of eucalypt waxes shown by infrared and
ultraviolet absorption spectroscopy also confirms many of the results of the taxonomic
study based on wax morphology. Hallam and Chambers found that a marked correlation
existed between the presence of B-diketones in waxes and the formation of tubes, and
conversely a tendency towards the absence of B-diketones in waxes which form only
plates. Their results also showed the common presence of flavonoids and esters in all
species which had no correlation with different morphological types of waxes. Although
their study of wax chemicals was limited to the presence or absence of a few classes of
compounds by simple observation of infrared spectral analysis of crude wax extracts,
they did indicate a relationship between wax chemistry and morphological structure and
suggested that chemicals play an important role in the formation of the wax structure of
Eucalyptus species.

Up to now, there have been no published works which deal with morphological and
chemical characters of leaf waxes from the genus Eucalyptus in broad species groups to -
demonstrate their taxonomic significance.

In responding to Barber's (1955) report which noted differences in the physical
properties of waxes from various eucalypt species groups, Horn er al. (1964) published -

their extensive study of the leaf wax components of the genus Eucalyptus (29 species) in
which the occurrence of long chain B-diketones (e.g. C33 n-tritriacontan-16,18-dione) as
major components was reported. However, in a few species this type of compound was
entirely lacking. Although waxes from most of the glaucous eucalypts showed a broad
general resemblance, certain correlations between the chemical content of leaf cuticular
wax and the sub-classification of genus Eucalyptus (according to Blakely's classification,
1955) were observed by Horn et al. , as for example the existence of shorter chain B-
diketones (Cp9, n-nonacosan-12,14-dione) in E. risdonii and E. coccifera, the only -
species examined in the Series Piperitales and the absence of B-diketones in four species
from the Series Corymbosaepeltatae. Beside B-diketones, some compound classes, such
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as hydrocarbons, esters, free acids and alcohols, eucalyptin and triterpenoids also were
identified from the wax samples but only a few species were examined in detail.
Lamberton (1964) reported demethyl eucalyptin as a related flavonoid of eucalyptin from
the leaf waxes of E. torelliana and E. urnigera. Herbin and Robins (1968) examined the
hydrocarbons of leaf waxes from 19 species of eucalypts and described the alkane
patterns of waxes. In agreement with Horn et al. , they found that the frequent dominance
of alkane homologues were Cj7, Cy9 and, in a few cases, Cz5. However, for these
hydrocarbon contents and patterns did not show any correlation with Blakely’s (1956)
classification.

Leaf waxes of Eucalyptus, as reviewed above, have contributed valuable information to
the taxonomy of the genus. The results of Hallam and Chambers (1970) indicated that the
morphological structure of leaf waxes may have considerable taxonomic value in
Eucalyptus at the species group level of the taxonomic hierarchy, which correlated with
morphological characters of Blakely's classification (1956), and related to the melting
point and glaucousness of the wax determined by Barber (1955).

Some important aspects of the relationship between chemical composition and
morphological structure in leaf waxes of Eucalyptus remains unresolved. The study by
Hallam and Chamber (1970) has only shown the positive correlation of B-diketones with
tube wax structure but what compounds correlate to the plate wax remains unclear.
Moreover, there are no detailed reports that deal with the composition of leaf wax for
species which have plate wax structure.

2.7. Numerical methods for chemotaxonomic studies

Biochemical characteristics can be used as one of the bases for determining phenetic
relationships between plants. These relationships can be evaluated at many taxonomic
levels (eg. within or between populations, species and families). Numerical data
analyses, including pattern analysis (Williams 1976), are commonly used to elucidate
such relationships. A number of numerical methods capable of identifying patterns of
phenotypic variation have been described by Sneath and Sokal (1973), Neff and Marcus
(1980), Pielou (1984), Sokal and Rohlf (1987). The pattern analysis techniques which
were used in this study can be divided into those where the variation of each variable was
assessed independently of the rest (univariate analysis) and those where a number of
variables were assessed simultaneously (multivariate analysis). For pattern analysis,
multivariate analysis allows for the assessment of the overall variation between a set of
Operational Taxonomic Units (OTUs) (Sneath and Sokal 1973; Neff and Marcus 1980;
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Pielou 1984). Univariate analyses can be a valuable adjunct to multivariate analyses by
providing further information about particular variables (Sokal and Rohlf 1987).

Univariate analysis techniques can usefully demonstrate population differentiation.
Simmons (1974) and Whiffin (1978) have used multiple range tests to disclose
population patterns for morphological and biochemical characteristics. Analysis of
variance (ANOVA) has been employed in a number of studies as an indicator of
population differentiation in leaf oils, e.g. Snajberk ez al. (1979), Whiffin (1978,
1982a,b), Zavarin et al. (1989, 1991). In taxonomic and biological studies should often
be appropriate to have samples, sub-samples and random sub-sub-samples for estimation
of the numbers of organisms in heterogeneous taxa or test materials. Several layers of
nesting may occur in biological assays where a random sample of plant populations are
maintained under each of a series of treatments, e.g. subgenera of Eucalyptus, species
within subgenera and localities within species. In such cases nested anova for data was
suggested as appropriate by Sokal and Rohlf (1987) and the two or/and three level nested
anova for both equal and unequal sample sizes was also provided.

Sokal and Rohlf (1987) stated that the distribution-free methods (non-parametric
methods) could be used if none of the transformations managed to make observed data
meet the assumptions of ANOVA. These techniques (e.g. Kruskal-Wallis and Mann-
Whitney tests) are simple to compute and permit freedom from worry about the
distributional assumptions of an ANOVA. Non parametric methods have become quite
popular in recent years and have been used in studies of leaf oil characteristics, e.g.
Zavarin et al. (1975, 1977, 1980) and Zavarin and Snajberk (1986).

Correlation and regression techniques (Sokal and Rohlf, 1987) can be useful for
establishing the relationships between variable factors of populations. Juvonen (1966),
Irving and Adams (1973) and Forrest (1980) used correlation analyses to establish
biochemical relationships of terpenoids of essential oils.

Leaf oils often provide a much larger number of quantitative characters in comparison to
morphological characteristics. Some works had used the sum of variances of individual
oil components (V) to characterise and summarise the overall variabilities of oil
characteristics between samples within a given OTU while the variabilities of oil
characteristics between OTUs could be compared by XV, e.g. Zavarin and Snajberk
(1986) and Zavarin et al. (1991).

Multivariate analysis allows the relationships between population attributes to be assessed
simultaneously. Many multivariate techniques operate on a resemblance matrix. Different
resemblance measures and their properties have been described by Sneath and Sokal
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(1973) and Neff and Marcus (1980), Pielou (1984). The nature of relationships within
the matrix can be assessed using cluster analysis or ordination techniques.

Cluster analysis aims to identify groups of OTUs (clusters) which are more similar to one
another than to OTUs outside the cluster and classify groups of OTUs of objects judged
to be similar according to a distance or similarity measure. The OTUs (individuals,
populations, species, chemical components, etc.) are frequently ordered into a
hierarchical, non-overlapping system of clusters (Whiffin 1978, 1982a,b; Neff and
Marcus 1980). Cluster analysis has been the primary method used in phenetic taxonomy,
- where many attributes are considered simultaneously and the objects (OTUs) are clustered
according to their overall similarity (Sneath and Sokal 1973). However, clusters resulting
from cluster analysis depend on both the similarity measure chosen and the algorithm
. used for clustering. Whiffin (1982a,b) suggested that Manhattan metric is a convenient
and accurate distance measure for use with volatile oil data. Moreover, Digby and
Kempton (1987) suggested that the clustering using the unweighted pair-group method
using averages method (UPGMA) usually distributes the objects into a reasonable
number of groups and this has become the conventional method in ecology and
systematics. It calculates differences between clusters as the average of all the point-to-
point distances between a point in one cluster and a point in the other (Sneath and Sokal
1973, Pielou 1984).

Standardisation and weighting of the oil data could help to find distinguishing groups
where the aim of the investigation is to study the significant difference. Some works
(Adams and Turner 1970, Adams 1975b; Whiffin 1982a) suggest weighting standardised
data by the F-value which is computed from an analysis of variance as the variance
among groups divided by variance within groups. Weighting of characters by their F-
value thus assumes that the samples are, a priori, divided into groups. The use of
weighting by the F-1 value could minimise the influence of characters showing random
fluctuations and which may be affected by environmental factors or factors other than the
genotype (Adams 1975b). The weighted pair-group method using averages (WPGMA) is
the cluster analysis using standardised and weighted data for the measure of distance
(Whiffin 1982b).

Ordination is a process which represents OTUs as coordinates on axes derived from
those components of the original variables which account for the observed range of
variation in a minimum number of dimensions. Ordination can indicate relationships
between OTUs without assuming continuity or discontinuity of data. Three ordination
techniques commonly used in taxonomic studies are Principal Component Analysis
(PCA), Principal Coordinates Analysis (PCORD), and Canonical Variate Analysis (CVA)
(Neff and Marcus 1980). PCA is usefully to describe a matrix of data consisting of
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objects and attributes by reducing its dimensions, usually for graphical display and to find
uncorrelated linear combination of the original variables (attributes) with maximal
variance. This technique has been used by many workers to describe variation in plant
oils, e.g. von Rudloff et al. (1988) and Zavarin et al. (1989). Although PCORD is a
generalisation of PCA in which non-Euclidean distances may be used, PCORD cannot
indicate combinations of variables (attributes) while CVA is only appropriate where data
can be divided into a priori groups.
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Chapter 3

Variation in Leaf Oils of Four Eucalyptus Species

3.1. Introduction

In forest trees, a number of hierarchical categories of variation exist that can be broadly
~ grouped into speéies, geographic sources (provenances), stands, sites, individual trees,
and the variability within individual trees (Zobel et al. 1960). Yield and composition of
leaf oils produced by Eucalyptus populations for species, provenances, localities or
individuals, may differ both within and between populations and this variation reflects
four major variables: (i) individual genetic divergence, (ii) ontogenetic and phenological
stage of leaf material, (iii) environment and (iv) techniques of extraction and analysis
(Doran 1991). When comparing either qualitative or quantitative aspects of leaf oils of
species or even different individuals of the same species, the above factors must be
considered using appropriate methodologies and sampling methods.

Stebbins (1977) considered that each individual plant must possess the ability to respond
to its environment, but this variation must remain within the limits set by the genetic
make-up of the taxon. Phenotypic expression, therefore, is determined by both genotypic
composition and reaction to a specific environment. However, it is emphasised that a
study of variation in natural stands can give no proof of the intensity of genetic control of
a characteristic because in such a study, one cannot separate the effects of environment,
genetics and their interaction (Zobel and Talbert 1984). Zobel and Talbert (1984)
considered that the way to partition phenotypic variation into causal components was -
through growing clones or families collected from a field source of populations in a
common environment. To determine the magnitude of the genotype x environment
interaction (GE), genetic material must be planted in trials established across a range of
environments. Conversely, this means that observations made on the same genetic
material grown in different trials established across a range of environments could also
| reveal the environmental effect.

In cooperation with the Tasmanian Forestry Commission, the CSIRO Division of
Forestry (Tasmania) established an experiment (species/provenance trial) in 19383 to
determine the seasonal growth and developmental patterns of four eucalypt species in
plantations to explain variation in these patterns in terms of environmental factors. As the
experiment was established on a four-site altitudinal sequence and received uniform
treatments of fertilizer, weed and pest control, it presented a unique opportunity for
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comparing the essential oils of leaves from trees under intensive management. This
chapter reports on three major experiments comparing essential oils between species,
between provenances within species, and between and within sites. Seasonal,
ontogenetic and physiological age effects were exposed to the same environmental
conditions.

The comparison of two provenances of four eucalypt species at four sites consisted of E.
globulus and E. nitens from the subgenus Symphyomyrtus (the gums) and E.
delegatensis and E. regnaris from the subgenus Monocalyptus (the ashes). The
comparison of leaf oils with seasonal, ontogenetic and physiological effects consisted of
one provenance of the species E. globulus, E. nitens and E. delegatensis.

3.2. General Materials and Methods
3.2.1. Site location and plant material

Site characteristics and original lay out of plant material was described by Turnbull et al.
(1988).

The study sites were located at altitudes 60, 240, 440, and 650 m (sites 1 to 4) in the
Esperance Valley, southeastern Tasmania (Fig.3.1.A).

ot Goeveston b

..... -’.__,
!650-m Site

Hartz

Peak 1255 m 43%5's

N Adamsons
A poak 1226 m
‘|~ 10 Km
| k3 1
146945'E 147°00'E

Fig. 3.1.A. Locations of the four experimental sites in the Esperance Valley, southern
Tasmania. (following Hallam et al. 1989)
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E. globulus E. regnans
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E. globulus E.regnans
B2 A2
E. nitens E. delegatensis
Dl cl
E. nitens E. delegatensis
D2* C2

Fig. 3.1.B. Arrangement of planting blocks at each of the four provenance trial sites in
the Esperance Valley.

All sites were of similar topography and selected to average or exceed the average Site
Index classification for the Southern Forests of Tasmania. Sites 1 to 4 had similar soil
type. Each of the four study sites was 1.0 hectare in area and received uniform treatments
of fertilizer, weed and pest control.

Table 3.1. Species and provenances in the trials in the Esperance Valley

Subgenus Species Code Provenance Lat. - Long. Elevation
®) ) (m)
Monocalyptus  E. regnans F. V. Muell. Al  Moogara, Tas. 42047 146036° 550
A2 Traralgon Creek, Vic. 38927° 146031 500
E. delegatensisR. T.Bak C1  Guildford, Tas. 41920°  145940° 580
C2 Maydena, Tas. 42033’ 146034° 650
Symphyomyrtus E. globulus Labill. Bl  Geeveston, Tas. 430100 146016° 200
B2  Otways, Vic. 38043°  143026° 125
E. nitens Maiden D1  Penny Saddle, Vic. 37048 146016° 900
D2* Bendoc, Vic. 37912’ 148052" 1070

* This provenance of E. nitens was later classified into new species E. denticulata (Cook and Ladiges 1991).
Detailed are given in chapter 11. In the chapter, this provenance was treated as a provenance of E. nitens.

Planting stock of two provenances of each of the four Eucalyptus species was raised
from seed collected from different localities (Table 3.1) and seedlings planted at 2x2 m
spacings in August 1983. Within each trial, each species was planted alongside a second
provenance of that species in square measurement blocks of 120 trees with 60 trees of
each provenance. The blocks were surrounded by four buffer rows of the same species
on the outer perimeter of the plantation or two rows if adjacent to another species. The
trial was maintained free of all other competing plant species and large animals and

vermin were excluded. Insect feeding on the foliage was controlled, but not eliminated,
by monthly applications of insecticide.
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3.2.2. Leaf sampling and preparation

This chapter is divided into three experiments. Leaf sampling and preparation are
described in individual experiments.

3.2.3. Qil analysis
Oil eaxtraction

Oil extraction was described in individual experiments.
GC-MS analysis

The leaf oils were analysed by combined GC-MS using a HP-5890 GC directly coupled
to a VG 707F mass spectrometer with 2035 datasystem. The GC column was a 50m x
0.3mm BP20 (SGE Pty Ltd), and temperature was programmed from 50 to 220 °C at 6
0C per minute after a one minute hold, using helium as carrier gas. The oils were made
up as solutions of 5 microlitres/ml of hexane prior to injection.

Identification of individual compounds was based on reference mass spectra (Stenhagen, -
Abrahamsson and McLafferty "Registry of Mass Spectral Data"; NIST Mass Spectral
Database) and an 'in-house' library of reference spectra built up from standard
compounds and oils of known composition. Gas chromatographic retention indices
(Davies 1991) were also used to aid in the interpretation, as mass spectral information
was often not sufficient to permit unambiguous assignment of identity. Some compounds
which could not be identified by GC-MS analyses were separated and identified by using
IR, UV, NMR and chemical reaction analyses.

The essential oils were run under identical conditions using a Flame Ionization Detector
on a HP5890 Gas Chromatography to give relative peak areas for individual compounds.

3.2.4. Data analysis

The ANOVA and nested ANOVA for variation in oil components was estimated
following Sokal and Rohlf's method (1981) and computed using the ANOVA program of
the super ANOVA (Abacus Concepts, Inc.). Non-parametric comparison was computed
using the non-parametric comparison program of Statview written by Daniel ez al. (1988,
Abacus Concepts, Inc.). Principal component analysis (PCA) was undertaken based on
the total correlation matrix derived from the percentage component data of individual leaf
oils. The orthogonal principal component axes and the loading of the populations on
these axes were plotted in pairs. The amount of variation between samples which is
accounted for by each ordinate was calculated. In this way, the effectiveness of each plot
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in summarising the relationships between the populations can be found by calculating the

‘percentage of the total variation accounted for by the axes. The major variation is
normally contained in the first few axes although, in more complex situations, useful
information may still be found on minor axes. PCA was undertaken using the factor
analysis program of Statview based on Sneath and Sokal's (1973) method. All analyses
were run on a Macintosh SE/30 computer.

3.3. Experiment 1:
Varlatlon between species and provenances within site

The purpose of this investigation was to examine differences in leaf oils between species,
between provenances within species and between individual trees within provenances
within a site. Although different species and provenances were not randomly mixed and
were separated into different plots within a site, environmental conditions between plots
were very similar due to the very small site area and uniform treatments of fertilizer, weed
and pest control. In this experiment, all leaf samples were collected at the same time.
Therefore, both qualitative and quantitative variation between phenotypes were thus
examined using leaves considered to be of the same physiological age grown under the
same environmental conditions. Phenotypic expression within site, therefore, is
determined by genotypic composition.

3.3.1. Materials and methods
Sample collection and preparation

Samples of adult foliage of ten randomly selected trees from each provenance of 6 year
old E. globulus, E. nitens, E. delegatensis and E. regnans were collected at the end of
April 1989 from CSIRO Esperance site 1 when leaf expansion had ceased (the end of
March). Fresh leaf samples (c.a. 500gm) of each sampled tree were sealed in plastic bags
and transported to the University of Tasmania within 3-4 hours and stored at 4 °C until
processed. Samples were processed within two weeks of collcctiori.

Individual leaves were plucked from the upper 30-40 cm of the sample branches (last
year's old leaves were excluded), cut into 1-2 cm? pieces and 100g lots taken for oil
extraction. Another 100 g lot of chopped leaves was prepared for each sample, and dried
to constant weight at 50 °C for moisture content determination. The fresh weigh (FW) vs
dry weight (DW) parameter was obtained from the latter.
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Oil extraction

Fresh leaf samples were steam distilled, using a glass distillation unit, for 6 hours. The
oils were collected and weighed. Oil yield for each sample was calculated on a dry weight
of leaf basis (g/g), calculated using the FW/DW rates.

3.3.2. Results
Oil yield and Composition

The oil yields and chemical compositions of adult leaves from different provenances of E.
regnans, E. delegatensis, E. nitens and E. globulus grown at Site 1 are listed in Table
3.2.

The ANOVA indicated that oil yields were significantly different between subgenera
(p<0.001), between species (p<0.001) within subgenera and between provenances
within species (p<0.001) (Table 3.3). Table 3.4 indicated that E. regnans had the highest
mean value of oil yields (5.12%) and E. nitens the lowest (0.73%) while the E.
delegatensis (3.51%) had similar oil yield to E. globulus (3.89%).

The t-Test (Table 3.2) indicated that there were significant differences in oil yields
between provenances within species, E. regnans (Aa1-a2=1.8; p<0.01), E. delegatensis
(Ac1-c2=0.9; p<0.05) and E. globulus (Ap1.2=-0.6; p<0.05).

Forty three chemical components were detected from the freshly steam-distilled oils
(Table 3.2). The chemical components identified from these leaf oils were dominated by
monoterpenoids and sesquiterpenoids with the esters, isobutyl isobutanoate and isoamyl
isovalerate, occurring in E. nitens and methyl cinnamate in E. delegatensis.

The percentage contents of most oil components were significantly different between
subgenera, between species within subgenera and between provenances within species
(Table 3.3).

With the exception of p-cymene, citronellol, and viridiflorol, the percentage contents of

all oil components were significantly (p<0.05 or p<0.001) different between subgenera.
Oil components, such as monoterpenoids, a—pinene (compound 1), o—thujene (2), 1,8-

cineole (12), o~ and B—phellandrene (7 and 11), limonene (10) and cis- and trans-p-
menth-2-en-1-ol (20 and 25) and sesquiterpenoids elemol (36) and a—, B~ and y-
eudesmol showed highly significant differences between subgenera, and had greater F-
values (over 1000) than any other components (Table 3.3).
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Table 3.2. The mean oil yields and chemical composition of adult leaf oils from different
provenances and species and ¢-test for differences in the percentages of individual oil components
between provenances within species.

t = trace = less than 0.5%; * p<0.05; ** 0.05<p<0.01, *** p<0.001, ns p>0.05

(a) E. regnans and E. delegatensis:

Species E. regnans E.delegatensis
n t-Test t-Test
Provenances Al A2 A(1:2) C1 Cc2 C(1:2)
No. of trees 10 10 df=9 10 10 df=9
Mean | S.D. [Mean | S.D. [A1-A2|Sign. [Mean | S.D. Mean | S.D. |C1-C2fSign.
Oil yield 6.1 1.1 4.3  0.7] 1.8 ** 4.0 0.8] 3.0 0.4] 0.9 *
1 |o~Pinene t t t t] 00n - - - - - -
2 ]o—Thujene 1.1 t] 0.8 t] 0.3 ** 3.3 1 1.9 0.5] 1.4 **
3 |Camphene t t t t|] 0.0 n - - - - - -
4 |B~Pinene t t t t] 0.0n t t t tf 0.0 **
5 |Isobutyl isobutanoate t t - -1 0.1 n - - - - - *
6 |Sabinene t t ot t|] -0.1 n t t t t] 02 n
7 |a—Phellandrene 7.2 . 1.1 56 1.1] 1.6 * 159 3.6} 20.9 4.4] -1.0 *
8 |o—Terpinene 1.4 0.3 1 41 0.4 * 3.1 0.8} 3.7 06| -06n
9 |lIsobutyl isopentanoate - - - - -n - - - - -n
10 |Limonene 0.4 t{ 0.5 t{ -0.1 n 0.5 t] 0.5 t] 0.0 n
11 | B—Phellandrene 4.7 1 3.8 0.7] 09 * 11.4 3] 99 19] 15n
1211,8-Cineole t t t t] 00n t t t t] 00 n
131 cis-B-Ocimene . 0.4 t{ 0.3 t] 0.1 * 0.6 t] 0.7 t] -0.2 n
14 1y-Terpinene 0.4 t] 0.3 t]{ 0.1 n 0.7 0.3] 0.6 t] 0.1 n
15 | trans-B—ocimene t t t t{ 00n 0.4 t|] 0.4 t] 0.0 n
16 | p-Cymene 3.8 1.5] 4.4 2] -06n 9.8 25| 7.7 1.8] 22n
17 | Terpinolene 0.5 0.4] 0.5 tf 00 n 1.1 0.3] 1.4 0.4} -04 *
18 |Isoamyl isovalerate - - - - -n - - - - -n
19{Linalool t t 0.5 t] -0.3 *= 0.5 t] 0.6 t] -0.1 n
20 |trans-p-Menth-2-en-1-0l| 5.7 1 3.9 0.9] 1.8 *= 105 2 85 25§ 20n
21 {Pinocarvone - t - 00n - - - - -
22 1b-Caryophyllene t t t t] -0.1 n - - - - - -
23 | Aromadendrene t t t t 0.0n - - - - .-
24 | Terpinen-4-ol 1.5 0.3 1 t] 0.5 ** 2.4 1] 2.8 0.7} -03 n
25 |cis-p-Menth-2-en-1-ol 4 1 2.6 0.6] 1.4 %%« 7.9 1.9] 6.1 1.7] 1.8 **
26 {Allo-aromadendrene - - - - -n . - - R .-
27 |trans-Pinocarveol - - - - -n - - - . - -
28 | cis-Piperitol 1.5 0.5 1 04] 05 * 2.7 09} 2.2 0.9] 05 *
29 | Terpinyl acetate t t t t 0.0 n - - - - ..
30 | o—Terpineol 0.6 03] 0.5 t|] 0.1n 1.2 05] 1.6 0.5] -05n
31 |Piperitone 1.4 1.2] 22 24| -09n 1.4 0.6 2 12| -06n
32 |trans-Piperitol 3.4 0.8 1.9 0.6 1.5 %= 4.7 1.2 3.9 1.31 0.8 n
33 |Citronellol t t - - 0.0 n - - - - .-
34 |cis-Sabinol t 03] 0.3 t| -0.1n 0.3 t| 0.4 t] 01 n
35 | p-Cymene-8-ol t 't 06 03] -04 * 0.5 t] 0.5 t{ 0.0 n
36 |Elemol 6.6 1.2 7 04 n - - - - - -
37| Globulol - - - - -n 1.4 0.6§ 2.3 1.1] -09 n
38 | Viridiflorol 0.5 t 0.6 . t] 0.1 n 0.7 t 0.8 t} -02 n
39 |Methyl cinnamate t t t t| -0.1 n 1.8 0.4] 0.4 0.3} 1.4 **=
40 |Spathulenol 2 0.6 1.4. 03] 06 * 3.2 09| 25 05] 0.7n
41 | g—Fudesmol 14.8 2.9] 19.7 3] 4.9 ** 3.6 1.2] 5.2 1.5] -16n
42 ly-Eudesmol 10.4 1.7 13 2} -26 * 3.3 1.4] 3.9 1| -0.6 n
43 | B~Eudesmol 12,5 1.31 16.2 2.1 -3.7 *+= 2.8 1 33 0.6] -06n
44 | Unidentified 8.3 2.6 1.9 1.1] 6.3 #** - - - -1 0.0 -
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Table‘ 3.2. Continued.

t = trace = less than 0.5%; * p<0.05; ** 0.05<p<0.01, *** p<0.001, ns p>0.05

" (b) E. nitens and E. globulus:

Species E. nitens E.globulus
Provenances D1 D2 iae;; B1 B2 ;(Tlez
No. of trees 10 10 df=9 10 10 d.£=95
Mean liD. McanTS.D. Dl-DZISign. Meani S.D. | Mean lj.D. B1-B2 ISign.
Oil yield 0.7 0.2] 0.8 0.2f -0.1 ns 3.6 06] 42 0.7] -06 *
1 |o—Pinene 128 35| 1.6 1.4] 11.2 *** | 212 51| 16.1 44| 51 n
2 |a~Thujene - - - - - - - - -
3 |Camphene t t - -1 0.1 t t t t{ 0.1 n
4 |B-Pinene t 0.3 t -] 02 = 0.5 t t t| -0.1 n
5 |Isobutyl isobutanoate 3 1.6} 6.7 1.8] -0.8 *»= - t - -] 00 n
6 |Sabinene t t t t|] 02 n t 4 t| 00 n
7 |a—Phellandrene 1.3 0.7} 0.3 t] 1.0 *» t t t t] 0.1 n
8 la-—Terpinene t t t t] 0.1 n t t t t{ -04 n
9 }lIsobutyl isopentanoate 3.8 1.4, 51 0.8] -1.3 =* - - - - - -
10 |Limonene 1.3 03] 0.9 0.3} 0.4 * 4.7 1.2] 4.2 13| 05 n
11 | B—Phellandrene - - - - - - - - - - - -
12 |1,8-Cineole 276 6.5] 14.4 2.9] 13.5 *** [ 446 5.7| 524 99| -78 n
13 | zis-B—Ocimene 3.4 1.8] 9.2 3.2} 5.5 *»* 0.4 t t t} 0.2 n
14 | ¢—Terpinene 9.4 29| 17.5 2.8] -8.0 **+ 0.8 0.7} 09 0.8] -0.1 n
15 }trans-B—ocimene 0.3 t] 0.3 t] 0.0 n t t] .t t] 0.0 n
16 | p-Cymene 10,1 2.7] 20.9 4.6]-10.8 *** 09 0.4} 23 16| -14 n
17 | Terpinolene 0.4 tf 0.6 03] -0.1 n t t t t] -0.1 n
18 |Isoamyl isovalerate 2.1 1.1 0.4 03] 1.7 *= t t Tt t - -
19 |Linalool 0.3 t t t{ 0.1 n t t t t] 0.0 n
20 |¢rans-p-Menth-2-en-1-o0l t t t t] 0.0 n t t t t] 0.0 n
21 [Pinocarvone 1.4 0.6] 0.3 tf 1.2 #x+ 1.5 0.6 1.9 0.9] -0.4 n
22 | b-Caryophyllene t t t tf 0.0 n 1.8 0.9] 0.3 t] 1.5 #**
23 | Aromadendrene 1.3 0.4 t t] 1.2 **= 2.1 0.8} 1.9 1} 0.2 n
24 | Terpinen-4-ol 1.1 0.4] 2.5 1.1} -1.5 *=* 1.2 1.7] 0.4 t] 0.7 n
25 |cis-p-Menth-2-en-1-0l t t t t} 0.0 n - - - - - -
26 |Allo-aromadendrene 0.5 t t tj -0.3 ** 0.5 t] 0.6 0.3] -0.1 n
27 |etrans-Pinocarveol 1.9 0.6 t t] 1.8 **= 2.7 1.3] 1.4 0.8 1.3 **
28 Jcis-Piperitol t t t t] 0.0 n t t t t{ 0.1 *
29 | Terpinyl acetate 0.6 0.4} 05 03] 0.1 n 1.1 0.7] 09 0.4} 03 n
30 |a—Terpineol 33 14| 3.7 12| -04 n 32 114 25 1.2] 07 n
31 jPiperitone t t t tf 0.0 n t t t t] 0.0 n
32 |¢trans-Piperitol t t t t] 0.0 n t t t t} 0.0 n
33 | Citronellal - - - - - - - t t] 0.0 n
34 |cis-Sabinol t t t t}] -0.2 *= t t t t! 0.0 n
35 |p-Cymene-8-ol t t] 0.5 t] -0.4 ** t t t t] 00 n
36 |Elemol - - - - - - - - - - -
37 |Globulol 1.7 0.8] 0.7 0.3] 1.0 ** 57 1.6} 56 19} 0.1 n
38 |Viridiflorol 0.6 0.3] 0.4 t] 0.2 n 0.7 31 0.7 0.3} 0.0 n
39 {Methyl cinnamate - - - - - - - - - - -
40 ] Spathulenol 3.5 1.4} 2.7 1.1} 0.8 n 0.6 t] 0.7 0.t] -0.1 n
41 | x—Eudesmol 0.6 03] 0.5 t] 0.1 n t 03 ot t] 0.0 n
42 |y-Eudesmol 0.5 t] 0.6 t| 0.0 n t t] 0.5 0.3] -0.3 *=*
43 | B~Eudesmol 0.6 t{ 0.4 04 01 n 0.3 03] 04 03] 02 n
44 {Unidentified - - - - - - - - - -




Significance:

*+% p<0.001;

provenances within species (p<0.01)

** 0.001<p<0.01;

Table. 3.3. ANOVA for oil yields and percentage content of components of adult leaf oils
-from different provenances and species at site 1 based on log(‘/x) transformed data.

* 0.01<p<0.05; ns: p>0.05; # Components had substantial
amounts (mean percentage > 3% in leaf oils of individual provenances) and significant variation between speices or

Between Between
Source of variation Between species within provenances Residual
subgenera sugenera within species
Degree of freedom 1 2 4 72
F-values ﬁignt. F-values ignt. F-values ignt.
Oil yield 334.41 | #** 271.00 ] **=* 11.94 | *#*
1 |aP a—Pinene 1167.00] *** 111.00 | #»= 43.73 | *** #
2 [aTh |a-Thujene 2210.70] *** 125.81 ] #*» 18.38 | **=* #
3 Ca Camphene 51.98 | *** 10.08 ] **=* T.19 ] #*%*
4 |BP |B-Pinene 17.83 ] ##= 40,52 | *»» 4.49] **
5 ]Iso 1|Isobutyl isobutanoate 422.00] *** | 436.92] *** 20.81 | **+» #
6 |8Sa Sabinene 7.01]* 2.57| ns 3.90] **
7 | aPh | a-Phellandrene 1562.00) *** | 169.00] *»» 9.94 | *++ #
8 |aT |a-Terpinene 883.00| *+* 96.79 | #*» 4.49| »+ #
9 |Iso2 |Isobutyl isopentancate | 138.00]*** | 101.24]**» 19.76 | *++ #
10| Lim | Limonene 1015.00 ] #*+ 6.10] ** 3.21|* #
1 BPh |pB-Phellandrene 2774.00 | *** 149.00 | *** 2.44[ns #
12 c¢Ci 1,8-Cineole 3030.00] *** 185.00 | »*= 17.39 ] ##* #
13}co cis-p—Ocimene 177.00] *** 279.00 | *** 26.38 | *** #
14|41 y-Terpinene 489.00 | *** 423.00| *** 18.73 | »*+ #
1510 trans-B-ocimene - 16.59 | *** 4227 #xe 0.16] ns
16| Cy |p-Cymene 1.13] ns 266.00 | *** 21.16 | #*» #
17 T Terpinolene T1.75] #** 32.64 | *** 1.32 ] ns
18 } Iso 3| Isoamyl isovalerate 135.00] *** 100.00 | *+= 19.58 | »*»
19| Lin | Linalool 41.72] **=* T.62 | #%* 3.29|*
20 | tM trans-p-Menth-2-en-1-o0l 1894.00| *** 60.83 ] **= 5.87 | *** #
21| pi Pinocarvone 639.55| **= 25.35] w»» 17.51 ] *%*
22| bC b-Caryophyllene 136.00] *** 79.73 | *** 21.25 | ***
231 AT Aromadendrene 476.00 | *** 59.26 | *** 23.87 ) ***
24 vTer Terpinen-4-ol 21.36] *** 27.36 | *%= 6.66] ***
251 ecM cis-p-Menth-2-en-1-0l 1620.00 | *** 70.64 | *** 6.32 | *** #
26| A1 |Allo-aromadendrene 628.00] **+* 5.92] *= 6.18] %+
271 tPin | trans-Pinocarveol 509.00| #*+ 25.50 | *x* 30.39 | #*»
28| cPi |[cis-Piperitol 528.00 | #*= 21.51 | *** 2.64] *
291Ta | Terpinyl acetate 206.00| *** 10.57 | e 0.69 | ns
30 aTer a—Terpineo] 145.00] *** 13.20 ] **=* 1.71{ ns #
31| Pip |[Piperitone 153.00| *** 0.40| ns 092 ns
32| tPi |trans-Piperitol 834.00] *** 18.35] **+ 5.49 | #=* #
33| Cit Citronellol 0.09] ns 1.00| ns 1.00{ ns
34]cSa |cis-Sabinol 88.72] #4* 9.97 | ¥xx 5.33 | wxn
35| pCy |p-Cymene-8-ol 45.65| *** 10.51 | #** 8.08 | ¥**
36 | El1 Elemol 3021.00] *** | 3021.00| *** 0.78 | ns #
371Gl Globulol 260.96] *** 203.00§ *** 4.53 ] ** #
381 ver | Viridiflorol 0.93| ns TI| *x+ 1.54| ns
39 Mc Me[hyl cinnamate 278.00] **=* 156.00 | *** 34.63 ] ***
40 Sp Spathulenol 13.75] %= T6.65] *** 2.661 * #
41 | gEu | a—Eudesmol 1538.00( *** 275.00 | *** 8.38 ] *#¥% #
42 YEu |y-Eudesmol 1300.00] *** 192.00 | *** 5.16] *** #
43 | BEu | B-Eudesmol 1448.00| *#** | 355.00| #*= 6.70 | *** #
44{Un |Unidentified 460.66] *** 189.56 | *** 61.17 ] *#+ #
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Table 3.4. The mean oil yields and mulﬁ-_range test (Fisher’s PLSD) for four species.

Species No. of trees Mean values S.D. Significance of differences
o 0.05 0.001

E. nitens 20 0.73 0.19 | |

E. delegatensis 20 3.51 0.78 l l

E. globulus 20 3.89 0.68

E. regnans 20 5.12 1.26 | I

With the exception of sabinene, piperitone and citronellol, the variabilities of percentage
contents of all oil components were highly significant (p<0.01 or p<0.001) between
species within subgenera. Most oil compounds also differed significantly (p<0.05,
p<0.01 or p<0.001) between provenances within species.

The Principal Component Analysis (PCA) for variation between provenances
of all four species |

Variation in 0il components among trees, provenances and species were summarised by
principal component analysis (PCA). The monoterpenoids and sesquiterpenoids, which
occurred in substantial amounts (mean percentage > 3% in leaf oils of individual
provenances) and varied significantly between provenances within species (p<0.01)
(Table 3.3), were selected and used for PCA. The principal components and the
individual tree scores of different provehances and species on the first two principal
component axes (PCs) are shown in Fig. 3.2 (for compound identity see Table 3.3).

The first two PCs accounted for 46.8% and 20.3% of the total variance of the
components among trees respectively. The components, from these leaf oils, on the first
two PCs (PC1 and PC2) are shown in Fig. 3.2a.

Plots of the individual tree scores of different provenances of each species (Fig. 3.2b)
indicated that the first two principal components (PC1 and PC2) clearly separated trees
into different groups that corresponded to the four species. The first principal component
(PC1) differentiated species belonging to different subgenera and the leaf oils of the two
'ash’ species had high levels of the monoterpenes o— and B—phellandrene, cis- and trans-
p-menth-2-en-1-ol, o—terpinene, trans-piperitol and a—thujene or the sesquiterpenes ot—,
B— and y—eudesmol and elemol. In contrast, the leaf oils of the two gum species were
high in the monoterpenes 1,8-cineole, a—pinene, limonene, a—terpineol, cis—f—ocimene
and y—-terpinene, the sesquiterpene globﬁl_ol and the esters isobutyl isobutanoate and
isobutyl isopentanoate.
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Fig. 3.2. Scatter plot of the oil parameters (A) and species/provenance populations (B) on the axes
of the first two principal components (PC1 and PC2).
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The second principal component (PC2) simultaneously separated the two ‘ash’ species
and also the two gum species. The leaf oils of leaves of E. delegatensis had higher levels
of the monoterpenes o—, B~ and y—phellandrene, cis- and trans-p-menth-2-en-1-ol, o—
terpinene, trans-piperitol and a—thujene than E. regnans but lower levels of the
sesquiterpenes o—, B— and y—eudesmol and elemol. The two ash species were clearly
separated from each other and in this PC space, different provenances of both species
could also be differentiated although there was overlap at the individual level.

PC2 also differentiated E. globulus and E. nitens samples due to high levels of the two
monoterpenes, 1,8-cineole and a—pinene, and one sesquiterpenoid, globulol, in E.
globulus and low levels of the three monoterpenes, y—terpinene, cis—p—ocimene and p-
cymene compared with E. nitens. There was no difference between the two provenances
of E. globulus in this 2 dimensional space. However, the two provenances of E. nitens
were differentiated along PC2, with continuous variation in trees of E. nitens along PC2,
but no overlap at the provenance level. The trees of the Bendoc provenance (D2) had low
levels of 1,8-cineole and a—pinene but high levels of p-cymene, y—terpinene and cis—3—
ocimene. Trees of the Penny Saddle provenance (D1) were intermediate between the
Bendoc E. nitens and E. globulus on this axis and showed considerable variation
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associated with increasing 1,8-cineole and a—pinene and decreasing amounts of p-
cymene, y-terpinene and cis—B—ocimene.

The PCA, as shown above, indicated that the trees of the four species were clearly
differentiated by their leaf oil components when grown in a common environment (Fig.
3.2). Trees from different provenances of E. regnans, E. delegatensis and E. nitens could
be differentiated, but there was very little difference between the E. globulus
provenances.

3.3.3. Discussion

Each species in the trial in the Esperance Valley is presented by two different genetic
sources (Turnbull et al. 1988). Therefore, with the same environment, soil and cultural
treatments, the phenotype differences between provenances and species should be
determined essentially by their genotype as environmental effects can be assumed to be
minimal. Variation between trees within individual provenances can still be due to
environmental and sampling differences within a trial. However, at the provenance level,
these effects should have been largely removed, although not completely due to the non-

random allocation of provenances within the trial. |

The differences in leaf oil composition between species and between provenances within
species are thus maintained when grown in a common environment (ten trees of each
provenance at Site 1) and these differences should have a strong genetic basis.

There were large differences in the oil composition of specieé from the two subgenera.
The monoterpenoids in the leaf oils of provenances of E. regnans and E. delegatensis
were characterized by o— and B—phellandrene, cis- and trans-p-menth-2-en-1-ol, cis- and
trans-piperitol and p-cymene. However, the monoterpenoids from provenances of E.
globulus were characterized by 1,8-cineole and a—pinene and E. nitens by 1,8-cineole, -
Y-terpinene, p-cymene and cis—B—ocimene. The sesquiterpenoids of leaf oils from the
two Monocalyptus species were characterized by o—, B— and y—eudesmol whereas the
two Symphyomyrtus species, contained globulol, spathulenol and aromadendrene.

The oil characteristics exhibited significant qualitative and quantitative differences
between species within subgenera. In the Monocalyptus species, E. regnans had a lower
ratio of monoterpenoids to sesquiterpenoids than E. delegatensis. The two
Symphyomyrtus species also showed significant differences in oil composition. 1,8-
cineole and o—pinene occurred in higher proportions in E. globulus oils than E. nitens.
The leaf oil of E. nitens had high proportion of y—terpinene, p-cymene and cis—p-

ocimene but these components were either absent or in trace amounts in E. globulus.
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Oil characteristics have indicated differences between provenances within all four species,
especially within E. nitens. The Penny Saddle (D1) provenance of E. nitens produced
leaf oils characterized by high 1,8-cineole and o~pinene. However, Bendoc (D2)
provenanéc had high p-cymene, y—terpinene and low 1,8-cineole with a—pinene only in
trace amounts. The significant difference in leaf oils between the two E. nitens
provenances was consistent with the morphological differences between these two
provenances (Pederick 1979; Pederick and Lennox 1979). The, Penny Saddle
provenance is the 'juvenile persistent form' and is consistent with the proposal of Cook
and Ladiges (1991) who recognised the 'early adult form' as a new species E. denticulata
(In this chapter, the species E. denticulata is still referred to as the 'early adult form' of E.
nitens). Details will be discussed in chapter 11). However, there is a continuum in.oil
composition between these two forms (Fig. 3.2).

The oil yield varied significantly between species and between provenances within
species in this common environment. In particular, the two E. nitens provenances had
very low oil yields compared with provenances of the other three species.

3.4. Experiment 2: Variation in leaf oils between sites

This investigation aimed to document the effect of different sites on eucalypt leaf oil
variation. The experimental design also permitted a comparison of species and
provenances under different environmental conditions.

3.4.1. Materials and methods

In May 1991, adult leaves from 5 trees of each provenance of each species (tree age eight
years) were collected at Sites 1, 2, 3 and 4. Fresh leaf samples of each provenance were
mixed and sealed in plastic bags and then treated in the same manner as in experiment 1

(see sections 3.2.2. and 3.2.3). Thus a single sample was obtained for each provenance
at each site.

3.4.2. Résults

The oil yield and chemical composition of each provenance of the four eucalypt species is
listed in Appendix 3.1 and the ANOVA for variation between sites, species and
provenance within species are shown in Table 3.5.

Results of ANOVA (Table 3.5) indicated that the oil yields were significantly different
between sites (p<0.01), species (p<0.01), provenances within species (p<0.01) and
interaction of sites X species (p<0.01). Plots of oil yields of provenances with respect to
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different sites indicated that site had a marked effect on the oil yields of the two ‘ash’ "
species, but little effect on the two gum species (Fig. 3.3A). While provenance =
differences within E. regnans and E. globulus were still maintained at each site, the two
E. delegatensis provenances had very similar oil yields at high altitudinal sites.

The oil yields of provenances of E. regnans and E. delegatensis tended to decrease with
increasing altitude. Provenances Al and A2 of E. regnans had the highest oil yields at site
1 and linearly decreased with altitude. The two provenances C1 and C2 of E. delegatensis
had higher oil yields at sites 1 and 2 than at sites 3 and 4. In contrast, only slight _
variations in oil yields between sites were recorded in the two gum species. The oil yield
of provenance D1 of E. nitens appeared to increase with increasing altitude but
provenance D2 remained constant. The oil yields of E. globulus were slightly higher at
site 2 than at site 1 and then slightly decreased at sites 3 and site 4.

s

The percentage content of all oil components were significantly different between species' .
(see Table 3.5 for significance levels). Moreover, most oil components also differed
significantly between provenances within species but there were some exceptions. In
contrast, site and the interaction of site X species did not significantly affect percentage
contents of most oil compounds.

The percentage composition of four oil compounds, pinocarvone (p<0.05), trans-
pinocarveol (p<0.01), piperitone (p<0.001) and methyl cinnamate (p<0.001) differed
significantly between sites, and showed a significant site x species interaction.
Pinocarvone and trans-pinocarveol occurred in the two ‘gum’ species and piperitone and
methyl cinnamate occurred in the ‘ash’ species but rare or absent in the ‘gum’ species. |

Plots of percentage of pinocarvone and trans-pinocarveol in leaf oils in provenances of
the gum species indicated that these two compounds tended to have higher percentage
content in leaf oils of E. globulus and provenance D1 of E. nitens at sites 1 and 2 and.
decreased with increasing altitude at sites 3 and 4. However, these two compounds did

not vary between sites in provenance D2 of E. nitens. ’

The percentage of piperitone was high in leaf oils of both provenances of E. regnans at
the high altitude site 4 and low at other sites but varied little between sites in E.
delegatensis. However, in E. delegatensis, the percentage of methyl cinnamate was
higher at the low altitude site 1 and high altitude site 4 than sites 2 and 3 in both
provenances.
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Table. 3.5. ANOVA for oil yields and percentage contents of components of adult leaf oils from different
provenances and species at different sites based on log(Vx) transformed data.

Between
Source of variation Bet.ween Betw.een provenances | Sites*species {Residual
sites species within species
Degree of freedom 3 3 4 9 12
F-values [Signt.|F-values {Signt]F-values [Signt.|F-values [Signt.

Oil yield 10.32 | ** 87.19 | *** 7.52| ** 4.55| **
1 JoP |o—Pinene 1.71 | ns 104.00] *** | 18.81| *** 1.50| ns #
2 loTh ja-Thujene 0.36] ns 63.26 | *** 4.26] * 0.71 ] ns #
3 |Ca |Camphene 0.53] ns 571} * 6.63] ** 1.08 ] ns
4 IBP |B—Pinene 2.19|ns 93.88 | *** 1.72| ns 3.17)*
5 |Iso 1 |Isobutyl isobutanoate 0.92| ns 181.00% *** | 61.96} *** 0.97 | ns #
6 |Sa |Sabinene 1.97| ns 9.08 | ** 6.78 | ** 0.96| ns
7 |oPh |a~Phellandrene 0.89| ns 274.00 | *** 8.61| ** 2.08| ns #
8 JoT |a~Terpinene 1.42] ns 479.00 | **=* 6.17] ** 0.75| ns #
9 jLim |Limonene@ 1.54| ns 82.30 | *** 1.01| ns 1.41| ns #
10 18Ph |B—Phellandrene 0.63]ns 723.00) *** 3.10| ns 0.41]ns #
11]Ci |1,8-Cineole 1.90| ns | 520.00 | *** 6.48) ** 1.33fns #
12 |0 |cis-B-Ocimene 1.90] ns 48.45 | *#*=* 3.15| ns 1.83|ns #
13 |4T  |y-Terpinene 1.26] ns T1.34§ %% | 12,14 *** 0.81|ns #
14 11O |¢rans—B-ocimene 0.95] ns 6.33| ** 0.70] ns 0.53 | ns
15 |Cy |p-Cymene 0.79 | ns 67.76 | *** 5.93] ** 2.13 | ns #
16 |T Terpinolene 2.48] ns 40.07 | *** 2.88] ns 1.49 | ns
17 |Iso 3 |Isoamyl isovalerate 1.02] ns 44,92 *¥** | 3().85| *¥** 1.28 | ns
18 |Lin |Linalool 0.52| ns 35.50 | **x* 2.03| ns 1.72 | ns
19 {tM  |trans-p-Menth-2-en-1-0l 0.37| ns 187.00 | *** 4.21] * 1.44 | ns #
20 |Pi |Pinocarvone 431]* 32,20 *** 2.17| ns 3.35)*
21 |bC |b-Caryophyllene 2.88 | ns 17.75 | *** 6.74) ** 2.93]*
22 JAr | Aromadendrene 0.20| ns 49.41 | *** 1.75] ns 0.71 | ns
23 |Ter |Terpinen-4-ol 0.14| ns 33.66 | *** 3.02| ns 0.46 | ns
24 |cM  |cis-p-Menth-2-en-1-0l 0.23 | ns 219.00] *** 5.22| * 1.37 | ns #
25 |Al |Allo-aromadendrene 0.22] ns 66.43 | ¥*=* 7.07] ** 0.10| ns
26 |tPin |trans-Pinocarveol 6.22] ** 39.45 | *** 7.18] ** 4.281]*
27 |cPi |cis-Piperitol 0.65] ns 218.62 | *** 5.98]| ** 1.37| ns
28 |Ta |Terpinyl acetate 0.90| ns 7.66 ** 8.84 | ** 0.97 | ns
29 |oTer |a~Terpineol 0.51| ns 87.03 | *** 0.95| ns 0.37 | ns #
30 [Pip |Piperitone 13.96| *** | 29.75| *** 2.44| ns 13.02 | **x*
31 |tPi |erans-Piperitol . 0.21| ns 211.00 | *k* 2.44| ns 1.49 | ns #
32 |Cit |Citronellol 0.61| ns 4.01|* 1.19| ns 0.61 | ns
33 |cSa |cis-Sabinol 0.19| ns 47.56 | *¥*=* 0.65| ns 1.44 | ns
34 |pCy |p-Cymene-8-ol 0.35| ns 538 * 1.08]| ns 1.00| ns
35|El |[Elemol 0.70[ ns 120,00 *** 1.82( ns 0.70| ns #
36 |Gl {Globulol 0.47| ns 126.00 f *** 9.95 | *** 0.59 | ns #
37 | Vir |Viridiflorol 0.56] ns 5.52|* 6.96] ** 1.04| ns
38 [Mc (Methy! cinnamate 16.87 ] *** | 372.00] *** | 108.00| *** | 15.95] ***
39 {Sp |Spathulenol 0.30| ns 28.87 | *kx* 4.04] * 0.69 | ns #
40 |oFu |o—Eudesmol 1.10} ns 236.00 | *** 7.85]| ** 0.42|ns #
41 |4Bu |y-Eudesmol 0.30| ns 207.00 | *** 5.65] ** 0.23 | ns #
42 |8Eu |B-Eudesmol 1.03] ns 201.00 | **=* 5.18| * 0.25| ns #
43 Un |Unidentified 0.84| ns 4557 *¥*% | 18.45| **x* 0.84| ns #

@ Limonene and isobutyl isopentanoate were unable separated in GC in this experiment. The percentage
content of limonene therefore included isopenty! isopentanoate.
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Fig. 3.3. Variations in oil yields and some oil components of the four eucalypt species

with respect to altitude.
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Variation in oil components among provenances, species and sites were summarised by

PCA using important oil components which occurred in substantial amounts (mean = -

percentage > 3% in leaf oils of individual provenances). Plots of the individual
provenance scores of each species (Fig. 3.4) indicated that all samples for individual
provenances formed distinct species groups in spite of the considerable variation between
sites. For E. nitens, samples of the provenance D1 and D2 were readily distinguished
without overlap.
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Figure 3.4. Plots of individual provenance scores of each species from different sites
on the first and second principal components of leaf oils.

3.4.3. Discussion

Environmental variation in oil composition of leaf oils were examined across four sites
along an altitudinal gradient in two provenances in each species of E. regnans. E.
delegatensis, E. globulus and E. nitens.. However, the leaf sample of each provenance
was a mixture of five trees, therefore, the data did not indicate the variability between
trees within provenances with respect to altitude. With this limitation, the only conclusion
that can be drawn are from a general rather than a statistical point of view.

The variation in leaf oils of each provenance of the four eucalypt species exhibited no
marked qualitative differences between sites. Environment changed only the quantity of
oil and some individual components. Thus for each species and provenance at different
sites, the compositional leaf oil characters were comparatively stable suggested that the
differences between species and provenances are under strong genetic control and little
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modified by environmental influences such as altitude and rainfall and temperature related
to altitude as described by Turnbull ez al. (1988). However, significant differences in oil

yields of provenances of ‘ash’ species could be attributed to the altitude of the different |

sites. This finding is consistent with the observations of Rajeskara et al. (1984) who
found that oil yield of E. citriodora varied with altitude but there was no significant
variation in oil compdsition. In summary, results of this study indicated that
environmentally induced variation of leaf oil composition has been shown to be relatively
insignificant in terms of taxonomic studies, although environmental factors were found to
induce quantitative variation in leaf oils. Almost all qualitative and quantitative variation
was considered to be under fairly strong genetic control.

The two 'ash’ species are known to survive and grow best at low altitude (Sites 1 and 2)
~ but perform poorly at higher altitudes. E. nitens grew well on all sites and E. globulus
grew best at site 2 (200 m altitude) (see Turnbull ez al. 1988). The oil yield and tree
growth of individual provenances appeared to be related. Higher oil yields were
recovered from the two 'ash' species at low altitudes in contrast to the low oil yields at
higher altitudes where they were grew poorly. The E. globulus provenances had highest
~oil yields at site 2 where they were most successful. In contrast, E. nitens showed little
difference in tree growth and oil yields between sites.

In the comparison of leaf oil yields between young and adult trees (see chapter 4), yields
from leaves of seedling trees were significantly lower than from adult trees for all
Monocalyptus species. In this study, the morphological characteristics of the two
Monocalyptus species at sites 1 and 2 have now (1991) changed to adult leaves.
However, the two 'ash’ spécies at sites 3 and 4 still retain many of the phenological
characters of the juvenile or intermediate leaves, especially trees of E. regnans at site 4.
_The leaf material of the two 'ash' species thus differed in the ontogenetic stage and it is
considered that the low oil yields at high altitude could be attributed, in part, to the
ontogenetic stage of tree development.

Similarly, comparison of the oil composition between juvenile and adult leaves in all
Tasmanian localities of E. regnans (see chapter 4) showed a significantly higher
percentage of piperitone in juvenile than in adult leaf oils. Therefore, the higher
percentage of piperitone in the leaf oils of the two E. regnans provenances at high altitude
sites in this study further indicates that variation in leaf oil of E. regnans with altitude was
mainly related to the ontogenetic difference of leaf material. That is, the main effect of
altitude may be through the delayed ontogenetic development of leaves at higher altitude.

Overall, despite sites encompassing covering a wide range of altitudes, the differences in
oil composition due to environmental effects is insignificant when compared to the
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differences between species. Provenance differences were also maintained across sites
and, in particular, the provenances of E. nitens were readily distinguished without
overlap. This indicates that a very large component of variation in oil composition
between species and provenances has a genetic basis and this variation is maintained
across a wide range of environments.

3.5. Experiment 3:
Seasonal, ontogenetic and physiological age variation

This investigation was designed to examine the variation of leaf oils with (a) variation
between seasons over one year and (b) time, ontogenetic and physiological leaf age
within the active growing season.

3.5.1. Material and methods
Seasonal variation in leaf oil over a one year period

Variation with season was followed at two monthly intervals from November 1988 to
November 1989 using one provenance from each of the three species E. nitens (D2), E.
globulus (B2) and E. delegatensis (C2) at site 1. At each time interval, adult leaves was
collected from each of the five trees of each provenance of each species (same five trees
were sampled on each season). Each sample was sealed in pléstic bags and stored in the
cool room and then treated as in experiment 1 (see sections 3.3.1).

Examination of variability in leaf oils with time and leaf age
Expérimént design

This experiment used a single provenance from each of the three species, E. globulus
(B2), E. nitens (D2) and E. delegatensis (C2). Samples were c_:ollectcd from site 1.

Five trees from each provenance were selected on the basis of having good growth with
well developed adult leaves. Tertiary branches on each of the five trees were selected
from the partly closed crown and identified by numbered metal tags at the fourth
internode from the apical tip (Figure 3.5).

Leaves were collected at twenty-eight day intervals on six (E. nitens and E. delegatensis)
or seven (E. globulus) sampling dates. Leaf age of E. nitens and E. delegatensis leaves
were coded as Age A (new leaves on the second leaf node position of a branch tip), Age
B (28 days from first sampling), Age C (56 days), Age D (84 days), Age E (112 days)
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and Age F (140 days). The age of E. globulus leaves included one more leaf age sample -
Age G (168 days). As shown in Fig. 3.6 (a and b), this experimental design suited the
measurement of the three sources of variation in the determination of the leaf oils.

Node 10 - = * - - —]

Fig. 3.5. Position of identification tag on shoot in relation to leaf node number.

(i) Variation with time in leaves of the same age (series 1)

Leaves of the same known physiological age (i.e. ages A—G), were sampled at each
sampling time as indicated in Fig. 3.6. The new leaves with leaf age code A were thus
sampled six times (time 1 to time 6) and leaves with leaf age code B (28 day old) were
sampled five times (from time 2 to time 6) for E. nitens and E. delegatensis. As indicated
by the ordination of 'time’, this procedure allowed for the comparison of oil yield and
components of leaf samples between sampling times for a given leaf age class [(1) in
Fig. 3.6)]. For example, six sampling times could be compared (times 1 to 6) for Age A
and five sampling times (times 2 to 6) compared for Age B on E. nitens (D2). This
experimental design aimed mainly to compare variation with sampling time for the three
leaf age classes of A, B and C (i.e. new, young leaves and immature leaves). The leaf
samples within each age class with the same physiological leaf age, which initiated at
- different times, were sampled at different times throughout the study period. Therefore,
variation between samples of each age class were affected by a sampling time factor.
Thus, it compounded environment/seasonal effects with ontogenetic effects and time of
initiation.
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(a) E. nitens and E. delegdemis
Age code: A B. C D E F

Leaf age (day): l:ew 28 56 84 112 140
Leaf Labelled in 4/11/87 X“ -B c D E F

Time 1: 3117 |A o
Time 2: 1501287 |A "\|B
Time 31 IANBNG f A
Time 4: 238 |A \{B \JC\(D H
TmeS: 738 [A BN\/C\D\E | |
Tme6:30388 |A B |C %ée ip
B A B [o} 3 2 1 6 5 4
Categaries of leaf samples: Leaf age Physiologi_cal Sampling time
: age series
ey 3 )
(b) E. globulus
Age code: E F G
Leaf age (day): 112 140 168
Leaf Iabelled in 411/87~ D B . 8 :
oo AN P J S T o
Time 2 21287
Time 3, 291287, | Aee
\ ¢ Time Time x Age
Time 4: 26/1/88 D
Time S: 24/2/88 D\E
Time 6: 23/3/88 D Ak
Tima 7 20478 D ii%\
A_B_C D 4 3 2 1 1_6__5 4
* Categories of leaf samples: Leaf age Physiological age series Sampling time
ey (3) 2

Figure 3.6. The experimental design used in the measurement of the three sources of
variation in chemical constituent levels for each tree during leaf aging over the study period.

* Categories of leaf samples and sources of variation for each category of leaf sample:

(1) Leaf age classes: leaves initiated at different time, same physiological age sampled at different times throughout the study
period. Variation between leaf samples within each age class are affected by sampling time factor and could compound
environment/seasonal effects with ontogenetic effects.

(2) Time series: leaves initiated at different times but sampled at same time. Variation between leaf samples within each time
series is affected by age factor and could d Itime effects on initiation of leaves, ontogenetic and physiological

1 4

aging effects.

(3) Physiological age series: lévu initiated at same time but sampled at different time. Variation between leaves within
each series are mainly affected by physiological age differences, but could compound differences due to environment at time of
sampling.
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(a) E. nitens and E. delegatensis

Age code: A B C D E F Leaf samples at nodes which correspond to
Leaf age (day): Now leaves 28 56 34 112 140 leaf age code at each sampling time
BranchLabellediné/187—~_A B . C . D E __F 1 A B . oD LELLEL
with identification tag o H H
Time 1: §1187 | o : 5 5 : l""r"'— : Leaf branch
............................. ?""""‘:""'""E"""" N Identificato:
Time 2: 15/12/87 S - ;;j p
.................... A_|B !
L 11 A : :
Time 3: 12/ 1/88 : = s T :
.................... A B c R ERR SO
; oy o Am
Time 4: 3/2/88 A B c |p : 1 BB IL ] H :
ime S: 2/ L e
Tmen2sia 1B Ic b [E L L L
. ] |11 11 A2
Time6:30/3%8a B |c D [ |F | SIS s STI TR
(b) E. globulus
Age code: A B C D E F G Leaf samples at nodes which correspond to
Leaf age (day): New leaves 28 56 84 112 140 168 leaf age code at each sampling time
Branchs labelledin4/11/87_A = B | c.D _  E __E_G LA B .. C..D.. . E. .. F .G
TDZ G S S i
Time 1: 4/11/87 |A : : ; : : Ll'l_ Leal branch
......... | I/........:./m ldentificaton g |
: : : : L !~ ®  Merked for leef i
Tme2yuwr A B | i i GG il I R s s ot ol
el A
Tme3 212857 A B _|C . L LA TS VO T
1l hy £
Time4: 26188 [A 1B _|C |D S i ry
N O T O Y L B
Tmes:24nm8 1A 1B [C ID [E | : T, L L A
N L T T B A
Time 6:23/388 |A |B C |ID |E F W[ W[ | W B[] |B ] :
I [ t] 1] A2
Tme7:204%8 |A_ B |C ID |E |F |G S BT B[ BN 8] (15§ 1

Figure 3.7. The leaves sampled from each tree of E. nitens (D2; Bendoc), E. delegatensis
(C2; Maydena) and E. globulus (B2; Otways) during leaf aging over the study period.
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(ii) Variation between leaf ages at the same sampling time (series 2)

The leaves of different physiological age, which initiated at different times, were also
sampled at each sampling time. For example, while only new leaves with age code A
were sampled at time 1, leaves of five different ages (age codes A, B, C, D and E) were
sampled at time 5 and six ages at time 6. As indicated by the ordination of 'age’, this
design provided a number of fime series [(2) in Fig. 3.6] of leaf samples (e.g. time 4,
_ time 5 and time 6) for the comparison of oil yield and components between different leaf
ages, which initiated at different times but were sampled at the same time. Therefore,
‘variation between samples within each time series is composed of physiological age and
ontogenetic effects and seasonal/time effects on initiation of leaves. This experiment
compared differences in oil components and yield between leaf ages at the three sampling
times (Times 4, 5 and 6) for E. nitens and E. delegatensis and the four sample times
(Times 4, 5, 6 and 7) for E. globulus.

(iii) Variation with leaf age (physiological age effect)

The experimental design for the above two comparisons also allowed the comparison of
oil yields and components between leaves initiated at the same time but sampled at
different times. Thus, new leaves which expanded at the first sample time were labelled
with age code A became age code B at sample time 2, age code C at time 3 to age code F
at time 6. As indicated by the ordination of 'time x age', these leaves provided a number
of physiological age series [(3). in Fig.3.6] of samples which initiated at time 1, time
2 and time 3 respectively with leaves aging from time 1 to time 6, time 2 to time 6 and
time 3 to time 6. Therefore, variation between these leaves within each series would
consist of mainly physiological aging and sampling time effects but not ontogenetic
effects.

The leaves at the nodes which corresponded to leaf age codes were taken from the
labelled branches of trees according to the leaves present at each sample time (Fig. 3.7).
At each sampling date, a number of branches were randomly chosen and leaves from
them destructively sampled according to the need of approximately 4-5g of leaves from
each tree per age class and time (new leaves sometimes yielded only 2g/per time or age
class).

Because the number of leaves that expanded at different sample times was variable,
leaves of the same age could be sampled from different leaf nodes which corresponded to
the leaf age codes.
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For each tree, fresh leaf samples for each age and time sampling were mixed and sealed
in a plastic bag and transported to the University of Tasmania. The leaf samples were
stored at 49C until processed. ‘

Sample preparation

Individual leaf samples were weighed and then cut into 2-3 cm pieces. Approximately 3-4
g of cut leaves were used for oil and wax extraction. Another 1-2g lot was used for
moisture determination. The first lot of leaf samples were stored in a 4 9C cool room and
extracted within a week.

QOil extraction and analysis

The fresh leaf sample was placed in a small flask and approximately 7-10 ml hexane
added. The flask was then shaken at room temperature for 5 minutes. This extraction
process was repeated twice. The hexane extracts were mixed and used for other
experiments. After washing off the surface waxes, the leaf samples were steam distilled
for six hours, using a small glass steam-distillation unit in which 1ml hexane had been
added. The oils were collected in the hexane.

The leaf oil in hexane solution was subjected to the same qualitative analysis as for the
experiment 1. The yield determination of these leaf oils was made possible by the use of
n-tetradecane as an internal standard (see Appendix 3.3D). The internal standard chosen
" had a retention time which did not interfere with any of the peaks being measured.

Data analysis

The analysis of variance and significance tests for variation in oil compounds with time,
leaf age and time x age during the active growth season and with season over one year
based on untransformed data were computed using the non parametric comparison
program of Statview written by Daniel er al. (1987) (Abacus Concepts.)

3.5.2. Results
Seasonal variation in leaf oils over one year

The mean oil yields and compositions of E. nitens (D2), E. globulus (B2) and E.
delegatensis (C2) leaves over a one year period are listed in Appendix 3.2A, B and C.
Results of analysis of variance for oil yields and percentage content of componénts of
each species are also shown in these tables. It should be noted that the leaf samples for
study of seasonal variation in this section consisted of new leaves which expand‘ed' during
the study period (November 1987 to November 1988) and did not include the old leaves
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of the previous year. Thus, the variation in leaf samples was not only affected by
seasonal differences but also compounded the variation in physiological and ontogenetic

leaf age.
Oil yield

Kruskal-Wallis H-test indicated that significant difference (p<0.05) in mean oil yield of
five trees (based on dry leaf weight basis) between seasons was only occurring in E.
nitens (Appendix 3.2). However, the mean percentage oil yield of E. nitens remained
markedly lower (0.7-1.0%) than E. delegatensis (2.6-3.1%) and E. globulus (3.6-
4.4%). Plots of mean oil yield for individual species indicated that oil yields of all three
species increased gradually throughout the springs and summer seasons, at tainting a
maximum value in March following a linear decline during the fall and winter (Fig. 3.8).
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Fig. 3.8. Variation mean percentage content of oil yield (% DW) of E. nitens (D2), E.
delegatensis and E. globulus at different sampling times over a year. (Error bar indicated
S. D. of five trees).
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Oil composition
(1) Oil composition of E. nitens (D2)

Overall variation in oil components, which occurred in substantial amounts (mean
percentage > 0.3% in leaf oils of five trees at one sample time, see Appendix 3.2A)
among trees of E. nitens (D2) over a one year period were summarised by PCA based on
the percentage data of individual samples (Fig. 3.9). The first two PCs accounted for
44.1% and 14.3% respectively of the total variance of the components among trees. The
ordination of compounds in the space defined by PC1 and PC2 indicated that positive
variation along PC1 was mainly due to high levels of cis——ocimene, y—terpinene and
o—phellandrene and low levels of p-cymene, spathulenol and isobutyl isobutanoate. The
positive variation along PC2 was mainly due to high levels of terpinen-4-ol and isobutyl
isopentanoate and low levels of a—pinene, limonene, a—terpineol and globulol (Fig.
3.9a). ‘
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Fig. 3.9. Principal component analysis (PCA) for variation in o0il components of all
samples for individual trees of E. nitens (D2) sampled at different seasons over a year
period. Code of Sampling time: Nov./87=1, Jan./88=2, Mar./88=3, May./88=4, Jul./88=5, Sep./88=6,
Nov./88=7.
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Plots of the individual tree scores over different seasons on the first two principal
components (Fig. 3.9b) indicated that variation between samples from early sampling
times to later sampling times over a year for individual trees was mainly due to variation
along PC1 with increases in levels of p-cymene, spathulenol and isobutyl isobutanoate
and decreases in cis—B—ocimene, y—terpinene and o—phellandrene. Variation along PC2
mainly differentiated samples of tree 2 from samples of other trees due to high levels of
o—pinene, limonene, o—terpineol and globulol and low levels of other components.

Principal component analysis thus indicated that the main axis (PC1) was due to seasonal
variation (44.1%) and variation between trees contributed little (14.3%).

Moreover, variation between samples in the first four sampling times (1, 2, 3 and 4)
contributed most variation over season along PC1 in contrast to little variation occur
between later three sampling times (5, 6 and 7).

Again, samples from individual trees did not form clear groups, in spite of the
considerable differentiation in variation pattern between trees, although the difference
between tree 2 and others was maintained throughout the season.

The Kruskal-Wallis H test (Appendix 3.2A) for variation in percentage content of
individual components between seasons further indicated that five monoterpene
hydrocarbons, a—phellandrene (p<0.001), cis—f—ocimene (p<0.001), y-terpinene
(p<0.01) and p-cymene (p<0.001) varied significantly. The ester component isobutyl
isobutanoate and the sesquiterpenoid, spathulenol, also varied significantly (p<0.01) with
season but other components did not.

Fig. 3.10 indicates that variation in these oil components was mainly due to changes that
occurred during the major growth period in summer. Little change occurred during the
dormant winter stage when leaf expansion had ceased. For example, the mean percentage
of p-cymene, cis—B-ocimene, y—terpinene and a—phellandrene differed significantly
between the November and May sample times but did not differ significantly between
May and the following November. It can be seen that the percentage content of
components 'of leaf oil in November 1987, when the sampie mainly contained new leaves
(old leaves of last season were excluded), differed markedly from that in November
1988, when the sample mainly contained mature leaves, therefore, leaf samples only
contained leaves which expanded during and after November 1987). Therefore, this
result compounded large differences in physiological leaf age in sampling.

The percentage content of one of the major components, 1,8-cineole, showed little
variation over the sample periods and did not relate to variation in cis—3—ocimene, p-
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cymene and y-terpinene etc. In addition, o—pinene remained as a very minor compoﬁent
(0.5% t0 0.7%) throughout the year (Appendix 3.2A). '

30.0 1

N

a

o
1

N

o

o
1

—

o

o
1

b

-

o

o
]

Mean percentage component

o
o
e

87 88 88 88 88 88 88

--------- @ cis—~f—Ocimene <----pg---- ¥-Terpinene —a——— p-Cymnene

— —-&——-|Isobutyl isobutanoate  «:-.-@-.~-a-Phellandrene

Fig. 3.10. Variation in mean percentage content of major monoterpenoids of E. nitens
(D2) leaf oil at different sampling times over a year. Error bar indicate S.D.

(2) Oil composition of E. delegatensis (C2; Maydena)

In the principal component analysis (PCA) for variation in oil components of E.
delegatensis (D2), the first two PCs accounted for 31.9% and 23.4% respectively of the
total variance of the components among trees (Fig. 3.11). The PC1 mainly described
variation between samples of different seasons for individual trees. In a negative direction
along PC1 from early to later sample times, there was continuous variation with increased
levels of p-cymene, piperitone, monoterpene alcohols (cis- and trans-menth-2-en-1-ol,
cis-piperitol, terpinen-4-ol) and sesquiterpenoids (0t—, f— and y—eudésmol) and decrease
levels of a number of monoterpene hydrocarbons, o~ and B~phellandrene, o~ and y—
terpinene, and the sesquiterpenoid, globulol. |

PC2 differentiated samples of trees 4 and 5 from other tree samples due to higher levels
of spathulenol, o—~terpineol and y—terpinene.
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The PCA thus indicated that variation between trees is of similar magnitude to the
variation between sample times. The differences between samples of individual trees
sampled in different seasons had similar variation pattern, although the difference
between the trees 4 and 5 and the other trees was maintained throughout the season.
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Fig. 3.11. Principal component analysis (PCA) for variation in oil components of all
samples for individual trees of E. delegatensis (C2) sampled at different seasons over a
year period. Code of Sampling time: Nov./87=1, Jan./88=2, Mar./88=3, May./88=4, Jul./88=5,
Sep./88=6, Nov./88=7.

The Kruskal-Wallis H test (Appendix 3.2B) indicated that there were significant variation
(p<0.05, p<0.01 or p<0.001) in the monoterpenoids c—phellandrene, y—terpinene, p-

cymene, terpinolene, and terpinen-4-ol and the sesquiterpenoid, spathulenol, between
samples over a one year period.

Fig. 3.12 shows that the percentage content of o—phellandrene decreased with sampling
time. In contrast, the position of p-cymene and terpinen-4-ol were the reverse. The above
monoterpenoids changcd markedly between November and either May or Jul but changed
only slightly from March or May to the next November. This indicated that variation in
oil components of E. delegatensis (C2) also mainly occurred during the active growth
period during summer.
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Fig. 3.12. Variation in mean percentage content of major monoterpenoids of E.
delegatensis (C2) leaf oil at different sampling times over a year period (Error bar
indicated S.D.). '

(3) Oil composition of E. globulus (B2; Otways)

Variation in o0il components for leaf samples in different seasons among E. globulus (B2)
trees on the first two principal components of PCA accounted for 49.0% and 17.3% of
the total variance (Fig. 3.13). The positive variation along PC1 was mainly due to high
levels of 1,8-cineole, limonene and p-cymene and low levels of a—pinene, o—terpineol
and terpinen-4-ol and the positive variation along PC2 was mainly due to high levels of
the sesquiterpenoids, globulol and spathulenol, and low levels of y—terpinene, a—pinene
and o~terpineol.

Plots of sample scores on these two principal components indicated that both between
~ and within tree variations were slightly oblique to PC1 and PC2. There was continuous
variation between samples from early sample times to later sample times with increased
levels of 1,8-cineole, limonene and p-cymene and decrease levels of o—pinene and o—
terpineol in a positive direction along PC1 which was sﬁghtly oblique to PC2. However,
there were differences between tree 1 and other trees in which samples of tree 1 had
higher levels of the sesquiterpenoids, spathulenol and globulol.

110



6 e 2 ——
S L ]! +6 +7
) p 2 | X7
1.54 5 %4
B 2 Git 1
o . . XS e
~ Ter Cy *l sl +3 O3 SXg4 xc [
Z 0 o &+ 1 a4 ﬂ76
N 335 <o
& ecTler 4 2 % 4’6’ 5;
a-.21 b =51 q Y a5 7
. Lim Ox02 - io 47
«P 1| # toy, 13 Y6 ([
-4 A
* -15] |0 v3
YT Y1
-6 et ——r—r—r—r—r -2 ' v —— - r .
~5-4-3-2-10 1 2 3 4 5 -3 25-2-15-1 -5 0 S5 1 15
PC1 (49.0%) PC 1 (49.0%)
4 oil compounds * Treel ¥ Tree2 @ Tree3 P Treed W TreeS
(a) Plots of component scores (b) Plots of sample scores

Fig. 3.13. Principal component analysis (PCA) for variation in 0il components of all
samples for individual trees of E. globulus (B2) sampled at different seasons over a year
period. Code of Sampling time: Nov./87=1, Jan./88=2, Mar./88=3, May./88=4,
Jul./88=5, Sep./88=6, Nov./88=7.

Further analysis of variance of individual oil components (shown in Appendix 3.2C)
indicates that a—pinene (p<0.01), 1,8-cineole (p<0.01), a—terpineol (p<0.01) and p-
cymene (p<0.05) varied significantly (p<0.01) between seasons over the sample period.

Changes in mean percentage contents of the three major components, 1,8-cineole, o—
pinene and a~terpineol, were significantly different between November and May but not
between May and the following November (Fig. 3.14). Thus, variation in percentage
content of oil components of E. globulus was also mainly due to changes in the summer
season when leaves we