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ABSTRACT

In 2001, Dasineura dielsi (Diptera: Cecidomyiidae), a gall midge, was introduced into South Africa as
a biological control agent on the invasive alien plant species, Acacia cyclops (Mimosaceae). The
midges oviposit in the open flowers of A. cyclops, their primary host. Periodically they also lay eggs
and induce galls on other invasive alien Acacia species including A. melanoxylon, A. longifolia and A.
saligna, especially when they are growing in close proximity to A. cyclops. Galls are however, never
found on African acacias. Nothing is known about the cues the females use in order to find suitable
oviposition sites. An investigation was launched to test the following hypotheses: 1) the midges
respond to the scent of A. cyclops to locate suitable oviposition sites; 2) the floral scent of A.
melanoxylon, A. longifolia and A. saligna resembles that of A. cyclops and this explains the insects’
use of these plants too; and 3) the floral scents of African acacias are distinctly different from A.

cyclops and therefore has no attraction for D. dielsi.

Headspace samples of leaves and reproductive units at different stages (early buds, late buds, open
flowers and senescing flowers) of A. cyclops were analysed using gas chromatography-mass
spectrometry (GC-MS). In total, 87 different compounds were detected, of which 76 were identified.
Leaf volatiles were distinct from those in the different reproductive units. The volatile profile
changes from the early bud stage as the flowers mature until the senescing stage. The volatile profile
of the open flowers, the stage D. dielsi uses for oviposition, was dominated by (Z)-3-Hexenyl acetate,
4-Oxoisophorone, (2)-8-Ocimene, an unknown aliphatic compound (henceforth called UC1693),
Heptadecane and Nonadecane. 4-Oxoisophorone and UC1693 in the ratio 2:1 may be characteristic
of the floral scent of A. cyclops. Electroantennograms (EAG) showed antennae responded positively
to (Z)-3-Hexenyl acetate, 4-Oxoisophorone, Limonene and 8-Linalool; whereas gas chromatography
coupled to electroantennal detection (GC-EAD) showed antennae responded positively to (2)-3-

Hexenyl acetate, 4-Oxoisophorone, UC1693, Limonene, Heptadecane, and Tricosane.
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Behavioural bioassays with a 4-arm olfactometer showed that the midges are attracted to the scent
of the open flowers of A. cyclops, but not to the scent of any other flower stage or the leaves,
confirming that D. dielsi females employ olfactory cues to locate suitable flowers for oviposition. The
midges also showed a behavioural attraction to 4-Oxoisophorone alone. The lack of a positive
behavioural response to the simulated scent of A. cyclops containing the prominent compounds
found in the open flower scent, but lacking UC1693, may be indicative of the importance of UC1693
as a co-attractant with 4-Oxoisophorone. This study is the first to show positive antennal and
behavioural responses by a dipteran to 4-Oxoisophorone. Furthermore, the midges were repelled by

B-Linalool which was tested at a very low concentration.

Headspace samples of the leaves and the reproductive units at different stages (late buds, open
flowers and senescing flowers) of A. melanoxylon, A. longifolia and A. saligna were also analysed
with GC-MS. As with A. cyclops, the leaf volatiles were distinct from those in the reproductive stages,
and the volatile profile changed as the reproductive stages matured. In the floral scent of A.
melanoxylon, 75 compounds were detected with (Z)-8-Ocimene and p-Anisaldehyde being most
abundant. In the floral scent of A. longifolia, 69 compounds were detected with (Z)-8-Ocimene and
Heptadecane being most dominant. In A. saligna, 54 compounds were detected in the floral scent
with Benzyl alcohol and (2)-3-Hexen-1-ol dominating. Benzyl alcohol made up almost 50% of the
scent and may be characteristic of the scent of A. saligna. The floral volatile profiles of these three
species were distinctly different from each other, as well as from A. cyclops. Bioassays with a 4-arm
olfactometer showed the midges were not attracted to floral scents simulations of A. melanoxylon,
A. longifolia and A. saligna. Other reasons for the attractiveness of these plants to D. dielsi need to

be investigated.

Dasineura dielsi does not oviposit on African acacias. Headspace samples of the leaves and the open

flowers of A. karroo, A. sieberiana var. woodii and A. xanthophloea were analysed with GC-MS. In
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these cases the leaf scent profile of each species was distinct from the floral volatile profiles. In the
floral scent of A. karroo, 69 compounds were detected with the aliphatics and benzenoids being the
dominant compound classes. Seventy five compounds were detected in A. sieberiana var. woodii
and 60 compounds in A. xanthophloea. In the latter two cases, compounds were mostly
monoterpenoids. On the level of the compound classes there was some similarity in the profiles of
A. sieberiana var. woodii and A. xanthophloea, and some similarity between the profiles of A. karroo
and A. saligna. However, on the individual compounds level, there was no similarity pertaining to
the compounds in combination with the ratios in which it occurred in the scent profiles of any of the

African species tested.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. Introduction

Invasive alien species are known to cause substantial problems in areas where they became invasive
and are a major threat to ecological services and global biodiversity (Enright, 2000; Mack et al.,
2000; Van Driesche et al., 2008). Alien plants are plants that do not occur naturally in a specific area,
have been brought either deliberately or unintentionally into a new area, and without their natural
enemies present, may become invasive and spread aggressively and become weeds in usable land,
watercourses, conservation areas and urban areas (Harley & Forno, 1992; Enright, 2000; Mack et al.,

2000; Van Driesche et al., 2008).

Thirteen Australian Acacia species are invasive in South Africa (A. baileyana F. Muell., A. cyclops A.
Cunn. ex G. Don, A. dealbata Link, A. decurrens Willd., A. elata A. Cunn. ex Benth., A. implexa Benth.,
A. longifolia (Andrews) Willd., A. mearnsii De Wild., A. melanoxylon R. Br., A. paradoxa DC., A.
podalyriifolia A. Cunn. ex G. Don, A. pycnantha Benth. and A. saligna (Labill.) H. L. Wendl.)
(Henderson, 2001) and cause harm to natural and agricultural ecosystems (Dennill et al., 1999;
Kolesik et al., 2005). They form dense thickets which, besides being aesthetically unappealing,
reduce agricultural productivity, create fire hazards, smother natural vegetation and associated
fauna, threaten the conservation of biodiversity, and drastically reduce flow rates of rivers and
streams, and alter or disrupt ecological processes and functions (Dennill et al., 1999; Hoffmann et

al., 2002; Adair, 2005; Kolesik et al., 2005).

Many Australian acacias, including A. cyclops, A. dealbata, A. decurrens, A. longifolia, A. mearnsii, A.
melanoxylon, A. pycnantha and A. saligna, were introduced to South Africa in the middle of the 19th
century for commercial, cultural and horticultural purposes (Richardson & Kluge, 2008). Most of

these species have been used in South Africa since the 1820s for stabilization of drift sands, timber



e.g. A. melanoxylon (black wood) and pulp production e.g. A. decurrens (green wattle), tannin
extraction e.g. A. mearnsii (black wattle), and as garden ornamentals (Kolesik et al., 2005). Acacia
cyclops, and A. saligna, to a limited extent, are collected from naturalized populations and widely
used as a source of domestic firewood (Henderson, 2001; Hoffmann et al., 2002; Adair, 2005; Kolesik
et al., 2005). Naturalization of these invasive species has been widespread and most now form a

conspicuous part of the South African landscape (Henderson, 2001; Kolesik et al., 2005).

For many years, considerable resources and effort have been directed towards mechanical, chemical
and biological control operations to curb these invasive weeds (Dennill et al., 1999; Van Wilgen et
al., 2008; Van Wilgen & De Lange, 2011). More recently, these control efforts have escalated
because the detrimental effects of invasive species on supplies of water within South Africa have
been recognized (Zimmerman et al., 2004; Impson et al., 2011; Van Wilgen & De Lange, 2011). South
Africa is deemed a water-stressed (and soon to be water-scarce) country (Jobson, 1999; Turton,
2001; Richardson & Kluge, 2008) and the invasive alien plants, and in particular Australian acacias,
impact water supplies by reducing streamflow and impact on the ability of the water catchments
areas to store water for steady release throughout the year (Van Wilgen et al., 2001; Le Maitre et al.,

2002; Richardson & Van Wilgen, 2004, Van Wilgen & De Lange, 2011).

Since its inception, the biological control programme against invasive Australian Acacia species in
South Africa has been influenced by a protracted conflict of interest between those who want to
reduce the abundance of the plants and those who are benefiting from its cultivation e.g. A. cyclops
being used for firewood and A. melanoxylon being used for furniture timber (Hoffmann et al., 2002;
Zimmermann & Olckers, 2003; Impson et al., 2011). This conflict of interest has limited the extent to
which biological control could be implemented (Zimmermann & Olckers, 2003; Impson et al., 2011).

As a compromise, the choice of biological control agents has been restricted to those that reduce



the reproductive capacity, but not the vegetative growth (i.e. the useful attributes) of the plants
(Adair, 2005; Kolesik et al., 2005; Impson et al., 2008; Impson et al., 2011; Klein, 2011). Biological
control agents have been released on ten of the invasive Acacia species in South Africa. The agents
are five seed weevils, Melanterius spp. (Coleoptera: Curculionidae) on A. cyclops, A. melanoxylon, A.
longifolia, A. saligna and six others, two gall wasps, Trichilogaster spp. (Hymenoptera: Pteromalidae)
on A. longifolia and A. pycnantha, two gall midges, Dasineura spp. (Diptera: Cecidomyiidae) on A.
cyclops and A. mearnsii and a rust fungus, Uromycladium tepperianum (Pucciniales: Pileolariaceae)

on A. saligna (Impson et al., 2011; Klein, 2011).

1.2.  Acacia (Mimosaceae) species

The Mimosaceae (= Fabaceae or Leguminosae) family is one of the largest plant families with more
than 19 000 species categorised in three subfamilies, including the Mimosoideae subfamily to which
the acacias belong (Miller et al., 2011). There are more than 1350 Acacia species worldwide (Maslin
& McDonald, 2004) with most in Australia where there are 1028 species of which 1012 belong to a
single clade, until recently known as Acacia subgenus Phyllodineae (Miller et al., 2011). According to
records, 386 species have been moved outside Australia by human intervention. Of these, 71 species
have become weedy or naturalised, including 23 species that are deemed invasive worldwide
(Richardson et al., 2011). Thirteen species have been declared invasive in South Africa (Henderson,

2001).

The phylogeny of the 1028 Australian acacias was recently revised and five clades were defined
(Miller et al., 2011). Clades A (A. victoriae and A. pyrifolia clade) and C (A. murrayana clade) do not
contain any Acacia species that are invasive in South Africa. Clade B (the Pulchelloidea clade),
contains A. saligna, Clade D (the melanoxylon clade) contains A. melanoxylon, A. longifolia, A.
cyclops and A. implexa, and Clade E (the mearnsii clade) contains A. mearnsii, A. pycnantha, A.

baileyana, A. dealbata, A. decurrens, A. elata and A. podalyriifolia, accounting for 12 of the 13

3



declared invaders in South Africa (Henderson, 2001; Miller et al., 2011). The outstanding species, A.
paradoxa, could not be placed confidently in any of these clades and awaits future molecular

phylogenetic research (Miller et al., 2011).

Of the 13 invasive species in South Africa (Henderson, 2001), A. cyclops, A. melanoxylon, A. longifolia
and A. saligna are deemed to be the most problematic due to the rapid growth rate, large seed
production and rapid rate of dispersal (Milton & Moll, 1982; Dennill & Donnelly, 1991; Richardson &
Kluge, 2008; Gibson et al., 2011). These four species are all without thorns (Henderson, 2001), and
except for A. melanoxylon which is a tall upright tree, the other three species are large shrubs to
small trees (Van Wyk & Van Wyk, 1997; Henderson, 2001; Maslin & McDonald, 2004; Coates

Palgrave, 2005).

The African acacias on the other hand, are part of a much smaller group. Forty-eight species,
subspecies and varieties of African acacias occur in South Africa (Smit, 2008). In constrast to
Australian acacias, all African acacias have thorns which are diagnostic of the different species (Smit,
2008). Until recently the type species for the genus Acacia was an African species, A. nilotica (L.)
Willd. ex Delile, which has been changed in a controversial manner to the Australian species, A.
penninervis Sieber ex DC. (Carruthers & Robin, 2010; Miller et al., 2011). New generic names
resulted from the retypification and Acacia sensu lato is now divided in Acacia sensu stricto,
Vachellia, Senegalia, Acaiella and Mariosousa (Bouchenak-Khelladi et al., 2010). The African acacias

should now be renamed Vachellia.

Little is known about the volatile chemistry of Acacia species. Seigler (2003) presented a
comprehensive report on the phytochemistry of Acacia and listed a number of secondary
metabolites such as amines and alkaloids, cyanogenic glycosides, fatty acids and seed oils, gums,

nonprotein amino acids, terpenes (including essential oils, diterpenes, phytosterol and triterpene
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genins and saponins), hydrolyzable tannins, flavonoids and condensed tannins, but only mentions
plant volatiles from A. farnesiana. Otherwise floral volatiles have been described from A. farnesiana,
A. berlandieri, and A. rigidula (all three native to North America) (Flath et al., 1983), A. praecox, A.
caven var. caven, A. aroma (all three from Argentina) (Zygadlo et al., 1996; Lamarque et al., 1998),
and from A. karroo, an African species (Kaiser, 1997). Subsequently, work has been done on the
reclassified Acacia species, Vachellia seyal seyal, V. seyal fistula, V. etbaica, V. brevispica, V.
drepanplobium and Senegalia mellifera (Willmer et al., 2009). No information on the volatile
chemistry from invasive Australian species is available, except for Kotze et al. (2010), a part of this

study, and a study on A. dealbata published in 1959 (Lamarque et al., 1998).

1.3. The Cecidomyiidae galling insects

The family Cecidomyiidae is a large family of nematocerous Diptera, generally known as galling
insects. This family comprises some of the most destructive agricultural pests on grains, fruits and
vegetables, and covers a diverse array of feeding habits, e.g. herbivory, florivory and fungivory. It
also contains species that are prominent predators of mites, scale insects and aphids (Gagné, 2010).
Approximately four-fifths of the 6 131 known species in 783 genera in the family are associated with
flowering plants (Gagné, 2010), making them one of the most abundant groups amongst galling

arthropods (Yukawa et al., 2005).

Galling insects are deemed to have inherent potential as agents for biological control of weeds
because of their usually narrow host ranges and thus they are unlikely to affect non-target plants
(Harris & Shorthouse, 1996). They can strongly curb growth, and reduce the fitness, of their host
plants (Almeida et al., 2006). A diverse array of phytophagous Cecidomyiidae species is associated
with Australian acacias in their native habitat (Adair, 2005; Impson et al., 2008). Bud, flower, fruit
and seed-feeding Cecidomyiidae occur on all Australian Acacia species (except for A. saligna), that

are invasive in South Africa (Adair et al., 2000).



The genus Dasineura which belongs to the supertribe Lasiopteridi: tribe Dasineurini, was first
described by Rondani in 1840 (Gagné, 2010). The genus is polyphyletic and 466 species are currently
known. It contains mostly flower-dwelling or leaf-rolling species, sharing certain primitive
characteristics, as well as many species that form galls (Gagné, 2010). One of these, D. dielsi
Ribsaamen, which originated from A. cyclops in Western Australia, was introduced into South Africa
as biological control agent of A. cyclops. Besides using A. cyclops as a standard host, galls of D. dielsi
have been found on Acacia spp. (Mimosaceae) both in Australia and South Africa (Adair, 2005;
Kolesik et al., 2005; Gagné, 2010; Post et al., 2010), with some difference in hosts that are used on
the two continents. In both regions, A. cyclops is the primary host (Adair, 2004; Kolesik et al., 2005;
Post et al., 2010), but in Australia secondary galling occurs on A. papyrocarpa, A. sophorae, and A.
oswaldii at localities where these species are in close proximity to A. cyclops (Kolesik et al., 2005).
Similarly, in South Africa secondary galling occurs on A. melanoxylon, A. longifolia, and A. saligna,
also predominantly in localities where these species are in close proximity to A. cyclops (Post et al.,

2010)

Dasineura dielsi is a small insect with a wing length of approximately 2 mm (Kolesik et al., 2005). The
adults are short-lived, and although they have mouthparts they are unknown to feed and must
spend their time finding mates and the females finding suitable oviposition sites to achieve their
maximum fitness (Yukawa, 2000; Adair, 2004; Kolesik et al., 2005). Females oviposit in open Acacia
flowers and deposit eggs within the perianth tube, usually against the exterior surface of the ovary,
but often amongst staminal filaments (Adair, 2004; Kolesik et al., 2005). Flower galls then develop in
place of normal fruits (Adair et al., 2000). Larvae cause the ovary to evaginate and form
developmental chambers around the larvae. Infested flower heads are transformed into clusters of
galls, which may vary in number of individual galls depending on the number of eggs deposited
within the flower (Kolesik et al., 2005). Each larval chamber contains a solitary larva (Kolesik et al.,

2005). Feeding and gall development usually takes place over a period of a few weeks. Pupation



occurs in cocoons within the gall chamber and is also completed in the gall (Adair et al., 2000; Adair,
2004). Females of Dasineura commence oviposition within a few hours of emergence. With time, the

galls desiccate and the woody remnants may persist on the plants for up to two years (Adair, 2004).

Dasineura dielsi is multivoltine and, in South Africa, is known to complete up to five generations per
annum (Adair, 2004, 2005). Emergence of adults is variable with some individuals pupating and
emerging as adults immediately and others pupating and emerging as adults at irregular intervals
lasting up to 12 months after oviposition (Impson et al., 2011). The delayed adult emergence results
from some larvae entering a quiescent phase at the end of the third larval instar (Impson et al.,
2011). The result is that adults are present throughout the year, with a peak in emergence during
the main flowering season (October to April) of A. cyclops (Henderson, 2001; Post et al., 2010;
Impson et al., 2011). Acacia cyclops flowering has being recorded throughout the year (Henderson,
2001). The staggered emergence of D. dielsi fits well with the extended and unpredictable flowering
period of A. cyclops (Adair et al., 2000; Impson et al., 2011). The non-standard hosts used by D.
dielsi, A. melanoxylon, A. longifolia and A. saligna, have discrete, short flowering seasons and are
therefore unavailable to D. dielsi adults that emerge beyond the limits of the flowering periods of

these species (Henderson, 2001; Post et al., 2010).

14. Plant volatiles mediate insect-host interaction

Many, if not all plants, emit a diverse set of chemical compounds (Dudareva & Pichersky, 2000;
Schoonhoven et al., 2005) which result from a number of biosynthetic pathways that are part of the
secondary plant metabolism (Dudareva & Pichersky, 2000; Levin et al., 2003). The compounds are
emitted from both reproductive and vegetative structures (Levin et al., 2003). The scent varies
among plant species in terms of identity, number and relative amounts of the constituent volatile

compounds and insects are able to distinguish between individual compounds in a blend to



discriminate between host and non-host plants (Dudareva & Pichersky, 2000; Schoonhoven et al.,

2005).

Plant volatiles play an almost ubiquitous role in plant-insect interactions (Andrews et al., 2007; Bruce
& Pickett, 2011) and have many functions e.g. pollinator attraction, serve as herbivore attractants or
repellents, protection against abiotic stresses or attracting the natural enemies of herbivores (De
Moraes et al., 1998; Paré & Tumlinson, 1999; Pichersky & Gershenzon, 2002; Levin et al., 2003;

Knudsen et al., 2006; Andrews et al., 2007).

Female insects intent on finding a suitable host plant for oviposition need to monitor the chemistry
of potential candidate plants very accurately (Harborne, 2001). For herbivorous insects, sensory
inputs are most important in host finding and host selection and usually a sequence of behaviours is
mediated by a combination of visual and olfactory cues (Murchie et al., 1997; Van Driesche et al.,
2008). Some of the important steps in host finding and selection include the orientation towards the
host at long range (often called host habitat location), distinguishing the plant from other plants at
closer range (or host location), and finding a suitable place on the host plant for feeding and/or
oviposition (host finding) (Bernays & Chapman, 1994; Van Driesche et al., 2008). For successful
offspring development of insects in which the pre-adult stages have little opportunity to move away
from their oviposition sites, e.g. such as in the case of gall insects, it is critically important that the
ovipositing female selects a suitable oviposition site (Gouinguené & Stadler, 2006; Castells &
Berenbaum, 2008; Détterl et al., 2009). Often secondary plant chemicals provide behavioural
orientation for insects specific to a restricted range of plants (Murchie et al., 1997). Gall midges also
rely to a large extent on olfaction in their search for oviposition sites (Pettersson, 1976; Birkett et al.,

2004b).



1.5. Hypotheses

In South Africa, D. dielsi uses A. cyclops as its standard host (Adair, 2004; Post et al., 2010; Impson et
al., 2011). Successful oviposition and galling also occurs less frequently on other Acacia species
including A. melanoxylon, A. longifolia and A. saligna, especially when they are growing in close
proximity to A. cyclops (Post et al., 2010). Although there are gall-forming African cecidomyiids
associated with African acacias (Adair, 2004), D. dielsi has not been successful in producing galls on
African acacias (Adair, 2004). A number of studies exist that report female gall-forming midges
respond to host odour cues (Amarawardana, 2009 and references therein). However, nothing is
known about the cues D. dielsi females use in order to find suitable oviposition sites. An

investigation was therefore launched to test the following hypotheses:

1) Dasineura dielsi females respond to the scent of A. cyclops to find suitable flowers for

oviposition;

2) the scents of A. melanoxylon, A. longifolia and A. saligna resemble the scent of A. cyclops and
the occasional use of these plants by D. dielsi can be explained by an olfactory attraction similar

to A. cyclops; and

3) the scent of the African acacias is distinctly different from that of A. cyclops and therefore is not

attractive to D. dielsi.

1.6. Structure of the thesis

This thesis is presented in four chapters that cover the different hypotheses related to the putative

role of volatile chemicals for host attraction and host finding of D. dielsi.



1)

The volatile profiles of A. cyclops (the standard host of D. dielsi; Adair, 2004; Post et al., 2010)
and of A. melanoxylon, A. longifolia, and A. saligna (all non-standard hosts; Post et al., 2010)
were determined by taking headspace samples from leaves and from reproductive units at
different stages, early bud (A. cyclops only), late bud, early flowering, and senescing flowering
stages. The samples were analysed using gas chromatography-mass spectrometry (GC-MS). The
variability of the profiles was analysed calculating Bray-Curtis similarities and the data was

visualised using non-metric multidimensional scaling (NMDS) (Clarke & Warwick, 2001).

Dasineura dielsi does not utilise African acacias as hosts (Adair, 2004, 2005). In order to compare
the volatile profiles of the African acacias to the Australian acacias, headspace samples from
leaves and flowers from A. karroo, A. sieberiana var. woodii and A. xanthophloea were analysed
using gas chromatography-mass spectrometry (GC-MS). The variability of the profiles was
analysed by calculating Bray-Curtis similarities and the data was visualised using non-metric

multidimensional scaling (NMDS) (Clarke & Warwick, 2001).

Electroantennogram (EAG) experiments were performed on male and female midges to test the
antennal responses to single floral scent compounds that have a relative abundance of more
than 5% selected from the floral volatile profile of A. cyclops. Electroantennographic detection
coupled to gas chromatography (GC-EAD) was employed to test antennal responses of female
midges to floral volatiles from A. cyclops. The objective was to screen for compounds that are

electrophysiologically active in order to test them in subsequent behaviour bioassays.

Behavioural bioassays using a 4-arm olfactometer were performed to test the behavioural
responses of the female midges to three sets of odour sources. The first set of experiments used
fresh plant material (leaves, yellow buds, open flowers and senescing flowers) of A. cyclops. The

objective was to determine whether chemical cues might play a role in the selection of a
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particular plant organ for oviposition. The second set of experiments used those single authentic
standards that elicited positive antennal responses in the EAGs and GC-EAD experiments. The
objective was to analyse whether these compounds had an attractant or repellent effect on the
behaviour of the midges. Since fresh plant material of A. melanoxylon, A. longifolia, and A.
saligna was not available at the time of the year when A. cyclops flowers were available, the
third set of experiments used mixtures of authentic standard compounds in the same ratios as
the most prominent compounds that were found in the floral scent of A. cyclops, A.
melanoxylon, A. longifolia, and A. saligna to simulate the scent of these species. The objective
was to determine whether the female midges showed a positive behavioural response to any of

the simulated scents.
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CHAPTER 2: VOLATILE CHARACTERISATION OF A. CYCLOPS, A.
MELANOXYLON, A. LONGIFOLIA AND A. SALIGNA

2.1, Introduction

Plants interact with various organisms in their environment for survival and reproduction purposes
(Schiestl, 2010). From a survival perspective, plants need to defend themselves against herbivores,
predators and pathogens and have evolved herbivore-induced signals that either deter herbivores
(as direct defence mechanisms) or attract enemies of herbivores, e.g. predators and parasitoids, to
attack herbivores (as indirect defence mechanism) (Mumm & Dicke, 2010; Schiestl, 2010). From a
reproduction perspective, plants employ visual signals, e.g. shape and colour of flowers, and
olfactory signals to attract pollinators and other beneficial insects (Schiestl, 2010). Diverse blends of
volatile secondary compounds are therefore continually being emitted from the leaves, flowers and

fruits of plants into the atmosphere (Dudareva & Negre, 2005).

Generally, the function of pollinator attraction can be ascribed to the floral volatiles whilst the
function of defence is associated with vegetative volatiles, especially those emitted after herbivory
(Pichersky & Gershenzon, 2002). Terpenoids and specifically monoterpenes and green leaf volatiles
seem to have evolved primarily for defence, whereas aromatics or benzenoids seem to have evolved
for pollinator attraction (Schiestl, 2010; Biichel et al., 2011). However, the evolution of floral scent
has also been interpreted in the context of herbivore defence, since facultaltive and/or damaging
flower visitors play also an important role for plant fitness (Pellmyr & Thien, 1986; Junker &

Blithgen, 2010).

Plant volatiles have been characterised predominantly for beneficial plants (e.g. agricultural crops,
forestry trees and ornamental flowers) (Jlirgens et al., 2003; Blackmer et al., 2004; Zhang & Schlyter,
2004), extraordinary plants (e.g. carnivorous plants, deceptive orchids) (Ayasse, 2006; Jirgens et al.,
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2009), threatened plant species on conservationist red-data lists (Kamatou et al., 2010) and plant
products (e.g. wine, honey, perfume) (Flath et al., 1983; Bianchi et al., 2005; Tao & Li, 2009). Plant-
insect interaction studies where volatile cues play a role, are a natural follow-up on plant volatile
identification studies and have focused on the interactions of beneficial insects (e.g. pollinators,
natural enemies of herbivores) and non-beneficial insects (e.g. herbivores) on plants (see Knudsen et
al., 2006; Junker & Bliithgen, 2010). Our knowledge of plant volatiles emitted by non-beneficial
plants, e.g. invasive species or weeds, is still limited. However, especially in invasive plant species
such information is important for a better understanding of insect responses to olfactory signals for
establishing beneficial interactions with biological control insects in a new geographical and

ecological context (Jordon-Thaden & Louda, 2003; Wheeler, 2006).

Acacia cyclops (rooikrans), A. melanoxylon (blackwood), A. longifolia (long-leafed wattle) and A.
saligna (Port Jackson willow) are invasive alien plants of particular interest in South Africa with all of
them subjected to biological control programs since as long ago as 1982 (Impson et al., 2011). Adult
plants of most Australian acacias have phyllodes, which are flattened petioles which resemble and
function as leaves and are dull-green to bright green in colour (Van Wyk & Van Wyk, 1997;
Henderson, 2001; Coates Palgrave, 2005). All have small tubular flowers arranged in flower heads
which are either spherical (A. cyclops, A. melanoxylon and A. saligna), or elongate (A. longifolia),
with pollen presented on the inflorescence surface (Stone et al., 2003). These species do not
produce floral nectar and pollinators are rewarded either with only pollen (A. cyclops) or pollen and
nectar from extra-floral nectaries (A. melanoxylon, A. longifolia and A. saligna) (Milton & Moll, 1982;
Stone et al., 2003). Their flowers are bright yellow, except for A. melanoxylon which has cream to

pale-yellow flowers (Van Wyk & Van Wyk, 1997; Henderson, 2001).

The peak flowering period for A. cyclops is mid-summer, but flowering can extend from October to

April, with occasional flower production at other times of the year (Henderson, 2001; Post et al.,
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2010). Flowering in A. melanoxylon, A. longifolia and A. saligna is more discrete with flowering
seasons during August-September, July-September and August-November respectively (Henderson,
2001). There is thus hardly any overlap in the flowering times of A. cyclops and the other three

species.

Not much is known or confirmed about the pollinators of A. cyclops, A. melanoxylon, A. longifolia
and A. saligna, but it is generally accepted that bees, flies, wasps and beetles are part of the
generalist pollinator assemblage (Milton & Moll, 1982; Turnbull, 1997; Stone et al., 2003; Gibson et
al., 2011). The floral morphology supports supposition that the species have a generalist pollination

syndrome as the flowers readily provide access to the pollen (Gibson et al., 2011).

Since there has not been much investigation of the plant volatiles of invasive tree species, and
Acacia trees in particular, the primary objective of this study was to identify the plant volatiles
emitted from different plant parts, vegetative and floral, of A. cyclops, A. melanoxylon, A. longifolia
and A. saligna. It is generally accepted that the current knowledge about plant volatiles and their
functions is adequate to attempt predictions about the pollinators of plants given the compounds
found (Dobson, 2006; Jirgens et al., 2006; Goodrich & Raguso, 2009). Therefore, the secondary
objective is to evaluate the compound emission patterns observed and to predict the function of
those compounds for plant defence or pollinator attraction, and to predict the pollinator

assemblages of these plants.

2.2, Methods and Materials

2.2.1.  Collection of volatile samples from different flowering stages and leaves

The aim was to describe and compare headspace volatiles from different species and flowering
stages. However, the globular flower heads of A. cyclops are individually interspersed among the
leaves and therefore in-situ headspace collection of A. cyclops flower volatiles only was impractical.
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Headspace samples of this species inadvertently included scent from leaves and a whole range of
flower stages, with the flower scent concentration after GC-MS analysis of the samples too weak to
compare the scent compositions of each of the flower stages separately. Therefore, despite the risk
of obtaining potentially high levels of green leaf volatiles due to tissue damage (Grison et al., 1999;
Arimura et al., 2001), flowers, buds and leaves had to be cut off the plant and collected separately
for the headspace volatile collection. In order to maintain full comparability of the results across all
species, it was decided to treat the flowers, buds and leaves of A. melanoxylon, A. longifolia and A.

saligna in the same manner despite the fact that their inflorescence architectures were different.

Plant cuttings comprising leaves, and buds and flowers of different stages were collected from 25
randomly selected trees of each of the four study species, A. cyclops, A. melanoxylon, A. longifolia
and A. saligna. From A. cyclops leaves, yellow buds, open flowers and senescing (old, with styles
wilted) flowers were collected on 21 January 2010, and green buds were collected on 26 March 2010
from trees at the Koeberg Nature Reserve (S 33°39' 14.8", E 18° 26' 00.4") near Melkbosstrand in
the Western Cape, South Africa. Material from A. melanoxylon was collected on 27 August 2009 in
Houtbay, in the Western Cape, South Africa (S 34° 00' 40.4" E 18° 23' 18.1"). Material from A.
longifolia was collected on 17 July 2009 along the M63 road between Constantia Neck and Houtbay,
South Africa (S 34° 00' 41.9" E 18° 23' 45.6") and material from A. saligna trees was collected on 29
August 2009 alongside the M19 road between the N7 highway and Melkbosstrand in the Western
Cape, South Africa (S 33°43'32.7" E 18° 32' 26.9"). The plant cuttings with the desired leaf and
inflorescence material were transported to a laboratory where on arrival the required plant parts
(leaves, yellow buds, open flowers and senescing flowers, and green buds in the case of A. cyclops)
were carefully removed from the cuttings with a pair of forceps. For each plant part of each species
five samples were created containing the particular plant part (leaves or the selected flower stages)
from five individual trees. The leaves, buds and flowers removed from the plant cuttings were

enclosed within a polyacetate oven bag (25 cm x 30 cm; Kalle Bratschlauch, Wiesbaden, Germany)
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for dynamic headspace collection as described by Dotterl et al. (2005b). For A. cyclops, on average
110 green buds, 106 yellow buds, 144 open flowers and 144 senescing flowers were bagged per
sample. For A. melanoxylon, on average 160 yellow buds, 168 open flowers and 117 senescing
flowers; for A. longifolia, on average 175 yellow buds, 208 open flowers and 166 senescing flowers
and for A. saligna, on average 100 yellow buds, 168 open flowers and 96 senescing flowers were

collected per sample.

Volatiles were trapped in an adsorbent tube by using a membrane pump (Spectrex PAS-500,
Redwood City, California, USA) with a flow rate of 100 ml min™ for 30 min. Air was drawn from the
bag through the adsorbent tube which was filled with a mixture of 1.5 mg Tenax-TA® (mesh 60-80,
Supelco, Bellefonte, USA) and 1.5 mg Carbotrap® (mesh 20-40, Supelco, Bellefonte, USA). To
distinguish between plant volatiles and ambient contaminants, after each type of sample (leaf and
each of the selected flower stages), surrounding air was collected separately as control samples for
comparison purposes. After taking the headspace samples the buds and flowers in the sample bags

were counted.

2.2.2. Gas Chromatography-Mass Spectrometry (GC-MS) analyses

The scent samples were analysed using a Varian CP-3800 Gas Chromatograph (Varian, Palo Alto,
California) with a 30 m x 0.25 mm internal diameter (film thickness 0.25 um) Alltech EC-WAX column
coupled to a Varian 1200 quadrupole mass spectrometer in electron-impact ionization mode at 70eV
(Shuttleworth & Johnson, 2010a). Cartridges were placed in a Varian 1079 injector equipped with a
'Chromatoprobe' thermal desorption device (Amirav & Dagan, 1997). The flow of helium carrier gas
was 1 ml min™. The injector was held at 40 °C for 2 min with a 20:1 split and then increased to 200 °C
at 200 °C min™ in split-less mode for thermal desorption. The temperature of the GC oven was held
for 3 min at 40 °C, whereafter it was ramped up to 240 °C at 10 °C min™ and held there for 12 min.

Identification of compounds included the use of the Varian Workstation software with the NISTO5
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mass spectral library (NIST/EPA/NIH Mass Spectral Library; data version: NIST 05; MS search
software version 2.0 d) as well as verification by using retention times of authentic standards and
published Kovats indices (references in the NIST 05 library; El-Sayed, 2011) wherever possible.
Compounds present at similar amounts in both the specimen samples and control samples were
considered to be contaminants and excluded from analysis. The emission rates per inflorescence per
hour for each of the floral sample types (bud or flower) were quantified by injecting known amounts
of Methyl benzoate into thermo-desorption cartridges that were then thermally desorbed using the

same methods that were applied to the biological samples.

2.2.3.  Statistical analyses

Statistical analyses of identified volatiles employed the statistical package PRIMER v6 (Clarke &
Warwick, 2001; Clarke & Gorley, 2006). Since the total amount of volatiles emitted varied greatly
among individual samples, differences in scent composition of each sample were assessed using
percentages of individual compounds in the bouquet (relative amounts derived from total peak
areas). All compounds from the samples taken from leaves, yellow buds, and open and senescing
flowers, and green buds in the case of A. cyclops, were identified. To arrive at the relative amounts
of compounds for leaves, green and yellow buds, and open and senescing flowers, the average
relative amounts per compound were calculated and then square-root transformed. The significance
level of differences in scent profiles of different plant parts was assessed with an analysis of
similarities (ANOSIM) (Clarke & Gorley, 2006) with 10,000 random permutations based on the pair-
wise Bray Curtis similarities between the individual samples. The extent to which individual
compounds contributed to the overall dissimilarity among the plant parts was subsequently
assessed with the SIMPER procedure (factor: plant parts) (Clarke & Warwick, 2001). Non-metric
multidimensional scaling (based on the Bray—Curtis similarities) was used in PRIMER v6 to ordinate
the scent samples of the different plant parts in order to visualize similarities among the individual

samples. To analyse whether the compounds in the scent profiles showed an even occurrence in the
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different floral stages and leaves the evenness index (E = H’/ In C; where H’ is the Shannon index
(Shannon & Weaver, 1949) and C is the total number of compounds) was calculated (Stiling, 1999).
The evenness index is constrained between 0 and 1 (Stiling, 1999); the higher the index the more
even the occurrence of the compounds (the less some compounds dominate) in the scent profile. To
determine if there were significant differences in the mean rates of volatile emission from various
flowers stages, one-way ANOVA, followed by the Tukey multiple range test, was used after the data

were log-transformed to improve normality and homescedasticity of the data.

2.3. Results

2.3.1. Volatile profile of Acacia cyclops

General findings - The chemical composition of leaves and floral stages (green buds, yellow buds,
open flowers, and senescing flowers) of Acacia cyclops is listed in Table 2.1 (including additions and
corrections to information given in Kotze et al., 2010). In total 87 compounds were found. They
belong to six different chemical classes, namely aliphatic compounds (39), monoterpenoids (23),
benzenoids (9), irregular terpenes (8), sesquiterpenoids (6), and nitrogen containing compounds (2).
Of the 87 compounds found in all sample types together, 49 were present in leaf samples, 29
compounds were emitted by samples from green buds, 50 compounds were detected in yellow
buds, 53 compounds in open flowers and 52 in senescing flowers. Nearly a third of all compounds
(26 out of 87) occurred in only one sample type. The relative amounts of each of these unique 26
compounds were however very low, often only detectable in traces: In leaves, green buds, yellow
buds and open flowers the relative amounts were far below 2% per compound and in senescing
flowers they never exceeded 5% (Table 2.1). Only thirteen compounds (17% of the total number of
compounds) were common across all five sample types. The total relative amount of these
compounds was typically high, adding up to 88.3% in leaves, 94.2% in green buds, 74.9% in yellow
buds, 74.2% in open flowers and 67.5% in senescing flowers. However, only few of these common

compounds dominated the scent profile of each particular sample type. Considering only common
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compounds that reached on average more than 5% in any sample type, (Z)-8-Ocimene dominated
especially in green sample types (leaves 69.7%, green buds 44.9%), followed by yellow buds and
flowers, whereas (2)-3-Hexenyl acetate, was most dominant in all bud and flower stages (green buds
45%, followed by yellow buds and flowers, and finally leaves). In yellow buds and open flowers, 4-
Oxoisophorone contributed about 20% and 23% respectively to the scent profile accompanied by an
unidentified compound (KRI = 1693; henceforth called UC1693) (11.1%) in open flowers and
Heptadecane (12.3%) in yellow buds. The relative amounts of the other common compounds was
typically below 5%; often they were found only in traces. Only two other compounds were not found
in all sample types, but nevertheless exceeded 5% in some: Nonadecane with 5.5% in open flowers

and Hexan-1-ol with 5.7% in senescing flowers.

Comparison of volatile profiles of different sample types - The leaf and green bud scent profiles were
dominated by two main compounds, (Z)-8-Ocimene (69.7% and 44.9% respectively) and (2)-3-
Hexenyl acetate (9.2% and 45% respectively). The dominance of these two compounds was further
demonstrated by the Shannon evenness index, being 0.38 and 0.36 for leaves and green buds
respectively. The scent bouquets of reproductive units close to maturity (yellow buds and open
flowers) are richer in scent compounds, containing again (Z)-8-Ocimene (18.9% and 10.3%
respectively) and (Z)-3-Hexenyl acetate (21% and 23.5% respectively), accompanied by 4-
Oxoisophorone (19.5% and 23.2% respectively) and UC1693 (6.2% and 11.1% respectively),
Heptadecane (12.3% and 8% respectively) and Nonadecane (2.9% and 5.5% respectively). Yellow
buds and open flowers contained similar volatile profiles as can be inferred by the percentages.
Qualitatively the scent of yellow buds to open flowers differed by only 1.4% (10 compounds unique
to yellow buds) and of open flowers to yellow buds the difference was only 1.3% (13 compounds
unique to open flowers). Accordingly, the Shannon evenness indices for the yellow bud and open
flower profiles were both 0.61. The scent of senescing flowers was less strongly dominated by (2)-8-

Ocimene (17.7%) and (Z)-3-Hexenyl acetate (22.1%), and contained in all samples also Hexan-1-ol in
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relatively high amounts (5.7%) and Nonadecane (1.5%) in two of the five samples. Furthermore,
many compounds unique to senescing flowers were found in low relative amounts only.
Consequently, the evenness of the compound occurrence in the senescing flowers chemical profile

was relatively high with 0.75.

Table 2.1. Mean relative amounts (%) of compounds identified by GC-MS from headspace samples
of leaves and different flower stages (green buds, yellow buds, open flowers, senescing flowers) of
Acacia cyclops. The number of samples in which a compound occurred is given in brackets. Scent
compounds are listed according to compound class and Kovats retention index (KRI). CAS =
Chemical Abstracts Service Registry Number. tr = trace amount (<0.1 % of total sample).
Compound identification criteria: a = comparison of MS with published data (e.g. NIST library); b =
comparison of MS and retention time with published data; c = comparison of MS and retention
time with published data and authentic standard. Unknowns that did not reach at least 1% of
relative amount in any sample were pooled with the superscript digit indicating the number of
pooled compounds. Mass fragments for unknowns are listed with the base peak first, followed by
the other fragments in order of decreasing abundance.

Green |Yellow |Open Se.ne-

Compound KRI |CAS Leaves buds |buds |flowers scing

flowers
Number of samples 5 5 5 5 5
Number of plants used per sample 5 5 5 5 5
Mean scent emission per
inflorescence (ng h™) -| 38.55| 48.24| 31.34 7.17
Number of compounds out of 87 49 29 50 53 52
Evenness index 0.61 0.71 0.65 0.48 0.61
Aliphatic compounds
Aliphatic aldehydes
(E)-2-Hexenal® 1242 6728-26-3 - 0.8(3) tr] 0.4(2)| 1.0(3)
(E,Z)-2,6-Nonadienal® 1608 [557-48-2 - - tr - 0.7 (3)
Aliphatic esters
Hexyl acetate® 1288 (142-92-7 -l 1.1(2)] 2.0(5)| 3.0(5) 4.2(5)
Methyl (E)-2-hexenoate® 1308(13894-63-8 | 0.4 (5) - - - -
(2)-3-Hexenyl acetate® 1333|3681-71-8 | 9.2 (5){45.0(5){21.0(5){23.5(5)(22.1 (5)
(E)-2-Hexenyl acetate® 1348(2497-18-9 | 0.2 (1)| 0.6(2) tr - -
(E)-3-Hexenyl butyrate® 1474 |53398-84-8 | 0.1 (5) - - - -
(2)-3-Hexenyl isovalerate® 1480 |35154-45-1 - tr - tr -
(2)-3-Hexenyl hexanoate® 1704 |31501-11-8 tr - - - -
Unidentified aliphatic esters tr' 0.4 0.1 - -
Aliphatic alcohols
Hexan-1-ol° 1352|111-27-3 - -l 0.2(2)] 0.3(2)] 5.7(5)
(2)-3-Hexen-1-ol° 1387 (928-96-1 1.5(4)| 2.1(5)] 1.1(3)] 0.6(2)| 2.5(3)
(E)-2-Hexen-1-ol° 1388 (928-95-0 - -1 0.3(1)] 0.1(1) 1.2(1)
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Sene-

Compound KRI [CAS Leaves g::in Zzlc:gw :g:l:rs scing
flowers
(Z)-2—Hexen—1-o|b 1420(928-94-9 tr| 0.6 (5) - - -
4-Methyl-1-heptanol® 1529(817-91-4 - - - -l 0.2 (1)
6-Methyl-1-heptanol® 1531|1653-40-3 - - - -l 0.8(3)
2,3-Butanedio|b 1580(513-85-9 - - - -l 0.2(1)
Aliphatic alkanes
Undecane® 1100 [1120-21-4 - - tr| 0.9 (4) -
Dodecane® 1200|112-40-3 - -l 0.2(2) -l 0.3(1)
Tridecane® 1300 |629-50-5 0.4 (4) -1 0.1(2) tr| 0.7 (4)
Tetradecane® 1400 |629-59-4 0.2 (1) -l 0.4(1) tr| 0.6 (1)
Pentadecane® 1500 |629-62-9 - -l 21(2)] 1.1(2) -
Hexadecane® 1600 |544-76-3 0.3 (4) -l 0.5(2)] 0.3(2)] 0.4(2)
Heptadecane® 1700 |629-78-7 0.4 (5) -112.3(5)| 8.0(3)| 2.5(4)
Octadecane® 1800 |593-45-3 - -l 0.2 (4)] 0.2(4) tr
Nonadecane® 1900 |629-92-5 0.2 (1) -l 2.9(3)| 5.5(4)] 1.5(2)
Eicosane® 2000|112-95-8 - - tr tr| 1.0(1)
Heneicosane® 2100(629-94-7 - - tr| 0.3(5)| 0.3(3)
Docosane® 2200 (629-97-0 - - - -l 0.3(1)
Tricosane® 2300|638-67-5 - - tr| 0.2(5)| 0.6(5)
Tetracosane® 2400 |646-31-1 - - - -l 0.4(1)
Pentacosane* 2500 |629-99-2 - - - tr tr
Heptacosane® 2700 |593-49-7 tr - - tr -
Nonacosane® 2900 |630-03-5 0.4 (3) - tr| 0.2 (4) -
Aliphatic ketones
5-Methyl-5-vinyldihydro-2(3H)-
furanone® 1683 |1073-11-6 - tr -l 0.2(2)| 0.4(4)
Benzenoids
Benzaldehyde® 1551|100-52-7 0.4 (5)| 0.6(5)| 0.7 (5)] 0.5(5)| 1.9(5)
Methyl benzoate® 1650 (93-58-3 0.2 (5)| 0.4(5)| 0.2 (5) - -
Benzyl acetate® 1755 [140-11-4 - 0.1(5) tr - -
Methyl salicylate® 1806 |119-36-8 2.6 (5)| 0.7 (5)| 0.5(4) -l 0.2 (3)
Benzyl alcohol* 1902 |100-51-6 0.4 (4)] 0.4(5)] 0.7(2)] 0.2(1)] 4.0(4)
2-Phenylethyl alcohol* 1938 |60-12-8 0.1(5)| 0.2(5)| 0.2 (5) tr| 0.6 (5)
Dimethyl salicylate® 2093 |606-45-1 tr - tr tr tr
Benzyl tiglate® 2139 (37526-88-8 - - tr tr| 0.4 (4)
Cinnamyl alcohol® 2300 |104-54-1 - - tr - -
Unidentified benzonoid - - - tr' -
Monoterpenoids
a-Pinene® 1087 |80-56-8 - - - -l 2.9(2)
3-Carene” 1122 (13466-78-9 | 0.8 (2) - - - -
B-Pinene* 1137|127-91-3 0.1(4) - - - -
Limonene® 1225|138-86-3 1.2 (5)| 0.1(4)| 1.8(5)| 1.6(5)| 3.1(5)
(2)-8-Ocimene® 1252 |3338-55-4 |69.7 (5){44.9 (5)/18.9 (5){10.3 (5)| 17.7 (5)
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Sene-

Compound KRI [CAS Leaves g::in Zzlc:gw :g:l:rs scing
flowers
(E)-B-Ocimene” 1253|3779-61-1 | 0.1(2) - - - -
2,6-Dimethyl-6-octanol® 1437|78-69-3 tr tr - - -
(E)-Linalool oxide (furanoid)® 1454 |34995-77-2 | 0.8 (5) -| 0.6(5)] 0.7(5)| 2.5(5)
(E,E)-2,6-Dimethyl-1,3,5,7-
octatetraene® 1466 |460-01-5 1.3 (5) tr - tr -
2,6-Dimethyl-7-octen-2-ol® 1474 |18479-58-8 - - - tr -
(2)-Linalool oxide (furanoid)® 1486 |5989-33-3 - -l 0.2(3) tr -
2,7-Dimethyl-2,6-octadien-1-ol® 1522|16736-42-8 - - - tr -
B-Linalool* 1556 |78-70-6 0.9 (5)| 0.1(5)] 0.4(4)] 0.3(5) 1.1(5)
B-Citronellal® 1609 |432-25-7 - - - -1 0.1(1)
Isobornyl acetate® 1610|125-12-2 tr - tr| 0.1(5) tr
1-Menthol® 1651 (2216-51-5 - - - tr -
a-Terpineol® 1708 |98-55-5 0.1(4) tr -| 0.2 (5)] 0.3(4)
(2)-Linalool oxide (pyranoid)® 1720|14049-11-7 | 0.4 (5) -/ 0.4 (5)| 0.3(5) 1.0(4)
Borneol” 1725|507-70-0 tr tr - - -
6,6-Dimethyl-2-methylene-
Bicyclo[3.1.1]heptan-3-ol® 1731|5947-36-4 tr - - - -
Verbenone® 1740|18309-32-5 tr - - tr] 0.2 (5)
(Z,2)-2,6-Dimethyl-3,5,7-octatriene- 1174030-
2-ol® 1824 (42-2 tr - - - tr
(E,E)-2,6-Dimethyl-3,5,7-octatriene- 206115-88-
2-ol 18360 0.8 (5) tr| 0.2 (4) tr -
Unidentified monoterpenes 0.4 - - - tr!
Sesquiterpenoids
a-Bulnesene® 1599 (3691-11-0 - - -l 0.3(3) -
Longifolene® 1600 |475-20-7 tr -l 0.2 (3) -l 0.7(3)
B-Caryophyllene® 1625 |87-44-5 0.4 (5)| 0.2(5)| 0.4(5)| 0.8(5)| 3.6(5)
a-Farnesene® 1765 [502-61-4 2.3 (5) tr| 0.7(5)| 0.5(5)| 2.3(4)
Caryophyllene oxide® 2021|1139-30-6 | 0.1(1) - tr| 0.2(5)| 0.3(4)
Unidentified sesquiterpene - - - 0.3 0.3
Irregular terpenes
6-Methyl-5-hepten-2-one” 1354|110-93-0 2(5)] 0.6(5)] 3.4(5)| 1.6(3)| 4.2(4)
Unidentified irregular terpene m/z:
138,96,68,67,95,39,41,42,40,69° 1537 - -l 0.3(1)] 1.4(4) -
4-Methoxy-2,2,6-trimethyl-
cyclohexanone® 1630(17429-03-7 - - tr| 0.2 (4) -
4-Oxoisophorone® 1722|1125-21-9 | 0.2 (4) tr|19.5 (5)|23.2 (5)| 2.8 (5)
2,2,6-Trimethyl-1,4-
cyclohexanedione® 1808 |20547-99-3 - -l 0.4 (5)| 0.7 (5) tr
Nitrogen containing compounds
Unidentified nitrogen containing
compound m/z:
73,56,59,41,86,55,39,69,72,57° 1504 0.3(5)| 0.4(1) - - -
Indole® 2478 (120-72-9 0.5 (5) - tr - tr

22




Green |Yellow [Open Se'ne-
Compound KRI |CAS Leaves buds |buds |flowers scing
flowers
Unidentified compound
m/z: 56,85,125,43,41,69,153,55,
83,39% (=UC1693) 1693 0.1(4) tr|] 6.2(5)]11.1(5)| 1.4(5)

Patterns of variation of volatile compounds - There were distinct patterns in the relative amounts of

the seven prominent compounds (relative amounts > 5%) already highlighted across the flowering

stages of the inflorescences and leaves (Fig. 2.1).
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Fig. 2.1. Patterns of relative amounts (mean * SE) of seven volatile compounds found in leaves and
floral stages of A. cyclops inflorescences.

Comparing all sample types, the relative amount of (Z)-3-Hexenyl acetate was lowest in leaves

(9.2%) and highest in green buds (45%). During bud and flower development its relative amount
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decreased to 21-23.5%, though it was still dominant in the open flower scent (Fig. 2.1a). (2)-8-
Ocimene was present in the highest relative amount in the leaves (69.7%), and was less dominant in
the green bud stage. All later floral stages had considerably lower relative amounts ranging from
10.3-18.9% (Fig. 2.1a). Relative amounts of both 4-Oxoisophorone and UC1693 were close to trace
amounts in leaves and green buds and highest in open flowers (23.2% for 4-Oxoisiphorone and
11.1% for UC1693) followed by yellow buds (Fig. 2.1b). Both Heptadecane and Nonadecane were
present in trace amounts in leaves, absent in green buds, but peaked in more-mature flower stages
(maxima 12.3% Heptadecane in yellow buds and 5.5% Nonadecane in open flowers) (Fig. 2.1b).
Contrary to the other dominant compounds described, Hexan-1-ol was much less pronounced and

reached its maximum proportion (5.7%) only in senescing flowers (Fig. 2.1c).

Compound classes - There were pertinent differences in the proportion of compound classes that

made up the volatile profiles of the different samples (Fig. 2.2).
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Fig. 2.2. Mean proportions of compound classes  Fig. 2.3. Volatile emission rates (ng h™) per

in headspace samples of leaves and different inflorescence (mean * SE) of different floral stages

floral stages of A. cyclops. of A. cyclops. Different letters indicate significant
differences at p < 0.05 (Tukey HSD, F3,1¢ = 3.860; p
=0.03; n=5).

All floral stages emitted a relatively-constant, high proportion of about 50% of aliphatic compounds

(range: 49.3% - 56.2%) compared to leaves (<15%). In contrast monoterpenes dominated in the leaf
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volatile profile (77%). Through floral development, the relative amount of monoterpene decreased
from ca. 45% in green floral buds to ca. 14% in open flowers, while the proportion of irregular
terpenes was higher in the scent profiles of yellow buds and open flowers. The proportions of
benzenoid and sesquiterpene volatiles were similarly low in leaves and all floral stages (respective
ranges: 0.9% - 3.8%; and 0.3% - 2.8%), but increased to 7.1% and 7.3% respectively in the senescing
flowers’ profile. Closer inspection revealed that these compound class differences were mainly due
to changes in single dominating compounds (Table 2.1): (1) Leaves were distinct from reproductive
plant parts, especially open flowers, by their high relative amount of (2)-8-Ocimene; (2) with respect
to reproductive units, (Z)-3-Hexenyl acetate had its maximum relative amount in the green buds
samples and was much lower in the following floral stages; (3) in contrast, 4-Oxoisophorone peaked
in yellow buds and open flowers with little of it found in younger or older stages, and UC1693 and
Hepta- and Nonadecane exhibited a similar trend albeit on a much lower level, with UC1693 and

Nonadecane peaking in open flowers, and Heptadecane in mature yellow buds.

Total volatile emission - The senescing flower stage was characterised by low volatile emissions
(mean 7 ng h™! per inflorescence) (Table 2.1; Fig.2.4). This contrasted with the >30 ng h™* per flower
of the buds and open flower stages. The yellow buds and senescing flower stages differed

significantly in emission rates (Fig. 2.3).

Statistical comparison of volatile profiles of different sample types - The overall separation of the
plant volatile profiles, based on Bray-Curtis similarities of the leaves and different floral stages was
highly significant (3D-NMDS stress value = 0.06; ANOSIM R = 0.788, p < 0.001) (Fig. 2.4). Pair-wise
comparison revealed highly significant differences between leaves and the four floral stages (range
of R-values: 0.804 - 1), between green buds and the three yellow floral stages (range of R-values:
0.744 - 1) and between open flowers and senescing flowers (R-value = 0.764). The pair-wise

comparison however revealed no differences between yellow buds and open flowers (R-value =

25



0.164; p = 0.143), but a significant difference (p < 0.01), between yellow buds and senescing flowers

(R-value = 0.556).

Pair-wise sample type comparisons

Sample types ANOSIM R
/' Leaves, Green buds 0.804 **
Leaves, Yellow buds 0.808 **

Q.
‘){0 Leaves, Open flowers 1 **
?:\/. Leaves, Senescing flowers 0.956 **
%\p Green buds, Yellow buds 0.744 **
Green buds, Open flowers 1 **
Green buds, Senescing flowers 0.996 **
Yellow buds, Open flowers 0.164 ™
¥ Green buds Yellow buds, Senescing flowers 0.556 **
vellow buds Open flowers, Senescing flowers 0.764 **

@ Open flowers
@ Senescing flowers

Fig. 2.4. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis similarities of the odour
composition (87 compounds) of the leaves and different floral stages of A. cyclops. 3D stress value =
0.06. ANOSIM Global R =0.791, p < 0.001. Pair-wise sample type comparisons shown with ** indicate
significance at p < 0.01; ™ = not significant at p = 0.143.

The dissimilarity indices calculated by the SIMPER method (Table 2.2) revealed dissimilarity between
the green stages (leaves and green buds) of 47.6 (meaning greater similarity than dissimilarity). The
main compounds contributing to this dissimilarity were (Z)-3-Hexenyl acetate (12.6%) and (2)-6-
Ocimene (9.8%). The chemical profile of open flowers showed a higher dissimilarity to the green
stage profiles, leaves (60.5) and green buds (64.3), than to the yellow stages, yellow buds (38.0) and
senescing flowers (48.3). Dissimilarity indices for yellow buds and senescing flowers displayed the
same trend (Table 2.2). The dissimilarities between the yellow floral stages (yellow buds, open
flowers and senescing flowers) and green buds (range: 58.0 - 64.3) are higher than between the
yellow floral stages and the leaves (range: 52.8 - 60.5). The already-described similarity in the
profiles of yellow buds and open flowers is confirmed by a low dissimilarity index of 38.0 (or

similarity index of 62.0). Quantitative differences of Heptadecane, (Z)-3-Hexenyl acetate, (2)-8-

Ocimene, 4-Oxoisophorone, Nonadecane and UC1693 are contributing most to the dissimilarity.
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Table 2.2. Mean dissimilarity indices based on SIMPER procedure (factor: plant parts) (Clarke &
Warwick, 2001) between chemical profiles of leaves and different floral stages of A. cyclops.

Plant part Leaves Green buds Yellow buds Open flowers Senescing
flowers

Leaves -
Green buds 47.6 -
Yellow buds 52.8 58.0 -
Open flowers 60.5 64.3 38.0 -
Senescing 56.1 60.9 46.7 48.3 -
flowers

2.3.2.  Volatile profile of Acacia melanoxylon

General findings - The chemical composition of leaves and of floral stages (yellow buds, open
flowers, and senescing flowers) of Acacia melanoxylon is summarised in Table 2.3. In total 75
compounds were found belonging to six different chemical classes, namely aliphatic compounds
(29), monoterpenoids (25), benzenoids (9), sesquiterpenoids (8), irregular terpenes (3), and a
nitrogen containing compound (1). Of the 75 compounds found in all samples, only 30 were present
in leaf samples, whereas flower stages emitted many more compounds: 48 were detected in yellow
bud samples, 43 in senescing flowers, but a maximum of 66 was found in samples from open
flowers. Nearly 30% of all compounds (21 of the 75) were unique for a certain sample type. The total
relative amount of the unique compounds however was generally low. In leaves and senescing
flowers it never exceeded 0.1%, whereas in yellow buds and open flowers it reached 2.3% and 3.9%

respectively (Table 2.3).

A total of 22 compounds (=29.3%) were common across all four sample types. The total relative
amount of these compounds was typically high, adding up to 96.3% in leaves, 75.6% in yellow buds,
65.2% in open flowers and 79% in senescing flowers. However, only eight of these compounds made
up more than 5% of the relative amount in any sample type and only some of these clearly
dominated a particular sample type. (2)-6-Ocimene was found in high relative amounts (c. 30%) in all

four sample types. Limonene was most dominant in leaves (21.5%) and senescing flowers (15.2%),
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whereas Ethyl acetate was found in similarly high amounts only in leaves (19.6%). Highest relative
amounts of (Z)-3-Hexenyl acetate (10.2%) and B-Linalool (7.2%) were found in yellow buds, while
Benzaldehyde was most prominent in open flowers (6.5%). In senescing flowers, 8-Caryophyllene
(6.7%) and (2)-3-Hexen-1-ol (5.7%) were detected in the highest relative amounts. The summated
relative amounts of the other 14 compounds ranged from 15.3% to 26.7%. From the compounds
that were not common to all sample types only three exceeded 5% in a particular sample type: p-
Anisaldehyde and Nonadecane were prominent in open flowers with 9.5 and 5.7% respectively,
while 8-Pinene was present with up to 5% in buds and flowers. Altogether, there was a relatively
high level of evenness of compound distribution in the chemical bouquets of all four sample types,
as indicated by the Shannon evenness indices ranging from 0.67 in leaves to 0.72 in yellow buds

(Table 2.3).

Comparison of volatile profiles of different sample types — The leave profiles were clearly dominated
by (Z)-8-Ocimene (28.4%), Limonene (21.5%) and Ethyl acetate (19.6%). In yellow buds the common
(2)-6-Ocimene (29.8%) was mainly accompanied by (Z)-3-Hexenyl acetate (10.2%) followed by 8-
Linalool (7.6%), Limonene (6.9%), Nonadecane (5.7%), and Ethyl acetate (5.5%). Open flowers
showed, apart from the usual proportion of (2)-8-Ocimene (28.5%), a combination of p-Anisaldehyde
(9.5%), Limonene (6.8%), Benzaldehyde (6.5%), 8- Linalool and Nonadecane (each 5.7%). Senescing
flowers emitted also mostly (2)-8-Ocimene (30.4%), accompanied by high proportions of Limonene

(15.2%), 8-Caryophyllene, 8-Linalool (5.8%), (2)-3-Hexen-1-ol (5.7%), and B-Pinene (5%).
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Table 2.3. Mean relative amounts (%) of compounds identified by GC-MS from headspace samples
of leaves and different flower stages (green buds, yellow buds, open flowers, senescing flowers) of
Acacia melanoxylon. The number of samples in which a compound occurred is given in brackets.
Scent compounds are listed according to compound class and Kovats retention index (KRI). CAS =
Chemical Abstracts Service Registry Number. tr = trace amount (<0.1 % of total sample). Compound
identification criteria: a = comparison of MS with published data (e.g. NIST library); b = comparison
of MS and retention time with published data; c = comparison of MS and retention time with
published data and authentic standard. Unknowns that did not reach at least 1% of relative amount
in any sample were pooled with the superscript digit indicating the number of pooled compounds.
Mass fragments for unknowns are listed with the base peak first, followed by the other fragments in

order of decreasing abundance.

Compound KRl [CAS Leaves VLT Open Senescing
buds flowers [flowers
Number of samples 5 5
Number of plants used per sample 5 5
Mean scent emission per
inflorescence (ng h™) - 20.40 16.70 10.31
Number of compounds out of 75 30 48 66 43
Evenness index 0.67 0.72 0.71 0.70
Aliphatic compounds
Aliphatic aldehydes
(E)-2-Hexenal’ 11242 6728-26-3 | | 1 04 o6
Aliphatic esters
Ethyl acetate’ 882 |141-78-6 19.6 (3) 5.5(1) 0.5 (1) 2.5(1)
Isobutyl acetate® 975 |110-19-0 1.2 (1) 2.2 (2) - -
(2)-3-Hexenyl acetate® 1333|3681-71-8 0.3(3)|] 10.2(5) 1.7 (5) 2.4 (5)
Dimethyl pentanedioate® 1690(1119-40-0 tr 0.1(1) - -
Unidentified aliphatic ester® - - 0.1 -
Aliphatic alcohols
Butan-1-ol° 1160|71-36-3 - - 1.3(1) -
Hexan-1-ol° 1352(111-27-3 - 2.6 (5) 0.8 (3) 3.6 (5)
(2)-3-Hexen-1-ol° 1387 (928-96-1 3.6(2) 3.7 (5) 1.9 (4) 5.7 (5)
3-Methoxy-3-methylbutanol* 1453 |56539-66-3 - - 0.7 (1) 0.2 (1)
Aliphatic alkanes
Undecane® 1100(1120-21-4 - 1.8 (1) - -
Dodecane® 1200|112-40-3 - - 0.7 (2) 0.8 (2)
Tridecane® 1300 [629-50-5 - 1.9 (3) 0.2 (1) 0.7 (2)
Tetradecane® 1400 |629-59-4 - 0.4 (1) - -
Hexadecane® 1600 |544-76-3 - - 0.2 (1) -
Heptadecane® 1700 |629-78-7 0.7 (2) 0.7 (1) 3.1(5) 0.8 (3)
Octadecane® 1800 |593-45-3 - tr 0.3(5) -
Nonadecane® 1900 |629-92-5 - 0.4 (1) 5.7 (4) -
Eicosane® 2000 (112-95-8 - - 0.3 (5) -
Heneicosane® 2100 (629-94-7 - tr 1.0 (4) tr
Tricosane® 2300|638-67-5 0.6 (4) 0.2 (5) 1.1(5) 0.2 (5)
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Compound KRI [CAS Leaves LA Open SLEE
buds flowers [flowers
Tetracosane® 2400 |646-31-1 1.6 (4) 0.4 (4) 0.4 (5) 0.3 (3)
Pentacosane® 2500 (629-99-2 1.9 (4) 0.4 (5) 0.6 (5) 0.6 (5)
Hexacosane® 2600 (630-01-3 1.9 (5) 0.3 (4) 0.2 (5) 0.5 (4)
Heptacosane® 2700 [593-49-7 - 0.3(5) 0.5(5) 0.4 (5)
Octacosane® 2800(630-02-4 1.4 (5) 0.2 (4) 0.2 (5) 0.3 (4)
Nonacosane* 2900(630-03-5 1.0 (5) 0.2 (5) 0.5 (5) 0.3 (5)
Aliphatic ketones
5-Methyl-5-vinyldihydro-2(3H)-
furanone® 1683 (1073-11-6 0.4(2) 0.1(2) 0.3(2) 0.1(1)
Benzonoids
Benzaldehyde® 1551|100-52-7 2.2 (5) 2.4 (5) 6.5 (5) 3.4 (5)
Methyl benzoate® 1650(93-58-3 - - 0.1(4) 0.3 (5)
Benzyl acetate® 1755|140-11-4 - 0.2 (5) tr tr
Benzyl alcohol® 1902 |100-51-6 1.6(5) 1.1(5)] 0.9(1) 1.7(5)
2-Phenylethyl alcohol* 1938 |60-12-8 0.5 (5) 1.6 (5) 1.9 (5) 0.8 (5)
p-Anisaldehyde® 2015 (123-11-5 - 2.3(5) 9.5 (5) 0.7 (5)
Benzenepropanol® 20451122-97-4 - - tr -
Eugenol® 2197|97-53-0 - - tr -
Unidentified benzonoid? - 0.2 - -
Monoterpenoids
a-Pinene° 1087 |80-56-8 - - 1.7 (3) 3.5(4)
B-Pinene® 1137(127-91-3 - 4.3 (4) 2.5(5) 5.0 (4)
Limonene® 1225 (138-86-3 21.5 (5) 6.9 (4) 6.8 (5)] 15.2(5)
B-Phellandrene® 1227|555-10-2 - 0.6 (4) tr -
(2)-B-Ocimene® 1252 |3338-55-4 28.4(5)| 29.8(5)| 28.5(5)| 30.4(5)
1,3,8-p-Menthatriene'° 1385|21195-59-5 - - tr -
(E)-Linalool oxide (furanoid) € 1454 |34995-77-2 - 0.7 (4) 0.7 (5) 1.3(5)
(E,E)-2,6-Dimethyl-1,3,5,7-
octatetraene® 1466 |460-01-5 - 0.4 (4) 0.8 (2) -
(2)-Linalool oxide (furanoid)® 1486 |5989-33-3 - 2.9 (5) 1.6 (5) 2.6 (5)
Camphor® 1545|76-22-2 - - tr -
B-Linalool® 1556 |78-70-6 3.7(5) 76(5) 5.7(5) 5.8(5)
(2)-B-Terpineol* 1564 (7299-41-4 - - tr -
6,6-Dimethyl-2-methylene-
bicyclo[2.2.1]heptan-3-one° 1599 |16812-40-1 - - 0.3(2) -
Isobornyl acetate® 1610|125-12-2 0.4 (5) - 0.1 (4) -
Myrtenal® 1642 |564-94-3 - - 0.1(5) -
1-Menthol” 1651 |2216-51-5 -l 0.1(5) tr -
a-Terpineol® 1708 |98-55-5 0.8 (5) 0.3 (5) 0.2 (5) 0.4 (5)
a-Terpineol acetate® 1716 |80-26-2 tr - - tr
(2)-Linalool oxide (pyranoid)? 1720(14049-11-7 - - tr 0.2 (4)
Borneol® 1725 |507-70-0 0.3 (4) 0.1(3) - tr
Verbenone® 1740|18309-32-5 - - tr -
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Compound KRI |CAS Leaves LA Open SLEE
buds flowers [flowers

(Z,2)-2,6-Dimethyl-3,5,7-octatriene- 1174030-

2-ol° 1824 42-2 - - 0.1(2) -

(E,E)-2,6-Dimethyl-3,5,7-octatriene- 206115-88-

2-ol° 18360 0.4 (4) 0.4 (4) 1.0 (5) 0.5 (5)

2,6—DimethyI—E'»,7-Octadiene-2,6-dio|b 1945 |13741-21-4 - - tr -

Unidentified monoterpenes® tr - 0.9' -

Sesquiterpenoids

a-Humulene® 1697 |6753-98-6 - 0.2 (4) - 0.2 (2)

a-Bulnesene’® 1599 (3691-11-0 1.2 (5) 0.8 (4) 0.2 (1) -

Longifolene® 1600 |475-20-7 - - 0.2 (1) -

B-Caryophyllene° 1625 (87-44-5 1.8(5)) 3.1(5)] 27(5)| 6.7(5)

a-Farnesene® 1765 |502-61-4 1.6 (4) 0.2 (4) 0.3 (5) 0.3(2)

Caryophyllene oxide® 2021|1139-30-6 - 0.3 (5) 0.4 (3) 0.3 (4)

Unidentified sesquiterpene® - - 0.2! -

Irregular terpenes

2,6-Dimethyl-6-octanol® 1437|78-69-3 0.5(5) 0.2 (3) 0.1(4) -

2,6-Dimethyl-7-octen-2-ol° 1474 |18479-58-8 0.6 (5) 0.3 (5) 0.2 (5) 0.2 (5)

4-Oxoisophorone® 1722(1125-21-9 - 1.1 (4) 1.3 (5) 0.1(2)

Nitrogen containing compounds

Indole® 2478]120-72-9 | | 1 o1 o1

Unidentified compound

m/z: 56,85,125,43,41,69,153,55,

83,397 (=UC1693) 1693 - 0.5 (5) 1.1 (5) -

Patterns of variation of volatile compounds - Patterns emerged when looking at the eleven
compounds that exceeded relative amounts of 5% in the volatile profiles of of A. melanoxylon

(Fig. 2.5). Ethyl acetate (19.6%) and Limonene (21.5%) showed the highest relative amount in the
leaf volatile profile, both being clearly higher than in the yellow bud and open flower stage, and then
Ethyl acetate with a slight increase and Limonene with a sharp increase, from the open flower stage
to the senescing flower stage reaching relative amounts of 2.5% and 15.1% respectively (Fig.2.5a).
Both (2)-3-Hexenyl acetate and 8-Linalool (Fig. 2.5b) had their highest relative amount (10.1% and
7.6% respectively) in the yellow bud volatile blend. Benzaldehyde (6.5%), Nonadecane (5.7%) and p-
Anisaldehyde (9.5%) peaked in relative amount in the open flower scent of A. melanoxylon (Fig.

2.5c). B-Pinene, (2)-3-Hexen-1-ol, B-Caryophyllene and especially (Z)-8-Ocimene have relative
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amounts in a narrow range across the four sample types, with all having a maximum level in the

senescing flower volatile profile (Fig. 2.5d).
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Fig. 2.5. Patterns of relative amounts (mean * SE) of eleven volatile compounds found in leaves and
floral stages of A. melanoxylon.

Compound classes - There were pertinent differences in the compound classes between the volatile

profiles of the different sample types (Fig. 2.6). Monoterpenes (range: 51.8% - 65.2%) dominated in

all four volatile profiles and decreased slightly from the yellow bud profile, with their lowest level in

the open flower profile, and then increased steeply in the senescing flower profile. The aliphatic

compounds were most prominent in leaves, and decreased steadily from the yellow bud profile to

the senescing flower stage (range: 32.2% - 20.1%). The benzenoids were lowest in leaves, and

peaked in the open flower profile (at 19% relative amount) with almost similar levels in the yellow

bud and senescing flower profiles. The relative amount of sesquiterpenes was very similar when
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comparing scent profiles of leaves with open flowers (range: 4.7% - 3.9%) and peaking in the

senescing flowers (at 7.5%). Irregular terpenes showed low relative amount in all of the profiles

(range: 0% - 1.1%) and the relative amount of the nitrogen containing compounds was negligible.

Unlike A. cyclops where there was pronounced variation in the summarized abundance levels per

compound class, the compound class profiles of A. melanoxylon were similar across the four sample

types except for the open flowers profile where the variance can be attributed to the higher relative

amounts of the benzenoids, Benzaldehyde (6.5%) and p-Anisaldehyde (9.5%).

Total volatile emission — Despite apparent highest volatile emission rate by the yellow buds of A.

melanoxylon and the apparent lowest volatile emission rate in the senescing flower stage, the

statistical methods used did not detect any significant difference in emission rates (Fig. 2.7).
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Fig. 2.6. Mean proportions of compound classes
in headspace samples of leaves and different
floral stages of A. melanoxylon.
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Fig. 2.7. Volatile emission rates (ng h™*) per
inflorescence (mean * SE) of different floral stages
of A. melanoxylon. ns = no significant difference
between emission rates (F,, 12 = 0.884; p = 0.439; n
=5).

Statistical comparison of volatile profiles of different sample types - The overall separation of the

plant volatile profiles, based on Bray-Curtis similarities of the leaves and different floral stages was

highly significant (Fig. 2.8; 3D-NMDS stress value = 0.1; ANOSIM R = 0.710, p < 0.001). Pair-wise
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comparisons between sample types revealed highly significant differences between all sample types

(Fig. 2.8).

Pair-wise sample type comparisons

Sample types ANOSIM R

" Leaves, Yellow buds 0.784 **

S Leaves, Open flowers 1 **
’% Leaves, Senescing flowers 0.948 **
?go- Yellow buds, Open flowers 0.532 **
23 Yellow buds, Senescing flowers 0.396 **
Open flowers, Senescing flowers 0.792 **

Leaves

¥ Yellow buds
Open flowers

@ Senescing flowers

Fig. 2.8. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis similarities of the odour
composition (75 compounds) of the leaves and different floral stages of A. melanoxylon. 3D stress
value = 0.1, ANOSIM Global R =0.710, p < 0.001. Pair-wise group comparisons shown with ** indicate
significance at p < 0.01.

The dissimilarity indices calculated by the SIMPER method (Table 2.4) revealed a higher similarity
than dissimilarity amongst all but one of the pair-wise comparisons of the different sample types
(dissimilarity index range: 35.3 - 48.6). A dissimilarity index of greater than 50 was calculated only
between leaves and open flowers. Ethyl acetate and p-Anisaldehyde contributed most to this result
with a total of only 13.3% of the total amount of volatiles emitted by these plant parts. The
vegetative parts had a higher dissimilarity to the floral stages (range: 46.3 - 54.5) than the floral

stages had amongst themselves (range: 35.3 - 39.8). The dissimilarity index results correlate well

with the distribution of compounds per compound class as seen in Fig. 2.6.

Table 2.4. Mean dissimilarity indices based on SIMPER procedure (factor: plant parts) (Clarke &
Warwick, 2001) between chemical profiles of leaves and different floral stages of A.melanoxylon.

Plant part Leaves Yellow buds Open flowers Senescing flowers
Leaves -

Yellow buds 48.6 -

Open flowers 54.5 41.3 -

Senescing flowers 46.3 35.3 39.8 -
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2.3.3. Volatile profile of Acacia longifolia

General findings - The chemical composition of leaves and the floral stages (yellow buds, open
flowers, and senescing flowers) of Acacia longifolia is summarised in Table 2.5. In total there were
69 compounds belonging to six different chemical classes, namely aliphatic compounds (39),
monoterpenoids (17), benzenoids (6), sesquiterpenoids (3), irregular terpenes (3), and a nitrogen
containing compound (1). Of the 69 compounds found in all of the sample types, similarly low
numbers were found in the leaves (38), yellow buds (39), and senescing flowers (38), while a
maximum number of compounds was found in the open flower samples (60). Similarly to A. cyclops
and A. melanoxylon, there were qualitative differences among the sample types with 22 of the 69
compounds (or 32% of the compounds) being unique or occurring in only one sample type. Again,
the total relative amount of these 22 unique compounds was low with the total in leaves and
senescing flowers being just over 0.1%, in yellow buds the total was just over 1% and in open flowers

the total was 5.6% (Table 2.5).

A total of 25 compounds (or 36% of the total number of compounds) were common across all four
sample types. Although 16 of these common compounds never exceeded 5% relative amount in any
sample type, the total relative amount of these compounds was usually high reaching 82.8% in
leaves, 89.7% in yellow buds, 76.4% in open flowers and 90.4% in senescing flowers. In fact, per
sample type, only a small number out of these 25 common compounds clearly dominated the scent
profile. As for A. melanoxylon, Limonene and (Z)-8-Ocimene were found in highest relative amounts
(respective ranges: 7.9% - 16.8% and 28.8% - 33.9%) in all four sample types. In addition to these
two compounds (2)-3-Hexen-1-ol added significantly to the scent blend of senescing flowers (13.3%)
and yellow buds (9.4%). (Z)-3-Hexenyl acetate was highest in yellow buds (9.7%), and Hexan-1-ol in
senescing flowers (5.7%). Highest proportions of B-Linalool were detected in the leaf profile (6.5%).
Aside from Limonene and (2)-8-Ocimene, Benzyl alcohol and 2-Phenylethyl alcohol contributed to

the scent of open flowers (6.4% each). The total relative amount of the remaining common 17

35



compounds summed up to 18% (in senescing flowers) to 26.7% (in yellow buds). Altogether, this
indicates a relatively high level of evenness of compound distribution in the chemical bouquets of
these four sample types, as is indeed confirmed by the Shannon evenness indices of the four sample

types ranging from 0.65 to 0.68 (Table 2.5).

Table 2.5. Mean relative amounts (%) of compounds identified by GC-MS from headspace samples
of leaves and different flower stages (green buds, yellow buds, open flowers, senescing flowers) of
Acacia longifolia. The number of samples in which a compound occurred is given in brackets. Scent
compounds are listed according to compound class and Kovats retention index (KRI). CAS = Chemical
Abstracts Service Registry Number. tr = trace amount (<0.1 % of total sample). Compound
identification criteria: a = comparison of MS with published data (e.g. NIST library); b = comparison
of MS and retention time with published data; ¢ = comparison of MS and retention time with
published data and authentic standard. Unknowns that did not reach at least 1% of relative amount
in any sample were pooled with the superscript digit indicating the number of pooled compounds.
Mass fragments for unknowns are listed with the base peak first, followed by the other fragments in
order of decreasing abundance.

Compound KRI |CAS Leaves Yellow Open Senescing
buds flowers [flowers
Number of samples 5 5 5 5
Number of plants used per sample 5 5 5 5
Mean scent emission per
inflorescence (ng h™) - 15.69 25.38 10.02
Number of compounds out of 69 38 39 60 38
Evenness index 0.68 0.68 0.65 0.67
Aliphatic compounds
Aliphatic aldehydes
(E)-2-Hexenal® 1242 6728-26-3 1.2 (2) 3.4 (5) 1.4 (4) 2.3(5)
(E,Z)-2,6-Nonadienal® 1608 [557-48-2 - - tr 0.1(3)
Aliphatic esters
Ethyl acetate® 882 |141-78-6 2.6 (3) - 1.2 (2) 2.2 (1)
Isobutyl acetate® 975 |110-19-0 3.7 (3) - 0.2 (1) -
Ethyl butanoate” 1040 [105-54-4 5.2 (2) - 04(1) -
2-Methylbutyl acetate® 1134 (624-41-9 0.8(3) - 0.1(1) -
(2)-3-Hexenyl acetate® 1333|3681-71-8 0.3(5) 9.7 (5) 2.6 (5) 0.4 (3)
(E)-3-Hexenyl butyrate® 1474 |53398-84-8 - 0.4 (5) 0.3 (3) tr
Dimethyl pentanedioate® 1690(1119-40-0 0.2 (5) - tr -
Aliphatic alcohols
Butan-1-ol° 1160|71-36-3 - 0.6 (2) - -
Hexan-1-ol° 1352 (111-27-3 3.1(5)] 2.8(5)| 14(5) 5.7(5)
(E)-3-Hexen-1-ol° 1374 (928-97-2 0.1(1) - tr 0.3 (5)
(2)-3-Hexen-1-ol° 1387(928-96-1 4.4 (5) 9.4 (5) 3.1(4)] 13.3(5)
(2)-2-Hexen-1-ol° 1420 [928-94-9 - - 04(3) -
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Compound KRI [CAS Leaves LA Open SLEE
buds flowers [flowers
Unidentified aliphatic alcohol® 1427 - - tr -
Aliphatic alkanes
Dodecane® 1200|112-40-3 - - 0.6 (2) -
Tridecane® 1300 |629-50-5 - - 0.5(1) -
Tetradecane® 1400 |629-59-4 - - 0.7 (1) -
Pentadecane® 1500 |629-62-9 - - 0.2 (1) -
Hexadecane® 1600 |544-76-3 - 0.2 (1) 0.2 (2) 0.1(1)
Heptadecane® 1700 |629-78-7 - 3.5(5)] 11.5(3) 3.8 (5)
Octadecane® 1800|593-45-3 tr tr 0.1 (4) -
Nonadecane® 1900 |629-92-5 - - 2.8(2) -
Eicosane® 2000(112-95-8 - tr - -
Heneicosane® 2100|629-94-7 - - tr 0.1 (4)
Docosane* 2200(629-97-0 - - tr -
Tricosane® 2300 (638-67-5 0.2 (4) 0.3 (4) 0.2 (4) 0.4 (5)
Tetracosane® 2400 |646-31-1 0.3(3) 0.3 (3) 0.2 (3) 0.6 (5)
Pentacosane® 2500|629-99-2 0.4 (4) 0.8 (4) 0.2 (3) 0.8 (5)
Hexacosane® 2600|630-01-3 0.3(3) 0.2 (2) 0.2 (3) 0.8 (5)
Heptacosane® 2700|593-49-7 0.3(4) 1.0 (3) 0.2 (3) 0.7 (5)
Octacosane® 2800|630-02-4 0.2 (4) 0.2 (2) tr 0.6 (5)
Nonacosane® 2900 |630-03-5 0.7 (4) 1.3 (3) 0.2 (3) 0.6 (5)
Aliphatic acids
Butanoic acid® 1669]107-92-6 | EETY | i
Aliphatic ketones
2-Heptanone® 1200|110-43-0 - 4.7 (4) - 1.2 (5)
6-Methyl-2-heptanone® 1689 |928-68-7 - tr - -
Unidentified aliphatic compound
m/z:
43,69,55,117,97,83,57,56,41,95° 1526 - - tr -
Benzenoids
Benzaldehyde® 1551|100-52-7 3(5) 2.7 (5) 2.5(5) 3.3(5)
Methyl benzoate® 1650 (93-58-3 3.6 (5) - tr -
Benzyl acetate® 1755 [140-11-4 - 01(3) - -
Benzyl alcohol® 1902 |100-51-6 3.2(5) 4.9 (5) 6.4 (5) 5.9 (5)
2-Phenylethyl alcohol* 1938 |60-12-8 0.6 (5) 1.2 (4) 6.4 (5) 2.7 (5)
2-Phenylethyl 3-methy|butanoateb 1961 (140-26-1 - - tr -
2-Phenylethyl 2-methylbutanoate® |1988|24817-51-4 - - tr -
Ethyl 4-ethoxybenzoate® 2193 (23676-09-7 tr - 0.3 (1) -
Monoterpenes
Limonene® 1225|138-86-3 16.8 (5)| 15.2(5) 7.9(5)| 15.8(5)
(Z)—6-Ocimeneb 1252|3338-55-4 33.8(5)|] 28.8(5)| 33.9(5)| 31.7(5)
(E)-Linalool oxide (furanoid)* 1454 |34995-77-2 1.2 (4) 0.2 (2) 1.1 (5) 0.5(2)
(E,E)-2,6-Dimethyl-1,3,5,7-
octatetraene® 1466 |460-01-5 0.8 (3) 0.3 (5) 0.6 (5) tr
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Compound KRI [CAS Leaves LA Open SLEE
buds flowers [flowers
(2)-Linalool oxide (furanoid)® 1486 |5989-33-3 - - 2.5(5) 1.2 (5)
B-Linalool* 1556 |78-70-6 6.5 (5) 2.8 (5) 1.5(5) 1.0 (5)
Isobornyl acetate® 1610|125-12-2 - tr tr tr
4—Terpineo|b 1622 |562-74-3 0.3(5) 0.4 (5) 0.4 (4) 0.3 (4)
1-Menthol® 1651 (2216-51-5 - - tr -
oz-TerpineoIb 1708 |98-55-5 0.2 (5) 0.2 (3) tr 0.1(3)
Unidentified monoterpene® 1714 - - 0.1(2) -
(2)-Linalool oxide (pyranoid)? 172014049-11-7 0.3 (5) - 0.1(5) -
Borneol” 1725 [507-70-0 0.2 (5) tr - -
Verbenone® 1740|18309-32-5 - - tr -
(Z,2)-2,6-Dimethyl-3,5,7-octatriene- 1174030-
2-ol° 1824 42-2 0.2(5)| 0.1(4) 0.2(5) -
(E,E)-2,6-Dimethyl-3,5,7-octatriene- 206115-88-
2-ol® 1836 |0 1.4 (4) 0.6 (5) 1.4 (5) 0.5 (5)
2,6—Dimethyl—3,7-0ctadiene—2,6—dio|b 1945 |13741-21-4 - - tr -
Sesquiterpenes
Longifolene® 1600 |475-20-7 - - tr 0.2 (3)
B-Caryophyllene® 1625 (87-44-5 0.3(5) tr 0.3 (5) 0.5 (5)
a-Farnesene® 1765 |502-61-4 - tr 0.4 (4) 0.2 (1)
Irregular terpenes
6-Methy|—5-hepten-2-oneb 1354 {110-93-0 3.5(5) 3.1(5) 1.3 (5) 1.4 (4)
2,6-Dimethyl-6-octanol® 1437 |78-69-3 0.1(3) - - -
2,6-Dimethyl-7-octen-2-ol* 1474 (18479-58-8 - - - 0.1(2)
Nitrogen containing compounds
Benzyl nitrile” 11939]140-29-4 |  0.1(5) ] 29() 05(5)

Patterns of variation of volatile compounds - There were distinct patterns in the relative amounts of

the ten compounds that had relative amounts >5% in the volatile profiles of the leaves and across

the developmental stages of the inflorescences (Fig. 2.9). Limonene (Fig. 2.9a) showed the highest

relative amount in the leaf volatile profile (16.8%), and though it was present in similar proportions

in yellow buds and old flowers, it had its lowest relative amount in the open flower stage. Ethyl

butanoate (Fig. 2.9a) occured in the leaf profile and in much lower percentage in the open flower

profile. 8-Linalool (Fig. 2.9a) was highest in green leaves, much less dominant in yellow buds and

then steadily decreased through the floral stages. Like in A. cyclops and A. melanoxylon, (Z)-3-

Hexenyl acetate (Fig. 2.9b) had the lowest relative amount in the leaf profile, and similar to A.

melanoxylon, peaked in the yellow buds profile. (2)-6-Ocimene (Fig. 2.9c) had by far the highest
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relative amount of all compounds across all four sample types, varying only in a very narrow range
(28.8% - 33.9%) with its highest proportions detected in the open flower profile. Heptadecane,
Benzyl alcohol and 2-Phenylethyl alcohol (Fig. 2.9¢) had their lowest relative amounts in the leaf
profile, and their highest in the open flower profile. Hexan-1-ol and (2)-3-Hexen-1-ol (Fig. 2.9d) both
followed a similar pattern with the lowest relative amounts in the open flower profile, and highest

proportions in the senescing flower profiles.
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Fig. 2.9. Patterns of relative amounts (mean + SE) of ten volatile compounds found in leaves and floral
stages of A. longifolia.

Compound classes - The most pertinent differences in the proportions of the compound classes
between the volatile profiles of the different sample types were between the profile for the
vegetative green leaf tissue and those of the floral stages (Fig. 2.10). Monoterpenes which

dominated in all four volatile profiles had their highest levels in the vegetative tissue (61.8%)
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compared to floral stages (range: 48.7% - 51.4%). The aliphatic compounds are generally more
dominant in the headspace profiles of the buds and the flowers (range: 29.4% - 39.1%) than in the
headspace of the leaf profile (23.8%). Benzenoids ranged from 10.5% in the leaf volatile profile to
15.5% in the open flower volatile profile. The total relative amount of nitrogen containing
compounds was generally very low and peaked with only 2.9% relative amount in the open flowers.
Compared to the compound class composition of A. cyclops and A. melanoxylon, the level of

sesquiterpenes in A. longifolia was very low never exceeding 0.9%.

Total volatile emission — Unlike in A.cyclops and A.melanoxylon which had the highest volatile
emission rate in the buds, the highest volatile emission rate in A. longifolia occurred in the open

flowers (Fig. 2.11). The open flower and senescing flower stages differed significantly in emission

rates.
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Fig. 2.10. Mean proportions of compound classes Fig. 2.11. Volatile emission rates (ng h™) per

in headspace samples of leaves and different inflorescence (mean * SE) of different floral stages

floral stages of A. longifolia. of A. longifolia. Different letters indicate significant
differences at p < 0.05 (Tukey HSD, F, 15 = 4.52;
p=0.034;n=5).

Statistical comparison of volatile profiles of different sample types - The overall separation of the
plant volatile profiles, based on Bray-Curtis similarities of the leaves and different floral stages was

highly significant (3D-NMDS stress value = 0.11; ANOSIM R = 0.69, p < 0.001) (Fig. 2.12). Pair-wise
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comparisons between sample types revealed highly significant differences between all sample types

(Fig. 2.12).

Pair-wise sample type comparisons

Sample types ANOSIM R

" Leaves, Yellow buds 0.916 **

S Leaves, Open flowers 0.708 **
6’{0 Leaves, Senescing flowers 0.872 **
?% Yellow buds, Open flowers 0.628 **

2 Yellow buds, Senescing flowers 0.736 **
Open flowers, Senescing flowers 0.496 **

Leaves
V¥ Yellow buds

Open flowers
@ Senescing flowers

Fig. 2.12. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis similarities of the odour
composition (87 compounds) of the leaves and different floral stages of A. longifolia. 3D stress value =

0.11. ANOSIM Global R = 0.69, p < 0.001. Pair-wise group comparisons are shown with ** indicating
significance at p < 0.01.

The dissimilarity indices calculated by the SIMPER method (Table 2.6) revealed overall a higher
similarity than dissimilarity amongst the pair-wise comparisons of the different sample types

(dissimilarity index range: 34.4 - 44.9).

Table 2.6. Mean dissimilarity indices based on SIMPER procedure (factor: plant parts) (Clarke &
Warwick, 2001) between chemical profiles of leaves and different floral stages of A.longifolia.

Plant part Leaves Yellow buds Open flowers Senescing flowers
Leaves -

Yellow buds 41.6 -

Open flowers 44.9 42.1 -

Senescing flowers 40.9 34.4 39.5 -

2.3.4. Volatile profile of Acacia saligna

General findings - The chemical composition of leaves and floral stages (yellow buds, open flowers,

and senescing flowers) of Acacia saligna is summarised in Table 2.7. In total there were 54
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compounds belonging to five different chemical classes, namely aliphatic compounds (24),
monoterpenoids (14), benzenoids (8), sesquiterpenoids (3) and irregular terpenes (5). Of the 54
compounds found in all the sample types, lowest numbers were present in leaf samples (28), in
yellow bud samples (29) and in senescing flowers (30), whereas highest numbers were found in the
open flower samples (45). Nearly 30% of all compounds (16 of the 54 compounds) occurred in only
one sample type. The relative amount of each of these compounds was low and never exceeded

2.3% in any of the four sample types (Table 2.7).

Fifteen compounds (27.8% of all compounds) were common across all four sample types. The total
relative amount of these compounds was typically high, adding up to 87.3% in leaves, 76.8% in
yellow buds, 89.5% in open flowers and 83.6% in senescing flowers. However, only a few of these
common compounds dominated the scent profile of each sample type. Limonene, (2)-8-Ocimene
and Benzyl alcohol together contributed 69.1% of the volatile abundance in the leaf profile (Shannon
evenness index = 0.62). In the yellow buds profile in addition to the three compounds mentioned for
the leaf profile, (2)-3-Hexen-1-ol was also found to be in high abundance with the four compounds
totalling 57.4% of the total. The compounds in this profile were evenly distributed as is
demonstrated by an evenness index of 0.78 (Table 2.7). In the open flowers profile, (Z)-3-Hexen-1-ol
and Benzyl alcohol dominated with 72.5% which was demonstrated by a Shannon evenness index of
0.48 (Table 2.7). The same four compounds as in the yellow buds profile, dominated in the senescing
flowers profile with a combined total of 64.1% and an evenness index of 0.66 in the senescing flower
profile. The total relative amount of the other 11 common compounds added up to less than 20% in
all sample types (Table 2.7). Of the compounds not found to be common to all samples, only three
contributed close to or more than 5% to the scent emission of any sample type: Hexan -1-ol (max.
4.5% in floral stages), a-Pinene (6.5% in leaf profiles) and UC1693 had its maximum relative amount

in yellow buds (9.1%).
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Table 2.7. Mean relative amounts (%) of compounds identified by GC-MS from headspace samples
of leaves and different flower stages (green buds, yellow buds, open flowers, senescing flowers) of
Acacia saligna. The number of samples in which a compound occurred is given in brackets. Scent
compounds are listed according to compound class and Kovats retention index (KRI). CAS = Chemical

Abstracts Service Registry Number. tr = trace amount (< 0.1 % of total sample). Compound

identification criteria: a = comparison of MS with published data (e.g. NIST library); b = comparison
of MS and retention time with published data; c = comparison of MS and retention time with
published data and authentic standard. Mass fragments for unknowns are listed with the base peak
first, followed by the other fragments in order of decreasing abundance.

Compound KRI [CAS Leaves 2 Open Senescing
buds flowers [flowers
Number of samples 5 5
Number of plants used per sample 5 5
Mean scent emission per
inflorescence (ng h™) - 10.72 55.87 18.61
Number of compounds out of 54 28 29 45 30
Evenness index 0.62 0.78 0.48 0.66
Aliphatic compounds
Aliphatic esters
(2)-3-Hexenyl acetate® 1333|3681-71-8 0.5(1) 2.9 (5) 0.9 (5) 0.9 (3)
Methyl hexadecanoate® 2220(112-39-0 0.3(5) 0.6 (5) 1.0 (5) 0.2 (5)
Aliphatic alcohols
Hexan-1-ol° 1352 (111-27-3 - 2.0(3) 10()| 4.5(5)
Compound KRI [CAS Leaves UL Open Senescing
buds flowers [flowers
(E)-3-Hexen-1-ol° 1374 (928-97-2 - - 0.1 (5) 0.2 (5)
(2)-3-Hexen-1-ol° 1387(928-96-1 3.1(2)| 17.1(5)] 23.7(5)] 20.7(5)
3-Methoxy-3-methylbutanol* 1453 |56539-66-3 1.2 (3) - - -
n-Octanol” 1565 [111-87-5 - 0.7(5) - -
Aliphatic alkanes
Dodecane® 1200|112-40-3 - - 0.2 (3) -
Tridecane® 1300|629-50-5 - - tr -
Tetradecane® 1400 |629-59-4 0.9 (1) - - -
Heptadecane® 1700|629-78-7 1.0(2) 2.6 (5) 1.7 (5) 0.8 (5)
Octadecane® 1800 [593-45-3 0.8 (5) 0.8 (5) 1.3 (5) 0.3 (5)
Heneicosane® 2100 (629-94-7 - - - tr
Tricosane® 2300|638-67-5 0.3(2) - tr 0.1(2)
Tetracosane® 2400 |646-31-1 tr - - -
Pentacosane® 2500|629-99-2 0.3(3) - tr 0.1 (5)
Hexacosane® 2600 |630-01-3 0.2(2) - tr -
Heptacosane® 2700 |593-49-7 0.2 (2) - tr -
Octacosane® 2800 (630-02-4 0.2 (2) - - -
Nonacosane® 2900 |630-03-5 0.4 (3) - tr -
Aliphatic ketones
5-Methyl-5-vinyldihydro-2(3H)-
furanone® 1683 (1073-11-6 0.4 (3) - tr -
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Compound KRI [CAS Leaves LA Open SLEE
buds flowers [flowers
Unidentified aliphatic compound
m/z:
43,69,55,117,97,83,57,56,41,95° 1526 - - tr -
Benzenoids
Benzaldehyde® 1551 |100-52-7 40(5) 42(5) 42(() 4.7(5)
Methyl benzoate® 1650 (93-58-3 - 0.2 (5) 0.4 (5) 0.2 (5)
Benzyl acetate” 1755 |140-11-4 - 0.3 (4) tr -
Methyl salicylate® 1806 |119-36-8 - - tr -
Benzyl alcohol® 1902 [100-51-6 7.4 (5)| 13.4(5)| 48.8(5)| 29.4(5)
2-Phenylethyl alcohol* 1938 |60-12-8 0.9 (5) 0.4 (5) 0.1 (5) 0.2 (5)
Benzenepropanol® 2045 (122-97-4 - 0.3 (4) 2.2 (5) 1.1(5)
Dimethyl salicylate” 2093 (606-45-1 - 0.3 (5) tr -
Cinnamyl alcohol® 2300 (104-54-1 - f tr -
Monoterpenes
a-Pinene° 1087 |80-56-8 6.5 (5) - 0.5 (3) -
3-Carene® 1122 |13466-78-9 - - 0.8 (3) -
B-Pinene® 1137 (127-91-3 1.9 (5) - 03(2) -
Limonene® 1225138-86-3 413(5)| 17.1(5)| 4.7(5)| 14.1(5)
(Z)-6-Ocimeneb 1252|3338-55-4 20.4 (5) 9.8 (5) 2.2 (5) 9.0 (5)
Camphor® 1545|76-22-2 - - tr 0.2 (5)
B-Linalool* 1556 |78-70-6 1.9 (5) 3.0(5) 0.3 (4) 0.9 (5)
Isobornyl acetate® 1610|125-12-2 - 0.8 (5) 0.1 (5) 0.4 (5)
4-Terpineol” 1622 |562-74-3 0.2(1) 0.7 (3) - -
1-Menthol® 1651(2216-51-5 - 0.2(5) - -
a-Terpineol® 1708 [98-55-5 07(5)) 07()] 01(3) 0.4(5)
Borneol® 1725 |507-70-0 - - tr -
(E,E)-2,6-Dimethyl-3,5,7-octatriene- 206115-88-
2-ol° 1836 |0 - 0.3 (5) tr -
(2)-Jasmone” 1963 |488-10-8 - - tr -
Sesquiterpenes
Longifolene® 1600 |475-20-7 2.5(5) 1.3 (5) 0.2 (5) 0.9 (5)
B-Caryophyllene® 1625|87-44-5 1.1(5) 0.9 (3) tr 0.3(3)
a-Farnesene® 1765|502-61-4 - - 0.5 (4) 0.3 (3)
Irregular terpenes
6-Methyl-5-hepten-2-oneb 1354|110-93-0 - 3.9 (4) 1.1 (5) 2.8(5)
2,6-Dimethyl-6-octanol® 1437|78-69-3 - 1.2 (5) 0.2 (5) 0.8 (5)
2,6-Dimethyl-7-octen-2-ol* 1474 |18479-58-8 1.5 (5) 2.1(5) 0.3 (5) 1.0 (5)
4-Oxoisophorone” 1722(1125-21-9 - 2.9 (5) 0.8 (5) 2.4 (5)
2,2,6-Trimethyl-1,4-
cyclohexanedione® 1808 |20547-99-3 - - - 0.2 (5)
Unidentified compound
m/z: 56,85,125,43,41,69,153,55,
83,397 (=UC1693) 1693 - 9.1 (5) 1.6 (5) 3.0 (5)
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Patterns of variation of volatile compounds - There were distinct patterns in the relative amounts of

the six compounds already highlighted across the life cycles of the inflorescences and leaves (Fig.

2.13). a-Pinene was mainly found in leaves (6.5%), and in low proportions in open flowers only

(0.5%). Limonene and (Z)-8-Ocimene were found in high relative amounts in leaves. In flowering

stages the relative amounts were much lower, with their minimum in open flowers (Fig. 2.13a).

UC1693 (together with 4-Oxoisophorone with which it also had occurred as “peak pair” in volatile

profiles of A. cyclops and A. saligna) was absent from leaf headspace, and had their highest relative

amounts in the yellow bud profile (Fig. 2.13b). Both (Z)-3-Hexen-1-ol and Benzyl alcohol followed a

similar pattern, with lowest proportions in leaves, and highest relative amounts in open flowers (Fig.

2.13c).
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Fig. 2.13. Patterns of relative amounts (mean % SE) of seven volatile compounds found in leaves and
floral stages of A. saligna.
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Compound classes - The volatile compound classes showed great variation between the different
sample types analysed (Fig. 2.14). Monoterpenes clearly dominated in the leaf samples (74.4%), but
were only minor compounds in open flowers (9.5%). In contrast, benzenoids dominated in the open
flower volatile profile (55.9%), but had their lowest relative amounts in leaves (12.3%). Aliphatic
compounds contributed even less to the leaf scent (9.8%), but were important in all floral stages,
decreasing from 36% in buds to 30.9% in senescing flowers. Irregular terpenes played no role in leaf
scent, and were dominant in the profile of yellow buds (6.9%) and senescing flowers (5.4%).
Sesquiterpenes had their maximum relative amount in leaf scent blends (3.5%) as compared to floral
stages. No nitrogen compounds were recorded in any of the four sample types. Compared to A.
melanoxylon and A. longifolia where the compound class composition across the different sample
types was very similar, the compound class composion of A. saligna, like A. cyclops, showed more

variation across the different sample types.

Total volatile emission - As for A. longifolia, and unlike A. cyclops and A. melanoxylon, the open
flowers had the highest volatile emission rate of the floral stages, while the yellow bud stage had the

lowest rate (Fig. 2.15). There were significant differences in emission rates for the sample types.
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Statistical comparison of volatile profiles of different sample types - The overall separation of the
plant volatile profiles, based on Bray-Curtis similarities of the leaves and different floral stages was
highly significant (3D stress value = 0.04. ANOSIM Global R = 0.886, p < 0.001) (Fig. 2.16). Pair-wise
comparisons between sample types (Fig. 2.16) revealed highly significant differences between leaves
and the three floral stages (all R-values = 1), and between yellow buds and the open and senescing
flowers (range of R-values: 0.912 - 9.40), and between open flowers and senescing flowers (R-value =

0.748).

Pair-wise sample type comparisons

Sample types ANOSIM R

" Leaves, Yellow buds 1 **

S Leaves, Open flowers 1 **
‘% Leaves, Senescing flowers 1 **
?;o- Yellow buds, Open flowers 0.940 **
23 Yellow buds, Senescing flowers 0.912 **
Open flowers, Senescing flowers 0.748 *

¥ Yellow buds
Open flowers
@ Senescing flowers

Fig. 2.16. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis similarities of the odour
composition (87 compounds) of the leaves and different floral stages of A. saligna. 3D stress value =
0.04. ANOSIM Global R =0.886, p < 0.001. Pair-wise group comparisons shown with * indicate
significance at p < 0.05, and ** indicates p < 0.01.

The dissimilarity indices calculated by the SIMPER method (Table 2.8) calculated an index of
dissimilarity of greater than 50 only between leaves and open flowers. Leaves had a higher

dissimilarity to the floral stages (range: 47.0 - 60.0) than the floral stages amongst themselves

(range: 24.9 - 39.4).
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Table 2.8. Mean dissimilarity indices based on SIMPER procedure (factor: plant parts) (Clarke &
Warwick, 2001) between chemical profiles of leaves and different floral stages of A. saligna.

Plant part Leaves Yellow buds Open flowers Senescing flowers
Leaves -

Yellow buds 47.0 -

Open flowers 60.0 39.4 -

Senescing flowers 49.7 24.9 30.1 -

2.4. Discussion

2.4.1. Scent variation of leaves and different floral parts

Differences in the scent composition have been reported between vegetative and floral plant parts

(Flamini et al., 2003; Georgieva et al., 2005), floral life cycle stages (Flamini et al., 2003; Tasin et al.,

2005), different stages of the ripeness of fruits (Robertson et al., 1995; Jiang & Kubota, 2004), in

different stages of maturity of leaves (Brouat et al., 2000) and different floral parts (Dotterl &

Jurgens, 2005; Underwood et al., 2005). In line with these reports, differences were found in the

plant volatiles emitted from the leaves and various floral stages of A. cyclops, A. melanoxylon,

A. longifolia and A. saligna. The differences between the leaf volatile profile and the floral volatile

profile of both A. cyclops and A. saligna were more pronounced than that of the other two species

investigated and could be attributed to the very high proportions of monoterpenes in the leaf

volatile profile. Acacia cyclops also showed high proportions of monoterpenes in the leaf volatile

profile. The least differences between the leaf and the different floral volatile profiles were observed

in A. longifolia. For each of the four Acacia species, the differences in the chemical profiles of the

different plant parts investigated were quantitative (relative amount of compounds in relation to

total amount) rather than qualitative (presence or absence of compounds), as the total relative

amount of unique compounds was too small to have a significant impact on the variability of the

profiles, and also as the total relative amount of the compounds common across all sample types

was high.
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The differences among the volatile profiles of the various floral stages were more pronounced in A.
longifolia and A. saligna than in A. cyclops where no statistically clear differences between the
volatile profiles of the yellow buds and the open flowers were found. The similarity of the scent
profiles of the yellow buds and the open flowers of A. cyclops was surprising, and the functional
significance thereof, is unclear. The functional significance of the differences between chemical
profiles of the leaves and the different floral stages, may relate to pollinator attraction and the
defence mechanisms of the plants against herbivores (Pichersky & Gershenzon, 2002; Lucas-Barbosa

et al., 2011; Schiestl, 2010).

2.4.2. Floral scent in the context of pollination biology

Little is known or confirmed about the pollinators of Acacia species (Turnbull, 1997). Insect visitors
to Acacia flowers are largely determined by the local pool of potential visitors and the floral
resources on offer (Stone et al., 2003). Acacia flower visitors comprise of three trophic groups
namely specialist pollen and flower feeders (beetles, bees and flies), specialist nectar feeders (birds,
butterflies and bee flies) and opportunist foragers (flies, ants and wasps) (Stone et al., 2003). Only a
subset of these visitors, however act as effective pollinators (Stone et al., 2003; Gibson et al., 2011).
A. cyclops, A. melanoxylon, A. longifolia and A. saligna do not produce nectar (Milton & Moll, 1982;
Stone et al., 2003; Gibson et al., 2011), and therefore nectar feeders are excluded from the
pollinator assemblages of the Acacia species. The open, accessible structure of the Acacia flower
heads, whether spherical or elongated, makes them accessible to a wide variety of insect visitors
(Stone et al., 2003) and it is therefore generally accepted that a generalist pollinator spectrum could
be expected (Stone et al., 2003; Gibson et al., 2011). In their native range the most important
pollinators of Australian acacias are bees and wasps, followed by flies, beetles and birds, whereas in
South Africa, the native honeybees (Apis mellifera capensis and A. mellifera scutellata) are the main

pollinators of the Australian Acacia spp. (Gibson et al., 2011 and references therein).
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Gibson et al. (2011) compiled a list of insect visitors to some invasive Australian Acacia species from
both Australia and South Africa, with an indication of the pollinator status of the insect species, from
published and previously unpublished data. For A. cyclops, no specific information is available about
insect visitors or the exact pollinator assemblage of the plant neither in its Australian origin nor in
South Africa, whereas in the case of A. melanoxylon, four insect visitor species were recorded in
Australia, two (Diptera: Cecidomyiidae and Diptera: Chironomidae) merely as visitors, and two
(Diptera: Lauxaniidae and Coleoptera: Chrysomelidae) of which the pollinator status is uncertain
(Gibson et al., 2011). In the case of A. longifolia however, of the eleven insect visitor species to A.
longifolia recorded in Australia, ten species belonged to the Hymenoptera and seven of those, four
bee species and three wasp species, have been indicated as possible pollinators (Gibson et al., 2011).
Similarly for A. saligna, 29 insect species (19 in Australia and 10 in South Africa) have been recorded
as flower visitors to A. saligna with seventeen species including twelve coleopterans, eight
dipterans, one hemipteran and three hymenopterans (including the native honey bees) possibly

having a pollination role (Gibson et al., 2011).

Although floral scents are complex blends of compounds with various functions and roles, current
knowledge of scent chemistry has increased to such an extent that testable predictions can be made
in a comparative context regarding possible pollinator guilds of flowers (Dobson, 2006; Jiirgens et
al., 2006; Goodrich & Raguso, 2009). Even at the compound class level it is sometimes possible to
predict the pollinator guild of the plant, e.g. sulphur containing compounds are typically found in

plants that are either pollinated by bats or carrion flies (Knudsen et al., 2006).

Observations of flowers with scent containing mostly aliphatic compounds, have shown they were
mostly pollinated by beetles, e.g. curculionid beetles pollinating Eupomatia species in the

Eupomatiaceae family, weevils pollinating Zygogynum and Exospermum in the Winteraceae family,
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nitidulid beetles pollinating Wettinia palms (Arecaceae) and chrysomelid beetles pollinating
Ceroxylon, Mauritia and Geonoma species of the Arecaceae family (Dobson, 2006) as well as
Phyllophaga beetles (Scarabaeidae, Melolonthinae) pollinating Cyathostegia mathewsii
(Leguminosae) (Lewis et al., 2003). Fatty acid derivatives or aliphatic compounds were also
associated with pollination by midges in species of Theobroma (Sterculiaceae) (Dobson, 2006). Floral
scents dominated by terpenoids are common among bee-pollinated plants and these generally have
low amounts of benzenoids and fatty acid derivatives (Dobson, 2006). Cecidomyiid midge pollinators
seem to be attracted to plant species with scents dominated by terpenoids (Dobson, 2006).
Monoterpenes seem to have evolved primarily for defence against herbivores and ants; however,
monoterpenes are also important for pollinator attraction, especially in bees (Jiirgens, 2004; Dotterl
& Vereecken, 2010; Schiestl, 2010). Irregular terpenes have also been associated both with
pollinator attraction and indirect plant defence (Tholl et al., 2011). Pollination case studies in plant
species where benzenoids are the prominent compound class in the floral scent are scarce (Dobson,
2006). It seems that benzenoids evolved signalling functions in angiosperms, primarily for pollinator
attraction, and particularly for attraction of butterflies and moths (Schiestl, 2010). Nevertheless,
benzenoids were also found to be the most abundant compounds in two species of Papaveraceae

that are mainly pollinated by beetles (Dobson, 2006).

Acacia cyclops flower scent predominantly contained aliphatic compounds, which is supportive of
beetle pollination (Lewis et al., 2003; Dobson, 2006), and a large proportion of irregular terpenes,
which is supportive of pollination by bees and butterflies (Andersson, 2003; Détterl et al., 20053;
Guédot et al., 2008). Butterflies however, are obligate nectar feeders (Stone et al., 2003) and, since
A. cyclops does not produce nectar (Milton & Moll, 1982; Stone et al., 2003; Gibson et al., 2011), it
can be assumed that the Lepidoptera would not be part of the pollinator guild. The open flower
volatile profiles of both A. melanoxylon and A. longifolia had the monoterpenes as dominant

compound class, followed by aliphatic compounds and benzenoids compounds. The dominant
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monoterpenes compound class is supportive of attracting bees as pollinators (Jirgens, 2004;
Schiestl, 2010). The benzenoids compound class was dominant in A. saligna which is presumably
attracting for butterflies and moths (Schiestl, 2010). Again, since A. saligna also does not produce
nectar, and butterflies are obligate nectar feeders, it is unlikely that they are part of the A. saligna —
pollinator assemblage (Milton & Moll, 1982; Stone et al., 2003; Gibson et al., 2011). Accordingly,
neither moths nor butterflies have been recorded as flower visitors on A. saligna (Gibson et al.,
2011). Aliphatic compounds, a secondary compound class in the open flower profile of A. saligna,

are supportive of beetles as pollinators (Lewis et al., 2003; Dobson, 2006).

Three individual compounds identified in the floral volatile profiles of A. cyclops, A. melanoxylon and
A. saligna have high potential to be pollinator attractants. These compounds are 4-Oxoisophorone in
A. cyclops, p-Anisaldehyde in A. melanoxylon and Benzyl alcohol in A. saligna. 4-Oxoisophorone is
known from several plant species and families (Knudsen et al., 2006) and to my knowledge this is the
first time that it has been recorded from an Acacia species. It occurred in all sample types of A.
cyclops and had its highest abundance in the scent of open flowers. Furthermore, it occurred in A.
saligna with highest relative amount in the yellow bud volatile profile. 4-Oxoisophorone is a flavour
compound of carotenoid origin (Goff & Klee, 2006). In plants, the presence of carotenoids is
revealed by the rich colour of flowers, fruits and storage organs in the yellow-to-red part of the
visual spectrum (Farré et al., 2010). Carotenoids accumulate in different plant tissues and help to
attract pollinators to flowers and aid in seed dispersion through the strong red, orange and yellow
colours they impart and which attract frugivores to ripe fruits (Goff & Klee, 2006; Simkin et al.,
2010). It is known that 4-Oxoisophorone stimulates electroantennal responses in moths (Guédot et
al., 2008), butterflies (Andersson, 2003) and bees (Détterl et al., 2005a). Bees are common
pollinators of many Acacia species (Stone et al., 2003) and 4-Oxoisophorone might therefore play a
role as bee attractant in A. cyclops due to the high abundance of the compound in the scent of the
open flowers. However, in the scent of A. melanoxylon and A. saligna, it only occurred in very small
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amounts in the open flower scent profiles, and it is unlikely that it will play a similar pollinator

attractant role in A. melanoxylon and A. saligna than in A. cyclops.

p-Anisaldehyde (alternative name, 4-Methoxybenzaldehyde) in high concentrations in the volatile
blend of Canada thistle scent was shown to be an attractant to different families of pollinating bees
(Theis, 2006). p-Anisaldehyde was found in the yellow bud, open flower and senescing flower scent
profiles of A. melanoxylon with the highest relative amounts in the open flowers (9%) where it could

be a pollinator attractant.

Benzyl alcohol is also a very common compound (Knudsen et al., 2006). In the scent of Canada thistle
Benzyl alcohol was an attractant to florivores (Theis, 2006) and in the scent of Oilseed Rape, Benzyl
alcohol was an attractant to cabbage seed weevil (Smart & Blight, 1997). This compound is also an
attractant to honey bees (Wadhams et al., 1994). Arum creticum (Araceae) attracts a number of
beetle families and, being pollinated by bruchid beetles, has Benzyl alcohol as dominant compound
(Dobson, 2006). Butterfly-pollinators often show scent preferences that are characterised by
aromatics including Benzyl alcohol (Dobson, 2006; Schiestl, 2010). Benzyl alcohol is also found in
plants species that attract nectar feeding insects (Jiirgens et al., 2009). None of the four Acacia
species however produce nectar (Gibson et al., 2011). Benzyl alcohol occurred in all of the four
sample types from A. saligna, where it peaked with almost 50% of the open flower volatile profile as
well as in all four sample types of A. longifolia. In A. longifolia little variation in relative amounts was
observed, although the highest amount was recorded in the open flower profile. Due to the high
relative amount of the compound in the scent of the open flowers, and despite it also occurring in
the leaf volatile profiles of A. saligna and A. longifolia, it possibly functions as pollinator attractant in
A. saligna and A. longifolia. A number of bees and wasps were observed in the suite of flower

visitors of A. longifolia, whereas beetles, flies, bees, ants and wasps were recorded as flower visitors
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to A. saligna (Gibson et al., 2011). Benzyl alcohol also occurred in the scent profiles of A. cyclops and

A. melanoxylon, however, it was in very low proportions.

In summary, despite the lack of detailed knowledge about the pollinator assemblage of A. cyclops,
the volatile profile of its open flowers was supportive of a bee and beetle pollinator syndrome. Bees
and wasps are the main flower visitors for A. longifolia (Gibson et al., 2011) with clear support for
bees as pollinator in the chemical volatile profile of the open flowers of A. longifolia. The currently
known flower visitor assemblage of A. melanoxylon on the other hand, includes only flies and one
beetle species (Gibson et al., 2011), while the volatile profile seemed supportive of bees and beetles
as pollinators. The possible discrepancy lies in not enough information being available on the
pollination biology of A. melanoxylon. The flower visitors to A. saligna include many beetle species,
flies, bees and ants with evidence for beetles and bees to be pollinators (Gibson et al., 2011). The
volatile profile of the open flowers of A. saligna, was supportive of beetles and bees as pollinators,
but also lent support for moths and butterflies as pollinators. A. saligna is a non-nectar producing
plant, and therefore excludes butterflies as obligate nectar feeders from the pollinator assemblage
(Milton & Moll, 1982; Stone et al., 2003; Gibson et al., 2011). Besides, no lepidopterans were
recorded as visiting the A. saligna flowers (Gibson et al., 2011). Each of A. cyclops, A. melanoxylon, A.
longifolia and A. saligna, with different volatile profiles particularly pertaining to the concentrations
of the compounds, and despite many of the same compounds being present in their floral scents,
seems to employ a different chemical strategy to attract the same set of pollinators. Further
investigation is required to confirm pollinator assemblages of these species and to elucidate on

these different chemical strategies.

2.4.3. Leaf and floral scent in the context of chemical defence

Plants have developed many strategies to defend themselves against herbivorous arthropods and

often use the emission of volatile compounds in these defence strategies (Blichel et al., 2011).
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Terpenoids and green leaf volatiles (GLVs) represent the major classes of the plant volatiles used in
these defence strategies (Arimura et al., 2009) with terpenoids being the most abundant and
structurally diverse group of plant secondary metabolites and released by many higher plants
(Dudareva et al., 2004; Cheng et al., 2007). Terpenoids are usually produced both in the leaves and
the flowers (Dudareva et al., 2004). GLVs are aliphatic 6-carbon primary alcohols, aldehydes and
acetates that are ubiquitous throughout the plant world (Mumm & Dicke, 2010). Two compounds,
(2)-3-Hexenyl acetate, a GLV, and (2)-8-Ocimene, a monoterpene occurred in high proportions
throughout the volatile profiles of each of A. cyclops, A. melanoxylon, A. longifolia and A. saligna and

their putative functions in the context of plant defence are discussed.

(2)-3-Hexenyl acetate is a well-known green leaf volatile (Knudsen et al., 2006). GLVs occur naturally
in vegetative and floral scents of intact, healthy and uninfested plant tissue (Knudsen & Gershenzon,
2006; Matsui, 2006), but are also known to increase in response to wounding or damage (Azuma et
al., 1997; Holopainen, 2004; Mumm & Dicke, 2010) and are often characteristic of wounded tissue
(Grison et al., 1999; Arimura et al., 2001). (Z)-3-Hexenyl acetate mostly plays a role in plant defence
(Knudsen & Gershenzon, 2006) and it has been shown to attract egg parasitoids (Blichel et al., 2011)
and carnivorous arthropods (Mumm & Dicke, 2010) and to deter insects from laying eggs on injured

plants (Pichersky & Gershenzon, 2002).

In the scent profiles of A. cyclops, the relative amount of (Z)-3-Hexenyl acetate was low in the leaf
scent bouquet comparing to that of the floral stages, especially the green bud stage. The relative
amount decreased from the green to the yellow buds stage, but remained constant thereafter until
floral senescence. Surprisingly, the proportions of GLVs in the leaf profiles in A. melanoxylon, A.
longifolia and A. saligna, were much lower than in the floral volatile profiles of these species. Similar
to A. cyclops, there was a decreasing trend from the yellow buds to the senescing flowers in the

relative amounts of the compound. The decreasing trend from bud to flower stage had also been
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recorded for a cultivar of raspberry (Robertson et al., 1995). The distribution pattern of (Z)-3-Hexenyl
acetate in the leaf profiles compared to the floral profiles, may indicate that it occurs naturally in the
intact plants, and that its abundance, especially in the case of A. cyclops, is not due to damage
induced to the plant by the sampling method used. The plants were either not that sensitive to
mechanical damage (due to the sample preparation method) or that the effect of the damaged
induced GLVs had dissipated by the time the headspace samples were taken (a few hours after

collection of the plant material) (see also Holopainen, 2004).

(2)-8-Ocimene, is a ubiquitous floral terpenoid volatile (Knudsen et al., 2006) and emission thereof
often follows herbivore feeding (i.e. induced defence) (Bouvier et al., 2005). It also plays a role in
resistance to pathogens and tolerance to high temperature (Bouvier et al., 2005), and it can play a
role in deterring ovipositing insects (Castells & Berenbaum, 2008). (Z)-8-Ocimene occurred in all four
of the Acacia species discussed here. In A. cyclops the relative amounts of (2)-6-Ocimene were
highest in leaves and decreased from high relative amounts in green buds (which may have been
highly sensitive to the mechanical damage during sample preparation) through floral development
reaching the lowest proportions in the open flower stage. Actual emission of the scent showed the
lowest emission rates in the senescing flower stage. Although (Z)-8-Ocimene occurred in high,
almost equal relative amounts through all four sample types in the volatile profiles of A.
melanoxylon, the actual emission rate also decreased from the yellow bud scent to almost half the
amount in the senescing flower scent. The decreasing trend in relative amount from bud to flower
stage has also been recorded for garland (Flamini et al., 2003). Similar to A. melanoxylon, (Z)-8-
Ocimene also occurred in high, almost equal relative amounts through all four sample types in the
volatile profiles of A. longifolia, however, the actual emission rate in the floral profiles peaked in the
open flower profile. The lowest proportions of (2)-8-Ocimene have been recorded in A. saligna
where the relative amount in leaf emissions was 20.4%, and in floral volatiles less than half of this

amount. The actual emission rates in the floral profiles were almost similar. Generally, in all four
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plant species, the proportion of (Z)-8-Ocimene was higher in the leaf volatile profiles than in the
floral volatile profiles. This pattern seems to support the assumed defence role of this compound in
leaves. In A. longifolia, where there was a much higher emission rate of (2)-6-Ocimene in the open
flower scent than in the yellow bud and senescing flower scent, this compound may play a role in
the defence against florivores (Theis, 2006). The generally high abundance levels of this compound
may however also be a cumulative effect of several influences to which the sampling preparation
method may have contributed. It has been reported that damage-induced compounds, mainly
terpenes, are synthesized a few hours after the initial damage took place, as opposed to GLVs which

are released within a few minutes (Holopainen, 2004).

Monoterpenes in particular seem to have evolved primarily for defence against herbivores and ants
e.g. by acting as toxins, feeding deterrents, and oviposition deterrents to a large variety of insects
(Jirgens, 2004; Jurgens et al., 2006; Schiestl, 2010). However, monoterpenes are also important for
pollinator attraction, especially in bees (Jiirgens, 2004; Schiestl, 2010). The function of such
compounds is therefore likely to be context dependent. The importance of understanding the
context in which plant-insect interactions takes place, before predictions can be made about the
putative functions of compounds, can be demonstrated with the monoterpene, Limonene, which
occurred in all volatile profiles in all four species. Limonene is possibly the single most common
compound in floral volatiles (Dudareva & Pichersky, 2000; Knudsen et al., 2006). It is both a floral
and vegetative volatile (Azuma et al., 1999; Bruce & Cork, 2001). Bees are presumably attracted to
Limonene (Williams & Whitten, 1983; Jlirgens, 2004; Dobson, 2006), which together with visual cues,
may attract bees over short distances (Levin et al., 2001; Jirgens, 2004). However, Limonene also
acts as an oviposition deterrent e.g. in some species of Macaranga (Lindgren et al., 1996). Except for
A. cyclops, the relative amounts of Limonene in the leaf profiles of A. melanoxylon and A. saligna
were much higher than in the floral profiles, indicating a defence mechanism emitted by leaves. In A.

cyclops, A. melanoxylon, A. longifolia and A. saligna, Limonene had the lowest relative amounts in
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the open flower profiles, which are meant to attract insect visitors for pollination. The steep increase
in the relative amounts in the senescing flower scent profile might be due to other signals for
pollinator attraction being “switched off” again in the senescing floral stages (Moraga et al., 2009)
thereby increasing the relative amounts of Limonene in the senescing flower volatile profile.
Limonene, which was present in all volatile profiles of open flowers in relatively high amounts
(except in the case of A. cyclops), may both deter florivorous insects (Goodrich & Raguso, 2009)
while at the same time attract pollinating bees which are assumed to be pollinators of almost all
Acacia species (Stone et al., 2003; Gibson et al., 2011). In A. longifolia, Limonene was present in
almost similar proportions in the leaf profile and all floral stages, except for the much-reduced
relative amount in the open flower profile. This pattern also concurs with the probable trade-off
between resource allocations to defence as opposed to reproduction, in order to produce other

pollinator attractant scent in the open flowers (Arimura et al., 2005; Hanley et al., 2007).

In summary, there has been little research on the plant volatiles of Acacia species in general, and
studies that have been done have concentrated more on the identification of compounds, than on
evaluation of their particular role or function (Flath et al., 1983; Zygadlo et al., 1996; Kaiser, 1997;
Lamarque et al., 1998; Willmer et al., 2009). To my knowledge, this study is the first report on the
plant volatiles of invasive Acacia species. The putative functions of the prominent compounds in the
context of chemical defence as discussed above, need to be confirmed with further investigations.
Of particular interest would be the role of monoterpenes such as Limonene, 8-Linalool, a-Pinene and
B-Pinene as well as the role of other GLVs and other aliphatic compounds such as the long chain n-
Alkanes found in the headspace of these Acacia species, as these compounds were also prominent

compounds in the scent of these Acacia species.
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2.4.4. Scent variation of senescing flowers

A wide spectrum of volatiles from all compound classes was detected in the senescing flower volatile
profiles of A. cyclops, A. melanoxylon, A. longifolia and A. saligna. Decreased levels of emitted
volatiles are characteristic of flower senescence (Verdonk et al., 2003) and have also been shown in
Vachellia (Acacia) seyal seyal and Vachellia (Acacia) seyal fistula (Willmer et al., 2009) as well as in
other plants (Dotterl et al., 2005b; Theis & Raguso, 2005). However, decreased emission rates of
plant volatiles in senescing flowers as opposed to open flowers, were only observed for A. cyclops

and A. longifolia.

The volatile profile of the senescing flowers of A. cyclops was characterised by a higher evenness
index in compound distribution than in the yellow bud and open flowers profiles, and especially than
in the leaf and green bud profiles, as it lacked the dominance of certain compounds e.g. (Z)-3-
Hexenyl acetate and (Z)-8-Ocimene found in the other sample types of A. cyclops. It seems that no
obvious function can be ascribed to the emitted scent of senescing flowers, and the lack of dominant
compounds seemed to be congruent with the position of senescing flowers in the floral life cycle
where e.g. pollinator attraction does not play a role. Senescence of leaves and flowers is an active
process and requires particular gene expression and synthesis of new proteins to enable the
transition of attractive flowers to seed producing units, and might result in the release of different or
new ratios of volatile compounds (Wang et al., 2001). Thus, compounds functioning as pollinator
attractants in open flowers may be “switched off” in the senescing flowers in order to direct
pollinators to open flowers to optimise pollination (Moraga et al., 2009). “Switching off” may occur
by the increased production of certain compounds, which results in a change to the ratio of other
compounds including pollinator attracting compounds, in the total volatile bouquet (Wang et al.,
2001). In A. cyclops, the relative amounts of Hexan-1-ol, Benzaldehyde, Benzyl alcohol, Limonene
and B-Linalool increased from the open flower scent to the senescing flower scent. In the volatile

profiles of A. melanoxylon, A. longifolia and A. saligna, a similar increase in relative amounts
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however, was only observed with respect to Hexan-1-ol and Limonene. A different set of compounds
showed increased relative amounts in the senescing flower volatile profiles of the other species. In
addition to Hexan-1-ol and Limonene, in A. melanoxylon these included (Z)-3-Hexen-1-ol, a- and 8-
Pinene, and B8-Caryophyllene; in A. longifolia these included (2)-3-Hexen-1-ol and Benzaldehyde; and
in A. saligna, these also included Benzaldehyde. The observation of the increasing evenness index in
compound distribution towards the end of the floral life cycle cannot be made for the other three
species. In both A. melanoxylon and A. longifolia the evenness index of compound distribution
throughout all the sample types was relatively high and was at similar levels for all the sample types.
In A. saligna the compound distribution in the volatile profile of the yellow buds had the highest
evenness index, and the highest level of dominance of compounds was found in the volatile profile

of the open flowers, with the level of evenness in the senescing flower profile still high.
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CHAPTER 3: VOLATILE CHARACTERISATION OF A. KARROO, A. SIEBERIANA
var. WOODII AND A. XANTHOPHLOEA

3.1. Introduction

Dasineura dielsi (Diptera: Cecidomyiidae), a galling midge from Australia, was being assessed as a
possible biological control agent for Acacia cyclops in South Africa in 2001, and the host specificity
tests included some African Acacia species along with a number of phyllodineous Australian acacias
(Adair, 2005). This was to assure that native Acacia species would not become hosts should the gall
midge be released (Zimmermann et al., 2004). Of the five African acacias that were assessed (Adair,
2005), two, namely A. karroo and A. sieberiana var. woodii, were selected for this study to

investigate their volatile profiles. An additional species, A. xanthophloea, was also included.

According to the controversial retypification of the genus Acacia in 2005 (Willmer et al., 2009; Miller
et al., 2011), these three species from the subgenus Acacia should be called Vachellia karroo,
Vachellia sieberiana var. woodii and Vachellia xanthophloea. However, to retain continuity with the
work that motivated the inclusion of these species in this project (Adair, 2004, 2005) and in the
context of the biological control programmes of the invasive Australian acacias in South Africa
(Dennill & Donnelly, 1991; Hoffmann et al., 2002; Donnelly & Hoffmann, 2004; Impson et al., 2004,
2008, 2011; Moseley et al., 2009; Wood & Morris, 2007; Post et al., 2010), it was decided to still

refer to these species as Acacia species.

Acacia karroo Hayne is highly polymorphic and variable in height (Ward, 2011), usually with a dense,
rounded crown (Coates Palgrave, 2005; Smit, 2008). Acacia sieberiana var. woodii DC. is one of the
most common of the flat-topped acacias and Acacia xanthophloea Benth. is a tall, well-shaped tree
with characteristic greenish-yellow powdery bark (Coates Palgrave, 2005; Smit, 2008). The leaves of

all three species consist of several pairs of pinnae (Coates Palgrave, 2005; Smit, 2008). Acacia karroo
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has golden yellow and A. xanthophloea has bright yellow globular flowerheads, and A. sieberiana
var. woodii has strong scented creamish-coloured globose inflorescences (Coates Palgrave, 2005;
Smit, 2008). Kaiser (1997) describes the fragrance of A. karroo as distinctly sweet scented. Acacia
karroo has commercial and agricultural (Mkhabela, 2003; Coates Palgrave, 2005), as well as
medicinal (Nyila et al., 2012; Van Wyk, 2011) uses. Acacia karroo is also known as an encroacher
(Ward, 2011) and is invasive in Australia (Csurches & Edwards, 1998) and other countries (Daehler,

1998).

Plant volatile characterisation has been done for only a few African Acacia species i.e. A. karroo
(Kaiser, 1997), Vachellia seyal seyal, V. seyal fistula, V. etbaica, V. brevispica, V. drepanplobium and
Senegalia mellifera (Willmer et al., 2009). Unfortunately, Kaiser (1997) did not describe methods in
detail, and direct comparison between that study and this is not possible and it was therefore

considered worthwhile to redo the volatile characterisation of A. karroo.

The objective of this study was to characterise the volatile profiles of the three African acacias
namely A. karroo, A. sieberiana var. woodii and A. xanthophloea in order to compare and contrast
the vegetative and floral profiles of each species and to compare these to the invasive Australian
acacias. Prominent compounds found in the profiles are discussed in the context of their putative

functions.

3.2. Methods and Materials

In order to maintain full comparability with samples from A. cyclops, A. melanoxylon, A, longifolia
and A. saligna (Chapter 2), flowers and leaves of A. karroo, A.sieberiana var. woodii and

A. xanthophloea were harvested and sampled following the same method as used for A. cyclops and

the other Australian invasive species described in Chapter 2.
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For each species, shoots comprising leaves and flowers were collected from randomly-selected
roadside trees in residential areas in the Western Cape, South Africa. Acacia karroo material was
collected from 15 trees on 5 December 2009 and 21 January 2010 in Kuils River (S 33° 55' 24.2" E 18°
41'49.4"), Bellville (S 33° 53'37.9" E 18° 36' 47.1"), Brackenfell (S 33° 54' 08.0" E 18° 41' 48.3") and
Durbanville (S 33° 50' 30.4" E 18° 39' 59.3"). Acacia sieberiana var. woodii material was collected
from 15 trees on 21 January 2010 and 8 December 2010 in Kuils River (S 33° 55' 24.3" E 18° 41’
46.7") and Bellville (S 33°52' 24.4" E 18° 37' 56.1" and $ 33° 51' 44.4" E 18° 37' 51.0").

Acacia xanthophloea material was collected from five trees on 5 December 2009 in Kuils River
(533°55'24.0" E 18°41' 45.4") and Bellville (S 33° 52' 24.4" E 18° 37' 56.1"). Acacia karroo and

A. sieberiana var. woodii collections produced three samples from five trees each while A.

xanthophloea collections produced one sample from five trees.

The plant cuttings were transported to a laboratory where the leaves and open flowers were
carefully removed from the shoots with a pair of forceps. Flowers and leaves were pooled to create
three samples of the leaves and three samples of the open flowers, thus giving three replicates of
each of the required plant parts. Each sample contained material from five individual trees. Control
samples were prepared to distinguish between plant volatiles and ambient contaminants by
collecting surrounding air separately after taking the leaf and flower scent samples of the pooled
material of each group of five trees. The flowers used in the samples were counted to quantify the
emission rate per flower per hour. Trapping of the headspace volatiles, GC-MS analyses of the scent
samples, determining the emission rate of the flowers and the statistical analyses was performed in

the same manner as described in Chapter 2.
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3.3. Results

3.3.1. Volatile profile of Acacia karroo

The chemical composition of the leaf and flower volatiles of A. karroo is summarised in Table 3.1. In
total 68 compounds were found belonging to six different chemical classes, namely aliphatic
compounds (30), benzenoids (10), monoterpenoids (17), sesquiterpenoids (5), irregular terpenes (4)

and nitrogen containing compounds (2).

Leaf and flower scent differed qualitatively. Nearly twice as many compounds were found in flowers
as compared to leaves (61 vs. 34). Out of these, only seven were unique for leaves, and 34 were
found only in floral scent. The total relative amount of unique compounds in the leaf profile,
however, was low (2.7%) with only one compound, (E)-8-Ocimene, contributing more than 1% (Table
3.1). In contrast, in open flowers, unique compounds added up to a total of 26.9%. Six compounds
contributed more than 1% to the constituent, namely Methyl (E)-2-hexenoate (2.8%), 6-Methyl-5-
hepten-2-one (3.1%), Benzene propanol (3.6%), Cinnamaldehyde (1%), Cinnamyl alcohol (8.5%) and

Pentacosane (1.5%) (Table 3.1).

Quantitative differences between the sample types are demonstrated by the 27 compounds (or 39%
of the total number of compounds) that were common across both sample types. All common
compounds summed up to a total of 97.3% for leaves, and 73.1% for open flowers. However,
typically only a few common compounds dominated the scent profile, e.g. considering only
compounds contributing >5%, in the leaf headspace these were (2)-8-Ocimene (62.4%) and (2)-3-
Hexenyl acetate (21.7%). Correspondingly, the Shannon evenness index is low with 0.39 (Table 3.1).
In the floral scent bouquet, which contained nearly twice as many individual compounds as the leaf
scent, four compounds contributed >5%, thus dominating the profile: Benzyl alcohol (31.4%), a-

Farnesene (10%), (Z)-8-Ocimene (7.8%), and Benzaldehyde (5.9%). The other compounds common to
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both leaves and flowers added up to 13.3% for leaves and 18% for flowers. Consequently, scent from

open flower samples had a higher Shannon evenness index than scent from leaves (Table 3.1).

3.3.2.  Volatile profile of Acacia sieberiana var. woodii

The chemical composition of the leaves and flowers of A. sieberiana var. woodii is summarised in
Table 3.1. In total 75 compounds belonging to six different chemical classes, namely aliphatic
compounds (34), benzenoids (8), monoterpenoids (15), sesquiterpenoids (14), irregular terpenes (2)

and nitrogen containing compounds (2) were detected.

Flower samples contained more compounds than leaf samples (63 vs. 46). Qualitative differences
among the leaf and flowers samples are further demonstrated by 41 of the 75 compounds (55%)
occurring in only one sample type; their total relative amount however was extremely low in both
the leaf (1.1%) and flower (3.9%) samples. In leaves none of the unique compounds exceeded 1% of
the total relative amount (Table 3.1). In open flowers only two flower-specific compounds
contributed (just) more than 1% to the total scent emission, namely 4-Penten-1-yl acetate (1.2%)

and 2,2,6-Trimethyl-6-vinyldihydro-2H-pyran-3(4H)-one (1.7%) (Table 3.1).

Quantitative differences between leaves and flowers are demonstrated by the 34 compounds (45%
of the total number of compounds) that were found in both sample types. The scent of common
compounds added up to a total relative amount of 98.9% for leaves, and 96.1% for open flowers.
Four compounds contributed more than 5% to the scent of leaves and flowers. In leaves, these were
(2)-3-Hexenyl acetate (57%), (E)-Linalool oxide (furanoid) (15%), (2)-Linalool oxide (pyranoid) (7.2%)
and (2)-8-Ocimene (7.6%). In floral scent the major common compounds were again (E)-Linalool
oxide (furanoid) (51.9%), and (Z)-Linalool oxide (pyranoid) (13.4%), but here accompanied by Indole

(7.5%) and (2)-Linalool oxide (furanoid) (6.7%). All less dominant common compounds added up to a
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total of 12% in leaf and 16.6% in flower samples. The Shannon evenness indices indicate a low to

medium evenness in scent composition in leaf (0.42) as well as flower (0.45) bouquets (Table 3.1).

3.3.3.  Volatile profile of Acacia xanthophloea

The composition of volatiles from leaves and flowers of A. xanthophloea is summarised in Table 3.1.
A total of 60 compounds, 34 in the leaf sample type and 47 in the floral sample type, belonging to six
different chemical classes, namely aliphatic compounds (29), benzenoids (9), monoterpenoids (14),

sesquiterpenes (4), irregular terpenes (3) and nitrogen containing compounds (1) were found.

Qualitative differences between the leaf and flowers sample types are also demonstrated by the
high number of compounds (39 out of 60 = 65%) uniquely found in leaf or flower samples only. In
the leaf bouquet, the unique compounds contributed a total of 23.9%, mostly due to the high
proportion of Hexyl acetate (18%), followed by (E)-3-Hexenyl butyrate (1.7%), whereas in open
flowers Hexyl acetate was lacking and the contribution of the unique compounds to the floral
bouquet was very low (6.4%) (Table 3.1). In open flowers, only three unique compounds contributed
>1% to the total scent emission, namely a-Pinene (1.1%), 8-Pinene (1.2%) and (E,E)-2,6-dimethyl-

1,3,5,7-octatetraene (1%) (Table 3.1).

Quantitative differences between the sample types are demonstrated by the 21 compounds (35% of
all compounds) that were found in both flowers and leaves. Their total contribution added up to
76.1% in leaf samples and 93.6% in flower samples. In both leaf and flower samples, three
compounds contributed each more than 5% to the total scent. In leaves, these were (2)-8-Ocimene
(32.4%), (2)-3-Hexenyl acetate (17%) and Hexan-1-ol (10.2%). In flower samples, (Z)-8-Ocimene was
more dominant (63.6%), and accompanied by 8-Linalool (5.4%) and Methyl salicylate (7.8%). The

stronger predominance of (2)-8-Ocimene results in lower evenness index for flowers (0.44) as
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compared to leaves (0.62) (Table 3.1). The summarised relative amounts of the other common

compounds reached about 17% in both leaves and flowers.

Table 3.1. Mean relative amounts (%) of compounds identified by GC-MS from headspace samples
of leaves and open flowers of A. karroo, A. sieberiana var. woodii and A. xanthophloea. The number
of samples in which a compound occurred is given in brackets. Scent compounds are listed according
to compound class and Kovats retention index (KRI). CAS = Chemical Abstracts Service Registry
Number. tr = trace amount (<0.1 % of total sample). Compound identification criteria: a =
comparison of MS with published data (e.g. NIST library); b = comparison of MS and retention time
with published data; c = comparison of MS and retention time with published data and authentic
standard. Unknowns that did not reach at least 1% of relative amount in any sample were pooled
with the superscript digit indicating the number of pooled compounds. Mass fragments for
unknowns are listed with the base peak first, followed by the other fragments in order of decreasing

abundance.
A. karroo A. sieberiar?.a A. xanthophloea

Compound KRI |CAS var. woodii

Leaves |Flowers|Leaves |Flowers|Leaves |Flowers
Number of samples 3 3 3 3 1 1
Number of plants used per
sample 5 5 5 5 5 5
Mean scent emission per
inflorescence (ng h™) -l 105.1 -l 9243 -l 139.7
Total number of
compounds 68 75 60
Compounds per sample
type 34 61 46 63 34 47
Evenness index 0.39 0.66 0.42 0.45 0.62 0.44
Aliphatic compounds
Aliphatic aldehydes
(E)-2-Hexenal® 1242 |6728-26-3 0.8(2)] 1.2(3) -l 0.1(3)] 0.1(1)] 2.2(1)
(E,Z)-2,6-Nonadienal® 1608 |557-48-2 - - - -l 0.5(1)] 1.6(1)
Cinnamaldehyde® 2043 |104-55-2 - 1(3) - - - tr
Aliphatic esters
4-Penten-1-yl acetate® 1204 |1576-85-8 - - -l 1.2(2) - -
Hexyl acetate® 1288 |142-92-7 1.2(1)] 0.2(1)] 0.3(3)] 0.6(3)] 18(1) -
Methyl (E)-2-hexenoate® | 1308 |13894-63-8 -| 2.8(3) - -l 2.5(1)] 2.3(1)
(2)-3-Hexenyl acetate® 1333 |3681-71-8 |21.7(3)| 4.2(3)|57.0(3)] 0.2(3)| 17.0(1) tr
(E)-2-Hexenyl acetate® 1348 |2497-18-9 0.3(3)] 0.2(2) - tr| 0.3(1) -
Methyl 3-hydroxy-3-
methylbutanoate® 1366 |6149-45-7 - - - tr - -
Hexyl butanoate® 1419 (2639-63-6 - - - - 0.8(1) -
Hexyl 2-methylbutyrate® 1431 |10032-15-2 - - - -l 0.3(1) -
Hexyl 3-methylbutanoate® | 1446 [10032-13-0 - - - -l 0.8(1) -
(E)-3-Hexenyl butyrate® 1474 |53398-84-8 | 0.2 (3) tr - - 1.7 (1) -




A. karroo A. sieberim?.ct A. xanthophloea

Compound KRI |CAS var. woodii

Leaves |Flowers |Leaves |Flowers |Leaves |Flowers
(2)-3-Hexenyl isovalerate® | 1480 |35154-45-1| 0.7 (3) - - -l 0.9(1) -
(32)-3-Hexenyl (22)-2-
butenoate® 1591 |65405-80-3 - - - -l 0.4(1) -
Methyl 3-hydroxy-2-
methylpropanoate® 1597 |42998-03-8 - - - tr - -
Methyl jasmonate® 2345 (1211-29-6 - - - tr - -
Unidentified aliphatic ester - - - - 0.7° -
Aliphatic alcohols
Isobutanol® 1114 |78-83-1 - - - 0.1(3) - -
1-Penten-3-ol° 1165 |616-25-1 - - - tr - -
3-Methyl-3-buten-1-ol° 1274 |763-32-6 - - -l 0.1(2) - -
Hexan-1-ol° 1352 (111-27-3 2.3(2)] 0.8(3)] 0.2(1)] 0.2(3) 10.2(1)| 1.3(1)
(E)-3-Hexen-1-ol° 1374 |928-97-2 tr| 0.1(3) - tr - tr
(2)-3-Hexen-1-ol° 1387 [928-96-1 1.8(3)| 3.7(3)| 3.1(3) 0.2(3)| 2.4(1) 0.4(1)
(2)-2-Hexen-1-ol° 1420 [928-94-9 1.1(2) 1.5(2) tr tr| 0.8(1) 1.0(1)
6-Methyl-1-heptanol® 1531 |1653-40-3 tr| 0.1(2) - - - -
n-Octanol® 1565 [111-87-5 - - 0.2(3) - - -
(Z)-3-Nonen-1-ol° 1683 {10340-23-5 - - - - - tr
(E)-2-Nonen-1-ol° 1714 |31502-14-4 - tr - -l 0.2(1)] 0.4(1)
Cucumber alcohol® 1784 |28069-72-9 - tr - -1 0.2(1)] 0.3(1)
Aliphatic alkanes
Dodecane* 1200 (112-40-3 - -l 0.6(1) - - -
Tridecane® 1300 |629-50-5 - tr| 0.7 (2) tr - -
Tetradecane® 1400 |629-59-4 - - tr - - -
Pentadecane® 1500 |629-62-9 - - tr - - -
Heptadecane® 1700 [629-78-7 - - tr - - -
Nonadecane® 1900 |629-92-5 - - - tr - -
Eicosane® 2000 |112-95-8 - - - tr - -
Heneicosane® 2100 |629-94-7 -l 0.7 (3) - tr - -
Tricosane® 2300 |638-67-5 -l 0.4(3) tr tr - -
Tetracosane® 2400 |646-31-1 -l 0.1(1) - tr - -
Pentacosane® 2500 (629-99-2 -l 1.5(3) tr| 0.2 (3) tr -
Hexacosane® 2600 [630-01-3 tr| 0.2 (2) -l 0.2(3) - -
Heptacosane® 2700 |593-49-7 trl 1.1 (3) tr tr tr -
Octacosane® 2800 |630-02-4 - - - tr - -
Nonacosane® 2900 [630-03-5 tr| 0.6 (3)] 0.1(3) tr tr -
Aliphatic acids
(E)-3-Methyl-4-decenoic
acid® 1669 (22882-86-6 -l 0.3(3) - - - -
Aliphatic ketones
Acetoin” 1287 [513-86-0 - - - tr - -
(2)-Cinerone® 1579 (17190-71-5| 0.1 (3) - - - - tr
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A. sieberiana

A. karroo .. |A.xanthophloea

Compound KRI |CAS var. woodii

Leaves [Flowers |Leaves |Flowers |Leaves |Flowers
5-Methyl-5-vinyldihydro-
2(3H)-furanone® 1683 |1073-11-6 -l 0.2(3) tr tr - -
Unidentified aliphatic compounds
m/z: 57, 82, 67,41, 55, 39,
71, 43, 44, 69° 1427 - tr - - - tr
m/z: 79, 81, 77, 41, 93, 43,
39,91, 193, 72° 1506 - - - - -l 0.2(1)
Benzenoids
Benzaldehyde® 1551 |100-52-7 0.2(3)] 5.9(3)] 0.2(3)] 2.2(3)] 0.1(1)] 0.1(1)
Methyl benzoate® 1650 |93-58-3 -l 0.1(3) tr - tr| 0.1(1)
Benzyl acetate® 1755 |140-11-4 -l 0.7 (3) - - - -
Methyl salicylate® 1806 |119-36-8 0.2(2)] 0.3(3)] 0.3(3) tr] 3.7(1)| 7.8(1)
Ethyl salicylate” 1837 |118-61-6 - - - - -l 0.3(1)
Benzyl alcohol® 1902 |100-51-6 0.2 (3)/ 31.4(3)| 0.2(3)] 0.3(3)| 0.2(1) 0.5(1)
2-Phenylethyl alcohol* 1938 |60-12-8 -l 0.1(3) tr tr| 0.1(1) tr
Benzenepropyl acetate® 1971 |122-72-5 -l 0.2(3) - - - -
p-Anisaldehyde® 2015 |123-11-5 - - - - - tr
Benzenepropanol® 2045 (122-97-4 -l 3.6(3) - tr -l 0.2(1)
Dimethyl salicylate® 2093 |606-45-1 - tr - tr - -
Cinnamyl acetate® 2180(103-54-8 -| 0.4(2) - - - -
Eugenol® 2197 (97-53-0 - tr - - - tr
Cinnamyl alcohol® 2300 (104-54-1 -l 8.5(3) - - -l 0.2(1)
Benzyl benzoate® 2655 [120-51-4 - - - tr - -
Monoterpenoids
a-Pinene® 1087 [80-56-8 - - - - -l 1.1(1)
B-Pinene® 1137(127-91-3 - - - - -l 1.2 (1)
Limonene® 1225 |138-86-3 -l 0.4(3)] 0.6(3) tr - -
(2)-8-Ocimene® 1252 |3338-55-4 |62.4(3)| 7.8(3)| 7.6(3)| 2.5(3)|32.4(1) 63.6(1)
(E)-8-Ocimene® 1253 |3779-61-1 1.7 (3) - - -l 1.0(1)] 0.6(1)
1,3,8-p-Menthatrieneb 1385(21195-59-5 tr - - - - tr
(E)-Linalool oxide
(furanoid)® 1454 |34995-77-2 | 0.3 (3)| 0.9 (3)| 15.0(3)| 51.9(3) -l 0.2(1)
(E,E)-2,6-Dimethyl-1,3,5,7-
octatetraene® 1466 |460-01-5 1.0(3)] 0.3(3) - - -l 1.0(1)
(2)-Linalool oxide
(furanoid)® 1486 |5989-33-3 -l 0.6(3)] 1.9(3)] 6.7(3) -l 0.3(1)
2,2,6-Trimethyl-6-
vinyldihydro-2H-pyran-
3(4H)-one* 1491 |33933-72-1 - - -l 1.7(3) - -
B-Linalool* 1556 |78-70-6 0.8(3)] 1.6(3)] 0.5(3)| 0.2(3)] 2.3(1)] 5.4(1)
Isobornyl acetate® 1610 (125-12-2 - tr - - - -
Hotrienol® 1623 |29957-43-5 - - - - -l 0.1(1)
1-Menthol® 1651 |2216-51-5 - tr - - - -
oz-TerpineoIb 1708 |98-55-5 - tr tr tr - -
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A. sieberiana

A. karroo .. |A.xanthophloea

Compound KRI |CAS var. woodii

Leaves |Flowers |Leaves |Flowers Leaves |Flowers
(E)-Linalool oxide
(pyranoid)* 1720|39028-58-5 tr tr] 7.2(3)| 13.4 (3) - tr
Borneol® 1725 |507-70-0 - - tr - - -
6,6-Dimethyl-2-methylene-
Bicyclo[3.1.1]heptan-3-ol* | 1731 (5947-36-4 tr - - - - -
Verbenone® 1740 |(18309-32-5 tr - tr - - -
(2)-Linalool oxide
(pyranoid)® 1775 (14049-11-7 - -l 2.3(3)| 4.6(3) -l 0.4(1)
Nerol® 1810 |106-25-2 - - - tr - -
(Z,2)-2,6-Dimethyl-3,5,7- 1174030-
octatriene-2-ol® 1824 (42-2 tr - - - - -
(E,E)-2,6-Dimethyl-3,5,7- 206115-88-
octatriene-2-ol® 1836 |0 0.5(3)] 0.2(3) tr -l 0.6(1)] 0.5(1)
2,6-Dimethyl-3,7-
Octadiene-2,6-diol° 1945 (13741-21-4 - tr - tr -l 0.1(1)
(2)-Jasmone® 1963 |488-10-8 - - tr| 0.1(3) - -
2,6-Dimethyl-1,7-
octadiene—3,6—dio|ID 21351(51276-33-6 - - - tr - -
Sesquiterpenoids
(E)-a-Bergamotene® 1584 |13474-59-4 - - - tr - -
Bergamotene® 1593 |17699-05-7 - - tr| 0.2 (3) - -
Longifolene® 1600 |475-20-7 0.2 (3) tr| 0.1(3) - - -
a-Bergamotene® 1610 |17699-05-7 - -l 0.3(3)] 1.4(3) - -
B-Caryophyllene® 1625 |87-44-5 0.2(3)] 0.2(2) tr tr - -
(2)-8-Farnesene® 1665 |28973-97-9 - - tr| 0.4 (3) - -
Germacrene D° 1724 |23986-74-5 - - tr - - -
(Z E)-a-Farnesene® 1726 |26560-14-5 tr| 0.1(3) - - -l 0.2(1)
8-Sesquiphellandrene® 1727 |20307-83-9 - - - tr - -
a-Farnesene® 1765 |502-61-4 1.6 (3) 10.0 (3) - trl 1.3(1)] 3.9(1)
8-Bisabolene” 1786 |495-61-4 - - - tr - -
(2)-Nerolidol 2034 |142-50-7 - - tr tr - -
2,3-Dihydrofarnesol® 2177 |51411-24-6 -l 0.3(1) - - - -
Farnesyl acetate® 2283 (4128-17-0 -l 0.1(3)] 0.1(3)] 1.7(3) - tr
Farnesol’ 2354 |4602-84-0 - - tr tr - -
Unidentified
sesquiterpenes 1652 - - tr' 09' - trt
Irregular terpenes
6-Methyl-5-hepten-2-one® | 1354 |110-93-0 -l 3.1(3)] 0.3(3)] 0.4(3)] 0.3(1)] 0.6(1)
2,6-Dimethyl-6-octanol® 1437 |78-69-3 - tr - - - -
2,6-Dimethyl-7-octen-2-ol° | 1474 |18479-58-8 - tr tr - - -
Dihydro-8-ionone® 1842 |17283-81-7 - - - - - tr
(E)-a-lonone® 1879 (127-41-3 - 0.3(3) - - - -
8-lonone” 1986 [14901-07-6 - - - - - tr
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A. karroo A. s:eberlal?.ct A. xanthophloea
Compound KRI |CAS var. woodii

Leaves |Flowers Leaves |Flowers Leaves |Flowers

Nitrogen containing compounds

Benzyl nitrile” 1939 (140-29-4 - - - tr - -
2-Piperidinone* 2156 |675-20-7 -l 1.0(1) - - - -
Indole® 2478 |120-72-9 0.1(3)] 0.3(3)] 0.7(3) 7.5(3) tr| 0.8(1)

3.3.4. Scent variation between species

Despite an apparent higher scent emission rate of A. sieberiana var. woodii compared to that of A.
karroo and A. xanthophloea, and possibly due to a small sample size, the statistical methods used
did not detect a significant difference in the mean scent emission rates from flowers of A. karroo,
A.sieberiana var. woodii and A. xanthophloea (F,4) = 2.047, p = 0.244; n = 3 for A. karroo and
A.sieberiana var. woodii; n = 1 for A. xanthophloea) (Fig. 3.1). Large differences between species as
well as between leaf and flower samples within species were however, evident when comparing the
relative amounts of compound classes that reflect different biosynthetic pathways (Fig. 3.2). In A.
karroo the relative amounts of benzenoids were much higher in flowers than in leaves (51.2% and
0.6% respectively). Sesquiterpenoids followed a similar pattern (10.8% vs. 2%), whereas
monoterpenoids were more dominant in leaf emissions (66.8%) than in flower scent (12.1%). In A.
sieberiana var. woodii main differences between leaf and floral volatile profiles were mainly due to
aliphatic compounds (62.4% in leaf scent vs. 3.7% in floral scent), followed by monoterpenes (35.1%
vs. 81.2%) and nitrogen containing compounds (0.7% vs. 7.5%). Also in A. xanthophloea, differences
between the leaf and floral volatile profiles were mainly due to aliphatic compounds (57.8% for

leaves vs. 10.2% for flowers) complemented by differences of monoterpenoids (36.3% vs. 74.7%).

The overall separation of the plant volatile profiles, based on Bray-Curtis similarities of the leaves
and flowers for A. karroo, A.sieberiana var. woodii and A. xanthophloea was highly significant (in all
three cases: 2D-NMDS stress value = 0; ANOSIM Global R =1, p < 0.01.). The dissimilarity indices
calculated by the SIMPER method revealed a dissimilarity index of 65.3 between the leaf and floral
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profiles of A. karroo, 36.2 between the leaf and floral profiles of A.sieberiana var. woodii, and 48.4
between the leaf and floral profiles of A. xanthophloea. These results correlate well with the

distribution of compounds per compound class as seen in Fig. 3.2.
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Fig. 3.1. Volatile emission rates (ng h™) per Fig. 3.2. Mean proportions of compound classes in
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A. karroo, A.sieberiana var. woodii and A. karroo, A.sieberiana var. woodii and A.
xanthophloea. ns = no significant differences xanthophloea.

between emission rates.

3.4. Discussion

Kaiser (1997) identified 48 compounds (compared to the 62 in this study) in the floral scent of A.
karroo from one sample taken in Nelspruit, Mpumalanga, South Africa. Twenty-two compounds
were common between the results of his study and the present study. Kaiser (1997) highlighted four
compounds as being of particular interest namely (2)-3-Methyl-3-decenoic acid, Methyl (E)-3-
methyl-4-deconoate, Methyl (Z)-3-methyl-4-deconoate and Methyl (Z)-cascarillate. The first
compound was identified many years before in the absolute oil of A. farnesiana, and the latter three
compounds were never before described as occurring naturally (Kaiser, 1997). These four
compounds were not found in the floral profile identified during this study. There are a number of
possible reasons to explain the differences found in the results of the two studies. Firstly, differences

may be due to geographical origin (population differences) (Jhumur et al., 2008) as Kaiser used a
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tree from the Botanical Garden in Nelspruit, Mpumalanga (the eastern most province in South
Africa), whereas in this study trees were sampled much further South and West. Acacia karroo has a
large variety of growth forms and other morphological traits which have been shown to have a
genetic basis (Archibald & Bond, 2003). The chemical composition of A. karroo has been
demonstrated to differ in populations in different geographical regions (Malan & Swartz, 1995) and
A. karroo has been divided into a number of subspecies or even species (Ward, 2011). It is therefore
possible that genetic variation (Tollsten & Bergstrom, 1993) might also have contributed to the
different volatile profiles. A seasonal effect (Pecetti et al., 2004) is also possible because Kaiser’s
single sample was taken in November, the summer rainfall season of the Mpumalanga province,
compared to December/January, which is the dry summer season in the Western Cape. Finally,
different methods for scent sampling and analyses may have contributed to the differences.
Unfortunately Kaiser (1997) did not describe his method in all detail, particularly with respect to the
duration of sampling, analysis using GC-MS, and the type of chromatography column used. In this
study three samples from five trees each, thus representing 15 trees in total, were analysed which

may explain the much higher number of compounds found as compared to Kaiser (1997).

3.4.1. Leaf and flower volatiles in plant defence

The functional significance of the chemical profiles of leaves may relate to the defence mechanisms
of the plants against herbivores (Pichersky & Gershenzon, 2002; Lucas-Barbosa et al., 2011; Schiestl,
2010; Biichel et al., 2011). Despite the leaf volatile profile of A. karroo differing from that of A.
sieberiana var. woodii and A. xanthoephloea in the composition of the component classes, the
components contributing to the differences, were the same compounds, albeit present in different
ratios. (Z)-8-Ocimene, a monoterpene dominated the scent profile of the leaves of A. karroo
whereas (2)-3-Hexenyl acetate, an aliphatic compound dominated the scent profile of the leaves in
A. sieberiana var. woodii. Both (Z)-6-Ocimene and (Z)-3-Hexenyl acetate are commonly occurring

plant volatiles (Knudsen et al., 2006), and since they occurred at very high relative amounts in the
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leaves of A. karroo, A. sieberiana var. woodii and A. xanthoephloea, it is suggested that they play a
role in plant defence in these three species, in line with their commonly-accepted role in plant
defence (Pichersky & Gershenzon, 2002; Bouvier et al., 2005; Knudsen & Gershenzon, 2006; Castells
& Berenbaum, 2008; Mumm & Dicke, 2010; Biichel et al., 2011). In addition to (Z)-8-Ocimene and
(2)-3-Hexenyl acetate, Hexyl acetate occurred in a high relative amount in the leaf volatile profile of
A. xanthophloea. This compound had been shown to be induced by pathenogenic attack (Piesik et
al., 2011) and to stimulate antennal responses in the vetch aphid (Visser & Piron, 1995). Since Hexyl
acetate was not detected in the floral volatile profile of A. xanthophloea, a role in plant defence is

suggested for this compound.

(2)-8-Ocimene was found in a high relative amount in the floral scent of A. xanthophloea, being
almost twice that of the leaf profile. Although (2)-6-Ocimene is often associated with plant damage
(Bouvier et al., 2005), Pecetti et al. (2004) reported on some attractive effect of Ocimene in lucerne
(Medicago sativa L.) on honey bees. The role of (Z)-8-Ocimene in such high relative amount in the

flower scent of A. xanthophloea, compared to the leaf profile, requires further investigation.

3.4.2. Flower volatiles in pollinator attraction

Benzyl alcohol, a common floral compound (Knudsen et al., 2006) occurring in the floral scent of A.
karroo also occurred in the floral scent of A. saligna in high relative amounts. This compound often
occurs in plants that are butterfly pollinated (Dobson, 2006; Jirgens et al., 2009; Schiestl, 2010).
Cinnamyl alcohol is another compound found in a high relative amount in the floral scent of A.
karroo, but not in the leaf profile. The odour of Cinnamyl alcohol (alternative name: 3-Phenyl-2-
propen-1-ol) was historically linked with plants producing ‘aromatic’ scents that are sweet and spicy
(Griffiths et al., 1999). Kaiser (1997) describes the scent of A. karroo as “a rich aromatic-floral
fragrance rounded up by lonone-floral, green and waxy notes”. The scent of Cinnamyl alcohol is an

attractant to various coleopteran species and often used as bait in traps in an agricultural setup
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(Ventura et al., 2000; Plepys et al., 2002; Téth et al., 2004). Cinnamyl alcohol may also play a role in
attracting pollinating honey bees and bumble bees of blueberry flowers (Rodriguez-Saona et al.,
2011). a-Farnesene, a sesquiterpene which also occurred in the floral scent of A. karroo, typically
occurs widely in floral volatiles (Knudsen et al., 2006) and is among the most typical inducible
sesquiterpenes emitted by herbivore-damaged plants (Rodriquez-Saona et al., 2001; Holopainen,
2004; Effmert et al., 2005). Codling moth females use various isomers of a-Farnesene to locate
suitable oviposition sites and the larvae also follow these compounds to locate the fruit they feed on
(Thompson & Pellmyr, 1991; Landolt et al., 2000). In aphids and ants a-Farnesene is a known
compound of alarm pheromones (Willmer et al., 2009). a-Farnesene is also attractive to bees,
including Apis mellifera (Blight et al., 1997) that are flower visitor of all acacias (Stone et al., 2003). It
is suggested that all three these compounds, Benzyl alcohol, Cinnamyl alcohol and a-Farnesene to a

greater or lesser extent, play a role in pollinator attraction in A. karroo.

Unlike any of A. karroo and A. xanthophloea or any of the four Australian Acacia species evaluated
(Chapter 2), a large proportion (76.7%) of the floral volatile profile of A. sieberiana var. woodii is
made up of 8-Linalool and (E)-Linalool oxide (furanoid), (Z)-Linalool oxide (furanoid), (E)-Linalool
oxide (pyranoid) and (Z)-Linalool oxide (pyranoid), which are the Linalool derivatives (Raguso &
Pichersky, 1999; Matich et al., 2003). The Linalool derivatives are flavour compounds found in
papaya, grapes, wine and tea leaves and are used in perfumery and enology (Raguso & Pichersky,
1999). The scent of linalool has been described as “light and refreshing, floral-woody, with a faint
citrusy note” (Kamatou & Viljoen, 2008). To the human nose, the scent of A. sieberiana var. woodii is
pleasant and reminescent of the odour of a mixture of tropical fruits such as kiwi, guava, pineapple
and papaya (Personal observation) which can probably be ascribed to the Linalool oxides. Both
furanoid and pyranoid forms of Linalool oxide are widespread in floral volatiles (Knudsen et al.,
2006) and the (2)- and (E)-forms of both furanoid and pyranoid Linalool oxides are often found co-

occurring in plant scent (Lewis et al., 2003; Jirgens & Dotterl, 2004; Johnson et al., 2007; Jlrgens et
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al., 2008; and several more). The furanoid : pyranoid ratio in A. sieberiana var. woodii was 1.8:1 for
the leaf volatile profile and 3.3:1 for the floral volatile profile. High amounts of Linalool and the
Linalool oxides were also found in the floral scent of Vachellia seyal seyal, V. seyal fistula, V. etbaica,
V. brevispica and Senegalia mellifera (Willmer et al., 2009). Furanoid and pyranoid Linalool oxides
produce electroantennal responses in moths and butterflies (Raguso & Light, 1998; Andersson &
Dobson, 2003). Also, Linalool from which the Linalool oxides derives, is often found in the scent of
flowers that are pollinated by moths, bees, beetles and butterflies (Jirgens et al., 2003; Dobson,
2006; Dotterl et al., 2006; Theis, 2006; Jirgens et al., 2009). Generally, fruity odours attract beetles
as pollinators (Harborne, 2001). These compounds together with their very high emission rate may

reflect plant adaptations to pollinators (Andersson & Dobson, 2003).

There is however no specific information available about the pollinators of A. sieberiana var. woodii
and it is therefore uncertain what the nature of the pollinator assemblage of this species is.
Abdullahi et al. (2011) reported honeybees as foraging for nectar on, amongst others, A. sieberiana
var. woodii trees, and, by implication, honeybees might therefore also be pollinators of A. sieberiana
var. woodii. High levels of emission of volatiles may increase the attractiveness of the plant to its

pollinators and thereby increase reproductive success (Dotterl et al., 2006).
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CHAPTER 4: ANTENNAL RESPONSE OF DASINEURA DIELSI TO FLORAL SCENT
COMPOUNDS OF ITS HOST

4.1. Introduction

Considering that adult midges are weak flyers (Kolesik, 2000), and must find a suitable host within
the short period of their ephemeral life span, they need clear cues to indicate the presence of the
correct host plant species and, at least in the case of D. dielsi, with suitable flowers. The
inflorescences of A. cyclops are bright yellow and large enough to be visually apparent, but they are
largely visually-indistinguishable from many other co-occurring Acacia species and are generally
obscure among the foliage of the plants on which they are borne. These features emphasize that
olfactory cues are likely to play a central role in the interaction between D. dielsi and A. cyclops.
Nothing is however known about the olfactory responses of D. dielsi to volatile chemicals emitted by

the flowers of A. cyclops and their role for host finding.

In order to test whether olfactory cues play a role in the ability of D. dielsi to locate suitable
oviposition sites, and thereafter to identify which compounds in the scent of A. cyclops may be
attractants to the midge, it was decided to employ electrophysiological experiments to screen for
the volatile compounds that the insects can detect (Schoonhoven et al., 2005). Many
electrophysiological studies have been done on midges; however, most of them have focused on the
identification of the chemical compounds of sex pheromones (Amarawardana, 2009 and many
references therein). In contrast, not many electrophysiological studies have been done on the
responses of female midges to host plant volatiles, the exceptions being Anfora et al. (2005) on D.

mali and Birkett et al. (2004b) on the orange wheat blossom midge.

For D. dielsi, the first objective was to use electroantennography (EAG) to test the antennal

responses of D. dielsi to a broad spectrum of the most prominent compounds (>5% relative amount)
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of the six compound classes in the floral scent of A. cyclops, A. melanoxylon, A. longifolia and A.
saligna (Chapter 2), along with compounds Anfora et al. (2005) tested on D. mali, the Apple leaf
curling midge. Although the focus of the project was on the olfactory responses of D. dielsi females
to host plant volatiles, male midges were included in this experiment to assess whether there may
be gender related differences in olfactory responses to host plant volatiles. The second objective
was to screen for those compounds in the scent of A. cyclops that D. dielsi is responsive to on an
electrophysiological level using gaschromatography coupled with electroantennogram detection

(GC-EAD).

4.2, Methods and Materials

Dasineura dielsi galls were collected on 10 January 2011 and 27 January 2011 from A. cyclops trees
at the Koeberg Nature Reserve (S 33°39' 14.8", E 18° 26' 00.4") near Melkbosstrand in the Western
Cape, South Africa. The galls were placed in lightweight, transparent, fabric, emergence bags and
kept in the refrigerator at 7°C until a day before insects were needed (Adair, 2004). Galls were then
moved to the laboratory under room temperature (summer) to allow the developing midges to
complete their development and to emerge from the galls as adults thereby providing a constant
supply. Midges were removed from the emergence bags by coaxing them into a glass tube from
where they were transferred to small Eppendorf vials and held until needed for the

electrophysiological studies.

4.2.1. Electroantennograms (EAG)

Seven male and seven female adult D. dielsi midges were used for the EAG experiments which were
conducted between 12 January 2011 and 21 January 2011. For measurements, the excised head of a
midge with both antennae (Fig. 4.1) was mounted between glass micropipette electrodes filled with

insect ringer solution (8.0 g/l NaCl, 0.4 g/I KCI, 0.4 g/| CaCl,) (Fig. 4.1). The head was inserted in the
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indifferent electrode and the tips of both antennae were inserted in the different (recording)
electrode. Signals were interfaced with a 2-channel USB acquisition controller) provided by Syntech

(Hilversum, The Netherlands) to a personal computer.

Fig. 4.1. Excised head with antennae of D. dielsi mounted
between the EAG micro capillary electrodes. Antennal size from
scape to tip is approximately 725 um in length. (Photo: S.D.
Johnson)

Compounds belonging to the six compound classes were identified from the floral scent profiles of
A. cyclops, A. melanoxylon, A. longifolia and A. saligna (Chapter 2) and from Anfora et al. (2005) and
were purchased as authentic standards from commercial suppliers (Table 4.1). Dilutions of 1% were

prepared in paraffin oil (alpha Pharm).

A test suite of 16 individual compounds (Table 4.1) was compiled with a reference standard
compound, Methyl benzoate and two controls, paraffin oil and air. The reference standard was used
for normalization of the results. Methyl benzoate was selected from the compounds identified in the
floral scent of A. cyclops. The sequence of compounds in the test suite started with air, paraffin oil
and Methyl benzoate (reference standard). The other sixteen compounds were included in batches
of four compounds with Methyl benzoate being included again after each batch. The sequence was
ended with paraffin oil and air as controls. The reference standard was included to control for the
potential decrease in antennal sensitivity during the measurements and differences in overall

sensitivity between individual antennae. The sequence of the sixteen compounds was randomised
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for each new test to eliminate the effect of possible physiological bias towards a compound. The

whole test suite was tested on each antennal preparation.

Table 4.1. Compounds with relative amounts >5% in the floral scent profiles of A. cyclops (CY), A.
melanoxylon (ME), A. longifolia (LO), A. saligna (SA) were purchased as authentic standards from
commercial suppliers and were compiled into a test suite for EAG experimentation. Class denotes the
compound class for the compound (AC = Aliphatic compound, BC = Benzenoid compound; MT =
Monoterpene, ST = Sesquiterpene; IT = Irregular terpene; NCC = Nitrogen containing compound).
Source indicates the volatile profile the compound was selected from or the study it was selected from
(DM = Dasineura mali, Anfora et al., 2005).

Compound Class |Source Purity |Supplier

(2)-3-Hexenyl acetate AC CY, ME, LO, DM >98%  |SAFC, supply Solutions, Japan

(2)-3-Hexen-1-ol AC ME, LO, SA, DM >98% Sigma-Aldrich, Steinheim, Germany

Cs-C,p Alkane standard AC CY, ME, LO, SA, DM |- Fluka-Sigma-Aldrich

solution

C,1-C4o Alkane standard  |AC CY, ME, LO, SA, DM |- Fluka-Sigma-Aldrich

solution

p-Anisaldehyde BC ME >99% Fluka-Sigma-Aldrich, Steinheim,
Germany

Benzaldehyde BC ME, DM >99% Merck Schuchardt, Hohenbrunn,
Germany

Benzyl alcohol BC LO, SA, DM 299% Sigma-Aldrich

Methyl salicylate BC DM >98%  |Sigma-Aldrich

Methyl benzoate® BC cY >99.5% |Fluka-Sigma-Aldrich, Steinheim,
Germany

Limonene MT ME, LO, SA, DM >95% Fluka

Ocimene mixture of MT CY, ME, LO, SA, DM (>90% SAFC, supply Solutions, Sigma-

isomers Aldrich, Steinheim, Germany

a-Pinene MT SA >99% Fluka-Sigma-Aldrich

B-Linalool MT ME, LO, SA, DM >95% Fluka-Sigma-Aldrich, Steinheim,
Germany

B-Pinene MT ME, DM >99% Fluka-Sigma-Aldrich

4-Oxoisophorone IT CY, SA 98% Sigma-Aldrich, Steinheim, Germany

B-Caryophyllene ST ME, DM Sigma-Aldrich

Indole? NCC |- >99% Sigma-Aldrich, Steinheim, Germany

Paraffin Oil® - - - alpha Pharm

Notes:

1

: Reference compound
2 . . .

: Compound selected for inclusion as compound class representative
*: Dilutant

Two microliters of a 1% dilution (in paraffin oil) of each test compound were placed onto a piece of

chromatography paper (approx. 75mm x 3 mm) and inserted in a Pasteur pipette that served as
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holder for the odour source. Separate pipettes were used for each compound. Stimuli were released
into a continuous flow of humidified air that passed over the antenna with pulse duration of 0.5 sec,
and a flow of 10 ml/sec regulated by a CS-05 Stimulus Controller (Syntech, Hilversum, Netherlands).

In all EAG tests, antennae were stimulated at about 20 - 30 sec intervals.

4.2.2. Gas chromatography coupled to electroantennographic detection (GC-EAD)

Plant material was collected on 25, 26 and 27 January 2011 from randomly selected A. cyclops trees
at the Koeberg Nature Reserve (S 33°39' 14.8", E 18° 26' 00.4") near Melkbosstrand in the Western
Cape, South Africa. Despite the risk of obtaining potentially high levels of green leaf volatiles due to
wounded tissue (Grison et al., 1999; Arimura et al., 2001), open flowers were picked from the plant
material in order to eliminate the effect of leaf and other flower stage volatiles. The flowers
removed from the plant cuttings were enclosed within a polyacetate oven bag (25 cm x 30 cm; Kalle
Bratschlauch, Wiesbaden, Germany). Volatiles were trapped in a large adsorbent tube which was
filled with 120 mg of Tenax-TA® (mesh 60-80, Supelco, Bellefonte, USA) by drawing air through the
bag with a membrane pump (Spectrex PAS-500, Redwood City, California, USA) with a flow rate of 80
ml min™ for 45 hours and 30 min. After each 15 hour period, the plant material was replaced.
Volatiles were eluted with 200 pl of Acetone (SupraSolv, Merck, Germany) and stored in a freezer at

-80°C for later use in the electrophysiological analyses.

The GC-EAD experiments were done between 31 January 2011 and 10 February 2011. The GC-EAD
system consisted of a gas chromatograph (Varian CP-3800 GC (Varian, Palo Alto, California) equipped
with a flame ionization detector (FID), and an EAD setup (heated transfer line, 2-channel USB
acquisition controller) provided by Syntech (Hilversum, Netherlands). An aliquot (2 ul) of the floral
scent sample (headspace samples in Acetone as a solvent) were injected into a quartz vial. The vial

with the scent sample was loaded into the injector of the gas chromatograph (Varian CP-3800 gas
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chromatograph, Palo Alto, California) by means of a ChromatoProbe device (Amirav & Dagan, 1997).
The scent sample was injected splitless at 60 °C, followed by opening the split vent after 1 min and
heating the oven at a rate of 10 °C min™ to 200 °C. The end temperature was held for 5 min. A Varian
FactorFour capillary column (DB5-column) was used for the analyses (length 30 m, inner diameter
0.25 mm, film thickness 0.25 um). The column was split at the end by the four arm flow splitter
GRAPHPACK 3D/2 (Gerstel, Milheim, Germany) into two pieces of deactivated capillary (length 50
cm, inner diameter 0.25 mm) leading to the FID and EAD setup. Makeup gas (He, 16 ml min™) was
introduced through the fourth arm of the splitter. For measurements, the excised head of a midge
with both antennae (Fig. 4.1) was mounted between glass micropipette electrodes filled with insect
ringer solution (8.0 g/I NaCl, 0.4 g/I KCl, 0.4 g/| CaCl,) for the EAG experiments. The electrodes were
held with micromanipulators (Syntech MP15) and connected to a high impedance input AC/DC
amplifier (model UN-06; Syntech, Hilversum, The Netherlands). Effluent from the EAD port was
eluted into a purified, humidified air stream that passed over the excised head with antennae.
Amplified EAD responses were digitized and shown and processed using the AutoSpike software
(Syntech). Due to the small size of the antennae and the difficulties in connecting the antennae
between the electrodes, the results obtained were not tested for repeatability and a compound was

treated as EAD active on achieving the first clear result.

4.2.3. Gas Chromatography-Mass Spectrometry (GC-MS) analyses

To identify the compounds eliciting signals in the insect antennae, 2 pl of the floral scent sample
(headspace samples in Acetone as a solvent) were injected into a quartz vial. The vial with the scent
sample was loaded into the injector of the gas chromatograph (Varian CP-3800 gas chromatograph,
Palo Alto, California) by means of a ChromatoProbe device (Amirav & Dagan, 1997). The GC was
equipped with a 30 m x 0.25 mm internal diameter (film thickness 0.25 um) Alltech DB5 column
coupled to a Varian 1200 quadrupole mass spectrometer in electron-impact ionization mode at 70eV

(Shuttleworth & Johnson, 2010a). The flow of helium carrier gas was 1 ml min™. The injector was
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held at 40 °C for 2 min with a 20:1 split and then increased to 200 °C at 200 °C min™ in split-less
mode for thermal desorption. The temperature of the GC oven was held for 3 min at 40 °C,
whereafter it was ramped up to 240 °C at 10 °C min™ and held there for 12 min. Identification of
compounds included the use of the Varian Workstation software with the NISTO5 mass spectral
library (NIST/EPA/NIH Mass Spectral Library (data version: NIST 05); MS search software version 2.0
d) as well as verification by using retention times of authentic standards and published Kovats

indices (references in the NIST 05 library; El-Sayed, 2011) wherever possible.

4.2.4. Statistical analyses

EAG amplitudes in response to the compounds were expressed in relation to the responses to the
reference standard (Methyl benzoate) because of the differences in overall sensitivity between
individual antennae, and to compensate for the decline in antennal sensitivity during a measuring
session. In this normalization procedure, responses to the reference compound were defined as
100%. Response values obtained between two references were corrected by linear interpolation. To
determine if there were significant differences in the mean responses to the different compounds,
one-way ANOVA, followed by the Tukey multiple range test (a = 0.05) was used after the data was
square root-transformed to improve normality and homescedasticity of the data. Student t-tests (a =
0.05) were applied to compare the responses of male and female insects to each individual

compound.

4.3. Results

4.3.1. Electroantennograms (EAG)

Electroantennogram (EAG) responses to female antennae (Fig. 4.2) showed significantly different
responses to B-Linalool, 4-Oxoisophorone, Limonene and (2)-3-Hexenyl acetate compared to the air

control, and showed significantly different responses to these four compounds and Methyl salicylate
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compared to the paraffin oil control (F(15 114) = 13.107, p < 0.001; n = 7). The responses of the male
antennae (Fig. 4.3) showed significantly different responses in a different set of compounds than

those shown in the female responses.
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Fig. 4.2. Order of response magnitude (mean * SE) to authentic standards in EAG experiments with
female D. dielsi midges. The yellow bar indicates the reference compound, and the green bars indicate
the controls. Compounds marked with a are significantly different from the air control at p < 0.001
except for Limonene with p = 0.012. Compounds marked with p are significantly different from the
paraffin control at p < 0.001 except for Methyl salicylate with p = 0.007. (Tukey HSD, F15 114) = 13.107,
p<0.001;n=7).
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Fig. 4.3. Order of response magnitude (mean * SE) to authentic standards in EAG experiments with
male D. dielsi midges. The yellow bar indicates the reference compound, and the green bars indicate
the controls. Compounds marked with a are significantly different from the air control at p < 0.01
except for Indole with p = 0.016. Compounds marked with p are significantly different from the
paraffin control at p < 0.01. (Tukey HSD, F15 114) = 8.974, p < 0.001, n = 7)

The responses that were different to the air control were to compounds 8-Linalool, Benzaldehyde

and Indole, and in addition to these three compounds the responses different to paraffin oil included
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(2)-3-Hexenyl acetate, Methyl salicylate and p-Anisaldehyde (F(15 114) = 8.974, p < 0.001, n = 7). For
the compounds that elicited positive antennal responses, the magnitude of the male responses was
generally lower than that of the female responses. Comparing the responses of male and female
antennae for each individual compound showed no significant differences for any of the compounds

except for 4-Oxoisophorone (p < 0.05).

4.3.2. Gas Chromatography-Mass Spectrometry (GC-MS)

The chemical composition of the solvent samples prepared in Acetone for GC-EAD experimentation
is summarised in Table 4.2. Forty-four compounds were identified which belonged to five
compounds classes, namely Aliphatic compounds (27), Benzenoid compounds (1), Monoterpenes
(7), Sesquiterpenes (4) and Irregular terpenes (5). Aliphatic compounds made up 92.3% of the total
relative amounts of volatiles emitted by the flowers. The n-Alkanes, being part of that group, made
up 89.4% of the total relative amounts of volatiles. Only 28 of the 53 floral scent compounds of A.
cyclops, as reported on in Chapter 2 (Table 2.1) have been identified in the solvent sample used in
the GC-EAD experiments; however, these 28 are the prominent compounds making up 90.5% of the
total relative volatile amount reported there. The pseudonym UC1693 assigned to the unidentified
compound (KRI = 1693) found in the headspace scent of A. cyclops, A. melanoxylon and A. saligna
(Chapter 2) has also been assigned to the unidentified compound (KRl = 1143) preceeding 4-
Oxoisophorone on the GC-column (Table 4.2). Evidence that the two compounds detected with
different methods were the same, was given by their mass spectra. The volatile profiles listed in
Table 2.1 and Table 4.2 were both from the floral scent of A. cyclops, but based on different

methods of sample collection and analysis.
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Table 4.2. Mean relative amounts (%) of compounds identified by GC-MS from headspace volatiles
of Acacia cyclops flowers. Scent compounds are listed according to compound class and Kovats
retention index (KRI). CAS = Chemical Abstracts Service Registry Number. tr = trace amount (<0.1 %
of total sample). Compound identification criteria: a = comparison of MS with published data (e.g.
NIST library); b = comparison of MS and retention time with published data; c = comparison of MS
and retention time with published data and authentic standard. Mass fragments for unknowns are
listed with the base peak first, followed by the other fragments in order of decreasing abundance.

Compound KRI |CAS gecclolosons
flower scent
Number of Compounds 44
Total relative amount (max. 100%) 100
Aliphatic compounds
Aliphatic esters
(2)-3-Hexenyl acetate” 1009 |3681-71-8 0.8
(2)-3-Hexenyl isovalerate® 1235 |35154-45-1 tr
Unidentified aliphatic ester® 1441 tr
Methyl hexadecanoate® 1921 |112-39-0 tr
Aliphatic alkanes
Decane® 1000 |[124-18-5 tr
Undecane® 1100 [1120-21-4 tr
Dodecane® 1200 |112-40-3 tr
Tridecane® 1300 |629-50-5 0.4
Tetradecane® 1400 [629-59-4 0.6
Pentadecane® 1500 |629-62-9 4.7
Hexadecane® 1600 |544-76-3 1.7
Heptadecane® 1700 |629-78-7 41.2
Octadecane® 1800 |593-45-3 1.8
Nonadecane® 1900 (629-92-5 36.1
Eicosane® 2000 |112-95-8 0.30
Heneicosane® 2100 [629-94-7 1.1
Docosane® 2200 [629-97-0 tr
Tricosane® 2300 (638-67-5 0.1
Tetracosane® 2400 (646-31-1 tr
Pentacosane* 2500 [629-99-2 tr
Hexacosane® 2600 |630-01-3 0.1
Heptacosane® 2700 |593-49-7 0.2
Octacosane® 2800 [630-02-4 0.3
Nonacosane* 2900 |630-03-5 0.3
Triacontane® 3000 |638-68-6 0.2
Hentriacontane® 3100 [630-04-6 tr
Benzenoids
Benzyl tiglate® 1498 ‘37526—88-8 0.2
Monoterpenoids
3-Carene” 988 [13466-78-9 tr
B-Pinene’ 991 |127-91-3 tr

86




Acacia cyclops

Compound KRI |CAS flower scent
Limonene® 1033 |138-86-3 tr
(2)-8-Ocimene® 1043 |3338-55-4 0.2
(E)-8-Ocimene® 1050 |3779-61-1 0.4
B-Linalool* 1107 |78-70-6 tr
(E,E)-2,6-Dimethyl-3,5,7-octatriene-2-ol° 1208 |206115-88-0 tr
Sesquiterpenoids

B-Caryophyllene® 1440 |87-44-5 1.8
a-Humulene® 1473 |6753-98-6 0.1
6—Sesquiphe|landreneb 1523 (20307-83-9 tr
Caryophyllene oxide® 1609 |1139-30-6 0.6
Irregular terpenes

6-Methy|-5-hepten—2—oneb 1006 (110-93-0 tr
4-Oxoisophoroneb 1142 |1125-21-9 3.6
2,2,6-Trimethyl-1,4-cyclohexanedione® 1168 |20547-99-3 0.3
4-Methoxy-2,2,6-trimethyl-cyclohexanone® 1203 |17429-03-7 tr
(E)-a-lonone® 1429 [127-41-3 tr
Unidentified compound

m/z: 56,85,125,43,41,69,153,55,83,39% (=UC1693) ‘ 1143 2.0

4.3.3. Gas chromatography coupled to electroantennographic detection (GC-EAD)

The antennal response of a D. dielsi female to the scent of A. cyclops, using GC-EAD, is shown in Fig.

4.4. Acetone was used as a solvent, and presented in the GC-EAD and GC-MS as two broad solvent

peaks (not shown in Fig. 4.4). The antennal baseline was stable for about 4 minutes; thereafter there

was some fluctuation which started even before the acetone solvent peak, and lasted until the end

of the solvent peak.

The size of the antennal responses at (g) and (A) (Fig. 4.4) compared to the other fluctuations while

the antennal response was recovering to the baseline, warrants acceptance of those responses as

valid antennal responses. The responses to (Z)-3-Hexenyl acetate (A), Limonene (B) and 4-

Oxoisophorone (D) are in accordance with patterns detected from the EAG responses (see Fig. 4.2).

B-Linalool which occurred in the floral scent of A. cyclops (Chapter 2), and to which antennae
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showed a significant response in the EAG experiments, was not detected in the GC-EAD experiment
possibly due to the fact that it occurred only in trace amounts in the scent (Table 4.2). There were

positive antennal responses to Heptadecane (E) and Tricosane (F), and possibly to Heinocosane (*).
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Fig. 4.4. GC-EAD results (after the solvent peaks) of the antennal response of a female D. dielsi midge
to the scent of A. cyclops flowers. Uppercase letters show the compounds to which a positive antennal
response was registered: A = (Z2)-3-Hexenyl acetate, B = Limonene, C = UC1693, D = 4-Oxoisophorone,
E = Heptadecane, F = Tricosane). Lower case letters show antennal responses to unidentified
compounds (g: KRI =976, h: KRl = 1632). * shows a compound that might have a positive response,
but there is uncertainty due to the baseline drift (* = Heinocosane). Numerals show the alkanes
identified in the sample (1 = Tetradecane, 2 = Pentadecane, 3 = Hexadecane, 4 = Heptadecane, 5 =
Octadecane, 6 = Nonadecane, 7 = Eicosane, 8 = Heinocosane, 9 = Tricosane). (KRI = Kovat’s retention
index; DB5-column)

4.4. Discussion

Both Dasineura dielsi adult females and males, like most species from the family Cecidomyiidae, are
short-lived with life spans of one to two days (Adair, 2005; Rosenheim et al., 2007) and adult midges
presumably do not feed (Harris & Rose, 1989; Yukawa, 2000; Rosenheim et al., 2007). In such an

ephemeral life time, males need to find females quickly to reproduce (Baer, 2003) and the females
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after mating, need to find suitable oviposition sites quickly to achieve their maximum fitness

(Yukawa, 2000).

The presence of female sex pheromones, and the attraction thereto in males, have been
demonstrated for a number of cecidomyiids e.g. D. mali (Suckling et al., 2007), D. tetensi (Crook &
Mordue (Luntz), 1999), Contarinia nasturtii (Boddum et al., 2010) and Mayetiola destructor (Boddum
et al., 2010). Suckling et al. (2007) reported swarms of midges visibly following field staff placing
female sex pheromone baited mass traps during trapping experimentation with D. mali. Also, during
field experimentation with D. dielsi on A. cyclops male midges were observed swarming around the
galls which were bagged against parasitoid interference, presumably responding to pheromones
emitted by entrapped females (J.H. Hoffmann, Personal communication). Males of D. tetensi, the
blackcurrant leaf midge, showed no response when exposed to plant volatiles emitted from leaf
shoots (Crook & Mordue (Luntz), 1999). Cecidomyiid males therefore presumably do not need plant
volatiles to locate females for reproduction and this observation might explain the antennal

responses to different compounds in D. dielsi males and females.

Gender-based differences to certain compounds were also observed in the damson-hop aphid,
Phorodon humuli, and the bird cherry-oat aphid, Rhopalosiphum padi (Pope et al., 2004).The
antennal responses of male and female D. dielsi differed both in the nature of the compound they
responded to and the rank order in which the response was recorded. Two noteworthy gender-
based differences that have been observed between male and female responses to the test
compounds were the positive response shown by males, but not by females to Benzaldehyde, a
compound commonly found in many flowers (Knudsen et al., 2006) and the positive antennal
response shown by females, but not by males to 4-Oxoisophorone, a floral volatile typically

associated with plants visited by butterflies (Dobson, 2006).
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4-Oxoisophorone has previously been shown to stimulate antennal responses in bees (Dotterl et al.,
2005a), butterflies (Andersson, 2003) and moths (Guédot et al., 2008) and in this study, 4-
Oxoisophorone elicited a strong response in the female antennae in both the EAG and GC-EAD
experiments. To my knowledge, this report is the first of a dipteran species showing antennal
sensitivity to 4-Oxoisophorone. Since 4-Oxoisophorone is an uncommon floral compound (Knudsen
et al., 2006), the significant difference in the responses between male and female antennae,
together with the size of the antennal responses recorded, suggests a particular function of this
compound for females. 4-Oxoisophorone had been detected in the volatile profiles of the leaf as
well as the different floral stages of A. cyclops with the highest relative amount in the headspace of
the open flowers (Chapter 2). Dasineura dielsi females are known to oviposit in the open flowers of
A. cyclops (Adair, 2005), and it is suggested that this compound plays a role in the selection of the
right flower stage for oviposition. Further behavioural studies on the attractiveness of this
compound to the midges, are however required. Compound UC1693 preceded 4-Oxoisophorone on
the GC-column and it can only be speculated that UC1693 might play a role for host finding of D.
dielsi since it is emitted in considerable relative amounts from open flowers (Chapter 2). For the
identification and verification of its biological relevance further studies are needed by using
techniques such as preparative GC, to sample enough pure substance, and NMR for final

identification.

In addition to 4-Oxoisophorone, an irregular terpene, two monoterpenes were also antennally active
in D. dielsi females. Monoterpenes at low concentrations are often prominent floral odours (Bernays
& Chapman, 1994) and Limonene and 8-Linalool, which occurred in relative amounts of less than
0.1% in the scent sample of A. cyclops (Table 4.2), elicited electroantennal responses in D. dielsi
females in the EAG. However, only Limonene yielded a response in the GC-EAD. This discrepancy is
likely due to the differences in concentration: While the authentic standard was employed in

relatively high concentration in the EAG, the concentration in the floral scent sample (GC-EAD) was
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much lower. Both Limonene and 8-Linalool have been used as insecticides, being reported to act as
neurotoxins, insect growth regulators, repellents and fumigants (Regnault-Roger et al., 1993;
Weinzierl, 2000). Limonene affects the sensory nerves of the peripheral nervous system of insects,
whilst the exact mode of action of 8-Linalool is still unclear (Weinzierl, 2000). 8-Linalool as
electrophysiological stimulant has been reported as important for host finding for a number of
insects e.g. the Hadena bicruris moth (Dotterl et al., 2006) as well as in four species of biting flies

(Birkett et al., 2004a).

Of the aliphatic compounds tested for antennal activity, a green leaf volatile (GLVs) and two Alkanes,
elicited antennal responses. Antennal receptivity for GLVs is a common feature in phytophagous
insects (Visser & Piron, 1995) e.g. the vetch aphid Megoura viciae (Visser & Piron, 1995), the vine
weevil Otiorhynchus sulcatus (Van Tol & Visser, 2002), the leaf beetle Cassida denticollis (Miller &
Hilker, 2000) and the Ethiopian fruit fly, Dacus ciliatus (Alagarmalai et al., 2009) and may be used in
host plant location (Van Tol & Visser, 2002). Insects such as the fruitfly, Drosophila melanogaster,
positively use GLVs to ignore unripe fruit as unsuitable food source (Stensmyr, 2004). Hansson et al.
(1999) identified green leaf volatile detecting neurons specific to (E)-2-Hexenal, (2)-3-Hexenol and

(2)-3-Hexenyl acetate in Japanese scarab beetles.

Antennal sensitivity to (2)-3-Hexenyl acetate, a typical GLV (Knudsen et al., 2006) in both D. dielsi
males and females was recorded in the present study. Since the relative amount of (Z)-3-Hexenyl
acetate decreased from the green bud stage to the open flower stage in the scent profiles of A.
cyclops (Chapter 2), it is possible that D. dielsi uses the occurrence of (2)-3-Hexenyl acetate to assess
whether floral parts are in the right stage to be used for oviposition. Two Alkanes, Heptadecane and
Tricosane, elicited antennal responses in the GC-EAD experiments, but not Nonadecane, which was
the second most prominent compound (36.1%) in the scent profile of A. cyclops, after Heptadecane

(41.2%), and which peaked in relative amount in the scent profile of the open flower of A. cyclops
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(Chapter 2). In contrast to Nonadecane, which despite its high relative amounts triggered no
antennal response, Tricosane received a strong response considering its low relative amount
(0.13%). Altogether, the floral volatile profile of A. cyclops showed great variation in the relative

amounts of the different Alkanes (Table 4.2).

There are two possible explanations for the discrepancy between antennal responses to the Alkanes
in the GC-EAD tests and the lack of antennal responses to the Alkanes of the Alkane standard
mixtures used in the EAG experiments. Firstly, the concentration of the standard mixtures for
Alkanes used were outside the response range of the antennal receptors (understimulation or
overstimulation e.g. Li et al., 1992; Zhu et al., 1999). Secondly, the identification of the Alkanes might
have been incorrect (although the standards had the same retention times and very similar mass

spectra).

Except for a significant antennal response to Methyl salicylate, a benzenoids compound, as
compared to the paraffin control (but not to the air control) by the female midges, only male midges
showed significant responses to the benzenoid compounds. Only male midges further showed a

significant antennal response to Indole, a nitrogen containing compound.

Insects usually exhibit selectivity to compounds in the mixture of scents they are confronted with
and therefore often have a narrowly-tuned olfactory system specifically configured for a small
number of compounds (Li et al., 1992; Stensmyr, 2004). The D. dielsi midges were presented with a
broad spectrum of compounds from six compound classes, and responded selectively to certain
individual compounds suggesting that the D. dielsi antennae are selectively tuned to a narrow range

of compounds.
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CHAPTER 5: BEHAVIOURAL STUDIES

5.1. Introduction

Host plant attraction of insects is often expressed by different modalities such as visual, tactile and
olfactory cues and signals may be exploited alone, or in combination with others (Raguso & Willis,
2005). Olfaction however, is often the primary modality of plant-insect attraction (Schoonhoven et
al., 2005; Urru et al., 2011). In the case of herbivorous insects, plant chemicals play an essential role
in host plant selection and, in particular, in the oviposition choice of females (Gouinguené & Stadler,
2006; Beyaert et al., 2010). The choice of a plant by ovipositing females is essential for survival and
fitness of the offspring, especially in those species where the immature stages are immobile
(Gouinguené & Stadler, 2006) or encapsulated in a gall on the host plant (Castells & Berenbaum,

2008) as in the case of D. dielsi,.

The acceptance or rejection of a host plant by the insect depends on behavioural responses to plant
features such as colour, shape, and particularly odour (Bernays & Chapman, 1994; Gaskett et al.,
2005). Females of several midge species have been shown to be attracted to host plant volatiles. The
apple leaf curling midge, D. mali distinguishes between volatiles from apple and pear (Galanihe &
Harris, 1997). The brassica pod midge, D. brassicae (Murchie et al., 1997) responds to secondary
plant chemicals from cruciferous plants. Mated females of the blackcurrant leaf midge, D. tetensi
(Crook & Mordue (Luntz), 1999) respond to host plant volatiles in bioassays with a 4-arm
olfactometer. The sorghum midge, Stenodiplosis sorghicola responds to colour and odour stimuli
from the host plant (Sharma & Franzmann, 2001). The orange wheat blossom midge, Sitodiplosis
mosellana is attracted to volatiles from intact wheat panicles (Birkett et al., 2004b). The raspberry
cane midge, Resseliella theobaldii is attracted to volatiles from wounded raspberry canes

(Amarawardana, 2009).
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The results of electrophysiological experiments described in the previous chapter (Chapter 4)
showed positive antennal responses in D. dielsi to 4-Oxoisophorone, (Z)-3-Hexenyl acetate, 8-
Linalool and Limonene, Heptadecane, Tricosane and UC1693 all of which occurred in the scent of A.
cyclops. Antennal responses of insects occur at the peripheral level only, and do not indicate the
nature of the behavioural responses in terms of attraction or repulsion (Bruce et al., 2005). Neither
are all electrophysiologically active volatile compounds relevant or detected behaviourly
(Mustaparta, 2002; Schoonhoven et al., 2005). These limitations of electrophysiological
measurements necessitated the use of behaviour bioassays with D. dielsi on fresh plant material of
A. cyclops to determine how the midges respond to different plant organs, leaves or flowers, and
different floral stages, yellow buds, open flowers or senescing flowers. Behavioural assays were also
used to ascertain which of the antennal active compounds identified in the EAG and EAD
measurements would elicit behavioural responses in the midges. Because D. dielsi occasionally uses
A. melanoxylon, A. longifolia and A. saligna as hosts (Post et al., 2010), the behavioural response of
females to floral scent blends of these non-standard hosts was also investigated. Since fresh floral
plant material of these species was not available at the time the bioassay experiments were
conducted, the floral scent of these species were simulated by preparing blends of authentic
standard compounds in the same ratios as the major compounds were found in the floral scents of

these species (compare Chapter 2).

5.2. Methods and Materials

5.2.1. Insects

Galls were collected from A. cyclops trees at the Koeberg Nature Reserve (S 33°39' 14.8",
E 18° 26' 00.4") near Melkbosstrand in the Western Cape, South Africa. In the laboratory, the galls
were retained in cylindrical transparent plastic flasks (200 ml), and covered with plastic, dome-

shaped cones onto which small transparent plastic medicine bottles (20 ml) were attached. After
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they emerged from the galls the positively phototactic midges moved upwards into the small bottles
(Sharma et al., 2002; Roubos, 2009). It was assumed that the ratio of male to female emergence
from the galls was 1:1.5 as determined by Adair (2004, 2005). Due to the elevated constant
temperature in the controlled temperature room emergence of the midges was rapid and a constant
supply of midges was available, frequently with several aggregated in the small bottle at any given

time.

5.2.2.  Olfactometer setup

The behavioural responses of females of D. dielsi to plant volatiles were assessed using a four-arm
olfactometer (Fig. 5.1) based on a design by Pettersson (1970), adapted by Vet et al.(1983) and
Pettersson (1993). The olfactometer, with dimensions 107 cm x 107 cm x 18 mm, consisted of three
layers of Perspex, each layer 6 mm thick. The middle layer forms a four pointed star-shaped chamber
with inlets at the points of the star-shape to which airflow tubes are connected. One of the outer
layers has a central hole through which exhaust air escapes and through which the insects can be
introduced into the chamber. Compressed air was passed from outside the olfactometer system (Fig.
5.1a) through charcoal (Fig. 5.1b), then water (Fig. 5.1c), before it was passed through a 4-way
airflow splitter in four separate, but identical silicone tubes (Fig. 5.1d). Each tube was connected to a
flow meter (Dwyer Series VFB Visi-Float Flowmeters) (Fig. 5.1f) which was adjusted to a flow rate of
80-100 ml/min. Thereafter air passed through silicone tubes (¢ = 6mm) (Fig. 5.1g) connected to the
odour source containers (1 | glass jars, 50 ml Erlenmeyer flasks or Pasteur pipettes, depending on
the experiments) (Fig. 5.1h), after which the air passed through Teflon tubes (¢ = 4mm) (Fig. 5.1i)
which were connected to the arms of the olfactometer (Fig. 5.1j). Air left the olfactometer through
the central hole which was positioned in the lower outer layer (Francis et al., 2004). In order to
ensure uniformity of conditions in the four olfactometer arms, all tubes and containers between the
flow meters and the olfactometer were of equal diameter, length and volume. A lightweight

transparent woven fabric mesh was positioned at the point where the Teflon tubes entered the
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olfactometer, to firmly secure the tubes on the olfactometer and to prevent the midges from

moving into the tubes.

Fig. 5.1. The olfactometer experimental setup. a = Airflow being pushed into the system; b = Charcoal
filter; c = Water; d = 4-Way airflow splitter; e = Emerge bottles; f = Flowmeters; g = Four identical
diameter and length airflow tubes; h = Odour source container; i = Black sleeve for emergence bottle;
j = olfactometer; k = Shields; | = Digital microscope for video recordings.

The olfactometer system was placed in a controlled temperature room at 28 + 3 °C. Light was
provided by an overhead florescent light and a gooseneck cold light shining directly on the
olfactometer. In order to prevent possible disturbing effects from movement around the apparatus,
off-white coloured wooden shields were placed around the olfactometer (Fig. 5.1k). A digital
microscope (Dino-Lite Pro2, Model AD413T) (Fig. 5.11) connected to a laptop computer was installed

centrally above the olfactometer in such a way that the whole olfactometer could be seen. All

experimental runs (Table 5.1) were video recorded for later analyses.
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5.2.3.  Odour sources tested

Three sets of experiments (Table 5.1) were completed, namely with fresh plant material, individual
authentic chemical standards, and simulations of the scent of Acacia cyclops, A. melanoxylon, A.
longifolia and A. saligna using mixtures of the main compounds identified in their scent. Each
bioassay tested for attraction by setting up one treatment arm in the olfactometer and three

controls arms (Vet et al., 1983).

Table 5.1. Terminology used in describing the bioassays performed.

Term Explanation
Sets of experiments The three groups of odour sources that were used in the bioassays
namely:

- fresh plant material,
- individual authentic chemical standards, and
- simulations of the floral scent

Experiments For each set of experiments a number of experiments were performed.
E.g., the fresh plant material experimental set contained experiments
performed with leaves, yellow buds, open flowers and senescing
flowers.

Experimental runs Each experiment contained a number of runs that were required to
observe the behaviour of 20 female midges in total. A run could have
more than one midge.

5.2.3.1.  Fresh plant material

The experimental setup was tested with four air controls where four empty 1 litre glass jars were
connected to the olfactometer. Thereafter the olfactory responses of D. dielsi females to the scent
of leaves, yellow buds, open flowers and senescing flowers of A. cyclops were tested. For the
experiment with the leaves, 1 litre glass jars with tight lids were used. A treatment was prepared by
putting four A. cyclops shoots with leaves of approximately 30 cm in length in the jar. Three empty
jars were used as air controls. For the experiments with the yellow buds, open flowers and the
senescing flowers, the treatments were prepared by putting 60 carefully-picked buds or flowers in
50 ml Erlenmeyer flasks with two glass spouts on opposite sides of the flask to which the connecting

tubes were attached. The flasks were plugged with cork bungs covered with clean unused aluminium
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foil. Three empty flasks of similar size, and plugged in a similar manner, were prepared as air
controls. In total, five experiments (Table 5.1) were performed namely with air, leaves, yellow buds,

open flowers and senescing flowers.

5.2.3.2. Individual authentic standard compounds

The chemical standard compounds that yielded responses in the EAG and/or GC-EAD experiments
(Chapter 4) were selected for the bioassays with female midges (Table 5.2). Solutions of each of the
selected compounds were prepared by diluting a percentage corresponding to the relative amounts
as found in the floral scent of A. cyclops (Table 5.2) (Webster et al., 2010) of the compound in a
volume of Dichloromethane (299%, Merck) to make up a volume of 100%. A treatment was
prepared with 1 pl aliquots of the standards dilution, and three controls were prepared with 1 ul of
Dichloromethane. Aliquots were dropped on a 75mm x 4 mm (approx.) piece of chromatography
paper which was inserted in a Pasteur pipette that served as container for the odour source. Two
minutes preparation time was allowed during which the Pasteur pipettes were connected to the
olfactometer before the experiments were started. Approximately twenty minutes were set as the
maximum duration of a run in order to ensure a continuous odour source of adequate albeit
potentially variable strength. As a control test, 1 ul aliquots of dichloromethane were tested in all
four olfactometer arms. Dichloromethane was also tested in one treatment arm against three air
controls. In total, eight experiments were performed (Table 5.1), namely 4-Oxoisophorone, (2)-3-
Hexenyl acetate, Ocimene mixture of isomers, Limonene, 8-Linalool, Cs-C,q alkane mixture,

Dichloromethane (4 x controls) and Dichloromethane (1 x treatment, 3 x air controls).

5.2.3.3. Biotests with mixtures of chemicals as found in the scent of four Acacia species
Because D. dielsi females occasionally use A. melanoxylon, A. longifolia and A. saligna as a host (Post
et al., 2010), these three species were included as part of the investigation. None were flowering

when the bioassay experiments were being done, but chemical standards that were available made
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up between 76% and 90% (Table 5.2) of the total scent profiles of the flowers of the different
species. The floral scent was simulated by preparing solutions of the authentic standards in the same
ratios as found in the volatile profiles of the plants (Table 5.2) (Webster et al., 2010) despite possible
vapour pressure differences between headspace composition of the natural plants and the prepared
simulated scents. The other minor compounds making up the approx. 10%-24% of the headspace

floral scent profiles were substituted with Dichloromethane (299%, Merck).

Table 5.2. Available authentic standards and their contribution (relative amount in %) to the scent
of the open flowers of four Acacia species (Chapter 2) with an indication of the purity of the
compounds, and whether the compound was used in the single compound bioassays.

Standard/Compound Purity | Bioassay |A. cyclops| A. melanoxylon |A. longifolia| A. saligna
(2)-3-Hexen-1-ol >98% ° - 0.55 1.89 3.12 23.74
(2)-3-Hexenyl acetate | >98% ° Yes 23.51 1.71 2.57 0.92
Alkanes Cg-Cyo mixture |- ¢ Yes 16.17 10.61 16.63 3.24
Alkanes Cy;-C4o mixture | - ¢ - 0.73 4.46 1.33 0.21
p-Anisaldehyde >99% ¢ - 9.46 - -
Benzaldehyde >99% ° - 0.53 6.47 2.46 4.19
Benzyl alcohol >99% 0.18 0.92 6.35 48.77
Indole >99% ° - - 0.13 - -
Limonene >95% ¢ Yes 1.58 6.83 7.94 4.68
Methyl benzoate 299.5% ¢ - - 0.11 0.05 0.38
Methyl salicylate >98% - - - 0.002
i(zg'r;“:rr;e mixture of | o096 M| Yes 10.29 28.53 33.91 2.18
4-Oxoisophorone 98% ° Yes 23.21 1.26 - 0.76
a-Pinene >99% ¢ - 1.66 - 0.53
8-Pinene 299% © - 2.55 - 0.27
8-Linalool 295% | Yes 0.25 5.74 1.49 0.25
8-Caryophyllene - f - 0.79 2.72 0.31 0.08
Total 77.79 85.05 76.16 90.20
Notes: Suppliers of Compound

®: Sigma-Aldrich, Steinheim, Germany; °: SAFC, Supply Solutions, Japan; ©: Fluka-Sigma-Aldrich;

d. Fluka-Sigma-Aldrich, Steinheim, Germany; ®: Merck Schuchardt, Hohenbrunn, Germany;

. Sigma-Aldrich; & Fluka; ": SAFC, Supply Solutions, Sigma-Aldrich, Steinheim, Germany

As during the bioassays with the individual authentic standard chemical compounds, the treatment
arm was prepared with 1 pl aliquots of the standards dilution, and three controls arms were

prepared with 1 pl of Dichloromethane. Aliquots were dropped on a 75mm x 4 mm (approx.) piece
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of chromatography paper which was inserted in a Pasteur pipette that served as container for the
odour source. Two minutes preparation time was allowed during which the Pasteur pipettes were
connected to the olfactometer before the experiments were started. In total, four experiments were
performed (Table 5.1) namely with the floral scent simulations of A. cyclops, A. melanoxylon, A.

longifolia and A. saligna.

5.2.4. Behavioural observations

For all the experiments, midges were allowed to enter the olfactometer from below on their own
accord. A small emergence bottle, containing an undetermined number of recently emerged midges,
was capped with a plastic cover which had a hole in the tip with a size similar to the hole in the
olfactometer. The bottle was put in a black plastic sleeve to reduce the light in the bottle, and then
inserted under the olfactometer with the hole in the bottle cover aligned with the hole in the
olfactometer. In this way a lighter area was created directly above the midges in the olfactometer.
The midges, positively phototactic moved into the olfactometer. In these three experiments, the
midges entered into the olfactometer against the flow of air. Due to the method of inserting the
midges into the olfactometer more than one midge could enter the olfactometer during an
experimental run. Midges that escaped through the open hole in the olfactometer during an active
run were discarded from the analyses. In cases where no midges had entered the olfactometer
within the first two minutes, the bioassay was aborted and restarted. During the experiments with
the yellow buds and the senescing flowers, insufficient midges entered the olfactometer within the
first two minutes and an alternative insertion method had to be applied. The reason the midges did
not enter the olfactometer within the allotted time, remains unexplained but, to overcome the
problem, the olfactometer was inverted with the hole on the upper surface of the central chamber
pointing upwards, and the midges were inserted through the hole with a customised glass tube. In

these cases the airflow was disconnected whilst the midges were being inserted.
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Except for the experiments with the yellow buds and senescing flowers, where only female midges
were selected for insertion into the olfactometer, both males and females moved into the
olfactometer. The gender of the midges was determined (based on the colour and shape of the
abdomen and the format of the antennae) (Kolesik et al., 2005; Scudder & Cannings, 2006) as soon
as they entered the olfactometer. Males were excluded from the scent preference analysis along
with a few cases where the gender could not be determined reliably. The number of males entering
the olfactometer was recorded for comparisons to the male : female adult emergence ratio as
determined by Adair (2004, 2005). Each experimental run was video recorded for later analysis. For
each experiment, a total of twenty female midges were followed for an observation time of ten
minutes each. Several runs with one to eight females were required to reach the total of twenty
female midges. A clean olfactometer was used for two runs and the olfactometer was rotated
through 90° after each run to prevent any directional bias. When an olfactometer was used for a
second run, the odour source was connected to the same arm that was used for the odour source
during the previous run. All experiments were conducted between 24 February 2011 and 7 May

2011.

5.2.5. Digital record analysis

Video recordings were made with the software accompanying the digital microscope (Dino-Lite Pro2,
Model AD413T) and were captured as .AVI files. These files were watched with Windows Media
Player which showed the total length of the recording in minutes and seconds, and indicates the

progress of the display as part of the total length in minutes and seconds.

Although many studies recognise five areas in a 4-arm olfactometer (Fig. 5.2a) (Pettersson, 1970,
1976, 1993; Vet et al., 1983; Crook & Mordue (Luntz), 1999; Birkett et al., 2004b; Desneux et al.,

2004; Faccoli et al., 2008), a “smoke test” revealed only four areas (Fig. 5.2b). The smoke test was
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conducted based on the description by Vet et al. (1983) and Suazo et al. (2003). Webster et al.

(2010) also recognises four areas.

; (b) [

Fig. 5.2. (a) Five logical areas are formed in a 4-arm olfactometer by the four areas in the arms plus a
central area as created by the virtual boundaries portrayed by the dashed lines; (b) Four actual areas in
a 4-arm olfactometer are formed by the four arms including the area extending to the hole in the
centre (see text for description of arrows).

With reference to Fig. 5.2b, air was pushed into the bottom left and bottom right arms of the
olfactometer at about 100ml/min and at about 60 ml/min though the top right arm. Smoke that was
formed by adding HCl to NH30H was pushed into the top left arm also at 100ml/min. Arrow #1
shows that the smoke was spilling over into the top right arm area (with the lower flow rate), but
was “stopped” by the air of equal flow rate (arrow #2) as coming in from the bottom left arm. With
equal flow rates in each of the arms, four equal sized areas were formed. Analysis of the time a
midge spent in the olfactometer was based on the four actual areas thus formed. Arrow #3 shows
the stream of smoked air that is being pushed into the olfactometer. It took <2 seconds to fill the
whole arm with a uniform amount of smoke indicating that it was not necessary to run the system

for any length of time to equilibrate conditions in the system.

The time a midge entered the olfactometer was logged and that time started the ten minute

observation period. The quadrant into which the midge entered was logged as the first “choice” the
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midge made (Vet et al., 1983). Thereafter the midge was “followed” as it moved through the
olfactometer and every time the midge crossed an arm boundary, that time was logged together
with the number of the arm the midge crossed into. At the end of the observation period both the

total time spent per arm and the number of entries per arm could be determined.

5.2.6. Cleaning procedures

Plant volatiles diffuse easily in all directions and can easily contaminate the system. Each experiment
commenced with clean equipment. Olfactometers were cleaned after being used for two runs.
Tubes and glassware were cleaned at the end of each day. All equipment was washed and scrubbed
in hot water with neutral action detergent (G. Fox & Co., Cape Town, South Africa), rinsed in hot
water, dried with paper towels, washed in 99.9% ethanol and then left overnight under a fume hood
to make sure they were thoroughly dry and devoid of any residue. Glassware and Teflon tubes were

baked for two hours at 200°C before a new set of experiments commenced.

5.2.7.  Statistical analyses

Statistica (version 10) was used for all statistical analyses. Mean time spent in the treatment arms
was tested against a reference value of 2.5 minutes (25% of the 10 minute observation time) in
single sample t-tests. Chi-square tests (observed vs expected) were used to analyse the male: female
ratios and the number of first choices made. The air and Dichloromethane control experiments were

analysed with one-way ANOVA tests.

In order to statistically determine whether the number of midges in the olfactometer had any effect
due to interactions between the midges, the following calculation was made for each set of
experiments (fresh plant material, individual authentic standards and flower scent simulations). The

method is described by using the fresh plant material set of experiments as an example.
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The data, time spent in the treatment arm, for all the experiments (air, leaves, yellow buds, open
flowers, senescing flowers) in the set was pooled according to the “number of midges” per run in the
olfactometer. For the fresh plant material set there were four “number of midges”-categories as the
number of midges per run ranged from one to four. The number of runs (or sample size) for each
category was counted. To determine a common sample size across the categories, the lowest
number was used as sample size. The sample sizes of the other categories were reduced to the
common sample size by randomly selecting the runs to be discarded. A one-way ANOVA test was
performed on “number of midges” as factor to determine whether there was any effect on the
results due to interaction between the midges. The resulting sample sizes per experimental set was
n = 18 for fresh plant material, n = 12 for the authentic standard chemical compounds and n =5 for

the floral scent simulations.

The calculation method described above considers only the effect of interaction between the midges
and disregards the effect of the scent source in the results. In order to assess the effect of the
possible interaction between midges (factor: “number of midges”) within the context of the
different scent sources (factor: “scent source”), a similar method described above for determining
the “number of midges” factor, was applied to determine the “scent source” factor. Not enough
data was available for the chemical standards or the flower scent simulation experimental sets, and
therefore this assessment could only be applied to the fresh plant material set of experiments.
Regrouping the data in a “number of midges” X “scent source” configuration resulted in smaller
sample sizes and a minimum sample size of four was used to maintain statistical validity of results.
Data points in this configuration less than n = 4 were discarded. A factorial ANOVA test with factors
“number of midges” and “scent sources” was performed on four of the five “scent sources” (air,
yellow buds, open flowers and senescing flowers) and three of the four “number of midges”

categories (one, two and four) in the plant material set of experiments.
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5.3. Results

5.3.1. Time spentin treatment arm

The four areas of the olfactometer setup were in equilibrium as there were no significant differences
for the four arms of the olfactometer when control tests were performed with air (F 76 = 0.992;

p = 0.4) and Dichloromethane (F3 7 = 0.183; p = 0.91). Dichloromethane as a treatment against air
as controls in three arms of the olfactometer is not attractive or repulsive to the midges (t-value =

-0.809, p = 0.43).

Bioassay experiments with the fresh plant material (Fig. 5.3a), showed a significant difference for the
scent of open flowers only (t-value = 3.67, p < 0.01). Experiments with the authentic standard
chemical compounds (Fig. 5.3b) showed significant differences to the reference value for 4-
Oxoisophorone (t-value = 2.75, p < 0.05) and B-Linalool (t-value = -3.24, p < 0.01). For the floral scent

simulations there were no significant differences to the reference value (Fig.7.2c).

The mean number of times the midges crossed olfactory arm boundaries was deemed to be
indicative of the level of activity of the midges in the olfactometer (Fig. 5.4). Clean air elicited less
activity than in the experiment with the Dichloromethane in four treatment arms (Fig. 5.4a). The
scent of senescing flowers elicited least activity in the fresh plant material bioassays and activity was
highest for the open flowers (Fig. 5.4b); 8-Linalool elicited most activity in the authentic standard
chemical compounds group (Fig. 5.4c); and the A. saligna floral scent simulation elicited most

activity in the flower scent simulations group of bioassays (Fig. 5.4d).
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Fig. 5.3. Mean number of minutes spent by D. dielsi females in the treatment arm for bioassays with
fresh plant material (a), authentic standard chemical compounds, 40X0 = 4-Oxoisophorone, OCIM =
Ocimene mixture of isomers, LIMO = Limonene, 3HEX = (Z)-3-Hexenyl acetate, ALKM = Cs-Cy alkane
mixture and LINA = 8-Linalool (b), and floral scent simulations, CY = A. cyclops, ME = A. melanoxylon,
LO = A. longifolia and SA = A. saligna (c). * indicates significant differences to the reference value of

2.5 minutes.

The interaction between midges in the olfactometer had no effect on the results obtained in the

three experimental sets of bioassays, namely the fresh plant material (F3 65 = 0.371, p =0.78, n =

18), authentic standard chemical compounds (Fs 65 = 1.249, p = 0.296, n = 12) and floral scent
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simulations (F »5 = 1.130, p = 0.371, n = 5) experiments. When the effect of “number of midges”

combined with “scent source” on the results was investigated for fresh plant material, only the scent

source had an effect on the results (Table 5.3) which confirmed that the interaction between midges

in the olfactometer had no effect on the scent preference of the individual midges.

Table 5.3. The effect of scent source (fresh plant material used) and number of midges in the
olfactometer on the time spent in the treatment arm; significant difference at p < 0.05 indicated with *.

Effect Sum of squares | Degrees freedom | Mean squares F p
Scent source 17 3 5.666| 3.567| 0.023*
Number of midges 0.79 2 0.397| 0.25 0.78
Scent source X Number of midges 3.13 6 0.522| 0.329| 0.917
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Fig. 5.4. The mean number of times the midges crossed olfactory arm boundaries for the different

experiments: (a) controls, (b) fresh plant material, (c) authentic standards chemical compounds, and
(d) floral scent simulations. Overall there were significant differences (F¢ 323) = 7.202, p < 0.001,

n = 20). Per group of experiments different alphabetic characters indicates significant differences

between values. CY = A. cyclops, ME = A. melanoxylon, LO = A. longifolia and SA = A. saligna. DCMx1 =
one arm with Dichloromethane and three with air; DCMx4 = Dichloromethane in all four arms.

The scent of the authentic standards as an odour source elicited a positive olfactory response for

more than twenty minutes, as female midges were still attracted to the treatment arm of the

olfactometer after the aliquots of the standards solution which was dripped on chromatography
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paper was inserted into the olfactometry system (Fig. 5.5). Arm 4 was the treatment arm with 4-
Oxoisophorone diluted in Dichloromethane, and Arms 1-3 containing 100% Dichloromethane as
controls. Figure 5.5 shows the location of twenty female midges at 0.5 minute intervals for the
duration of ten minutes per midge. The duration of ten minutes per midge corresponds to the
chosen observation time per midge for the bioassays. Time of entry into the olfactometer varied as

the midges entered the olfactometer on their own accord and therefore at different times.
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Fig. 5.5. Location of female midges plotted at intervals of 0.5 minutes after start of an experimental
run. Arm 4 (*) was the treatment arm with a 23% concentration of 4-Oxoisophorone diluted in
Dichloromethane. Arms 1-3 were control arms containing 100% Dichloromethane.

5.3.2.  Ratio of male to female emergence

The ratio of male to female emergence from the galls is 1:1.5 (Adair, 2004, 2005). Each emergence
bottle inserted under the olfactometer contained an undetermined number of males and females,
and midges entered the olfactometer on their own accord, with at least two stimuli influencing
them, namely a positive phototactic response and an olfactory stimulus response. The ratio of males
to females entering the olfactometer may be an early indication of the level of response to an
olfactory stimulus (Fig. 5.6). Significant differences were observed between the emergence sex ratio
and the olfactometer entry sex ratio for open flowers (x> = 19.17; p < 0.001) where the female
numbers were more than the male numbers, and for (2)-3-Hexenyl acetate (x° = 4.29; p < 0.05)
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where the male numbers were more than female numbers. The observed sex ratio for the A. cyclops
scent simulation matched the expected sex ratio exactly. The data for yellow buds and senescing
flowers is not displayed because only female midges were manually inserted into the olfactometer

for those experiments.
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Fig. 5.6. Ratio of male to female midges entering the olfactometer for the different experiments.
Significant differences to the 1:1.5 male: female ratio have been indicated with * (p < 0.05) and
** (p<0.001).

5.4. Discussion

5.4.1. Attraction of D. dielsi to plant volatiles of A. cyclops

All floral stages, the green buds, yellow buds, open flowers and senescing flowers, are present on
the tree at any time during the flowering period of A. cyclops. In addition, the flowers, although
bright yellow, are rather inconspicuous amongst the foliage of the plant. Insects generally are
‘bombarded’ with many different volatiles at different concentrations and have to pick out the
correct cue to respond to (Bruce & Pickett, 2011). The leaf and different floral scent profiles of A.
cyclops differed substantially (Chapter 2) and therefore even on the same plant, D. dielsi females are
immersed in different odours from the host plant and also have to pick out the correct cue to locate

a suitable flower for oviposition. Dasineura dielsi females were not attracted to the leaf scent, and
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neither to the yellow bud and senescing flower scents. The attraction of D. dielsi to the scent of the
open flowers is supportive of field observations which indicated that the female only oviposits in the
open flowers of the host (Adair, 2004, 2005). The finding that D. dielsi is not attracted to the scent of
the yellow buds despite the fact that its scent profile was similar to the scent profile of the open
flowers, correlates well with the inability of the females to oviposit in compact structure of the buds
of A. cyclops due to its ovipositor which is unsclerotised (Adair, 2004, 2005; Kolesik et al., 2005). The
finding that D. dielsi is not attracted to the scent of the senescing flowers, fits with the observation

that midges have not been observed on senescing flowers in the field (Adair, 2004).

During the bioassay experiment with the open flowers, midges could enter the olfactometer on their
own accord. Since the emergence bottles used in the experiments contained both males and
females, a few males entered the olfactometer during the experimental runs. There were
significantly fewer males than females that entered the olfactometer, the ratio being much lower
than that found among adults emerging from galls (Adair, 2004, 2005), indicating that D. dielsi males
do not respond positively to the scent emitted from open flowers of A. cyclops. In their study on the
behavioural attraction of host plant volatiles to D. tetensi, the blackcurrant leaf midge, Crook &
Mordue (Luntz) (1999) noted too that males were not attracted to the host plant volatiles. They also
reported that only mated females of D. tetensi responded to the host plant volatiles and that the
response of virgin females was similar to that of males. Since the mating status of D. dielsi females
might have influenced their behavioural response to the scent of the open flowers, observations
that were made during the experiment with the open flowers, need to be discussed within the

context of the mating behaviour of midges in general.

In general, Cecidomyiidae mate soon after adult emergence (Barnes, 1935). On emergence, which is
mostly in the early morning, females start ‘calling’ (Mdlnar et al., 2009; Roubos, 2009; Cook et al.,

2011), exhibiting a specific posture where the ovipositor, a telescopic structure which is about
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double the length of the female body when prolonged, is extended (Galannihe & Harris, 1997; Van
Lenteren et al., 2002; Roubos, 2009). Females maintain this posture until they are mated (Mdlnar et
al., 2009) after which the ovipositor is withdrawn (Van Lenteren et al., 2002; Mdlnar et al., 2009;
Roubos, 2009) and sex pheromone production ceases (Van Lenteren et al., 2002). Sex pheromones
are presumably produced in secretory cells in the epidermis of the membrane connecting ovipositor
segments, and stored in the grooves in the overlying cuticular surface when the ovipositor is
retracted (Roubos, 2009). Pheromones are emitted from the grooves when the ovipositor is
extended (Dorchin et al., 2007) and pheromone release is regulated by the extension and retraction
of the ovipositor (McKay & Hatchett, 1984). Kanno & Harris (2000) showed that mated females can
easily be distinguished from virgin females, because mated females no longer exhibit the calling
posture. The oviposition posture is assumed when the female midges extend the ovipositor (not as
far as when ‘calling’) and arch the abdomen with the tip of the ovipositor being at right angles with
and touching the substrate (Harris & Rose, 1989). Oviposition follows soon after mating (Barnes,

1935).

Dasineura dielsi males and females were not separated after their emergence from the galls in the
emergence bottles during the bioassay experiments and it was assumed that most females had
mated by the time of the day when the bioassay experiments were conducted (mid-morning to mid-
afternoon). ‘Calling’ by females was never observed whilst the midges were in the emergence
bottles or olfactometer, but during the bioassay experiments with the scents of the open flowers
and the yellow buds (but never during the bioassays with air controls, leaves or senescing flowers)
some female midges were observed to be “calling”and to adopt the “oviposition posture’ (Harris &
Rose, 1989). Females exhibiting the oviposition posture were presumably depositing (or attempting
to deposit) eggs on the side walls of the olfactometer and on the fabric separating the scent tube
from the olfactometer of the treatment arm (personal observation). Midges were most active during

the bioassays with the open flowers (Fig. 5.4).
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Further observations were made during the bioassay experiment with the yellow buds. Midges that
escaped the emergence bottles were observed hovering and circling above the olfactometer and
some attempted to enter the olfactometer through the hole through which the scent-laden air
escaped. Some midges inside the olfactometer displayed the ovipositing behaviour described above.
The scent composition of the yellow buds was similar to that of the open flowers (Table 2.1, Chapter
2) and the prominent compounds, (Z)-3-Ocimene, (Z)-3-Hexenyl acetate, UC1693, Heptadecane, 4-
Oxoisophorone and Nonadecane, only differed in the ratios (e.g. the ratio between 4-Oxoisophorone
and UC1693 in the yellow bud scent comparing to the ratio between 4-Oxoisophorone and UC1693
in the open flower scent) in which they were present in these two scent profiles. Since D. dielsi
females showed a significantly positive response to the scent of the open flowers and not to the
scent of the yellow buds, it is possible that the ratio of the prominent compounds being similar in
each of the profiles (and maybe even some of the less prominent compounds) were important in the
functional role of the compounds. It is also possible that the volatiles emitted from the yellow buds
play a role in long-distance attraction of D. dielsi females, and the volatiles emitted from the open
flowers play a role in short-distance attraction of the females. This could be a successful strategy as
at any given time during the flowering period of A. cyclops, all floral stages from early, green buds to
senescing flowers are present on the plant. The experimentation was however not designed to test
olfaction over various distances and a specific investigation to confirm this observation will be

required.

The observation of the “calling posture” and “oviposition posture” exhibited by some of the females
during the bioassays with the open flower and yellow bud scents refutes the initial assumption that
all the females were mated by the time the experiments were conducted. In fact, during the
bioassays with Dichloromethane, a male and female were observed mating. The females that were

“calling” (and therefore being unmated) were either too low in numbers to influence the result of
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the attractiveness of the open flower scent, or the observation about D. tetensi unmated females

not responding to host plant volatiles does not hold true for D. dielsi.

5.4.2. Behavioural response to antennal active compounds

Not all electrophysiologically active volatile compounds are relevant or trigger responses at the
behavioural level (Mustaparta, 2002; Schoonhoven et al., 2005) and it is only on the behavioural
level where the nature of the response, whether attractive or repulsive, can be established (Bruce et
al., 2005). Only two of the six antennally active compounds that were tested in the bioassays, 4-

Oxoisophorone and 8-Linalool, elicited a significant behavioural response.

4-Oxoisophorone is known to produce positive antennal responses in butterflies, bees and moths
(Andersson, 2003; Dotterl et al., 2005a; Guédot et al., 2008) and in this study, D. dielsi showed a
behavioural attraction to 4-Oxoisophorone which contributed a large proportion to the total scent
composition of open flowers. 4-Oxoisophorone and UC1693 co-occurred in the leaf, green bud,
yellow bud, open flower and senescing flower volatile profiles of A. cyclops, the yellow bud and open
flower volatile profiles of A. melanoxylon, and the yellow bud, open flower and senescing flower
volatile profiles of A. saligna (Chapter 2). These two co-occurring volatiles were also present in scent
samples of the Pachycarpus plicatus (Apocynaceae: Asclepiadoideae) (Shuttleworth & Johnson,
2010b). As antennal responses in D. dielsi were elicited by UC1693 and directly thereafter by 4-
Oxosisophorone (following UC1693 on the GC-column), it is suggested that UC1693 also contributes
to the attraction of the midges to the open flowers. Since UC1693 remains unidentified, it could
however not be tested experimentally. As far as could be determined, this present study is the first

report of a dipteran showing a behavioural attraction to 4-Oxoisophorone.

B-Linalool is a common floral volatile (Knudsen et al., 2006) and is an important attractant

pheromone for many insects (Borg-Karlson et al., 2003; Georgieva et al., 2005), attracting several
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carnivorous arthropods following herbivore damage (Degenhardt et al. 2003; Liicker et al., 2006;
Mumm & Dicke, 2010) and is known as a common attractant to cetiniine beetles (Steenhuisen et al.,
2010). It often occurs in the floral scent of moth-pollinated taxa (Jirgens et al., 2003; Dobson, 2006;
Dotterl et al., 2006) and also in the scent of flowers pollinated by bees, beetles and butterflies
(Jirgens et al., 2003; Dotterl et al., 2005a; Theis, 2006; Jirgens et al., 2009). However, despite its
seemingly widespread occurrence as an attractant, it is also known to repel some florivores (Theis,
2006) and to repel or kill a variety of arthropods including vertebrate ectoparasites such as lice, fleas
and mites and is used as a natural botanical insecticide (Weinzierl, 2000; Trumble, 2002; Weldon &
Carroll, 2006). It has been shown to reduce feeding and oviposition of houseflies (Suckling & Karg,
2000) and to be toxic to several Coleoptera that damage post-harvest products (Shaaya & Rafaeli,
2007). Linalool is deemed to act as neurotoxin (Weinzierl, 2000; Trumble, 2002). Although its mode
of action is not fully determined, it might be similar to that of Limonene which affects the sensory
nerves of the peripheral nervous system and causes spontaneous stimulation of sensory nerves,
subsequent signalling to motor nerves resulting in muscle twitching, convulsions, and then paralysis
in insects (Weinzierl, 2000). This study has shown that 8-Linalool, at the low concentration of 0.25%,
is repellent to D. dielsi females and although paralysis was not observed, the high level of activity
observed in the olfactometer in response to the odour of 8-Linalool (Fig. 5.4c) might be due to
aggravated stimulation of the sensory and motor nerves as described above. Insects can detect
certain compounds at very low concentrations (Kamatou & Viljoen, 2008) and this seems to be the
case for D. dielsi with 8-Linalool. However, although 8-Linalool as an individual compound acted as a
repellent to D. dielsi, it seems not to exert the same influence on the midge when blended with the
other compounds found in the A. cyclops floral scent (Bruce & Pickett, 2011) and a trade-off

between attractive and repellent compounds may be displayed in this case.

A number of reasons could explain the lack of a behavioural response to the other four compounds

that were tested in the bioassays. Ocimene was included in the electrophysiological and behavioural
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tests because of the compound’s high occurrence in the scent of A. cyclops (Table 2.1). In neither of
the two test types, were positive responses recorded. This compound might simply not be relevant
to the midges at all (Mustaparta, 2002). Behavioural attraction to the Cs-C, Alkane standard solution
mixture could not be demonstrated, possibly due to the fact that the concentrations of the
individual compounds e.g. Heptadecane, within the mixtures might not have been optimal (Van Tol
et al., 2007) or behaviourally relevant (Mustaparta, 2002). Heptadecane elicited a positive
electrophysiological response in the GC-EAD experiments, but in the Alkane mixture, Heptadecane
was present effectively only as 1.2% instead of the almost 8% in the scent of the open flowers of A.
cyclops. (Z)-3-Hexenyl acetate, a typical green leaf volatile, is possibly also irrelevant to the insect
(Mustaparta, 2002) as green leaf volatiles would not necessarily help insects to locate flowers
(Honda et al., 1998) and therefore it is unlikely that they play a specific role in the attraction of the
midges. However, it might play a role for the midge to distinguish between open and senescing

flower stages.

5.4.3.  Attraction of D. dielsi to simulations of the floral scent of four Acacia species

Dasineura dielsi females were not attracted or repelled by the simulations of the floral scent of A.
cyclops, A. melanoxylon, A. longifolia and A. melanoxylon. The findings of the experiments with the
simulated scent of A. cyclops will be contrasted with the findings of the experiments with the

simulated scent of the other species.

Despite an apparent preference for the simulated scent of the open flowers of A. cyclops, the
statistical methods used did not detect a significant behavioural response of D. dielsi females to
blends of authentic standards. Although midges were attracted to 4-Oxoisophorone when presented
as an individual compound, 4-Oxoisophorone did not exert the same effect on the midges when
blended into the scent mixture (see also Bruce & Pickett, 2011). This result is not easy to explain and

it can only be speculated that maybe some important compound in the scent mixture that attracts
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D. dielsi is missing, e.g. the unidentified compound UC1693 that elicited an electrophisiological

response and that in addition some compounds in the scent have a repellent effect on the midges.

The lack of olfactory responses of D. dielsi to the scent simulations of the non-standard hosts, A.
melanoxylon, A. saligna and A. longifolia, may be explained as follows: 4-Oxoisophorone which play
important roles in the attraction of D. dielsi, and UC1693 which elicited a significant antennal
response in D. dielsi, were generally present in the scent profiles of these plant in lower relative
amounts than in A. cyclops while 8-Linalool, which produced a repellent effect on the midges, was
generally present in higher relative amounts than in A. cyclops. The scent profile of A. saligna is very
different from the other three plant species, with almost 50% of the scent profile being made up by
Benzyl alcohol. The effect of Benzyl alcohol as an individual compound has not been evaluated, but
might contribute to the significant difference in the levels of activity of the midges in the
olfactometer. Alternatively, the lack of olfactory responses of D. dielsi to the scent simulations of the
non-standard hosts may be attributed to the lack of minor compounds that were not included in the

prepared scent simulations.
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CHAPTER 6: GENERAL DISCUSSION

6.1. Introduction

Gall-forming cecidomyiids form part of the insect fauna associated with acacias across the world
(Gagné, 2010). The Cecidomyiidae (Order: Diptera) has 6 131 known species in 783 genera of which
about 80% of all species described are associated with flowering plants or plant-feeding arthropods
(Gagné, 2010). The Cecidomyiinae comprise the largest subfamily of gall midges, with 4763 known
species in 595 genera (Gagné, 2010). Gagné (2010) listed hosts for the Cecidomyiinae subfamily in
his 2010 Catalogue and indicated that 54 species of midges belonging to 12 genera use 52 Acacia
species as hosts (Kolesik et al., 2005; Gagné, 2010; Kolesik et al., 2010; Post et al., 2010). All in all,
only 101 insect-host associations between midges and Acacia species have been recorded (Kolesik et
al., 2005, 2010; Gagné, 2010; Post et al., 2010). The interaction between D. dielsi and A. cyclops, the
focus of this study, therefore occurs between members of two very large taxonomic groups with a
surprisingly small number of interactions given the sizes of the plant genus and galling insect family

and the widespread distribution of both groups.

Despite the large size of the genus Dasineura, which contains a number of serious agricultural pests
(Gagné, 2010), very little work has been done on olfaction of these insects (Amarawardana, 2009).
Currently there have been 16 investigations into mate location by males by means of pheromone
cues (Pettersson, 1976; Murchie et al., 1997; Harris et al., 1996; Crook & Mordue (Luntz), 1999; Gries
et al., 2000, 2002, 2005; Hillbur et al., 2001, 2005; Birkett et al., 2004b; Heath et al., 2005;
Amarawardana, 2009; Andersson et al., 2009; Cross & Hall, 2009; Hall et al., 2009; Liu et al., 2009;
Mélnar et al., 2009) and five cases of host plant location by females by means of host plant odour
cues (Pettersson, 1976; Murchie et al., 1997; Galanihe & Harris, 1997; Crook & Mordue (Luntz),

1999; Sharma & Franzmann, 2001; Birkett et al., 2004b). Very few studies have been done on the
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plant volatile characterisation of Acacia species with records for only 14 out of more than 1350
species (Flath et al., 1983; Zygadlo et al., 1996; Lamarque et al., 1998; Kaiser, 1997; Willmer et al.,
2009). As far as could be established, this study is the first to determine the volatile profiles of
invasive Acacia species as well as the first to determine whether olfaction plays a role in the host

finding of a galling insect on an invasive Acacia species.

6.2. Responses of D. dielsi females to plant volatiles from A. cyclops

In line with other studies showing differences between vegetative and floral plant parts e.g. in
Chrysanthemum coronarium (Asteraceae) (Flamini et al., 2003) and Gentiana (Gentianaceae) species
(Georgieva et al., 2005), the chemical composition of the volatile profile of the leaves of A. cyclops
differed substantially from the yellow coloured floral stages in particular. The difference in
compound class profile was also pronounced between the leaf profile and the different floral
profiles with a clear dominance of Monoterpenes in the leaf profile. (2)-8-Ocimene, a ubiquitous
plant volatile compound (Knudsen et al., 2006) which formed a large part of the total leaf volatile
complement, is often associated with green leaf volatiles. The tendency that compounds associated
with GLVs often decreases as the inflorescence matures (Robertson et al., 1995) was also observed
in the case of A. cyclops. However, since GLVs are not particularly helpful in distinguishing flowers as
oviposition sites from the foliage background in general (Honda et al., 1998), it is not surprising that
(2)-8-Ocimene did elicit neither an antennal response nor a behavioural response in the midges,

despite its relatively high amounts in the floral scent profiles.

The other prominent compound identified in the leaf profile of A. cyclops, was the GLV, (2)-3-
Hexenyl acetate. Even though a positive antennal response to (Z)-3-Hexenyl acetate was recorded by
both male and female antennae, D. dielsi female midges showed no behavioural attraction or
repulsion to the natural leaf scent in the bioassays. Similarly, the moth, Hadena bicruris also showed

a positive antennal response to (Z)-3-Hexenyl acetate in the scent of Silene latifolia, but did not show
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a positive behavioural response in wind tunnel bioassays (Dotterl, 2004). It is known that not all
antennal active compounds are relevant at a behavioural level (Mustaparta, 2002). The lack of a
positive behavioural response to the GLV, (2)-3-Hexenyl acetate, is congruent with the
ubiquitousness of green leaf volatiles in the natural environment, which would not necessarily help

insects in accurate location of flowers (Honda et al., 1998).

The discrepancy between the signal detection and signal selection on the behavioural level may lie in
differential central nervous system (CNS) processing of chemical stimuli received (Honda et al.,
1998). Behavioural responses (e.g. attraction or repulsion) depend on the processing of peripheral
inputs within the CNS, whereas electrophysiological responses recorded from insect antennae occur
at the peripheral level only (Bruce et al., 2005). Another possible explanation is that (Z)-Hexenyl
acetate provides information in another behavioural context than that tested here, or only in
combination with other compounds. It may be an important synergist (or antagonist) in a blend of
behaviourally significant compounds (Schiitz et al., 1997; Larsson et al., 2001, 2003; Reddy &
Guerrero, 2004) to thereby increase the probability of host finding by the insect (Jhumur et al.,
2008). (Z)-Hexenyl acetate from Zea mays has been indicated as a synergist on Helicoverpa zea and
Cydia pomonella (and other examples from Reddy & Guerrero, 2004). A further explanation may lie
in differential gene expression that evolved over time (Wink, 2003) where genes that encoded for
the responses to certain volatile compounds, were “switched off” according to ecological needs or

the lack thereof, through evolutionary development (Wink, 2003).

The distribution of monoterpenes increases as the inflorenscence matures (Robertson et al., 1995).
In the floral scent profiles of A. cyclops, the monoterpenes that increased towards the senescing
flower profile, are Limonene, (E)-Linalool oxide (furanoid), 8-Linalool, a-Terpineol and (Z)-Linalool
oxide (pyranoid). Other patterns that emerged in the floral volatile profiles of A. cyclops, were the

increase of 4-Oxoisophorone, UC1693 and Nonadecane towards the open flower stage and
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Heptadecane towards the yellow bud stage, and a decrease of all of these again in the senescing
flowers. Each of these patterns will be discussed in the context of the antennal and behavioural

responses of D. dielsi to the scent of the flower volatiles.

Dasineura dielsi females were attracted to the natural scent of the open flowers of A. cyclops, as well
as to the authentic standard of 4-Oxoisophorone. Furthermore, they showed positive antennal
responses to 4-Oxoisophorone, UC1693, Heptadecane and Tricosane. 4-Oxoisophorone was
considered to be an uncommon plant volatile (Knudsen et al., 2006), however, subsequent to the
publication by Knudsen et al. (2006) it has been recorded more often (Raguso et al., 2006; Fussel et
al., 2007; Moraga et al., 2009; Dormont et al., 2010; Shuttleworth & Johnson, 2010b), but given the
increase in studies in identifying plant volatiles in general, it would probably still be deemed to be
relatively uncommon. Previously it has been shown that 4-Oxoisophorone is an
electrophysiologically active compound in bees, moths and butterflies (Andersson, 2003; Détterl et
al., 2005a; Guédot et al., 2008) and to my knowledge, this study presents the first record of a

dipteran responding electrophysiologically and behaviourally to this compound.

UC1693 was always found in association with and preceding 4-Oxoisophorone, showing up as a
“peak pair” with 4-Oxoisophorone in the chromatograms of the samples analysed. This “peak pair”
occurred in scent profiles of three of the four Australian Acacia (Mimosaceae) species analysed, but
were also detected in Pachycarpus plicatus (Apocynaceae) (Shuttleworth & Johnson, 2010b; samples
run on the same machine under the same conditions as the Acacia samples). This is surprising since
these two families are not closely related (Mimosaceae belongs to the Subclass Rosidae and
Apocynaceae belongs to the Subclass Asteridae) and UC1693 does not seem to be a very common
floral volatile, since it has not yet been identified. The “peak pair” and the antennal responses
thereto were very evident in the GC-EAD chromatogram. Despite the composition of the yellow bud

and open flower scent profiles being very similar, there was a strong difference in the ratio between
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4-Oxoisophorone and UC1693. In the scent of the open flowers the ratio between 4-Oxoisophorone
and UC1693 was 2:1 and in the scent of the yellow buds it was 4:1. Given the regular occurrence of
the “peak pair” and the fact that D. dielsi showed an attraction to 4-Oxoisophorone, it is suggested
that UC1693 also contributed to the attraction of D. dielsi to the open flower scent of A. cyclops. It is
further suggested that D. dielsi not responding behaviourally to the scent of the yellow buds, can be

explained by the difference in the ratio between 4-Oxoisophorone and UC1693 in the yellow buds.

Heptadecane on the other hand, was the most prominent Alkane in the scent of A. cyclops and
peaked in relative amount in the yellow bud profile. Tricosane however, occurred in very low relative
amounts in the scent of the open flowers of A. cyclops and peaked in the senescing flowers. Both
these compounds elicited positive antennal responses in the GC-EAD experiments, but not when
presented in the Alkane mixtures as was used in the EAG and bioassay experiments. In a natural
environment, insects are “bombarded” with a multitude of chemical signals at different
concentrations at the same time, and they have to “pick out” the correct signals for their purpose
(Van Tol et al., 2007; Bruce & Pickett, 2011). Therefore, presenting the midges with a mixture of
Alkanes would simulate the difficulties of scent location in their natural environments closer than
presenting them with single compounds only. However, since it is relatively unlikely that the ratios
of the Alkanes in the mixture are exactly the same as emitted from natural flowers, it is not
surprising that the midges did not respond behaviourally to these two compounds as part of an

Alkane mixture.

B-Linalool and Limonene, although not prominent compounds in the scent of any of the A. cyclops
volatile profiles, elicited positive antennal responses in D. dielsi and 8-Linalool induced a repellent
effect on D. dielsi. According to Theis and Raguso (2005) and Theis (2006), repellent compounds
have infrequently been reported in the literature. As an individual compound, 8-Linalool had a

repelling effect on the midges, however, when 8-Linalool was presented to the midges within a
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blend of the open flower scent compounds, it did not exert any effect. Similarly, Webster et al.
(2010) have shown aphids to be repelled by certain compounds being presented individually
(including B-Linalool), but attracted when these same compounds were included in a blend.
Interestingly, B-Linalool can act as neurotoxin on some insects (Trumble, 2002; Weinzierl, 2000). The
reaction includes muscle twitching and convulsions (Weinzierl, 2000) which may explain the high
level of activity by the midges observed in the bioassays with 8-Linalool. So while 8-Linalool alone is
likely to be perceived as repellent, its repelling effects might be overlaid with positive attracting
effects by other compounds within a floral scent blend where a reward of a suitable oviposition site
is associated with the entire scent bouquet (Theis, 2006). Dose-response experiments may indicate
at what concentration the individual repellent compound will become repellent even when in a
blend (Webster et al., 2010). Aside from B8-Linalool being a neurotoxin, monoterpenes at low
concentrations in floral odours often have important functions to insects (Bernays & Chapman,
1994), e.g. because of their high volatility, they often play an important role in distance attraction of
insect herbivores (Bernays & Chapman, 1994). 8-Linalool being present at low concentration within
the scent of the yellow buds and the scent of the open flowers, might thus play a role in long-
distance attraction to the midge (Schiitz et al., 1997). Limonene, also a monoterpene, elicited a
positive antennal response, but it did not elicit a behavioural response, neither attracting nor
repellening midges, although it can act as neurotoxin for some insects, like 8-Linalool (Weinzierl,
2000). It is assumed that both 8-linalool and Limonene also affected the neural system in D. dielsi,
since the level of activity of the midges in the olfactometer during the bioassays with Limonene and
B-Linalool was similarly and exceptionally high as compared to all other compounds tested. The lack
of a negative (repelled) behavioural response to Limonene (as opposed to B-Linalool) however,
might be due to not enough replicates being tested to ensure greater statistical confidence or due to

a concentration being used that was below the toxic threshold levels for 8-Linalool.
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Based on the results of this study and the information on the effects of the different compounds
presented here, it is suggested that D. dielsi in its host finding capability is “selectively tuned” to a
small number of compounds (Larsson et al., 2003; Stensmyr, 2004) as i) the majority of floral
odorants tested for electrophysiological significance (EAG) were either “ignored” by the olfactory
system or below the antennal detection threshold, and ii) only two of these elicited a significant
behavioural response. Monophagous or oligophagous insects often use specific key compounds for
food or oviposition site location (Larsson et al., 2003) and the attraction to 4-Oxoisophorone and
potentially to UC1693, fits this view. The selection of the open flowers, and none of the other floral

stages, by D. dielsi females as oviposition sites, is olfactory based.

6.3. Volatile profiles of non-standard hosts compared to A. cyclops

Variations in volatile composition among species that are closely related are commonly found, e.g. in
8 spp. of Cypripedium (Barkman et al., 1997), 13 spp. of Ficus (Grison et al., 1999), 13 spp. of Silene
(Jirgens et al., 2002), 7 spp. of Dianthus (Jirgens et al., 2003) and 9 spp. of Nicotiana (Raguso et al.,
2003). Barkman et al. (1997) studied intra- and interspecific variation of plant volatiles of
Cypripedium (Orchidaceae) and found that despite substantial qualitative population-level variation
in floral scent composition, it was less than interspecific variation and they concluded that every
species has a unique floral scent profile. Raguso et al. (2003) also reported intra-specific variation in
spp. of Nicotiana to be less than interspecific variation. Grison et al. (1999) have found some
uncommon compounds in the Ficus species they investigation and also suggested uniqueness of
floral scent per species. The uniqueness of floral scents often reflects phylogenetic relationships of

species and has been used as a tool in chemosystematic studies (Jlrgens et al., 2003).

The different hosts used by D. dielsi, A. cyclops, A. melanoxylon, A. longifolia and A. saligna, show

interspecific variation in the individual compounds of the volatile profiles of the leaves, the yellow
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buds, the open flowers and the senescing flowers. Interspecific variation in the volatile profiles of
open flowers, the flower stage that D. dielsi uses for oviposition, was also evident on the compound
class level. In A. cyclops, the volatile profile is dominated by aliphatic compounds, whereas in A.
melanoxylon and A. longifolia it is dominated by monoterpenes and in A. saligna by benzenoid
compounds. The different compound classes denote the different biochemical pathways through
which the volatiles are produced (Dudareva & Pichersky, 2006). Patterns emerged in the scent of the
open flowers of A. cyclops and A. saligna which suggest the presence of unique specific compound
blends that are characteristic of these species. In the scent of A. cyclops, this specific blend consisted
of 4-Oxoisophorone and UC1693 co-occuring in a ratio of 2:1, and in the scent of A. saligna it is
suggested that Benzyl alcohol which occurs in almost 50% of the volatiles in the floral scent of A.
saligna forms a substantial part of a characteristic blend. Further investigation however will be
required to ascertain the nature of all parts of this blend. In the case of A. melanoxylon and A.
longifolia no specific compound or blend could be suggested as being characteristic and unique for

these species.

Although the volatile profiles of A. cyclops, A. melanoxylon, A. longifolia and A. saligna contained
many similar compounds, the concentrations of these compounds were highly variable, and no
similarity in the composition of especially the ten most abundant compounds per profile could be
found that would substantiate the hypothesis that similarity in the volatiles profiles would explain

the occasional use of A. melanoxylon, A. longifolia and A. saligna as non-standard hosts of D. dielsi.

6.4. Volatile profiles of non-host African Acacia species compared to the Australian acacias
Intraspecifically, the leaf and floral volatile profiles of each of the African species, A. karroo, A.
sieberiana var. woodii and A.xanthophloea differed substantially. These results are in line with other
studies e.g. Flamini et al. (2003) and Georgieva et al. (2005) and the four Australian species discussed

earlier. Interspecifically, the compound class profiles of both the leaf and the flowers volatiles of A.
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sieberiana var. woodii and A.xanthophloea showed some similarity due to the very high proportions
of aliphatic compounds and monoterpenes in the leaf profiles and high proportions of
monoterpenes in the flower volatile profiles. In each case however, the underlying individual
compounds, varied qualitatively and quantitatively. The compound class profile of the leaf volatiles
of A. karroo differed substantially from that of A. sieberiana var. woodii and A.xanthophloea, in the
total relative amounts of the monoterpenes, and the compound class profile of the flower volatiles
of A. karroo different from both A. sieberiana var. woodii and A.xanthophloea in the relative

amounts of both the aliphatic compounds and the benzenoids.

Generally, there is great dissimilarity between the floral volatile profiles of the African and the
Australian acacias. Only in the compound class composition between A. karroo and A. saligna were
similarities detected. However, the underlying individual compounds varied both qualitatively and
quantitatively. In the case of A. karroo, almost a third of the scent profile comprised of Benzyl
alcohol together with a-Farnesene and Cinnamyl alcohol (in a ratio of approximately 3:1:1), and it is
suggested that this blend is characteristic of A. karroo. While it is believed that bees are the main
pollinators of A. sieberiana var. woodii (Harborne, 2001; Dobson, 2006), A. sieberiana var. woodii
had a number of volatiles typically found in plants associated with lepidopteran pollinators
(Harborne, 2001; Dobson, 2006). The compounds were (E)-Linalool oxide (furanoid), (Z)-Linalool
oxide (pyranoid), Indole, (Z)-Linalool oxide (furanoid) and (E)-Linalool oxide (pyranoid) and combined
they make up a large part of the total floral volatile profile of this species. These compounds in the
flower volatiles of A. sieberiana var. woodii were differentiated the volatile profile from that of the

four Australian species, A. cyclops, A. melanoxylon, A. longifolia and A. saligna.

In addition to the differences in volatile profiles between species discussed above, some other
differences between the Australian acacias (A. cyclops, A. melanoxylon, A. longifolia and A. saligna)

and the African acacias (A. karroo, A. sieberiana var. woodii and A. xanthophloea) were observed.
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The volatile emission rate (ng per inflorescence per hour) of the African acacias was higher than that
of the Australian acacias. The scent of A. sieberiana var. woodii was very noticeable even on the
human nose with strong floral-fruity overtones. Except for potentially attracting the floral visitors,
such as pollinators to the plants, the functional significance thereof is unknown. The long-chain n-
Alkanes (C,5-C33) dominated in the floral scent of A. karroo and A. sieberiana var. woodii whereas the
short-chain n-Alkanes (Cy4-Cy0) dominated in A. cyclops, A. melanoxylon, A. longifolia and A. saligna;

no n-Alkanes were detected in A. xanthophloea.

6.5. Conclusion

In conclusion, it has been demonstrated that D. dielsi females indeed respond to the scent of the
open flowers of A. cyclops and are likely to use this scent to locate suitable flowers for oviposition.
There are no similarities in the scents of the Australian acacias, A. melanoxylon, A. longifolia and A.
saligna to the scent of A. cyclops that might explain the occasional use of these plants as alternative
hosts by D. dielsi. Cues other than olfaction should also be investigated to determine whether there
are other attractants to D. dielsi on the non-standard hosts. Additional olfactory stimuli cannot be
ruled out as attractants to D. dielsi by these species, as some compounds outside the set tested in
this project, may be behaviourally significant to D. dielsi. The volatile profiles of the African acacias
are suitably different from that of A. cyclops not to be attractive to D. dielsi, however host plant

volatiles are but one of the many aspects that determines host plant suitability.
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