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Abstract
Psyllids are small Hemiptera belonging to the suborder Sternorrhyncha. They are a
diverse taxon (around 3,850 species) which includes a number of serious pest
species. In natural ecosystems, nymphs of the majority of species develop on only
one or a narrow range of hosts, i.e. they exhibit high host specificity. In this thesis, I
consider the sensory modalities that mediate host specificity in four Eucalyptusfeeding psyllid species; they include Ctenarytaina bipartita Burckhardt et al., C.
eucalypti (Maskell), Anoeconeossa bundoorensis Taylor et al. and Glycaspis
brimblecombei Taylor (Aphalaridae: Spondyliaspidinae). Owing to the uniqueness of
host plant volatiles (HPVs), olfactory cues are generally considered to provide the
most reliable cues governing insect host specificity. Surprisingly therefore, the
absence of positive chemotactic responses to host HPVs in Y-tube bioassays suggests
that olfaction does not play a prominent role in host finding (Chapter I). In contrast,
strong inter-specific preferences for colour stimuli suggests that psyllid visual
systems have undergone adaptive “spectral tuning” to facilitate the location of host
leaves and other modules of suitable age within host canopies. Intriguingly, attraction
to “red” was observed despite the widely presumed absence of long wavelength
receptors in Hemiptera (Chapter II). Behavioural and morphological measurements
of eyes, to infer the visual acuity of different species, revealed trade-offs between
spatial resolution and light sensitivity (Chapter III). Differences in host module
(leaves versus stems) usage and microhabitat preferences for feeding and oviposition
are suggested to have driven variable requirements for acute vision. Finally,
bioassays with live host leaves sandwiched between glass (to prevent escape of
HPVs) demonstrated that psyllids discriminated between leaves based on their age
using visual cues only. Variation in the composition of free amino acids with leaf
age, associated with changes in leaf colour, suggest that psyllid colour preferences
are linked to their nutritional requirements (Chapter IV). My findings reveal that
vision and, to a lesser extent olfaction, are involved in host selection rather than host
finding. Visual cues are often considered to provide pre-alighting cues to insect
herbivores (e.g. aphids) but my findings indicate they are functionally important for
psyllids when in contact with the host.
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1. Objectives
Despite their diversity, abundance and importance in Australian ecosystems, very
little is known about psyllid-eucalypt interactions. As a consequence, it is difficult to
have a thorough understanding of processes which may be responsible for their
success, persistence and interactions in natural and man-made ecosystems. The
objective of this thesis was to study the sensory modalities influencing host finding by
two widely distributed pest species of Eucalyptus-feeding psyllid, namely
Ctenarytaina eucalypti (the blue gum psyllid) and Glycaspis brimblecombei (the red
gum lerp psyllid), as well as two other recently described species, namely
Ctenarytaina bipartita (the bog gum psyllid) and Anoeconeossa bundoorensis. These
species were chosen primarily on their availability but include species exhibiting three
of the four characteristic nymphal life histories, i.e. free-living, lerp-forming and
inquiline. Consequently, they provide models likely to be relevant to comparable taxa.
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2. Psyllid biology and ecology
2.1 Psyllid evolution and diversification
Psyllids, also known as “jumping plant lice”, belong to the order Hemiptera, suborder
Sternorrhyncha. The superfamily Psylloidea is a sister group of Aleyrodoidea
(whiteflies), Aphidoidea (aphids), Coccoidea (scale insects) and another small
superfamily called Phylloxeroidea. Because of the paucity of the fossil record, it is not
clear exactly when the Psylloidea arose. The oldest fossil Psylloidea dates from the
Eocene (~38 - 44 million years ago) but fossils of extinct families from the same stem
group have been dated to the Cretaceous (~ 90 million years ago) (Ouvrard et al.,
2010; Ouvrard et al., 2013).
Psyllid diversification has been suggested to be associated with the radiation of the
angiosperms (Fig. 1). However, the poor synchrony between host diversification and
psyllid speciation gives limited support for a classic co-evolutionary explanation.
Instead, host-switching events driven by shifts onto closely related plant taxa appear
to have promoted the sequential (rather than contemporaneous) colonization of new
hosts in sympatry (Berlocher and Feder, 2002; Percy, 2003; Percy et al., 2004). For
example, the radiation of Genisteae-feeding psyllids on the islands of the Canary
Islands archipelago first required that their progenitors breach novel hosts’
quinolizidine alkaloid anti-herbivore defences. It is estimated that the capacity to
detoxify these effective plant defences took psyllids approximately 5 million years
(Percy et al., 2004). Recent shifts of eucalypt-feeding psyllids onto new species of
eucalypt when as exotics overseas are typically onto closely allied species of
Eucalyptus. This provides evidence that extant taxa are pre-adapted to species of
eucalypt that possess secondary chemistries comparable to their preferred host(s).

2

Figure 1. Partial phylogenetic tree of Sternorrhyncha and Psylloidea based on fossil records.
Illustration from Ouvrard et al. 2010.
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2.2 Psyllid life histories
Psyllids resemble small cicadas (body lengths between 1-10 mm). There are
approximately 3,850 described species distributed worldwide and probably almost as
many undescribed species (Burckhardt and Ouvrard, 2012). Reproduction is sexual;
parthenogenesis (as occurs in many aphids) is unknown. Females of many species use
their ovipositor to attach their eggs to leaf surfaces via a pedicel, which acts to secure
the eggs to the surface, but also allows the transport of water from the leaf to the
developing egg (Taylor, 1992; Hodkinson, 2009). As late instar nymphs they feed
from the vascular tissues of their angiosperm hosts with the exception of at least four
species which feed on coniferous hosts (Burckhardt, 2005). The stylets of psyllids
typically access plant tissues via the stomata (Woodburn and Lewis, 1973). The
psyllid life cycle comprises five nymphal stadia, the development of which occurs via
four biologies. Nymphs of some species develop inside galls which they induce in
host leaves, others under a sugary covering produced from their anal exudations
(commonly called a “lerp”), others are free-living (they produce neither a lerp nor a
gall) and others are inquilines (using abandoned lerps of other species or other
protective microhabitats). The primary function of these adaptations is protection
from desiccation and, in the case of gall-forming and some lerp-forming species,
manipulation of the nutrient supply from the host to the nymph (Steinbauer, 2013;
Steinbauer et al., 2014).
Psyllids are considered pests of many agricultural crops. The most important species
include the Asian citrus psyllid (Diaphorina citri) and the tomato potato psyllid
(Bactericera cockerelli) both of which vector plant pathogens (Candidatus
Liberibacter spp.) responsible for the citrus greening disease and zebra chip disease in
solanaceous plants (Bové, 2006; Walker et al., 2014). Other species, such as the apple
psyllid (Cacopsylla picta) and pear psyllid (Cacopsylla pyricola), also transmit
Candidatus Phytoplasma causing significant economic losses in orchards (Seemüller
and Schneider, 2004; Weintraub and Beanland, 2006; Mayer et al., 2011). Recently,
the carrot psyllid (Trioza aplicalis), which is a pest of carrot due to the damage they
inflict during feeding, has also been found to transmit Candidatus Liberibacter
(Nissinen et al., 2014).
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2.3 Psyllids in Australia and as exotics
Psyllids are particularly well represented in Australia with more than 350 described
species belonging to 58 genera (Hollis, 2004). According to some estimations, ~10%
of the psyllid world fauna is Australian (Austin et al., 2004). Although definitive
evidence is missing, White and Hodkinson (1985) have suggested that psyllids
evolved from Gondwanan ancestors that utilised Sapindales. Perhaps not
unexpectedly, considering the domination of Australian landscapes by trees in the
genus Eucalyptus (~800+ species) (Brooker, 2000), approximately 85% of Australian
psyllid species feed on eucalypt hosts. Consequently, psyllids are viewed as one of the
most successful insect taxa in Australia. Ohmart and Edwards (1991) noted that “the
great diversity of psyllids but almost total absence of aphids from eucalypts differs
sharply from the situation on tree genera elsewhere”.
Although outbreaks may cause severe defoliation of native forests and dieback of
rural eucalypts (Landsberg, 1988; Stone, 1996; Collett, 2001; Wardell-Johnson et al.,
2006; Steinbauer et al., 2015; Hall et al., 2015), Eucalyptus-feeding psyllids are
typically not considered serious pests in Australia (although effects on rural eucalypts
are rarely costed). Eucalyptus psyllids are not known to act as disease vectors and
only severe defoliation is directly linked to feeding by high numbers of nymphs or
indirectly by the production of high quantities of their sugary anal exudates (which
promote the growth of sooty mould). By contrast, their introduction overseas where
they, interestingly, have occasionally expanded their host range, is problematic,
especially for nursery and ornamental foliage producers (Purvis et al., 2002; Paine et
al., 2011; de Queiroz et al., 2012). The presence of blue gum psyllids (Ctenarytaina
eucalypti) on apple trees in Spain has raised concern primarily for their potential to
act as a disease vector (Rosa García et al., 2014). Blue gum psyllids, arising in great
numbers from nearby commercial eucalypt plantations, settle on apple leaves and
make test probes which is when they could, occasionally, vector the agent responsible
for apple proliferation disease.
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2.4 Model psyllid species
2.4.1 Ctenarytaina eucalypti (Maskell) (blue gum psyllid)
C. eucalypti is a free-living species measuring between 2.5 to 2.8 mm in length. It is
endemic to southeastern Australia but has been introduced to all continents. Females
lay their eggs in the small crevices formed by leaf buds and the axils of young leaves
(Fig. 2). Nymphs produce large quantities of sugary exudate and waxy flocculent
(Brennan et al., 2001). They are multi-voltine (produce more than one generation per
year), have overlapping generations and are most abundant during the Austral spring
(September-November).
In undisturbed, natural habitats they are
found

exclusively

on

young,

morphologically juvenile leaves and in the
buds of their preferred heterophyllous host
(i.e. E. globulus). While their preferred
host is Eucalyptus (globulus) globulus,
they have also been found on E. (globulus)
Figure 2. Female C. eucalypti. Scale bar
corresponds to 1 mm. Photograph by K. Farnier.

bicostata and E. leucoxylon (Morgan,
1984). Outside Australia, they have been

reported to use E. (globulus) maidenii, E. dunnii, E. nitens, E. camaldulensis and E.
pulverulenta (Purvis et al., 2002; de Queiroz et al., 2012). Most of these hosts belong
to the subgenus Symphyomyrtus, section Maidenaria, which is a large group endemic
to southeastern Australia. The juvenile leaves of these trees are broadly ovate, sessile
leaves, which arise as opposed pairs. E. globulus and its close relatives express
abundant quantities of non-structural, epicuticular waxes on their leaf surfaces
conferring a glaucous appearance to the foliage (Brennan and Weinbaum, 2001a,b;
Steinbauer, 2002; Sharma et al., 2014).
Of the hosts recorded in the literature, E. leucoxylon (series Adnataria) and E.
camaldulensis (series Exsertaria) are chemically unique compared to the others and
their utilisation by this psyllid would not be predicted based on pre-adaptation.
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2.4.2 Ctenarytaina bipartita Burckhardt et al. (bog gum psyllid)
This species is one of the two that were newly described during my candidature (Fig.
3). C. bipartita is also a free-living species measuring between 1.2 to 1.9 mm which
feeds and oviposits exclusively in leaf buds (Burckhardt et al., 2013; Steinbauer,
2013). The biology and seasonal phenology of this psyllid is comparable to C.
eucalypti. They are multi-voltine with overlapping generations and are most abundant
during the Austral spring with possibly one to two generations in autumn (MarchMay). Nymphal feeding induces leaf rolling and large quantities of waxy flocculent
accumulate inside leaf rolls.
This species feeds on two hosts, namely E. kitsoniana and E. viminalis, which both
belong to the subgenus Symphyomyrtus, series Maidenaria. Their distribution is
limited to Victoria and Tasmania although the occurrence of E. viminalis does not
preclude their presence in parts of New South Wales and South Australia.

Figure 3. Two C. bipartita adults (male at bottom, female at top) feeding on veins of a E. kitsoniana
leaf. Oil glands clearly evident as pale yellow dots between veins. Scale bar corresponds to 1 mm
Photograph by K. Farnier.
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2.4.3 Anoeconeossa bundoorensis Taylor and Burckhardt
This species was also discovered by us and was described from specimens collected
from hosts growing on the Bundoora campus of La Trobe University (hence the
species’ name). The body length of adults varies between 1.7 to 2.4 mm and males are
noticeably smaller than females. It is a free-living species but the genus includes
species that are recorded as behaving as inquilines. Females lay their eggs on young
stems and nymphs feed and develop on the lamellae of young leaves. This species
appears to be multi-voltine with overlapping generations and is most abundant during
the Austral spring-summer months (September–February) (Taylor et al., 2013). The
geographic distribution of the species and its host range is not known.
Individuals used to establish my colonies were field collected from E. camaldulensis
growing on campus. The species has also been collected from E. leucoxylon (personal
observation).

Figure 4. A. bundoorensis female on a E. camaldulensis leaf. Scale bar corresponds to 1 mm.
Photograph by K. Farnier.
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2.4.4 Glycaspis brimblecombei Moore (red gum lerp psyllid)
This species is widely distributed across mainland Australia and has also been
introduced into many countries worldwide. It is a lerp-forming species which lays
eggs singly or in rows on flat surfaces of leaves (Taylor, 1992). It is a relatively large
species at 2.5 to 3.1 mm long (Fig. 5) which is most abundant during the Austral
spring and summer months. Adults overwinter on the host and exhibit seasonal
polymorphism (winter morphs are red and summer morphs are green).
It utilises a wide range of hosts. Its primary hosts are E. camaldulensis and E.
tereticornis (series Exsertaria) but it has been reported to utilise at least ten other
Eucalyptus species (Hollis, 2004). This species is considered as the most problematic
in Eucalyptus plantations worldwide (de Queiroz et al., 2012).

Figure 5. G. brimblecombei female assessing young anthocyanic (red) stem of a E. camaldulensis
branchlet. Note the red-coloured patch on the side of the abdomen which is characteristic of spring
generations of this psyllid. It marks the transition from the red winter morph to the green summer
morph. Scale bar corresponds to 1 mm. Photo by K. Farnier.
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3. Introduction to insect-plant
ecology
3.1 From host searching to host acceptance
Herbivorous insects use their host plants for food, protection against biotic and abiotic
factors and as substrates for oviposition. Consequently, choosing a suitable host is
crucial for their survival and most insects are adapted to exploit a limited number of
plant species. As a result, intimate relationships exist between insects and their hosts.
The vast majority of insect herbivores are mono- or oligophagous (Bernays and
Graham, 1988). However, host specificity is not limited to the taxonomic identity of
the plant but can be extended to the specific plant parts or tissues utilised. These
modules are characterised by unique physical and chemical properties which
influence their suitability for a given species of insect (Schoonhoven et al., 2005a).
A major limiting factor for host specific
insects is temporal and spatial variation in
the availability of host plants. Host scarcity
forces insects to search for new hosts
(Schoonhoven et al., 2005b). Especially for
small insects with limited vagility, finding
a new host is likely to be challenging, in
particular

when

hosts

occur

in

vegetationally diverse environments.
To overcome these challenges, insect
Figure 6. Schema of the cascade of behavioural
events occurring during host finding by
phytophagous insects. Black dots indicate well
documented behaviours and white dots indicate
suspected
behaviours.
Illustration
from
Schoonhoven et al. 2005.

herbivores have evolved the ability to
respond to specific information about their
host, which, via a cascade of behavioural
responses called “host finding”, allow them
to locate, orientate to and assess new

10

potential hosts. The host finding process is commonly divided in two phases: “host
searching” and “host selection” (see Fig. 6). By definition, “host searching” involves
actively seeking hosts and precedes “selection” which involves choosing between
different species, individual plants or modules. Host searching commences from the
moment an insect leaves a plant and initiates random, exploratory or dispersing
behaviour and ends once a new plant has been located. Host selection however takes
place when the insect is able to evaluate plant quality and ultimately terminates with
“acceptance” of the plant, which is manifested in prolonged feeding and/or
oviposition or “rejection”. Rejection implies that the insect assessed the plant as
unsuitable, chose to leave it and resumed host searching (Bernays and Chapman,
1994a; Döring, 2014).
The nature of plant cues, and consequently the sensory modalities involved in their
detection, varies and their potential to influence insect responses is dependent on the
distance that separates the insect from the host. On this basis, it can be inferred that
pre-contact cues (such as visual and olfactory cues) play dominant roles in host
searching because they can be perceived at distance from the source (Prokopy and
Owens, 1983; Bernays, 2001; Schoonhoven et al., 2005b). Post-contact cues (such as
mechanical or gustatory cues), which are only detectable proximally and/or via
physical interaction with the substrate, are involved in host selection (Powell et al.,
1995; Chapman, 2003; Powell et al., 2006; Calas et al., 2009).
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3.2 Olfactory cues
Plants produce a wide array of volatile organic compounds which differ qualitatively
and quantitatively between taxa (Pichersky et al., 2006). These odour bouquets can
constitute specific cues transported in the air which insects, and particularly monoand oligophagous insects, are able to exploit to locate their host at distance from the
source (Bruce et al., 2005). Generally, olfaction is the first sense recruited during host
finding as detection of olfactory cues often occurs beyond the visual distance of
detection of an insect.
In insects, the main olfactory organ is the antenna. Each antenna possesses a variable
number of hair-like structures called “sensilla” (Fig. 7A), each housing the dendritic
terminations of olfactory receptor neurons (ORNs) (Bernays and Chapman, 1994b;
Kristoffersen et al., 2006; Kristoffersen et al., 2008; Yuvaraj et al., 2013). On the
membranes of the ORNs are gene-coded, trans-membrane proteins called olfactory
receptors (ORs) which mediate the transduction of olfactory stimuli as electrical
signals which are sent to higher brain centres (Clyne et al., 1999; Vosshall et al.,
1999). When a molecule of odorant diffuses through the cuticle, it is bound with
specific water-soluble proteins called odour-binding proteins (OBPs) in the lymphatic
liquid in the lumen of the sensillum (Vogt and Riddiford, 1981). OBPs assure the
transport of the molecule to the membrane of the ORN where complexing of the
odorant itself or the OBPs with the OR occurs (Laughlin et al., 2008; Wicher et al.,
2008). The formation of the protein-complex elicits a conformational change of the
OR triggering the opening of ion channels and thereby a depolarization of the
membrane of the ORN (Leal, 2013). When molecules of odorant are present in
sufficient quantities, the summation of membrane depolarisations exceeds a threshold
and results in the creation of action potentials (Sato et al., 2008). Action potentials
propagate along the membrane of axons and terminate in the antennal lobe (Fig. 7B)
where signals arising from many ORNs simultaneously converge in macrostructures
called “glomeruli” (Anton and Homberg, 1999; Hansson and Anton, 2000). The
signal is then transported via a more or less complex network of interneurons and
projection neurones from the glomerulus to other brain centres where the information
is processed and elicits/or not a behavioural response (Vosshall and Stocker, 2007).
Hence, filtering of olfactory information can take place at the periphery (via the
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number and morphology of sensilla) or at the genetic level of the OR and/or OBPs
depending on their affinity with different ligand (odorant). In addition, the processing
of olfactory information is also modulated through more or less extensive pooling of
signals arising from ORNs (Hildebrand, 1996) or by means of modulation occurring
at the antennal lobe and/or at higher brain levels (Saveer et al., 2012; Kromann et al.,
2015).
By way of these different levels of information filtering, insects have evolved the
ability to respond to specific olfactory stimuli. Hence, different behaviours may be
elicited in response to different concentrations of a single compound or the
simultaneous exposure to several compounds in specific ratios (Visser, 1986;
Schoonhoven et al., 2005b). This tuning of insect olfactory systems has evolved
adaptively to detect specific olfactory cues emitted by their host plants but also
according to the biology of the insect, including its preferred mode of locomotion and
environmental factors linked to its habitat (Bell, 1990; Hansson and Stensmyr, 2011).

Figure 7. (A) SEM of the antenna of the carrot psyllid (Trioza apicalis). Psyllid olfactory sensilla
are located or protrude from cavities in (c6) and (c7) limiting their exposure to ambient air.
Photograph extracted from Kristoffersen et al. 2006. (B) Cross section of the brain of the same
psyllid species. Immuno-staining reveal the absence of glomerulus in the antennal lobe (white
circled). Images from Kristoffersen et al. 2008.

The detection of olfactory cues first “arouses” insects on the presence of a food source
and prompts them to initiate searching. “Orientation” is driven by a succession of
positive anemotactic responses triggered by the detection of pockets of odour in the
air. (Visser, 1986). However, the detection of olfactory cues may also occur at shorter

13

range after landing by means of antennation of the plant surface. Olfactory stimuli at
the leaf surface (called “boundary layers”) or in foliar waxes have also been shown to
act as feeding or oviposition stimulants (Bernays and Chapman, 1994a; Steinbauer et
al., 2004; Schoonhoven et al., 2005c).
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3.3 Visual cues
Vision can play an important role in host location and ultimately influences whether
or not an insect makes contact with a potential host. The individual modules of plants
differ visually in size, shape and colour and also by the light environment in which
they occur. Consequently, some plants and their modules appear more conspicuous
and/or attractive to insects than others.
The main organs of insect vision are the compound eyes (Fig. 8). Each eye is
composed of an assemblage of subunits called ommatidia, which are discernable on
the surface and are characterised by their hexagonal shape. Each ommatidium is
composed of a corneal lense, a crystalline cone, a rhabdom and retinula cells. The
cuticle layer that forms the cornea, and the crystalline cone positioned underneath, are
transparent and act as lenses guiding light into the retina. Two sets of lateral pigment
cells, longitudinally distributed around the ommatidium, block the interfering light
emerging from juxtaposed ommatidia. In most insects, the retina is composed of eight
elongated retinula cells. Retinula cells are extended photoreceptor neurones, the axons
of which reach to the lamina or medulla, the first two of the three neuropils (or optic
lobes) before the lobula. They protrude with microvilli that converge perpendicularly
toward the centre the ommatidum to form the rhabdom. The microvilli of each
receptor cell are collectively called the rhabdomere, the membranes of which contain
the visual pigments that regulate light transduction (Bernays and Chapman, 1994b;
Frings, 2009; Land and Chittka, 2013).
Visual pigments are composed of a
chromophore and a transmembrane protein
(comparable to those found in olfactory
receptors, i.e. G-protein) called an opsin.
The excitation of the chromophore by light
radiation triggers a conformational change
in the opsin, which in turn alters the
Figure 8. Cross section of the compound eye
and optical lobe of the red gum lerp psyllid
(Glycaspis brimblecombei). Black bar on the
bottom right corner indicate the scale (i.e. 100
µm). Image courtesy of Rita Wallén and Carina
Rasmussen, Lund University, Sweden.

membrane potential thereby generating an
electrical signal (Hardie and Postma, 2008;
Ostrovsky, 2008). Most insects possess
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one chromophore which is generally either chromophore A1 (11-cis retinal) or
chromophore A3 ([3R] and [3S]-11-cis-hydroxyretinal). As a result, the spectral
sensitivity of photoreceptor cells is determined by the excitability of their
chromophore. However, the gene-coded amino acid sequences of opsins influence the
absorption spectrum of individual chromophores and broadens the spectral range of
many insect species (Briscoe and Chittka, 2001; Briscoe, 2002). In addition, a number
of adaptations at the morphological level (e.g. rhabdom, screening pigments), but also
at the physiological level (e.g. signal pooling), have allowed insects to tune their
sensitivity to light and acuity according to their light environment and to tasks they
need to achieve for their survival (Land, 1997; Briscoe and Chittka, 2001; Land and
Chittka, 2013; Warrant et al., 2014).
Spectral sensitivity does not necessarily imply the perception of colours. Many
colour-blind organisms rely on one or several types of photoreceptors of differing
spectral sensitivity but treat their excitation independently and in an intensitydependent fashion. Under these circumstances, visual stimuli are perceived entirely as
a quantity of light independent of their spectral quality. This mechanism, called
achromatic vision, is of high value in specific light environments (e.g. dim light) and
is also used by non-colour blind insects to achieve specific tasks often associated with
motion, shape detection or even the detection of “colours” outside their spectral range
(Lehrer, 1994; Giurfa et al., 1997; Reisenman and Giurfa, 2008).
In contrast, colour vision consists of the detection of light spectral quality independent
of its intensity. This requires no less than two receptor types, differing in spectral
sensitivity, and a colour opponent mechanism which results in an interaction between
signals (Kelber, 2006). Visual detection of plants by insects may rely on chromatic or
achromatic vision or both. Most herbivorous insects are UV-blue-green sensitive
(Prokopy and Owens, 1983; Briscoe and Chittka, 2001). Therefore, their visual
systems are particularly well adapted to the detection of foliar pigments, notably
chlorophylls. In aphids, phototactic responses have been described as a succession of
positive responses to short wavelengths of skylight inducing take-off and upward
flight (“distance flight” or “dispersal”) which are subsequently reversed on inception
of long wavelengths during the “alighting” or “attacking” flight phase (Kennedy et
al., 1961; Döring, 2014). Generally, long wavelength light perceived by human eyes
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as the colour “yellow” has been shown to be strongly attractive to herbivorous insects
(Prokopy and Owens, 1983; Hardie, 1989; Kelber, 2006; Döring, 2014).
Some species of insect also rely on the shape and size of plants and individual
modules to locate their host. The ability of insects to resolve objects according to their
size resides in the quality of their optics, inter-ommatidial angle, the number and size
of ommatidia and receptor sensitivity (Kirschfeld, 1976; Snyder, 1979; Land and
Chittka, 2013). Trade-offs between these parameters modulates the sensitivity to light
and spatial resolution of insect eyes and thereby determine their ability to perceive
details relating to a host plant (or the “salience” of modules against the background).
Typically, higher visual acuities are generally encountered in predatory rather than
phytophagous insects (Land, 1997).
Vision and olfaction rely on the simultaneous assessment of the qualitative and
quantitative aspects of odours and photons, respectively. However, due to the higher
diversity of olfactory stimuli compared to that of visual stimuli (which is limited by
the light spectrum and the number of different classes of insect photoreceptors with
different spectral sensitivities), there appears to be more potential for olfactory rather
than visual tuning. Consequently, olfactory cues have been presumed to constitute
more reliable cues for host specific insects when searching for plants or plant
modules. Synergistic interactions between the different sensory modalities may allow
for compensation of lesser sensitivity to either stimulus type (Aluja and Prokopy,
1993; Wessnitzer and Webb, 2006; Campbell and Borden, 2009; Brevault and Quilici,
2010).
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4. Eucalyptus leaf chemistry
Eucalyptus leaves are known for their high concentrations of plant secondary
metabolites (PSMs) such as tannins, phenols and essential oils (Cork, 1996). While
high concentrations of PSMs present challenges to the metabolism of eucalypt leaves
by insect herbivores, they also provide the cues essential for host location, recognition
and oviposition (Östrand et al., 2008). For example, terpene odours may be used as
cues to locate hosts while epicuticular waxes may provide visual and olfactory
information to insects. The composition and concentration of foliar pigments may also
strongly influence insect responses by modulating leaf salience and spectral
properties.

4.1 Terpenoids
Plants emit a wide diversity of volatile hydrocarbons, which are released when tissues
are damaged, but also by undamaged leaves via permeation through stomata and the
cuticle (Dudareva et al., 2004; Pichersky et al., 2006; Baldwin, 2010). The headspace
of Eucalyptus leaves is dominated by terpenoids and more specifically monoterpenes
(C10) and sesquiterpenes (C15), which are stored in oil glands located in the epidermis
(Carr and Carr, 1970; Wirthensohn et al., 2000; Zini et al., 2001; Zini et al., 2002).
Terpenoids derive from two distinct biosynthetic pathways, namely the mevalonic
pathway (in the cytosol of mesophyll cells) or the 2-methylerythritol 4-phosphate/1deoxy-xylulose 5-phosphate pathway (in chloroplasts) (Keszei et al., 2008). They are
composed of isoprene units (C5) arising from the condensation of dimethylallyl
pyrophosphate and isopentyl pyrophosphate. The products of the condensation of two
(geranyl

pyrophosphate,

C10),

three

(farnesyl

pyrophosphate,

C15),

four

(geranylgerany pyrophosphate) or more of these subunits serve as substrates in
enzymatic reactions mediated by different terpene synthases from which the wide
variety of mono- (C10), sesqui- (C15) and diterpenes (C20) originates. Among the most
abundant components of Eucalyptus oils are 1,8-cineole (eucalyptol), which gives
Eucalyptus leaves their distinctive fragrance, α-pinene, limonene, β-phellandrene, pcymene, β-eudesmol and spathunelol (Fig. 9); many of these terpenoids also occur in
other species of plant. Characteristic differences in terpenoid composition exist
between Eucalyptus species (Boland et al., 1991; Li et al., 1994, 1996; Li and
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Madden, 1995; Wirthensohn et al., 2000) and according to leaf ontogeny (Goodger et
al., 2013; Borzak et al., 2015).
Eucalyptus terpenoids can be toxic and/or act as antifeedants to many insects (Van
Beek and De Groot, 1986). Consequently, feeding by herbivorous insects (especially
chewing insects) on Eucalyptus leaves often requires either detoxification
mechanisms or avoidance of oil glands (Cooper, 2001; Steinbauer and Matsuki, 2004;
Opitz and Muller, 2009). However, such adaptations are unnecessary for psyllids
because they do not ingest terpenoids (Brennan and Weinbaum, 2001d).

Figure 9. Mono- (top) and sesquiterpenoids (bottom) frequently sampled in the headspace of
Eucalyptus leaves.
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4.2 Waxes
Epicuticular waxes are generally composed of esters of long chain alcohols and acids
(C21-C40) but can comprise other classes of compound (such as alkanes, aldehydes and
ketones as well as primary and secondary alcohols). Foliar waxes regulate the
permeability of the leaf surface to maintain water balance and allow gas exchange
(Müller and Riederer, 2005). However, the surface of leaves is also where the first
contact between an insect and the plant takes place. Consequently, wax composition
may also provide cues that can influence insect feeding and egg-laying decisions
(Eigenbrode and Espelie, 1995). For instance, the epicuticular waxes of the juvenile
leaves of E. globulus stimulate oviposition by female autumn gum moth, Mnesampela
privata (Steinbauer et al., 2004). Steinbauer et al. (2009) also demonstrated that adult
M. privata possess taste sensilla on their tarsi which would be able to detect the
presence of primary metabolites, such as polyols, sugars, malic acid and γaminobutyric acid (GABA), which co-occur in the epicuticular waxes on the surface
of Eucalyptus globulus and E. nitens leaves (Calas et al., 2009). Primary metabolites
on the surfaces of leaves of other plants are known to stimulate feeding and
oviposition in other specialist lepidopteran herbivores (Lombarkia and Derridj, 2002).
According to their polarity, volatile and non-volatile PSMs emanating from internal
tissues can be adsorbed onto the wax layer of leaves (Müller and Riederer, 2005;
Müller, 2008). Interestingly, Wirthensohn et al. (2000) found no correlation between
the quantity of terpenoids in leaves and the concentration of terpenoids in the
headspace sampled from a range of Eucalyptus species. This could suggest that
emissions of terpene volatiles may be influenced by the structural and chemical
properties of each species’ epicuticular waxes.
Chemical analyses of eucalypt epicuticular waxes have revealed characteristic
differences in the composition and quantity of waxes produced by different
Eucalyptus species. However, depending upon the series of eucalypt, these
differences may not be related to leaf ontogeny within a species (Li et al., 1997). The
notable exceptions to this finding occur among the noticeably heterophyllous species,
such as E. globulus. In these species, abundant wax tubules and rods are expressed on
the surfaces of juvenile leaves but not on the surfaces of adult leaves (Li et al., 1997;
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Wirthensohn et al., 1999). Juvenile leaves of such species appear glaucous whereas
the adult leaves appear glossy as a consequence of the different types of wax they
produce. The ”non-structural” waxes on juvenile leaves consist of dense, inter-locking
tubules formed largely from β-diketones whereas the “structural” waxes of adult
leaves consist of flat platelets (Hallam and Chambers, 1970; Carr et al., 1985;
Steinbauer et al., 2004).
The ultra-structure or conformation of the leaf surface can also be of great
significance in insect-plant interactions since it may affect their ability to adhere to
leaves thereby affecting their feeding and oviposition (Eigenbrode and Jetter, 2002).
For example, non-structural waxes prevent Ctenarytaina spatulata and Glycaspis
brimblecombei from adhering to the surface of juvenile E. globulus leaves and
adversely affect their feeding and oviposition (Brennan and Weinbaum, 2001a,b,d;
Brennan et al., 2001). Furthermore, non-structural waxes considerably impact the
optical properties of leaves. Foliar reflectance is thought to explain how C. eucalypti
can discriminate between glaucous juvenile leaves and glossy adult leaves of E.
globulus (Brennan and Weinbaum, 2001c).
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4.3 Phenolic compounds
Phenolic compounds are ubiquitous in plants (Matsuki, 1996). They are composed of
an aromatic ring containing one or several hydroxyl groups. They are grouped
according to the structure of their carbon skeleton. Examples of simple phenolic
compounds are the benzoquinones (e.g. catechol, C6) or coumarins and
hydroxycinnamic acids (C6-C3 skeleton). The flavonoids, characterized by their C6C3-C6 skeleton, are the phenolic group with the highest diversity. They are commonly
associated with a sugar moiety and occur as water-soluble glycosides. Many
flavonoids possess light absorption properties and are sometimes responsible for the
colour of flowers and leaves (Tanaka et al., 2008). Another important class of
phenolic compounds are the tannins, which are polyphenolic compounds of higher
molecular weight found in the sap of vascular plants. Phenolic compounds with a C6C3 skeleton arise from the shikimate/phenylpropanoid pathway whereas C6-C3-C6
phenolic compounds derive from the malonate pathway (Cheynier et al., 2013).
Phenolic compounds are generally associated with plant defences. They either reduce
foliar palatability or have harmful pro-oxidant activity (Barbehenn and Constabel,
2011; Salminen and Karonen, 2011). The phenolic compounds of Eucalyptus are
diverse and their composition differs between species and with leaf ontogeny (Conde
et al., 1997). Interestingly, ontogenetic changes in foliar phenolic compounds in
Eucalyptus are not well understood. A recent study suggests that some species of
Eucalyptus express higher concentrations at earlier leaf developmental stages
(Goodger et al., 2013). In contrast, the results of another study reported only low
concentrations in young leaves (McArthur et al., 2010). These results may reflect
species-specific differences in phenolic compound synthesis and expression.
Alternatively, concentrations of phenolic compounds are known to be influenced by
environmental factors. Indeed, Close and McArthur (2002) suggested that the function
of phenolic compounds may be primarily to protect leaves against photodamage under
photoinhibitory conditions, i.e. low concentrations of chlorophylls, cold temperature
and high irradiance.
How phenolic compounds impact psyllids is not well documented with only one
Australian study to-date. Taylor (1997) investigated fluctuations in Cardiaspina
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albitextura populations in relation to the ratio of available nitrogen to total phenolic
compounds. This species is specialised on mature leaves of E. camaldulensis
containing intrinsically low levels of available nitrogen. Taylor (1997) found that the
feeding by populations of C. albitextura induces local leaf senescence associated with
a greater mobilisation of foliar nitrogen and an increase in phenolic compounds. The
proliferation and subsequent increase of the number of individuals feeding was found
to induce an elevation of foliar phenolics beyond the tolerance threshold of growing
nymphs. Consequently, the collapse of psyllid populations was attributed to
increasing phenolic concentrations. Similarly, Steinbauer et al. (2014) found that
feeding of the mature leaf specialist (C. densitexta) induces chlorosis and local
increases in foliar amino acid nitrogen. However, high abundances of nymphs were
found to have a negative impact on the size of individuals. Since phenolics were not
measured in this study, it is unclear whether leaves exhibited responses comparable to
those reported by Taylor (1997).
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4.4 Formylated phloroglucinol compounds (FPCs)
Another class of PSM in Eucalyptus leaves are the FPCs. FPCs consist of an aromatic
ring containing one or several aldehyde functions and a terpene moiety; they appear
unique to eucalypt leaves. Interestingly, FPCs do not occur in the subgenus
Monocalyptus but are common throughout the subgenus Symphyomyrtus (Eschler et
al., 2000; Sidana et al., 2011; Wallis et al., 2011). Sideroxylonal A appears to be the
most common FPC across the genus Eucalyptus (Fig. 10).
High concentrations of sideroxylonals act as feeding deterrents to marsupials
(Wiggins et al., 2006; McArthur et al., 2010) but also affect the feeding and
development of insect herbivores (Cooper, 2001). For instance, Mnesampela privata
larvae fed on the sideroxylonals-rich leaves of E. nitens failed to pupate (Steinbauer
and Matsuki, 2004; Östrand et al., 2008). Consumption of leaves by adult Christmas
beetles (Anoplognathus spp.) has been found to be negatively correlated with FPC
concentration but the cue used by beetles to indicate high concentrations of
sideroxylonals is the concentration of terpene odour (Matsuki et al., 2011).

Figure 10. Chemical structure of formylated phloroglucinol compounds (FPCs) isolated from
Eucalyptus leaves. These compounds contain formylated aromatic groups and a terpene moiety.

How the expression of sideroxylonals changes with leaf ontogeny is also not well
documented. McArthur et al. (2010) reported that no sideroxylonals were detected in
young seedling leaves of E. nitens but that their concentrations increased considerably
over the first 200 days of the lifespan of an individual leaf. FPCs are thought to be
synthesized in cells at the periphery of oil glands (Östrand et al., 2008). It is possible
for sucking insects to be exposed to them during the positioning of their stylets but
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there is no evidence that FPCs act as feeding deterrents or toxicants of sucking insects
at this time.
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4.5 Photoprotective pigments
The appearance of the leaves of plants is greatly influenced by the presence of light
absorbing pigments. Since the synthesis, location and function of the chlorophylls is
well known, my interest has been in the other pigments that alter the colouration of
leaves and which thereby can provide herbivores with visual information about
physiology and palatality.
4.5.1 Carotenoids
Carotenoids are isoprenoid compounds (generally C40) which may contain up to 15
conjugated double bonds. They are synthesized in plastids from the 2-methylerythritol
4-phosphate/1-deoxy-xylulose-5-phosphate pathway – the same pathway involved in
the synthesis of terpenoids (Lichtenthaler, 1999; Eisenreich et al., 2001). Although
carotenoids are a very diverse group, with up to 700 compounds characterised
(Tanaka et al., 2008), their diversity within leaves is limited to the products of the
xanthophyll cycle, i.e. violaxanthin, β-carotene, lutein and neoxanthin (Fig. 11)
(Heath et al., 2012). The role of carotenoids in leaves is to extend the range of the
photosynthetic apparatus and to protect leaves from photo-oxidative damage (Young,
1991; Demmig-Adams and Adams, 1996; Demmig-Adams and Adams, 2006).
Carotenoids are commonly found in young immature leaves, the photosynthetic
apparatus of which is not sufficiently advanced to dissipate excess light energy. They
also become apparent as a consequence of chlorosis of senescing leaves of deciduous
trees (Lee and Gould, 2002). As a consequence of their yellow colouration,
carotenoid-rich leaves are often more attractive to herbivorous insects than green
leaves. Some insects, e.g. some species of aphid, have been suggested to use leaf
chlorosis as a cue to locate leaves of higher available nitrogen content (Prokopy and
Owens, 1983; Holopainen et al., 2009).
Carotenoids have received little attention in Eucalyptus. Only two studies, one
concerning E. pauciflora and the other E. nitens (both of which are sub-alpine to
alpine species), have demonstrated the photoprotective role played by foliar
xanthophyll pigments under photoinhibitory conditions (Gilmore and Ball, 2000;
Close et al., 2003).

26

Figure 11. Chemical structure of common foliar carotenoids.

4.5.2 Anthocyanins
Anthocyanins are phenolic compounds classified in the flavonoid groups due to their
C6-C3-C6 skeleton (Fig. 12). They are responsible for a wide variety of colours in
plants ranging from blue to red according to their structure, their glycosyl moiety and
vacuolar pH (Tanaka et al., 2008). Foliar anthocyanins occur in the vacuoles of cells
just under the epidermis and are responsible for leaf redness (Lee and Gould, 2002).
Like carotenoids, the physiological function of the anthocyanins is related to
photoprotection during nutrient recovery by senescing leaves (Hoch et al., 2001; Lee
and Gould, 2002; Lee, 2002; Hoch et al., 2003) or during early leaf development
(Manetas et al., 2002; Hughes and Smith, 2007; Merzlyak et al., 2008). Since
anthocyanins share the same biosynthetic pathway as defensive phenolic compounds,
it is often argued that their presence may be symptomatic of elevated direct defences
(Schaefer and Rolshausen, 2006). Consequently, in addition to the fact that most
herbivorous insects are insensitive or not attracted to “red” colours (Prokopy and
Owens, 1983; Briscoe and Chittka, 2001), there appears to be limited motive for
herbivores to be attracted to red leaves. Hamilton and Brown (2001) even postulated
that red colouration in autumn leaves may have evolved for aposematic ends to deter
herbivores. A similar positive correlation between anthocyanins and phenolic
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compound concentrations is also shared by young leaves (Karageorgou and Manetas,
2006) but not systematically across plant taxa (Karageorgou et al., 2008). In
Eucalyptus, the synthesis of anthocyanins is induced by photoinhibitory conditions
but is also observed in young, developing leaves (Sharma and Crowden, 1974; Close
et al., 2001; Close et al., 2002).

Figure 12. Chemical structure of a two anthocyanins commonly found in Eucalyptus leaves. Note the
C6-C3-C6 carbon skeleton characteristic of flavonoids and a sugar moiety (glucose, here).
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5. Summary of research
5.1 Olfactory responses to host plant volatiles: no
evidence for positive chemotaxis (Paper I)
In experimental Chapter I, I examined the behaviour of Eucalyptus-feeding psyllids in
response to their host plant volatiles (HPVs) since olfaction is the sensory modality
most commonly attributed as mediating host specificity. The manuscript submitted to
Biology Letters presents results for the two Ctenarytaina species only because they
both are specialized on leaf buds of their closely related hosts (subgenus
Symphyomyrtus, series Maidenaria). Therefore, their use of olfaction is presumably
more comparable than that of either A. bundoorensis or G. brimblecombei. In
addition, C. eucalypti and C. bipartita behaviour was studied more extensively in
pilot experiments, such as the one involving crushed leaf odours. Finally, the
knowledge of electrophysiological response of at least one Ctenarytaina species
provides better support for the role of olfaction in this genus. This summary includes
these data as well as those for the other two species.
Although many studies grant psyllids the ability to respond to HPVs, very few of
them have actually provided strong evidence to support it. A number of “candidate”
attractants have been narrowed down from similarities between the volatile profiles of
summer (angiosperm) and winter (gymnosperm) hosts of the carrot psyllid (Trioza
apicalis) (Valterovà et al., 1997; Kristoffersen et al., 2008). A study involving the
apple psyllid revealed seasonal differences in attraction to winter and summer HPVs
(Gross and Mekonen, 2005). Weak attraction to HPVs was also reported with the
Asian citrus psyllid (Diaphorina citri) but in most cases these responses were
observed when visual stimuli were applied at the same time and the actual
attractant(s) remain unidentified (Wenninger et al., 2009; Patt and Sétamou, 2010;
Patt et al., 2011). In a similar way, weak attraction of the pear psyllid (Cacopsylla
bidens) to HPVs was shown, but only with females and the authors reported a “rather
low” level of response (~35%) of psyllids in the olfactometer (Soroker et al., 2004).
The most convincing example of attraction to HPVs is that of the apple psyllid
(Cacopsylla picta) caused by the manipulation of HPVs by phytoplasma.
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Phytoplasma-infected plants were found to release higher quantities of βcaryophyllene which was found to be attractive to psyllids that had not previously
been exposed to the pathogen thereby increasing the chances of its transfer to
uninfected plants (Mayer et al., 2008a,b).
Interestingly, demonstration of strong positive chemotaxis to HPVs seems to be
limited to northern hemisphere psyllid species on deciduous hosts (e.g. carrot psyllid,
apple psyllid and pear psyllid). The necessity to find an alternative host to overwinter
on probably implies that psyllids migrate over relatively long distances to find a
perennial host (conifers generally). Therefore, a striking contextual parallel seems to
exist between these psyllid species and aphids which use HPVs to locate their host(s)
during their seasonal migrations (Pickett et al., 1992; Pickett and Glinwood, 2007).
Surprisingly, no behavioural data concerning the olfactory responses of Eucalyptus
psyllids to HPVs have been documented before the present study. Unlike most psyllid
species tested, Eucalyptus psyllids do not host alternate and are specialised on closely
related hosts that present many physical and chemical similarities. Recent
electrophysiological work involving gas chromatography linked to single sensillum
recording (GC-SSR), conducted in collaboration with colleagues from Lund
University, revealed the sensitivity of C. eucalypti to a limited number of minor green
leaf volatiles (GLVs) and terpenoids commonly found in Eucalyptus headspace
(Yuvaraj et al., 2013).
I tested whether psyllid olfactory sensitivity translates into attraction of C. eucalypti,
C. bipartita, A. bundoorensis and G. brimblecombei to HPVs from their respective
hosts. Psyllids were exposed simultaneously to the scent of a live host and clean air
and observed their movement in a Y-tube olfactometer (Fig. 13). In parallel, the
headspace of different Eucalyptus hosts was collected and analysed by gas
chromatography linked to mass spectrometry (GC-MS).
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Figure 13. The Y-tube olfactometer used in the study in the “white chamber”. All experiments were
conducted under controlled lighting conditions.

As is common among species of Eucalyptus, there was overlap of plant volatiles of
the headspace odours of different Eucalyptus hosts (see manuscript). Nevertheless,
volatiles were emitted in different concentrations and ratios. Surprisingly, none of the
model psyllid species were attracted to the HPVs of their respective hosts. Only A.
bundoorensis exhibited a trend in favour of attraction to HPVs. More surprising was
the consistent avoidance by G. brimblecombei of the arm in which HPVs were applied
(Fig. 14).
A major conclusion of this chapter is that Eucalyptus psyllids do not rely on HPVs to
locate their host. An alternate role for olfaction was proposed consisting of the
detection of HPVs as “boundary layers” present on leaf surfaces. Boundary layers are
described as relatively undisturbed environments where HPVs probably differ in
concentrations and ratios compared to those found in the headspace. Attraction to
static, concentrated odour stimuli seems plausible considering the morphology of
psyllid antenna and the limited exposure of their olfactory sensilla to ambient air
(Kristoffersen et al., 2006). Psyllids also continuously antennate the surfaces of host
leaves raising the possibility that mechano- and olfactory-receptors act in concert for
the assessment of post-landing cues involved in host recognition/selection. The
avoidance of HPVs by G. brimblecombei under olfactometer conditions may have
been caused by the presence of some compounds in excessive amounts or abnormal
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ratios and may have been interpreted as non-host cues. Additional bioassays are
needed to investigate this hypothesis and elucidate the actual role played by HPVs.

Figure 14. Psyllid choices in Y-tube olfactometer bioassays. Green bars represent the proportion of
psyllids choosing the arm in which HPVs were applied and white bars those choosing the clean air.
Pie charts show the numbers of responders: greyed areas indicate the number of responders and
white area the non-responders. ** = p < 0.01, ns = non-significant.

The fact that Eucalytpus-psyllids do not alternate host could also explain the absence
of attraction to HPVs. Indeed, since psyllid distribution is importantly restricted to
that of their host, the necessity to migrate over long distances appears limited. In
addition, due to the high degree of similarity of the most abundant volatiles between
Eucalyptus species, relying on olfaction may turn out to be a very inefficient and
unrewarding strategy with respect to host location. Further comparative studies
involving alternating and non-alternating psyllid species are needed to investigate the
possible existence of a link between the need for migration and the ability to orientate
to dynamic host headspace odours.
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5.2 Colour preferences: Inter-specific differences and
attraction to “red” (Paper II)
Since olfaction does not appear to influence host finding by Eucalyptus psyllids, I
examined psyllid visual preferences (experimental Chapter II), which have also never
been studied previously. Vision is the sensory modality after olfaction most likely to
elicit attraction of psyllids at distance.
The eyes of most phytophagous insects, including Sternorrhyncha, are known to be
UV-blue-green sensitive and attracted to green and yellow surfaces (Prokopy and
Owens, 1983; Mellor et al., 1997; Briscoe and Chittka, 2001; Kirchner et al., 2005;
Döring and Chittka, 2007; Döring et al., 2011). As a consequence of the
predominance of chlorophylls, most plants reflect in the green region of the spectrum.
Consequently, for a long time, leaf colour has been presumed to be too general a cue
to mediate insect host specificity. However, some phytophagous insects have been
shown to discriminate between hosts and non-hosts based on vision only (Kennedy et
al., 1961; Prokopy et al., 1983; Reeves, 2011) and the preference of some aphid
species for “yellow” senescing leaves (characterised by higher concentrations of
mobilised nitrogen than occur in “green”, non-senescing leaves) suggests than some
insects use leaf colour to discriminate between leaves according to their physiological
state (Holopainen and Peltonen, 2002; Ramirez et al., 2008).
Psyllid colour preferences were tested in arena bioassays in the presence of colour
stimuli, chosen according to their reflectance spectrum, placed against a standardized
“grey” background. Psyllids were released in the centre of the arena and left to roam
until a stimulus applied vertically on the walls of the arena was chosen; i.e. psyllid
makes contact and adopts a vertical position on the stimulus. In these experiments,
“green”, “yellow” and “red” colour stimuli were applied whereas a side of the arena
was left empty (same “grey” as background) as control. Stimuli colours were chosen
to concur with that of frequently encountered leaf colours.
I found that psyllids exposed to different colour stimuli exhibited two types of
response. Two species, namely C. eucalypti and C. bipartita showed a typical
attraction to yellow and green stimuli. In contrast, A. bundoorensis and G.
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brimblecombei preferred the red, and to a lesser extent, the yellow stimulus.
Attraction to long wavelength colours is surprising considering the presumed absence
of a specific long wavelength receptor.
In a second experiment, A. bundoorensis and G. brimblecombei were exposed in the
arena to a “black” and a “red” stimulus. Assuming that these species are insensitive to
long wavelengths, discrimination between the two targets should not be possible.
However, strong preferences for the “red” over the black stimulus proved that both
species are sensitive to long wavelengths.
Therefore, the possibility for the detection of red by means of achromatic contrast was
explored. Psyllid preferences were tested in the presence of suite of achromatic
stimuli (i.e. greys) of different intensities. In addition, the physical intensity against
the experimental background and the quantum catch of various stimuli was calculated
based on the modelling of putative photoreceptors sensitivities used in the study.
Neither behavioural data nor models
demonstrated that red was detected via the
achromatic

pathway

and

provide

preliminary evidence for perception of
“red” as colour. However, in the absence
of

knowledge

about

the

spectral

sensitivities of psyllid eyes, the mechanism
Figure 15. SEM of G. brimblecombei head in
dorsal view. Photograph from Rita Wallén and
Carina Rasmussen from Lund University (used
with permission).

for long wavelength perception remains
unresolved.

Electroretinography might be attempted in future studies although the small size of
psyllid eyes (Fig. 15) may render the acquisition of physiological data technically
challenging. Alternatively, molecular approaches may be employed to investigate the
possible existence of red opsins in psyllid eyes.
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Interestingly, the colour preferences exhibited by different psyllid species appeared to
match those of the young leaves of their respective hosts. Therefore, psyllids were
hypothesized to exploit leaf colour to locate host leaves of specific age or
physiological state, presumably linked to key aspects of their nutritional value and/or
palatability [latter influenced by the concentration(s) of plant secondary metabolites].
A corollary of this hypothesis is the possible attraction of A. bundoorensis and G.
brimblecombei to young (red) anthocyanic leaves of E. camaldulensis which is
discussed further in experimental Chapter IV.
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5.3 Visual acuity and implications for psyllid foraging
behaviour (Paper III)
Should psyllids rely on visual cues, an immediate question which arises is “From how
far can psyllids perceive hosts or host modules?” This is the question I addressed in
experimental Chapter III.
A very limited number of studies have addressed this question in Sternorrhyncha.
Döring and Spaethe (2009) performed a number of morphological measurements on
20 species of aphids. Their work revealed that aphids generally have a relatively poor
visual acuity. Although some allometric relationships between body size and eye size
were observed, the absence of correlations between aphid body size and interommatidial angle suggests that the size of the ommatidia, and consequently light
sensitivity, is prioritized to the detriment of spatial resolution.
In experimental Chapter III, I used behavioural and morphological approaches to
examine acuity in C. eucalypti, C bipartita, A. bundoorensis and G. brimblecombei. A
bioassay inspired by Y-maze experiments commonly employed in Hymenoptera and
Lepidoptera was employed (Giurfa et al., 1996; Kelber, 2005). These experiments
normally require insects to be trained prior to the experiments in order to ensure that a
given stimulus, if perceived, will elicit a behavioural response. In the absence of
evidence for learning abilities in psyllids, knowledge of the innate preferences for
specific colours by the different species (see experimental Chapter II) was used to test
psyllid detection thresholds in the presence of colour stimuli of varying size. Relative
response scores were calculated to account for discrepancies in strength of innate
responses between species. In addition, size and number of ommatidia as well as
inter-ommatidial angles and eye parameter were measured in all four species. Finally,
the searching behaviour of different species was recorded using a video camera and
analysed using tracking software.
This study demonstrated that psyllids have relatively poor visual acuity comparable to
that of aphids implying that leaf colour is probably a more important cue than other
physical characteristics of leaves.
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An isometric relationship was found between number and size of ommatidia, interommatidial and body size in C. eucalypti, C. bipartita and G. brimblecombei which
suggests that, unlike aphids, psyllids do not sacrifice visual acuity for light sensitivity.
On the contrary, a morphological trade-off was found in A. bundoorensis suggesting
that this species prioritizes spatial resolution over light sensitivity. It was
hypothesized that high adult mobility in this species necessitates higher visual acuity.
A. bundoorensis oviposits in crevices on stems (Fig. 16) but feeds on leaves which
necessitates greater movement between plant modules than is displayed by the three
other species. Interestingly, the two specialist leaf bud feeding species (C. eucalypti
and C. bipartita), which exhibit the most sedentary biology, possess significantly less
acute vision than either A. bundoorensis or G. brimblecombei.
Differences in the searching behaviour of
the different species, as recorded by video
recorder, also appeared to be linked to the
utilisation of different plant parts and
microhabitats. Species that search along
stems exhibited directed trajectories. In
contrast, G. brimblecombei, which spends
Figure 16. A. bundoorensis female assessing the
conformation of the surface of a young stem of
E. camaldulensis prior to oviposition. This
species migrates from leaves where they feed to
stems in order to lay their eggs. Photograph by
Ben Twist (used with permission).

more time on the flat surfaces of leaves,
had more sinuous and almost “erratic”
trajectories. My findings provide good
evidence for visual tuning of each species’

vision which is suggested to be driven by their tendency to search their hosts and their
microhabitat preferences.
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5.4 Are young anthocyanic leaves attractive to psyllids
and why? (Paper IV)
The goal of experimental Chapter IV was to link attraction to visual stimuli to
preferences for host leaves of different colour and to elucidate the nutritional
implications for psyllids of their choices. This association is of particular interest with
respect to the attraction to red stimuli exhibited by A. bundoorensis and G.
brimblecombei (experimental Chapter II). Aphid utilisation of red leaves has been
studied in the context of leaf senescence in deciduous trees (Archetti et al., 2009).
Red colouration in leaves often is associated with high levels of chemical defences
and/or precedes leaf abscission. Hence, predictably considering the apparent absence
of ecological imperative, herbivorous insects exhibit limited or no attraction to red
leaves (Hamilton and Brown, 2001; Schaefer and Rolshausen, 2006; Döring et al.,
2009).
Psyllids

were

tested

in

an

arena

comparable to that used in Chapter II (Fig.
17).

However,

colour

stimuli

were

replaced by live host leaves sandwiched
between two glass cover slips sealed on the
edges with silicon grease to prevent odour
leakage (Vaishampayan et al., 1975). In
parallel, foliar pigments and amino acid
data were collected to examine variations
linked to leaf ontogeny.
Since psyllid photoreceptor sensitivities
are not known, changes in leaf colours
were described based on their spectral
Figure 17. A) Bioassay arena used to test psyllid
attraction to leaf colours. B) Leaf sandwich
"targets" made out of leaf squares "sandwiched"
between glass cover slips and a layer of silicone
grease. The "yellow” target corresponds to a
young E. kitsoniana leaf whereas the “red” and
“green” ones are young and old E. camaldulensis
leaves. C) shows the reflectance spectra of
“green” and “red” leaves tested.

properties using the segment analysis
method (Endler, 1990).
The study revealed that C. bipartita and A.
bundoorensis can use visual cues to
discriminate between younger and older
host leaves. However, G. brimblecombei
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was equally attracted to younger and older host leaves suggesting that other cues
intervene for leaf selection. Notwithstanding the absence of a preference for a
particular leaf colour, G. brimblecombei did not avoid red leaves (Fig. 18).
Concentrations of anthocyanins and chlorophylls were found to modulate the
achromatic and chromatic properties of Eucalyptus leaves. In addition, higher ratios
of essential amino acids found in young E. camaldulensis leaves suggest that the
attraction of A. bundoorensis and G. brimblecombei to younger leaves may be
motivated by the nutritional quality of host leaves which is linked to their ontogeny.
Surprisingly, such an effect was not found for E. kitsoniana for which total amino
acid content and relative amounts of essential amino acids did not differ with leaf age.
My results suggest that because C. bipartita uses leaf buds primarily for protection
against desiccation, and because their nutritional requirements are met by their
endosymbionts, they may have less need to track leaf development.

Figure 18. G. brimblecombei female on a young, red E. camaldulensis leaf. Scale bar corresponds to 1
mm. Photograph by K. Farnier.
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6. Conclusions
My research shifts the presumed role of olfaction and vision from host finding at the
“between tree” canopy level to the search for specific host leaf types and/or
microhabitats at the “within host tree” canopy level.
Unlike aphids, which are predominant in the northern hemisphere and many of which
utilise deciduous species, Australian psyllids live on evergreen (perennial) hosts.
Consequently, seasonal host alternation in Australian psyllids is unnecessary.
Interestingly, most psyllids exhibiting some form of attraction to HPVs occur in the
northern hemisphere and overwinter on an alternate (often perennial) host. Hence, it
seems possible for olfaction-mediated attraction to HPVs to have evolved in these
species in response to the seasonal availability of host leaves.
Considering the dominance of the genus Eucalyptus in the Australian vegetation, host
plant availability has exerted unique ecological pressures on psyllid senses. Therefore,
the ability to orientate to HPVs may not be as vital as under northern hemisphere
conditions. Rather, the search for adequate microhabitats and leaf types within host
canopies may represent a more frequent and critical challenge which psyllids have
had to overcome.
However, the role of olfaction remains partially unresolved. Electrophysiological
work conducted in collaboration with the sex pheromone group at Lund University
revealed differences in the range of biologically active compounds eliciting antennal
responses in C. eucalypti and T. apicalis. Therefore, preliminary evidence of olfactory
tuning exists. Hence, the absence of positive chemotaxis in the presence of host
headspace observed in experimental Chapter I could be linked to the inability of
psyllids to perceive airborne, dynamic HPVs.
The atypical morphology of psyllid antennae suggests that olfaction may not be used
pre-landing but instead as post-landing cues for host selection. Leaf surface waxes
have been shown to influence herbivory due to their influence on the physical and
chemical properties of leaf surfaces. The comparison of plant compounds as they
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occur on leaves boundary layers may provide a better understanding of how psyllids
use olfactory cues. The hypothesis of odour perception from boundary layers was
formulated many years ago but technical challenges of studying their influence have
hampered further investigation of them during the period of my research.
The findings of experimental Chapters II, III and IV suggest that vision and, more
specifically, psyllid perception of colours contribute substantially to the location of
individual modules and oviposition sites within host canopies (Fig. 19).

Figure 19. Proposed revision of host finding by psyllids.
Schema adapted from Schoonhoven et al. 2005. Black dots
indicate well-documented behaviours and white dots indicate
suspected behaviours

In addition to the better resolution of olfactory mechanisms, I believe that my findings
concerning psyllid vision need to be further pursued along a number of lines of
enquiry. The attraction to red demonstrated by A. bundoorensis and G. brimblecombei
in experimental Chapter II, possibly via colour vision, should be better resolved.
Determination of the spectral sensitivity of psyllid eyes using an electrophysiological
and/or a molecular approach will determine the mechanism behind this atypical visual
response. In addition, since attraction to red seems to be related to young red leaves,
attraction to red may not be uncommon in many other species reliant on hosts with
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similar physiological responses. Therefore, it would be insightful to screen the colour
preferences of other species of Eucalyptus-feeding psyllids which feed on species that
express anthocyanic foliage.
Finally, the nutritional value of “red” leaves as well as their composition with respect
to their direct defences should be investigated in conjunction with adult and nymphal
performance studies to understand how psyllids benefit (if at all) from being attracted
to young (red) anthocyanic leaves.
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Abstract
Olfaction is widely believed to mediate host finding and selection by specialist insect
herbivores. Gottfried Fraenkel first suggested that the unique blends of host plant
volatiles (HPVs) produced by different species provide cues that insects use to
differentiate between species. Psyllids are generally narrowly host specific but
examples of orientation to HPVs remain uncommon. We investigated the behavioural
responses of Ctenarytaina eucalypti (Maskel) and C. bipartita Burckhardt et al.
(Hemiptera: Aphalaridae), which feed and oviposit inside the closed apical buds of
Eucalyptus globulus and E. kitsoniana (Myrtaceae), respectively, to HPVs in
olfactometer bioassays. Despite clear qualitative and quantitative differences in HPV
profiles, neither psyllid exhibited attraction to the odours of their respective host. We
propose that the absence of positive chemotaxis in these species is the result of the
unique morphology of their hosts’ young foliage and limited ecological imperative to
disperse from their evergreen hosts. The exposure of psyllids to highly concentrated,
static HPV microhabitats inside buds may have led to an adaptive aversion to
orientate towards lower concentration, dynamic odours. We suggest that olfaction in
psyllids specific for oleaginous hosts may have greater post- rather than pre-landing
significance.

1

Key words: Blue gum, Aphalaridae, Jumping plantlice, sensory ecology, terpenes,
foraging kairomone

Background
Early studies of aphids in search for a host have identified two behavioural phases
mediated by different sensory modalities. “Host-finding” is initiated when an aphid
leaves a plant and ends when it lands on a new one. Pre-alighting olfactory and visual
cues intervene during this phase and mediate a succession of dispersal and attacking
flights between nearby plants. “Host selection” encompasses behaviours that occur
after landing and involve olfactory, mechanical and/or gustatory cues. The cues
perceived during selection determine whether an aphid “settles” and initiates
sustained feeding and oviposition (acceptance) or whether it re-engages in host
finding (rejection) (Döring, 2014). Vision has recently been identified as an important
factor in host finding in psyllids (Farnier et al., 2014), but the role played by olfaction
remains uncertain.
Morphological, neuroanatomical and electrophysiological studies of a limited number
of psyllid species have revealed a rudimentary olfactory system, probably best
adapted to the detection of a limited number of key compounds in environments
saturated with plant volatiles (Kristoffersen et al., 2006; Kristoffersen and
Anderbrant, 2007; Kristoffersen et al., 2008a; Kristoffersen et al., 2008b; Yuvaraj et
al., 2013). However, only few behavioural studies have demonstrated attraction of
psyllids to HPVs. Attraction of apple psyllid (Cacopsylla picta) to certain of their
hosts involves a unique interaction in which a phytoplasma induces increased release
of β-caryophyllene thereby ensuring the phytoplasma is vectored to other hosts
(Mayer et al., 2008). Other evidence has revealed seasonal changes in psyllid
preferences for summer (apple) and winter (conifer) HPVs suggesting that olfactory
cues facilitate host alternation by apple psyllids (Gross and Mekonen, 2005).
Similarly, compelling similarities between HPVs of the primary (carrot) and
secondary hosts (conifer) of the carrot psyllids (Trioza apicalis) suggest that olfaction
mediates seasonal migrations of this species, though the presence of a carrot-specific
sesquiterpene putatively identified as bergamotene causes psyllids to orient
preferentially toward their primary host (Valterovà et al., 1997). Attraction to HPVs
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has also been observed in non-host alternating psyllid species such as Asian citrus
psyllid (Diaphorina citri) (Patt and Sétamou, 2010) and pear psyllid (Cacopsylla
bidens) (Soroker et al., 2004). However, in most instances, chemotactic responses are
relatively weak and often require the presence of visual stimuli. Hence, the influence
of HPVs on host finding by these species under field conditions remains unclear.
We tested attraction of two Eucalyptus-feeding psyllids, Ctenarytaina eucalypti and
C. bipartita, to the odours of their hosts, namely Eucalyptus globulus and E.
kitsoniana, respectively. Australian species of psyllid, in particular those reliant on
eucalypts, are ideal models to investigate adaptive tuning of their sensory systems
because they account for >10% of psyllid species globally and approximately 90% of
them are specific for Eucalyptus (Austin et al., 2004; Hollis, 2004). C. eucalypti and
C. bipartita have interesting biologies because they live in the closed, apical buds of
their heteroblastic hosts. The morphology of the buds provides the tight crevices into
which females oviposit and provide sheltered microhabitats which protect nymphs
from desiccation (Fig. 1A, B).

Figure 1. (A) Adult C. eucalypti (extreme left) female ovipositing into
into crevice of apical bud of E. globulus; nymphs (right) on first
expanding leaf pair. (B) Adult C. bipartita inside distorted apical bud
of E. kitsoniana; distortion into the leaf roll morphology is induced by
nymphs feeding on developing leaves.

The disappearance of suitable microhabitats associated with juvenile (sessile) leaf
maturation and eventually the emergence of petiolate adult leaves provide the main
causes of foraging and dispersal, respectively. Since apical buds are likely to be too
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small and obscured by expanded leaves for flying adults to locate, host finding after
landing is considered likely. The protected morphology of apical buds presumably
exposes adults and nymphs to highly concentrated odour microhabitats.

Methods
Host plant volatiles
Dynamic headspace sampling technique was used to collect host plant volatiles (Tholl
et al., 2006). Branchlets (consisting of five to six leaf pairs) of Eucalyptus globulus
and E. kitsoniana were enclosed in oven bags. Volatiles were collected by pulling air
inside the bag through adsorbent filters (Super Q, Alltech Inc., USA) at 700 ml min-1
for 8 hours. Analytes were eluted from filters with 200 µl of dichloromethane. An
internal standard (5 µg of n-tridecane) was added to the extracts before analysis by
gas chromatography coupled with mass spectrometry. Compounds were identified
based on their mass spectrum by comparison with a NIST08 mass spectral library and
where possible by comparison of Kovats retention indices with those of synthetic
compounds (O'Reilly-Wapstra et al., 2011).

Behavioural responses
Psyllid olfactory responses were tested in a Y-tube glass olfactometer (8 cm long test
arms, 12 cm-middle arm, 1.5 cm inner diameter) placed on a white Perspex bench
inclined vertically at 30°, under light-controlled conditions (Farnier et al., 2014).
Orientation of individual psyllids was observed for 30 min when simultaneously
exposed to HPVs (treatment arm) and clean air (control arm). A 250 ml min-1 purified
and humidified airflow was applied to an oven bag (Multix, 30×38 cm) sealed around
a host branchlet with a cable tie and connected to the treatment arm. The same flow of
air was applied on the control arm but the oven bag was empty. The air inside the
olfactometer was pulled from the middle arm at 500 ml min-1 to reduce turbulence. A
choice was considered to have been made when psyllids reached the middle of either
test arm which in most instances corresponded to a non-return point. The ability of
psyllids to respond to HPVs in our olfactometer was verified with consistent aversion
to the odour of crushed host leaves exhibited by C. eucalypti in pilot experiments. The
position of the olfactometer was changed every four insects to prevent any position
effect. Psyllid preferences were analysed using binomial tests.
4

Results
Host plant volatiles
Analyses of HPVs revealed marked quantitative and qualitative differences between
E. globulus and E. kitsoniana (Fig. 2A). Of the two hosts, E. globulus had the
strongest headspace odour (25 to 30 times more concentrated). The major terpene
constituents (1,8-cineole, limonene, α-pinene, γ-terpinene, p-cymene and terpinyl
acetate) occurred in both hosts but relative ratios differed significantly between
species (Table 1). Some of the compounds have been found to elicit
electrophysiological responses in C. eucalypti and T. apicalis or are suspected to act
as attractants in other psyllid species (Kristoffersen et al. 2008b; Mayer et al., 2008;
Patt and Setamou, 2010; Yuvaraj et al. 2013). Compounds such as, β-myrcene and
(E)-β-ocimene and β-phellandrene (~3.0%), linalool (0.2-1.7%) or β-caryophyllene
(0.7-5.0%) are present in concentrations less than six- to ten-times that of 1,8-cineole.

Behavioural responses
Surprisingly, neither C. eucalypti (binomial test, p = 0.43) nor C. bipartita (binomial
test, p = 0.27) were attracted to the odours of undamaged leaves of their hosts (Fig.
2B).

Figure 2. (A) Chromatograms of E. globulus (green) and E. kitsoniana (orange). Peak labelled IS =
internal standard (n-tridecane). (B) Psyllid responses in the Y-tube olfactometer. Green bars represent
attraction to HPVs and grey bars attraction to clean air. Pie charts show psyllid responsiveness (grey =
responders, white = non-responders).
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Table 1. Headspace volatiles of Eucalyptus globulus and E. kitsoniana. * indentifies
compounds for which biological activity has previously been demonstrated in
psyllids. (SSR: “Single Sensillum Recording”)

Compounds
α-pinene
sabinene
β-pinene

E. globulus
(n = 6)
Amount
SE
(%)
5.6
1.1
0.1
0.1
0.5
0.1

E. kitsoniana
(n = 7)
Amount
SE
(%)
16.3
5.1
1.8
0.9
1.1
0.4

β-myrcene*

3.6

1.0

3.0

0.5

hexenyl acetate*
α-phellandrene
α-terpinene
p-cymene
limonene
1,8-cineole
β-phellandrene*
(E)-β-ocimene*
γ-terpinene
β-terpineol
cis-4,8-dimethyl-1,3,7nonatriene

0.9
0.8
0.1
0.9
15.7
36.9
2.7
3.3
2.3
0.1

0.3
0.5
0.1
0.2
2.9
3.1
1.7
1.4
0.9
0.0

3.3
0.1
0.0
4.6
13.0
30.2
2.1
2.8
10.3
0.1

2.3
0.0
0.0
1.4
2.3
3.3
1.2
0.8
6.0
0.0

0.1

0.1

0.0

0.0

linalool*

0.2

0.0

1.7

0.6

isopentyl isopentenoate
n-pentyl isovalerate
trans-4,8-dimethyl-1,3,7nonatriene
δ-terpineol
terpinene-4-ol*
naphthalene
α-terpineol
a monoterpene acetate
nerol
2-phenylethyl acetate
methyl geranate
terpinyl acetate
α-cubebene
neryl acetate
α-copaene
α-gurjunene

0.5
0.0

0.4
0.0

0.4
0.4

0.1
0.1

4.9

2.6

0.2

0.1

0.1
0.2
0.0
1.6
0.2
0.1
0.0
0.1
5.1
0.3
0.1
0.1
1.2

0.0
0.1
0.0
0.7
0.0
0.0
0.0
0.1
1.8
0.1
0.1
0.0
0.4

0.0
0.4
0.5
0.9
0.1
0.0
0.1
0.0
2.8
0.1
0.0
0.0
0.3

0.0
0.1
0.2
0.3
0.0
0.0
0.0
0.0
0.9
0.0
0.0
0.0
0.1

β-caryophyllene*

5.0

2.3

0.7

0.4

aromadendrene
humulene
alloaromadendrene
germacrene D
α-farnescene
bicyclogermacrene
δ-cadinene
spathulenol

2.6
0.2
1.0
0.2
0.7
1.8
0.1
0.1

0.7
0.1
0.3
0.1
0.5
1.5
0.0
0.1

1.6
0.2
0.6
0.0
0.1
0.0
0.0
0.0

0.3
0.1
0.1
0.0
0.1
0.0
0.0
0.0

Biological activity
(by species)

C.eucalypti (SSR)
D. citri (put. attract.)
C.eucalypti (SSR)

T. apicalis (SSR)
C.eucalypti (SSR)

C.eucalypti (SSR)
D. citri (put. attract.)

T. apicalis (SSR)

C.eucalypti (SSR)
C. picta (behav.)
D. citri (put. attract.)
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Discussion
The two species of Eucalyptus host present each psyllid species, especially their
nymphs, with distinct odour environments. We confirmed the presence of a number of
compounds, such as β-caryophyllene, which have been shown to elicit
electrophysiological responses in C. eucalypti and/or attraction in other psyllid
species (Mayer et al., 2008; Yuvaraj et al., 2013). However, our experiments reveal
that neither C. eucalypti nor C. bipartita orientated to HPVs in our olfactometer. So
why are these psyllids insensitive to HPVs? Is olfaction an obsolete sense in these
psyllids? We do not believe so.
The current paradigm proposes that bouquets of HPVs provide specific and therefore
reliable cues to insects for host location (Fraenkel, 1959). But do psyllids engage in
host location? Psyllids are essentially sedentary and leave their host to escape
predators or when they no longer provide suitable food (White, 1970). Migrations
over long distances, as observed during dispersal to overwintering sites, are
predominantly wind-assisted (White, 1973). In addition, the capacity of adults to
acquire moisture (and possibly nutrition) from non-hosts may indicate that dispersing
individuals can undertake multiple landings before reaching a suitable plant
(Hodkinson, 2009; Steinbauer, 2013; Rosa García et al. 2014). Their high
reproductive rate may compensate for high mortality among dispersing individuals.
Consequently, psyllids associated with perennial hosts may need to undertake greater
microhabitat searching and selection at the between-host module level rather than
finding of individual hosts. Hence, we suggest that olfactory cues intervene to a
greater extent after landing and mediate host module recognition.
Our hypothesis is also supported by the morphology of psyllid antennae. Psyllid
olfactory sensilla have limited exposure to the air since they arise from the bottoms of
cavities and do not protrude above the surface of the antennae. Their structure and
location has been taken as evidence to suggest that they can only perceive static
headspace HPVs emanating from leaf surfaces of oleaginous plants in particular
(Kristoffersen et al., 2006). It has also been suggested that the antennal olfactory
apparatus of many Sternorrhyncha may have evolved to compensate for the absence
of labial chemosensory sensilla (Backus, 1988). Hence, psyllid olfactory structures
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may exhibit adaptive insensitivity to the major/most concentrated HPVs (e.g. 1,8cineole, limonene, α-pinene and γ-terpinene) but greater sensitivity to minor/least
concentrated constituents (e.g. linalool, β-myrcene, hexenyl acetate and βcaryophyllene).
The sensitivity of the antennae of C. eucalypti and T. apicalis to different compounds
indicates that adaptive tuning of psyllid olfactory sensilla has occurred Kristoffersen
et al 2008b; Yuvaraj et al. 2013). Nevertheless, our findings suggest that olfaction
may not be used for long-range, remote orientation to hosts. Indeed, dynamic or
inconsistent odours (e.g. those in olfactometer experiments) could be difficult for
psyllids to orientate to if they have evolved to respond to incremental changes in
odour concentration. Whether this possibility applies to host-alternating species of
psyllid remains an open question. By contrast, high concentrations of static HPVs
present as undisturbed boundary layers above leaf surfaces appear more suited to
perception by psyllid olfactory sensilla during antennation and may provide reliable
post-landing cues (Bernays and Chapman, 1994). It is likely this is especially true for
heterophyllous hosts, the leaves of which produce different suites of volatile
secondary metabolites (Borzak et al., 2015). Investigation of the influence of HPVs as
boundary layer cues provides a promising, though challenging, topic to understand
how olfaction can mediate host specificity of Sternorrhyncha and is a question
pending for over a century.

Authors’ contribution
K.F designed and conducted behavioural experiments, collected plant volatiles,
analysed the data and wrote the manuscript. N.W.D analysed and identified plant
volatiles. M.J.S contributed to the experimental design and to the writing of the
manuscript.

8

References
Austin, A.D., Yeates, D.K., Cassis, G., Fletcher, M.J., La Salle, J., Lawrence, J.F.,
Mcquillan, P.B., Mound, L.A., J Bickel, D., and Gullan, P.J. (2004). Insects
‘down under’–diversity, endemism and evolution of the Australian insect
fauna: examples from select orders. Aust J Entomol 43, 216-234.
Backus, E.A. (1988). Sensory systems and behaviours which mediate hemipteran
plant-feeding: a taxonomic overview. J Insect Physiol 34, 151-165.
Bernays, E., and Chapman, R. (1994). "Behavior: the process of host-plant selection,"
in Host-plant selection by phytophagous insects. (New York: Springer), 95165.
Borzak, C.L., Potts, B.M., Davies, N.W., and O’Reilly-Wapstra, J.M. (2015).
Population divergence in the ontogenetic trajectories of foliar terpenes of a
Eucalyptus species. Ann bot 115, 159-170.
Döring, T.F. (2014). How aphids find their host plants, and how they don't. Ann Appl
Biol 165, 3-26.
Farnier, K., Dyer, A.G., and Steinbauer, M.J. (2014). Related but not alike: not all
Hemiptera are attracted to yellow. Front Ecol Evol 2, 67.
Fraenkel, G.S. (1959). The raison d'être of secondary plant substances: these odd
chemicals arose as a means of protecting plants from insects and now guide
insects to food. Science 129, 1466-1470.
Gross, J., and Mekonen, N. (2005). Plant odours influence the host finding behaviour
of apple psyllids (Cacopsylla picta; C. melanoneura). IOBC wprs Bulletin 28,
351-355.
Hodkinson, I.D. (2009). Life cycle variation and adaptation in jumping plant lice
(Insecta: Hemiptera: Psylloidea): a global synthesis. J Nat Hist 43, 65-179.
Hollis, D. (2004). Australian Psylloidea Jumping Plantlice and Lerp Insects.
Canberra: Australian Biological Resources Study (ABRS).
Kristoffersen, L., Hallberg, E., Wallen, R., and Anderbrant, O. (2006). Sparse
sensillar array on Trioza apicalis (Homoptera, Triozidae) antennae − an
adaptation to high stimulus levels? Arthropod Struct Dev 35, 85-92.

9

Kristoffersen, L., and Anderbrant, O. (2007). Carrot psyllid (Trioza apicalis) winter
habitats–insights in shelter plant preference and migratory capacity. J Appl
Entomol 131, 174-178.
Kristoffersen, L., Hansson, B.S., Anderbrant, O., and Larsson, M.C. (2008a).
Aglomerular hemipteran antennal lobes‚ basic neuroanatomy of a small nose.
Chem Senses 33, 771-778.
Kristoffersen, L., Larsson, M.C., and Anderbrant, O. (2008b). Functional
characteristics of a tiny but specialized olfactory system: olfactory receptor
neurons of carrot psyllids (Homoptera: Triozidae). Chem Senses 33, 759-769.
Mayer, C., Vilcinskas, A., and Gross, J. (2008). Phytopathogen lures its insect vector
by altering host plant odor. J Chem Ecol 34, 1045-1049.
O'Reilly-Wapstra, J.M., Freeman, J.S., Davies, N.W., Vaillancourt, R.E., Fitzgerald,
H., and Potts, B.M. (2011). Quantitative trait loci for foliar terpenes in a global
eucalypt species. Tree Genet Genomes 7, 485-498.
Patt, J.M., and Sétamou, M. (2010). Responses of the Asian citrus psyllid to volatiles
emitted by the flushing shoots of its rutaceous host plants. Environ Entomol
39, 618-624.
Rosa García, R., Somoano, A., Moreno, A., Burckhardt, D., Luiz De Queiroz, D., and
Miñarro, M. (2014). The occurrence and abundance of two alien eucalypt
psyllids in apple orchards. Pest Manag Sci 70, 1676-1683.
Soroker, V., Talebaev, S., Harari, A.R., and Wesley, S.D. (2004). The role of
chemical cues in host and mate location in the pear psylla Cacopsylla bidens
(Homoptera: Psyllidae). J Insect Behav 17, 613-626.
Steinbauer, M.J. (2013). Shoot feeding as a nutrient acquisition strategy in free-living
Psylloids. PLoS One 8, e77990.
Tholl, D., Boland, W., Hansel, A., Loreto, F., Röse, U.S., and Schnitzler, J.P. (2006).
Practical approaches to plant volatile analysis. Plant J 45, 540-560.
Valterovà, I., Nehlin, G., and Borg-Karlson, A.-K. (1997). Host plant chemistry and
preferences in egg-laying Trioza apicalis (Homoptera, Psylloidea). Biochem
Syst Ecol 25, 477-491.
White, T. (1970). Some aspects of the life history, host selection, dispersal and
ovipostion of adult Cardiaspina densitexta (Homoptera : Psyllidae). Aust J
Zool 18, 105-117.

10

White, T. (1973). Aerial dispersal of adult Cardiaspina densitexta (Homoptera:
Psyllidae) in South Australia. Trans R Soc S Aust 97, 29-31.
Yuvaraj, J.K., Andersson, M.N., Steinbauer, M.J., Farnier, K., and Anderbrant, O.
(2013). Specificity and sensitivity of plant odor-detecting olfactory sensory
neurons in Ctenarytaina eucalypti (Sternorrhyncha: Psyllidae). J Insect
Physiol 59, 542-551.

11

	
  
	
  

	
  

II	
  

ORIGINAL RESEARCH ARTICLE

published: 22 October 2014
doi: 10.3389/fevo.2014.00067

ECOLOGY AND EVOLUTION

Related but not alike: not all Hemiptera are attracted to
yellow
Kevin Farnier 1*, Adrian G. Dyer 2 and Martin J. Steinbauer 1
1
2

Insect-Plant Interactions Lab, Department of Zoology, La Trobe University, Melbourne, VIC, Australia
School of Media and Communication, RMIT University, Melbourne, VIC, Australia

Edited by:
Martin Stevens, University of
Exeter, UK
Reviewed by:
Anna Balkenius, Swedish University
of Agricultural Science, Sweden
Thomas Felix Döring, Humboldt
University Berlin, Germany
Klaus Lunau,
Heonrich-Heine-University
Duesseldorf, Germany
*Correspondence:
Kevin Farnier, Department of
Zoology, La Trobe University,
Kingsbury Drive, Melbourne, VIC
3086, Australia
e-mail: kfarnier@
students.latrobe.edu.au

Most innate responses to color stimuli lead herbivorous insects to orient to “green” and
“yellow” surfaces. Early research showed that aphid orientation to plants is influenced
by foliar pigments and leads them to alight on leaves of a specific physiological state
regardless of whether or not it is their actual host. In this study, we quantified the
color preferences of four psyllids specialized on young to recently expanded leaves
of different Eucalyptus hosts presenting distinct between (inter-specific) and within
canopy (ontogenic) optical characteristics. Color preferences of Ctenarytaina eucalypti and
C. bipartita were similar to those observed in aphids with more frequent selection of
yellow and green stimuli, consistent with the coloration of their host leaves. However,
attraction of Anoeconeossa bundoorensis and Glycaspis brimblecombei to a red stimulus
contrasts strongly with the literature for hemipteran and herbivorous insects generally for
which attraction to red is peculiar. Interestingly, both red-attracted species occur on the
same host eucalypt, which expresses anthocyanic (red) young leaves. Our experiments
demonstrate that these two species are sensitive to long wavelength radiation. Behavioral
responses and modeling of putative “aphid-like” photoreceptors were conducted to
investigate whether achromatic vision mediates perception of “red.” Our results do not
provide strong evidence for an intensity-dependant type of attraction. Nevertheless, the
current knowledge of photoreceptors in Hemiptera identifies the achromatic pathway as
the most likely mechanism for detecting long wavelengths. Thus, our findings highlight
the need for physiological work with Psylloidae to elucidate the mechanisms responsible
for such atypical responses. We discuss the ecological implications of our work in relation
to red foliar pigments in expanding leaves of perennial plants which differs greatly from
the thoroughly studied aphid-autumnal leaves system involving senescing foliage.
Keywords: plant pigments, color vision, anthocyanins, host selection

INTRODUCTION
Hemiptera is an ancient insect order (Permian) widely represented with nearly 100,000 species described in 145 families
(Grimaldi, 2005; Gullan and Cranston, 2009). With the exception of a few predators and scavengers, Hemiptera are dominantly
phytophagous (≈90% of species) and feed on a wide array of
angiosperms and a few gymnosperms. They possess characteristic sucking mouthparts that they use to pierce plant tissues
to access their feeding site (i.e., phloem, xylem or parenchyma)
and a filtering chamber allowing them to extract liquid content
(Carver et al., 1991). Psyllids (Psylloidea) belong to the monophyletic suborder Sternorrhyncha, a sister group of the rest of the
Hemiptera, which includes aphids, whiteflies and scale insects.
There are about 3000 species of psyllid worldwide (Hodkinson,
2009) of which approximately 350 are native to Australia (Hollis,
2004). The superfamily Psylloidea, which is more abundant
and diverse in Australasia than in the northern hemisphere,
is largely composed of acacia and eucalypt-feeding species,
with the latter arguably having the closest associations with
their host plants (Carver et al., 1991; Hollis, 2004; Hodkinson,
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2009). Currently, the mechanisms psyllids employ to locate
their host in complex mixed-vegetation habitats remain poorly
understood.
Host selection by herbivorous insects revolves around successive steps starting from random foraging to location, recognition,
assessment, and eventually acceptance or rejection of a plant as
host for feeding and/or oviposition. All steps involve different
senses and occur at varying distances from the plant surface.
Since olfactory and visual cues are perceptible at distance, they
play a determinant role in plant location by foraging insects
(Schoonhoven et al., 1998). Plants produce a wide array of volatile
compounds, which differ greatly in quality and quantity between
species. These air-borne chemical “signatures” and their spatiotemporal variations offer a great variety of unique and specific
cues that insects have evolved to recognize during their association with their host(s) (Visser, 1986; Bernays, 1998). In contrast,
the diversity of visual cues reflected by plants is limited by the
narrower variety of foliar pigments, which cause them to vary
essentially in the “green-yellow-orange” part of the light spectrum
visible to insects. As a result, olfaction is considered to provide
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Psyllid vision and host selection

concentrated more on their olfactory responses (Valterovà et al.,
1997; Soroker et al., 2004; Gross and Mekonen, 2005; Mayer et al.,
2008; Patt and Sétamou, 2010). However, as in aphids, psyllids
exhibit only weak chemotactic responses in the absence of visual
cues (Hodkinson, 1974; Wenninger et al., 2009; Patt et al., 2011)
and seem to possess an even less developed olfactory apparatus—
which may only operate in host alternating species. An obvious
limiting factor in the understanding of visual mechanisms in psyllids in psyllids is small size and the softness of their eyes, which has
impeded the acquisition of physiological data.
In this study, we quantified the color preferences of four species
of psyllid specialized on young to recently expanded leaves of different eucalypt hosts displaying distinct inter- and intra-specific
optical characteristics. We sought to address the following topics: (1) whether psyllid color preferences are comparable to those
exhibited by aphids and whiteflies; (2) whether color preferences
are conserved between species; (3) whether the attraction to long
wavelengths (red) exhibited by two of the species relies on stimuli intensity and/or their contrast against the background. Our
ultimate objective, of which this study is an initial component, is
to determine the ecological significance of vision in the utilization of eucalypts by psyllids. Red coloration of young leaves is not
uncommon in eucalypts, which suggests that attraction to long
wavelengths may occur in many other eucalypt-feeding psyllids.

more characteristic and reliable cues to insects in search of a
specific host (Prokopy and Owens, 1983; Döring, 2014).
Nevertheless, most research indicates that vision is essential
in aphid and whitefly orientation and most early studies failed
to observe any chemotactic responses to host plant volatiles
(Kennedy and Stroyan, 1959; Kennedy et al., 1961; Vaishampayan
et al., 1975b; Pickett et al., 1992). More recent works have
revealed behavioral and electrophysiological responses to host
plant volatiles (Pickett et al., 1992; Visser et al., 1996; Pickett
and Glinwood, 2007), which presumably assist host-alternating
aphids during their migration and return to seasonal hosts.
Similar observations were made with whiteflies (Vaishampayan
et al., 1975b; Mellor and Anderson, 1995; Bleeker et al., 2009)
although, as in aphids, the simultaneous application of visual
stimuli was often required to elicit chemotactic responses to host
plant odors.
One reason why many Sternorrhyncha rely to a lesser extent on
olfaction probably resides in their poor abilities of active flight,
which greatly hinders their capacity to follow airborne signals.
Studies of flight behavior have shown that aphids and whiteflies
use vision to control their groundspeed but can’t sustain upwind
flights in airflows exceeding 1 m.s−1 (Kennedy and Stroyan, 1959;
Kennedy and Thomas, 1974; Isaacs et al., 1999). Thus, their flight
abilities are restricted in terms of distance (i.e., a few meters) and
altitude. Migrations over long distances, observed during host
alternation, are principally wind-assisted.
Visual perception of color stimuli has been shown to strongly
influence aphids and whiteflies orientation. Most studies have
shown that aphids (Kennedy et al., 1961; Moericke, 1969; Prokopy
and Owens, 1983; Hardie, 1989; Döring, 2014) and whiteflies
(Vaishampayan et al., 1975a,b; Coombe, 1982; Isaacs et al.,
1999) orient preferentially toward green and yellow surfaces.
Insect color perception is dependent upon the sensitivity of
their photoreceptors. Since most insects possess the same chromophore (vitamin A1 based, 11-cis retinal), their sensitivity to
light wavelength remains relatively conserved exhibiting maximal sensitivities in the UV, blue and green regions of the
light spectrum (Briscoe and Chittka, 2001). Although it has
not been as clearly demonstrated as with honeybees using psychophysics and electrophysiology (von Frisch, 1914; Daumer,
1956; Von Helversen, 1972; Peitsch et al., 1992), early studies demonstrated that aphids do exhibit intensity-independent
behaviors in response to specific wavelengths (Moericke, 1955b)
and are likely to possess a color-opponent mechanism (Moericke,
1950; Chittka and Döring, 2007) which are prerequisites for
color vision (Menzel, 1979; Kelber et al., 2003). Moreover, recent
works involving electrophysiological techniques have confirmed
the existence of three photoreceptor types in at least two species
of aphids (Kirchner et al., 2005; Döring et al., 2011). As a consequence, although it has not been convincingly demonstrated,
aphids are suspected to have color vision (Döring and Chittka,
2007).
Unlike aphids and whiteflies, color preferences in psyllids have
rarely been tested. This is mostly due to the fact that psyllids, like
aphids, are presumed to be responsive to yellow-green (Mensah
and Madden, 1992; Brennan and Weinbaum, 2001; Al-Jabr and
Cranshaw, 2007; Hall et al., 2010), and therefore research has

Preliminary studies to devise an effective bioassay to study psyllid color preferences began in April 2011. Color preferences were
assessed in a multiple-choice arena (described in Figure 1). The
arena was formed using a 15.5 cm diameter glass Petri dish, the
inside of which was lined with a gray non-fluorescent background cardboard (160 gsm; K.W Doggett, Melbourne, Australia)
with the same underneath. Background and stimuli colors were
edited using Microsoft Powerpoint using custom RGB settings
and printed on the same cardboard sheets (to avoid the use of
glue) using a Xerox 4350 printer. The gray background color
was identical in all experiments (R:166, G:166, B:166; 35% light
reflecting). Stimuli were square color targets (4 × 4 cm) presented
on the “walls” equidistantly distributed around the perimeter
of the arena. Males and females were tested in separate arenas
and the surface of the dish was wiped with 90% ethanol after
every second or third insect to eliminate any potential influence
from olfactory cues. Arenas were rotated 90◦ after every psyllid to
exclude potential position effects. Stimuli and their spatial order
were replaced several times a day (after every 12 insects at most)
and a new arena used after each series of bioassays.
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MATERIALS AND METHODS
PSYLLIDS

Psyllids were field collected within the State of Victoria (Australia)
and colonies of each species maintained in a climate-controlled
glasshouse on potted hosts of Eucalyptus globulus (C. eucalypti),
E. kitsoniana (C. bipartita), and E. camaldulensis (A. bundoorensis
and G. brimblecombei). Since psyllids were most abundant during the austral spring-summer, most bioassays were conducted
between November and April when the most characteristic host
location and assessment behaviors are exhibited in the field.
BEHAVIORAL BIOASSAY
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FIGURE 1 | Illustration of the color choice bioassay. Psyllids were placed
initially on the white dot in the center of the arena and allowed 30 min to
choose one of the vertical color targets. A choice is considered to have
been made when the psyllid adopts a vertical position on any area of the
wall of the arena.

Tests were conducted in a controlled laboratory chamber
surrounded by white fabric curtains and illuminated from the
top by four Philips Master TLS HE slimline 28 W/865 UV+
daylight fluorescent tubes (Philips, Holland) with specially fitted high frequency (1200 Hz) ATEC Jupiter EGF PMD2614–35
electronic dimmable ballasts. A sheet of Rosco 216 white diffusion screen (Rosco, Munich, Germany), which does not impede
UV transmission, was used to diffuse the light in the chamber, providing a controlled illumination close to the spectral
quality of natural illumination for insects (Dyer, 2006). The
intensity of light in the arena was measured with a Fieldscout
Quantum light meter (Spectrum Technologies, Inc., USA) and
kept constant at 70 µmol.m−2 .s−1 (≈5180 lux). The illumination under the screen to which psyllids were exposed is shown in
Figure 2A.
Innate color preference of psyllids from glasshouse colonies
was tested individually and only once to eliminate pseudoreplication effects. Each insect was cooled in a freezer for up to
240 s to be anaesthetized before being placed in the center of
the arena with a fine paintbrush. A video camera (540TVL high
resolution, EVO series, Pacific Communications, Australia) was
positioned approximately 60 cm above the arena allowing real
time observation of psyllid behavior. After approximately 2 min,
psyllids recovered and began foraging. Each psyllid was allowed
to roam the arena for up to 30 min. Whilst this required a long
test time to collect data, the method enables a unique perspective
on how psyllids make color choices. Psyllid foraging behavior and
their trajectories varied markedly between species. However, all
insects were apparently able to perceive color stimuli from across
the dish and most individuals tested exhibited a number of turns
in the central area of the arena before orientating directly toward
one of the color stimuli. A choice was considered to have been
made when a psyllid climbed the wall of the arena. The color of
the vertical surface on which psyllids climbed determined their
choice. Psyllids climbing on the background instead of a color
target were categorized as choosing “G166.” In most cases, psyllids
climbed on the central area of color stimuli, although a number of

individuals chose the edge of the color square. Psyllids not having
made a choice within 30 min were considered “non-choosing”
and were not included in the data.
EXPERIMENT 1: COLOR PREFERENCES

Psyllid preferences for three color stimuli were tested first: to
“green” (R:0, G:255, B:0), “yellow” (R:255, G:255, B:0), and
“red” (R:255, G:0, B:0) with an equidistantly spaced gray space
(reflectance spectra presented in Figure 2A). We standardized
preferences for the proportion of the circumference of the arena
colored by each target. Specifically, the perimeter of the background was seven-fold higher than that of each single color
stimulus and consequently the probability that a psyllid would
choose gray over the other available stimuli was seven times more
likely if their preference was random.
EXPERIMENT 2: PERCEPTION OF LONG WAVELENGTHS

Under the assumption that the psyllid visual system is not sensitive to long wavelengths, long wavelength reflecting stimuli like
“red” should be cryptic to psyllids. Therefore, we tested whether
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FIGURE 2 | Reflectance spectra of the different targets used as stimuli.
(A) Shows targets corresponding to the green, yellow, and red targets used
to assess preferences of psyllids for chromatic stimuli. The insert
represents the irradiance spectrum of the lighting in the arena.
(B) Represents the spectra of the different shades of gray employed to
determine psyllids’ attraction to achromatic stimuli. Note the spectrum of
G166 corresponding to the gray used as the background color in all
bioassays.
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the two red attracted species A. bundoorensis and G. brimblecombei were able to discriminate between red and a very
low reflecting stimulus, namely G45 (reflectance spectrum in
Figure 2B). In this experiment, the proportion of the perimeter of
the arena covered by the background was eight-fold greater than
that of the red and G45 stimuli.
EXPERIMENT 3: ATTRACTION AS AFFECTED BY STIMULUS INTENSITY

To test whether the choice of the two species A. bundoorensis
and G. brimblecombei attracted to the red is influenced by stimulus intensity, their preferences for six shades of gray stimuli
(4 × 4 cm) presenting a relatively similar and constant reflectance
across the spectrum but with different intensities was tested
(reflectance spectra in Figure 2B). Under these conditions, if psyllid attraction to “red” was intensity-dependent, we would expect
psyllids to preferentially choose a particular (achromatic) gray
stimulus. The proportion of the perimeter of the arena occupied
by the background was four-fold greater than that of the other
gray stimuli.
REFLECTANCE MEASUREMENTS

Reflectance spectra between 300 and 800 nm were measured with
a USB200+ UV-Vis miniature Fiber Optic spectrometer (Ocean
Optics) equipped with a pulsed xenon module and a 400 µm
reflection probe. A freshly pressed pellet of dry BaSO4 was used
as a white standard (including UV reflectance) to calibrate the
spectrophotometer.
CALCULATION OF STIMULI INTENSITY CONTRAST

In the absence of color vision, insects can rely on receptor specific
contrast or brightness to locate objects in their environment. We
tested how psyllid choice was influenced by the physical intensity
(contrast) of the stimuli against the background. We calculated
the intensity contrast of the different stimuli used in the arena
against the gray background as described in Koshitaka et al.
(2011). We first calculated the intensity of different stimuli using
Equation (1):
Is =

!

650
300

Rs (λ)L(λ)dλ/

!

under our experimental conditions, we assessed the photon catch
of putative psyllid photoreceptors. These calculations aim to
indicate whether a visual system comparable to that described
for other Sternorrhyncha (e.g., aphids) could explain the results
obtained in our behavioral bioassays. The quantity of light
absorbed was calculated using Equation (3):
PR =

!

650
300

Rs (λ)Sr (λ)L(λ)dλ/

!

650
300

Rb (λ)Sr (λ)L(λ)dλ (3)

Where PR is the light absorbed, Rs (λ) the reflectance spectrum of
the stimulus, Sr (λ) the sensitivity of the photoreceptors, L(λ) the
irradiance of the light source and Rb (λ) the reflectance spectrum
of the background. Since the sensitivity of psyllid photoreceptors
is currently not known, we used a Stavenga template for chromophore A1, the most commonly encountered chromophore in
insects, to model spectral sensitivities (Stavenga et al., 1993). By
default, we set the maxima of the hypothetical spectral sensitivities at 340 nm for the β band and varied the λmax of the α
band; from 330 up to 360 nm at 10 nm step intervals for the UV
receptor, 430 up to 460 nm for the blue receptor and 530–560 nm
for the green receptor based on plausible data from Briscoe and
Chittka (2001). The putative photosensitivities used to calculate photoreceptor stimulations are represented in Figure 3. We
considered the photon catch for each value of the α band of
each hypothetical photoreceptor and calculated so the relative
absorbed light in presence of visual stimuli employed in our
experiments against G166 used as background.
STATISTICAL ANALYSES

The influence of gender on color preference was tested using
nominal logistic regression (Quinn and Keough, 2002). For none

650

L(λ)dλ

(1)

300

Where Is is the intensity of the stimulus, Rs (λ) the reflectance and
L(λ) the illumination spectrum.
Then, we calculated the contrast using Equation (2):
IC = log10

Is
Ib

(2)

Where IC is the intensity contrast, Is the intensity of the stimulus
and Ib the intensity of the background.
Finally, we compared psyllid choices with the intensity contrasts of the stimuli they were exposed to in all three behavioral
experiments.
ESTIMATION OF THE QUANTITY OF LIGHT ABSORBED BY RECEPTORS
IN PRESENCE OF VISUAL STIMULI

To determine how the stimuli used in our bioassays would translate in terms of excitation of a UV-blue-green set of receptors
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FIGURE 3 | Putative sensitivities of UV-blue-green photoreceptors
modeled with the Stavenga template for photopigment A1 used in the
calculation of photon catches in Equation (3). Purple curves represent
sensitivities of putative UV receptors for α-band maxima set at 330, 340,
350, and 360 nm, the blue curves those of blue receptors for α-band
maxima set at 430, 440, 450, and 460 nm and the green curves those of
green photoreceptors with α-band maxima set at 530, 540, 550, and
560 nm.
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of the species tested was gender a significant influence on their
color preference: C. eucalypti G (3, n = 127) = 4.443, p = 0.27;
C. bipartita G (3, n = 125) = 1.174, p = 0.759; A. bundoorensis G (3, n = 92) = 0.653, p = 0.884; G. brimblecombei G (3,
n = 104) = 7.101, p = 0.137. Consequently, color preference
data for males and females were pooled. Color preference data
were analyzed using G-tests with sequential Bonferroni correction
for multiple comparisons. Position effects were checked using
Chi-square tests.

RESULTS
EXPERIMENT 1: COLOR STIMULI PREFERENCES OF DIFFERENT PSYLLID
SPECIES

Ctenarytaina eucalypti demonstrated a statistically significant
preference for green over red while attraction to yellow did
not differ significantly from that of green and red (Figure 4A).
Ctenarytaina bipartita exhibited somewhat similar color preferences to C. eucalypti (Figure 4B), however this species was equally
attracted to yellow and green and significantly less attracted
to red. Anoeconeossa bundoorensis was more attracted to red
than the other color stimuli and yellow attracted significantly
more individuals than green (Figure 4C). Glycaspis brimblecombei
responded in a similar manner as A. bundoorensis (Figure 4D).
In all four species, individual psyllids only infrequently chose the
background (Table 1).

FIGURE 4 | Psyllid responses to color stimuli. (A) C. eucalypti,
(B) C. bipartita, (C) A. bundoorensis and (D) G. brimblecombei. n represents
the sample size for each species. Letters above the bars, group color stimuli

Anoeconeossa bundoorensis and G. brimblecombei exhibited strong
preferences when exposed to achromatic (G45) and chromatic
(red) stimuli (Figures 5A,B); both species were attracted to the
red stimulus (Table 2).
EXPERIMENT 3: ORIENTATION TOWARD ACHROMATIC STIMULI

Anoeconeossa bundoorensis and G. brimblecombei exhibited preference for specific shades of gray (Figures 6A,B). Anoeconeossa
bundoorensis preferred the darkest target (G45) to the others.
The brightest gray stimulus (G225) was the second most attractive while G135 was the least attractive gray. A similar result
was observed with G. brimblecombei. However, no significant
attraction to a specific gray was observed (Table 2). The apparent bimodal distribution of psyllid choices for the different gray
stimuli observed with A. bundoorensis, and to a much lesser extent
with G. brimblecombei, suggests that the capacity to detect stimuli against the gray background may have been the main factor
influencing their responses, i.e., psyllids exhibited a tendency to
choose stimuli that were darker or brighter than the background
gray.
INFLUENCE OF STIMULI INTENSITY CONTRAST ON PSYLLID CHOICE

Yellow had the highest intensity ahead of green and red,
respectively. It was also the only stimulus used in Experiment

by level of statistical significance. ∗ Number of psyllids was normalized based
upon the proportion of the circumference occupied by the background color
in the arena.
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EXPERIMENT 2: RED vs. DARK GRAY (G45)
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Table 1 | Summary of statistical tests of bioassays with colored stimuli (Experiment 1).
C. bipartita

C. eucalypti

A. bundoorensis

G. brimblecombei

G2(128, 3) = 64.67, p < 0.001

G2(91, 3) = 94, p < 0.001

G2(103, 3) = 71.2, p < 0.001

COLOR PREFERENCE EXPERIMENTS
G2(124, 3) = 105.2, p < 0.001

G-test

BONFERRONI POST -HOC TEST
Green vs. Yellow

ns

ns

p < 0.01

p < 0.01

vs. Red

p < 0.001

p < 0.01

p < 0.001

p < 0.001

vs. G166

p < 0.001

p < 0.001

p < 0.01

p < 0.01

Yellow vs. G166

p < 0.001

p < 0.001

p < 0.001

p < 0.001

Red

vs. Red

p < 0.001

ns

p < 0.001

p < 0.05

vs. G166

p < 0.05

p = 0.054

p < 0.001

p < 0.001

Table 2 | Summary of statistics for Experiment 2 (red vs. G45) and
Experiment 3 (shades of gray).
A. bundoorensis

G. brimblecombei

RED vs. DARK GRAY G45
G-test

G2(79, 2) = 150, p < 0.001

G2(77, 2) = 80.5, p < 0.001

p < 0.001

p < 0.001

p < 0.001

p < 0.001

ns

ns

G2(113, 6) = 71.4, p < 0.001

G2(115, 6) = 17.0, p < 0.01

BONFERRONI POST-HOC TEST
Red vs. G45
vs. G166
G45 vs. G166
SHADES OF GRAY
G-test

BONFERRONI POST-HOC TEST
G45 vs. G90
vs. G135
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p < 0.05

vs. G166

p < 0.001

ns

p < 0.001

ns

vs. G195

p < 0.001

ns

vs. G225

p < 0.05

ns

p < 0.001

ns

vs. G166

ns

ns

vs. G180

ns

ns

vs. G195

ns

ns

vs. G225

ns

ns

ns

ns

G135 vs. G166

1 with an overall reflectance greater than that of the background G166. However, for none of the four species
of psyllids did stimuli intensities influence their choices
(Figure 7A).
Intensity contrast appears to be the main factor influencing the choice of the two red attracted species in Experiment
3 (Figures 7A,B). Both these species chose the stimuli with
the highest positive or negative contrast to the background
(i.e., G45 and G225). Hence, the bimodal response observed
in Experiment 3 is likely to be the expression of psyllid utilization of the contrast in intensity of the stimulus compared
to the background. However, intensity contrast did not appear

ns

p < 0.001

vs. G180

G90 vs. G135

FIGURE 5 | Psyllid responses in dual choice, red vs. dark gray (G45) of
(A) A. bundoorensis and (B) G. brimblecombei. ∗ Number of psyllids was
normalized based upon the proportion of the circumference occupied by
the background color in the arena.

p < 0.001

vs. G180

p < 0.05

ns

vs. G195

ns

ns

vs. G225

p < 0.001

p < 0.05

G166 vs. G180

ns

ns

vs. G195

ns

ns

vs. G225

p < 0.05

ns

ns

ns

ns

ns

p < 0.05

ns

G180 vs. G195
vs. G225
G195 vs. G225

to be the major driver of psyllid choices in Experiments 1
and 2 (Figures 7A,B). In Experiment 1, psyllids significantly
more often chose the yellow over the green stimulus despite the
higher intensity contrast of the green. Likewise, in Experiment
2, psyllids preferred the red to the dark gray (G45) stimulus
despite the much higher achromatic contrast presented by the
latter.
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FIGURE 6 | Attraction of psyllids toward achromatic stimuli of (A)
A. bundoorensis and (B) G. brimblecombei. ∗ Number of psyllids was
normalized based upon the proportion of the circumference occupied by
the background color in the arena.

LIGHT ABSORBED BY PHOTORECEPTORS MODELED USING THE
STAVENGA TEMPLATE

For all α band maxima of hypothetical green receptors, the
photon catch of “yellow” was at least two-fold greater than
that of “green” and six- to 10-fold greater than that of “red”
(Figures 8A–C). The photon catch of the modeled UV and blue
receptors was comparable for the “yellow” and “green stimuli”
for all α band maxima whereas the “red” stimulus did not reflect
in this region of the spectrum. The photon catch of the “red”
stimulus was between that of G45 and G90 when the α band
peaked between 530 and 550 nm and closely matches that of
G90 for 560 nm (Figures 8C,F,I). The intensity of “yellow” was
between that of G180 and G195 for an α band set at 530 nm and
approaching the intensity of G195 for an α band maximum set at
560 nm.

DISCUSSION
This study is, to our knowledge, the first to comprehensively
address psyllid responses to colors under controlled conditions
and using stimuli of known reflectance. Ctenarytaina eucalypti
and C. bipartita were attracted to “green” and “yellow” stimuli.
Ctenarytaina bipartita preferred yellow and green significantly
more than red but only green was significantly more attractive to C. eucalypti than red. The preference for yellow and
green stimuli exhibited by these two species concurs with the
responses of other Sterrnorhyncha such as aphids (Kennedy et al.,
1961) and whiteflies (Vaishampayan et al., 1975b; Coombe, 1982).
Moreover, similar species-specific differences in color preferences
have been shown to occur in aphids (Moericke, 1969; A’brook,

1973; Kieckhefer et al., 1976) and curiously, according to season (Moericke, 1955a; Prokopy and Owens, 1983; Ramirez et al.,
2008). Our results are consistent with field studies in which higher
catches of psyllids were obtained using yellow and green sticky
traps (Mensah and Madden, 1992; Brennan and Weinbaum, 2001;
Al-Jabr and Cranshaw, 2007; Hall et al., 2010). The current findings also complement lab studies that have shown that olfactory
responses to host plant volatiles are enhanced when experienced
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FIGURE 7 | Influence of stimuli intensity on psyllid choices (A) Shows
the influence of stimuli intensities (see Equation 1) on the proportion
of choosing psyllids. (B,C) represents psyllids choices according to the
intensity contrast of the stimuli (see Equation 2) against the background
used in the different behavioral experiments.
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FIGURE 8 | Comparison of the quantity of light caught by putative
psyllid photoreceptors. Bars represent relative photon catch of hypothetical
photoreceptor sensitivities. Purple bars represent the quantity of light caught
by the UV receptor (for αmax = 330, 340, 350, and 360 nm, successively);

Psyllid vision and host selection

blue bars those of the blue receptor (for αmax = 430, 440, 450, and 460 nm
successively); and green bars those of the green receptor (for αmax = 530,
540, 550, and 560 nm) when exposed to color stimuli (A–C) and different
shades of gray (D–I) under similar background conditions (G166).

in conjunction with green or yellow stimuli (Wenninger et al.,
2009; Patt et al., 2011).
By contrast, Anoeconeossa bundoorensis and Glycaspis brimblecombei strongly preferred “red” stimuli. “Yellow” was the
second most chosen stimulus while “green” was only chosen
occasionally. These observations contrast markedly with those
of C. eucalypti and C. bipartita and more importantly with the
literature pertaining to herbivorous insects. Since psyllid vision
has received so little attention, it is currently impossible to estimate the incidence of attraction to long wavelength (red) stimuli
among different species of psyllids, let alone more broadly within
Hemiptera. High catches of the spruce aphid on red sticky traps
is, to our knowledge, the only example of attraction to red
within Sternorrhyncha (Straw et al., 2011). The preference of
A. bundoorensis and G. brimblecombei for “red” forces us to consider that psyllid responses to color may not be limited to the
usual yellow-green attraction observed in aphids.

The other question arising from our findings is how red
is perceived by psyllids. Although most insects are known to
have inherited the ancestral UV-blue-green set of photoreceptors
(Chittka, 1996), their visual systems evolved different mechanisms to tune their spectral sensitivities to the cues most important to them. Thus, some insects, via the evolution of specific
long wavelength photoreceptors and/or screening pigments, are
able to perceive “red” as a true color. This is the case in numerous nectar-feeding lepidopterans and is not uncommon in other
insect orders such as Odonata, Coleoptera and Hymenoptera. In
most instances, the presence of “red” receptors is phylogenetically
isolated and appears to be a consequence of convergent evolution (Briscoe and Chittka, 2001). Alternatively, “red” is perceived
in the absence of specific red receptors via intensity-dependent
stimulation of green photoreceptors. In the latter mechanism,
called achromatic vision, “red” is perceived as a contrast or a level
of brightness of the stimulus against its background. Achromatic
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insect vision has been shown to be involved in the detection
of objects at long distance or under low light conditions. For
instance, honeybees have been shown to rely alternately on chromatic and achromatic vision according to the visual angle of stimuli (Giurfa et al., 1997; Reisenman and Giurfa, 2008). Likewise,
achromatic vision allows bees to detect red flowers although their
conspicuousness is highly dependent on the background composition (Chittka and Waser, 1997). Some ant species have been
shown to accurately discriminate between different color stimuli despite the apparent presence of a single photoreceptor type
(Aksoy and Camlitepe, 2012). These examples demonstrate that
attraction to a specific stimulus “color” may not be mediated by a
color perception.
Given the current knowledge of hemipteran visual systems,
psyllids have been presumed to be insensitive to long (red) wavelengths. However, our results show that, in the presence of a
red and a dark gray (G45) stimulus of very low reflectance, two
of the species of psyllids tested prefer “red” (Figure 5). This
demonstrates that psyllids are somehow sensitive to long wavelengths, and such sensitivity promotes very clear preferences.
Applying the extant wisdom, psyllids should not be able to discriminate between these two “dark” objects. One explanation for
how insects might perceive long wavelength “red” radiation is
via an achromatic mechanism as has been recently described in
the rice leafhopper (Wakakuwa et al., 2014). This study revealed
that under sufficiently high illumination conditions, leafhoppers
could detect and orient toward long wavelengths stimuli when
presented in a Y-maze apparatus. Electroretinograms and histological studies were conducted to prove that those responses
were elicited in the absence of a specific long wavelength receptor, and that perception in the near infrared derived from the tail
sensitivity of green receptors.
The possible role of a similar mechanism in psyllids was
addressed in Experiment 3 by exposing psyllids to a variety
of achromatic stimuli. Slight preferences for the darkest and
brightest targets over the background indicate that psyllids used
achromatic vision to locate the different gray stimuli. However,
psyllids did not exhibit strong preference for any specific achromatic stimulus, in contrast to the very clear choices made in the
presence of color stimuli. Calculations of intensity contrasts show
that the dark gray (G45) offers a much greater contrast compared
to the red stimulus (Figure 7A). Consequently, if contrast was the
main factor influencing psyllid choice, dark gray (G45) would
have been preferred over red. Likewise, reflectance calculations of
the different stimuli reveal that the contrast of the “red” stimulus relative to the gray background is intermediate between that
of G90 and G135 (Figures 7B,C), but neither of these targets was
preferred. Hence, our results suggest that contrast of the stimuli
against the background alone does not suffice for psyllids to prefer a specific stimulus. However, to appropriately address whether
red can be perceived independently from intensity, responses of
psyllids in the simultaneous presence of a red and various shade
of grays need to be investigated.
Relative photon catches by putative UV-blue-green photoreceptors presented in Figure 8 show that, for all different
sensitivity maxima tested, “red” stimulus associated stimulation varies only for the green photoreceptor. The intensity of
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stimulation of the green receptor would fluctuate between that
of G45 (for λmax = 530 nm) and that of G90 (λmax = 560 nm).
Consequently, under the assumptions of the UV-blue-green
model, and attraction to red mediated by the achromatic pathway,
psyllids would not be able to discriminate between red and G45
(Experiment 2) and would prefer either G45 or G90 (Experiment
3). Our modeling of potential achromatic mechanisms did not
find strong support for an achromatic explanation. However,
considering the paucity of physiological data in Sternorrhyncha
for which spectral sensitivity of only three species is known to
date (Mellor et al., 1997; Kirchner et al., 2005; Döring et al.,
2011), the assumptions of the modeling of putative photoreceptors incite us to remain cautious. Whilst our current findings
may be explicable by a trichromatic visual system consistent
with the principles outlined in Wakakuwa et al. (2014), our
results do suggest that it would be of value for future research
to explore the possibility of a red-sensitive receptor in psyllid species using either electrophysiological or DNA-sequencing
techniques.
Since the reflectance of leaves differs most noticeably in the
green region of the spectrum and beyond (>500 nm), the addition of a red receptor to UV-blue-green receptors greatly increases
the potential to detect different foliar hues (Lythgoe, 1979). For
instance, red receptors in sawflies (Peitsch et al., 1992) and swallowtail butterflies (Kelber, 1999; Kelber et al., 2003; Kelber, 2006)
have been shown to allow color-based discrimination of leaves
of different age. Importantly, this capacity permits such insects
to exhibit oviposition preferences that are based on leaf age.
The existence of a red receptor in an individual species within
a given taxon, e.g., in the oligolectic bee Callonychium petuniae (Wittmann et al., 1990), demonstrates that its occurrence
can be sporadic and reflective of the relative influence of specific ecological interactions and such instances may explain why
we observe statistically different behavioral differences between
closely related psyllid species.
In summary, our results demonstrate that psyllids are sensitive
and attracted to long wavelengths. Since our modeling and psyllid responses in the presence of achromatic stimuli do not allow
us to exclude an intensity-independent attraction to long wavelengths, the mechanism mediating attraction to “red” remains to
be resolved.
The ecological motives for “red” attraction are potentially
significant. Red coloration in leaves is ontogenetically related,
generally as an adaptive response to abiotic stressors (nutrient
deficiency, drought, cold, photoinhibition and all of the aforementioned acting in conjunction with herbivory); it is produced
by the synthesis of foliar anthocyanins. Since anthocyanins share
the same biosynthetic pathway (i.e., phenyl propanoid pathway)
as defensive compounds such as phenolics, their presence often
coincides with chemically well defended leaves of low palatability (Lev-Yadun and Gould, 2009). The co-evolution theory
proposes that red colors in autumnal reddening leaves evolved
for aposematic ends to reduce herbivore loads (Hamilton and
Brown, 2001; Archetti and Brown, 2004). But other theories
posit the physiological benefits conferred by anthocyanins in
reducing photo-oxidative stress during nutrient recovery from
senescing leaves and the protection of photosynthetically active
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(young) leaves from excess light (Close et al., 2001; Schaefer and
Wilkinson, 2004; Schaefer and Rolshausen, 2007). For deciduous plants, “red” advertises the imminence of leaf abscission.
Consequently, the general consensus is that there is little imperative for herbivorous insect to be attracted to red leaves and
typically anthocyanin-rich senescing leaves are not utilized by
sucking insects (Kennedy et al., 1961; Chittka and Döring, 2007).
Although it has attracted much less attention, “red” coloration is also common in young, expanding leaves of many
evergreen trees (Chalker-Scott, 2002; Karageorgou and Manetas,
2006; Manetas, 2006; Hughes, 2011) including those in the genus
Eucalyptus (Sharma and Crowden, 1974; Thomas and Barber,
1974; Specht and Brouwer, 1975). Since variations in pigment
concentrations are often associated with changes in leaf physiology, they should provide cues to psyllids and other insects reliant
on visual location and assessment of hosts. Although examples are
scarce, some studies have shown how insects can exploit visual
cues to locate host leaves (Prokopy et al., 1983; Reeves, 2011).
There is somewhat more evidence concerning how foliar pigments attract herbivores to leaves of a specific physiological state
(Kennedy et al., 1961; Vaishampayan et al., 1975b; Prokopy and
Owens, 1983; Shoonhoven et al., 2005). Hence, the discrimination of host from non-host plants based on visual cues is most
likely to be the exception rather than the rule and probably
depends importantly on the diversity and the architecture of the
surrounding vegetation. However, in the context of small sucking insects with limited dispersal capacities, plant pigments could
certainly act as cues by which to locate and orient toward of a
preferred leaf type or age within a single host. Interestingly, the
two red attracted psyllids are specialist-feeders on young foliage
of the same host (Eucalyptus camaldulensis), which usually has
red young and recently expanded leaves (see Figure 9). However,
similar red foliage is not expressed by the hosts of the greenyellow attracted psyllids. Consequently, there already appears to
be anecdotal evidence of tuning of psyllid visual responses mediated by their respective host’s foliar colors. Thus, we believe that
attraction to red could confer an advantage to psyllids searching
for young leaves because it is not associated with leaf abscission.
However, whether “red” host leaves elicit similarly strong attraction in natural conditions as artificial “red” color in our bioassay
remains to be tested. Visual contrast dictated by color stimuli and
the background upon which those are applied has been shown to
influence aphid’ attraction to “green” stimuli (Döring et al., 2004;
Döring, 2014). Future studies should attempt to measure psyllid responses to more realistic stimuli under natural background
conditions.
Following alighting on a plant, aphid host range is ultimately
determined by gustatory cues which determine whether alates
settle or resume their search for a host (Powell et al., 2006).
Recent work has shown that nutrient availability and quality
may also influence psyllid establishment on host leaves (Taylor,
1997; Steinbauer, 2013) suggesting a direct parallel with processes
by which some aphids select yellow autumnal leaves with high
concentrations of mobilized nitrogen (Holopainen and Peltonen,
2002; Chittka and Döring, 2007; Döring and Chittka, 2007). The
associations between foliar reflectance spectra, the ontogeny of
host eucalypt leaves and their nutritional quality are ongoing
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FIGURE 9 | Reflectance spectra of young (“red”) and older (“green”)
Eucalyptus camaldulensis leaves.

avenues of research by our group. Future papers of ours will
address visually mediated host specificity in psyllids and whether
foliar pigments provide information on plant physiology vital to
their success.
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Abstract
Insects have evolved morphological and physiological adaptations in response to
selection pressures inherent to their ecology. Consequently, visual performances and
acuity often significantly vary between different insect species. Whilst psychophysics
has allowed for the accurate determination of visual acuity for some Lepidoptera and
Hymenoptera, very little is known about other insect taxa that cannot be trained to
positively respond to a given stimulus. In this study, we demonstrate that prior
knowledge of insect colour preferences can be used to facilitate acuity testing. We
focused on four psyllid species (Hemiptera: Psylloidea: Aphalaridae), namely
Ctenarytaina eucalypti, Ctenarytaina bipartita, Anoeconeossa bundoorensis and
Glycaspis brimblecombei, that differ in their colour preferences and utilization of
different host-plant modules (e.g. apical buds, stems, leaf lamellae) and tested their
visual acuity in a modified Y-maze adapted to suit psyllid searching behaviour. Our
study revealed that psyllids have visual acuity ranging from 6.3° to 8.7°.
Morphological measurements for different species showed a close match between
inter-ommatidial angles and behaviourally determined visual angles (between 5.5°and
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6.6°) suggesting detection of colour stimuli at the single ommatidium level. Whilst
our data support isometric scaling of psyllids eyes for C. eucalypti, C. bipartita and G.
brimblecombei, a morphological trade-off between light sensitivity and spatial
resolution was found in A. bundoorensis. Overall, species whose microhabitat
preferences require more movement between modules appear to possess superior
visual acuity. The psyllid searching behaviours that we describe with the help of
tracking software depict species-specific strategies that presumably evolved to
optimize searching for food and oviposition sites.

Key words: eye parameter, inter-ommatidial angle, visual angle, foliage

Introduction
The occurrence of insects in a wide array of ecological niches has contributed to the
tuning of their visual systems to optimize their capacity to perform key tasks under
relevant light conditions (Snyder, 1979; Briscoe and Chittka, 2001). The capacity of
visual systems to reliably detect a stimulus is determined, in part, by the spectral
sensitivity of their photoreceptors, which governs the wavelengths at which excitatory
responses are elicited. Consequently, the salience of a stimulus depends on its
reflectance and the background composition with which it creates a chromatic or
achromatic contrast with the latter. In complex natural environments, other variables
such as stimulus size, shape and distance from the eye also strongly influence
behavioural outcomes. Visual acuity (also termed spatial resolution) is constrained by
morphological characteristics of the eye: the number and size of facets (influencing
light sensitivity) and the angle between facets (influencing spatial resolution) act to
determine spatial limitations of object detection under given light conditions
(Kirschfeld, 1976; Snyder, 1979; Land, 1997; Land and Chittka, 2013). Small interommatidial angles offer better acuity and therefore allow insects to detect relatively
small stimuli located at greater distance (Land, 1997; Land and Chittka, 2013).
However, small inter-ommatidial angles necessitate large lenses to assure sufficient
light sensitivity and are therefore associated with larger eye size (Land, 1981,1997).
Thus, for an equal eye size, greater ommatidial diameter translate into a greater light
sensitivity but result in a loss of resolution. Hence, adaptations in eye morphology and
physiology appear to be driven by evolutionary trade-offs that are responses to light
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environments and the tasks insects need to achieve to enhance survival (Snyder, 1979;
Land, 1981; Warrant and McIntyre, 1993; Briscoe and Chittka, 2001; Spaethe and
Chittka, 2003; Warrant and Nilsson, 2006).
Visual acuity is of particular interest for understanding insect search behaviour and
strategy as it influences the spatial basis of stimuli detection in their natural
environment (e.g. prey, flowers or leaves). Insect visual acuity has been determined
for species of Lepidoptera and Hymenoptera by taking advantage of conventional
learning paradigms that condition insects to respond to specific stimuli associated
with a nutritional reward (e.g. von Frisch, 1967; Lehrer and Bischof, 1995; Kinoshita
et al., 1999; Takeuchi et al., 2006; Dyer et al., 2008; Galizia et al., 2011; de Ibarra et
al., 2014). Indeed the utility of conditioning techniques has meant that these insects
have been used as model species to understand insect vision. The use of
psychophysics has facilitated demonstration of the ability of honeybees, Apis
mellifera L., to use both colour and intensity contrasts in detection, orientation and
landing tasks (Srinivasan and Lehrer, 1988; Lehrer and Srinivasan, 1993; Lehrer,
1994; Lehrer and Bischof, 1995). The relative importance of chromatic or achromatic
dimensions of honeybee vision has been shown to depend on specific visual tasks.
Achromatic vision is used for tasks such as navigation (Srinivasan, 2014), shape
recognition (Stach et al., 2004), assessment of size (Avarguès-Weber et al., 2014),
optic flow processing (Chittka and Tautz, 2003) and distance estimation (long range)
whereas colour vision is mainly used for flower selection over short distances (Giurfa
et al., 1996). However, some diurnal Lepidoptera rely more heavily on colour rather
than on achromatic contrast (Kelber, 2005) even at visual angles close to that of their
inter-ommatidial angle (≈1°) (Takeuchi et al., 2006). Interestingly, in spite of
relatively comparable spectral sensitivities and eye structures, bumblebees were
shown to detect colours at significantly smaller visual angles than honeybees (≈ 3° vs
15° for honeybees) (Dyer et al., 2008; Wertlen et al., 2008) but to not perform as well
in colour discrimination tasks (Dyer et al., 2008). This suggests a trade-off between
acuity and colour discrimination that may arise as a result of different ecological
habitats in which a bee species evolved (Dyer et al., 2008; Bukovac et al., 2013).
Energetic costs associated with the maintenance of sensory organs and the coding of
visual information may regulate these trade-offs and lead insects to reduce to the strict
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minimum, morphological and resource allocation to their visual system (Niven et al.,
2007).
The inter-ommatidial angle is also used as an indicator of spatial resolution. Predatory
insects generally exhibit the smallest inter-ommatidial angles, e.g. 0.24° for the
dragonfly Anax junius (Drury), conferring on them a higher resolution as required for
predation. For comparison, the inter-ommatidial angle of lepidopterans and
hymenopterans ranges between 0.5 and 2.5°, e.g. 1.7° for A. mellifera (Land, 1997).
However, these measurements are somewhat less informative than behavioural data as
they do not necessarily correspond to minimum visual angles required for detection
and do not necessarily allow for the assessment of minimum angles for colour
detection (Giurfa et al., 1996; Dyer et al., 2008). In addition, inter-ommatidial angles
on their own may only indicate physical limitations at the peripheral level (i.e. eye
structure) but may not give an insight into subsequent neural processing of visual
inputs (Dyer et al., 2011).
Psyllids (Hemiptera: Psylloidea) are small sucking insects, the majority of which are
highly host specific for many economically and ecologically important plant species
which they directly (damage caused by feeding) or indirectly (pathogen vector) injure
(Hodkinson, 2009; Grafton-Cardwell et al., 2013; Nissinen et al., 2014; Walker et al.,
2014). Australian species (i.e. approximately 15% of the world’s psyllid fauna) are of
particular interest with regard to host specificity because of their explosive radiation
on myrtaceous hosts; 90 % of these species feed on Eucalyptus alone (Yen, 2002;
Austin et al., 2004; Hollis, 2004; de Queiroz et al., 2012). Currently, the mechanisms
that underpin psyllid host specificity, such as host finding, nutrition and dispersal, are
not well understood. Hence, greater insight into how psyllids perceive and exploit
different host cues (such as leaf colour) would be of great value for identifuing key
factors that determine host range. There is a paucity of physiological, behavioural or
morphological data on visual acuity in Hemiptera generally. These studies include
behavioural observations of the detection thresholds of “yellow” targets relative to
their size by aphids (Moericke, 1955), the measurement of the inter-ommatidial
angles of a limited range of Hemiptera including two aquatic (predatory) species,
namely Gerris paludum F. and Notonecta glauca L., (Schwind, 1989; Dahmen, 1991)
and a more recent compilation of morphological optics data on twenty aphid species
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(Döring and Spaethe, 2009). No study that we are aware of has been able to combine
behavioural and morphological approaches to enable robust between-species trade-off
comparisons in Hemiptera.
Plants leaves vary in shape, size and colour depending on species and leaf ontogeny.
Hence, the capacity of the psyllid’s visual system to detect host leaves relies on its
perception of leaf colours and its ability to resolve objects in natural conditions.
Colour vision is the perception and discrimination of light wavelength radiation
independently from intensity (Kelber and Osorio, 2010). The basic requirements to
demonstrate colour vision in an organism include the presence of at least two classes
of photoreceptor of varying spectral sensitivity, behavioural evidence for intensityindependent colour discrimination and evidence of the ability to process different
spectra inputs via colour opponency mechanisms (Kelber and Osorio, 2010; Kemp et
al., 2015). Considering colour vision has, to date, only been conclusively
demonstrated for a limited number of vertebrate and invertebrate model organisms, a
framework was recently presented for contributions pertaining to the possible
existence of colour perception in new taxa for which not all information currently
exists to definitely prove colour vision (Kemp et al., 2015). Here, we thus use the
term “colour vision” with respect to psyllids because: (1) the existence of different
classes of photoreceptors (i.e. UV, blue, green) has been demonstrated in a number of
closely related hemipteran species (Briscoe and Chittka, 2001), including some
insects belonging to the same suborder Sternorrhyncha such as aphids (Kirchner et al.,
2005; Döring et al., 2011) and whiteflies (Mellor et al., 1997); (2) a colour opponent
mechanism has been shown to exist in aphids (Moericke, 1950; Döring and Chittka,
2007); and (3) there is recent evidence for intensity-independent preferences for
colours in Eucalyptus-inhabiting psyllids (Farnier et al., 2014).
The recent study by Farnier et al. (2014) also showed that colour preferences vary
between different species of Eucalyptus-feeding psyllids. Specifically, Anoeconesossa
bundoorensis and Glycaspis brimblecombei which share the same host (Eucalyptus
camaldulensis) and which produces young “red” anthocyanic leaves, are primarily
attracted to long wavelength rich “red” stimuli. In contrast, Ctenarytaina eucalypti
(bluegum psyllid) and C. bipartita were shown to prefer “yellow” and “green” stimuli
(Brennan and Weinbaum, 2001; Farnier et al., 2014). Thus, we have evidence that
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psyllid colour preferences are adaptations of their visual system to facilitate their
search for food and oviposition sites.
Differences in colour preferences between closely related species may not necessarily
be explained by spectral sensitivity. Recently, Telles et al. (2014) gave an example
from Lepidoptera for how interactions between the peripheral and higher brain centres
up- or down-regulate the sensitivity or weight given to different colour channels,
possibly in relation to motivational state (Telles et al., 2014). This shows that
physiological data are sometimes inadequate indicators of behavioural outcomes.
Visual acuity is of particular interest for appreciating the distance range from which
visual cues are operant with respect to psyllid searching for hosts and to understand
how vision impacts their searching behaviour at the “between-host” level during
dispersal (and/or host alternation) or within host canopy level to locate their preferred
leaf type and sites for egg-laying. A strict definition of “acuity” refers to the minimum
resolvable angle subtended by the spatial frequency of a pattern such as stripes of a
grating. Here, we refer to acuity as the smallest single object detectable by the eye or
“single object threshold” which can be interpreted as the “minimum visible” in
opposition to the “minimum separable” measured with gratings (Land, 1997).
In this study, we tested visual acuity by assessing the single object threshold of
species of Eucalyptus psyllid (C. eucalypti, A. bundoorensis and G. brimblecombei)
using a binary choice assay inspired from the conventionally used Y-maze that we
adapted to suit psyllid searching behaviour. We conducted morphological
measurements on the eyes and quantified the searching behaviour of four species of
psyllids (C. eucalypti, C. bipartita, A. bundoorensis and G. brimblecombei). We
discuss our findings in the light of the current knowledge on insect vision and psyllid
feeding and microhabitat preferences.

6

Material and Methods
Psyllids
Glycaspis brimblecombei Moore (from Eucalyptus camaldulensis Dehnh.) and
Ctenarytaina bipartita Burckhardt, Farnier, Queiroz, Taylor & Steinbauer (from E.
kitsoniana Maiden) were collected from populations on the Bundoora Campus of La
Trobe University and at Hoddle Range (State of Victoria, Australia), respectively. C.
eucalypti (Maskell) were collected from a Eucalyptus globulus Labill. plantation at
Clonbinane. Anoeconeossa bundoorensis Taylor & Burckhardt were taken from a
glasshouse colony maintained on potted E. camaldulensis. Experiments were
conducted between May 2012 and October 2014 during the austral spring-summer,
which corresponds to the peak of psyllid activity in the field. Important aspects of the
feeding and oviposition behaviours of our model species are available in (Moore,
1961; Morgan, 1984; Burckhardt et al., 2013; Taylor et al., 2013).

Y-maze bioassay
The object detection threshold of different psyllid species was tested in a V-shaped
maze, which was adapted from a conventional Y-shaped maze previously used to test
free-flying insects (Giurfa et al., 1996; Giurfa et al., 1997; Reisenman and Giurfa,
2008) and, more recently, walking insects (Yilmaz et al., 2014; de Brito Sanchez et
al., 2015). Experiments were conducted in a controlled laboratory chamber
surrounded by white fabric curtains and illuminated from the top by four Philips
Master TLSHE slimline 28W/865UV+ daylight fluorescent tubes (Philips, The
Netherlands) with specially fitted high frequency (1200Hz) ATEC Jupiter EGF
PMD2614–35 electronic dimmable ballasts. A sheet of UV-permitting Rosco216
white diffusion screen (Rosco, Munich, Germany), was used to diffuse the light in the
chamber, providing a controlled illumination close to the spectral quality of natural
illumination for insects (Dyer, 2006). The intensity of light in the arena was measured
with a Fieldscout Quantum lightmeter (Spectrum Technologies, Inc., USA) and kept
constant at 60 µmol.m−2.s−1 (~ 5180 lx). The illumination under the screen to which
psyllids were exposed is shown in Figure 1. The maze was assembled on a glass pane,
allowing its surface to be cleaned with a 70 % ethanol solution after every insect
tested, to eliminate any possible olfactory cue left behind. A sheet of non-fluorescent
cardboard (160 gsm; K.W. Doggett, Melbourne, Australia) coloured in grey using a
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Xerox 4350 printer (colour edited using Microsoft Powerpoint custom RGB settings;
R: 166, G: 166, B: 166; ~ 35% reflectance) was placed under the glass pane and used
to construct the maze walls (see Figure 1).
Coloured semi-circles, positioned at the end of the arms, were used as stimuli. Four
stimulus sizes (semi-circles of different diameter) determined using equation (1) were
tested to assess the psyllids’ ability to perceive and orientate to the stimuli for
horizontal visual angles of 35, 15, 10 and 5 degrees.
𝐷 = 2   tan 𝛼 ×  𝑙  

equation (1)

in which D is the horizontal diameter of the stimulus, α is the subtented visual angle
tested, and l is the distance between the release point and the target.
The horizontal directionality of the field of vision appears to be the most relevant to
the psyllid’s line of approach from a linear shape such as a stem or leaf pedicel as it
attempts to climb onto a given plain coloured surface like a leaf. In practice, psyllids
did not climb onto colour stimuli unless they intersect with the horizontal plane of the
bioassay arena. Stimulus sizes were chosen based on the visual angles of stimuli used
in previous experiments (for the largest stimuli) and arbitrarily decreased to sizes at
which limits of psyllid visual performance could be observed. The selection of
stimulus colours was based on the innate preferences reported in (Farnier et al., 2014).
Red stimuli (Microsoft RGB settings: R: 255, G: 0, B: 0, see Fig.1 for reflectance
spectra) were presented to G. brimblecombei and A. bundoorensis whereas yellow
stimuli (R: 255, G: 255, B:0) were presented to C. eucalypti. In addition to the
preferred coloured stimulus, a dark (black), achromatic stimulus (i.e. G45; R: 45, G:
45, B: 45), which was previously shown to attract A. bundoorensis and G.
brimblecombei in the absence of coloured stimuli, of the same size was presented in
the other arm as an alternative choice.
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Figure 1. Schematic description of the Y-maze. The maze was composed of two arms at the end of
which pre-printed colour stimuli of varying size were applied. One psyllid at a time was released at the
white dot in the middle part of the maze equidistantly located 7 cm from the end of each arm, and was
allowed 10 minutes to orient and climb on one of the targets. Only the first choice was recorded. The
number of “successful” insects for each visual angle subtended by the stimuli tested was used to
estimate the probability of an insect detecting the stimulus according to its size. Illumination and
reflectance spectra of the background and the different stimuli used in the bioassay are represented in
the inset.

Bioassays were conducted as follows: 50 insects (25 males and 25 females) of each of
C. eucalypti, A. bundoorensis and G. brimblecombei were tested individually and only
once. Psyllids were anaesthetized at -18°C for 3 min and then placed on the white dot
in the maze, which was positioned, equidistant (i.e. 7 cm) from the ends of the arms of
the maze. Psyllids were allowed to orientate in the maze for 10 min and any
individual that did not make a choice in that time was excluded. Only insects
orientating and subsequently climbing onto a target were recorded as having
perceived a stimulus.
Psyllids choosing to climb onto any other part of the maze or on the background
(including background areas located next to the stimuli) were considered as not
having completed the task. Whilst this is a conservative criterion for determining
visual angle, it is most ecologically relevant, as the insect must use its vision to
correctly find the target. In order to compensate for the absence of training, data were
normalized to account for the noise caused by between-species differences at
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cooperating with the task. Normalization consisted of the calculation of a response
score ranging between 0 and 1 relative to the highest number of “finders” of each
species at any visual angle tested. Our normalization allows us to take into
consideration differences in the magnitude of responses exhibited by different psyllid
species and to estimate detection thresholds in a way comparable to that for other
model insects such as bees and butterflies. The orientation of stimuli was changed
after every four insects to preclude position effects. Different species and sexes were
tested in separate mazes. Nominal logistic regressions revealed no influence of sex on
psyllid responses for all species. Therefore, male and female responses were pooled
for statistical analyses. Fisher’s exact tests were used to determine the influence of
stimulus size on psyllid detection performance and to compare the choice of the red or
dark stimulus for different stimulus sizes.

Morphometric measurements
Psyllids which had been preserved in 70% ethanol were point-mounted on card using
entomological glue (Australian Entomological Supplies, Bangalow, NSW, Australia)
before being photographed using a Canon EOS 7D digital camera fitted with a LU
Plan Fluor 10x/0.30A lense (Nikon, Japan) on a Visionary Digital BK Imaging
System (Visionary Digital, USA). Individual images were collated with Zerene
automontage software version 4.02 (Synchroscopy, Cambridge, UK). Eyes of eight
individuals were photographed for each of the four species in both dorsal and lateral
views. Contrast and sharpness were adjusted using Adobe Photoshop to optimize the
definition of the structure of the eyes. Measurements were taken using Image J
software. The inter-ommatidial angle and the angle subtended by the eye were
measured using the dorsal view following the same procedure as in (Döring and
Spaethe, 2009; Yilmaz et al., 2014). The number of ommatidia on each eye was
counted directly using the lateral view. The same view was used to measure the
surface area of both eyes. The ommatidial diameter was calculated by drawing a
segment across “in-focus” ommatidia in the lateral view and dividing the length of the
segment by the number of ommatidia crossed. The measurement of the ommatidial
diameter was performed on both eyes and repeated three times. The eye parameter
was calculated by multiplying the inter-ommatidial angle by the mean ommatidial
diameter (Snyder, 1979). Data for each measurement were tested for normality and
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analysed using ANOVA test of variance followed by Tukey’s post-hoc tests (95%) for
pairwise comparisons. The number of ommatidia and surface area of the ommatidia
were compared using non-parametric Kruskal-Wallis tests followed by MannWhitney tests for pair-wise comparisons.

Psyllid movement tracking
Psyllid movement was recorded in different experiments conducted under similar
environment and illumination conditions as those described for the Y-maze
experiments. Psyllids were placed in arenas formed by a 15.5 cm diameter glass Petri
dish positioned above a grey coloured cardboard sheet. The inner walls of the dish
were encircled with a 5 cm wide strip of the same grey cardboard (160 gsm; K.W.
Doggett, Melbourne, Australia; colour edited, R: 166, G: 166, B: 166; ~ 35%
reflectance) on which four 4 × 4 cm colour stimuli were preprinted (no use of glue)
and arranged opposite to one another. Psyllids were placed in the centre of the arena
and allowed to search until they eventually climbed onto one of the stimuli. Psyllid
movements were recorded (at 30 frames per second) with a video camera (540TVL
high resolution, EVO series, Pacific Communications, Australia) positioned
approximately 60 cm above the arena and connected to a digital video recorder
(PDRH-800e, Pacific Communications, Australia). Footage length for each insect was
reduced using Windows Movie Maker (Microsoft) to only include sequences where
active searching characterized by steady and continuous motion was evident. Psyllid
positions were digitized using digitizing software (Hedrick, 2008) in MATLAB
R2013a (MathWorks Inc). The X-Y coordinate data were then used to
summarise searching behaviour, including search duration, distance traversed and
number of turns defined by deviations exceeding a 30° angle from the initial
trajectory, using custom-written functions in Matlab R2013a (R. Peters, La Trobe
University). Psyllid searching behaviour was compared in the presence of three colour
stimuli as described in (Farnier et al., 2014). As data for distance traversed, duration
searching and number of turns failed normality tests, non-parametric Kruskal-Wallis
tests followed by multiple Mann-Whitney tests for pairwise comparisons were used to
compare species’ responses.
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Results
Single object detection threshold
Experiments using a Y-maze revealed inter-specific differences in stimulus detection
according to target size. Maximum stimulus detection by C. eucalypti was observed
for the greatest stimulus size tested (subtended visual angle of 35°) and decreased
progressively with stimulus size before dropping abruptly for stimuli sizes from 10°
to 5° (Fisher’s exact test, p = 0.0026; see Fig 2A). In comparison, A. bundoorensis
and G. brimblecombei showed constant responses for stimuli at 35° and 15° visual
angle; however, stimulus detection in A. bundoorensis decreased significantly with
stimulus size comprised from 15° to 10° (Fisher’s exact test, p = 0.0297) whereas that
of G. brimblecombei remained constant, dropping only for subtended visual angles
between 10° and 5°, (Fisher’s exact test, p < 0.001; see Fig. 2B-C). We used a critical
visual angle for stimulus detection of 60% probability for individuals to detect the
stimulus to facilitate some level of comparison with previous studies with honeybee
and bumblebee models (Giurfa et al., 1996; Dyer et al., 2008). Using these criteria
and based on the assumption of a linear relationship between psyllid response and the
visual angle subtended by the stimuli (between 5° and 10°), we estimated acuity
thresholds of 8.7° for C. eucalypti, 6.8° for A. bundoorensis and 6.3° for G.
brimblecombei (note, C. biparita were not available at the time these experiments
were conducted). As psyllid responses may not be linear between stimuli, more data
for responses to stimuli subtending a larger number of visual angles in the region
eliciting 60% response could alter our critical acuity threshold estimates. Separate
tests of A. bundoorensis and G. brimblecombei that were simultaneously exposed to a
dark achromatic stimulus of similar size, revealed they only occasionally oriented to
this achromatic stimulus, which suggests that stimulus detection by psyllids is not
promoted by achromatic contrast even at smaller visual angles.
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Figure 2. Behavioural responses of psyllids in Y-maze experiments. (A) C. eucalypti, (B) A. bundoorensis and (C) G. brimblecombei. Y-axes represent psyllid responses
to colour stimuli normalized to account for between species innate response strength differences, for stimuli sizes chosen to meet visual angles of 35, 15, 10 and 5
degrees from the release point. n = 50 psyllids were tested for each stimulus size. Asterisks indicate visual angle values at which a significant decrease in psyllid response
was observed. The horizontal dashed lines show the 60% limit value conventionally determined as the detection threshold. Corresponding critical visual angle values are
determined by the intersection of the psyllid response line with the 60% detection line (vertical dashed lines projecting on the X-axes). Pie charts represent psyllids that
made a choice, with chart diameter proportional to the number of psyllids. Pie chart sectors indicate the relative number selecting the given colour, which is also
represented by the numbers shown.
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Eye morphology
All four psyllid species had similar horizontal fields of vision of around 130° (F (3, 62)
= 1.75, p = 0.167). However, the number of facets on their eyes varied significantly
between species (H

(3, 54)

= 40.84, p < 0.001; see Fig 3A). Specifically, G.

brimblecombei possesses a higher number of facets (≈ 320 ommatidia per eye),
followed by A. bundoorensis (≈ 200 ommatidia), C. eucalypti (≈ 190 ommatidia) and
C. bipartita (≈ 160 ommatidia). Similarly, the size of the ommatidia differed
significantly between species (F (3, 63) = 32. 59, p < 0.001; Fig 3B). G. brimblecombei
has the largest ommatidial diameter (≈ 14 µm) followed by C. bipartita and C.
eucalypti (≈ 12-12.5 µm) whereas the ommatidia of A. bundoorensis are significantly
smaller than those of the other species (≈ 11 µm). Not accounting for inaccuracies in
estimation due to differences in curvature, significant differences in eye surface area
were apparent among species (H

(3, 64)

= 36.52, p < 0.001). Predictably, G.

brimblecombei eyes were of significantly greater area (0.058 mm2 ± 0.001) than those
of A. bundoorensis (0.022 mm2 ± 0.001), C. eucalypti (0.021 mm2 ± 0.001) and C.
bipartita (0.021 mm2 ± 0.001); surface area for these last three species did not differ
significantly.
However, measurements of the eye surface may be inaccurate as a result of the
different curvatures of psyllid eyes. Inter-ommatidial angles also varied significantly
between species (F

(3, 60)

= 21.32, p < 0.001; Fig 3C). The two Ctenarytaina species

have comparable inter-ommatidial angles (6.6 ± 0.10° for C. eucalypti and 6.3 ± 0.1°
for C. bipartita), which are significantly larger than those of A. bundoorensis (5.7 ±
0.2°) and G. brimblecombei (5.5 ± 0.2°). The calculation of eye parameter revealed no
difference between C. eucalypti, C. bipartita and G. brimblecombei (1.4 ± 0.1
rad.µm). In contrast, the markedly smaller eye parameter estimated for A.
bundoorensis (1.1 ± 0.1 rad.µm) suggests a trade-off between light sensitivity and
acuity in favour of the latter in this species (F (3, 58) = 16.23, p < 0.001; Fig 3D).
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Figure 3. Morphometric characteristics of the eyes of the four psyllid species studied. (A) Number of
ommatidia (B) ommatidial diameter (C) inter-ommatidial angle and (D) eye parameter. Letters indicate
statistical significance and n is the sample size. Figures are box plots with standard error bars; central
line shows median.
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Searching behaviour
Psyllid searching behaviours varied between species (Fig. 4). Specifically, C.
eucalypti and C. bipartita exhibited relatively similar patterns of searching
characterized by directed trajectories, short searching durations (< 120 s) and
distances (≈ 11 cm), and low numbers of turns (Table 1). In contrast, the searching
behaviour of A. bundoorensis and, even more obviously that of G. brimblecombei,
was more complex. A. bundoorensis exhibited directed movements comparable to
those observed in C. eucalypti and C. bipartita but took significantly more time to
choose a stimulus (> 264 s). Unlike the three other species, G. brimblecombei
displayed more sinuous movements which translated into numerous turns, greater
distances traversed (> 42 cm) and longer searching durations (> 420 s).

Figure 4. Description of psyllid searching behaviour. Different colour traces represent examples
of the searching of psyllid individuals (n = 10) in arena (15.5 cm diameter) bioassays. (A) C.
eucalypti, (B) C. bipartita, (C) A. bundoorensis and (D) G. brimblecombei.
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Table 1. Searching behaviours of four psyllid species tested in the presence of colour
stimuli. Different letters indicate different levels of statistical significance from
Mann-Whitney pair wise comparisons.
Distance traversed (cm)
Species

Mean

SE

(median)
C. bipartita

9.8 a
10.9 ab

± 0.6

12.6 b

± 0.6

Kruskal-Wallis

42.2 c

4.6 a
4.3 a

± 1.1

7.2 b

± 0.4

36.0 c

Mean

SE

104.2 a

± 10.2

(75.8)
± 0.3

103.5a

± 8.3

(91.2)
± 0.8

(5.0)
± 3.9

Searching duration (s)
(median)

(4.0)

(9.3)
G. brimblecombei

SE

(4.0)

(9.4)
A. bundoorensis

Mean
(median)

(7.9)
C. eucalypti

Number of turns

242.8 b

± 31.8

(179.6)
± 4.0

424.9 b

± 62.3

(33.7)

(25.0)

(181.3)

H (3, 245) = 91.38,

H (3, 255) = 101.22,

H (3, 252) = 23.45,

p < 0.001

p < 0.001

p < 0.001

Discussion
This study is the first to quantify the visual acuity of psyllids using a standard maze
bioassay. We demonstrate that knowledge of innate responses to artificial stimuli can
be used to overcome the absence of learning capacities, as is often the case in more
basal insect taxa. In this way we could modify a conventional method to assess psyllid
visual acuity to infer the subtended angle value at which particular colour targets are
perceived and attract different species. Although a lack of information about psyllid
spectral sensitivities remains a challenge for more fully elucidating the existence of
colour vision in psyllids, the current study together with our previous work on innate
preferences, and modelled likely photoreceptor distributions (Farnier et al., 2014),
provide good reason to investigate the possibility of physiological colour processing
mechanisms in these ecologically and biologically important models along the lines of
the framework provided by (Kemp et al., 2015). Our findings reveal that psyllids
possess relatively poor visual acuity – comparable to that of aphids (Land, 1997;
Döring and Spaethe, 2009).
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Interestingly, behavioural estimations of psyllid visual angle in our Y-maze
experiments are consistent with our measurements of inter-ommatidial angles (e.g. C.
eucalypti: 8.7° in Y-maze vs 6.6° measured inter-ommatidial angle, A. bundoorensis:
6.8° vs 5.6° and G. brimblecombei: 6.3° vs 5.5°). From these results we infer a more
coarse colour detection by psyllids than that by some butterflies which resolve colourassociated tasks at smaller visual angles of about 1° (Takeuchi et al., 2006). However,
it is remarkable in comparison to the larger honeybee for which colour detection only
occurs at visual angles greater than 15°, whilst stimuli containing colour and green
contrast are detected at visual angles greater than 5° (Giurfa et al., 1996). Our data
suggest little or no pooling of signals arising from the ommatidia and therefore the
detection of colour is probably close to the limit imposed by individual species optics.
The preference of A. bundoorensis and G. brimblecombei for red stimuli over black in
Y-maze experiments was not influenced by the size of the stimuli. This concurs with
previous work that demonstrated a pronounced preference for the “red” stimulus over
achromatic stimuli of higher intensity contrast with the background and suggests that
psyllid innate colour responses remain consistent regardless of stimulus size (Farnier
et al., 2014).
Morphological measurements of psyllid eyes also revealed prominent differences.
Predictably, G. brimblecombei the largest species (2.5- 3.1 mm body length) has the
greatest number of ommatidia and the largest ommatidial diameter of the four species.
Likewise, C. eucalypti, the larger of the two Ctenaryaina species (2.5- 2.8 mm), has
more and larger ommatidia than C. bipartita (1.2- 1.8 mm). However, the absence of
significant differences in the eye parameter of C. eucalypti, C. bipartita and G.
brimblecombei suggests that inter-specific differences in eye morphology are
primarily size-related. This is consistent with positive correlations between body size,
number of ommatidia and inter-ommatidial angle as well as conserved eye parameters
between species of bees of varying size, i.e. isometric scaling, (Jander and Jander,
2002). Interestingly, our results seem to differ from previous studies conducted on
aphids. Döring and Spaethe (2009) found no correlation between the number of
ommatidia, inter-ommatidial angle and body length in aphids, i.e. allometric scaling.
They concluded that light sensitivity might be a limiting factor for aphids which
therefore prioritize facet diameter to the detriment of spatial resolution (Döring and
Spaethe, 2009). Although our study focused on a limited number of species, there is
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no indication of a similar compromise between light sensitivity and visual acuity in
psyllids. On the contrary, measurements of the eyes of A. bundoorensis provide an
example of a trade-off where light sensitivity is sacrificed in favour of visual acuity.
Despite its small body length (1.7- 2.4 mm), A. bundoorensis possesses a relatively
large number of ommatidia; it has more ommatidia than either C. eucalypti or C.
bipartita. The large number of ommatidia in this species is associated with small facet
diameter. The existence of such a trade-off is further supported by a significantly
smaller eye parameter than that found in the other species. Similar trade-offs were
also observed in a limited number of aphid species by Döring and Spaethe (2009) who
attributed such adaptation to the greater mobility of these species in response to
predation (e.g. insectivorous birds) and the subsequent necessity to return to the host.
Escape response is unlikely to explain this trade-off in psyllids as G. brimblecombei is
arguably the species most exposed to predation as a consequence of its larger size and
the sugary lerps their nymphs build which birds consume (Paton, 1980; Pereira et al.,
2012; Steinbauer et al., 2014). However, A. bundoorensis is unique because it
oviposits and feeds on different plant modules, i.e. feeding occurs on leaves and
oviposition occurs in crevices on stems. Such resource preferences are associated with
higher mobility than evident in the other species.

Figure 5. Images of psyllid eyes in dorsal and lateral views. (A-B)
C. bipartita, (C-D) A. bundoorensis, and (E-F) G. brimblecombei.
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Our observations of psyllid searching behaviours revealed significant differences
between species, which appear to be influenced by their microhabitat preferences. For
instance, the sedentary bud-dwelling species C. eucalypti and C. bipartita (Steinbauer,
2013) exhibit similar patterns characterised by short unidirectional paths, consistent
with searching acropetally along stems towards apical buds. Likewise, A.
bundoorensis, which does not occupy protected microhabitats (Taylor et al., 2013),
exhibits similar unidirectional movements. However, longer distances traversed and
prolonged searching durations seem to reflect differences in the utilization of host
“architecture” of this species which, unlike the bud-dwelling species, frequently
moves between growing branches and young leaves to find either feeding or
oviposition sites. The searching behaviour of G. brimblecombei differed markedly
from that of the three other species, with intense and protracted sinuous movements
possibly in accordance with the utilization by this species of the surface of flat leaves
for feeding and oviposition.
In the light of these findings and of the apparent linkage of psyllid colour preference
and leaf spectral characteristics, we suggest psyllids have sufficient visual acuity to
locate different modules within the canopies of their hosts. Generally, our results
suggest that greater acuity is associated with a greater need for higher mobility. The
fact that A. bundoorensis, for which morphological trade-offs favouring acuity over
light sensitivity were found, spends a substantial amount of time searching branches
and stems for oviposition sites supports such an hypothesis. In contrast, more
sedentary bud-dwelling species seem to be attracted to brighter stimuli, suggesting
constant intensity dependent responses to visual stimuli (Brennan and Weinbaum,
2001; Farnier et al. 2014). In the latter instance, simple phototactic responses appear
ideal for these species to orientate toward the sun-lit apical ends of branches.
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Summary
• Foliar colour changes with age and, as a consequence, reflects the internal
physiology of leaves. Anthocyanins are “red” pigments known for their
photoprotective role in young leaves and have been suggested to influence the host
finding of insect herbivores. The existence of colour vision in some species of
Eucalyptus-feeding psyllid provides evidence for the possibility of them being able
to locate and select leaves based on their age.
• We

tested

the

preferences

of

Anoeconeossa

bundoorensis,

Glycaspis

brimblecombei and Ctenarytaina bipartita for leaf colour using live leaves of
different age, presented without olfactory cues. Changes in foliar pigment
concentrations and relationships with amino acid composition in these psyllid’s
hosts, namely Eucalyptus camaldulensis and E. kitsoniana, were studied to
consider the adaptive significance of selecting leaves based on their age.
• The preference for and attraction to young, anthocyanic leaves of two red-sensitive
psyllid species (A. bundoorensis and G. brimblecombei) was demonstrated whilst
the green-yellow-sensitive species (C. bipartita) was shown to discriminate
between young “yellow” and older “green” leaves. Age-related variation in leaf
colour was positively correlated with greater availability of essential amino acids.

1

• Our study presents a unique example of herbivore attraction to “red” leaves and
strong evidence for reliance on colour vision in insect orientation at the within-host
level.

Key words: leaf colour, leaf reflectance, colour vision, host specificity,
photoinhibition, leaf senescence, herbivory

Introduction
Foliar pigments play an instrumental role in plant physiology but also influence the
colour of leaves. Whilst chlorophylls are the primary pigments involved in
photosynthesis, other classes of pigments, such as carotenoids and flavonoids, which
derive from different biosynthetic pathways, also serve photosynthetic and/or
photoprotective functions (Young, 1991; Steyn et al., 2002; Tanaka et al., 2008;
Vernon and Seely, 2014). Since foliar pigments also affect the optical properties of
leaves, their influence may extend beyond the plant itself, e.g. by shaping the
perception of leaves by phytophagous insects. The autumnal leaves of deciduous trees
may be one of the most spectacular and, arguably, the most studied examples of the
influence of foliar pigments on insect herbivory. Changes in leaf colouration during
autumn are symptomatic of changes in leaf physiology associated with the
mobilisation and translocation of nutrients from the leaves to the perennial parts of the
tree. These changes are associated with the degradation of chlorophylls, which reveals
the presence of “yellow-orange” carotenoids whilst de novo synthesis of anthocyanins
is manifested as leaf redness (Sanger, 1971; Lee, 2002; Tanaka et al., 2008). A
number of theories, reviewed in Archetti et al. (2009), have been formulated to
explain the adaptive significance to plant physiology and insect-plant interactions of
seasonal changes in leaf colour. The “co-evolution hypothesis” suggests that leaf
redness has evolved to signal to herbivores high direct defences, low nitrogen content
and imminent leaf abscission (Archetti, 2000; Hamilton and Brown, 2001). In
contrast, the “photoprotection” hypothesis proposes that anthocyanins protect leaves
from excess light during nutrient recovery (Gould et al., 1995; Hoch et al., 2001;
Close and Beadle, 2003).
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Green leaves are preferred by many species of herbivore, such as aphids (Prokopy and
Owens, 1983; Holopainen and Peltonen, 2002; Chittka and Döring, 2007; Döring and
Chittka, 2007; Ramirez et al., 2008). Leaf yellowing is typically associated with leaf
senescence and the mobilisation of nutrients. Consequently, endogenously induced
yellow colouration is a cue used by some aphids to locate and select senescing leaves;
this response has led to the formulation of the nutrient-translocation hypothesis
(Wilkinson et al., 2002; Holopainen et al., 2009). The fact that the spectral sensitivity
of most herbivorous insects typically encompasses the UV, blue and green regions but
does not extend to long wavelengths implies that “red” has a lower detectability and is
most likely perceived via the achromatic pathway instead of colour vision (Briscoe
and Chittka, 2001; Döring and Chittka, 2007). Döring et al. (2009) demonstrated that
the colour opponent mechanism, involving the relative excitation of the green and
blue photoreceptor, is the determinant of aphid preferences for leaves of different
colour. These findings also indicated that red leaves are less attractive to aphids but
are not actively avoided. Anthocyanins on their own do not appear to adversely
impact insect survival or performance (Costa-Arbulú et al., 2001; Lev-Yadun and
Gould, 2009) but may be associated with elevated chemical defences (Karageorgou et
al., 2008). The co-occurrence of anthocyanin and phenolic compounds is often, but
not systematically, reported owing to their shared biosynthetic pathway, i.e. the
phenylpropanoid pathway (Schaefer and Rolshausen, 2006; Tanaka et al., 2008).
Consequently, species of insect reliant on the perception of long wavelength (“red”)
reflectance to find and select leaves may also have evolved digestive mechanisms to
tolerate ingestion of co-expressed phenolic compounds.
Red colouration is not always associated with leaf senescence – it is also
characteristic of the young leaves of many species of plant (Dominy et al., 2002;
Manetas et al., 2002; Karageorgou and Manetas, 2006; Hughes et al., 2007). This is
the case in a number of Eucalyptus (Myrtales: Myrtaceae) species (see Fig. 1) in
which anthocyanic leaves have also been shown to be associated with high
concentrations in tannins (Sharma and Crowden, 1974; Close et al., 2001). Unlike old
red leaves of deciduous species, young expanding Eucalyptus leaves can be low in
total phenolics and other plant secondary metabolites compared to expanded leaves.
For example, concentrations of potentially defensive compounds are not fully
expressed in Eucalyptus nitens leaves until they are 200 days old (McArthur et al.,
3

Figure 1. Change in coloration of Eucalyptus camaldulensis leaves with age. Leaf number represents
the position of the leaf on a branchlet and was used as an indication of leaf age. Key: leaf 1 = youngest
leaf and leaf 8 = oldest leaf on a branchlet.

2010). In addition, expanded leaves of some species express red colouration only in
specific tissues, such as those along leaf margins. The purpose of such differential
expression has rarely been investigated but the results of at least one study suggest
that red margins are a form of foliar aposematism (Cooney et al. 2012).
We have recently demonstrated the attraction of two species of Eucalyptus-feeding
psyllid to red stimuli whereas two other species were found to exhibit aphid-like
attraction to green and yellow (Farnier et al., 2014). Psyllids are small hemipterans
belonging to the same suborder (Sternorrhyncha) as aphids, whiteflies and scale
insects. In Australia, psyllids are a diverse taxon (~350 species), most of which are
host specific for Eucalyptus (Hollis, 2004). The implications of our findings are that
differences in colour preferences between species provide a mechanism by which
psyllids can use visual cues to locate host modules. Interestingly, the two red-attracted
species,

namely

Anoeconeossa bundoorensis

and

Glycaspis brimblecombei

(Hemiptera: Aphalaridae), occur on the same host (Eucalyptus camaldulensis) which
produces anthocyanic young leaves (Morgan, 1984; Taylor et al., 2013). The other
two species studied, Ctenarytaina eucalypti and C. bipartita, feed and oviposit
exclusively on apical buds of their respective hosts (E. globulus and E. kitsoniana)
which usually produce yellowish-green young leaves (Brennan et al., 2001;
Burckhardt et al., 2013; Steinbauer, 2013). The possible importance of visual cues to
C. eucalypti was first investigated to explain specificity for morphological leaf-types
(juvenile versus adult leaves) of its heteroblastic host (Brennan and Weinbaum,
4

2001). However, it remains unknown whether psyllid attraction to artificial colour
stimuli translates into attraction for leaves with comparable reflectance spectra. We
hypothesized that psyllid colour preferences for artificial colour stimuli should be
linked to the colour of specific leaf types they utilise within host plant canopies. In
this study, we used an integrative approach to examine: 1) psyllid preferences for
young and old live host leaves of different colour, 2) ontogenetic changes in
concentrations of foliar pigments in relation to leaf colour and, 3) the composition of
free amino acids in leaves of different age and hue. We sought to contribute a new
perspective to the leaf colour and insect herbivory literature. In particular, we wish to
draw attention to insect-plant interactions on perennial angiosperms where young,
expanding leaves are temporally and spatially limited resources relative to the
majority of old (expanded) “green” leaves which provide photosynthate to developing
leaves.

Material and Methods
Insects and plants
Psyllids were obtained from colonies maintained on potted Eucalyptus kitsoniana
Maiden (Ctenarytaina bipartita Burckhardt, Farnier, Queiroz, Taylor & Steinbauer), E.
camaldulensis Dehnh. (Anoeconeossa bundoorensis Taylor & Burckhardt) under
temperature-controlled glasshouse conditions at the exception of Glycaspis
brimblecombei Moore, which were field collected from E. camaldulensis located on
the Bundoora Campus of La Trobe University (Melbourne, Australia). All three
species are young leaf specialists but each utilises different microhabitats for feeding
and oviposition. Leaf rolling of apical buds of E. kitsoniana where adult females
oviposit is induced by feeding by the nymphs of C. bipartita and protects developing
nymphs from desiccation (Burckhardt et al., 2013; Steinbauer, 2013). A. bundoorensis
oviposits on young stems although nymphs feed and develop on young, expanding
leaves. G. bimblecombei completes its entire life cycle on leaf lamellae (Morgan,
1984; Taylor et al., 2013). Behavioural experiments were conducted between
November 2013 and April 2014, i.e. during the Austral spring-summer, which is when
these psyllids are most active.
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One year-old Eucalyptus camaldulensis Dehnh. and E. kitsoniana Maiden potted trees
grown outside from seed (supplied by The Australian Tree Seed Centre, Canberra)
were used in all experiments. The node from which individual leaves (E.
camaldulensis) or pairs of leaves (E. kitsoniana) arose on a branchlet was used as an
indicator of their age (N.B.

E. kitsoniana produces pairs of leaves whereas E.

camaldulensis produces individual leaves alternately). The youngest leaf pair (closest
to the apical bud) was identified as “Leaf pair 1”, Leaf pair 2 arose from the second
nod distal to the apical bud and so on until Leaf pair 8 (which in most instances was
located close to where the branchlet arose from the stem produced the previous
growing season).
In May 2013, leaf pairs in positions 1, 2, 3, 5 and 8 were collected from a single
branchlet on each of fifteen individual E. camaldulensis and E. kitsoniana and
immediately brought back to the lab. Reflectance of leaves was measured shortly after
harvesting after what leaves were stored in a freezer at –20 °C. Later, half of each leaf
was used for amino acids analyses whist the other half was kept for extraction of
foliar pigments.

Psyllid leaf age/colour preference bioassay
The visual stimuli used in our bioassay were prepared using the “leaf sandwich”
technique described in Vaishampayan et al. (1975). Young (Leaf pairs 1-2) and old
leaves (Leaf pairs 4-5) were collected from hosts and leaf sandwiches prepared by
enclosing sections of lamellae (10 × 10 mm, mid-vein excluded) between microscope
glass cover slips (22 × 22 mm) on which a thin layer of silicon grease was applied and
homogeneously spread over the surface. When leaves were very narrow, such as
young E. camaldulensis, multiple lengths of the same or comparably coloured leaves
were combined in the sandwich to present the same area of material to psyllids. The
leaf sandwich was pressed gently to expel air bubbles and the surface cleaned with
tissue paper moistened with 90% ethanol to remove excess grease. Since stimuli were
renewed each day, the reflectance spectra of new leaves were compared with those
from leaves used earlier to present psyllids with leaves of matching visual properties.
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Sandwiched leaves were checked for odour leakage in pilot experiments to confirm
that the technique was likely to prevent psyllids from being exposed to confounding
olfactory cues. Sandwiches prepared using young and old leaves of each Eucalyptus
species were placed in individual 100 ml beakers, which were sealed with a sheet of
odour-free oven bag (Multix, Australia). After allowing the headspace to equilibrate
for two hours, one SPME fibre (100 µm PDMS coating, Supelco, Australia) was
inserted and exposed to the air inside each beaker for 30 min before being analysed by
gas chromatography coupled with mass spectrometry (GC-MS). Results of these
analyses revealed a 30-fold reduction of the concentration of 1,8-cineole (also called
eucalyptol) compared to undamaged leaves left on live plants (data not presented).
Psyllid colour preferences for young and older host leaves were tested in dual choice
arenas adapted and conducted under similar conditions as used by Farnier et al.
(2014). An 8 cm diameter Petri dish positioned upside down was used as the stage
around which a 4 cm wide band of grey colour cardboard (160 gsm; K.W. Doggett,
Melbourne, Australia, 35% reflection) was attached to form the contour of the arena.
A similar colour cardboard was placed underneath the dish to match the colour of the
walls. Leaf sandwich targets were attached on the outside of the arena with sticky tape
and exposed to psyllids through 10 × 10 mm windows. Windows exposing leaf
sandwich targets were positioned to be level with the surface of the dish and aligned
facing one another.
Recently collected psyllids were anaesthetised at -18°C for 3 minutes before being
placed individually in the centre of the arena with a fine brush. Each individual was
allowed to orient in the arena for 15 minutes. A choice was considered to have been
made when psyllids climbed on a vertical surface of the arena on either window.
Psyllid responses were normalized according to the respective proportion of the
perimeter occupied by the three possible choices in the arena, i.e. window 1 or 2 or
the wall of the arena. Male and female psyllids were tested in different arenas and the
surface of the dish was cleaned with 70% ethanol after every insect to eliminate
possible olfactory cues. The position of leaf targets was rotated 45° after every insect
to eliminate possible position effects. Insects that did not make a choice within 15 min
or took off were excluded from the dataset.
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Extraction and analysis of foliar pigments
Chlorophylls, carotenoids and anthocyanins were extracted from leaf samples as
described in Close et al. (2000). Depending on the size of leaves, 8–100 mg of tissue
was extracted. Due to the small size of the first leaf pair, pigment extraction could
only performed using material from Leaf pair 2 onward. Concentrations of
chlorophylls were estimated as described in Porra et al. (1989) for carotenoids as
described in Lichtenthaler (1987). Estimation of anthocyanins was by reference to a
calibration curve for Kuromanin chloride (Sigma Aldrich, Australia). This pigment
occurs in the leaves of a number of Eucalyptus species (Sharma and Crowden, 1974).

Foliar reflectance
Reflectance spectra of leaves were acquired between 300 and 850 nm using a
USB2000+ UV-Vis miniature Fibre Optic Spectrometer (Ocean Optics) equipped
with a pulsed xenon light source and a 400 µm reflection probe. A PTFE white
standard (WS-1, Ocean Optics) was used to calibrate the spectrophotometer.
Colours of leaves of different age were represented in a two-dimensional colour space
using the segment classification method as described in Endler (1990). Reflectance
spectra were subdivided in short (UV: 300-400 nm), short-medium (blue: 400-500
nm), medium-long (green: 500-600) and long (red: 600-700 nm) wavelengths. The
quantity of light reflected in different parts of the spectrum was calculated as follows:
!!

𝑄! =   

𝐼 𝜆   𝑅 𝜆 𝑑𝜆  (1)
!!

Where Qi is the quantity of light for different parts of the light spectrum, I (λ) the
illuminant, and R (λ) leaf reflectance. The irradiance of natural illumination measured
from an open area and under partly overcast weather conditions was used in equation
(1).
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The contribution of each part of the spectrum was calculated by dividing the quantity
of light in each section of the spectrum by that of the whole spectrum. Coordinates of
different spectra were calculated along two axis “opposing” medium long and short
waves on the x axis (MS, equation 2); and long with medium short waves along the y
axis (LM, equation 3).

𝑀𝑆 =   

𝑄!"##$
𝑄!"
−   
  (2)
𝑄!"!
𝑄!"!

𝐿𝑀 =   

𝑄!"# 𝑄!"#$
−   
  (3)
𝑄!"!
𝑄!"!

The quantity of light reflected between 300 and 700 nm (Qtot) was used as the
achromatic component (i.e. brightness) of the light reflected by leaves.
The coordinates obtained from the above equations were used to calculate the chroma
and hue that we used to examine the influence of age on the chromatic component of
leaf colours.
By definition, leaf chroma (C) obtained from equation 4 is the length of the vector
connecting a point determined by its (LM; MS) coordinates to the origin of the colour
space and is commonly referred to as “saturation”.
𝐶   =    𝐿𝑀! +    𝑀𝑆 !   (4)
The hue (H) calculated as in equation 5, corresponds to the clockwise angle formed
by the vector with the positive values of the LM axis (red) and relates to the tone.

𝐻 =    sin!!

𝑀𝑆
  (5)
𝐶
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Spectral indices for chlorophylls, carotenoids and anthocyanins
Since the concentrations of extracted plant pigments cannot be directly related to the
reflectance spectra we measured for intact leaves, we modelled spectral indices
widely used by ecologists and foresters to assess plant condition remotely (Ustin et
al., 2009). Normalized Difference Vegetation Index (NDVI), which has been shown
to be a reliable indicator of concentrations of chlorophylls in Eucalyptus leaves (Datt,
1999), was calculated as follows:

𝑁𝐷𝑉𝐼 =   

(𝑅!"# − 𝑅!"# )
  (6)
(𝑅!"# −    𝑅!"# )

The Photochemical Reflectance Index (PRI) is used as an indicator of concentrations
of carotenoids (Gamon et al., 1997) and the Anthocyanin Reflectance Index (ARI) is
used to infer concentrations of anthocyanins (Gitelson et al., 2001).

𝑃𝑅𝐼 =   

(𝑅!"# − 𝑅!"# )
  (7)
(𝑅!"# +    𝑅!"# )

𝐴𝑅𝐼 =   

1
𝑅!!"

−   

1
𝑅!""

  (8)

Amino acid analyses
Foliar amino acids of Leaf pairs 1, 2, 3 and 8 were extracted and analysed by liquid
chromatography coupled with mass spectrometry as described in Steinbauer (2013).
Samples were screened for 19 common amino acids including eight essential and 11
non-essential amino acids (Douglas, 2006). The ratio of essential to non-essential and
total amino acid content was calculated to compare the nutritional quality of leaves of
different age.
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Statistical Analyses
Psyllid preferences for leaf targets were analysed using G-tests followed with
sequential Bonferroni correction for multiple comparisons. The absence of stimuli
position effect was tested with Chi square tests.
Foliar pigments and leaf colour were analysed using Multivariate Analysis of
Variance (MANOVA) followed by Tukey’s post-hoc tests for multiple comparisons.
Analysis of variance (ANOVA) followed by Tukey’s post-hoc tests for multiple
comparisons were used to analyse amino acid data for E. camaldulensis. High
concentrations of proline (up to 60% of total amino acid content), a non-essential
amino acid commonly found in stressed leaves (Verbruggen and Hermans, 2008),
were recorded in young leaves of E. camaldulensis and skewed the data for this
species. Consequently, proline was excluded from the calculation of essential : nonessential ratios and total amino acid contents and in statistical analyses relating to this
host. Total amino acid data for E. kitsoniana were not normally distributed. These
data were analysed using a non-parametric Kruskall Wallis test. The ratio of essential
to non-essential amino acids for both species were empirical logistic transformed log
{(y + e)/(1-y+e)} prior to use in statistical analyses (Warton and Hui, 2011) where e =
0.05 and 0.06 for E. camaldulensis and E. kitsoniana, respectively.

Results
Psyllid leaf age/colour preferences
Results for two of the three psyllid species assayed in the leaf sandwich experiments
provide good evidence to validate our hypothesis concerning the role of vision in
finding leaves of preferred age (Table 1 and Fig. 2). Anoeconeossa bundoorensis
exhibited a significant preference for young “red” E. camaldulensis leaves over older
“green” leaves (Fig. 2A). The other red-sensitive species, G. brimblecombei, was
attracted to the leaf targets but did not discriminate between younger and older leaves
(Fig. 2B). Also as hypothesized, the green-yellow-sensitive species, C. bipartita,
exhibited a strong preference for young “yellow” E. kitsoniana leaves over older
“green” leaves (Fig. 2C).
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Figure 2. Psyllid preferences to leaves of different
age/colour in leaf sandwich bioassays. Responses are
normalised based on the proportion of the area of the
perimeter occupied by leaf targets or the background,
respectively. Letters above bars indicate statistical
differences. n gives the number of responders included in
the data. Averaged leaf reflectance spectra of younger (in
red) and older (in green) Eucalyptus camaldulensis leaves
used in bioassays with A. bundoorensis and G.
brimblecombei are shown in insert in (A) and those of
younger (in yellow) and older (in green) E. kitsoniana
leaves used in bioassays with C. bipartita are shown in
insert in (C).
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Table 1 Statistical results for psyllid leaf age/colour preferences from leaf sandwich
bioassays
G-test result

A. bundoorensis

G. brimblecombei

C. bipartita

G2 2, 80 = 79.3, p < 0.001

G2 2, 80 = 35.8, p < 0.001

G2 2, 80 = 81.6,
p < 0.001

Pairwise comparisons
LP1-2 vs

LP4-5

p < 0.001

p = 0.65

p < 0.001

LP1-2 vs

BG

p < 0.001

p < 0.001

p < 0.001

LP4-5 vs

BG

p < 0.001

p < 0.001

p < 0.001

LP = leaf pair; BG = background

Expression of foliar pigments according to leaf age
MANOVA results revealed statistically significant differences in pigment
concentrations according to leaf age in both E. camaldulensis (F

9, 119

=11.2, p <

0.001, Wilk’s Λ = 0.16) and E. kitsoniana (F 9, 124 =19.6, p < 0.001, Wilk’s Λ = 0.13).
Post-hoc tests revealed that foliar concentrations of chlorophylls in E. camaldulensis
leaves were comparable between leaf pairs 2 and 3 and 3 and 5 but significantly
higher in leaf pair 8 (Fig. 3A). However, concentrations of carotenoids were
comparable in leaf pairs 2, 3 and 5 but significantly higher in leaf pair 8 (Fig. 3B). In
contrast, anthocyanins were in highest concentration in young leaves (leaf pair 2),
substantially lower concentrations in leaves 3 and 5 and in highest concentration in
the oldest leaf pairs (leaf 8; Fig. 3C). Young E. kitsoniana leaf pairs had lower
concentrations of all three foliar pigments than young E. camaldulensis leaf pairs.
Concentrations of chlorophylls and carotenoids increased as leaf age increased (Fig.
3D, E). Concentrations of anthocyanins were lowest in leaf pairs 2 and 3, higher in
leaf pair 5 and highest in the oldest leaves.
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Figure 3. Foliar pigments and spectral indices for Eucalyptus camaldulensis (A-C) and E. kitsoniana
(D-E). Coloured line and scatter plots give concentrations of foliar pigments in µg per mg of leaf fresh
weight (associated y-axis given on left). Data are means ± SE and letters above data points indicate
statistical similarity. Dark spline curves with grey shading give modelled spectral indices for the
concentrations of the foliar pigment extracted from leaves (associated y-axis given on right). Grey
shading gives SE of model values.
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Leaf reflectance
The colours of E. camaldulensis leaves differed significantly with age (MANOVA
result, F

12, 167

= 13.83, p < 0.001, Wilk’s Λ = 0.161). Leaf brightness was positively

correlated and leaf age (F

4, 69

= 22.56, p < 0.001; Fig. 4B). This correlation arises

because younger leaves are significantly darker than older leaves (Table 2). Leaf hue
also changed significantly with leaf age (F

4, 69

= 33.53, p < 0.001). In addition to

being significantly darker, younger leaves have redder hues (readily discernable to the
human eye). Red colouration shifts with leaf age towards the orange-yellow and
eventually to the green ends of the spectrum (Fig. 4C). In contrast, older leaves reflect
more strongly across the entire spectrum but particularly in the blue-green region.
Colour saturation (chroma) did not differ significantly with leaf age (F 4, 69 = 1.46, p =
0.225).
Table 2 Statistical results for comparisons of leaf colour components of Eucalyptus
camaldulensis and E. kitsoniana according to age
Hue (H)

Chroma (C)

Brightness (Qt)

F 4, 69 = 33.53,

F 4, 69 = 1.46,

F 4, 69 = 22.56,

p < 0.001

p = 0.225

p = 0.001

E. camaldulensis
ANOVA

Mean

SE

Mean

SE

Mean

SE

Leaf 1

60.5 a

4.2

0.18 a

0.03

100.5 a

10.3

Leaf 2

77.8 b

4.3

0.25 a

0.03

117.2 ab

10.7

Leaf 3

98.4 c

4.2

0.26 a

0.03

150.4 bc

10.3

Leaf 5

85.9 bc

4.2

0.23 a

0.03

177.1 c

10.3

Leaf 8

123.9 d

4.0

0.21 a

0.03

222.1 d

10.0

E. kitsoniana
ANOVA

F 4, 65 = 73.70,

F 4, 65 = 30.64,

F 4, 65 = 3.97,

p < 0.001

p < 0.001

p = 0.006

Mean

SE

Mean

SE

Mean

SE

Leaf 1

51.3 a

1.2

0.59 a

0.02

63.9 a

4.0

Leaf 2

65.3 b

1.2

0.46 b

0.02

83.0 b

4.0

Leaf 3

68.0 b

1.0

0.45 b

0.02

74.5 ab

3.4

Leaf 5

73.7 c

1.1

0.39 c

0.02

70.1 ab

3.6

Leaf 8

76.6 c

1.0

0.35 c

0.02

80.4 b

3.4

Letters within columns indicate statistical similarity
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The colour of E. kitsoniana leaves also differed significantly with leaf age
(MANOVA result, F

12, 156

= 15.41, Wilk’s Λ = 0.127, p < 0.001). Post-hoc tests

revealed that spectral change was related to colour saturation (F
0.001), hue (F

4, 65

= 73.70, p < 0.001) and brightness (F

4, 65

4, 61

= 30.64, p <

= 3.97, p < 0.01).

However, no correlation between leaf age and brightness was apparent in this species
(Fig. 4E). Only leaf pair 1 was significantly darker than other leaves. The hue and
colour saturation of leaf pair 1, which exhibits yellow saturation, differed significantly
from leaf pairs 2 and 3; leaf pairs 5 and 8 exhibited less saturated green tones (Table
2; Fig. 4D).

Figure 4. Optical properties of Eucalyptus camaldulensis (A-C) and E. kitsoniana (D-F) leaves of
different age. A and D give reflectance spectra of leaves of different age. B and E give the achromatic
component (brightness) of the reflectance spectra of leaves of different age with corresponding
regression line. C and F give the chromatic components of the spectra of leaves of different age. The
colour space used is derived from the segment method described in Endler (1990). The chroma (or
saturation) corresponds to the length of the vector connecting the origin of the colour space with
individual points. The hue is here calculated as the degree of difference with the red hue and is
represented by the angle formed between individual vectors with the positive section of the red-blue
axis
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Spectral indices
Calculations of spectral indices revealed that anthocyanins have the greatest influence
on the reflectance of E. camaldulensis leaves at earlier developmental stages (Fig.
3C). The inverse relationship between the ARI and PRI for this eucalypt suggests that
anthocyanins are likely to mask any colouration of leaves arising from the presence of
carotenoids (Fig. 3B, C). The increased contribution of carotenoids to leaf reflectance
is likely to become important at later developmental stages, e.g. from leaf pairs 3 and
5 onward. Differential contributions of carotenoids and anthocyanins to the spectral
indices of all but the youngest leaves, suggests that chlorophylls probably mask their
expression in the spectra of older leaves.
Trends in the spectral indices for E. kitsoniana were comparable to those for E.
camaldulensis but each index exhibited species-specific characteristics. Despite their
low concentration in young leaves, the ARI for E. kitsoniana indicates that
anthocyanins exert disproportionally greater influence than might otherwise be
expected (Fig. 3F). This effect is likely attributed to the small contributions of the
NDVI and PRI to reflectance of leaf pair 2 in particular. The PRI and NDVI likely
mask reflectance due to anthocyanins from leaf pair 3 onward.

Age related variations in foliar amino acids
The ratio of essential to non-essential amino acids in the leaves of E. camaldulensis
differed significantly with age (F

3, 29

= 9.33, p < 0.001; Fig. 5A). Younger leaves

(leaf pair 1) had significantly higher ratios of essential to non-essential amino acids
than did older leaves (leaf pairs 2 & 3) although comparably high ratios were found
again in the oldest leaves (leaf pair 8). The same relationship was not apparent in the
leaves of E. kitsoniana (F

3, 28

= 1.34, p = 0.28; Fig. 5B). Nevertheless, there was a

trend for the first three leaf pairs to have higher ratios of essential to non-essential
amino acids than older leaves. Total amino acid content did not differ significantly
with leaf age in either E. camaldulensis (F

3, 30

= 0.74, p = 0.54; Fig. 5C) or E.

kitsoniana (H 3, 31 = 0.51, p = 0.92, Fig. 5D).
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Figure 5. Age-related variations in concentrations of foliar amino acids in Eucalyptus camaldulensis
(A-B) and E. kitsoniana (C-D) leaves. Y-axis for the ratio of essential to non-essential amino acids is
given in logits. N.B. Scales of the y-axes differ between the two Eucalyptus species. Data are means ±
SE and letters indicate statistical significance.

Discussion
We present compelling evidence that age-related changes in leaf colour provide cues
that enable some psyllids to find younger host modules. Our preference bioassay with
sandwiched leaves of different age and colour confirmed that the attraction of A.
bundoorensis and C. bipartita to coloured paper targets reflect their preferences for
live leaves with comparable reflectance spectra to artificial targets. Interestingly, the
responses of C. bipartita to the colours of real leaves of different age were stronger
than those we recorded to yellow and green artificial stimuli. However, of the two
red-sensitive psyllids, only A. bundoorensis exhibited a strong preference for young
red leaves. Unexpectedly, G. brimblecombei did not discriminate between old “green”
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and young “red” leaves. We suggest that this is explained by differences in the
reflectance spectra of the red leaves compared to the artificial red stimuli used in our
previous studies. Specifically, in the red region of the spectrum (600-700 nm), our
artificial red stimuli reflected ~80% of incipient radiation compared to the reflection
of ~5-8% of incipient light by the young leaves. Hence, our artificial red stimuli may
have exposed psyllids to a “super-stimulus” which over-stimulated the photoreceptors
of G. brimblecombei. Nevertheless, we provide the first empirical evidence of
attraction to “red” anthocyanic leaves by phytophagous insects which are widely
considered to be insensitive to long wavelength radiation (Mellor et al., 1997; Briscoe
and Chittka, 2001; Kirchner et al., 2005; Döring et al., 2011). How the eyes of
psyllids perceive long wavelengths in not yet fully understood and electroretinogram
and visual pigments (opsins) data in particular are still needed. Nevertheless, our
findings reveal that vision is an important sensory modality for differentiating leaves
based on their age. This possibility was raised by Kelber (2001) who wrote “the red
receptor might be very effective in discriminating young green leaves from older
yellow leaves” and that “the discrimination of suitable leaves as oviposition sites or
food source might have had a strong influence on the evolution of insect colour vision
systems”.
Red leaves and regions of leaves are generally either unattractive or avoided by
herbivores because they are symptomatic of impending abscission in the case of
deciduous species (Sanger, 1971; Lee, 2002) or because they indicate the presence of
defensive compounds, e.g. flavones, flavonols, tannins or phenols, the biosynthesis of
which is linked to that of anthocyanins (Winkel-Shirley, 2002; Schaefer and
Rolshausen, 2006). The red colouration of the margins of Pseudowintera colorata
(Canellales: Winteraceae) leaves is associated with high concentrations of polygodial
which was found to be an effective feeding deterrent of a generalist species of
leafroller herbivore when the ambient lighting did not alter foliar reflectance of red
and green portions of leaf lamellae (Cooney et al., 2012). In this interaction, the red
colouration of the margins of leaves was suggested to provide a reliable and
biologically relevant signal to the herbivore of low foliar palatability. In contrast, no
correlation between the redness of leaf margins and the concentration of phenolic
compounds was found in five species of Hebe (Lamiales: Plantaginaceae) and redmargined and non-margined species experienced comparable leaf damage with some
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red-margined species appearing to sustain protracted bouts of insect feeding (Hughes
et al., 2010). Hence, the presence of anthocyanins is not necessarily associated with
high levels of direct defences; relationships between co-expression of anthocyanins
and defensive secondary metabolites are taxon-specific. Indeed, Karageorgou et al.
(2008) considered positive correlations between total phenolics and anthocyanins in
young leaves to be the “exception rather than a rule”.
Noticeably red-margined leaves have limited direct parallels among the eucalypts (an
informal designation that encompasses the genera Eucalyptus, Corymbia and
Angophora). The red colouration of young leaves is not localised to particular regions
and fades as leaves age. Positive correlations between concentrations of anthocyanins
and phenolic compounds have been found in young leaves of Eucalyptus nitens
(Close et al., 2001). However, red young leaves in this species are a by-product of
photoinhibition induced by abiotic factors such as nitrogen deficiency, cold
temperature and high irradiation (Close et al., 2003). Consequently, species of psyllid
that feed on E. nitens may rarely have encountered such leaves. When not
photoinhibited, but growing normally, young leaves of E. nitens are high in
anthocyanins and nitrogen but low in phenolic compounds (McArthur et al., 2010).
Consequently, on healthy E. nitens, psyllids could benefit from feeding on young
leaves and may have evolved the visual sensitivity required to locate them. Since the
incidence of the expression of young, anthocyanic leaves across all the species of
Eucalyptus is unknown, and because there is limited evidence concerning either the
nutritional requirements or effects of phenolic compounds on psyllids that specialise
on young leaves, we cannot speculate on the possible extent of such psyllid-eucalypt
interactions. We suggest that variation in leaf colour and its effects on psyllid foraging
behaviour should be investigated in interactions involving perennial angiosperms, e.g.
rutaceous and myrtaceous species. For example, the Asian citrus psyllid (Diaphorina
citri Kuwayama) has been shown to use both visual and olfactory cues to orientate to
rutaceous hosts but the possible influence of ontogenetic variation in leaf colour on its
utilisation of young leaves has yet to be addressed (Wenninger et al. 2009). In
addition to leaf colour, we suggest that leaf brightness is another foliar cue that
warrants investigation of its influence on psyllid behaviour. The highly waxy,
glaucous leaves of some species (such as E. globulus and E. nitens) are somewhat
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uncommon eucalypts which may impart distinctive reflectance properties to their
leaves.
Our leaf colour data revealed substantial differences associated with age in both hosts.
These differences are the consequence of higher concentrations of anthocyanins
and/or carotenoids but lower concentrations of chlorophylls in young leaves. As
mentioned, anthocyanins and carotenoids are well known for their photoprotective
role in plants (Young, 1991; Steyn et al., 2002; Demmig‐Adams and Adams, 2006).
These screening pigments are essential for the protection of young leaves (Manetas et
al., 2002) prior to chlorophyll concentrations being sufficiently high to absorb excess
light energy (Hughes et al., 2007). Hence, ontogenetic colour changes are intricately
associated with changing leaf physiology and, presumably therefore, with changes in
leaf nutritional quality but empirical studies relevant to the dietary ecology of sucking
insects are few. As far as we are aware, only two studies have quantified the effects of
developmentally related changes in host quality on psyllid survival and performance
(Sutton, 1984; Steinbauer, 2013). It is widely accepted that younger leaves are higher
quality modules than older leaves. Proteins and amino acids, which are the main
factors limiting insect growth, occur in greater concentrations in reproductive tissues
and young leaves (Bernays and Chapman, 1994; Douglas, 2006). It is for this reason
that they are preferred by many chewing insect herbivores. Many chewing insect
herbivores of Eucalyptus specialize on young leaves because they are soft and higher
in nitrogen than their tough and better defended (by constitutive metabolites such as
the terpenoids) expanded counterparts (Steinbauer et al., 1998; Nahrung and Allen,
2003; Östrand et al., 2008; Matsuki et al., 2011). Consequently, eucalypts may have
needed to protect young leaves against such herbivores for which leaf colour could
have evolved as a warning signal. However, given the patchy occurrence of
herbivores that eat young eucalypt leaves, protection against photoinhibition seems a
more consistent threat to which eucalypts may have needed to adapt. To better
understand the intricate relationships between psyllids and their hosts, non-destructive
sampling is required to reveal temporal changes in the nutrients available to them
from expanding leaves. Stylectomy is the obvious technological approach to quantify
the nutritional quality of leaves as experienced by feeding hemipterans.
Unfortunately, many (perhaps most) psyllids are too small, easily disturbed and their
stylets extend from their bodies in such a way which will make stylectomy extremely
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challenging – if not impossible. The nutrients ingested by eucalypt-feeding psyllids
may need to be inferred from stylectomy studies using larger hemipterans (e.g.
leafhoppers) provided histological evidence indicates that they feed from the same
tissues.
Somewhat surprisingly, we found no statistically significant changes in amino acid
composition between young and old leaves of E. kitsoniana but our data exhibited
substantial variability. Our results for E. kitsoniana contrast with those of Steinbauer
(2013). However, Steinbauer (2013) analysed leaves from trees growing under field
conditions, they were harvested leaves in spring and summer (we harvested in
autumn) and the leaves harvested spanned a greater rage of ages; the oldest leaves he
harvested had been initiated at the start of the growing season in spring. We have yet
to conduct bioassays of nymphal survival and performance using artificial diets so we
can link the preferences of adult psyllids to the nutrients provided by host leaves.
However, as was suggested by Steinbauer (2013), C. bipartita may utilise the young
leaves of the closed apical buds of E. kitsoniana, not because they meet the nutritional
requirements of the nymphs, but because the humid microhabitat they create provide
protection against desiccation – the factor more likely to kill nymphs long before they
starve. Consequently, we should expect that some species of psyllid might have wide
nutritional tolerances, especially if the bacterial endosymbionts within their
bacteriomes can compensate for deficiencies in essential amino acids in the ingesta.

Conclusions
Our study provides strong evidence for colour-guided discrimination of leaves which
is probably linked to the nutritional requirements and/or microhabitat preferences of
many Eucalyptus-feeding psyllids. We suggest this behaviour could be widespread
among psyllids and perhaps other Hemiptera reliant on perennial angiosperms
because leaf colour provides a level of signal salience probably unmatched by
olfactory cues and provides for indirect assessment of leaves thereby limiting
exposure to potentially harmful secondary metabolites. Only when changes in plant
physiology and palatability can be linked to changes in the survival and performance
of psyllids will it be possible to authoritatively state whether visual stimuli provide
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honest indicators of host quality to psyllids. In the meantime, we can state that some
psyllids exhibit ecological tuning of their visual sensitivity to eucalypt responses to
the threat posed to young leaves by high irradiance.
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