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Abstract

Spondyliaspis cf. plicatuloides and Glycaspis brimblecombei (Hemiptera: Aphalaridae) are invasive insect pests of Eucalyp-
tus, native to Australia. The insects feed on eucalypt sap, and both psyllid species exhibit clear preferences for different species
and hybrids of Eucalyptus. The objective of this study was to identify the constitutive morphological and phytochemical
characteristics underlying these host preferences. Four preferred and eight non-preferred eucalypt hosts were selected for
evaluation. Thirteen leaf morphological features of the 12 eucalypts were analysed. The non-polar and polar metabolites in
and on the surface of leaves of each eucalypt species were extracted, and their chemical composition was analysed using gas
chromatography coupled with mass spectrometry. The leaf volatile profiles of hosts and non-hosts of S. cf. plicatuloides and
G. brimblecombei did not differ sufficiently to explain the host choices of the two eucalypt psyllids. The leaf polar metabo-
lite profiles of the susceptible hosts of the two psyllids differed significantly but did not explain the host preferences of the
two psyllid species. However, preferred hosts of S. cf. plicatuloides and G. brimblecombei had some leaf morphological
features and wax metabolites in common. Our results show that particular combinations of leaf morphological features and
wax metabolites might influence the host choice of eucalypt-feeding lerp psyllids, but no traits explaining the differences in
host-selection behaviour between S. cf. plicatuloides and G. brimblecombei were identified.
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Introduction

Eucalypt trees, from the genera Angophora, Corymbia and
Eucalyptus (family Myrtaceae) are native to Australia, Papua
New Guinea (including New Britain), Timor-Leste, Indone-
sia and the Philippines (Ladiges et al. 2003; Nicolle 2022).
These hardy, diverse evergreen trees are planted globally
as a source of hardwood timber, paper, pulp, bioenergy,
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essential oils (Eldridge et al. 1993; Turnbull 1999), phe-
nolic resins (Lourengon et al 2020) and nanocomposites
(Matos et al 2020). Angophora, Corymbia and Eucalyptus
contain 12, 95 and 730 species, respectively (Grattapaglia
et al. 2012; Nicolle 2022). Amongst these genera, Eucalyp-
tus is highly diverse and is comprised of three main subgen-
era, Eudesmia, Eucalyptus (formally Monocalyptus), Sym-
phyomyrtus as well as seven smaller subgenera, Acerosae,
Cuboidea, Alveolata, Cruciformes, Idiogenes, Minutifructus
and Primitiva (Brooker 2000; Nicolle 2022). At present, the
majority of plantation forestry species grown globally are in
the subgenus Symphyomyrtus (Beadle and Turnbull 1992).

Symphyomyrtus species are highly susceptible to patho-
gens (Wingfield et al. 2008) and suffer greater herbivore
damage than those from the subgenus Eucalyptus (Burdon
and Chilvers 1974; Specht and Brouwer 1975; Lowman and
Heatwole 1987; Noble 1989). Extensive surveys conducted
across southern Australia also revealed that Symphyomyrtus
species carried significantly more psyllid lerps and other
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invertebrates than Eucalyptus species (Woinarski and Cul-
len 1984). As Symphyomyrtus species are planted globally,
native Australian pathogens and insect herbivores of these
trees have also colonised these new ecosystems (Paine et al.
2011).

The number of emerging invasive insect pests of planta-
tion forests is rapidly increasing globally (Wingfield et al.
2015; Hurley et al. 2016). South Africa, which has a well-
established eucalypt plantation forest industry, is particularly
affected by introductions of invasive pests. For example, two
sap-sucking and lerp-forming Eucalyptus-feeding psyllids
(Hemiptera: Aphalaridae), Glycaspis brimblecombei Moore
(red gum lerp psyllid) (Fig. 1A) and Spondyliaspis cf. plica-
tuloides (Froggatt) (shell lerp psyllid) (Fig. 1D) have been
reported in South Africa in 2012 and 2014, respectively
(Bush et al. 2016).

Glycaspis brimblecombei is a serious pest (de Queiroz
et al. 2013) and has spread globally (Makunde et al. 2020;
Dittrich-Schroder et al. 2021; Ouvrard 2023). The insects
feed on red gums from the subgenus Symphyomyrtus. Adult
females lay orange/yellow eggs on young to mature leaf
surfaces and after hatching, the nymphal instars (Fig. 1B)
produce individual white conical lerps (Fig. 1C) on the leaf
surface soon after feeding, by weaving anal exudates. The
five nymphal instars feed and develop underneath the lerp
until they become adults and the size of the lerp is enlarged
by each instar (Hollis 2004). Nymphal instars of G. brim-
blecombei secrete large amounts of honeydew and eucalypt
damage is primarily because of sooty mould on leaf sur-
faces. Sap sucking gradually causes leaf discolouration, leaf

drop, twig dieback and, in severe infestations, death of the
entire tree (Paine et al. 2000; Bella and Rapisarda 2013).
The host range of G. brimblecombei is well known (Brennan
et al. 2001; Ferreira et al. 2009; Huerta et al. 2010; Gon-
calves et al. 2013; Bush et al. 2020) and the leaf chemistry
and morphological features of preferred and non-preferred
hosts have been studied previously (da Silveira et al. 2021;
de Oliveira Del et al. 2022; Lucia et al. 2016).
Spondyliaspis cf. plicatuloides was only reported once
outside of its native range (Australia) in South Africa (Bush
et al. 2016; Makunde et al. 2020). Adult females lay brown
eggs in clusters on mature leaf surfaces and the nymphal
instars (Fig. 1E) produce individual architecturally hard-
ribbed brown scalloped lerps (Fig. 1F) soon after feeding, by
weaving anal exudates (Makunde et al. 2023). The five nym-
phal instars of S. cf. plicatuloides feed and develop under-
neath the lerps until adulthood (Hollis 2004; Makunde et al.
2023). When susceptible eucalypt species are infested, sap
sucking by immature stages result in chlorosis, followed by
leaf necrosis and defoliation (Makunde et al. 2023). The host
range of this species is not well known, because the insect is
uncommon in Australia, and only Eucalyptus rostrata Cav.
(=Eucalyptus robusta sm.) and Eucalyptus spp. were identi-
fied as hosts (Hollis 2004). In South Africa, our observation
was that the psyllid initially infested ornamental and street
eucalypt trees and later spread to a wide variety of Symphyo-
myrtus species and hybrids in commercial plantation forests.
Host preference is comprised of two critical behavioural
phases namely host-finding and host selection (Doring
2014). Several studies have found that psyllids use visual

Fig. 1 Glycaspis brimblecombei: a adult; b nymph (immature); ¢ lerps on eucalypt leaf under which first—fifth instar nymphs develop. Spon-
dyliaspis cf. plicatuloides: d adult; e nymph; f lerps on eucalypt leaf under which first—fifth instar nymphs develop
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cues (White 1970; Farnier et al. 2014, 2015, 2018; Farnier
and Steinbauer 2016; Paris et al. 2017) and host volatiles
(Mayer et al. 2008a, b, 2011) to find their hosts. However,
Farnier et al. (2018) reported that the eucalypt psyllids, Cte-
narytaina eucalypti, C. bipartita, Anoeconeossa bundooren-
sis and G. brimblecombei, did not show positive chemotactic
responses to host plant volatiles, despite neurophysiological
responses of C. eucalypti to host volatiles (Yuvaraj et al.
2013). In wind tunnel assays, downwind movement of psyl-
lids suggests that long-distance migrations are primarily
wind-assisted (Martini et al. 2018). Dispersed individu-
als can thus land multiple times before reaching a suitable
plant, which they evaluate using short-distance physical and
chemical cues (Farnier et al. 2018).

Host selection of psyllids that use evergreen eucalypt
hosts was shown to be affected by the presence and abun-
dance of non-structural epicuticular waxes which greatly
influenced psyllid adhesion to leaf surfaces (Brennan and
Weinbaum 2001a), probing (Brennan and Weinbaum 2001b,
¢), orientation behaviour (Brennan and Weinbaum 2001d)
as well as oviposition (Brennan et al. 2001). In addition, the
anatomy of eucalypt leaves was shown to be important in the
host-selection behaviour of psyllids, particularly the number
of stomata on both leaf surfaces and the distribution of oil
glands on the leaf area (de Oliviera del Piero et al. 2022).
However, a more detailed dissection of the different factors
is needed to make general predictions on the host-selection
behaviour of poorly studied eucalypt psyllids, such as S. cf.
plicatuloides.

Consequently, in this study, we sought to study the mor-
phological and phytochemical characteristics of eucalypts
that potentially underpin the host preference of S. cf. plica-
tuloides. We defined host preference as the ability of psyllids
to select, feed and reproduce on a particular eucalypt host
species. We addressed the study's goal in three steps. First,
we examined levels of susceptibility of 21 eucalypt species
planted in a common garden towards S. cf. plicatuloides and
G. brimblecombei. Second, we examined the morphologi-
cal and biochemical characteristics of four highly suscepti-
ble and eight moderately to highly resistant eucalypts, and
finally, we used multivariate statistics to study the relation-
ship between host preference and leaf characteristics.

Materials and methods
Assessment of eucalypt preferences by lerp psyllids

The host preferences of S. cf. plicatuloides and G. brim-
blecombei were evaluated in the ‘Zoo Plot’ plantation of
the National Zoological Gardens, Rietondale, Pretoria,
Gauteng (25° 44’ 8.578" S, 28° 14’ 24.882" E). The planta-
tion consists of over 4000 eucalypt trees of 21 species and

is naturally infested with both S. cf. plicatuloides and G.
brimblecombei. The trees on the study site were planted in
14 blocks, each block has 29 rows and, in each row, each
eucalypt species is represented from block 1 to block 14
(132 trees per row). From each block, the first and last trees
were not considered and thus, eight trees per species were
assessed per block from block 3 to block 6 (Supplementary
Figure 1). The host preference of the two lerp psyllids was
scored for 19 Eucalyptus species, determining their level of
infestation using the following subjective scale: 0 (no lerps
in the foliage); 1 (low infestation with lerps in 0.1-10% of
the foliage); 2 (moderate infestation with lerps in 11-25%
of the foliage); 3 (high infestation with lerps in 26-50% of
the foliage); 4 (severe infestation with lerps on> 50% of the
foliage). The infestation score took ‘fresh’ lerps and ‘older’
lerps on the entire tree into account. Thirty trees of each
eucalypt species in the garden were assessed.

Twelve eucalypt species were selected for further analy-
sis and their characteristics are presented in Supplementary
Table 1. Six of the species were infested to varying degrees
by S. cf. plicatuloides, namely Eucalyptus botryoides Smith,
Eucalyptus camaldulensis Dehnh, Eucalyptus microcorys
Muell, Eucalyptus paniculata Smith, Eucalyptus sideroxy-
lon Cunn. Ex Woolls and Eucalyptus tereticornis Smith and
amongst these eucalypts, E. tereticornis, E. paniculata and
E. camaldulensis were also infested by G. brimblecombei.
The other six eucalypt species were non-host species and
were selected to compare traits between hosts and non-
hosts. These were Corymbia citriodora (Hook.) K.D.Hill &
L.A.S.Johnson, Eucalyptus ovata Labill, Eucalyptus pilula-
ris Smith, Eucalyptus propinqua Deane and Maiden, Euca-
lyptus punctata DC and Eucalyptus viminalis Labill. Nine
Eucalyptus species are members of the subgenus Symphyo-
myrtus (E. botryoides in the series Transversae; E. cama-
ldulensis and E. tereticornis both in the series Exsertae; E.
ovata in the series Foveolatae; E. paniculata in the series
Rhodoxyla; E. propinqua in the series Connexentes; E. punc-
tata in the series Lepidotae-Fimbriata; E. sideroxylon in the
series Melliodorae and E. viminalis in the series Viminales);
E. pilularis belongs to the subgenus Eucalyptus (Monoca-
lyptus) in the series Pseudostringybarks; E. microcorys
belongs to the subgenus Alveolata in the series Alveolatae
and lastly C. citriodora belongs to the subgenus Corymbia
in the Maculatae series.

Foliage chemical analysis

Sample collection and processing for analysis of volatile
compounds

Fresh young leaves (4th and 5th leaf from the bud), collected

at a height of approximately 2 m from 5 different trees of
each of the 12 eucalypt species from the study site (Zoo Plot,
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Pretoria), were placed separately in individual aluminium
foil packets, zip-locked in plastic bags and placed on ice in
a cooler box. The fresh leaf material was stored at —20 °C
until sample preparation. Fresh leaf material (three or four
leaves) from each sample were frozen in liquid nitrogen and
finely ground to powder using a mortar and pestle and stored
at—80 °C. To extract non-polar compounds, 40 mg (mg)
of each sample was weighed, and 1 ml of 95% hexane was
added, and the mixture was agitated for 1 h at room tem-
perature. Following a 20 min centrifugation at 14,000 rpm,
700 pl of the supernatant was transferred to a 1.5 ml glass
chromatography vial for gas chromatography-mass spec-
trometry (GC—MS) analysis.

Gas chromatography-mass spectrometry analysis
of non-polar compounds

The non-polar components of eucalypts were analysed
using an Agilent Technologies gas chromatography sys-
tem (Agilent 7890B) equipped with an HP-5SMS UI GC
column (30 mx 250 pm i.d. x0.25 pm film thickness,
19091S-433UI; Agilent™) interfaced with a mass spectrom-
eter (5977B MSD, Agilent, Santa Clara, USA). Using a 10 pl
syringe on an Agilent automatic liquid sampler G4567A
(7650A ALS), an aliquot of 1 pl of the hexane extracts of
each eucalypt species under study was automatically injected
into the GC-MS inlet in split mode (10:1). The chroma-
tographic separation was performed using>99.9% helium
(baseline 5.0, Afrox SA) as a carrier gas set at a flow rate of
1.2 ml/min. The two wash solvents used were 99.9% Sigma-
Aldrich dichloromethane and double-distilled hexane. The
mass spectrometer was set to 230 °C in electron impact (EI)
mode (70 eV), the MS quadrupole heated to 150 °C, and the
MSD Transfer Line (Aux 2-Temperature) set to 280 °C. The
scan range for the mass spectra was set to analyse from 40
to 450 amu, with a threshold of zero. The temperature pro-
gramme for the GC was set as follows: temperature started
at 40 °C and was kept at that level for 2 min. The ramp tem-
perature was set at 50 °C to 200 °C (4 °C/min) with a final
hold time of 2 min. The inlet temperature was set to 250 °C,
and the column’s inlet pressure was set to 9.1473 psi (linear
velocity: 39.72 cm/s). The purge septum flow rate on the
GC was set at 3 ml/min, whilst the total flow rate was set at
16.2 ml/min. The gas saver was set to 20 ml/min after 5 min
and the GC run lasted for 44 min.

Analysis of polar metabolites and cuticular waxes

Sample preparation and derivatisation For the extraction
of polar metabolites, a subsample of the homogenised leaf
material used for the volatile analysis was freeze-dried at
13 kPa for 24 h using a VirTis AdVantage Pro Freeze Dryer
(SP scientific, USA). Forty milligrams (40 mg) of the freeze-
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dried leaf material were weighed in 2 ml Eppendorf tubes
to which 1.8 ml of absolute methanol (purity >99.8%) was
added. The mixture was incubated with occasional shaking
for 4 h at room temperature and centrifuged for 20 min at
14,000 rpm, after which 1.2 ml of the supernatant was trans-
ferred to separate glass vials.

For cuticular wax analysis, leaf samples of the 12 euca-
lypt species were collected as described previously from
three replicate trees. The three leaves of each eucalypt spe-
cies were placed separately in 30 ml glass vials with 15 ml
chloroform and vortexed for 20 s before the leaves were
removed.

The extracts in methanol (polar metabolites) and chlo-
roform (cuticular waxes) were dried separately at 37 °C
in an incubator placed in a fume hood and, once dry, the
extracts were resuspended in 100 pL pyridine containing
20 mg ml~! methoxamine HCI followed by incubation
at 30 °C for 90 min and centrifugation at 12,000 rpm for
20 min. Subsequently, 30 pl of the supernatant was trans-
ferred from each sample to a glass vial insert and silylated
with 30 pl of N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MS-TFA) (Sigma-Aldrich), followed by incubation at 37 °C
for 30 min. Samples were stored in the freezer at —20 °C
prior to the GC/MS analysis.

Gas chromatography-mass spectrometry for polar metabo-
lites and cuticular waxes The GC-MS was used to separate
and quantify the derivatised polar compounds and cuticular
waxes using the same instrument as described for the essen-
tial oils, with some adjustments to the operation settings.
One microliter of the derivatised methanol extracts for each
sample was automatically injected in split mode (100:1) and
1 pl of the derivatised chloroform extracts for each sam-
ple was automatically injected in split mode (10:1). Each
sample was injected into a glass split 4-mm-inner diameter
straight inlet liner, Ultra Inert packed with deactivated glass
wool (SUPELCO 2-6375: 200 pl) and the inlet tempera-
ture was set at 250 °C, with a split flow of 120 ml/min and
the column inlet pressure was set at 11.052 psi. Chroma-
tographic separation was performed on an HP-5SMS Ul
GC column (30 mx250 pm i.d.x0.25 pm film thickness,
19091S-433UI: Agilent™) with He carrier gas set at a flow
rate of 1.2 ml/min. The mass spectrometer was programmed
to run using electron impact (EI) ionisation at 70 eV oper-
ated at 230 °C, and the MS quadrupole was heated to 150 °C
and the MSD Transfer Line was kept at 300 °C. The scan
range for the mass spectra was set to range from 40 to 650
amu and the threshold was set to zero. The GC temperature
programme: initial temperature at 70 °C and held for 2 min
with a solvent delay of 3.5 min. The ramp temperature was
set at 5 °C/min to 300 °C and held for 12 min, with a total
run time of 60 min. The GC had a septum purge flow rate
of 3 ml/min, whilst the total flow rate was set at 124.2 ml/
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min. The gas saver was set at 20 ml/min after 5 min. Cuticu-
lar waxes were analysed using the following adjustments: a
split flow of 12 ml/min and the column inlet pressure was set
at 11.052 psi. The septum purge flow rate on the GC was set
to 3 ml/min, whilst the total flow rate was set to 16.2 ml/min.

Analysis of foliage physical features

The leaf materials used in this study were collected from five
individual plants of each taxon at a height of approximately
2 m. A total of 12 undamaged leaves of similar leaf age were
collected from each eucalypt species preferred by the 2 psyl-
lids (6 with lerps and 6 without lerps), and only 6 leaves of
similar leaf age were collected from non-preferred species.
Epidermal impressions were made using clear nail varnish
to produce a replica of leaf surfaces in the middle section of
the adaxial and abaxial leaf surfaces to measure the stomatal
density (number/mm~2) of the leaf lamina and the stomatal
size. Using a clear adhesive tape, the clear nail varnish was
peeled off the leaf lamina after drying, attached to a glass
slide, and viewed under a compound light microscope (Zeiss
Axioskop 2 Plus). Using a digital camera (AxioCam 105
colour, Zeiss) mounted on a compound light microscope,
images were captured at 20X. Three images per leaf surface
were captured to measure stomatal sizes and to calculate
stomatal density for each image area (mm?). In addition,
measurements were made for leaf lamina thickness (mid-
way between the margin and the midrib at the widest part
of the leaf), cuticle thickness, palisade parenchyma thick-
ness, stomatal length (length of sunken guard cells meas-
ured on the longitudinal stoma axis) and width (measured
as the largest distance found between the outer walls of the
guard cells perpendicular to the longitudinal stoma axis).
To measure these parameters, one square centimetre of leaf
lamina was cut from five representative leaves of each euca-
lypt species used in this study between the mid vein and
the leaf margin at the mid-leaf length. The leaf pieces were
separately embedded in tissue freezing medium (Leica) and
cross-sectioned at 12 pm thickness into six sections using
a cryo-microtome (Leica CM1520) at—20 °C. The mean
measurement of six measurements along the leaf segment
was used as a measure of leaf thickness, palisade thickness
and cuticle thickness.

Data acquisition and analyses

Data from host preference assessment were analysed using
GenStat 17th edition (2014, VSN International). Analysis
of variance (ANOVA) was done to test for significant dif-
ferences in host preference of the two lerp-forming psyl-
lids, S. cf. plicatuloides and G. brimblecombei. The host
susceptibility scores were further presented graphically
as proportions per eucalypt species. Furthermore, data for

each physical trait evaluated were tested for normality and
analysed using one-way ANOVA, and the mean values and
standard deviation (SD) were calculated using GenStat 17th
edition (2014, VSN International). Tukey’s multiple range
tests (p < 0.05) were used to compare means.

Tentative identification of eucalypt metabolites was
achieved by comparing their mass spectra and retention
index values with known spectra in the National Institute of
Standard and Technology 17 reference library (NIST17.L).
The peak area of the compounds found in three or more
genotypes were considered for statistical analysis. Normality
of data was tested prior analysis with Shapiro—Wilk tests in
R 4.1.3 (R Core Team 2022). In addition, the percentage of
the total area of the chromatogram was calculated for each
peak by integrating the total peak area of the spectrograms.
Data for the essential oil composition, waxes and polar
compounds of the eucalypt species were log transformed
and subjected to a one-way ANOVA using MetaboAnalyst
5.0 (https://www.metaboanalyst.ca/) to determine which
metabolites were significantly different between the species.
A heat map showing the metabolites that were statistically
significantly different (p < 0.05) between the different spe-
cies was generated using the original data (non-normalised).
A PCA was performed for each of the metabolite classes as
well as for the leaf morphological traits, using the default
settings in Metaboanalyst. For the cuticular waxes and the
leaf morphological traits, the data were separated into two
clusters, based on the PCA, and random forest analysis was
conducted to determine which traits contributed most sig-
nificantly to the separation of the two clusters, using the
default settings in Metaboanalyst.

Results

Evaluation of Spondyliaspis cf. plicatuloides
and Glycaspis brimblecombei infestation levels
on eucalypt species planted in a common garden

The levels of infestation of S. cf. plicatuloides and G. brim-
blecombei on different eucalypt species in four subgenera
(Alveolata, Corymbia, Eucalyptus and Symphyomyrtus)
varied considerably (p <0.001; Supplementary Table 2)
and were ranked (for S. cf. plicatuloides) from the most
preferred (susceptible), least preferred (less susceptible) to
non-preferred (resistant) (Fig. 2). Eight of the 19 assessed
eucalypt species were infested with S. cf. plicatuloides. The
preference order based on the degree of infestation was E.
microcorys > E. sideroxylon > E. camaldulensis > E. pan-
iculata> E. botryoides > E. tereticornis > E. saligna > E.
robusta. Amongst these, only E. microcorys, E. sideroxylon
and E. camaldulensis had high levels of infestation, whilst
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Fig.2 Damage severity of
Spondyliaspis cf. plicatuloides
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lerps were only occasionally observed on the other five mod-
erately resistant eucalypt species.

Six eucalypt species were infested with G. brimblecombei
and the order of preference was E. tereticornis > E. camaldu-
lensis > E. punctata > Corymbia maculata > E. robusta> E.
scoparia. Corymbia citriodora, C. maculata, E. dorrigoen-
sis, E. goniocalyx, E. nicholii, E. ovata, E. punctata, E.
propinqua, E. scoparia and E. viminalis and E. pilularis
were not infested by either S. cf. plicatuloides or G. brim-
blecombei, except E. scoparia, with very low infestations of
G. brimblecombei. Amongst these, only E. fereticornis had
high levels of infestation, whilst lerps were only occasionally
observed on the other five moderately resistant eucalypts.

Composition of volatile compounds in host and non-host
species

GC-MS analysis identified more than 30 foliar volatile com-
pounds across 12 eucalypt species selected for further analy-
sis. Most of the compounds were mono- and sesquiterpenes.
The dominant terpenes were eucalyptol, a-pinene, f-elimene
and E-B-caryophyllene (Fig. 3). PCA revealed only minor
differences between the volatile profiles of individual species
(22.4% and 19.5% in the x- and y-dimensions, respectively).
The volatile profile of E. sideroxylon, which is highly sus-
ceptible to S. cf. plicatuloides, did not differ significantly
from the non-host, E. ovata. In addition, the volatile profiles
of E. microcorys and E. camaldulensis (hosts of S. cf. plica-
tuloides) as well as E. tereticornis (highly susceptible to G.
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brimblecombei) did not significantly differ from the resistant
species, E. propinqua and E. punctata (Fig. 3). The heat map
illustrates the relative abundances of the most significantly
different volatile metabolites (p < 0.05) between the differ-
ent eucalypt species. Eucalyptus punctata and E. propinqua
had the highest levels of eucalyptol, whilst C. citriodora and
E. botryoides had the lowest levels. A very high concentra-
tion of a-pinene was observed in leaves of E. microcorys,
whereas E. ovata had significantly higher concentrations of
sesquiterpenes than the other species. Taken together, these
data show that the profile of non-polar compounds of hosts
and non-hosts of S. cf. plicatuloides and G. brimblecombei
did not differ sufficiently to explain the host choices of euca-
lypt lerp psyllids.

Composition of polar compounds in host and non-host
species

GC-MS analysis tentatively identified over 50 polar com-
pounds across all eucalypts used in this study. PCA of the
relative concentrations of these compounds revealed signifi-
cant differences between the different species, with unique
metabolite profiles for E. sideroxylon, E. microcorys and
E. camaldulensis, which are highly susceptible to S. cf.
plicatuloides (Fig. 4). However, the species also differed
significantly amongst each other (20.5% and 18.1% in the
x- and y-dimensions, respectively). Eucalyptus tereticornis,
the most susceptible species to G. brimblecombei, clus-
tered together with the non-host, E. botryoides. The relative
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Fig.3 Volatile metabolites of
12 eucalypt species. Two-

Volatile Metabolites

dimensional PCA scores plot of
the volatiles in eucalypt leaves
based on the relative propor-
tions of compounds in the hex-
ane extract. Confidence inter-
vals are presented by lighter
coloured circles. The heat

map shows the relative aver- (@)
age abundance of compounds
for each eucalypt species.

Only compounds that differed
significantly (p <0.05) between
the species based on a one-way
ANOVA are shown. The data ~
were log, -transformed for the
PCA and ANOVA, but untrans-
formed data are shown in the ¥ ]
heat map. Five replicates per
species were included. Metabo-
lites were analysed using GC—
MS. The images were generated
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abundances of the most significantly different metabolites
(p <0.05) between the eucalypt species included high con-
centrations of 4,6-dioxohept-2-enoic acid in E. sideroxylon,
as well as an unknown triterpene derivative and cyclohex-
ine-1-carboxylate which were both relatively abundant in
most species included in this study. Taken together, these
data show that susceptible hosts of S. cf. plicatuloides and
G. brimblecombei differed significantly from each other in
their polar metabolite profiles. These eucalypt traits may,
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therefore, not play an important role in the host preference
of these psyllids.

Composition of cuticular waxes in host and non-host
species

Overall, 28 compounds associated with the surface of

eucalypt leaves were detected across all preferred and
non-preferred species included in this study. PCA of
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Fig.4 Polar metabolites of
12 eucalypt species. Two-

Polar Metabolites

dimensional PCA scores plot

of the metabolites in eucalypt
leaves based on the relative
proportions of derivatised
compounds in the methanol
extract. Confidence intervals are
presented by lighter coloured
circles. The heat map shows the

between the species based on

a one-way ANOVA are shown.
The data were log,-transformed
for the PCA and ANOVA,

but untransformed data are
shown in the heat map. Four

to five replicates per species
were included. Metabolites
were analysed using GC-MS.
The images were generated by
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surface-associated metabolites separated the eucalypt
species into two distinct clusters explaining 39.1% of the
variation in the x-dimension (Fig. 5). The most susceptible
host species (E. microcorys, E. sideroxylon, E. camaldu-
lensis and E. tereticornis) clustered together with E. botry-
oides and E. paniculata, which were occasionally infested
by S. cf. plicatuloides (Fig. 2). The non-host species
clustered in a separate cluster. The relative abundances
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of the most significantly different metabolites between
the different species included in this study (p <0.05) are
shown in the heat map. An unknown phenolic, an unknown
triterpene and heptacosanol were present in high concen-
trations and differed most significantly between the dif-
ferent eucalypt species (Fig. 5). Random forest analysis
revealed that there were seven metabolites (docosene,
octacosane, benzoic acid, undecyl ester, hexadecanoic
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Fig.5 Cuticular wax metabo- Leaf Wax Com ponents

lites of 12 eucalypt species. .
Two-dimensional PCA scores O E botryoides
plot of the metabolites in euca- ,
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acid, octadecyl ester, an unknown phenolic, an unknown
triterpene and 2-methyl 1,6-methylheptadecanoate) that
each explained more than 1% of the differences between
the two clusters. Their relative concentrations are shown
as a percentage of all the metabolites in the spectrogram
of each leaf (Table 1). Docosene was the most significant
with rf =0.12, showing that the metabolite explained 12%
of the differences between the two clusters in the PCA
(Fig. 5). Taken together, these data show that cuticular
wax metabolites were similar in susceptible hosts of S. cf.
plicatuloides and G. brimblecombei and might influence
the host-selection behaviour of these psyllids.

2-methyl 1,6-methylheptadecanoate

Benzoic acid, undecyl ester
Octacosane

Unknown triterpene
Heptacosanol

Unknown phenolic

ejenojued '3
enbuidoid -3
eejound 3
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sjuIoaneie) '
sieuiwin 3

Morphological leaf characteristics in host and non-host
species

The morphological leaf characters, excluding the adaxial
stomatal features (due to their absence in some species
without stomata on the adaxial leaf surface), were analysed
using PCA. The PCA scores plot of the leaf morphological
characters of the 12 eucalypt species separated the species
into two distinct clusters explaining 72.1% of the variation
in the x-dimension (Fig. 6). The most susceptible host spe-
cies (E. microcorys, E. sideroxylon, E. camaldulensis and E.
tereticornis) clustered in a separate cluster from most of the
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Fig. 6 Morphological leaf traits

Leaf Morphological Characters

of 12 eucalypt species. Two-
dimensional PCA scores plot of O E. botryoides
the combined dataset excluding
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non-host species. However, three non-host species (C. citri- Discussion

odora, E. ovata, and E. viminalis) clustered together with
the highly susceptible species. The morphological features
that were most significantly different between the two clus-
ters were the abaxial guard cell area, as well as the adaxial
and abaxial stomatal density. Random forest analysis also
showed that these three morphological features contributed
significantly to the separation of the clusters, with adaxial
stomatal density explaining 40% of the variation between
the two clusters in the PCA (Table 2). Taken together, these
data show that susceptible hosts of S. cf. plicatuloides and
G. brimblecombei have some common morphological fea-
tures that could play an important role in the host-selection
behaviour of the two lerp psyllid species.

The aim of this study was to identify morphological and
chemical characteristics of eucalypt leaves associated with
the host preference of the shell lerp psyllid, S. cf. plica-
tuloides, in relation to the red gum psyllid, G. brimble-
combei. To achieve this goal, preferred and non-preferred
eucalypt host species were identified based on natural
infestations of the lerp psyllids in a common garden. Vari-
ous morphological and chemical characteristics of hosts
and non-hosts were evaluated to identify traits in euca-
lypt leaves that contribute to the host-selection behaviour
of these lerp psyllids. The findings of this study revealed
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previous studies where psyllids that utilise evergreen euca-
lypt hosts are reported to show no positive response to host
plant volatiles. For example, Farnier et al. (2018) reported
that Ctenarytaina eucalypti, C. bipartita, Anoeconeossa
bundoorensis and G. brimblecombei did not show positive
chemotactic responses to HPVs, despite previous physiolog-
ical data that showed neuronal responses of C. eucalypti to
HPVs (Yuvaraj et al. 2013). It was also shown that psyllids
move passively downwind and that long-distance migrations
are primarily wind-assisted (Martini et al. 2018) without
any olfactory orientation. Dispersed individuals thus land
multiple times before reaching a eucalypt that is identified as
a suitable host by short-range cues such as leaf morphology
or surface wax composition.

Surface traits likely influence eucalypt psyllid host
choice

After randomly landing on a potential host, eucalypt psyl-
lids need to evaluate its suitability for feeding and oviposi-
tion. Psyllids feed on leaves by inserting their mouthparts
into the tissues through the stomata (Woodburn and Lewis
1973). Our results showed that eucalypts susceptible to S.
cf. plicatuloides and G. brimblecombei had stomata on both
sides of the leaves. The other common leaf morphological
features shared amongst the main hosts of S. cf. plicatuloides
and G. brimblecombei were a slightly larger abaxial guard
cell width and a slightly lower abaxial stomatal density. De
Oliveira Del et al. (2022) reported that E. camaldulensis and
E. grandis, the most preferred species of G. brimblecombei
have stomata on both sides of the leaves whereas two other
resistant species did not have stomata on their adaxial sur-
face. A similar pattern was observed in the current study
except that, E. paniculata, a species with low infestations
by both G. brimblecombei and S. cf. plicatuloides had no
stomata on the adaxial leaf surface. Furthermore, other mor-
phological features examined in the current study showed
no differences between main hosts and non-hosts and this
agrees with de Oliveira Del et al. (2022) who showed that
epidermis, spongy and palisade parenchyma thickness
are not associated with resistance or susceptibility to G.
brimblecombei.

The ecological significance of plant cuticular waxes for
plant—insect interactions has been extensively studied. Epi-
cuticular wax mostly consists of alkanes and long-chain
alcohols (Jetter et al. 2000) and these compounds play a
key role in plant—insect interactions (Schoonhoven et al.
2005; Sarkar and Barik 2014). Analysis of surface-asso-
ciated metabolites separated the eucalypt species into two
distinct clusters and the most susceptible host species (E.

microcorys, E. sideroxylon, E. camaldulensis and E. tereti-
cornis) clustered together with E. botryoides and E. pan-
iculata, which were occasionally infested by S. cf. plica-
tuloides. Docosene was the most significant with rf=0.12,
indicating that the metabolite accounts for 12% of the differ-
ences between the preferred and non-preferred host clusters
in the PCA. Earlier studies have shown that the presence
and abundance of non-structural epicuticular waxes greatly
influenced psyllid adhesion to leaf surfaces (Brennan and
Weinbaum 2001a), probing (Brennan and Weinbaum 2001b,
¢), orientation behaviour (Brennan and Weinbaum 2001d)
as well as oviposition preferences (Brennan et al. 2001). As
aresult, it is likely that surface wax structure and composi-
tion as well as stomatal abundance may play an important
role in the host location of both G. brimblecombei and S.
cf. plicatuloides. However, these traits did not explain the
differences in the preferred hosts of the two psyllid species,
and it is still not known why S. cf. plicatuloides prefers E.
camaldulensis, E. microcorys and E. sideroxylon above E.
tereticornis, the preferred host of G. brimblecombei.

Polar internal leaf metabolites did not associate
with psyllid host-selection behaviour

Once a psyllid has landed on a susceptible host plant and has
started probing the stomata, host acceptance may be influ-
enced by its nutritional quality and the abundance of defence
chemicals (Dethier 1982; Visser 1986). In our study, the
most susceptible hosts of S. cf. plicatuloides and G. brim-
blecombei differed significantly in their polar leaf metabolite
profiles, but no clear associations were observed between
these traits and psyllid host preference.

Whilst probing the leaf for the phloem tissue, psyllids
could come into contact with noxious plant defence metabo-
lites. Plant secondary metabolites are abundant in Eucalyp-
tus foliage, with phenolics, particularly tannins, being the
most abundant (Fox and Macauley 1977; Hillis 1966; Marsh
et al. 2017). These compounds might be deterrent to the
psyllids (Steinbauer and Tanha 2023). We detected phenolic
acids, condensed tannin monomers and flavonoids, but their
abundances did not correlate with host preferences of S. cf.
plicatuloides and G. brimblecombei.

As phloem feeders, S. cf. plicatuloides and G. brimble-
combei may require high levels of sugars and amino acids in
the phloem of the host. However, levels of the most abundant
sugars, including sucrose, glucose, galactose and lactose,
were not positively associated with the host preferences of
the two psyllid species. Sugar contents in host eucalypt spe-
cies were generally lower or similar to that of the non-host
species. Nevertheless, it is known that phloem sap contains

@ Springer



96

P.T. Makunde et al.

more sugars than needed by the insects and is excreted in the
form of honeydew, whilst amino acid concentrations, which
we did not detect in our analysis, are limited (Sandstrom and
Moran 1999; Douglas 2006). Sugary honeydew allows for
the growth of sooty moulds of the genera Capnodium, Fum-
ago, and Scorias, which might negatively affect the psyllids,
by reducing photosynthesis in host leaves. Lower levels of
sugars might, therefore, reduce sooty mould growth and be
beneficial in increasing host leaf longevity.

Conclusion

Elucidating the mechanisms underpinning host preference in
psyllids is a crucial step towards identifying resistant euca-
lypt varieties that can be planted to manage these pests. Phy-
tochemical examination of volatile and polar metabolites in
leaves of the tested eucalypt species did not clearly separate
the preferred hosts from non-hosts of the two lerp psyllids,
S. cf. plicatuloides and G. brimblecombei and thus could
not sufficiently explain the host choices of the two lerp-
forming psyllids. However, morphological analysis resulted
in identification of abaxial guard cell area, the adaxial and
abaxial stomatal density as main features shared amongst the
preferred hosts of the two psyllids. Furthermore, cuticular
wax composition revealed seven metabolites shared by the
preferred hosts and these metabolites separated them from
the non-hosts. Specific combinations of some morphological
features and wax metabolites could potentially explain dif-
ferent levels of infestation and the choices of females during
oviposition in both psyllid species. However, although this
study revealed common features positively influencing host
selection of both psyllid species, we did not identify any
traits explaining the differences in host-selection behaviour
between S. cf. plicatuloides and G. brimblecombei. Future
studies will address this question by including a larger vari-
ety of susceptible species and hybrids as well as using addi-
tional methods, including amino acid analyses and electron
microscopy of leaf surfaces and stomatal apertures.
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