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Abstract
Trees belonging to the predominantly Australian genus Eucalyptus (Myrtaceae) are
preferred worldwide for their fast growth and suitability for a range of uses. Some
endemic Australian insect herbivores of Eucalyptus have become invasive pests of
plantation Eucalyptus in other parts of the world; one prominent example is the small
galling wasp Leptocybe invasa. Although the wasp is considered to be of Australian
origin, collection records from within Australia are rare and restricted to near coastal
habitats in the State of Queensland. Leptocybe invasa is a particularly important insect
pest in Kenya because Eucalyptus are highly valued trees. My objectives were to
understand the invasion ecology of the insect, quantify variability in preference (wasp)
and resistance (host) of the subspecies (7) and genotypes (29) of E. camaldulensis and
assess how host resistance varies with growing conditions in selected locations in Kenya.
In Chapter 2, I show that L. invasa sensu lato does not exhibit niche conservatism but
exhibits climatic plasticity which has facilitated the invasion of new niches worldwide.
Parapatric speciation of founder populations could have enabled occupation of harsher
exotic climates or invasive populations may have originated from different source
populations in Australia. The findings of Chapter 3 reveal that female L. invasa lineage
A (comprising African, European, Middle East and South American populations) display
no olfactory preference for specific host plant volatiles and that they accept all E.
camaldulensis equally for oviposition. Nevertheless, leaf toughness and apical bud length
influence the density of ovipuncture marks in shoots of different genotypes. Observations
of female behaviour suggest that the ovipositor is used for host assessment prior to
acceptance. In Chapter 4, I report evidence that E. camaldulensis displays both
constitutive and induced resistance against L. invasa lineage A. Constitutive differences
in foliar concentrations of quinic acid derivatives as well as leaf abscission (an induced
ix

hypersensitive response) resulted in differential galling among genotypes. Finally, in
Chapter 5, I demonstrate that the latitude of origin of host genotypes did not influence
host preference. However, growth traits of hosts varied with origin which influenced
galling incidence of saplings in common garden arboreta. Overall, I found no evidence
for a tight linkage between female preference and offspring performance in L. invasa
lineage A.
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Chapter 1

Introduction and Literature Review
General introduction
The utility of Eucalyptus, indigenous hardwood trees of the Australasian region (Brooker
2002), for different purposes has led to their widespread introduction and establishment
worldwide, making them the most widely-used forest plantation species (Turnbull 1999).
Globally, the plantation area of Eucalyptus continues to increase due to their fast growth
rates, favourable wood properties, and adaptability to different ecological conditions
(Butcher et al. 2002; Verhaegen, Plomion 1996) enhanced by their species diversity.
Eucalypts are the third most widely planted trees in East Africa, accounting for about half
of the plantation forests in the greater east African region and 25% in Kenya (Dessie,
Erkossa 2011). Eucalypts were introduced to Kenya in 1902 to provide fuel for the
locomotives of the Kenya-Uganda railway, and forests are currently dominated by E.
camaldulensis, E. grandis, and E. saligna (Githiomi, Kariuki 2010). The processes of
curing tea and tobacco rely largely on the use of fuel wood (Shiver, Brister 1992) supplied
by established Eucalyptus plantations, while eucalypt woodlots supply domestic
fuelwood, construction poles and posts, providing a good buffer to protect the natural
forests from degradation.
The popularity of eucalypts worldwide has led to a rising demand for planting material,
the supply of which originates from breeding programmes in several countries including
Brazil, South Africa and Chile. These breeding programmes have targeted improvement
in volume growth, wood density and pulp yield, among other benefits (Rezende et al.
2014; Teulieres et al. 2007) without major consideration of biotic stresses (Grattapaglia,
Kirst 2008). Several of these breeding programmes have included hybridization, targeting
1

E. camaldulensis to improve resilience in drought and salinity tolerance (Grattapaglia,
Kirst 2008; Meddings et al. 2003).
However, the establishment of large eucalypt plantations has been followed by invasion
by pest species of Australian origin in different parts of the world (Aukema et al. 2010;
Paine et al. 2011; Wingfield et al. 2008), attributable largely to trade and travel. A highly
damaging and quickly spreading invasion is that of Leptocybe invasa (Hymenoptera:
Eulophidae), Fisher & LaSalle (2004) (Giliomee 2011). Leptocybe invasa is a galling
wasp believed to be of Australian origin (Kim et al. 2008; Mendel et al. 2004). While
unknown from Australia, the wasp is the most widely distributed invasive species,
infesting Eucalyptus in Asia (Chen et al. 2009; Zheng et al. 2014; Zhu et al. 2012), South
America (Costa et al. 2008; Kim et al. 2008) North America (Wiley, Skelley 2008)
Europe (Doganlar 2005) and Africa (Dittrich-Schröder et al. 2012; Mutitu et al. 2007).
Leptocybe invasa sensu lato
Taxonomy of L. invasa
Although assumed to be native to Australia, L. invasa was discovered and described only
upon becoming a pest on eucalypts in the Mediterranean and Middle East, as a monotypic
genus in the sub family Tetrastichinae, family Eulophidae of the order Hymenoptera
(Mendel et al. 2004). The genus shares some features with Baryscapus, mostly
parasitoids, and Oncastichus that is a pest of Chamelaucium uncinatum (Mendel et al.
2004). Leptocybe invasa has also incorrectly been referred to as Aprostocetus species
(Protasov et al. 2008). Following its initial discovery, the wasp spread rapidly to eucalypts
in over thirty countries within a decade (Zheng et al. 2014).
However, recent molecular work revealed the invasion to comprise two cryptic species
(Dittrich-Schroder et al. 2016; Nugnes et al. 2015). Populations originating in Europe, the
2

Middle East, South America & Africa are likely to be L. invasa, while the second lineage
is widespread in Asia (Dittrich-Schroder et al. 2016; Nugnes et al. 2015). Some studies
reporting on L. invasa, particularly those originating in Asia, therefore, may have been
conducted with a different species. For example, large differences in reported
development times (Mendel et al. 2004; Nyeko et al. 2010) for L. invasa may reflect
differences between the two species, unrecognised at the time the studies were conducted.
Interestingly, while the second lineage is widespread in eastern Queensland, L. invasa
sensu stricto has not been found in Australia (Kim 2008). For my studies on preference
and acceptance of E. camaldulensis host plants, I concentrate on Kenyan populations of
the original invasive galler, L. invasa.
Biology of L. invasa
The wasp has five life stages comprising the eggs, larvae, pre-pupae, pupae and adults
which occur at different stages of gall development (Mendel et al. 2004). The females
deposit eggs in a lined-up manner on the sides of midribs and petioles of newly developed
leaves and shoot parenchyma. Contrasting development periods have been recorded, with
132.6 ± 8.1 days (Mendel et al. 2004) and between 35-75 days in green house conditions
(Sangtongpraow 2011) although differences among the different wasp species is
unknown. Pupation takes place in the galls then adults emerge from the galls through
rounded holes. Adult longevity is about 3 days without food and six to seven days when
supplied with water and honey (Mendel et al. 2004; Sangtongpraow 2011). The number
of generations vary in different climatic regions of the world. In Israel two to three
generations per year occur (Mendel et al. 2004), three to four in Turkey (Aytar 2006),
whereas several overlapping generations occur throughout the year in the tropical
environments of East Africa where several gall stages can be sighted on susceptible hosts
all year round (Nyeko et al. 2010).
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The development period is inversely related to the environmental temperature and peak
population growth occurs in warm temperatures (Zhu et al. 2015). Ability to withstand
cold winter conditions through low super-cooling temperatures has been reported for
various stages of the insect (PengFei et al. 2012). PengFei et al. (2012) observed that the
overwintering and supercooling temperatures were generally lower in colder conditions
and lowest for eggs and pupae as influenced by the host plant.
Sex determination in Leptocybe species
Concerning the distribution of sexes, Mendel et al. (2004) indicated that only females
were observed in Israel and proposed that the mode of reproduction is thelytokous
parthenogenesis, but males have been sighted too (Chen et al. 2009; Doganlar 2005; Liang
2010; Sangtongpraow 2011; Zheng et al. 2014). Sex ratios have been observed to vary
with temperature, but always with a significant bias towards females (Zheng et al. 2014;
Zhu et al. 2015). Sangtongpraow (2011) described the reproductive mode of L. invasa as
deuteroky because of the production of occasional and non-functional males.
Endosymbiotic Rickettsia species are associated with variability in sex ratio
characterizing various populations of Leptocybe females (Nugnes et al. 2015). Rickettsia
endosymbionts can promote thelytoky either by killing the males or through induction of
parthenogenesis (Cordaux et al. 2011; Kageyama et al. 2012) but the mechanism of sex
determination in L. invasa remains unknown.
Host range and damage of Eucalyptus species by L. invasa
Leptocybe invasa has a broad host range of around 30 eucalypt taxa (Tables 1-3), with
variable levels of infestation recorded in some species including E. urophylla, E.
microcoys and E. globulus from susceptibility trials (Mendel et al. 2004; Quang Thu et
al. 2009) (Tables 1 and 2). Hybrids of the major commercial species also have variable
levels of resistance (Table 3). Most authors have not identified the provenance or seed
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sources used in their studies, and it is possible that the observed intra-species variation in
resistance reflects differences in susceptibility between provenances, or differential hostuse patterns between the two cryptic Leptocybe pest species.
Leptocybe invasa attacks apical buds and young leaves of Eucalyptus species, causing
formation of galls on leaves and shoots. Some species are categorised as both resistant
and susceptible which probably results from different genotypes used in trials, since
variability within species is rampant in eucalypts (Burley et al. 1971; Farrow et al. 1994;
Floyd et al. 1994). The galled tissues are divergent from the surrounding plant tissue
(Hartley 1998; Oliveira et al. 2016), and may result from successful insect manipulation
of plant phytohormones (Hartley 1999; Oates et al. 2016; Raman et al. 2005; Tooker,
Helms 2014) in susceptible genotypes. Auxins are particularly implicated in galling of
Eucalyptus species by L. invasa (Oates et al. 2015) although the process of gall formation
by L. invasa remains unknown. Galling insects reduce plant fitness by destroying plant
parts and competing with vital organs for nutrients and photosynthates (Stone,
Schönrogge 2003) and being phloem parasites by acting much like plant sinks (Larson,
Whitham 1997).
Galls induced on Eucalyptus shoots by L. invasa either appear singly or coalesce with
neighbouring galls into a series of bumps along the leaf petiole, midrib or young shoot of
the plant; gall size is highly correlated with the number of developing wasps within (16).
The leaves appear twisted, and the heavily attacked seedlings and saplings suffer stunted
growth mainly attributable to compromised water transport within the plant (Tong et al.
2016) and lose apical dominance. Prolific production of leaves that are reduced in size
occurs in some plants, resulting in canopy compaction (Fig 1). Mortality may occur in
heavily infested seedlings. Infestation of susceptible host plants by the wasp can reduce
their height by up to 39% and yield volume by up to 23% (Petro et al. 2015). Infestation
5

by L. invasa is of considerable concern to farmers in Eastern Africa because of its
perceived economic importance (Mutitu et al. 2007; Nyeko et al. 2007), emphasizing the
need for effective management methods to safeguard farmers’ investments.

Fig 1 The canopy of a eucalypt sapling heavily galled by L. invasa showing reduced leaf
sizes and twisted leaves

Current Management practices for L. invasa
Parasitoids are often more effective biological control agents than predators (Huffaker
2012; Murdoch et al. 1985) and hence are preferentially selected for managing forest and
agricultural invasions. Explorations for parasitoids to use as biological control agents
against L. invasa have been undertaken, from the assumed native range the of the wasp
in Australia (Kim et al. 2008), and from its invaded locations (Protasov et al. 2008;
6

Sangtongpraow, Charernsom 2013). Several previously undescribed parasitoids, from
Australia including Quadrastichus mendeli, Selitrichodes kryceri (Kim et al. 2008),
S. neseri (Kelly & LaSalle 2012), Megastigmus zvimendeli and M. lawsoni (Doganlar &
Hassan 2010; Doganlar 2015) have been introduced to various regions. The parasitoids
imported from Australia have already shown promising results in managing the
populations of the wasp in the Mediterranean region (Mendel et al. 2017). There are
records of several Megastigmus spp, assumed to be indigenous parasitoids, associated
with L. invasa in different countries e.g. M. pretorianensis in South Africa (Doganlar
2015), M. brasiliensis in Brazil (Doganlar et al 2013), M. dhwardicus (Ramanagouda et
al. 2010) and M. viggiani in India (Gupta and Poorani 2008; Shylesha 2008), M.
thitipornae and M. thailandiensis in Thailand (Doganlar and Hassan 2010;
Sangtongpraow & Charernsom 2013; Doganlar 2014), and M. leptocybus in the Middle
East (Doganlar & Hassan 2010).
Pesticide use is already rampant (Nyeko et al. 2007) despite only a few studies on the
efficacy of pesticide in the management of L. invasa (Jiang et al. 2009). In the absence of
such testing, current pesticide practices may be inappropriate for managing this wasp,
environmental concerns of their use notwithstanding.
Several studies have screened Eucalyptus species and their hybrids for resistance against
damage by the wasp (Tables 1, 2 and 3). Although Eucalyptus hybrids are often more
susceptible to pests than parents (Dungey et al. 1997; Nahrung et al. 2012), some hybrids
have shown resistance to L. invasa (Table 3). This could be explained by the variability
in interactions between parents of the Eucalyptus hybrids and galling insects (Morrow et
al. 1994). Planting of resistant genotypes to minimize losses due to infestation by the wasp
is frequently advocated (Dittrich-Schröder et al. 2012; Nyeko et al. 2010; Zhu et al. 2012).
However, this could be handicapped by the fact that different eucalypt genotypes
7

are

adapted to different ecological conditions and some might not perform optimally outside
their ecological ranges. Additionally, resistant genotypes may not be available to anyone
outside the plantation companies that developed it. Smallholder farmers are often at a
disadvantage in this respect. The fact that these tests are conducted with different
populations and that uniformity of host preference across the different populations is
unknown could also challenge their application. Counter-evolution of resistance could
also occur with increased genetic diversity of the wasps in the event of multiple invasions
(Zhan et al. 2015).
The attributes of Eucalyptus camaldulensis
Eucalyptus camaldulensis (Dehnh.), river red gum, is an extremely wide spread eucalypt,
occurring across a wide and discontinuous geographic range in Australia (Butcher et al.
2009; McDonald et al. 2009). It was once considered a single taxon, but wide genetic
variability influenced by environmental conditions, and differing morphological
characters has revealed it to comprise seven subspecies (Butcher et al. 2009; McDonald
et al. 2009): acuta, arida, camaldulensis, minima, simulata, obtusa and refulgens
(McDonald et al. 2009). Drought tolerance is an attribute of E. camaldulensis achieved
by their capacity to rapidly produce a deep and prolific root system thereby acquiring soil
moisture at greater depth (Gibson et al. 1994b). In the arid zones, they are confined to
intermittent water courses while also occurring in high salinity regions, whereas those in
water logged areas tolerate inundation for greater part of the year (Wardell-Johnson et al.
1997). They reliably adapt to growing conditions similar to those of their endemic range
(Gibson et al. 1994a).
The variability among Eucalyptus genotypes influences their interaction with insect
herbivores (Edwards et al. 1993). In related eucalypt species, investment in chemical
defense occurs in young shoots which are vulnerable before they acquire other physical
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defenses (Goodger et al. 2006). Plant secondary metabolites implicated in defence are
abundant and variable in the foliage of E. camaldulensis, including terpenoids (Medhi et
al. 2010; Stone, Bacon 1994), phloroglucinols (Singab et al. 2011) and polyphenols
(Conde et al. 1997; Cork 1992; Cork, Krockenberger 1991; Hillis 1966). These are
expected to have effects on interactions with insect herbivores, including gall formers.
Some genotypes of E. camaldulensis are endowed with pruinosity which could determine
their interaction with adult wasps looking for oviposition sites (McDonald et al. 2009;
Midgley et al. 1989). The investment in leaf toughness by eucalypts (Ohmart, Edwards
1991) is thought of as a cheaper defense mechanism with minor costs to a plant growing
in sunny conditions (Read et al. 2009) like E. camaldulensis. Although considered only
as resistance mechanism in older leaves, the relatively tough shoots of different genotypes
could possibly influence the behaviour of the female wasp during oviposition (Kursar,
Coley 2003).
The Objective
Numerous subspecies and provenances of E. camaldulensis have been introduced into
Africa for various purposes, e.g. into Tanzania (Sabas, Nshubemuki 1988) Nigeria
(Otegbeye, Samarawira 1991) and Kenya. Unfortunately, information concerning the
genotype of trees planted is rarely available, and extensive subsequent hybridisation has
occurred, making it almost impossible to reliably identify eucalypts in the field. Leptocybe
invasa is currently most prevalent in the low altitude, hot regions in Africa (Mutitu et al.
2007; Nyeko et al. 2009; Petro et al. 2014), which are also suitable for growing E.
camaldulensis. This makes understanding the susceptibility of various genotypes of E.
camaldulensis to the wasp vital, especially in guiding the selection of germplasm for
planting in Africa generally.
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The variable susceptibility of E. camaldulensis and its hybrids to L. invasa has been
reported by many authors (Tables 1 and 3), who treat the eucalypt as an amorphous
species. However, there has been no systematic and detailed study of L. invasa oviposition
behaviour or larval survival and development, as affected by plant physical characteristics
and primary and secondary metabolites. Because of the genetic variability and wide
environmental adaptation of E. camaldulensis (Butcher et al. 2009; Gibson et al. 1994a),
there is a possibility that some genotypes will be more easily recognized and accepted by
female wasps for oviposition. A relationship between evolutionary age of the host plant
taxon and the number of galling species has been observed (Fernandes 1992) and
speciation in E. camaldulensis has been implicated along a latitudinal gradient with the
tropical genotypes being the oldest (Butcher et al. 2009). A latitudinal pattern in the
interaction between the E. camaldulensis subspecies and L. invasa could therefore be
expected since evolutionary interactions with herbivorous insects might be involved in
shaping resistance traits displayed by host taxa (Agosta 2006; Agrawal 2011; Strong Jr
1979). However, populations of galling insect taxa have been observed to vary with
environmental conditions (Fernandes, Price 1992) and the environment of their growth
could influence the display of resistance attributes by plants (Larsson 2002).
The objective of my study was to determine the extent of variability in resistance to, and
mechanisms for, host suitability in genotypes of E. camaldulensis by L. invasa. My main
aim was to provide information relevant for guiding the management of current invasions
as well as guiding future host tree improvement programmes. I hypothesized that different
genotypes, in their subspecies groups, would vary in their resistance attributes as
influenced by climatic conditions. I studied the course of interaction between the wasp
and different host plants during host finding, assessment and acceptance for oviposition.
I also quantified galling success in the different genotypes and correlated them to host
plant characteristics, giving prominence to the constitutive secondary metabolites, leaf
10

toughness and apical shoot length as resistance traits. I related galling success and host
plant growth performance to environmental and climatic factors while mapping out the
possible invasive and native distribution of the wasp.

A summary of research findings
Chapter 2
To understand the possible geographic origin of L. invasa sensu stricto, to match with E.
camaldulensis genotype origins, and for L. invasa sensu lato, to understand the
environmental factors favourable for invasion, I used correlative niche modelling in
Maximum Entropy (MaxEnt) and multivariate analysis to determine the eco-climatic
envelope in its assumed native range. I also used the environmental conditions in the
invasive range to infer the possible evolutionary processes in the populations.
My ecological niche modelling of L. invasa sensu lato, shows that it occupies variable
climatic niches indicating lack of niche conservatism. Various populations of Lineage A,
identified to be genetically identical, have invaded divergent climatic niches indicating
that climatic plasticity enables them to expand to new niches. With no conclusive
evidence for evolution there is the possibility that peripatric speciation may have occurred
soon after the initial invasion. The variability of the climatic niches occupied by the wasp
could increase the threats of invasiveness, with secondary introductions from other
populations as has occurred in South Africa. It is also possible that the invasive
populations originated from different populations in their endemic range. I highlight the
need for more study on the extent of the distribution and genetic diversity of the wasps in
Australia.
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Chapter 3
I investigated host selection and acceptance behaviours of female L. invasa wasps in
response to physical and chemical cues of growing shoots and young leaves of 29
genotypes (grown under nursery and field conditions) representative of all seven
subspecies of E. camaldulensis Dehnh. I hypothesised that host preference and acceptance
for oviposition by L. invasa is guided by host chemical and morphological characteristics.
The aim was to study the discrimination and oviposition behaviour of female wasps on
subspecies of E. camaldulensis and to document the physical and chemical attributes
influencing insect behaviour. I studied the response of wasps to host odours in an
olfactometer, host assessment behaviour on the apical shoots and the oviposition intensity
and incidences on the various hosts, and related them to plant chemical and physical
attributes. Host choice studies were conducted in a common nursery and two common
garden arboreta, while no-choice experiments were carried out on excised shoots in the
laboratory. In dual choice olfactometer bioassays, dominant terpene odours guided wasps
to source locations but did not elicit any response from the antennae. Leaf toughness
(indicated by specific leaf weight) was the major plant attribute influencing the density of
ovipuncture marks in shoots of different genotypes. Subspecies of E. camaldulensis were
dissimilar in terpene composition and their terpenoid profiles grouped together as distinct
‘chemotypes’. Observations of female wasp behaviour suggest that the ovipositor is used
for host assessment prior to acceptance for oviposition. The wasp oviposited on all the
provided genotypes of E. camaldulensis in the nursery, field and laboratory. Although the
galling intensity was variable between the host subspecies it did not correspond to their
terpene profiles. I conclude that variability in galling among subspecies and genotypes
of E. camaldulensis is due to differential egg and larval survival, not to variable oviposition
preferences.
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Chapter 4
My objective was to delineate the variability in galling by L. invasa within the variable
E. camaldulensis complex and the role of chemical and physical attributes of the host
genotypes. I investigated constitutive resistance of subspecies and genotypes of E.
camaldulensis to L. invasa while controlling for geographic variability in growing
conditions of Australian habitats by use of common nursery and common garden arboreta.
Data on galling intensity, leaf phenolics and morphological attributes was used to explain
differences in susceptibility.
Genotypes of E. camaldulensis exhibited both constitutive and induced resistance to L.
invasa. Intra-specific variability in galling was pronounced and was correlated with
differences in concentrations of quinic acid derivatives (coumaroyl quinic acids and
caffeoyl quinic acids) and whole leaf abscission. The study, however neither considered
any changes in the plant secondary metabolites that could have been associated with the
hypersensitive reaction nor elucidated the life cycle stage of the insect (egg or larvae)
which it affects. Apart from the quinic acid derivatives, Eucalyptus camaldulensis
synthesizes an array of tannins and other polyphenols which may be produced for
resistance although not necessarily against galling induced by L. invasa.
Chapter 5
The aim of this study was to determine the variability in the interaction between L. invasa
and its E. camaldulensis host genotypes across environmental and mineral nutrient
gradients. Results would find applicability in breeding for host resistance traits of E.
camaldulensis against L. invasa. I related infestation levels to the measured growth
performance and abundance of quinic acid derivatives in the apical shoots in relation to
other host attributes of 29 genotypes of E. camaldulensis to climatic and soil condition in
13

their seed collection locations. Seeds of the genotypes were raised in common nursery
and five garden arboreta in Kenya, and their resistance performance was compared and
related to the soil nutrients of the arboreta. To ascertain the influence of nutrition on
resistance and level of galling, different levels of nitrogen were administered to
susceptible genotypes in a potted experiment.
The study showed that genotype influences the susceptibility of E. camaldulensis more
than growing conditions. The susceptibility of genotypes followed a latitudinal pattern,
with those from higher latitudes being more susceptible favoured by lower temperatures.
While the common garden arboreta varied in soil characteristics, the susceptibility as well
as the abundance of quinic acid derivative of different genotypes did not show a crossover interaction with the sites. The quinic acid derivatives also did not vary with nitrogen
nutrition amendment in potted plants. Other growth characteristics and phenolic
compounds, however, varied with the genotypes and sites in a reciprocal manner. The
results of this study indicate that the quinic acid derivatives are innate compounds and not
induced by L. invasa infestation. Therefore, selection of genotypes high in quinic acid
derivatives can be harnessed for resistance breeding. The role of interaction between the
wasp and Eucalyptus species in evolution of the compounds is however not known.
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Table 1. Eucalypt species (subgenus and section identity from (Brooker 2000; Steane et al. 2011)) susceptible to galling by Leptocybe invasa.
The genera are Corymbia (C) and Eucalyptus (E), respectively.
Genus Species

Subgenus

Section

Reference

C.

polycarpa

(Quang Thu et al. 2009)

E.

microcorys *

Eudesmia

E.

coolabah

Symphyomyrtus Adnataria

(Quang Thu et al. 2009)

E.

exserta

Symphyomyrtus Exsertaria

(Zhu et al. 2012)

E.

camaldulensis Symphyomyrtus Exsertaria

Apicaria

(Zhu et al. 2012)

(Mendel et al. 2004; No 2010; Nyeko et al. 2010; Petro et al. 2014; Quang Thu et al.
2009; Zhu et al. 2012)

E.

tereticornis

Symphyomyrtus Exsertaria

(Mendel et al. 2004; Nyeko et al. 2010; Petro et al. 2014; Quang Thu et al. 2009; Zhu et
al. 2012)

E.

grandis

Symphyomyrtus Latoangulatae (Dittrich-Schröder et al. 2012; Mendel et al. 2004; No 2010; Nyeko et al. 2010; Quang
Thu et al. 2009)

E.

urophylla*

Symphyomyrtus Latoangulatae (Dittrich-Schröder et al. 2012; Quang Thu et al. 2009; Zhu et al. 2012)

E.

smithii

Symphyomyrtus Maidenaria

(Dittrich-Schröder et al. 2012; Quang Thu et al. 2009)

E.

bridgesiana

Symphyomyrtus Maidenaria

(Mendel et al. 2004)

E.

dunnii

Symphyomyrtus Maidenaria

(Dittrich-Schröder et al. 2012; Zhu et al. 2012)
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E.

globulus*

Symphyomyrtus Maidenaria

(Mendel et al. 2004)

E.

gunii

Symphyomyrtus Maidenaria

(Mendel et al. 2004)

E.

viminalis

Symphyomyrtus Maidenaria

(Mendel et al. 2004)

E.

propinqua

Symphyomyrtus Tranvsersaria

(Mendel et al. 2004)

E.

robusta

Symphyomyrtus Tranvsersaria

(Mendel et al. 2004; Nyeko et al. 2010; Quang Thu et al. 2009; Zhu et al. 2012)

E.

saligna

Symphyomyrtus Tranvsersaria

(Mendel et al. 2004; Nyeko et al. 2010; Petro et al. 2014; Quang Thu et al. 2009; Zhu et
al. 2012)

E.

botryoides

Symphyomyrtus Tranvsersaria

(Mendel et al. 2004)

E.

pellita

Symphyomyrtus Tranvsersaria

(Quang Thu et al. 2009)

* species also reported as resistant (Table 2)
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Table 2. Eucalypt species (subgenus and section identity from (Brooker 2000; Steane et al. 2011)) resistant to galling by Leptocybe invasa.
The genera are Corymbia (C) and Eucalyptus (E), respectively.
Genus

Species

Subgenus

Section

Reference

E.

microcorys*

Eudesmia

Apicaria

(Quang Thu et al. 2009)

E.

erythrocorys

Eudesmia

Atricharia

(Mendel et al. 2004)

E.

cloeziana

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

moluccana

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

leucoxylon

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

melanophloia

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

moluccana

Symphyomyrtus

Adnataria

(Quang Thu et al. 2009)

E.

sideroxylon

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

polyanthemos

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

populnea

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

crebra

Symphyomyrtus

Adnataria

(Mendel et al. 2004)

E.

cladocalyx

Symphyomyrtus

Sejunctae

(Mendel et al. 2004)

E.

dundasii

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

erythronema

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

loxophleba

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

occidentalis

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

platypus

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

salubris

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)
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E.

sargentii

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

spathulata

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

stricklandii

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

astringens

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

gomphocephala

Symphyomyrtus

Bisectaria

(Mendel et al. 2004)

E.

kondininensis

Symphyomyrtus

Dumaria

(Mendel et al. 2004)

E.

torquata

Symphyomyrtus

Dumaria

(Mendel et al. 2004)

E.

woodwardii

Symphyomyrtus

Dumaria

(Mendel et al. 2004)

E.

urophylla*

Symphyomyrtus

Latoangulatae

(Quang Thu et al. 2009)

E.

nitens

Symphyomyrtus

Maidenaria

(Dittrich-Schröder et al. 2012; Quang Thu et al.
2009)

Symphyomyrtus

Maidenaria

E.

globulus*

C.

maculata

(Mendel et al. 2004)

C.

torelliana

(Mendel et al. 2004)

C.

citriodora

(Quang Thu et al. 2009)

C.

henryi

(Quang Thu et al. 2009)

C.

tessellaris

(Quang Thu et al. 2009)

*species also recorded as susceptible (Table 1)
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(Quang Thu et al. 2009)

Table 3. Susceptibility of eucalypt hybrids* to galling by Leptocybe invasa; + = susceptible; - = resistant.
Genus

Species

Section of parents

Infestation status Reference

Eucalyptus

grandis x camaldulensis

Latoangulatae × Exsertaria

+

(Dittrich-Schröder et al. 2012; Nyeko et al.
2010)

Eucalyptus

grandis x nitens

Latoangulatae × Maidenaria

+

(Dittrich-Schröder et al. 2012)

Eucalyptus

grandis x urophylla

Latoangulatae

+

(Dittrich-Schröder et al. 2012; No 2010;
Nyeko et al. 2010)

Eucalyptus

nitens x grandis

Maidenaria × Latoangulatae

+

(Dittrich-Schröder et al. 2012)

Eucalyptus

saligna x urophylla

Tranvsersaria × Latoangulatae

+

(Dittrich-Schröder et al. 2012)

Eucalyptus

Urophylla x camaldulensis

Latoangulatae

+

(No 2010)

Eucalyptus

urograndis

Latoangulatae

+

(Zhu et al. 2012)

Eucalyptus

grandis x nitens

Latoangulatae × Maidenaria

-

(Dittrich-Schröder et al. 2012)

Eucalyptus

grandis x camaldulensis

Latoangulatae × Exsertaria

-

(Dittrich-Schröder et al. 2012; Nyeko et al.
2010)

Eucalyptus

grandis x urophylla

Latoangulatae

-

* Section identity from (Brooker 2000; Steane et al. 2011)
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Abstract
Leptocybe invasa sensu lato (Fisher & LaSalle) (Hymenoptera: Eulophidae) is an invasive
eucalypt-galling wasp that spread quickly all over the world, achieving significant pest
status through its severe impacts on the growth and productivity of eucalypts. Until its
discovery in Europe and the Middle East in the early 2000s, the genus was undescribed,
and its native range remains unclear. Molecular studies indicate the invasive global
populations comprise two cryptic species with variable modes of reproduction, but
environmental factors conducive to the establishment and persistence of the two species
are not known. Collection records in the assumed native range are sparse, and comprise
largely only one of the invasive lineages restricted to subtropical and tropical Queensland
and northern New South Wales. To date, the original invasive lineage has not been found
in Australia, despite searches over the seventeen years that it has been spreading overseas.
To understand the distributions of the populations, we used correlative niche modelling
in Maximum Entropy (MaxEnt) and multivariate analysis. We also used the
environmental conditions in the extra-limital range to infer the possible origins and
evolutionary processes mediating the divergence of populations of L. invasa. Our findings
do not support niche conservatism by extra-limital populations but indicate that
phenotypic plasticity facilitates invasion of new niches. It is probable that peripatric
speciation could occur in sexual populations invading climatically harsh habitats. Our
findings support the possibility that the extra-limital populations may have originated
from different populations within the endemic range. We highlight the need for better
understanding of the distribution, genetic diversity, and reproductive mode of the species
within Australia. The variety of climatic niches occupied by extra-limital lineages of the
wasp presents new threats to eucalypts in previously uninfested habitats as has occurred
in South Africa.
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Introduction
Eucalypts are cultivated worldwide for their fast growth and suitability for a range of uses.
The high diversity of Eucalyptus species within Australia is associated with an immense
diversity of insect herbivores, some of which can be very damaging when their abundance
is unusually high (Nahrung et al. 2016). Some of these insects have become invasive pests
of eucalypts around the world, and potential threats to exotic tree plantations (Bush et al.
2016; Hurley et al. 2016; Paine et al. 2011; Wingfield et al. 2008).
In the early 2000s, an invasive gall wasp previously unknown to science was discovered
on eucalypts in the Middle East and Mediterranean. The wasp, known only from females,
was described into a novel monotypic genus as Leptocybe invasa (Mendel et al. 2004),
by which time it had already spread to Asia and Africa (Nugnes et al. 2015). It is believed
to have originated in Australia (Mendel et al. 2004), a supposition supported by its close
phylogenetic relationship with insects endemic to the Australasian region (Austin et al.
2004) and because the only members of the Chalcidoidea that induce galls on eucalypts
are endemic to Australia (Cranston 2009). Leptocybe invasa was incidentally reported
from south-eastern and northern Queensland during searches for potential biocontrol
agents there (Kim et al. 2008). However, although morphologically similar, molecular
studies (Kim 2008) were unable to match invasive populations of L. invasa with
Australian Leptocybe species.
More recently, the invasive populations themselves were shown to comprise two cryptic
species [named “Western” (the lineage to which L. invasa belongs) and “Asian” (the
novel lineage) in Nugnes et al. (2015) and “lineage A” and “lineage B” in DittrichSchröder et al. 2016, respectively]. None of seventeen collectionss, ranging from North
Queensland to northern New South Wales, including those from which successful
biocontrol agents of L. invasa were sourced (Kelly, La Salle 2012; Kim et al. 2008), were
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L. invasa (Kim 2008); Dittrich-Schröder et al. unpubl.). A third lineage (“C”) was
reported from one site in Australia, but all other Australian populations were identified as
belonging to “Asian/Lineage B” (Dittrich-Schröder, unpubl.). The geographic origin, host
range, natural enemies and geographic range of L. invasa thus remain unknown.
Additionally, the identification of two cryptic invasive Leptocybe spp. suggests that
studies reporting on L. invasa conducted in regions where both occur in sympatry
(particularly Asia) may have unknowingly used the second species or a mixture of both.
The spatial and temporal distribution of invasive organisms is influenced by their
dispersal capacity, the availability of favourable habitats and interactions with other biota
(Soberón 2007). While invasions of insects have mostly resulted from inadvertent
introductions (Roderick, Navajas 2015) followed by spread by active dispersal and/or due
to human activity (Sakai et al. 2001), establishment depends on the suitability of the
invaded location. The abundance of hosts, parthenogenetic reproduction and a lag in
mortality from natural enemies might contributed to the fast spread of L. invasa around
the world (Zheng et al. 2014).
According to ecological niche theory, the niches of organisms are defined by the
environmental and biotic factors they have experienced during their evolutionary history
(Chase 2011). The climatic niche of an organism is expected to remain stable over a long
period of time according to the notion of niche conservatism which assumes constancy of
variables imposing selective pressure on a given species (Peterson et al. 1999; Peterson
2011; Petitpierre et al. 2012; Wiens, Graham 2005). The success of invasive organisms
may rely on trait changes enhanced by rapid evolutionary processes that increase niche
breadth (Bush et al. 2016; LaFreniere, MacDonald 2013; Laland et al. 2006; Lee 2002).
Of the many environmental factors that can influence the traits of living organisms,
altitude of host plant has been reported to restrict the occurrence of L. invasa galls in East
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Africa (Mutitu et al. 2010; Petro et al. 2014) and Turkey (Aytar 2006). The influence of
altitude is presumably mediated through effects on ambient temperature which can impact
the insect indirectly by altering biotic interactions or directly by modifying their
metabolism, development time and ultimately their seasonal phenology (Jaworski,
Hilszczański 2013). Insects can survive low temperatures through freezing avoidance or
thermal tolerance (Hill et al. 2013; Hoffmann et al. 2005); supercooling ability (PengFei
et al. 2012; Lu et al. 2014), rapid cold hardening (Yang et al. 2015) and overwintering
(Zhu et al. 2012) have been reported in L. invasa. Nevertheless, low temperature is
regarded as one of the most important factors influencing invasion and colonization by L.
invasa (Yang et al. 2015) but it is not known how temperature extremes impact its
distribution.
In addition to their direct impact, climatic factors may indirectly influence environmental
suitability for herbivores via host plant interactions. For example, solar radiation can
impact insect development, altering the nutritional quality of hosts by influencing plant
metabolism (Łukowski et al. 2015; Mąderek et al. 2015) or inducing production of plant
secondary metabolites (PSM) (Close, McArthur 2002). Although galling insects are
diverse in semi-arid and arid environments with sclerophyllous vegetation (Fernandes,
Price 1992), precipitation patterns impact the growth of new shoots needed for
oviposition, as observed in a stem galling sawfly and its host plant (Price, Clancy 1986).
Leptocybe invasa is restricted to eucalypts (Mendel et al. 2004) but has a wide host range
within them (Dittrich-Schroder et al. 2016; Luo et al. 2014; Mendel et al. 2004; Mutitu et
al. 2010; Nyeko et al. 2010; Quang Thu et al. 2009). Artificial hybridization programmes
to improve the performance and selected traits of trees have produced some susceptible
novel hosts (Dittrich-Schröder et al. 2012).
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The genetic diversity of populations of L. invasa sensu lato is not fully understood but
molecular studies show two cryptic species with variable modes of reproduction (Nugnes
et al. 2015). The species is thought to be thelytokous as it comprises mainly
parthenogenetic females (Mendel et al. 2004) but males have been observed in some
populations (Chen et al. 2009; Doganlar 2005; Liang 2010; Nugnes et al. 2015), however,
whether males are functional or sterile is unclear (Nugnes et al. 2015; Santongpraow et
al. 2011). In all populations studied by Nugnes et al. (2015), endosymbiotic relationship
with Rickettsia species was observed, symbionts known to alter the mode of reproduction
to favour parthenogenetic reproduction by females (Cordaux et al. 2011; Giorgini et al.
2010; Kageyama et al. 2012). Collections of Leptocybe spp. in Australia have yielded
males and females in varying ratios (Nahrung, pers. comm.). The reason for persistence
of sexual reproduction is not well understood but asexual reproduction in L. invasa
undoubtedly contributed to its rapid colonisation and spread in its invasive ranges.
Niche-based modelling is commonly used to predict the invasive range of organisms
where the native range is known (Broennimann et al., 2007). However, “reverse
modelling” to determine the native range of species based on its established invasive
range is less common. To infer the possible origins of overseas populations of L. invasa
in Australia and the environmental variables which may delimit invasions, we used
Maximum Entropy (MaxEnt) (Phillips et al. 2006) modelling to determine the ecoclimatic
envelope of the insect in its native range. We use environmental conditions in the invaded
range to infer the selective factors potentially linked to population divergence. We
hypothesise that the two invasive lineages of the wasps have originated from different
locations in Australia.
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Materials and Methods
We carried out correlative niche modelling (Soberon, Peterson 2005) using multivariate
analysis and MaxEnt because our records were ‘presence only’ data (Phillips et al. 2006).
MaxEnt estimates the probability of occurrence based on the suitability of environmental
parameters (Elith et al., 2011) and has predictive power even with small size data sets
(Pearson et al., 2007; Wisz et al., 2008).
Data Sources
Species occurrence data were obtained from a variety of sources. The distribution of
Leptocybe invasa in invaded ecosystems was compiled from publications with
georeferenced collection locations. Requests were sent to authors of non-georeferenced
publications for the geographical locations of insect occurrence. Other collection records
were obtained from the invasive species compendium (CABI, 2017). We created
databases separating the collection records into different populations based on the genetic
groupings as described by Dittrich-Schroder et al. (2016) and Nugnes et al. (2015). The
databases included lineage A which comprises African, South American and
Mediterranean populations, lineage B (invasive) which included populations in Asia and
lineage B (endemic) for the Australian collection (Appendix 1). Since South Africa has a
mixture of lineages A and B but knowledge of their respective geographical distributions
is unavailable, these records were omitted from the African database. Both lineages
likewise co-occur in Thailand, Vietnam and Laos (Dittrich-Schröder et al. 2016), but
these countries represented less than 12% of our Asian records (with over half from
China, where only Lineage B has been recorded (Nugnes et al 2015), thus all Asian
records were treated as Lineage B. Environmental variables characterising climatic
factors of precipitation, temperature, moisture index and radiation (appendix 2), at 10
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minute spatial resolution, were obtained from the CliMond dataset (Kriticos et al. 2012).
The 35 variables used represent climate in the period 1950-2000.
Niche Modelling
Indices of habitat suitability were predicted for each population using MaxEnt desktop
version 3.3.3 k (Phillips et al. 2006). The environmental factors themselves that generated
these models were compared for the different populations. Since the climatic range of
Eucalyptus does not extend to the polar region (Hunt, Zobel 1978; Kellison et al. 2013),
our modelling excluded these regions. Background sampling was restricted by the
rectangular extent of collection records (Elith et al. 2011; Merow et al. 2013; Phillips et
al. 2009; VanDerWal et al. 2009). Because MaxEnt is capable of selecting the appropriate
feature for the number of samples used for a model (Elith et al. 2011; Merow et al. 2013),
we used default features and default regularization parameters. After determining that
some databases were expansive and included regions across several continents, we split
them into regional population groups which improved the area under the curve (AUC).
The models were projected to the presumed geographical extent of Eucalyptus species.
The distributions of the species in different regions was considered in the resulting
prediction maps and the projected suitability to Australian climatic conditions compared
to that of the Australian collection localities. The models were evaluated by observing the
AUC of the receiver operating characteristic plot of the predictions.
Testing for Niche Shifts
To infer whether niche shifts might have occurred, environmental data corresponding to
each collection location were extracted in ArcMap from Bioclim variables and used in
Multivariate analysis. Principal components analysis (PCA) was used to project the
distribution of the collection records under reduced dimensions (Janžekovič, Novak 2012;
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Robertson et al. 2001). Canonical variates analysis was carried out in Genstat to visualise
grouping patterns of occurrence records (Anderson, Willis 2003). Populations were
grouped according to lineage. Groupings were tested by bootstrapping and observing
reallocation errors and Mahalanobi’s distances in stepwise discriminant analysis.
Effects of Environmental Factors
To evaluate the contribution of the climatic variables to the MaxEnt models, a jack-knife
test was used. Wilk’s lambda (λ) criterion in stepwise discriminant analysis was used to
evaluate the importance of climatic variables in the distribution of the collection locations.
The error of reallocation of data points to groupings was also considered.
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Results
Niche Modelling and projections in MaxEnt
The MaxEnt models had AUC greater than 0.5 for all the populations, e.g. AUC values
0.858 (Lineage A), 0.909 (Lineage B, invasive) and 0.875 (Lineage B, endemic). When
the populations were projected to each other’s invaded ranges, there was no overlap in
suitability. When collection records in invaded locations were projected back to Australia,
the models showed the highly suitable categories of spatial locations for all populations
to be for occurrence of the wasp to differ for the various populations. (Fig 1).
From the Queensland collection records, we modelled the range of the wasp within
Australia. The model showed a more expansive suitability region further south and
another to the north in Queensland (Fig 2).
Testing for Niche Overlap
The suitability range for Lineage A (American, African and Mediterranean) when
projected to Australia merges with part of the predicted endemic range of collections from
Queensland to the southern part of Australia (Fig 1 and 2). The projection of the Asian
population (Lineage B) to Australia shows suitability in northern and eastern Australia,
corresponding to regions of both moderate and high suitability from the Australian
collection records model (Fig 1), but a reasonable match with the Australian collection
records themselves in Fig 2.
The PCA showed an aggregation of a population of Lineage A with both B lineages;
another group comprised only Lineage A (Fig 3). This indicated that Lineage A was not
a homogenous group and we therefore separated them into regional populations, i.e.
African, American, and Mediterranean populations.
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Canonical variate analysis separated the Mediterranean from African and American
populations of Lineage A (χ2246 = 160.32, P<0.001). The African and American
populations were however observed to pool together with Australian population (Fig 4).
Bootstrapping in stepwise discriminant analysis reclassified the cases with an error rate
of 12.7%.
Contribution of Environmental Variables to the Probability of Occurrence of L.
invasa
In MaxEnt, the different lineages were separable by the climatic variables derived from
the major factors of temperature, precipitation, radiation and moisture index (Appendix
3). The prediction of probability of occurrence was generally observed to increase with
increase in annual mean air temperature and then start declining after peaks in all the
invasive populations. Annual mean precipitation, radiation and moisture index showed
the same effect with varying peaks for different populations. The Australian population
showed a general decline with increase in annual mean temperature precipitation and
moisture index but increase with increasing annual mean radiation (Fig 5). These effects
did not however show when other environmental factors were also included into the
models.
The first component of the PCA was explained by environmental variability (36.0%),
mainly in precipitation and moisture index, while the second (20.5%) was explained by
radiation and temperature (Appendix and 5). In stepwise discriminant analysis, the
variable with the lowest Wilk’s lambda values were dominated by temperature variables
though other factors also contributed (Appendix 6 and 7).
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Discussion
The results support the widely held assumption that L. invasa originated in Australia since
all the invasive populations projected to Australia in MaxEnt models showed suitability
though in different spatial locations. The multivariate analysis confirmed the climatic
niche variability in the different populations with the Mediterranean and Asian
populations occupying niches different from all the other populations. There is therefore
a possibility that variability occurs within the Genus in Australia, and that the different
lineages are from different origins.
To successfully colonise novel climatic conditions in new geographical locations,
populations of L. invasa must possess adaptation mechanisms. Arthropods can adapt to
unfavourable environments by rapid adaptive evolution (Gibert et al. 2016; Prentis et al.
2008) or display phenotypic plasticity (Hill et al. 2013) and L. invasa (lineage A) appears
to employ the latter. The Mediterranean population, is genetically identical at the gene
regions studied to the later-establishing African and American populations (DittrichSchroder et al. 2016; Nugnes et al. 2015). Despite this, it occurs in regions with distinct
climatic conditions and has a projected spatial suitability in Australia different from to
the African and American populations, illustrating its potential phenotypic plasticity
(West-Eberhard 1989). It is also possible that populations of this lineage may have all
come from one source population and undergone climatic niche shift during invasion.
Although niche conservatism is common over a long time (Peterson 2011; Wiens,
Graham 2005) invasive species exhibit variability in niche processes (Fernández,
Hamilton 2015) or even invade variable niches (Hill et al. 2013). This fact, along with
asexual reproduction and concealed habit in galls, as well as anthropogenic distribution
of suitable hosts adaptable to widely variable environmental conditions, probably aided
range expansion by the wasps.
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Lineage B (Asian population) and the Mediterranean population of Lineage A occupy the
most divergent climatic niches from the Australian collection. This further shows lack of
niche conservatism since the Australian population is genetically closer to lineage B
invasive (Kim 2008). Males are more frequently observed in Lineage B (Nugnes et al.
2015) which could indicate sexual reproduction in these populations that could lead to
future rapid genetic variability in the populations. Evolution of sexual reproduction is
associated with improved fitness in populations utilising heterogeneous environments
(Agrawal 2009; Libertini 2011) and could be associated with climatic range expansion in
the sexual populations of L. invasa.
Although temperature is thought to be the most restricting environmental factor affecting
insect development (Damos, Savopoulou-Soultani 2011; Padmavathi et al. 2013),
supercooling ability is exhibited in L. invasa populations in temperate climates (PengFei
et al. 2012). Moreover, none of our models singled out temperature or its derived variables
to be the major factor separating the climatic niches. We propose that the insect exploits
novel climatic conditions due to phenotypic plasticity before any subsequent evolutionary
changes. However, our study does not seem to explain why many authors have observed
a negative effect of altitude (i.e. low temperatures) on galling intensity (Nyeko et al. 2010;
Petro et al. 2014).
Our models indicated that the wasp could have a wider area of endemism than the existing
collection locations in Australia, mostly to the south. The restriction of the currently
realised niche of Leptocybe species in Queensland and New South Wales Australia could
be due to rarity of the wasps associated with interactions with other organisms in the form
of predation or competition (Hirzel, Le Lay 2008). We suggest that organised collection
of galls should target the southern part of Australia. Since varying number of generations
per year have been observed in different regions of the world (Mendel et al. 2004; Nyeko
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et al. 2010) strategic sampling could determine the extent of the endemic niche. The
models also showed a worldwide suitability for L. invasa indicating that there is still
potential for spread of the invasion into countries that are free from the insect.
The climatic plasticity in the wasps could have various effects on ecological interactions
(Fordyce 2006). A case of mismatch between a host and the biocontrol agent released
against it is that of Gonipterus scutellatus, another eucalypt pest comprising a cryptic
species complex (Loch 2008; Mapondera et al. 2012; Newete et al. 2011; Tribe 2005).
Climatic variability and host-parasitoid mismatch between different lineages could
similarly impact the performance of parasitoids used for the biological control of L. invasa
in different parts of the world (Kim et al. 2008; Kulkarni et al. 2010; Protasov et al. 2008;
Sangtongpraow, Charernsom 2013). These findings also imply a risk of reintroduction of
the invasive populations to Australia or local introductions to other parts of the world
where they are currently not found, thereby impacting the performance of susceptible host
plants.
Conclusion
Our ecological niche modelling of L. invasa shows lack of niche conservatism and that
climatic plasticity could be exhibited during invasion of new niches. Although our
scenarios present inconclusive evidence for adaptive evolution, the possibility exists that
peripatric speciation may be occurring in Lineages A and B necessitated by the
occupation of harsh climates during invasion. The populations that are still genetically
similar would therefore provide good models for studying the genetic changes that
accompany climatic niche shifts.
There is also need for studies of the distribution, genetic diversity and mode of
reproduction of the wasp in Australia, particularly since the endemic range of L. invasa
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sensu stricto has not been delimited. The variability of the niches occupied by the wasp
increases the threats of invasiveness with secondary introductions from other populations
as has already been evidenced in South Africa and Asia.
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Figure captions
Fig 1. Projection of spatial extent of the native range of L. invasa from its invasive
populations. High suitability areas indicate high probability of occurrence while low
suitability has low probability of occurrence of the wasp
Fig 2. Spatial suitability predictions of the fundamental niche of Leptocybe species in
Australia based on collection records from Queensland. High suitability areas indicate
high probability of occurrence while low suitability has low probability of occurrence of
the wasp
Fig 3. Principal components of L. invasa collection records grouped as their lineages. A
denotes lineage A, B denotes lineage B (invasive) and C denotes lineage B (endemic)
Fig 4. Canonical variates of climatic niches of L. invasa collection locations. Grouped as
lineages (Top) and as populations (Bottom). Circles represent 95% confidence regions of
the groups assuming normal distribution of data
Fig 5. MaxEnt predicted response curves for suitability of occurrence of L. invasa as
determined by annual mean temperature (Bio 1), annual precipitation (Bio 12), annual
mean radiation (Bio 20) and annual mean moisture index (Bio 28). The y-axes denote the
probability of occurrence of L. invasa while the x-axes denote the level of the variable
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Appendices
Appendix 1. Collection records used for modelling of climatic suitability for Leptocybe
species
Genetic grouping

Population

Longitude

Latitude

Lineage A

Africa

34.160

0.452

Lineage A

Africa

34.172

0.363

Lineage A

Africa

34.999

-0.080

Lineage A

Africa

38.156

-3.616

Lineage A

Africa

35.099

-1.284

Lineage A

Africa

36.820

-1.000

Lineage A

Africa

37.000

-6.789

Lineage A

Africa

34.715

-8.600

Lineage A

Africa

31.937

-5.116

Lineage A

Africa

27.744

-25.753

Lineage A

Africa

34.208

0.657

Lineage A

Africa

32.030

-25.959

Lineage A

Africa

21.287

-28.465

Lineage A

Africa

27.795

-25.615

Lineage A

Africa

30.570

-30.572

Lineage A

Africa

32.084

-28.606

Lineage A

Africa

38.000

1.000

Lineage A

Africa

35.000

-18.250

Lineage A

Africa

26.000

-30.000

Lineage A

Africa

35.000

-6.000

Lineage A

Africa

33.000

2.000

Lineage A

Africa

29.000

-19.000
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Lineage A

Africa

39.331

10.148

Lineage A

Africa

38.000

8.000

Lineage A

American

-51.999

-23.506

Lineage A

American

-79.855

26.129

Lineage A

American

-99.176

19.323

Lineage A

American

-99.072

19.463

Lineage A

American

-99.120

19.405

Lineage A

American

-99.089

19.354

Lineage A

American

-99.114

19.453

Lineage A

American

-99.108

19.254

Lineage A

American

-103.336

20.649

Lineage A

American

-98.961

18.863

Lineage A

American

-99.058

19.479

Lineage A

American

-98.876

19.333

Lineage A

American

-99.051

23.709

Lineage A

American

-46.522

-21.463

Lineage A

American

-42.000

-12.000

Lineage A

American

-55.000

-10.000

Lineage A

American

-49.636

-15.581

Lineage A

American

-45.000

-5.000

Lineage A

American

-44.000

-18.000

Lineage A

American

-51.000

-24.000

Lineage A

American

-49.000

-22.000

Lineage A

American

-48.000

-10.500

Lineage A

American

-82.500

28.751
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Lineage A

American

-98.500

39.760

Lineage A

American

-56.000

-33.000

Lineage A

Mediterranean

43.000

36.864

Lineage A

Mediterranean

43.000

36.864

Lineage A

Mediterranean

34.832

32.000

Lineage A

Mediterranean

36.067

36.133

Lineage A

Mediterranean

35.483

36.967

Lineage A

Mediterranean

35.633

36.950

Lineage A

Mediterranean

35.667

36.983

Lineage A

Mediterranean

35.733

37.017

Lineage A

Mediterranean

35.650

37.250

Lineage A

Mediterranean

35.850

37.367

Lineage A

Mediterranean

35.917

37.333

Lineage A

Mediterranean

36.050

37.350

Lineage A

Mediterranean

36.083

37.367

Lineage A

Mediterranean

36.200

37.117

Lineage A

Mediterranean

36.350

37.283

Lineage A

Mediterranean

35.833

33.033

Lineage A

Mediterranean

35.800

32.967

Lineage A

Mediterranean

35.400

32.767

Lineage A

Mediterranean

35.583

33.067

Lineage A

Mediterranean

35.450

32.500

Lineage A

Mediterranean

34.900

32.433

Lineage A

Mediterranean

34.867

32.083

Lineage A

Mediterranean

52.468

29.662
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Lineage A

Mediterranean

3.000

28.000

Lineage A

Mediterranean

2.000

46.000

Lineage A

Mediterranean

22.000

39.000

Lineage A

Mediterranean

53.000

32.000

Lineage A

Mediterranean

34.750

31.500

Lineage A

Mediterranean

12.833

42.833

Lineage A

Mediterranean

36.000

31.000

Lineage A

Mediterranean

14.433

35.917

Lineage A

Mediterranean

-5.000

32.000

Lineage A

Mediterranean

-8.000

39.500

Lineage A

Mediterranean

-4.000

40.000

Lineage A

Mediterranean

38.000

35.000

Lineage A

Mediterranean

9.000

34.000

Lineage A

Mediterranean

35.000

39.000

Lineage B invasive

Asia

121.588

24.998

Lineage B invasive

Asia

121.510

25.031

Lineage B invasive

Asia

121.343

25.093

Lineage B invasive

Asia

121.487

25.183

Lineage B invasive

Asia

120.557

23.637

Lineage B invasive

Asia

120.557

23.636

Lineage B invasive

Asia

81.000

17.667

Lineage B invasive

Asia

105.724

21.341

Lineage B invasive

Asia

108.000

22.133

Lineage B invasive

Asia

80.377

7.640

Lineage B invasive

Asia

109.500

18.320
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Lineage B invasive

Asia

109.563

19.499

Lineage B invasive

Asia

110.083

21.267

Lineage B invasive

Asia

74.982

15.491

Lineage B invasive

Asia

105.000

35.000

Lineage B invasive

Asia

113.000

23.000

Lineage B invasive

Asia

109.000

24.000

Lineage B invasive

Asia

109.600

19.200

Lineage B invasive

Asia

79.000

16.000

Lineage B invasive

Asia

77.000

20.000

Lineage B invasive

Asia

76.000

13.500

Lineage B invasive

Asia

76.500

10.000

Lineage B invasive

Asia

78.000

11.000

Lineage B invasive

Asia

105.000

18.000

Lineage B invasive

Asia

100.000

15.000

Lineage B invasive

Asia

107.833

16.167

Lineage B endemic

Australia

151.133

-25.333

Lineage B endemic

Australia

151.433

-26.083

Lineage B endemic

Australia

144.633

-17.367

Lineage B endemic

Australia

144.817

-17.417

Lineage B endemic

Australia

144.617

-16.950

Lineage B endemic

Australia

150.016

-26.689

Lineage B endemic

Australia

151.050

-27.500

Lineage B endemic

Australia

152.983

-27.467

Lineage B endemic

Australia

153.000

-27.533

Lineage B endemic

Australia

144.567

-17.567
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Appendix 2. Key to Bioclim variables (Kriticos et al. 2012)
Variable

Description

Bio01

Annual mean temperature (°C)

Bio02

Mean diurnal temperature range (mean(period max-min)) (°C)

Bio03

Isothermality (Bio02 / Bio07)

Bio04

Temperature seasonality (C of V)

Bio05

Max temperature of warmest week (°C)

Bio06

Min temperature of coldest week (°C)

Bio07

Temperature annual range (Bio05 - Bio06) (°C)

Bio08

Mean temperature of wettest quarter (°C)

Bio09

Mean temperature of driest quarter (°C)

Bio10

Mean temperature of warmest quarter (°C)

Bio11

Mean temperature of coldest quarter (°C)

Bio12

Annual precipitation (mm)

Bio13

Precipitation of wettest week (mm)

Bio14

Precipitation of driest week (mm)

Bio15

Precipitation seasonality (C of V)

Bio16

Precipitation of wettest quarter (mm)
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Bio17

Precipitation of driest quarter (mm)

Bio18

Precipitation of warmest quarter (mm)

Bio19

Precipitation of coldest quarter (mm)

Bio20

Annual mean radiation (W m-2)

Bio21

Highest weekly radiation (W m-2)

Bio22

Lowest weekly radiation (W m-2

Bio23

Radiation seasonality (C of V)

Bio24

Radiation of wettest quarter (W m-2)

Bio25

Radiation of driest quarter (W m-2)

Bio26

Radiation of warmest quarter (W m-2)

Bio27

Radiation of coldest quarter (W m-2)

Bio28

Annual mean moisture index

Bio29

Highest weekly moisture index

Bio30

Lowest weekly moisture index

Bio31

Moisture index seasonality (C of V)

Bio32

Mean moisture index of wettest quarter

Bio33

Mean moisture index of driest quarter

Bio34

Mean moisture index of warmest quarter
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Bio35

Mean moisture index of coldest quarter
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Appendix 3. Contributions of Bioclim variables in MaxEnt logistic prediction of L.
invasa suitability models of different populations.
Lineage

population

Variable

Percentage

Permutation

contribution

importance

A

Africa

Bio13

5.3

26.6

A

Africa

Bio34

3.4

16.1

A

Africa

Bio31

1.0

9.3

A

Africa

Bio32

2.7

9.2

A

Africa

Bio4

2.7

7.4

A

Africa

Bio7

6.4

5.4

A

Africa

Bio5

1.0

5.1

A

Africa

Bio21

3.6

4.2

A

Africa

Bio6

4.0

3.5

A

Africa

Bio17

2.9

2.7

A

Africa

Bio3

13.7

1.9

A

Africa

Bio11

7.2

1.7

A

Africa

Bio25

0.3

1.5

A

Africa

Bio27

2.3

1.1

A

Africa

Bio35

0.8

1.0

A

Africa

Bio24

0.3

0.8

A

Africa

Bio23

15.0

0.7

A

Africa

Bio14

22.9

0.6
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A

Africa

Bio19

0.2

0.6

A

Africa

Bio16

0.0

0.3

A

Africa

Bio30

0.1

0.2

A

Africa

Bio8

0.0

0.2

A

America

Bio20

4.4

18.6

A

America

Bio19

1.5

18.2

A

America

Bio16

0.7

12.4

A

America

Bio34

3.6

11.7

A

America

Bio28

0.7

11.5

A

America

Bio9

1.9

10.3

A

America

Bio6

27.7

5.8

A

America

Bio14

5.6

5.6

A

America

Bio4

0.5

2.3

A

America

Bio30

0.1

1.9

A

America

Bio2

0.3

1.0

A

America

Bio23

5.3

0.4

A

America

Bio17

0.0

0.3

A

America

Bio31

29.4

0.0

A

Mediterranean Bio19

40.9

25.4

A

Mediterranean Bio1

1.4

20.3

A

Mediterranean Bio34

0.7

15.7

A

Mediterranean Bio24

2.5

10.4

A

Mediterranean Bio3

5.7

6.1
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A

Mediterranean Bio26

3.5

4.7

A

Mediterranean Bio18

0.5

4.1

A

Mediterranean Bio30

5.0

3.3

A

Mediterranean Bio25

0.1

2.7

A

Mediterranean Bio8

2.2

2.2

A

Mediterranean Bio14

2.1

2.2

A

Mediterranean Bio32

2.7

1.0

A

Mediterranean Bio9

4.0

0.6

A

Mediterranean Bio23

0.1

0.6

A

Mediterranean Bio29

1.2

0.4

A

Mediterranean Bio31

9.3

0.2

A

Mediterranean Bio2

0.0

0.2

A

Mediterranean Bio5

0.1

0.1

B invasive

Asia

Bio34

0.2

0.1

B invasive

Asia

Bio13

0.0

0.1

B invasive

Asia

Bio18

0.1

0.2

B invasive

Asia

Bio1

0.1

0.2

B invasive

Asia

Bio9

0.0

0.2

B invasive

Asia

Bio23

0.3

0.6

B invasive

Asia

Bio19

0.3

0.7

B invasive

Asia

Bio3

0.1

0.7

B invasive

Asia

Bio21

5.9

1.1

B invasive

Asia

Bio17

0.5

1.2
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B invasive

Asia

Bio10

0.5

1.9

B invasive

Asia

Bio26

0.2

2.2

B invasive

Asia

Bio4

1.0

2.5

B invasive

Asia

Bio25

0.4

2.8

B invasive

Asia

Bio22

0.5

5.1

B invasive

Asia

Bio14

4.1

6.1

B invasive

Asia

Bio6

1.1

12.3

B invasive

Asia

Bio7

26.8

20.4

B invasive

Asia

Bio24

19.2

41.5

B endemic

Australia

Bio30

55.8

53.7

B endemic

Australia

Bio8

31.5

11.9

B endemic

Australia

Bio20

3.9

26.9

B endemic

Australia

Bio25

3.5

7.5
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Appendix 4. PCA loadings for all the Leptocybe species collection records divided into
Lineages A, B invasive and B endemic (denoted C.in Fig 3)
PC

1

2

3

4

5

6

% variation

36.46

20.52

17.1

8.26

5.73

4.85

Bio01

0.13

0.25

0.18

0.11

-0.05

-0.26

Bio02

-0.11

0.16

-0.14

0.21

0.07

0.33

Bio03

0.09

0.24

-0.12

0.07

-0.22

0.31

Bio04

-0.17

-0.19

0.15

0.12

0.28

-0.1

Bio05

-0.06

0.16

0.26

0.25

0.13

-0.22

Bio06

0.18

0.2

0.11

-0.03

-0.24

-0.21

Bio07

-0.21

-0.08

0.08

0.2

0.3

0.04

Bio08

0.21

0.16

-0.03

0.16

0.12

-0.18

Bio09

-0.08

0.14

0.29

-0.01

-0.23

-0.17

Bio10

0.01

0.12

0.3

0.2

0.12

-0.34

Bio11

0.17
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Appendix 5. PCA loadings for the populations of Leptocybe spp. Lineage A.
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Appendix 6. Wilk’s lambda criterion values of the environmental variables used to
predict the variability in climatic conditions of the different Lineages of Leptocybe invasa.
Environmental variable

Wilk’s λ

Bio8

0.62

Bio3

0.34

Bio32

0.26

Bio24

0.22

Bio23

0.19

Bio20

0.16
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0.15

Bio16

0.13

Bio13

0.11

Bio26

0.11

80

Appendix 7. Wilk’s lambda criterion values of the environmental variables used to
predict the variability in climatic conditions of the different populations of Leptocybe
invasa.
Environmental variable

Wilk’s λ
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Abstract
The productivity of Eucalyptus species outside Australia is threatened by invasive insects
such as the thelytokous parthenogenetic galling wasp Leptocybe invasa Fisher & LaSalle
(Hymenoptera: Eulophidae). Different species and genotypes of eucalypt have shown
variability in galling, apparently providing opportunities for selection and improvement
of seedlings available to growers. We hypothesised that preference and acceptance for
oviposition by L. invasa of its host E. camaldulensis is guided by its chemical and morphological
characteristics. We investigated host selection and acceptance behaviours of female wasps
in response to physical and chemical cues of growing shoots and young leaves of 29
genotypes (grown under nursery and field conditions) representative of all seven
subspecies of Eucalyptus camaldulensis Dehnh. We studied the response of wasps to host
odours in an olfactometer, host assessment behaviour on shoots and host acceptance for
oviposition. Host choice studies were conducted in a common nursery and two common
garden arboreta while no choice experiments were carried out in the laboratory. In dual
choice olfactometer bioassays, dominant terpene odours guided wasps to source locations
over but did not elicit any response from the antennae. Leaf toughness (indicated by
specific leaf weight) was the major plant attribute influencing the density of ovipuncture
marks in shoots of different genotypes. Subspecies of E. camaldulensis were
dissimilar in terpene composition and their terpenoid profiles grouped together as distinct
83

‘chemotypes’. Observations of female wasp behaviour suggest that the ovipositor is used
for host assessment prior to acceptance for oviposition. We conclude that variability in
galling among subspecies and genotypes of E. camaldulensis is due to differential egg
and larval survival, not to variable oviposition preferences.
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Introduction
The importance of species of Eucalyptus in forestry around the world arises from their
fast growth and wide eco-climatic tolerance (1-3). In Africa, eucalypts are preferred both
for commercial plantations (for fuel to cure tea and timber) and by small landholders as
private woodlots (for fuel for domestic cooking and construction). Many species and
hybrids of Eucalyptus have been introduced in Africa; the River red gum (Eucalyptus
camaldulensis) being one of the most commercially important species (4). In breeding
programmes, E. camaldulensis is also often artificially hybridised with other Eucalyptus
species to generate genotypes with improved tolerance to drought and high salinity.
Invasive insect pests, however pose a significant threat to the productivity of Eucalyptus
plantations (5). Among these insects is the galling wasp Leptocybe invasa (6, 7), thought
to be native to Australia (8, 9). This species reproduces mainly via thelytoky, although
sexual reproduction occurs as a secondary mode of reproduction (10, 11). Between the
years 2002 to 2012, this insect has been recorded damaging eucalypts in more than 29
countries (12). Differential galling of eucalypts by L. invasa has been reported at the
species level as well as between hybrids but has not been satisfactorily explained.
Although genetically controlled plant traits are implicated in the wasp’s host preferences
(13), the assessment of hosts prior to oviposition has not been studied, nor have the plant
traits responsible for these differences been elucidated. The selection and deployment of
species, subspecies and genotypes of eucalypts less preferred by L. invasa could be an
advantageous and cost-effective way to minimize the impact of the wasp in plantations
and woodlots.
Despite their ecological and commercial significance, the behavioural cascade and plant
traits influential to oviposition by gall-forming Hymenoptera such as L. invasa are
surprisingly under-studied. The female preference-larval performance hypothesis
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proposes that females assess host condition to identify modules and locations that will
best support larval survival before depositing their eggs (14). The choice of appropriate
host has been found to be guided by visual (mediated physically or chemically), gustatory
and/or olfactory cues with the significance of each type varying with insect species (15,
16). Plant volatiles, mainly dominated by the terpenoids (17), are important for guiding
insects to hosts especially when they may be surrounded by closely related species with
comparable plant secondary metabolites (18, 19). Epicuticular waxes can influence insect
searching behaviour before and after alighting onto the leaf through their influence on
leaf reflectance (16) and by reducing adherence to the leaf surface (20). A plant’s foliar
morphology also influences the visual and mechano-sensory stimuli that insect herbivores
experience and which can indicate host suitability to ovipositing females. For example,
females of the gall-inducing Pontania proxima (Hymenoptera: Tenthredinidae)
discriminated between leaves of Salix species on the basis of their size during oviposition
(21). Mechanical defences expressed as leaf toughness have also been deployed by plants
against insect herbivores (22). High leaf toughness may be important against galling
insects that have to insert their eggs into plant tissues as has been demonstrated in sawflies
which utilise willows (23).
In this study, we investigate the variability in olfactory and oviposition preferences and
behaviours of female L. invasa to different subspecies and genotypes of E. camaldulensis.
We hypothesise that female host preference and acceptance should be mediated by plant
chemical and physical characteristics if they either proximally or ultimately influence
larval performance. If host quality is not important to the fitness of this insect, females
should exhibit comparable responses to closely related plants. Our aim was to study the
discrimination and oviposition behaviour of female wasps on subspecies of E.
camaldulensis and to document the physical and chemical attributes influencing this
insect’s behaviour. We reveal the host finding and acceptance behaviour of L. invasa and
86

identify olfactory cues and physical leaf properties that influence host assessment and
acceptance for oviposition on genotypes of E. camaldulensis.
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Materials and Methods
Source of eucalypts and wasps for experiments
A total of 29 genotypes of E. camaldulensis, representing at least three of each subspecies,
were chosen from seed supplied by the Australian Tree Seed Centre (ATSC), Canberra
(http://www.csiro.au/en/Research/Collections/ATSC).

Eucalyptus

camaldulensis

comprises seven subspecies, including subsp. acuta Brooker & M.W. McDonald, subsp.
arida Brooker & M.W. McDonald, subsp. camaldulensis Dehnh., subsp. minima Brooker
& M.W. McDonald, subsp. obtusa (Blakely) Brooker & M.W. McDonald, subsp.
refulgens Brooker & M.W. McDonald and subsp. simulata Brooker & Kleinig (24). We
refer to these genotypes using the first three letters of the name of the subspecies and an
identity we assigned to them (Table 1).
Seeds of the selected genotypes were imported to Kenya under the phytosanitary
certification provided by the ATSC. In Kenya, seedlings were raised in a nursery at
Muguga (-1.216129S, 36.647345E), a high altitude and L. invasa-free zone. The seedlings
were raised to a size of approximately 15 cm tall before being used in bioassays and also
transplanted into common garden arboreta.
The wasps used in all bioassays emerged from branchlets with mature galls which were
collected from infested plantations in Makuyu (-0.999813S, 37.173070 E), near the town
of Thika. Branchlets were kept in a cool room but when live wasps were required for
bioassays, they were brought into a growth chamber at 26°C to allow the wasps to emerge,
shortly before bioassays. Although Sangtongpraow (11) reported no influence of postemergence age on the fecundity of L. invasa, we chose to use wasps less than 24 hr old
in our bioassays.
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Oviposition preferences in nursery and field arboreta
The nursery trial was conducted in Embakasi (1.287995S, 36.977557E), a suburb of
Nairobi (Kenya), where L. invasa infestation had recently been observed. Seedlings of all
the 29 genotypes were arranged in a completely randomised design, each genotype
represented by 30 plants. Seedlings were caged and twigs with mature galls introduced
into the cage as per the method outlined in (25). The emergence of wasps was confirmed
by observation of active adults inside cages. After one week, half of the plants had a shoot
harvested and transported to the laboratory in ziploc plastic bags, while the remaining
plants were left and observed for gall development.
Shoots were also harvested from two common garden arboreta, located at Yatta
(1.119748S, 37.377775E) and Akala (0.257370S, 34.451497E). The sites, each
comprising all 29 genotypes, were located in regions suitable for growing E.
camaldulensis (26). Two shoots with actively growing apical buds were harvested from
each plant and placed immediately into individual ziploc plastic bags and kept in ice box.
In the laboratory, the number of ovipuncture marks on apical buds, first expanding pair
of leaves and stems were counted under a stereomicroscope. Leaf toughness of the first
expanding leaves from the twigs was estimated using specific leaf weight (SLW)
following the method described in (27) within 48hrs of collection. The length of buds (tip
to the base of the first pair of unfurled leaves) was also measured from the actively
growing tips of the branches.
Oviposition preference lab bioassay
To observe host assessment and oviposition behaviours, tender shoots (about 3cm long)
freshly harvested from potted plants, were placed into 9 cm diameter glass Petri dishes.
Individual wasps were introduced onto the shoots and observed under stereomicroscope.
Since oviposition by L. invasa occurs in the parenchymatous shoot tissue and the eggs
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oviposited are hyaline (5), it was impossible to count the number of eggs on the shoots.
We instead determined the oviposition posture of the female wasps and observed and
recorded the host evaluation behaviour, number of times the ovipositor was inserted into
the host and the length of time between the oviposition till the wasp moved to a different
location. We also rated the leaves for pruinosity by estimating the density of wax plates
in a leaf area as; 0 = no surface wax on shoot tip, 1 = less than 25 % leaf surface covered
in surface wax bloom, 2 = between 25-50% leaf surface covered in wax bloom and 3 =
greater than 50% of leaf surface covered in wax bloom.
To conduct no choice oviposition bioassays, excised young apical shoots were inserted
upright into 2% technical agar gel in the bottom of individual 10 mL glass vials, to keep
them turgid for a longer time. One adult wasp, emerged within 24hr, was placed onto the
shoot in each vial, the lid sealed and the vial kept in a growth cabinet at 26 oC (12:12
photoperiod) for 24 hr. The shoots were examined under a stereomicroscope to count the
number of ovipuncture marks.
Olfactory preference bioassay
To test the attractiveness of foliar odours of the different genotypes to the female wasps,
we used a circular, six-arm olfactometer adapted from (28), (Petersen Scientifics
Glassblowing, Pty Ltd,) (chamber diameter = 6 cm, chamber height = 3.5 cm, arm length
= 6 cm). Six seedlings of different genotypes, raised in the same nursery were used at the
same time. This was after pre-determining that the wasps did not choose an olfactometer
arm without plants in a Y-tube olfactometer. Each seedling was covered with oven bags
(38 × 30 cm Multix, Australia). The oven bags were fastened with rubber bands, to Teflon
tubing leading to the arms of the olfactometer. Air, cleaned by passing through activated
charcoal,was supplied by a push-pull pump (PVAS 22 from Volatile Assay Systems at
Rensselaer, NY 12144) and passed through the bags at a flow rate of 500 ml min-1 and
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led into the central chamber of the olfactometer through the arms. The air was pulled from
the chamber through vacuum supplied by the same pump into the exit arm at the base of
the chamber at a rate of 800 mlmin-1. The wasps, retained in clean glass vials for 1 hr
prior to the bioassays, were introduced one at a time into the central chamber of the
olfactometer through the exit arm and allowed 5 min to make a choice in the olfactometer.
The wasps, which were observed to mainly walk and not fly in the olfactometer, were
considered to have chosen a genotype odour when they walked 1 cm into the corresponding
arm. Each combination of six hosts had a total of between 10- 20 insects tested; the
number depending on the wasps’ availability on the day. A set up with similar genotypes
was replicated a second time in the following year (2014) with a 180 rotation in genotype
position in the olfactometer. Altogether, a total of 56 combinations of genotypes were
tested in this study. The wasps were active throughout the day and tests were conducted
between 10am to 5pm. The number of wasps orientating to the genotypes was divided by
the total number of insects that were introduced into the olfactometer in each run.
To test whether already galled twigs still remained attractive to wasps, some of the
seedlings with galls from the nursery were brought into the laboratory and exposed to the
galls in Y-arm olfactometer against their non-infested conspecifics. Each genotype was
tested with 20 wasps singly introduced at the vacuum end of the Y-tube and allowed to
make choices in the arms. The insects were allowed 5 min in the olfactometer. The wasps
were considered to have made a choice after going beyond 1 cm into an arm. For each
insect, the arm of first visit, the number of visits made to each arm and time spent in the
arms were recorded. The olfactometer was inverted 180o, to avoid position effect, for
every new insect introduced into the olfactometer.
Terpene extraction and analysis
SPME fibres (Supelco, 65µm polydimethysiloxane-divinlybenzene, Sigma-Aldrich)
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were used to collect volatile headspace terpenes from the test plants. The fibre was
enclosed in oven-baked bag with the test plants and filtered air allowed to run through the
bag for 2 hr. Immediately after sample collection, the fibres were desorbed in Gas
chromatography–Mass spectrophotometer (GC-MS), Agilent series A7890 series and
5975C respectively. The desorption was carried out for 1 min in oven temperature at 40
o

C for 3mim then 5 oC min-1 to 260 oC for 3min. Concentration of the volatiles was then

calculated from the area of the peaks, using a standard equation generated in the same
equipment using known concentrations of 1, 8 cineole.
We distilled the oils from the tender shoots for GC-EAD. To determine the terpenoid
composition of the shoots that the wasps interact with during oviposition on the different
subspecies, we extracted terpenoids from apical shoots of potted trees growing outdoors
in the Agriculture Reserve at La Trobe University, (Melbourne, Australia). Trees
originated from the same ATSC seedlots as those planted in Kenya. Single shoots from
each tree were harvested and pooled per genotype. The shoots were macerated and a
sample picked and weighed for extraction using the micro-distillation technique described
in (29). Oil content was analysed by GC-MS (Agilent 7820A Gas Chromatograph coupled
with a 5975 series MSD mass spectrometer). Aliquots of 1 µl of extract were injected
using an auto-sampler (Agilent, G4513A) at 250 oC in splitless mode. Helium was used
as the carrier gas and separation was achieved using a Supelcowax 10 polar column (30
m × 0.25 mm, 0.25 µm). The oven temperature started from 40 oC held for 2 min,
subsequently increasing at a rate of 10 oC per min to a final temperature of 270 oC that
was maintained for 7 min. The mass spectrometer was operated in EI mode (ionization
energy: 70 eV) and the mass acquisition range was set between m/z: 38-550. The
identities of these compounds were confirmed by comparing their mass spectral data with
library data and retention times with those of authentic standards.
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Statistical analyses
Logistic and binomial regression in generalised linear modelling (GLM) was used to
compare the wasps’ preference for different genotypes and subspecies of E. camaldulensis
using Genstat 16th Edition (VSN International Ltd, UK). The number of insects
orientating to a host plant, in each set of 6 plants, were treated as the response variates
while the total number of insects tested in the set were the binomial totals. The proportions
of insects orientating to each genotype was predicted from the regression model. Since
the number of ovipuncture marks on shoots from the lab bioassays were zero inflated, these
data were analysed in two parts; as the proportion of plants with ovipuncture marks or
incidence of oviposition and, when present, as density of ovipuncture marks per shoot
(30). The density of ovipuncture marks was positively skewed which required log
transformation prior to ANOVA in GLM. The GLM returned analyses results either as χ2
or F distributions, for whether dispersal parameter was fixed or estimated respectively,
based on the dispersion of the data set.
A multiple regression model was used to find the effects of the chemical compounds on
the orientation of the wasps to the host genotype. All-subsets regression analyses (31)
using Akaike’s information criteria were then used to determine the most explanatory
combination of compounds associated with each behaviour. A multiple regression model
was also used to find the effects of the proportion of various oil components on
oviposition behaviour of the wasps to the host genotype. Bootstrapping in Stepwise
Discriminant analysis using Wilk’s Lambda criterion was then used to select the
compound for further modelling. Canonical variates analysis (CVA) (32, 33) was used to
observe the contribution of the different terpene components to the variability in the
genotypes. Linear regression was used to relate the oviposition behaviour of the wasps to
plant morphological characteristics and chemical composition.
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Results
Olfactory bioassays
There was a significant difference (χ2 22,233 = 1.67, P = 0.022) in the number of wasps
orientating to the odours of the different genotypes (Fig 1) but not when genotypes were
pooled into their subspecies groups (χ2 6,255 = 0.82, P = 0.55). The mean searching times
prior to orientating to the odours also did not vary for the genotypes (χ2 28,233 = 1.17, P =
0.26) or subspecies group (χ2 6,255 = 1.63, P = 0.12).
When wasp preference for galled hosts and non-galled conspecifics was compared in the
Y- tube olfactometer, the probability of a wasp visiting the non-galled host was
significantly higher (χ2 1,250 = 4.1 P = 0.019). The wasps made more visits to the arms with
non-galled plants than with galled conspecifics (χ2 1,136=7.85 P = 0.003).
Host plant headspace volatiles
The major terpenoid component of the volatiles from the seedlings of the tested genotypes
was 1,8 cineole while α-pinene was present in very low quantities that were at times
undetectable. The subspecies did not vary in the amount of 1,8 cineole in their headspace
volatiles (F6, 12 =1.34, P = 0.31). Wasps’ orientation was neither explained by the quantity
of 1,8 cineole (F1,

18

= 0.51, P = 0.49) nor α-pinene (F1,

14

= 2.46, P = 0.14) nor a

combination of both in the host plant headspace volatiles.
When GC-EAD was attempted using the distilled oils from host plant shoots, the antennae
of the insects did not yield replicable responses to any of the oil components from the
shoots. The wasps’ antennal response however corresponded to different compound peaks
each time the test was run.
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Oviposition behaviour
Behavioural steps leading to oviposition begins with the adult female moving on the soft
plant tissue with both antennae projected forwards and continuously touching the surface
of the host plant in a manner suggestive of palpation. The posture is adopted as the female
walks along midribs, petioles of expanding leaves, shoot tips or shoot parenchyma region,
which are the only places where oviposition was observed. Once a potentially suitable
location has been found, wasps do an initial ‘test probe’ on the plant tissues using its
ovipositor which extends from the middle of its abdomen, before settling to oviposit or
move to another part of the plant. The ovipositor is needle like and brown in colour (Fig.
2A). Ovipunctures are clearly visible at 10-times magnification (Fig. 2B).
When a location was accepted, wasps made between 3-7 initial shallow probes each
lasting about 7 sec. Shallow probes were followed by deeper insertions, lasting about 4555 sec; it was assumed that eggs were deposited during these deep and longer insertions.
Several shallow insertions were subsequently made around the position where an egg was
assumed to have been deposited before the insect moved to a new location just a few
millimeters away. Ovipositing wasps deposited eggs in line groups either on one side or
in parallel sides of the leaf midrib or parenchymatous stem.
Oviposition preference in the lab
When the number of ovipunctures per group were counted, there was a difference among
the host genotypes (χ2 28,216 = 2.02, P = 0.001) or but not subspecies (χ2 6,238 =1.89, P =
0.078). The range in the number of marks per group was from 2 to 16 (Fig 3), before the
females moved to a different location in the same shoot or away from the shoot. The time
between oviposition varied between the genotypes (F
subspecies (F 6,259 = 4.98, P<0.001).
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28,237

= 3.66, P<0.001) and

The host plants varied significantly in the ovipuncture incidence (proportion of shoots
oviposited in) at genotype (χ2 28,482 = 5.18, P<0.001) and subspecies level (χ2 6,504 = 11.86,
P<0.001) (Fig 4A). There was also variability in ovipuncture marks per shoot, where
present, among genotypes (F28,

322

= 3.96, P<0.001) and subspecies (F6,

344

=5.58,

P<0.001).
Oviposition preferences in nursery and field arboreta
In the nursery, the intensity of ovipuncture marks per shoot varied significantly between
hosts at genotype (F26, 457 = 5.1, P<0.001) and subspecies levels (F6, 477 = 4.58, P<0.001).
The incidence of ovipuncture also differed significantly among genotypes (χ2 29,708 = 3.84,
P<0.001) and subspecies (χ27, 730 =10.36, P < 0.001) levels (Fig 4).
In contrast, there was no significant difference in the number of ovipuncture marks in
shoots of the different genotypes (F28, 200 = 0.97, P = 0.52) or subspecies (F6, 222 =1.0, P
= 0.42) harvested from the field arboreta (Fig 4). The incidence of ovipuncture marks did
however differ significantly between genotypes (χ2
(χ2

7, 1115

=10.12, P < 0.001; Fig 2) and site (χ2

29, 1093,

1,331=11.19,

=3.46, P < 0.001), subspecies
P < 0.001). There was no

interaction between genotype and arboretum site (χ2 24,331=1.02, P = 0.13) in influencing
the ovipuncture incidences. The number of ovipuncture marks were significantly higher
in genotypes that had higher incidences of oviposition (r = 0.64, F1, 107 =75.4, P<0.001).
Effect of host plant leaf morphology on host acceptance
There was no difference in toughness of the first opening leaves between the subspecies
(F6, 89=1.79, P = 0.11) but the field arboreta had tougher leaves than nursery seedlings
(F1, 94 =102, P<0.001). The number of ovipuncture marks (r =-0.33, F1, 90 = 11.4, P =
0.001) and incidence of ovipuncture marks (r = -0.30, F1, 90 = 8.64, P = 0.004) decreased
with increased leaf toughness. There was a negative non-significant correlation between
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the bud length and number of ovipuncture marks in shoots from

the nursery (r = -0.35,

F1, 27 = 3.65, P = 0.068). Leaf pruinosity did not influence the oviposition behaviour of
the wasps or the time between the oviposition probes (r = 0.11, F1, 27 = 0.31, P = 0.58) in
laboratory bioassays.
Effect of terpene composition on host finding and acceptance
The oils distilled from the tender shoots of the tested host genotypes had 1,8-cineole, αpinene, limonene and α-phellandrene, as the major components. The subspecies were
significantly variable in the proportion of these compounds in the tender shoots of the
plants (Table 2).
In a multiple regression model, an increase in myrcene composition led to a decrease in
the number of marks (F1,17 = 4.52, P = 0.045) and incidence of marks (F1,17 = 13.0, P =
0.002) in the field arboreta, but had no effect on the number of marks (F1,17 = 0.65, P =
0.43) and incidence of marks (F1,17 = 0.42, P = 0.68) in the no-choice experiment in the
lab. There was however still a significant correlation between the composition of myrcene
and the number of ovipuncture marks in the shoots in the no choice experiment (r = 0.38,
F1,

27

= 4.61, P = 0.41). The subspecies varied significantly in their composition of

myrcene (F6, 22 = 2.56, P = 0.049) (Table 2). Wasps also took a shorter time to orientate
to the genotypes with higher composition of α-pinene in their shoots (r = -0.41, F1, 27 =
5.29, P= 0.029). Canonical variates analysis (χ2 = 85.72, P = 0.002) showed the genotypes
to group closely together influenced by composition in the relative proportions of the
monoterpenes (Fig. 5).
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Discussion
We present the first comprehensive study of the olfactory responses of L. invasa to the
odours of a wide array of subspecies and genotypes of Eucalyptus camaldulensis and
consider their influence on the host assessment and oviposition behaviours of this invasive
insect of global importance. Difference in preference and acceptance for oviposition was
more pronounced at the genotype than at the subspecies level. A very notable observation
is that subspecies camaldulensis, though had the least preferred genotype (number 40),
also contained other genotypes that were among the most highly preferred in the
olfactometer tests. Differential olfactory preference, thought by some authors to be
influenced by terpenoid composition (19, 33) was not explained by the components of the
headspace volatiles in this study. The major terpenoid identified in the headspace volatiles
of seedlings was 1,8- cineole with lesser amounts of α-pinene also present. Microdistillation and analysis of terpenoids from tender shoots revealed 1,8-cineole, α-pinene,
limonene and α- phellandrene as the major components of the oils of E. camaldulensis.
An ordination of the subspecies and genotypes based on their terpenoids revealed that
subspecies are most closely related to one another – as was reported by McDonald et al.
(24). However, despite having distinctive terpenoid profiles, the relative abundance of
individual terpenes did not influence wasp orientation to any individual subspecies or
genotype. Nevertheless, wasps spent less time orientating to host odours relatively high in
α-pinene than to odours lower in this monoterpene. Moreover, preferential orientation by
L. invasa to non-galled over galled hosts was presumably mediated by volatile cues
although wasps may have been repelled by the volatiles of conspecific larvae. There was
however no antennal response to either 1,8-cineole or α-pinene in our preliminary GCEAD studies. Electrophysiological studies comprising dose-dependent testing of the
sensitivity of the olfactory sensilla of L. invasa are needed to understand the activity of
both individual odours and blends

to determine the nature and identity of chemical
98

compounds responsible for the

observed response as observed for other insects (20, 34,

35). 1,8-cineole and α-pinene could simply indicate to wasps the presence of an oleaginous
plant without giving any specific indication of host identity or suitability (34, 36). It would
also be insightful to compare the composition and relative abundance of terpenoids in
headspace samples with the composition and relative abundance of terpenoids in microdistilled extracts to better understand the bouquets wasps might experience and how the
latter (which are better represented in the published literature) might be used to infer the
odour of other potential host species.
We observed that wasps also antennate the surface of tender shoots which could be
evidence that contact chemoreception as well as olfaction are used in host selection (37).
Antennation of leaf surfaces during the choice of oviposition site are common behaviours
used by other species for host and site suitability assessment (38). The genotypes of E.
camaldulensis vary in waxiness (24, 39), however wax abundance did not influence the
number of ovipuncture marks or the time spent laying a group of eggs. This leads us to
propose that antennation could be necessary to detect the presence of high molecular
weight compounds which could determine the suitability of an oviposition site (40, 41).
This behaviour could also be involved in avoidance of sites of previous oviposition
through detection of epideictic pheromones. Epideictic or oviposition-deterring
pheromones are commonly used by insect herbivores to limit the likelihood of
competition among conspecific larvae (42). Investigation as to whether a secretion is
injected into the host at oviposition is also needed since it is unclear whether the adult or
the larvae initiate gall formation. Our studies revealed that no genotype of E.
camaldulensis is antixenotic to adult L. invasa since all had ovipuncture marks. Mendel
et al. (8) also observed oviposition on E. camaldulensis genotypes that they tested. Indeed,
the high correlation between ovipuncture incidence and density across all
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genotypes is strong evidence that wasps are induced to lay more eggs into preferred hosts.
The fact that when restricted to individual, stationary shoots wasps made more
ovipuncture marks during a given period of time could indicate that searching and
disturbance have significant adverse impacts on overall oviposition.
By conducting bioassays of insect responses to potential hosts grown under a variety of
conditions, we have shown that the behaviour of L. invasa is also responsive to physical
attributes often found to influence host selection by insect herbivores of eucalypts. The
negative correlation between leaf toughness and ovipuncture incidence confirms that
genotypes with tougher shoots will be less susceptible than those with softer or more
rapidly differentiating shoots (43). The specialization of L. invasa on very tender shoots
is therefore probably a mechanism to avoid the tough leaves that eucalypts are renowned
for (44). The use of the ovipositor to probe the host prior to oviposition is potentially a
behaviour indicative that host quality and/or toughness is being assessed by the adult
insect and/or injection of chemicals that are involved in gall formation/suppression of
plant defences . For example, using electrophysiology, the ovipositor of Sirex noctilio has
been shown to be sensitive to osmotic pressure of the pine stems and that stimuli
experienced during probing determine the number of eggs laid into host tissues (45).
There is also possibility that the pre- and post-oviposition probing could also be for
different purposes.
According to the plant vigour hypothesis (46), insects utilise vigorous or larger plant
modules that provide more resources for larvae. The size of the buds, which is the major part of the
eucalypt plant that the wasps interact with during oviposition, should be thought of as representing the size
of resource available for oviposition by the wasps. The preference for genotypes with shorter buds
in our study therefore contradicts this hypothesis and findings for some saw flies on Salix
species (47-49) that prefer longer shoots.
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The difference in preference and acceptance for oviposition was instead more
pronounced at the genotype than at the subspecies level and did not follow any pattern in
regards to the chemical attributes of the genotypes. Since no subspecies were avoided in
olfactometer studies or in oviposition trials, we conclude that none are apparently
unsuitable for oviposition. The specific mechano-sensory and chemo-sensory role of
ovipositor and antennae need to be investigated. The variability in galling intensity of E.
camaldulensis by L. invasa is therefore likely due to variability in gall initiation and
growth on different host genotypes. The mechanisms associated with galling by this insect
need further investigation.
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Tables
Table 1. Information on the Eucalyptus camaldulensis seeds used in the experiments. The subspecies are assigned according to McDonald
et al. (24).
Given
number

E. camaldulensis Our

ATSC Seedlot

codes

No.

Place of seed collection State where

Location of collection

collected

subsp.
1

camaldulensis

cam1

20561

Lake Albacutya

VIC

-35.45S, 141.58E

3

camaldulensis

cam3

20440

30KM ENE Wilcannia

NSW

-31.28S, 143.39E

5

simulata

sim1

15825

Laura R. crossing

QLD

-15.43S, 144.37E

7

refulgens

ref7

20513

De grey River

WA

-20.1S, 119.11E

9

arida

ari9

20525

Wiluna

WA

-26.34S, 120.01E

11

arida

ari11

20714

Palmer River

NT

-24.34S, 132.46E

13

obtusa

obt13

20558

Glen Gorge Creek

QLD

-21.44S, 141.53E

15

arida

ari15

20715

Giles Creek

WA

-25.03S, 128.4E
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17

camaldulensis

cam17

20429

Condobolin

NSW

-33.06S, 147.09E

19

minima

min19

19867

Lake Frome

SA

-30.43S, 139.3E

21

simulata

sim21

20858

Normanby river

QLD

-15.31S, 145E

23

acuta

acu23

19615

Morehead River

QLD

-15.15S, 143.34E

25

obtusa

obt25

13931

Ord River

WA

-17.28S, 127.58E

27

simulata

sim27

18276

Laura River

QLD

-15.39S, 144.31E

30

obtusa

obt30

13928

Victoria River

NT

-15.35S, 131.02E

32

obtusa

obt32

18912

Gibb River

WA

-16.08S, 126.3E

33

minima

min33

20537

Boolcunda creek

SA

-32.18S, 138.27E

35

minima

min35

20536

Horrocks pass

SA

-32.36S, 138E

37

refulgens

ref37

20522

Carnarvon

WA

-24.49S, 113.46E

40

camaldulensis

cam40

20430

Cowra

NSW

-33.51S, 148.41E

42

obtusa

obt42

20556

Baroota waterhole

QLD

-21.05S, 144.35E
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44

acuta

acu44

16536

Petford

QLD

-17.2S, 144.57E

45

simulata

sim45

21100

Laura River QLD

QLD

-15.32S, 144.26E

47

acuta

acu47

12963

Gilbert River

QLD

-18.3S, 142.52E

50

refulgens

ref50

20515

Newman

WA

-23.24S, 119.47E

52

camaldulensis

cam52

20437

Barmah SF

VIC/NSW

-35.5S, 145.07E

54

refulgens

ref54

20524

Meeberrie

WA

-26.59S, 116.02E

55

refulgens

ref55

20520

Moorarie

WA

-25.55S, 117.35E

57

arida

ari57

20559

Boulia

QLD

-22.55S, 139.55E
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Table 2. Relative amounts (%) of terpenoids in extracts of micro-distilled tender leaves of shoots of potted Eucalyptus camaldulensis
subspecies.
compound

subspecies

s.e.d

F-statistic

P-value

acu

ari

cam

min

obt

ref

sim

1,8-cineole

34.55

38.23

25.1

23.38

23.38

25.07

27.1

5.22

2.51

0.034

α-pinene

3.84

18.23

4.96

8.85

9.22

11.62

5.97

2.5

7.71

<0.001

limonene

6.39

4.44

2.61

2.24

5.77

3.18

7.58

1.21

5.88

<0.001

b-pinene

0.48

0.54

0.24

3.7

0.31

0.42

1.01

0.46

12.4

<0.001

myrcene

0.63

0.82

0.11

0.15

0.41

0.57

0.59

0.15

6.93

0.001

α-phellandrene

0.33

0.18

3.4

4.98

8.31

0.29

0.33

3.01

2.64

0.027
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Figure captions
Fig 1 Olfactory preferences of Leptocybe invasa in a six-arm olfactometer. Proportion of
wasps entering arms with odours from individual genotypes of Eucalyptus camaldulensis
in a six-arm olfactometer.
Fig 2 An ovipositing Leptocybe invasa with extended ovipositor visible (A) and
ovipuncture marks (B) on Eucalyptus camaldulensis shoot.
Fig 3 Oviposition marks per group in genotypes of Eucalyptus camaldulensis. Box plots
represent 25% and 75% percentiles, whiskers represent 10% and 90% percentiles. The
grey lines within the bars (-) denote the means, black lines within the bars(-) denotes
median and the dots denote outliers.
Fig 4 Ovipuncture marks in subspecies of Eucalyptus camaldulensis in no-choice test in
the lab, choice tests in nursery and arboreta. The roman numerals denote similarity of the
subspecies, Box plots represent 25% and 75% percentiles, whiskers represent 10% and
90% percentiles. The grey lines within the bars (-) denote the means, black lines within
the bars (-) denotes median and the dots denote outliers.
Fig 5 Canonical variates (CV) biplot of terpenoid composition of the subspecies of
Eucalyptus camaldulensis. The large circles mark the significance region at 95%
confidence level.
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Abstract-Variability in galling by the invasive pest Leptocybe invasa Fisher & LaSalle has
been reported in a range of species and hybrids of Eucalyptus but has not been explained.
Genetic diversity within the economically important River red gum (Eucalyptus camaldulensis
Dehn.) is likely to be associated with inherent resistance to L. invasa since variation in plant
secondary metabolites and other responses can influence herbivore survival and performance.
Moreover, optimal defence theory proposes that plants will invest more constitutive resistance
in parts that are more likely to suffer severe herbivore damage, such as immature leaves and
apical buds. We investigated constitutive resistance of subspecies and genotypes of E.
camaldulensis to L. invasa while controlling for geographic variability in growing conditions
of Australian habitats through the use of common nursery and common garden arboreta. Data
on galling intensity, leaf phenolics and morphological attributes were used to explain
differences in susceptibility. We show that E. camaldulensis exhibits both constitutive and
induced resistance to L. invasa. Intra- specific variability in galling was pronounced and was
correlated with differences in concentrations of quinic acid derivatives (coumaroyl quinic acids
and caffeoyl quinic acids) and hypersensitive abscission of leaves. Neither the mechanisms
behind the resistance nor the life cycle stage of the insect (egg or larvae) which is affected are
known. Apart from the quinic acid derivatives, Eucalyptus camaldulensis synthesizes an array
of tannins and other polyphenols which may be produced for defence although not necessarily
against galling induced by L. invasa.
Key Words-Resistance, Variability, Galling, Phenols, Hypersensitive response.
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INTRODUCTION
The blue gum chalcid, Leptocybe invasa, is the most widespread, invasive and damaging insect
pest of Eucalyptus (Myrtaceae) around the world according to Zheng et al. (2014). Larvae of
this tiny insect induce galls in actively dividing tissues which alter normal patterns of resource
allocation and vegetative growth. Galled leaves twist and curl resulting in stunted growth and
reduced productivity of infested plants. Variability in resistance to galling by L. invasa has
been reported at all levels of genetic differentiation from species to genotypes (DittrichSchröder et al. 2012; Nyeko et al. 2010; Pham et al. 2009). Consequently, some authors have
attributed resistance to this insect to be under genetic control (Kulkarni 2010). Natural
variability in resistance can be exploited by foresters and farmers (Kulkarni 2010; Nyeko et al.
2007; Wingfield et al. 2008) as a cost- effective way to mitigate production losses caused by
this insect (Zheng et al. 2014), especially when eucalypts are grown in isolation from the
diffuse and complex insect herbivore communities endemic to Australia (Henery 2011).
Eucalyptus camaldulensis has been identified as a suitable host for L. invasa with damage
ranging from slight to severe (Mendel et al. 2004; Mutitu et al. 2010; Nyeko et al. 2010; Quang
Thu et al. 2009) but the mechanisms underlying differences in galling severity in different
genotypes remain unexplained. While gall production can be stimulated by chemicals released
by the insect (Bartlett, Connor 2014; Raman 2011), the formation of galls is influenced by the
plant’s susceptibility to exogenous stimuli. Traditional ‘plant resistance’ against insect
herbivores can involve either constitutive or induced strategies (Chen 2008). Although induced
resistance has elicited considerable scientific attention, constitutive resistance may protect
plant organs that are more susceptible to insect damage (McCall, Fordyce 2010; Wittstock,
Gershenzon 2002). The importance of constitutive defensive compounds could be indicated
by the sites of their prominence since they are known to
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be stored at strategic sites (Treutter 2006). According to the optimal defence theory of Zangerl,
Rutledge (1996) such organs would include the tender shoots attacked by L. invasa.
The genus Eucalyptus is characterised by a diverse array of plant secondary metabolites
(PSMs), in particular of terpenoid and phenolic compounds (Conde et al. 1997; Cork 1992;
Elaissi et al. 2011; Fox, Macauley 1977; Gilles et al. 2010; Hillis 1966). While many authors
refer to eucalypt PSMs as chemical “defences” against insect herbivores, we are not aware of
a single study which has definitively shown that a specific compound or group of compounds
has evolved in response to herbivory by a particular insect. Eucalypt PSMs and other traits
may confer resistance against non-specialist insects, as has been reported in the forestry
literature (Novriyanti et al. 2012; Ohmart, Edwards 1991). Due to weak selection constraints
on PSMs compared to morphological traits (Carmona et al. 2011), their concentrations have
been shown to have the capacity to predict the susceptibility of the host plant to herbivores
(Gong, Zhang 2014). Plants with high concentrations of phenolic compounds have been found
unattractive to some insects (Barbehenn, Constabel 2011; Larsson et al. 1986) affecting them
either by their enzymatic oxidation triggered during tissue damage, by covalently modifying
dietary amino acids and/or by triggering oxidative stress through the formation of reactive
oxygen species in the gut of the ingesting insects (Grace 2007). The gut pH of the larvae
therefore plays a key role in oxidative activities on the tannins (Appel, Martin 1990;
Barbehenn, Martin 1994; de Veau, Schultz 1992; Grace 2007) to ensure the leaves are less
nutritive to the insects. Conversely, secondary metabolites of the plants might not affect most
galling insect species since galls involve actively differentiating and growing tissues (Giron et
al. 2016; Hartley 1999). Galling insects could commandeer the functioning of the plants to
establish their feeding locations in the galls (de Oliveira et al. 2016; Nyman, Julkunen-
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Tiitto 2000; Tooker et al. 2008) which may offer improved nutrition to the insect (Giron et al.
2016). Moreover, the PSMs may not be evenly distributed in the plants tissues (Hrazdina et al.
1982) experienced by the larvae the galls.
Plant resistance to insect herbivores can also be conferred by morphological attributes which
change their physical traits (Kehl, Rambold 2011; Soetens et al. 1991). Eucalyptus species are
also known to be variable in their morphological and phenological traits (Butcher et al. 2009;
Cooper 2001; James, Bell 1995) which affect their inherent resistance to insects. Sclerophylly
is an important attribute of woody plants with long lived leaves that could enhance their
defence again insects (Hanley et al. 2007; Turner 1994). Apical bud length was observed to
influence the intensity of galling of Salix cinerea by Euura mucronata (Price et al. 1987).
While it is clear that galling insects need actively dividing tissues for their nutrition supply,
longer buds could be an indicator of resource availability according to the plant vigour
hypothesis (Price 1991).
Since E. camaldulensis is a genetically diverse species comprising seven subspecies and has a
geographic occurrence that spans the Australian mainland, it is likely to comprise subspecies
and genotypes which are naturally susceptible or resistant to the insect. Research therefore
needs to consider a sufficient span of genetic diversity to identify these genotypes and
individuals and perhaps also the PSMs or other traits which confer resistance. We studied an
extensive representation of E. camaldulensis because it is such a globally important tree
species and is commonly used to generate hybrids exhibiting increased tolerance of drought
and/or salinity. We hypothesise that the variability in galling within the Eucalyptus
camaldulensis complex corresponds to variability in both chemical and physical attributes of
the genotypes.
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MATERIALS AND METHODS
Plant Material. Seed of 29 genotypes representative of the seven subspecies of E.
camaldulensis (McDonald et al. 2009) was purchased from the Australian Tree Seed Centre,
Canberra, Australia Capital Territory (full details given in Table 1, in Chapter 3). Seeds were
exported to Kenya where seedlings were raised in potting mix in plastic pots in the nursery
until ready for transplanting, i.e. about 30cm tall. Seedlings were either used in nursery
experiments in Kenya at Embakasi (1.287995oS, 36.977557oE) or planted out into five common
garden arboreta in Yatta (1.119748oS, 37.377775oE), Akala (0.0257370oS, 34.451497oE),
Maranda (0.083958oS, 34.229365oE), Turbo (0.639477oN
35.066645oE) and Mitumbiri (0.999813oS, 37.173070oE). The arboreta were located in
areas suitable for growth of Eucalyptus camaldulensis (Booth 1991). Each arboretum had three
blocks of 29 plots. Each genotype was planted in 12 –plant line plots randomly positioned in
all the blocks. Trees in arboreta were used to study the incidence of galling and plant
morphological characteristics. Since plant chemistry could change due to wounding and
galling, seedlings for chemical analysis were raised in pots in an outdoor nursery at La Trobe
University in Melbourne, Victoria (37.716545°S, 145.048073oN), where L. invasa does not
occur. No management of other eucalypt feeding insects was applied to the nursery too. Apical
buds from these plants were harvested for chemical analysis when they were 2.5 years old.
Gall Development in Nursery and Arboreta Hosts. To determine the variability in galling of the
different genotypes, nursery experiments were conducted in 2012 and 2014. The seedlings
were arranged in a completely randomised design with replicates comprising 30 seedlings of
each genotype. The seedlings were enclosed in a mesh cage with twigs supporting mature L.
invasa galls introduced at the centre. In this way, wasps emerging from galls were given the
opportunity to choose host plants for oviposition; the technique was adapted from (Rapley et al.
2004). To confirm when oviposition had occurred, apical buds were collected a
122

week after the trial set up and inspected for ovipuncture marks. Seedlings were removed from
the cage after 7 days and left for 3 months for galls to develop. The numbers of galls per shoot,
emergence holes and abscised leaves on each seedling were recorded.
In the common arboreta, apical buds from saplings were collected three months after
establishment, to ascertain that oviposition took place. Whole tree assessments of galling
intensity were undertaken twice a year for two years using the four-point scale of (Nyeko et al.,
2010), i.e. 1 = not infested, 2 = 1-25% of canopy infested (minor infestation), 3 = 26-50%
infestation (moderate infestation) and 4 = >50% canopy infested (severe infestation). Data on
the size of galls, the location of galls on shoots, number of wasp emergence holes, bud length
and tree height were also collected. Expanding leaves were collected for estimation of leaf
toughness for which specific leaf weight (SLW) was the indicator (Steinbauer 2001).
Expanding leaves are preferred for oviposition by L. invasa. To assess the vigour of the hosts,
the lengths of three randomly selected ungalled buds per tree were measured from the base of
the first expanding leaf to the tip of the apical bud.
Extraction and Analysis of Phenolic Compounds. To determine the identity and quantity of
phenolic compounds in the genotypes, one apical shoot comprising the bud and first expanding
leaf was harvested from each of the 2.5 years old potted plants. The samples were pooled by
genotype, freeze dried and ground into a fine powder in a mortar and pestle. The phenolic
compounds were extracted and analysed using methods described in Steinbauer et al. (2016) as
adapted from Engströ m et al. (2014) the analyses were conducted in the Department of
Chemistry, University of Turku, Finland. Oxidative activity was measured using the well-plate
reader assay described in Salminen, Karonen (2011) using gallic acid as the quantitation
standard. Proanthocyanidins (PA) were quantified using standard curves from stock solutions
of procyanidin (PC) and prodelphinidins (PD) and mean degree of polymerization of
proanthocyanidins

mDPA
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estimated. Ellagitannins, quinic acid derivatives (QUIN) and three classes of flavonols
(kaempferol, quercetin and myricetin derivatives) were analysed using rapid fingerprint ultraperformance

liquid

chromatography

tandem

mass-spectrometry

(UPLC-MS/MS).

Pentagalloyl glucose, chlorogenic acid, kaempferol, quercetin and myricetin glycosides were
used as quantitation standards. Protein precipitation capacity was determined using the radial
diffusion assay (Hagerman 1987) with pentagalloyl glucose used as the quantitation standard.
Data Analysis. Galling intensity and the concentrations of phenolic components were
compared using ANOVA. Logistic regression after Warton, Hui (2011) was used for galling
incidence (the proportion of plants infested) in generalised linear models (GLM) at 95%
confidence level. To test the relationship between galling and the concentrations of
polyphenols, F-tests using either linear or log-linear regression by GLM with 95% confidence
intervals were used. Log linear models were used when data did not have a normal distribution
(Payne et al. 2012). Linear regression modelling was used to test the relationship between
foliar physical attributes and the incidence of galling. Based on whether the dispersal
parameter was fixed or estimated as influenced by the dispersion of the data set, analyses of
the results were shown either as χ2 or F distributions, respectively. Where there was no
interaction between treatment and site, the mean of the data from the arboreta was used.
Principal components analysis was used to explore the distribution pattern of phenolics in the
genotypes. Statistical analyses were conducted in Genstat 16th edition, (VSN International UK).
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RESULTS
Gall Expression. Galling incidence (proportion of plants infested) differed significantly
between genotypes in the nursery (χ228, 324 = 4.79, P < 0.001) and in the arboreta (F28, 114 = 5.62,
P < 0.001). Plants growing under nursery conditions supported more galls than those in
arboreta (F1, 113 = 124.19, P < 0.001). Eucalyptus camaldulensis subspecies acuta and refulgens
exhibited lower galling incidence than subspecies camaldulensis, obtusa, arida and minima
while simulata did not exhibit galls under nursery and arboreta conditions (Fig. 1). Subspecies
showed significant variation in the number of galls in petioles (F6, 22 = 20.08, P < 0.001) and
midribs (F6, 22 = 29.58, P < 0.001). Although there were no galls on the petioles of subspecies
acuta, galling of petioles and midribs did not differ within the other subspecies (Fig. 2).

Shoot Phenolic Composition and Galling. The shoots of E. camaldulensis varied in polyphenol
concentration. In the tannins group of metabolites, shoots contained both hydrolysable tannins
(HTs) and proanthocyanidins (PAs). Of the HTs, we separately quantified compounds
containing the two most common HT functional units: galloyl groups (GALL, these are
typically

galloyl

glucoses

or

ellagitannins

that

contain

galloyls

groups)

or

hexahydroxydiphenoyl groups (HHDP; found only in ellagitannins). Of the PAs, we found two
most common subunits, i.e. prodelphinidin (PD) and procyanidin (PC) subunits. The
subspecies varied in the contents of both HT and PA (Fig. 3). The subspecies also varied in the
composition of quinic acid derivatives and in two of the most common flavonol subgroups, i.e.
kaempferol and quercetin derivatives (Fig. 3). Myricetin-based flavonols occurred in
detectable quantities only in one genotype. The quinic acid derivatives majorly comprised two
peaks of caffeoyl quinic acids (which we have respectively called 1 and 2) and two peaks of
coumaroyl quinic acids (also respectively called 1 and 2) among other unidentified minor
peaks. The subspecies however, did not vary in their OA, mean degree of polymerization of
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proanthocyanidins (mDP-PA).
The oxidative activity of the phenolics (OA), was positively correlated with galling incidence
(both nursery and field arboreta) as well as with the number of galls on nursery plants (Table
1). Galling was positively correlated with foliar composition of GALL, HHDP and quercetin
but was negatively correlated with QUIN and PC (Table 1). Quinic acid derivatives exhibited
a significant negative correlation with galling incidence and intensity, except in the case of
caffeoyl quinic acid 2 (Table 1).
Oxidative activity was highly positively correlated with total polyphenols and with HTs and
negatively correlated with PC and QUIN (Table 2). The same trends were observed for protein
precipitation capacity (Table 2). Principal component analysis did not show any grouping of
subspecies and genotypes according to their suitability for gall development. The grouping of
eucalypts was influenced by the composition of tannins, in particular of HT (component 1,
96.0 %) and PA (component 2, 2.5%) which were the major phenolic compounds with the
greatest variability (Appendix 1).
Shoot Physical Characteristics and Galling. Under arboreta conditions, apical bud length of
genotypes was negatively correlated with galling incidence (F1, 28 = 18.87, P < 0.001) and
intensity (F1, 28 = 6.95, P = 0.014) but not with gall size. Leaf abscission was quantified in the
nursery but could not be quantified in the arboreta (Fig. 5). Premature leaf abscission was
highest in subspecies acuta and simulata and lowest in subspecies camaldulensis (Fig. 6). The
number of abscised leaves was negatively correlated with galling incidence (F1, 25 = 8.53, P =
0.007) and the number of galls per shoot (F1, 25 = 5.86, P = 0.023).

126

Relationships Between Shoot Phenolic Composition and Shoot Physical Characteristics.
Multiple regression results indicated that apical bud length was negatively and additively
correlated with all the phenolic compounds (F8, 20 = 2.82, P = 0.029) as well as with HTs (F1,
27 = 6.78, P = 0.015). However, apical bud length had a positive correlation with PC

(F1, 27 =

22.6, P < 0.001). The number of abscised leaves was also positively correlated with QUIN
(F1, 25 = 5.20, P = 0.03) but negatively correlated with HT (F1, 25 =15.73, P < 0.001) and
quercetin (F1, 25 = 9.45, P = 0.005) while it had no correlation with condensed tannins.
Toughness had no correlation with galling incidence or intensity but was positively
correlated with the concentration of flavonoids (r = 0.46, F1, 27 = 7.16, P = 0.01) and HTs (r =
0.36, F1, 27 = 4.15, P = 0.05).
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DISCUSSION
Although all the genotypes of E. camaldulensis we studied have been shown to elicit
oviposition by L. invasa (Otieno et al., in review), we found that these same genotypes exhibit
variability in galling incidence and intensity. This indicates that some genotypes support the
development of eggs and/or larvae while others do not. Variability in galling caused by L.
invasa has been observed across a range of Eucalyptus species but never at the intra-specific
level (Dittrich-Schröder et al. 2012; Mendel et al. 2004; Nyeko et al. 2010; Pham et al. 2009).
This variability in galling could arise from high genetic variability within E. camaldulensis
which may be a consequence of its wide geographic range and associated ecophysiological
adaptations (Butcher et al. 2009). Whatever the ultimate explanations of the responses we
report are, our findings provide insight into the proximal mechanisms which are associated
with differential resistance of E. camaldulensis to L. invasa.
Variability in leaf abscission and its negative correlation with galling indicates that it is an
important trait conferring differential resistance of the genotypes. Leaf abscission, which is a
form of induced response, has been documented as a mechanism employed by plants against
sedentary insects (Abrahamson et al. 1991; Fernandes et al. 2008; Fernandes et al. 2003;
Höglund et al. 2005; Williams, Whitham 1986) which are able to avoid other defences
(Fernandes et al. 2008; Fernandes et al. 2003; Williams, Whitham 1986). While all these cases
of hypersensitivity have involved development of localised necrotic tissues around the point of
oviposition, loss of whole leaves was observed against L. invasa (Hilker, Meiners 2002).
Although leaf abscission has been reported in eucalypts, it has only been reported for fully
expanded leaves (Gibson et al. 1995) and has been attributed to drought or leaf chewing insects
(Stone, Bacon 1995). While we found a positive correlation between abscission and the
concentrations of quinic acid derivatives
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and PAs, hypersensitive responses are known to result from oxidation of polyphenols
(Fernandes 1998) while the accumulation of phenolic compounds has been observed in
wounded tissues of Eucalyptus nitens (Barry et al. 2001a, 2002; Barry et al. 2001b). A study
of galling of goldenrod by Urosita solidaginis did not however find any effect of phenolic
compounds on hypersensitive responses (Abrahamson et al. 1991). The genotypes of
subspecies acuta which exhibited higher leaf abscission exhibited galls only on the midrib as
opposed to the situation for the other subspecies in which galls also developed on the petiole.
This suggests that leaf abscission could be a general resistance mechanism against galling. We
posit that quinic acid derivatives and PA may accumulate around ovipuncture wounds and
result in premature induction of a separation layer in the abscission zone of petioles. It is not
clear whether the location of oviposition by a wasp (e.g. lamina or midrib) would influence the
likelihood of leaf abscission.
Variability in polyphenol composition has been reported in E. camaldulensis and other
eucalypt species (Cadahía et al. 1997) and the genotypes we studied exhibited marked
variability at the subspecies level. Our results show that tannins were the most abundant
phenolic PSM and that HTs contribute to the oxidative activity of E. camaldulensis rather than
PAs. This finding agrees with studies by Barbehenn et al. (2006a), Barbehenn et al. (2006b)
and Moilanen, Salminen (2008). However, the positive correlation between OA and galling
intensity and incidence indicates that it is unlikely to be detrimental to larval survival. It is
therefore most likely that oxidative stress plays no role in the resistance by E. camaldulensis
against L. invasa. Quercetin, as with HTs, had a positive correlation with galling which limits
the possibility of their adversely impacting larval development. It is however not known
whether the wasp has developed any mechanisms for avoiding or detoxifying these compounds
as has been found by other authors (Appel, Schultz 1992; Cooper 2001; Salminen, Karonen
2011). Hartley (1998) reported that gall tissues differ from normal shoot tissues in the
localisation of PSMs and that galling larvae do not come into contact with potentially harmful
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compounds. Moreover, the density of galls induced by Pontania proxima has been reported to
be positively correlated with the phenolglucoside content of willow leaves (Kehl, Rambold
2011; Soetens et al. 1991). Unfortunately, no study has investigated the morphology of L.
invasa galls. Frequently, epidermal cells of galled tissues accumulate more phenolics than
ungalled tissues (Connor et al. 2012) indicating that they could even be of benefit to some
galling insects, e.g. providing protection against natural enemies as reported by Oliveira et
al. (2016).

Our study reveals no common pattern of interaction between galling success by L. invasa and
the different polyphenol groups even though differences were exhibited within groups of
phenolic compounds. While tannins have generally been implicated in growth suppression of
gall inducing insects (Cornell 1983), only procyadinins (condensed tannins) were negatively
correlated with galling incidence in the arboreta. The same pattern was observed for the
flavonoids where quercetin derivatives showed a positive correlation while kaempferol
derivatives had negative correlation with galling.
Of the physical leaf attributes, genotypes with longer apical buds were expected to support
more galling according to the plant vigour hypothesis (Price 1991) but instead we observed the
opposite pattern. This contrasts studies by Yamazaki, Ohsaki (2006) who also reported
impeded development of galling sawflies in the genus Phyllocolpa on small leaves of Salix
serissaefolia. Leaf toughness, though an attribute of Eucalyptus leaves (Ohmart, Edwards
1991), did not have any effect on galling incidence and intensity in our study. This attribute
therefore could only be useful during host choice by ovipositing females as we observed for
this wasp (Otieno et al., in review) and willow sawfly Nematus oligospilus (Braccini et al.
2013).
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Although induction of chemical defences has been shown to occur in plants in response to leaf
feeding insects (Cornelissen et al. 2002; Rapley et al. 2007), our study was not conducted such
that we can consider whether E. camaldulensis exhibited similar responses. We were not able
to assess changes in the susceptibility of arboreta plants after initial infestation because the
insect population fluctuated during the study period and was followed by a sudden releasing
of pressure on the trees due an increase in activity of a parasitoid (Megastigmus species). The
dynamics of the PSM in the leaves and galls of Eucalyptus hosts following oviposition and
larval development of L. invasa is likely to be a fruitful avenue for future research.

CONCLUSION
Resistance to galling by Leptocybe invasa is differentially expressed in the genotypes and
subspecies of E. camaldulensis. This species displays both constitutive and induced resistance
mechanisms which appear linked to the concentrations of quinic acid derivatives and/or foliar
hypersensitive responses. Eucalyptus camaldulensis subspecies refulgens and acuta exhibited
the least galling with the highest rate of leaf abscission exhibited by genotypes with high
concentrations of quinic acid derivatives. Eucalyptus camaldulensis subspecies minima and
camaldulensis exhibited the highest rate of galling and lowest abscission of leaves and lowest
concentrations of quinic acid derivatives. Subspecies simulata exhibited no galling because it
exhibited the greatest abscission of leaves. Of the quinic acid derivatives, the caffeoyl quinic
and coumaroyl quinic acids could be harmful to the development of L. invasa and further
studies are needed to understand their possible mode of action. We propose that the array of
phenolic compounds in the leaves of E. camaldulensis are most likely for purposes of
resistance.
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Studies on the composition of the phenolics during galling and their distribution in the galled
tissues could aid in understanding their influence on the fitness of this insect.
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Tables
Table 1 Correlations among phenolic compounds/activities, intensity and incidence of galling by L. invasa
Phenolics

Galling incidence in arboreta

Galling incidence in nursery

Number of galls in nursery

r

F1, 27

P

r

F1, 27

P

r

F1, 27

P

Total phenolics

0.23

0.17

0.22

0.2

0.95

0.34

0.21

1.34

0.26

OA

0.47

8.95

0.006

0.38

3.97

0.056

0.49

9.65

0.004

PPC

0.28

2.56

0.12

0.14

0.44

0.51

0.31

3.1

0.09

GALL

0.47

7.67

0.01

0.46

5.72

0.024

0.58

13.76

<0.001

HHDP

0.60

14.58

<0.001

0.46

5.71

0.024

0.45

7.14

0.013

PC

-0.42

7.79

0.01

-0.01

0

0.94

-0.13

0.51

0.48

PD

-0.31

3.54

0.07

0.04

0

0.859

-0.14

0.6

0.44

QUIN

-0.57

17.23

<0.001

-0.54

9.77

0.004

-0.34

4.16

0.051

Caffeoylquinic acid 1

-0.54

11.36

0.002

-0.45

6.8

0.015

-0.34

3.5

0.07

Caffeoylquinic acid 2

-0.41

5.4

0.03

-0.31

2.8

0.11

-0.14

0.57

0.5

Coumaroylquinic acid 1 -0.56

12.45

0.002

-0.57

17.4

< 0.001

-0.35

3.83

0.06

Coumaroylquinic acid 2 -0.57

13.1

0.001

-0.63

17.34

< 0.001

-0.40

5.25

0.03
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KAEM

-0.26

2.45

0.13

-0.29

2.46

0.13

-0.26

2.48

0.127

QUER

0.51

9.59

0.005

0.62

12.27

0.002

0.48

8.15

0.008

Polyphenols

0.51

11.87

0.002

0.48

7.22

0.012

0.48

10.12

0.004

Mdp-PA

-0.38

0.03

0.868

-0.19

0.07

0.79

-0.12

2.3

0.14
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Table 2 Correlations between phenolic activity and phenolic compounds
Phenolic
group

Phenolic Oxidative activity (%)
capacity (%)
sub

Protein

precipitation

group
(mg/g)
HT

PA

F1, 27

P

r

F1, 27

P

GALL

0.59

14.07

< 0.001

0.58

13.9

< 0.001

HHDP

0.51

9.65

0.004

0.49

8.8

0.007

PC

-0.43

5.96

0.02

-0.55

11.7

0.002

PD

-0.18

0.8

0.36

-0.28

2.3

0.14

-0.31

2.82

0.1

-0.47

7.6

0.01

KAEM

0.16

0.74

0.4

0.25

1.8

0.2

QUER

0.33

3.25

0.08

0.27

2.19

0.15

0.51

9.39

0.004

0.46

7.3

0.01

QUIN
FLAV

r

Total polyphenols
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Figure captions
Fig 1 Incidence of galling of subspecies of Eucalyptus camaldulensis grown in (A) the
common nursery and (B) common garden arboreta. Box and whisker plots show standard error
bars, 25th and 75th percentiles (shaded), median (solid line inside box), mean (dotted line inside
box) and outliers (solid circles). Letters indicate similarity of means
Fig 2 Gall distribution by plant part on different genotypes of Eucalyptus camaldulensis in
arboreta. Vertical lines with caps give standard errors
Fig 3 Concentrations of tannins in subspecies of Eucalyptus camaldulensis. (A) = hydrolysable
tannins (HT) and (B) = proanthocyanidins (PA). Box and whisker plots show standard error
bars, 25th and 75th percentiles (shaded), median (solid line inside box), mean (dotted line inside
box) and outliers (solid circles). Letters indicate similarities of means
Fig 4 Concentrations of polyphenols in subspecies of Eucalyptus camaldulensis. A = quinic
acid derivatives (QUIN), (B) = kaempferol-based flavonols (KAEM) and C = quercetin-based
flavonols (QUER). Box and whisker plots show standard error bars, 25th and 75th percentiles
(shaded), median (solid line inside box), mean (dotted line inside box) and outliers (solid
circles). Letters indicate similarities of means
Fig 5 Twig with prematurely dropped leaves due to infestation by Leptocybe invasa
Fig 6 Leaf abscission by subspecies of Eucalyptus camaldulensis in response to infestation by
Leptocybe invasa. Box and whisker plots show standard error bars, 25th and 75th percentiles
(shaded), median (solid line inside box), mean (dotted line inside box) and outliers (solid
circles). Letters indicate similarities of means
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Supporting Information
Additional Supporting information may be found in the online version of this article under the
DOI reference:

Appendix 1 PCA loadings for phenolic compounds from 29 genotypes of Eucalyptus camaldulensis
Component
1
% variation

91.37

2

3

4

5

3.89

2.37

1.64

0.6

GALL

0.2377

0.36126

-0.8940

0.10184

0.04277

HHDP

0.96512

-0.0364

0.2436

0.04763

-0.0748

PC

-0.06654

0.90171

0.37053

0.15712

0.00462

PD

-0.00125

0.02548

0.0087

-0.0028

0.01156

QUIN

-0.03076

0.10024

0.00959

0.2356

-0.2347

KAEM

-0.00904

-0.1622

0.05007

0.76985

0.61473

QUER

0.08117

0.1345

0.03487

-0.5608

0.74793

mDP-PA

-0.00016

0.00043

-0.0116

-0.0011

-0.0034
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Abstract
1. The Blue gum chalcid (Leptocybe invasa) is the most serious insect pest of
eucalypts grown outside Australia. Variability in resistance of species and
genotypes of species of Eucalyptus to L. invasa has been widely reported but there
has been no consideration of the influence of silviculture on the severity of galling.
2. Our research has found variation in resistance within subspecies and genotypes of
River red gum (Eucalyptus camaldulensis) related to concentrations of foliar
quinic acid derivatives (phenolic plant secondary metabolites). The aim of this
study was to assess variability in galling of 29 subspecies and genotypes of E.
camaldulensis by L. invasa in common nursery experiments and five common
garden arboreta (each comprising 1000 trees) planted in agroecological zones
where eucalypts are traditionally grown in Kenya. The incidence of galling was
related to phenolic composition, growth rate, soil macronutrients and climatic
variables.
3. Generally, subspecies and genotypes from low latitude source locations in
Australia were more resistant. Neither the level of resistance nor the concentration
of quinic acid derivatives of the different genotypes exhibited an interaction with
arboretum location. Moreover, neither resistance nor quinic acid derivatives
varied with nitrogen supplementation of potted plants. However, growth rates and
total polyphenolic concentrations varied with arboretum location.
4. Since quinic acid derivatives confer resistance against L. invasa and are expressed
uniformly in different locations, resistant subspecies and genotypes of E.
camaldulensis can be deployed in exotic habitats where they will grow and suffer
minimal galling.

156

Keywords: constitutive resistance, eucalypt silviculture, Eucalyptus camaldulensis,
foliar phenolic compounds, growth versus defence, Leptocybe, nitrogen, River red gum.
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Introduction
In a period of only 15 years, Leptocybe invasa Fisher & LaSalle (Hymenoptera:
Eulophidae) has spread to over 35 countries and become a serious insect pest of
Eucalyptus (Myrtaceae) species grown outside Australia. As a consequence, much
research has been conducted to identify trees resistant to galling by this tiny wasp. It is
common for foresters to adopt this approach in the search for resistant genotypes of
Eucalyptus but it should not be assumed that traits evolved in a particular region of
endemism will remain constant when the progeny of that population are grown elsewhere
where growing conditions and/or the mosaic of herbivores they are exposed to differ in
composition and abundance (e.g. Floyd, Farrow and Matsuki 2002; Henery et al. 2008;
Rapley, Allen and Potts 2004). It is therefore important to ascertain whether “resistant”
eucalypts remain less defoliated or galled when grown under a variety of conditions and
intensities of herbivory.
Plant phenotypes are shaped by interactions between genotypes and environments
(Hochwender and Fritz 2004; Johnson and Agrawal 2005; Sultan 1987; Underwood and
Rausher 2000), although mechanisms are often not well understood (Sultan 2000). Soil
nutrient availability may influence plant growth such that those endemic to environments
with limited resources may grow more slowly and/or may invest more in traits conferring
resistance (Fine et al. 2006; Haukioja et al. 1998), although some plant secondary
metabolites may also vary across environmental gradients in response to levels of
photodamage (Close and McArthur 2002). For example, some species of conifers and
ericaceous plants produce high foliar concentrations of phenolic compounds when grown
in soils with low nutrient supply (Kraus, Zasoski and Dahlgren 2004; Northup, Dahlgren
and Yu 1995). Within some genera, species from lower latitudes have been found to invest
more in resistance than those at higher latitudes (Rasmann and Agrawal 2011) but
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this trend was not found in relation to the oil content of the leaves of 66 species of
Eucalyptus (Steinbauer 2010). These examples demonstrate that plant phenotypes can
exhibit plasticity of expression (Des Marais, Hernandez and Juenger 2013) in which
responses may be either continuous or interactive (Des Marais, Hernandez and Juenger
2013; Singh, Ceccarelli and Grando 1999). Although phenotypic plasticity may enhance
plant fitness in heterogeneous environments (Andrew et al. 2010; Fordyce 2006; Sultan
1987, 2000), it may not be desirable in an applied context if consistency of expression of
constitutive resistance is needed.
Eucalyptus camaldulensis ssp. camaldulensis, the most widely planted subspecies of this
economically important species, is also used in many tree breeding programmes to confer
drought and/or salinity tolerance to hybrid eucalypts. This is because physiological
adaptation to environmental conditions (climatic and edaphic) by genotypes of E.
camaldulensis has occurred throughout the areas of endemism of the various subspecies
(Butcher, McDonald and Bell 2009; Gibson and Bachelard 1994; Gibson, Bachelard and
Hubick 1995). Research within Australia using other species of Eucalyptus has found that
constitutive resistance traits are influenced by genetic and environmental factors (Andrew
et al. 2010; O’Reilly-Wapstra et al. 2010). This indicates that environmental influences
could alter expression of genetically determined traits when eucalypts are deployed in
novel environmental gradients, i.e. counter-gradient variation (Conover and Schultz
1995).
The larvae of galling insects, such as L. invasa, induce and develop within highly
modified plant tissues (Agrawal 2011; Kaiser et al. 2010; Larsson 2002; Oliveira et al.
2016). Consequently, galling insects have been suggested to be least affected by changes
in host plant quality (Hartley and Lawton 1992; Hartley 1998; Larsson 1989).
Nevertheless, the distribution of some galling insects has been shown to follow soil
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fertility gradients (Blanche and Westoby 1995; Cuevas-Reyes et al. 2003). Variability in
the abundance of such galling insect taxa with environmental conditions implies that host
suitability is important to their success (Blanche and Westoby 1995; Fernandes and Price
1992). Leptocybe invasa is known to oviposit in hosts that do not support galling (Mendel
et al., 2004) and we have found that wasps do not show any olfactory preference for
volatiles arising from live plants of the subspecies and genotypes of E. camaldulensis
used in this work (Otieno et al., in review). Variability in the incidence of galling is
commonly reported in the published literature about this insect emphasising the need to
identify resistance mechanisms that prevent gall development and which could be used to
select eucalypts for growers. We have also found that the incidence of galling of E.
camaldulensis is correlated with concentrations of quinic acid derivatives in different
subspecies and genotypes (Otieno, Salminen and Steinbauer, under revision). This could
suggest that quinic acid derivatives adversely impact eggs or neonate larvae prior to the
insects ameliorating the nutritional quality of the tissues which larvae feed on later in their
ontogeny (Giron et al. 2016). Many galling insects are associated with an increase in the
concentrations of phenolic compounds and/or anthocyanins of the epidermal tissues of
galls but these responses could have other physiological and/or ecological significance
for the plant, e.g. protection against photodamage (Connor et al. 2012; Oliveira et al.
2016). In one published example, chemical changes induced by a galling aphid benefit
the insect by deterring goats from browsing on occupied galls (Rostás et al. 2013).
We investigated the influence of place of origin in Australia (i.e. genotype) and growing
conditions within Kenya (i.e. environment) on changes in resistance of E. camaldulensis
using common garden experiments and common garden arboreta. Due to the difficulty of
manipulating constitutive resistance traits (Wittstock and Gershenzon 2002), our
approach allowed us to investigate G×E interactions on the traits of the subspecies and
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genotypes of E. camaldulensis we chose to study. We sought to determine whether the
antixenosis and possible antibiosis of L. invasa which we have discovered translate into
reduced galling of the same hosts when they are grown under a variety of field conditions.
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Materials and methods
Seed source location and information
We selected 29 genotypes representative of all seven subspecies of E. camaldulensis
(Table 1). We use the subspecies identifications provided by McDonald, Brooker and
Butcher (2009) and Butcher, McDonald and Bell (2009). Within each subspecies, we
chose genotypes representative of as wide a geographical distribution as possible so as to
represent as much of the diversity within the species as possible. The seedlots selected
were those that originated from as few parent trees as possible, i.e. to minimise diversity
within genotypes and hence variability in expression of traits.

Environmental and soil data
Climatic data for seedlot collection locations were extracted from the Climond data set
(Kriticos et al. 2012) in ArcMap 10.2.2. Soil data for the genotype source location was
obtained

from

CSIRO

website

at

http://www.clw.csiro.au/aclep/soilandlandscapegrid/index.html.

Arboreta establishment and data collection
Seeds were sown and raised in a common nursery at KEFRI, Muguga, Kenya. Seedlings
were divided into lots for use in nursery experiments or common garden arboreta. A
nursery trial was conducted in Embakasi (-1.287995, 36.977557), a suburb of Nairobi,
where L. invasa infestation had been confirmed. The details of the trial are outlined in
Chapter 3.
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Five common garden arboreta were established in four agroecological zones (see Table
1). Common garden arboreta permit many genotypes to be tested for their responses to
growing conditions and the severity of herbivory they experience at a given location. In
each arboretum, the genotypes were planted in 12-plant line plots replicated in three
blocks. Data were collected on the height of plants, number of branches, apical bud length,
ovipuncture intensities, galling intensities, leaf toughness and phenolic composition of
apical shoots. Seedlings from the Muguga nursery were also planted out in a common
garden reserve comprising ten plants of each genotype at KEFRI, Muguga where there
was still no L. invasa infestation. Additional seed from the same seedlots was germinated
and ten individual plants of each were grown in native plant potting mix in 15 cm diameter
pots in the open in the Agriculture Reserve at La Trobe University, Melbourne.

Soil collection and analysis
Nine soil samples per site were collected from the top 30 cm layer at the time of arboretum
establishment. Samples were air dried at room temperature and ground before analysis
for nitrogen, phosphorus, potassium, calcium, magnesium, organic carbon (C), pH and
electrical conductivity were quantified using methods described by Okalebo, Gathua and
Woomer (1993).

Analysis of foliar phenolic compounds
To determine the identity and quantity of phenolic compounds in the genotypes growing
in different sites, one apical shoot comprising the bud and first expanding leaf was
harvested from each tree with actively growing shoots. The shoots were harvested from
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selected genotypes representing highly susceptible, moderately susceptible and resistant
genotypes as previously determined in the nursery experiments. The shoots were
collected during the wet season in the second year of the arboreta establishment. Shoot
samples were also harvested from plants at Muguga and in Melbourne. Shoot samples
collected from these two sites were used to compare abundance of phenolic compounds
on non- infested with the field sites where L. invasa infestation had occurred.
We standardised the size of apical shoot that was harvested for chemical analysis by
picking the apical buds and first opening leaf from actively growing shoots. The samples
were pooled by genotype, freeze dried and ground into a fine powder in a mortar and
pestle. Phenolic compounds were extracted and analysed using methods described in
Steinbauer et al. (2016) and adapted from Engströ m et al. (2014). Standard curves from
stock solutions of procyanidin (PC) and prodelphinidins (PD) were used to quantify
proanthocyanidins (PA) in the extracted leaf samples. Rapid fingerprint ultraperformance liquid chromatography tandem mass-spectrometry (UPLC-MS/MS) was
used to determine the abundance of quinic acid derivatives (QUIN), ellagitannins (HT)
and three classes of flavonols (kaempferol, quercetin and myricetin derivatives) using
pentagalloyl glucose, chlorogenic acid, kaempferol, quercetin and myricetin glycosides
as quantitation standards.

Nitrogen supplementation studies
To investigate the influence of nitrogen supplementation on the susceptibility of hosts,
we used 720 potted plants for a glasshouse trial at KEFRI, Muguga. Seedlings of three
susceptible genotypes were transplanted into 15 cm diameter pots in forest soil and gravel
mix and allowed to establish for two months. The plants were then separated in groups of
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60 pots per genotype and given urea at the rate of 0, 1, 2 or 4g and watering to field
capacity. Shoots of 15 randomly selected plants were harvested 2 weeks after urea
application for analysis of polyphenolic compounds. Using 13 mm diameter, 18 mm deep
clip cages sourced from Bioquip products, California, USA. One female wasp was caged
onto a shoot of each of the remaining plants and left for 24 hours. Locations where wasps
had been caged were marked with thread prior to the seedlings being moved to a lower
altitude location (KEFRI, Karura) and monitored for gall development.

Data analyses
To determine the variability of the genotype performance in different growing sites,
analysis of variance and principal component analysis was used (Crossa 1990).
Measurements pertaining to host quality/vigour (latter indicated by increase in height),
oviposition intensity, galling incidence and intensity from common garden arboreta were
analysed to consider the responses of the different subspecies and genotypes to the
environmental conditions under which they were grown. Linear and log-linear regression
modelling was used depending on the distribution pattern of the datasets.
Analysis of the effect of place of origin in Australia on the performance of genotypes was
by principal component, canonical correlation analysis and discriminant analyses
followed by regression analysis using environmental and performance data from nursery
experiments (Anderson and Willis 2003; Crossa 1990). Relationships among the
environmental variables of host plant origin were modelled in linear regression with their
level of infestation, growth, physical and chemical characteristics.
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Results
Influence of site and tree growth on galling by L. invasa
The genotypes of subspecies camaldulensis were generally the fastest growing while
those of subspecies minima were the slowest (Fig. 1). While tree growth rate was
positively correlated with oviposition incidence (r = 0.48; F1, 52 = 14.99; P<0.001), it did
not have significant correlation with galling incidence.
The apical shoot length and leaf toughness of the host plants were influenced by
interaction between the genotypes (or subspecies) and the site of arboretum. Although
there was variability among the genotypes and subspecies in the galling incidences and
with sites, there was no cross interaction between the genotype and site in influencing the
galling incidences (Table 3).

Influence of soil nutrients on phenolics and galling incidence
Soil macronutrients of seed sources in Australia were not correlated with galling, growth
rate or the abundance polyphenols. However, galling index and the concentration of
hydrolysable tannins were inversely correlated with soil pH (Table 4).
Arboreta locations differed significantly in soil macronutrients and properties (Appendix
1). Principle component analysis of soil nutrients and characteristics showed that the
variability among sites was influenced by pH (component 1) and nitrogen + phosphorus
concentrations (component 2; Appendix 2). However, these two components only
explained 52.2% of the variation. Although discriminant analysis grouped soils according
to the location of arboreta (χ2 = 25.79, df = 8, P = 0.001), there was no correlation between
individual soil nutrients and galling incidence or severity.
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In the glasshouse, the concentrations of total phenolics (F1,4 = 614.70, P<0.001) and
hydrolysable tannins (F1,4 = 589.20, P<0.001) were lower in plants treated with urea than
in control plants. The concentrations of quinic acid derivatives were also reduced but
differences among genotypes were not statistically significant (F1,4 = 0.65, P = 0.95).
There was variability in the galling incidence between genotypes (given different
treatments of urea, but the differences were not statistically significant for the treatment
and did not follow any consistent pattern (Fig. 2).

Variability in leaf composition of phenolics in different growing sites
There were no significant differences in the concentrations of quinic acid derivatives in
leaves of plants of different damage classes across arboreta. Within arboreta, only
genotypes grown at Yatta differed in concentrations of quinic acid derivatives among
damage classes (Fig. 3a). The abundance of total polyphenols differed between sites and
damage classes within sites (Fig. 3b).

Correlation between the environmental variables of host endemism with host plant
characteristics and infestation
Using principal components analysis, the environmental variables of source locations
within Australia grouped the genotypes closely to their subspecies and (Fig. 4a) by
resistance status (Fig. 4b) except for one resistant genotype grouped among the
susceptible ones.
In stepwise discriminant analyses, the environmental variables grouped the genotypes
into subspecies (χ2 = 65; P<0.001; reclassification error rate 17.25) and resistance status
(χ2 = 17.18; P<0.001; reclassification error rate 11.44). Wilk’s lambda criterion identified
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precipitation of the wettest week, precipitation seasonality, radiation of warmest quarter,
radiation of driest quarter, minimum temperature of the coldest week, radiation of coldest
quarter and radiation seasonality were the most important variables influencing the
grouping of the genotypes into subspecies, while precipitation seasonality and minimum
temperature of the coldest week grouped them into resistance status.
Galling incidence was inversely correlated with seasonality of precipitation (r =-0.74; F1,
27

= 32.65; P<0.001), annual mean temperature (r =-0.75; F1, 27 = 35.40; P<0.001) and

minimum temperature of the coldest week (r =-0.73; F1, 27 = 30.60; P<0.001). These
climatic variables influenced the hydrolysable tannins in a manner opposite that of quinic
acid derivatives and procyadinins (Table 5).

Latitudinal influence on polyphenol composition
The intensity of galling increased with increasing latitude while oviposition incidence and
intensity displayed the inverse relationship (Table 6). The concentration of quinic acid
derivatives and procyanidins decreased inversely with latitude while that of hydrolysable
tannins and total polyphenols increased with increasing latitude (Table 7).
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Discussion
We have shown the resistance of the genotypes used herein to be invariable across
locations where trees were grown and that the patterns observed by us under nursery
conditions were maintained in the field (Otieno, Salminen and Steinbauer, under
revision). Galling intensity varied with genotype and site but there was no G×E
interaction. Since we could not control for herbivore pressure, and our attempts to monitor
the abundance of L. invasa using yellow sticky traps and Malaise traps were unsuccessful,
variability in galling intensity across different arboreta could not be partitioned between
host and exposure effects. Stability of genotypic resistance is an important attribute for
the purposes of plant breeding (Becker and Leon 1988), especially in the case of L. invasa
because we found it will oviposit in all E. camaldulensis hosts. Plasticity of host resistance
could be detrimental since it may be exploited by L. invasa and increase the fitness of the
wasp (Fordyce 2006). Similar studies with the same hosts as we used herein but against
the other lineages of the wasp may be needed since invasion by these lineages could
potentially pose novel threats to hosts we have identified as resistant.
The presence of quinic acid derivatives in the shoots of plants that have experienced
galling as well as in locations where no galling has been observed (e.g. in Melbourne)
indicates that these metabolites are not induced by L. invasa but are constitutive
components of the chemistry of leaves. According to the optimal defence hypothesis,
constitutive defensive compounds are prevalent in plants or plant parts that experience
frequent insect attack (McKey 1979; Zangerl and Bazzaz 1992; Zangerl and Rutledge
1996) and should occur in eucalypts (Heatwole, Lowman and Abbott 1999). Nevertheless,
no study has presented evidence linking a group of plant secondary metabolites to defence
against an individual species of insect or a taxon of insects. Although levels of plant
defence and herbivory have been related to nutrient availability
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(Coley, Bryant and Chapin 1985; Fine et al. 2006), our study did not show any influence
of soil nutrients of arboreta on resistance. However, we found a reduction in the
concentrations of hydrolysable tannins in urea treated plants. Fertilization is believed to
reduce concentrations of hydrolysable tannins (but not of condensed tannins) in woody
plants since their synthesis competes directly with protein synthesis for vegetative growth
(Haukioja et al. 1998). The significance of our result from the experiment with potted
eucalypts needs to be investigated under field conditions given that farmers are likely to
try and increase eucalypt growth rates by topical applications of urea.
The fact that the resistance attributes of the genotypes are closely associated with their
taxa and is closely linked to the environmental conditions of their endemism could
suggest that resistance may have an evolutionary origin. The expression of resistance
probably may not have been shaped by herbivory by L. invasa alone but possibly in
response to the community of related endemic insect herbivores and pathogens (Agrawal
et al. 2002; Johnson and Agrawal 2005; Agrawal, Tuzun and Bent 1999). The presence of
some resistant genotypes among the highly susceptible subspecies taxa however, could
point to maladaptation on coevolution which could have occurred due to selective
pressure from other factors (Thompson, Nuismer and Gomulkiewicz 2002). There is also
the possibility that resistance in some genotypes within susceptible subspecies have been
overcome by the wasps. Insects with restricted host ranges as well as those with a close
relationship with their hosts, such as galling insects, are more likely to overcome plant
defensive chemistry (Gatehouse 2002; Mithöfer and Boland 2012). Identification of genes
controlling resistance conferring traits and analysis of their performance in progeny trials
could provide a better understanding of the direction of evolutionary processes involved
in this system.
While low precipitation and soil moisture have been determined by some authors to be
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stressful

to plants and enhance their susceptibility to galling insects (Waring and Price
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1990), we found that higher susceptibility was associated with the lower temperatures of
the higher latitudes in endemic source locations. Many authors have observed that plants
in the tropics are better defended against herbivores than those in higher latitudes
(Rasmann and Agrawal 2011; Więski and Pennings 2014; Woods et al. 2012).
Nevertheless, the abundance of galling arthropods in Australia follows a latitudinal
pattern (Blanche 1993). Our study cannot rule out a possibility that quinic acid derivatives
are likely to be adaptations for resistance and not protecting leaves against photodamage
in cold environments as has been ascribed to them by other authors (Moore et al. 2004).
If they have any other adaptive significance, it is possible it relates to some other
functional role. For example, some eucalypt secondary metabolites are likely to be
adaptations permitting tolerance of aridity (Merchant, Ladiges and Adams 2007). The
tropical genotypes of E. camaldulensis from northern Australia are believed to be older
than higher latitude lineages (Butcher, McDonald and Bell 2009). Consequently,
evolutionary age of the interaction between wasp and hosts could also explain latitudinal
variability in resistance since younger plant taxa have been observed to support more
galling insect species (Fernandes and Price 1992). This finding corroborates our
distribution modelling results which have revealed that the most suitable region for
persistence of the invasive population of L. invasa in Africa lies in southern Australia
(Otieno et al., in prep.). Unfortunately, the distribution of the wasp within Australia is
unknown so it is difficult to make strong inferences about host relationships. The increase
in hydrolysable tannins with increasing latitude could point to their role in providing
protection against photodamage instead. Other authors have observed a negative
influence of altitude on severity of infestation by L. invasa (Nyeko et al. 2010; Petro,
Madoffe and Iddi 2014). Such findings might be related to herbivore pressure since we
have observed wasp abundance to be lower at higher altitudes, e.g. in Muguga.
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Other plant attributes such as growth rate, leaf toughness and bud length exhibited strong
G×E interactions. Growth rate is a genetically regulated characteristic for which plasticity
is desirable in selection programmes targeting performance (Lambers and Poorter 1992).
Leaf toughness has also been observed to be influenced by nutrition indicating its
plasticity (Read et al. 2009; Read, Sanson and Lamont 2005). Although sites varied in
oviposition and galling intensity, there was no correlation between soil characteristics and
oviposition or incidence of galling. The positive correlation between genotype growth rate
and oviposition incidence indicates that faster growing genotypes were more readily
accepted for oviposition. This however does not point to any defensive adaptation of the
slower growing plants against L. invasa since larval survival had no correlation with
growth rate. This is a deviation from findings by other authors, who observed slower
growing plants to be more defended since damaged tissues are expensive to replace (Herms
and Mattson 1992; Kirton and Cheng 2007) and growth and defence compete for
resources (Agrawal, Conner and Rasmann 2010). It also deviates from the expectation
that growth rate should influence constitutive chemical defences (Coley 1988).
Leptocybe invasa does not exhibit a tight linkage between oviposition preference and
larval performance as has been found to occur in a number of species of herbivorous
insects including a number of species of galling insects (Carr, Roininen and Price 1998;
Craig, Itami and Price 1989; Gripenberg et al. 2010; Larsson and Strong 1992). This
means that adult L. invasa either do not or cannot assess the suitability of hosts to support
the survival of their larvae. The absence of a tight preference-performance linkage is not
unknown among galling insects, e.g. it occurs in the goldenrod stem galler (Cronin and
Abrahamson 2001). Although the mechanisms of gall initiation in Eucalyptus in response
to L. invasa are not known, there could be different selective pressures acting on wasp
oviposition and gall formation (Ferrier and Price 2004). Mechanistic studies of gall
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formation in eucalypts in response to L. invasa and more generally would shed light on
the specificity or otherwise of the process. This lack of synchronization between
oviposition preference and successful larval development poses difficulties for selecting
new species and genotypes of eucalypt for use in plantations but could also be harnessed
to manage the rate of growth of populations of L. invasa. That is, if there is no way of
predicting resistance to L. invasa, the selection of new species of eucalypt for use in
different regions will be an idiosyncratic process in every instance. Conversely, mixed
species plantations comprising host and non-host species of eucalypt will slow population
increase (Steinbauer 2005). While foresters in countries where eucalypts are grown for
pulping are unlikely to adopt mixed species plantations (because fibre consistency is
important), farmers in African countries where woodlots are grown for fuel should have
more reason to plant a variety of species of eucalypt given the adverse impact of L. invasa.
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Tables
Table 1 Seedlots of Eucalyptus camaldulensis used in this study. ATSC = Australian Tree Seed Centre, Canberra, Australia
ATSC

Code

seedlot

Tables

Australian Placename

Subspecies

State

Latitude (S)

Longitude (E)

20561

1

camaldulensis Vic

Lake Albacutya

-35.45

141.58

20440

3

camaldulensis NSW

30km ENE Wilcannia

-31.28

143.39

15825

5

simulata

Qld

Laura River Crossing

-15.43

144.37

20513

7

refulgens

WA

De Grey River

-20.10

119.11

20525

9

arida

WA

Wiluna

-26.34

120.01

20714

11

arida

NT

Palmer River

-24.34

132.46

20558

13

obtusa

Qld

Glen Gorge Creek

-21.44

141.53

20715

15

arida

WA

Giles Creek

-25.03

128.40

20429

17

camaldulensis NSW

Condobolin

-33.06

147.09

184

19867

19

minima

SA

Lake Frome

-30.43

139.30

20858

21

simulata

Qld

Normanby River

-15.31

145.00

19615

23

acuta

Qld

Morehead River

-15.15

143.34

13931

25

obtusa

WA

Ord River

-17.28

127.58

18276

27

simulata

Qld

Laura River

-15.39

144.31

13928

30

obtusa

NT

Victoria River

-15.35

131.02

18912

32

obtusa

WA

Gibb River

-16.08

126.30

20537

33

minima

SA

Boolcunda Creek

-32.18

138.27

20536

35

minima

SA

Horrocks Pass

-32.36

138.00

20522

37

refulgens

WA

Carnarvon

-24.49

113.46

20430

40

camaldulensis NSW

Cowra

-33.51

148.41

20556

42

obtusa

Baroota Waterhole

-21.05

144.35

Qld

185

16536

44

acuta

Qld

Petford

-17.20

144.57

21100

45

simulata

Qld

Laura River

-15.32

144.26

12963

47

acuta

Qld

Gilbert River

-18.30

142.52

20515

50

refulgens

WA

Newman

-23.24

119.47

20437

52

camaldulensis Vic/NSW

Barmah State Forest

-35.50

145.07

20524

54

refulgens

WA

Meeberrie

-26.59

116.02

20520

55

refulgens

WA

Moorarie

-25.55

117.35

20559

57

arida

Qld

Boulia

-22.55

139.55
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Table 2 Locations of common garden arboreta in Kenya and their climatic characteristics.
Zones are agroecological zones (AEZ) as recognised by Orodho (2006)
Site name Zone

Description

Annual

Latitude

Longitude

rainfall (mm)
Akala

III

Semi humid

800-1400

-0.025737

34.451497

Yatta

V

Semi-arid

450-900

-1.119748

37.377775

Maranda

IV

Semi humid to 600-1100

-0.083958

34.229365

semi-arid
Turbo

II

Mitumbiri V

Sub humid

1000-1600

0.639477

35.066645

Semi-arid

450-900

-0.999813

37.173070
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Table 3 Interaction between the subspecies/genotype taxa and arboreta in the leaf physical charcteristics and galling by L. invasa. Significant
values (P<0.05) are shown in bold.
Taxon

Plant variable &

level

response to wasp

Subspecies

Genotypes

Taxon

Arboretum

Interaction

F

P

F

P

F

P

Bud length

18.85

<0.001

58.32

0.001

1.93

0.01

Leaf toughness

2.30

0.033

16.28

<0.001

1.49

0.20

Galling incidence

8.04

<0.001

5.39

0.001

0.64

0.84

Bud length

4.95

<0.001

58.32

<0.001

0.99

0.5

Leaf toughness

4.41

<0.001

20.13

<0.001

2.75

<0.001

Galling incidence

2.95

<0.001

6.05

<0.001

1.0

0.5
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Table 4 Correlations between soil traits and growth rate, concentrations of phenolics
growth rate and galling index across all genotypes. Significant values (P<0.05) are shown
in bold
N

Plant
variable

&

P

C

pH

r

P

r

P

r

P

r

P

wasp
Growth rate

0.30

ns

-0.04

ns

-0.02

ns

-0.15

ns

HT

0.24

ns

0.26

ns

0.24

ns

0.39

0.038

PA

-0.20

ns

-0.10

ns

-0.22

ns

-0.21

ns

QUIN

-0.28

ns

-0.03

ns

-0.19

ns

-0.28

ns

TP

0.20

ns

0.25

ns

0.18

ns

0.34

ns

Galling index

0.06

ns

0.19

ns

0.21

ns

0.59

<0.001

response to
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Table 5. Correlations among climatic variables and concentrations of foliar phenolics. Significant values (P<0.05) are shown in bold. HT =
hydrolysable tannins, PC = procyadinins, QUIN = total quinic acid derivatives
Type
of

Annual mean temperature (°C)
week

polyphenol

Min temperature of coldest

Seasonality of precipitation

(°C)
r

F

P

r

F

P

r

F

P

HT

-0.71

27.7

<0.001

-0.71

27.2

<0.001

-0.76

36.02

<0.001

PC

0.46

7.4

0.01

0.36

3.99

0.06

0.50

8.9

0.006

QUIN

0.76

37.9

<0.001

0.64

18.7

<0.001

0.75

35.0

<0.001
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Table 6. Correlations between latitude of seed source, oviposition by wasps and galling.
Significant values (P<0.05) are shown in bold
Wasp activity &
plant response

Nursery
r

Arboretum
F

P

r

F

1.78

0.19

-0.34

10.77 0.002

-0.34

3.3

0.08

-0.24

5.22

Galling incidence

0.67

21.98

<0.001

0.50

34.48 <0.001

Galling intensity

0.58

13.52

0.001

-

-

Oviposition incidence -0.25
Ovipuncture

P

0.025

intensity
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-

Table 7. Correlations between latitude of seed source and concentrations of polyphenols.
Significant values (P<0.05) are shown in bold, d.f = 27. HT = hydrolysable tannins, PC
= procyadinins, KAEM = kaempferol and QUER = quercetin derivatives
Type of polyphenol

r

F

P

HT

0.66

20.82

<0.001

PC

-0.49

8.40

0.007

KAEM

-0.09

0.24

0.63

QUER

0.72

29.27

<0.001

Caffeoyl quinic acid 1

-0.74

33.42

<0.001

Caffeoyl quinic acid 2

-0.59

14.58

<0.001

Coumaroyl quinic acid 1

-0.69

24.30

<0.001

Coumaroyl quinic acid 2

-0.70

25.97

<0.001

Other quinic acid derivatives

-0.45

6.71

0.015

Total polyphenols

0.60

15.33

<0.001

192

Appendices
Appendix 1. Chemical properties of arboretum soil samples. Significant values (P<0.05) are shown in bold
AEZ

Mg

Ca

K

P

N (%)

C (%)

pH

EC
mscm-1

pH

(ppm)

(ppm)

(ppm)

(ppm)

Akala

500.9

2295.0

232.8

3.1

0.3

0.5

6.0

0.0

5.1

Maranda

413.3

1621.9

380.4

2.9

0.3

1.0

6.4

0.1

5.6

Mitumbiri

796.7

2544.9

282.6

7.8

0.3

1.6

6.6

0.0

5.5

Turbo

376.9

1015.4

447.9

3.8

0.3

2.0

6.2

0.0

5.1

Yatta

448.5

1168.4

800.9

1.5

0.1

1.4

5.8

0.1

5.3

F4,54

19.92

1.14

3.85

2.86

7.18

18.62

6.18

7.19

0.17

P

<0.001

0.35

0.008

0.032

<0.001

<0.001

<0.001

<0.001

0.99

H 2O
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CaCl2

Appendix 2. PCA loadings of soil chemical properties
Variable

PC1

PC2

PC3

PC4

PC5

PC6

C

-0.068

0.157

0.817

0.002

0.113

0.174

Ca

0.228

0.289

-0.077

-0.786

-0.005

-0.171

K

0.240

-0.405

0.478

-0.167

0.167

0.093

Mg

0.391

0.257

-0.153

-0.171

0.545

0.368

P

0.169

0.403

0.010

0.489

0.501

-0.345

pH CaCl2

0.574

-0.106

-0.019

0.159

-0.305

0.031

pH H2O

0.544

0.106

0.022

0.234

-0.377

0.218

N

0.004

0.531

0.267

-0.048

-0.378

-0.407

EC (ms/cm) pH CaCl2

0.282

-0.443

0.052

-0.053

0.185

-0.680

% of variance

28.01

24.2

13.85

10.77

8.87

6.29
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Figure captions
Fig 1 Mean growth rate of subspecies of Eucalyptus camaldulensis in the first six months
after arboretum establishment. Details relating to the location of each arboretum are given
in Table 2
Fig 2 Galling incidence on potted plants treated with different quantities of urea.
Genotype 17 (subspecies. camaldulensis) from Condobolin (NSW), genotype 19
(subspecies minima) from Lake Frome (SA) and genotype 35 (subspecies minima) from
Horrocks Pass (SA; see Table 1). Bars show means ± standard errors
Fig 3 Concentrations of quinic acid derivatives (a) and total polyphenols (b) from plants
in field arboreta (Maranda, Mitumbri, Muguga, Turbo and Yatta, n = 7 each) and in pots
(Melbourne, n = 7 each). Highly susceptible genotypes are denoted by ‘hs’, moderately
susceptible by ‘ms’ and resistant by ‘r’. Bars show means ± standard errors
Fig 4 Principal components biplots of climatic variables of seed source of genotypes
grouped according to subspecies (a) and according to level of resistance (b)
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Fig 2
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Fig 3
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Fig 4
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