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Abstract

1. Invasive eucalypt psyllids pose a threat to the long-term production of eucalypts

worldwide. In order to reduce their economic impact, classical biological control

using Psyllaephagus species has been used successfully.

2. The objectives of this study were to determine the host specificity and host stage

preference of Psyllaephagus blastopsyllae, Psyllaephagus pilosus and Psyllaephagus bli-

teus using related eucalypt-feeding psyllids, Blastopsylla occidentalis, Ctenarytaina

eucalypti, Glycaspis brimblecombei and Spondyliaspis cf. plicatuloides.

3. To determine host specificity, three Psyllaephagus species were collected locally

from their hosts. Five-day-old parasitoids were exposed to all five developmental

stages (I–V) of host and non-host psyllids in choice and non-choice tests. Similar

bioassays were used to assess parasitoid preferences for specific nymphal stages,

identifying their preferred developmental stages of potential hosts.

4. Glycaspis brimblecombei was identified as a potential host for P. blastopsyllae, and S.

cf. plicatuloides as an alternate host for P. bliteus, though emergence rates were

three to four times lower than for their known hosts. Psyllaephagus pilosus showed

no interest in non-host psyllids. Female parasitoids displayed stage-specific prefer-

ences for both known and newly identified hosts.

5. The current findings indicate that some Psyllaephagus species attack hosts within an

ecological niche, whereas others are highly host specific. Additionally, the distinc-

tion between potential host range observed in laboratory conditions and ecological

host range in field conditions should be considered, as laboratory tests typically

exhibit a broader host range.
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INTRODUCTION

In many cases, parasitoids influence the population dynamics of their

arthropod hosts (Godfray, 1994), and this natural insect regulation

system is adopted as biological control in integrated pest management

(IPM) (van Driesche et al., 2008). Concerns regarding the potential

non-target effects of using biological control agents as part of an IPM

strategy have prompted several studies on parasitoid ecology and

evolution (Barratt et al., 2006; Clarke et al., 2019; Godfray, 1994;

Hajek et al., 2016; Roitberg et al., 2001). As a result, biological control

agents aimed for classical biological control are now only released into

agricultural or forestry systems for the regulation of invasive insect

pests following extensive host-specificity tests aimed at defining the

host spectrum of potential biological control agents (Clarke

et al., 2019; Hunt et al., 2008; Strong & Pemberton, 2000). Such host

specificity can be influenced by various factors. For example, parasit-

oids are likely to select specific hosts based on the taxonomy and

ecology of the hosts (Abram et al., 2021; Stireman & Singer, 2003).

This is influenced by the relationship between host taxonomy and the

hosts’ physiological defences that may require specific adaptations by

their parasitoids (Kraaijeveld et al., 1998). In addition, the host phenol-

ogy, the plants that the host feed upon (Askew, 1994) and the micro-

habitats in which they feed (Godfray, 1994) can also influence

parasitoid host specificity.

In their native range, Australia, eucalypt-feeding insects are asso-

ciated with a diverse and co-evolved parasitoid fauna (Nahrung

et al., 2016). Outside their native range and in the absence of their

specific parasitoids, eucalyptus-feeding insects can become pests

(Wingfield et al., 2008), a phenomenon commonly referred to as the

enemy-release hypothesis (ERH) (Keane & Crawley, 2002). As a result,

Australia is a source of natural enemies for classical biological control

of alien invasive eucalypt insect pests introduced in new ranges

(Hodkinson, 1999; Hurley et al., 2016; Paine et al., 2011). This

includes sap-sucking psyllids, which are one of the most serious

groups of invasive eucalypt pests globally, and for which natural ene-

mies from Australia have been introduced (Makunde et al., 2020).

These psyllids occupy a niche as herbivores on Eucalyptus, where they

exploit the phloem for nutrition, often leading to reduced plant health

and vigour.

Psyllids are predominantly parasitised by Chalcidoid wasps

(Hymenoptera), which include representatives of the families Aphelini-

dae, Encyrtidae, Eulophidae and Pteromalidae (Riek, 1962). Among

the encyrtids, species of the genus Psyllaephagus Ashmead stand out

for being frequently used as biocontrol agents for invasive psyllids

(Berry, 2007). The genus Psyllaephagus reports 246 species for

Australia (Noyes, 2020), where many of the endoparasitoids are host-

specific (Noyes & Hanson, 1996), such as Psyllaephagus pilosus Noyes

in Ctenarytaina eucalypti (Maskell) (Hodkinson, 1999). However, some

Psyllaephagus species have multiple hosts. Psyllaephagus bliteus Riek,

for example, uses Creiis costatus Froggatt (Hemiptera: Aphalaridae),

Glycaspis spp. and Spondyliaspis cf. plicatuloides (Froggatt) as hosts

(Berry, 2007; Bush et al., 2020; Hollis, 2004).

Four Australian eucalypt psyllid species in the family Aphalaridae

have been accidentally introduced into South Africa and became

established as pests in eucalypt plantations. These are the blue gum

psyllid, Ctenarytaina eucalypti (Maskell, 1890), recorded in the 1920s

(Laing, 1922); the eucalyptus psyllid, Blastopsylla occidentalis Taylor,

recorded in 2006; the red gum lerp psyllid, Glycaspis brimblecombei

Moore, recorded in 2012; and the shell lerp psyllid, Spondyliaspis

cf. plicatuloides, recorded in 2014 (Bush et al., 2016). Nymphal instars

and adults of C. eucalypti, B. occidentalis, G. brimblecombei and S.

cf. plicatuloides feed on sap, causing physical damage to plant tissues.

Feeding by C. eucalypti nymphal instars result in leaf curl, discoloration

and in extreme cases may result in dieback (Hodkinson, 1999, 2007).

The nymphal instars of C. eucalypti secrete white waxy secretions.

Nymphal instars of B. occidentalis secrete large quantities of tiny wax-

covered globules and white flocculent and, in severe infestation,

results in eucalypts bud degeneration (Dzokou et al., 2020). Glycaspis

brimblecombei nymphal instars excrete large amounts of honeydew,

and plant damage is primarily the result of sooty mould on leaf sur-

faces (Queiroz & Burckhardt, 2007) and feeding gradually leads to leaf

discoloration, leaf drop, twig dieback and in case of serious infesta-

tions, whole tree death can occur (Bella & Rapisarda, 2013; Paine

et al., 2000). Infestation of susceptible eucalypts by S. cf. plicatuloides

is normally accompanied by direct damage due to sap sucking, which

results in leaf necrosis followed by defoliation, while lerps cause indi-

rect damage by covering the leaf surfaces, reducing light interception

for photosynthesis.

The co-evolved parasitoids of B. occidentalis, C. eucalypti and

G. brimblecombei, namely Psyllaephagus blastopsyllae Tamesse, Soufo,

Tchanatame, Dzokou, Gumovsky & Coninck, P. pilosus and P. bliteus,

respectively, were accidentally introduced into South Africa together

with their host (Bush et al., 2016). The specificity of these Psyllaepha-

gus species, however, is currently unknown. Understanding the host

specificity of these parasitoids is important for determining whether

Psyllaephagus species play a role in regulating the populations of other

psyllid species pests, including new introductions such as S.

cf. plicatuloides. We hypothesize that parasitoids of closely related

eucalypt-feeding psyllids exhibit high host specificity, influenced by

phylogenetic relatedness or biochemical traits of their hosts. The

objectives of this study were, therefore, to investigate the host range

and specificity of P. pilosus, P. blastopsyllae and P. bliteus and to deter-

mine their host stage preferences.

METHODS

Source of psyllids

Adult males and females of C. eucalypti and B. occidentalis were

obtained from the Forestry and Agricultural Biotechnology Institute

(FABI) nursery and Biocontrol Centre at the Innovation Africa campus,

University of Pretoria (25� 45.1490 S, 28� 15.3800 E). The identities of

the two free-living psyllids, C. eucalypti and B. occidentalis, were done

following keys by Maskell (1890) and Hodkinson and White (1981), as

well as keys by Taylor (1985) and Burckhardt and Elgueta (2000),

respectively. The two lerp forming psyllids, G. brimblecombei identified

following keys by Moore (1964) and Halbert et al. (2001) and S.
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cf. plicatuloides, were obtained from a Eucalyptus plantation of the

National Zoological Gardens (referred to as the ‘Zoo plot’),
Rietondale, Pretoria, Gauteng (25� 44.1390 S, 28� 14.4350 E). All psyl-

lid species were reared in potted eucalypts (0.5–1 m tall) in protected

walk-in screen cages at the FABI Biocontrol Centre. This was done to

ensure that the immature stages used in all the assays were free from

parasitoids.

Source of Psyllaephagus spp.

Psyllaephagus blastopsyllae and P. pilosus were sourced from their

respective hosts, B. occidentalis and C. eucalypti, at the FABI nursery.

Psyllaephagus bliteus was collected from parasitised G. brimblecombei

in the ‘Zoo Plot’ plantation. Eucalypt leaves and branches with psyllid

mummies were collected 5 days before experimentation and placed in

ventilated plastic containers. Parasitoid emergence was monitored

twice daily, and the parasitoids were sexed and transferred to glass

vials (30 parasitoids/vial) in a 1:1 female-to-male ratio. They were

kept at 22 ± 2�C, 60%–70% relative humidity, and a LD 13:11 h cycle

for 72 h to ensure maturation and mating. Parasitoids were fed

honey-soaked paper towel squares. Identification of the Psyllaephagus

species followed published keys by Tamesse et al. (2014), Riek (1962)

and Noyes (1988), with identities confirmed by sequencing the mito-

chondrial DNA cytochrome b region (Wondafrash et al., 2021).

No-choice host specificity testing

Behavioural assays

The host specificity of the three parasitoids, P. blastopsyllae, P. pilosus

and P. bliteus was evaluated under a controlled environment (22

± 2�C and 60%–70% RH) and using 5–7-day-old wasps. Each Psyllae-

phagus species was separately exposed to all four psyllids, namely

B. occidentalis, C. eucalypti, G. brimblecombei and S. cf. plicatuloides

with the known host of the parasitoids acting as the positive control

for the different bioassays. All assays were performed following the

method in Bush et al. (2020). Each parasitoid and psyllid combination

had three replications, with 10 repeats per each combination per

replication.

For each psyllid-parasitoid species combination, glass Petri dishes

(80 � 15 mm) lined with filter paper (Whatman, 7 mm) were used.

Leaf pieces (for lerp psyllids) or shoot tips (for free-living psyllids)

infested with 20 individuals (four from each nymphal stage, I–V) of a

single test species were affixed in the dishes. One female and one

male Psyllaephagus were placed in each experimental unit (glass Petri

dish). A small piece of honey paper strip was placed inside the lid of

the glass Petri dish to feed the parasitoids during exposure time,

ensuring survival and oviposition. The glass Petri dish was sealed with

PARAFILM® M Laboratory film (Pechiney Plastic Packaging) to pre-

vent the parasitoids from escaping.

In all tests, only the behaviour of the females was observed and

the males remained in the petri dish for the duration of the

observations. For each parasitoid specificity test, five observed behav-

iours were distinguished and recorded: (1) walking, in which the

female parasitoid moves on the surface of the leaves/shoot tips with-

out contacting the psyllids; (2) antennation, in which the insect

grooms its antennae or other body parts with its forelegs; (3) rest,

characterized by the parasitoid remaining motionless; (4) probing, in

which the parasitoid used its proboscis to probe a nymph; and (5) ovi-

position, in which the parasitoid holds the nymph in order to lay eggs.

The behaviour (walking, antennation, rest, probing and oviposition) of

the female Psyllaephagus was monitored for the first 30 min and then

for 10 min every hour for the next 3 h. If the female did not become

active within the first 30 min, she was deemed unfit for testing and

was replaced. The foraging behaviours of the parasitoids (antennation,

probing, and oviposition) were captured using an Olympus DP21 cam-

era system attached to a Nikon SMZ1500 stereoscopic zoom micro-

scope (Nikon, Tokyo, Japan).

Emergence success of Psyllaephagus species

Due to the inability of the nymphal instars of the lerp builders, S.

cf. plicatuloides and G. brimblecombei, to survive on cut leaves, potted

plants were used to investigate the reproductive output of the para-

sitoids. Eucalyptus globulus, E. dunnii, E. camaldulensis and Corymbia

ficifolia were propagated in 5-L pots under controlled conditions. The

plants were grown 2–3 months before the assays at 25 ± 1�C, with

relative humidity ranging from 60% to 70%, and a LD 13:11 h photo-

period. To ensure the absence of parasitoids, the immature stages

used in the assays were reared within protected walk-in screen cages.

These tree species were used as they are known suitable hosts for the

respective psyllid species. The trees were infested with adult psyllids:

C. eucalypti on E. globulus, B. occidentalis on E. dunnii, G. brimblecombei

on E. camaldulensis and S. cf. plicatuloides on C. ficifolia. Before intro-

ducing the parasitoids, psyllid samples were collected from each plant

and incubated separately to ensure no parasitism was present. For

each psyllid-parasitoid combination, 10 infested trees with at least

20 nymphal instars were sleeved with 45 cm � 50 cm entomological

sleeves, and a pair (female and male) of the parasitoid was introduced

to each sleeve. The potted eucalypt plants were watered daily. After

40 days, leaves with mummies of the four herbivorous species were

collected separately and placed in separate 18 � 12 � 7 cm ventilated

plastic microboxes (TP1200) that were lined with paper towel to

absorb excess moisture. For 2 weeks, the paper towel was changed

every second day, and emerging insects were aspirated and stored in

70% ethanol for identification. The number of Psyllaephagus wasps

that emerged from the sleeve were recorded, and the species were

morphologically confirmed using the previously mentioned keys.

Choice host specificity testing

Choice tests were performed for P. blastopsyllae and P. bliteus, as

these parasitoid species had shown antennation, probing or oviposi-

tion behaviour for their known hosts and another test psyllid species
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in the no-choice observational trial. The set-up of the choice tests

was similar to the no-choice test set-up. In this case, leaf pieces of

G. brimblecombei, C. eucalypti and B. occidentalis were present in each

experimental unit when testing host specificity of P. blastopsyllae. In

the same way, leaf pieces of G. brimblecombei and S. cf. plicatuloides

were present in each experimental unit when testing host specificity

of P. bliteus. In each experiment, an equal number (20 individuals

where four individuals represent each nymphal stage) of all the five

developmental stages (I–V) of the known host and non-host psyllid

were simultaneously exposed to a 5-day-old female mated female and

a male Psyllaephagus in a glass Petri dish for 3 h. All experiments were

completed under laboratory conditions at 22 ± 2�C and

60%–70% RH.

Host stage preference

Host stage preference tests were performed for P. pilosus towards

C. eucalypti, P. blastopsyllae towards B. occidentalis and

G. brimblecombei and P. bliteus towards G. brimblecombei and S.

cf. plicatuloides as these parasitoid species had shown antennation,

probing or oviposition behaviour for their known hosts and another

test psyllid species in the choice observational trial and parasitoid

developmental trial. The host stage preferences tests were evaluated

using choice and no-choice assays in a controlled environment (22

± 2�C and 60%–70% RH). Each parasitoid and psyllid nymphal stage(s)

combination was replicated three times, with 10 repeats per

replication.

No-choice host stage preference assays

In glass Petri dishes (80 � 15 mm), 20 individuals of each life stage (I–

V nymphal instars) of C. eucalypti were separately exposed to a 5-day-

old mated female P. pilosus. The same procedure was done for

P. blastopsyllae towards B. occidentalis and G. brimblecombei, as well as

for P. bliteus towards S. cf. plicatuloides and G. brimblecombei. The for-

aging behaviour (antennation, probing and oviposition) of the three

parasitic wasps on different nymphal stages was monitored for the

first 30 min and then for 10 min interval until 60 min were reached

and not 3 h as we found no further activities of parasitoids after

60 min. The different nymphal instars of C. eucalypti were differenti-

ated following methods by Sharma et al. (2015), whereas those of

B. occidentalis and G. brimblecombei were differentiated using methods

by Taylor (1985) and Ávalos et al. (2021), respectively.

Choice host stage preference assays

In a glass Petri dish, 10 individuals of each immature stage (I–V

nymphal instars) of C. eucalypti, B. occidentalis or G. brimblecombei

were separately exposed to 5-day-old mated females of P. pilosus

(C. eucalypti only), P. blastopsyllae (B. occidentalis and G. brimblecombei

separately) and P. bliteus (G. brimblecombei and S. cf. plicatuloides sepa-

rately). If the tested Psyllaephagus species showed no interest in the

psyllid species after the first 10 min of observation, they were dis-

carded. The parasitoid’s behaviour was recorded as described for the

no-choice host stage preference testing.

Data analysis

The host specificity of the three parasitoids on the four test psyllids

was assessed by comparing the absence or presence of antennation,

probing and oviposition behaviours, as well as the number of offspring

per parasitoid couple, across the four-psyllid species. Additionally, the

preference of parasitoids for different life stages of the psyllids was

assessed by comparing the same behavioural responses across the

various developmental stages of the psyllids. The presence or absence

of wasps showing antennation, probing or oviposition behaviour and

the number of parasitoid offspring were used as the dependant vari-

ables, and parasitoid species and psyllid host species were the inde-

pendent variables. In the no-choice tests, the proportion of

parasitoids exhibiting positive behaviours (antennation, probing, and

oviposition) was calculated and included as part of the descriptive sta-

tistics. Further, Chi-square tests and checks for data normality and

homogeneity of variances using one-way ANOVA for no-choice tests

together with choice tests and host stage preference tests were con-

ducted. For non-homogeneous variances, the Kruskal–Wallis test was

used, with subsequent Dunn’s test for significant pairwise differences.

Alternatively, when variances were heterogeneous but data met nor-

mality assumptions, Welch’s ANOVA was applied, followed by

Games–Howell tests for pairwise comparisons post hoc. Statistical

analyses were performed using SPSS v29.0 (IBM Inc., New York, NY,

USA). Boxplots for offspring counts per female of each parasitoid on

the four psyllids were generated using the ggplot2 package in R 4.4.1

(R Core Team, 2024).

RESULTS

No-choice host specificity testing

Behavioural assays

When the three potential non-target hosts, S. cf. plicatuloides,

G. brimblecombei and B. occidentalis, were exposed to P. pilosus

females separately for each psyllid, none of the female parasitoids

showed recognition or acceptance behaviour towards the three euca-

lypt psyllids. However, antennation, probing and oviposition behav-

iours were frequently observed towards the nymphal instars of

C. eucalypti (Table 1).

The psyllid species had a significant effect on antennation, prob-

ing and oviposition behaviours of P. blastopsyllae (χ2 = 74,444;

67,337; 67,337, df = 3, p < 0.001; H(3) = 73,824; 66,776; 66,776,

p < 0.001) (Table 2). Dunn’s post hoc pairwise comparisons with
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Bonferroni correction revealed no significant differences in antenna-

tion, probing, or oviposition preferences of P. blastopsyllae between

G. brimblecombei and B. occidentalis (z = 8.000, 4.000, 4.000;

p = 1.000, 0.602, 0.602). In contrast, all other comparisons within and

between psyllid species were statistically significant (p < 0.001;

Tables S1 and S2). Psyllaephagus blastopsyllae antennated, probed and

inserted their ovipositors on G. brimblecombei nymphal instars found

outside their lerps, as the nymphal instars have a tendency of exiting

the lerps after disturbance by lerp eaters or removal of leaves with

the nymphal instars from the source tree (PT Makunde, pers. obs.).

Similar behaviours were observed towards C. eucalypti nymphal

instars, as well as on its natural host, B. occidentalis. Psyllaephagus

T AB L E 1 Proportion of Psyllaephagus pilosus, P. blastopsyllae and P. bliteus observed showing antennation, probing and oviposition to
Ctenarytaina eucalypti, Blastopsylla occidentalis, Glycaspis brimblecombei and Spondyliaspis cf. plicatuloides in no choice tests.

Parasitoid Test psyllid No. antennation attempts No. probing attempts No. oviposition attempts

Psyllaephagus pilosus Ctenarytaina eucalypti 1.0b 0.9b 0.9a

Blastopsylla occidentalis 0.0a 0.0a 0.0a

Glycaspis brimblecombei 0.0a 0.0a 0.0a

Spondyliaspis cf. plicatuloides 0.0a 0.0a 0.0a

Psyllaephagus blastopsyllae Blastopsylla occidentalis 1.0c 0.9c 0.9c

Ctenarytaina eucalypti 0.5b 0.5b 0.5b

Glycaspis brimblecombei 0.9c 0.9c 0.9c

Spondyliaspis cf. plicatuloides 0.0a 0.0a 0.0a

Psyllaephagus bliteus Glycaspis brimblecombei 1.0b 1.0b 1.0b

Spondyliaspis cf. plicatuloides 0.8b 0.8b 0.8b

Blastopsylla occidentalis 0.0a 0.0a 0.0a

Ctenarytaina eucalypti 0.0a 0.0a 0.0a

Note: The known host psyllid of each parasitoid is indicated in bold. Each parasitoid and psyllid combination was replicated three times, with 10 repeats

per replication. Different letters indicate significant differences in the presence/absence of antennation, probing and oviposition behaviours of three

parasitoids among the four tested hosts (p < 0.05), as determined by pairwise comparisons using the Bonferroni correction. These differences apply only

within each parasitoid species (Tables S1–S3).

T AB L E 2 Statistical analysis of Psyllaephagus pilosus, P. blastopsyllae and P. bliteus in no-choice and choice tests on Ctenarytaina eucalypti,
Blastopsylla occidentalis, Glycaspis brimblecombei and Spondyliaspis cf. plicatuloides.

Parasitoid Type of test Hosts Parameter χ2 df p value H df p value

Psyllaephagus pilosus No-choice Ctenarytaina eucalypti Antennation 120,000 3 <0.001 119.000 3 <0.001

Blastopsylla occidentalis Probing 109,565 3 <0.001 108,652 3 <0.001

Glycaspis brimblecombei Oviposition 109,565 3 <0.001 108,652 3 <0.001

Spondyliaspis cf. plicatuloides

Psyllaephagus blastopsyllae No-choice Ctenarytaina eucalypti Antennation 74,444 3 <0.001 73,824 3 <0.001

Blastopsylla occidentalis Probing 67,337 3 <0.001 66,776 3 <0.001

Glycaspis brimblecombei Oviposition 67,337 3 <0.001 66,776 3 <0.001

Spondyliaspis cf. plicatuloides

Psyllaephagus bliteus No-choice Ctenarytaina eucalypti Antennation 103,217 3 <0.001 102,357 3 <0.001

Blastopsylla occidentalis Probing 103,217 3 <0.001 102,357 3 <0.001

Glycaspis brimblecombei Oviposition 103,217 3 <0.001 102,357 3 <0.001

Spondyliaspis cf. plicatuloides

Psyllaephagus blastopsyllae Choice Blastopsylla occidentalis Antennation 33,300 2 <0.001 32,930 2 <0.001

Glycaspis brimblecombei Probing 31,521 2 <0.001 31,171 2 <0.001

Ctenarytaina eucalypti Oviposition 31,521 2 <0.001 31,171 2 <0.001

Psyllaephagus bliteus Choice Glycaspis brimblecombei Antennation 11,279 1 <0.001 11,091 1 <0.001

Spondyliaspis cf. plicatuloides Probing 9774 1 <0.001 9611 1 =0.002

Oviposition 9774 1 <0.001 9611 1 =0.002

Note: The table presents χ 2 and H values with degrees of freedom (df) and p-values for antennation, probing, and oviposition behaviours.
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blastopsyllae antennated towards C. eucalypti and only inserted their

ovipositors into orange/yellow nymphal instars (I and II), avoiding

nymphal instars with distinctive black spots on the head, thorax and

abdomen. However, P. blastopsyllae females struggled to retract their

ovipositors from the tiny, attacked nymphal instars. Furthermore,

P. blastopsyllae females struggled to move on the white waxy secre-

tions of C. eucalypti nymphal instars attached to the leaf tips and

shoots, and continuously rubbed the secretions off their fore and hind

legs. Psyllaephagus blastopsyllae roamed on S. cf. plicatuloides lerps

restlessly and no typical antennation, probing or oviposition towards

the psyllid was observed.

Psyllid species had a pronounced impact on the antennation,

probing, and oviposition behaviours of P. bliteus (Table 1), with consis-

tent χ2 (103.217, df = 3, p < 0.001) and H values (102.357, p < 0.001)

for all behaviours (Table 2). Psyllaephagus bliteus females antennated

frequently to the lerp-forming psyllids, G. brimblecombei and S.

cf. plicatuloides, but not the free-living psyllids, C. eucalypti and

B. occidentalis. Dunn’s test with Bonferroni correction of antennation,

probing and oviposition behaviours identified no significant prefer-

ences between specific host pairs, G. brimblecombei and S.

cf. plicatuloides (Table S3). The oviposition in G. brimblecombei, the

natural host, was mostly direct through the lerps, with less incidence

under the lerps, while successful oviposition in S. cf. plicatuloides typi-

cally occurred when the ovipositor was slipped under the edge of the

lerp, rather than through the lerp.

Emergence success of Psyllaephagus species

The emergence of P. pilosus was observed exclusively on sleeved

plants with C. eucalypti, with no emergence from other tested psyllid

species (Figure 1). The progeny of P. blastopsyllae varied significantly

among host species (H (3) = 37.669, p < 0.001). On average, 15 off-

spring emerged from B. occidentalis, four from G. brimblecombei and

none from S. cf. plicatuloides or C. eucalypti (Figure 1). Pairwise com-

parisons with Bonferroni correction revealed significantly higher

emergence from B. occidentalis, with no significant difference between

C. eucalypti and S. cf. plicatuloides (p = 1.000; Table S4). Psyllaephagus

bliteus emergence was significantly higher from G. brimblecombei than

from S. cf. plicatuloides and other tested psyllids (H (3) = 37.681,
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F I GU R E 1 Box plots depicting the data distributions for offspring of each parasitoid on different psyllid species. The black diamonds indicate
the mean number of Psyllaephagus pilosus, P. blastopsyllae and P. bliteus offspring that emerged from Ctenarytaina eucalypti, Blastopsylla
occidentalis, Glycaspis brimblecombei and Spondyliaspis cf. plicatuloides in no-choice development trials. The Kruskal–Wallis test revealed significant
differences in the offspring counts of P. pilosus (H (3) = 37.975, p < 0.001), P. blastopsyllae (H (3) = 37.669, p < 0.001) and P. bliteus (H (3)
= 37.681, p < 0.001) across host species: B. occidentalis, C. eucalypti, G. brimblecombei and S. cf. plicatuloides. Different letters indicate significant
differences in parasitoid development among the four tested hosts (p < 0.05), as determined by pairwise comparisons using the Bonferroni
correction. These differences apply only within each parasitoid species (Tables S3 and S4).
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p < 0.001), with an average of 13 offspring emerging from

G. brimblecombei and four from S. cf. plicatuloides, while no emergence

occurred from C. eucalypti or B. occidentalis (Figure 1). Pairwise com-

parisons confirmed that G. brimblecombei supported significantly

higher P. bliteus emergence compared with all other tested psyllids

(p < 0.001 for all; Table S5). Welch’s one-way ANOVA further sup-

ported that host species significantly influenced offspring production

and development (F (3, 36) = 360.00, p < 0.001).

Choice host specificity testing

Psyllid species significantly influenced the antennation, probing and

oviposition behaviours of P. blastopsyllae in choice tests (χ2 = 33.300,

31.521, 31.521, df = 2, p < 0.001; H (2) = 32.930, 31.171, 31.171,

p < 0.001; Table 2). Psyllaephagus blastopsyllae exhibited higher anten-

nation, probing and oviposition behaviours towards B. occidentalis

compared with G. brimblecombei and none to C. eucalypti during the

choice tests. Dunn’s test with Bonferroni correction confirmed these

differences (Tables S6 and S7). In each trial, B. occidentalis was consis-

tently the first psyllid species to elicit antennation from the parasit-

oids. Glycaspis brimblecombei and S. cf. plicatuloides had significant

effect on antennation, probing, and oviposition behaviours of

P. bliteus in choice test (χ2 = 76.767, df = 1, p < 0.001; H (1)

= 76.255, p < 0.001 (all behaviours); Table 2). In the presence of

G. brimblecombei, host recognition and acceptance behaviours were

significantly higher for G. brimblecombei (mean rank: 109.00) than for

S. cf. plicatuloides (mean rank: 72.00) (U = 2385.000, Z = �5.528,

p < 0.001; Figure S1).

Host stage preference

In choice tests, the host stage of C. eucalypti significantly affected

the antennation, probing and oviposition behaviours of P. pilosus

(χ2 = 27.36, 22.40, 24.85, df = 4, p < 0.001; H (4) = 27.18, 22.25,

24.68, p < 0.001; Table 3). Psyllaephagus pilosus attacked all five

nymphal instars (I–V) of C. eucalypti, with post hoc comparisons

showing that instars IV and V were preferred over instars I–III

(Tables S8–S10). In no-choice tests, the host stage similarly

affected the antennation, probing and oviposition behaviours of

P. pilosus (χ2 = 69.64, 66.38, 69.03, df = 4, p < 0.001; H (4) =

69.17, 65.94, 68.57, p < 0.001; Table 3). Antennation, probing and

oviposition occurred across all instars, with post hoc comparisons

again identifying instars IV and V as the most preferred (p < 0.05;

Tables S11–S13). In choice tests, the host stage of G. brimblecombei

did not significantly affect the antennation, probing, and oviposition

behaviours of P. blastopsyllae (Table 3; Tables S14–S16). However,

in no-choice tests, host stage significantly influenced these behav-

iours (χ2 = 14.19, 14.19, 23.64, df = 4, p < 0.001; H (4) = 14.09,

14.09, 23.49, p < 0.001; Table 3). Although all five instars (I–V)

were attacked in the no-choice tests, less antennation, probing and

oviposition were observed towards the first instar nymphs. Pairwise

comparisons confirmed higher parasitism rates and preferences for

the later instars IV and V (p < 0.01; Tables S17 and S18). In both

choice and no-choice tests, the host stage of C. eucalypti signifi-

cantly influenced the antennation, probing and oviposition behav-

iours of P. blastopsyllae (choice: χ2 = 21.94, 24.95, 23.62, df = 4,

p < 0.001; H (4) = 21.79, 24.78, 23.46, p < 0.001; no-choice:

χ2 = 35.19, 33.99, 26.67, df = 4, p < 0.001; H (4) = 34.96, 33.76,

26.49, p < 0.001; Table 3). In both experiments, P. blastopsyllae

exclusively antennated, probed and oviposited on the first and sec-

ond nymphal instars. Pairwise comparisons confirmed significant

differences between instars I–II and the other stages (p < 0.001;

Tables S19–S21). In both choice and no-choice tests, the host stage

of B. occidentalis significantly influenced the antennation, probing,

and oviposition behaviours of P. blastopsyllae (choice: χ 2 = 34.60,

29.18, 29.18, df = 4, p < 0.001; H (4) = 34.37, 28.98, 28.98,

p < 0.001; no-choice: χ 2 = 63.95, 63.95, 65.28, df = 4, p < 0.001;

H (4) = 63.52, 63.52, 64.84, p < 0.001; Table 3). Dunn’s post hoc

pairwise comparisons with Bonferroni correction confirmed a sig-

nificantly higher preference for later stages IV and V (p < 0.01;

Tables S22–S26).

In both choice and no-choice tests, the host stage of

G. brimblecombei had a significant impact on the antennation, probing

and oviposition behaviours of P. bliteus (choice: χ 2 = 27.25, 38.64,

38.64, df = 4, p < 0.001; H (4) = 27.07, 38.39, 38.39, p < 0.001; no-

choice: χ2 = 33.00, 33.00, 33.00, df = 4, p < 0.001; H (4) = 32.78,

32.78, 32.78, p < 0.001; Table 3). Dunn’s post hoc pairwise compari-

sons with Bonferroni correction indicated a significantly stronger pref-

erence for the third and fourth instars (p < 0.01; Tables S27–S31).

Similarly, with S. cf. plicatuloides, host stage significantly affected the

antennation, probing and oviposition behaviours of P. bliteus (choice:

χ2 = 51.667, 40.377, 40.876, df = 4, p < 0.001; H (4) = 51.332,

40.108, 40,604, p < 0.001; no-choice: χ2 = 76.767, 76.767, 76.767,

df = 4, p < 0.001; H (4) = 76.255, 76.255, 76.255, p < 0.001;

Table 3). Pairwise comparisons of the tests with Bonferroni correction

revealed significant preference for the fourth and fifth instars

(p < 0.001; Tables S32–35).

DISCUSSION

Host specificity testing of the three parasitoids, P. pilosus,

P. blastopsyllae and P. bliteus, towards C. eucalypti, B. occidentalis,

G. brimblecombei and S. cf. plicatuloides indicated varying degrees of

specificity. Psyllaephagus pilosus exhibited a high degree of host speci-

ficity, showing significant preference for C. eucalypti over the other

tested psyllids. In contrast, P. blastopsyllae and P. bliteus demonstrated

broader host acceptance, albeit with lower rates of development and

emergence from non-host psyllids. The four psyllids are closely related

and belong to the subfamily Spondyliaspidinae (Burckhardt

et al., 2021; Burckhardt & Ouvrard, 2012). These results confirm the

findings of Berndt et al. (2009) that some parasitoids will attack hosts

within a specific ecological niche, while others are highly host-

specific.
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Female P. pilosus only parasitised nymphal instars of C. eucalypti,

its known host. To the best of our knowledge, this is the first report

on host specificity testing of P. pilosus against Eucalyptus-feeding psyl-

lids. Hodkinson (1999) and Hollis (2004) reported P. pilosus as a host

specific and monophagous parasitoid, where its natural distribution in

Australia closely follows that of its host, C. eucalypti. Currently, there

is no evidence that P. pilosus uses any other psyllid as its host, other

than C. eucalypti. Psyllaephagus pilosus is therefore a highly host

specific parasitoid—a trait favoured for a classical biological control

agent (Kenis et al., 2019). As a koinobiont endoparasitoid, the

observed P. pilosus behaviour in our study is as expected, because the

physiological relationship of koinobiont endoparasitoids and their

hosts is intimate and taxonomically defined (Heimpel et al., 2021;

Strand & Obrycki, 1996). This monophagous parasitoid was success-

fully used in the United States and Brazil to reduce the population of

C. eucalypti to levels below the economic injury threshold (Dahlsten

T AB L E 3 Statistical analysis of Psyllaephagus pilosus, P. blastopsyllae and P. bliteus in choice and no-choice tests across five host stages
(nymphal stages).

Parasitoid Type of test Host and nymphal stages Parameter χ2 df p value H df p value

Psyllaephagus pilosus Choice Ctenarytaina eucalypti Antennation 27,360 4 <0.001 27,178 4 <0.001

Probing 22,403 4 <0.001 22,254 4 <0.001

Oviposition 24,845 4 <0.001 24,679 4 <0.001

No choice Ctenarytaina eucalypti Antennation 69,638 4 <0.001 69,173 4 <0.001

Probing 66,377 4 <0.001 65,935 4 <0.001

Oviposition 69,033 4 <0.001 68,573 4 <0.001

Psyllaephagus blastopsyllae Choice Blastopsylla occidentalis Antennation 34,598 4 <0.001 34,367 4 <0.001

Probing 29,178 4 <0.001 28,983 4 <0.001

Oviposition 29,178 4 <0.001 28,983 4 <0.001

No choice Blastopsylla occidentalis Antennation 63,948 4 <0.001 63,522 4 <0.001

Probing 63,948 4 <0.001 63,522 4 <0.001

Oviposition 65,278 4 <0.001 64,843 4 <0.001

Choice Ctenarytaina eucalypti Antennation 21,937 4 <0.001 21.790 4 <0.001

Probing 24,950 4 <0.001 24,783 4 <0.001

Oviposition 23,618 4 <0.001 23,460 4 <0.001

No choice Ctenarytaina eucalypti Antennation 35,192 4 <0.001 34,958 4 <0.001

Probing 33,990 4 <0.001 33,763 4 <0.001

Oviposition 26,667 4 <0.001 26,489 4 <0.001

Choice Glycaspis brimblecombei Antennation 4651 4 0.325 4620 4 0.329

Probing 2450 4 0.654 2434 4 0.657

Oviposition 2990 4 0.559 2970 4 0.563

No choice Glycaspis brimblecombei Antennation 14,188 4 <0.001 14,094 4 =007

Probing 14,188 4 <0.001 14,094 4 =007

Oviposition 23,643 4 <0.001 23,486 4 <0.001

Psyllaephagus bliteus Choice Glycaspis brimblecombei Antennation 27,251 4 <0.001 27,069 4 <0.001

Probing 38,643 4 <0.001 38,386 4 <0.001

Oviposition 38,643 4 <0.001 38,386 4 <0.001

No choice Glycaspis brimblecombei Antennation 33,001 4 <0.001 32,781 4 <0.001

Probing 33,001 4 <0.001 32,781 4 <0.001

Oviposition 33,001 4 <0.001 32.781 4 <0.001

Choice Spondyliaspis cf. plicatuloides Antennation 51,667 4 <0.001 51,332 4 <0.001

Probing 40,377 4 <0.001 40,108 4 <0.001

Oviposition 40,876 4 <0.001 40,604 4 <0.001

No choice Spondyliaspis cf. plicatuloides Antennation 76,767 4 <0.001 76,255 4 <0.001

Probing 76,767 4 <0.001 76,255 4 <0.001

Oviposition 76,767 4 <0.001 76,255 4 <0.001

Note: The table presents χ 2 and H values with degrees of freedom (df) and p-values for antennation, probing and oviposition behaviours.
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et al., 1998; Kurylo et al., 2010). Narrow host ranges and high levels

of specificity were reported for other psyllid-parasitoid interactions

such as Diaphorencyrtus aligarhensis (Shafee, Alam, & Agarwal)

(Hymenoptera: Encyrtidae) (Bistline-East et al., 2015) and Tamarixia

radiata (Waterson) (Hymenoptera: Eulophidae) (Hoddle &

Pandey, 2014) on Asian citrus psyllid, Diaphorina citri Kuwayama

(Hemiptera: Liviidae) together with Tamarixia dryi (Waterson)

(Hymenoptera: Eulophidae) on the African citrus psyllid, Trioza ery-

treae (Del Guercio) (Hemiptera: Triozidae) (Urbaneja-Bernat

et al., 2019).

As far as we know, this is the first report on host specificity test-

ing of P. blastopsyllae towards Eucalyptus-feeding psyllids. Psyllaepha-

gus blastopsyllae antennated, probed and oviposited on three of the

four tested psyllids, namely B. occidentalis, its known host, C. eucalypti

and G. brimblecombei. The three psyllids are closely related and, in

some instances, co-occur on one or more Eucalyptus species

(e.g., Eucalyptus camaldulensis Dehnh) (PT Makunde pers. obs.). Thus,

P. blastopsyllae appear to make use of the niche specific parasitism

phenomenon. Although psyllid species may share some host plant

species, their ecological niches differ significantly due to factors such

as the specific plant organs affected, time of year, feeding modes and

other ecological variables. This diversity in ecological niches influences

the likelihood that hosts sharing similar ecological niches and host

plants will also share similar parasitoids, as postulated by Kuhlmann

and Mason (2002). Hall et al. (2017) demonstrated that parasitoid

diversification is characterized by high host specificity and some host

switching. This aligns with our findings, where G. brimblecombei was

identified as a potential new host for P. blastopsyllae. Hall et al. (2017)

study explored the host specificity and trophic interactions of parasit-

oids of psyllids, revealing a high degree of host specificity and some

host switching between sympatric psyllid hosts.

Psyllaephagus blastopsyllae produced offspring on its known host

and on G. brimblecombei, but not on C. eucalypti. The inability of

P. blastopsyllae to develop on C. eucalypti could be attributed to death

of the first and second nymphal instars it preferred for oviposition.

During the no-choice observational tests, P. blastopsyllae females

struggled to retract their ovipositors from the abdomens of the

attacked nymphal instars (I and II) and thus nymphal instars could have

been injured or killed during the process. Additionally, P. blastopsyllae

struggled to move on the white waxy secretions of C. eucalypti

nymphal instars attached to the leaf tips and shoots and continuously

rubbed the secretions off their fore and hind legs. This might also

have a bearing in the reduced success in parasitizing C. eucalypti. Simi-

larly, Rezaei et al. (2019) reported that first and second nymphal

instars of Myzus persicae nicotianae Blackman (Hemiptera: Aphididae)

were not able to support the development of Aphidius matricariae

(Haliday) (Hymenoptera: Braconidae). Early nymphal instars may not

provide enough food for parasitoid offspring to develop successfully.

While P. blastopsyllae could develop on G. brimblecombei,

B. occidentalis was the most preferred host and this was confirmed in

choice tests. Female P. blastopsyllae attacked G. brimblecombei

nymphal instars found outside the lerps and failed to antennate, probe

and oviposit on G. brimblecombei and S. cf. plicatuloides nymphal

instars under white and brown lerps, respectively. It is likely that

P. blastopsyllae only antennate, probe and oviposit on nymphal instars

they observed moving freely, as the case with the nymphal instars of

their natural host B. occidentalis, a free-living psyllid. Visual cues

appear to be the primary drivers of host recognition and acceptance

by P. blastopsyllae. As a result, visual detection of yellow nymphal

instars could be a specific signal used by P. blastopsyllae in host finding

and acceptance. Colour, for example, is used as a host cue by the

aphid parasitoid Aphidius ervi Haliday (Hymenoptera: Braconidae) a

natural parasitoid of pea aphid, Acyrthosiphon pisum (Harris)

(Hemiptera: Aphididae) (Battaglia et al., 2000; Larocca et al., 2007;

Libbrecht et al., 2007) and a braconid parasitoid, Fopius arisanus

(Hymenoptera: Braconidae) (Pérez-Otero et al., 2011). Previous stud-

ies have highlighted the importance of host specificity and trophic

interactions in parasitoid communities (Hall et al., 2017).

Psyllaephagus bliteus females antennated, probed and oviposited

on nymphal instars of the lerp forming psyllids, G. brimblecombei and

S. cf. plicatuloides, but not the free-living psyllids, C. eucalypti and

B. occidentalis. Similarly, Dahlsten et al. (2003) also reported that

P. bliteus did not show antennation, probing and oviposition behaviour

towards C. eucalypti. Psyllaephagus bliteus typically oviposited on S.

cf. plicatuloides by slipping the ovipositor under the edge of the lerp

rather than through the lerp. The stage of nymphal instars of

G. brimblecombei determined oviposition sites. Towards

G. brimblecombei, oviposition by P. bliteus in the second and third

nymphal instars occurred through the lerps, while oviposition on late

nymphal instars (IV–V) occurred under the edge of the lerps. These

observations are consistent with the findings of Sullivan et al. (2006),

who discovered that P. bliteus uses gaps between the leaf surface and

the lerp as an avenue for oviposition. It is likely that the thick and hard

lerps of S. cf. plicatuloides impede P. bliteus ovipositor penetration.

However, while P. bliteus antennated, probed, oviposited and devel-

oped on S.cf. plicatuloides, G. brimblecombei remained the most

preferred host.

In light of these observations, it seems possible that females of

the parasitoids in this study employ some mechanisms to perceive

and accept their known physiological hosts. Recognition and accep-

tance of S. cf. plicatuloides nymphal instars under the brown lerps,

unlike the white lerps of their known host by P. bliteus, implied that

colour and shape/structure of the lerps may not be important factors

in host recognition and acceptance. Daane et al. (2005) proposed that

chemical cues from the host plant expressed in the lerps initiate host

recognition and acceptance by P. bliteus. However, the mechanism

behind P. bliteus host selection and acceptance requires further

investigation. In other studies, P. bliteus is reported to utilize other

lerp-forming Spondyliaspidinae as hosts, for example, Creiis costatus

Froggatt (Hemiptera: Aphalaridae) and Glycaspis spp. (Hemiptera:

Aphalaridae) (Berry, 2007; Hollis, 2004). Thus, P. bliteus is not host

specific and potentially has multiple lerp forming psyllid hosts in

Australia.

A parasitoid’s choice of a host among different ages is reflected

by host acceptance (van Lenteren, 1981). However, because there

may not always be a choice in the field, host recognition and
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acceptance in no-choice tests should also be explored, especially

when studying potential hosts. In the second part of our study, host

stage preference of P. pilosus, P. blastopsyllae and P. bliteus using their

respective known hosts as well as potential psyllid hosts on which

they previously recognized and accepted as potential hosts in beha-

vioural tests carried in the first part of this study were investigated.

Both P. blastopsyllae and P. pilosus preferentially attacked the fourth

and fifth nymphal instars of B. occidentalis and C. eucalypti, respec-

tively. Dahlsten et al. (1998) reported similar findings for P. pilosus on

C. eucalypti. Unlike P. blastopsyllae and P. pilosus, P. bliteus oviposited

on all the five nymphal instars (I–V) of G. brimblecombei, although pref-

erence was slightly higher towards third and to a lesser extent fourth

nymphal instars, thus agreeing with the results reported by Sime et al.

(2004) and Daane et al. (2005). Sime et al. (2004) suggested that the

fourth and fifth nymphal instars impede oviposition, hence were less

preferred than the third nymphal instars. Understanding the parasit-

oid’s preferred host stage is critical in biological control programs

because it allows for optimal parasitoid mass rearing and timing of

release (Jervis & Kidd, 1985).

Psyllaephagus blastopsyllae, a known parasitoid of B. occidentalis,

recognized and accepted all nymphal instars of G. brimblecombei found

outside their lerps. According to Mackauer et al. (1996), the physiolog-

ical state of the parasitoid, for example, the egg load, appears to be

the most important factor in host acceptance. For example, Psyllae-

phagus pistaciae Ferrière with a large egg load attacked all nymphal

instars of Agonoscena pistaciae Burckhardt and Lauterer (Mehrnejad &

Copland, 2006). As the egg load of P. pistaciae decreased, the wasp

had greater host age preference for oviposition (Mehrnejad &

Copland, 2006). Similarly, Mangel (1989) predicted that parasitoids

with higher egg loads will have a broader host range by accepting

lower quality hosts for oviposition. Thus, the physiological state of the

P. blastopsyllae species could possibly have influenced the results from

this study, as well as the host choice in the field.

Associative learning and previous experience have been demon-

strated for parasitoids (Turlings et al., 1993; Vinson, 1998). Therefore,

koinobiont parasitoids are adapted to the hosts’ physiology and

defence system. With experience, they detect cues from their natural

host and as a result the host on which they are reared can influence

their host preference. Thus, when conducting host specificity tests, it

is critical to consider the potential effect of associative learning on

host preference. All of the parasitoids used in this study were

obtained from their known natural hosts, and it was highly anticipated

that in host preference tests, they would give first preference to their

natural hosts. For example, Microctonus aethiopoides Loan

(Hymenoptera: Braconidae), released as a biological control agent to

control an alfalfa pest Sitona discoides Gyllenhal (Coleoptera: Curculio-

nidae), showed preference to Nicaeana cervina Broun (Coleoptera:

Curculionidae) when reared on this insect, rather than its known host

S. discoides (Louda et al., 2003). Thus, it is possible that the preference

of P. blastopsyllae for B. occidentalis over G. brimblecombei or

C. eucalypti could have been different if the wasp was raised from

G. brimblecombei or C. eucalypti. The same could be said if P. bliteus

was raised on S. cf. plicatuloides. This was difficult to test in our study

because the number of parasitoids that emerged from the potential

hosts was very low, and it was necessary to determine whether the

potential hosts could support successive generations. There was also

a need to optimize rearing of the parasitoids on the new host in order

to have enough numbers to perform bio-assays.

Overall, the findings on host stage preference revealed that first

and second nymphal instars of all psyllids tested are not suitable for

oviposition as they are more likely prone to death and their size may

not provide adequate food for the successful development of parasit-

oid offspring. The current study also clearly demonstrated that host

specificity among Psyllaephagus species differ. Psyllaephagus pilosus

was host specific while the other Psyllaephagus tested were not, utiliz-

ing potential hosts either in the presence or absence of their known

hosts. In conclusion, even though P. blastopsyllae and P. bliteus were

not host specific, their parasitism towards G. brimblecombei and S.

cf. plicatuloides was lower than their known preferred hosts. Clearly,

these test species did not make good hosts and this possibly translate

to lower physiological suitability of the offspring. However, further

research should consider a more in-depth investigation of the impact

of P. blastopsyllae on G. brimblecombei and P. bliteus on S.

cf. plicatuloides in natural and/or planted eucalypt forests.

Given the host specificity of P. pilosus, this species holds signifi-

cant promise for augmentative biological control strategies against

its target psyllid hosts. Its specificity reduces the risk of non-target

impacts and enhances its effectiveness in suppressing populations

of specific pest psyllid species in Eucalyptus plantations and forests.

Implementing augmentative biological control using P. pilosus could

provide a sustainable and environmentally friendly approach to

managing psyllid pests, particularly in regions where they pose sig-

nificant threats to Eucalyptus health and productivity. Future stud-

ies should focus on optimizing rearing techniques and evaluating

the field efficacy of P. pilosus under varying environmental

conditions.
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