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Abstract. Improved methods of integrated pest management of the pear psyllid Cacopsylla pyri (L.), the primary pest of pear
in Europe and North America, are needed. Trechnites insidiosus (Crawford) is the most abundant parasitoid of C. pyri in pear
orchards, where it is present early in the psyllid infestation period. However, little is known about its general biology, interaction
with its host and potential as a control agent. The objective of this laboratory study was to evaluate the behaviour of a special-
ist parasitoid when presented with different larval instars of C. pyri, and assess the quality of the next generation of parasitoids.
T. insidiosus was able to insert its ovipositor into all host instars. However, the fourth instar of the host appeared to be the most
suitable in terms of behavioural acceptance, time spent walking, antennal activity and progeny development (mummy formation,
development time and tibial length). In addition, we report a low frequency of host-feeding behaviour by this parasitoid. From a
biological control perspective, we suggest that favouring T. insidiosus, either through mass releases or conservation of naturally
present populations, when the first generation of psyllids reach the fourth instar, would maximize the chance of controlling psyllid

populations in pear orchards.

INTRODUCTION

Pear (Pyrus communis L.) is one of the major fruit crops
in temperate climates, it is ranked second in terms of fruit
production in Europe with more than 100 000 hectares
dedicated to its cultivation and approximately 2 million
tons of pears produced in orchards in 2019 (Tougeron et al.,
2021; FAOSTAT, 2021). Pear psyllids are important pests
of commercial pear, most notably Cacopsylla pyri (L.) in
Europe and C. pyricola (Foerster) in North America and
Europe (Horton, 1999). Honeydew excretions produced by
C. pyri immatures are colonized by sooty moulds, which
results in marked fruit and reductions in marketable fruit
(Civolani, 2012; Sanchez & Ortin-Angulo, 2012). These
pests also transmit various phytopathogens such as the
phytoplasma Candidatus Phytoplasma pyri (Seemiiller &
Schneider, 2004), which is responsible for pear decline dis-
ease (Civolani, 2012).

Control of pear psyllids is currently mainly based on
Integrated Pest Management (IPM) (DuPont et al., 2021),
which relies on the use of multiple, complementary tac-
tics in an environmentally and economically sound man-
ner. However, resistance to insecticides has resulted in this
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psyllid being a pest in many orchards (Bues et al., 2003;
Erler, 2004; Civolani et al., 2007). With the banning of an
increasing number of phytochemicals (Lamichhane et al.,
2019), it is important to develop new approaches for the
control of pear psyllids. Incorporating biological control
into an IPM programs can increase pear psyllids control.
For example, spiders, ants or anthocorid bugs may help in
the management of pear psyllid populations (Sanchez &
Ortin-Angulo, 2012; Sanchez et al., 2020; Gajski & Pekar,
2021) and mass releases of anthocorids into orchards can
effectively reduce pear psyllid populations (Sigsgaard et
al., 2006a, b). However, their abundance in pear orchards
is not always sufficient to regulate psyllid populations
below sustainable levels (Booth, 1992; Erler, 2004; Civ-
olani, 2012). That is why it is crucial to study other natu-
ral enemies of the pear psyllid and develop new biological
control solutions for use by pear growers.

The use of specialist parasitoids are promising alterna-
tives or for complementing the use of generalist predators,
due to their host-specificity, foraging capacity, high fecun-
dity rate and lack of negative side-effects on the environ-
ment. The parasite fauna of C. pyri is quite diverse and
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several species are reported in pear orchards: Trechnites
insidiosus (Crawford), Prionomitus mitratus (Dalman), P.
tiliaris (Dalman), Endopsylla sp., Psyllaephagus procerus
Marcet, Syrphophagus ariantes (Walker), Syrphopha-
gus taeniatus (Forster) and Tamarixia sp. (Armand et al.,
1990, 1991; Erler, 2004; Guerrieri & Noyes, 2009; Jerinic-
Prodanovic et al., 2010). However, there have been no at-
tempts to rear these species for mass production, and lit-
tle information is available on their biology and general
ecology (Tougeron et al., 2021). Of these parasitoids, 7.
insidiosus is consistently cited as the most abundant spe-
cies in pear orchards (Herard, 1985; Armand et al., 1990,
1991; Avilla & Artigues, 1992; Booth, 1992; Erler, 2004;
Miliczky & Horton, 2005; Bufaur et al., 2010; Sanchez &
Ortin-Angulo, 2012), even though it is adversely affected
by chemical treatments (Burts, 1983; Lacey et al., 2005;
Sanchez & Ortin-Angulo, 2012) and relatively high levels
of hyperparasitism (McMullen, 1966; Armand et al., 1990,
1991; Sanchez & Ortin-Angulo, 2012).

Trechnites insidiosus is endemic to Eurasia and extended
its distribution to North America during the 19th and 20th
centuries (Tougeron et al., 2021) (for a detailed description
of its geographical distribution, see Guerrieri & Noyes,
2009). In 1965, T. insidiosus was intentionally introduced
into California as a biological control agent to limit popu-
lations of introduced psyllid pests (Bartlett & Clausen,
1978), but no information is available on its establishment
there and effectiveness in controlling psyllids. It is a koino-
biont parasitoid that has interesting attributes for IPM of
pear psyllids. First, it is active from early April to late No-
vember (Herard, 1985; Armand et al., 1990, 1991; Bufaur
et al., 2010; Oudeh et al., 2013; DuPont & Strohm, 2020),
which means it can be active at fairly low temperatures.
The first generation of Trechnites insidiosus is not hyper
parasitized (Armand et al., 1990, 1991). This parasitoid is
active when the first generation of pear psyllids are present,
but before the arrival of predators that would complement
its action. Several field studies have revealed peak parasit-
ism levels of natural populations that vary between 30 to
100% depending on location (Jaworska et al., 1998; Erler,
2004; Bufaur et al., 2010; Oudeh et al., 2013), suggesting
the effective control of psyllid populations by 7. insidiosus
(Talitski, 1996 in Unruh et al., 1994). However, to date,
there are few laboratory studies on the behaviour of T in-
sidiosus when parasitizing the pear psyllid Cacopsilla pyri.

In this study, the interactions between the pear psyllid C.
pyri and the parasitoid 7. insidiosus are recorded and the
most suitable host instars for its development determined.
The five immature instars of the pear psyllid differ in terms
of their physiology, behaviour and overall quality and suit-
ability for this parasitoid (Tougeron et al., 2021). Females
of hymenopteran parasitoids are able to assess the qual-
ity of potential hosts they encounter, optimize their choice
and maximize their offspring’s fitness (Godfray, 1994;
Mackauer et al., 1996). We recorded the behaviour of fe-
male 7. insidiosus parasitizing C. pyri as well as proxies of
the fitness of their offspring that developed in the different
instars of the host. The quality of the next generation of
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parasitoids was assessed in terms of their developmental
time, fecundity, size and sex ratio, which are commonly
used as proxies for assessing parasitoid fitness (Colinet et
al., 2005).

Previous studies report that females of 7. insidiosus pre-
fer to lay eggs in the fourth and fifth immature instars of
the pear psyllid, C. pyri (Armand et al., 1990, 1991), while
for C. pyricola, it is reported that this parasitoid oviposit in
all five instars (Gutierrez, 1966; McMullen, 1966; Booth
1992), but prefers the third and fourth instars (Gutierrez,
1966). Given the differences in the results concerning the
oviposition preferences of 7. insidiosus, it is likely that fe-
males oviposit in all the larval instars of C. pyri, but prefer
the more mature instars which are more suitable hosts from
a nutritional standpoint. We also hypothesized that poten-
tial fitness of parasitoids emerging from hosts instars that
were parasitized late in their development is greater than
that of individuals emerging from hosts that were para-
sitized early in their development.

MATERIAL AND METHODS

Insects and rearing conditions

The insects used in the experiments were initially collected
from populations C. pyri sampled in 2013 and of T insidiosus
in 2016 in the experimental pear orchard of Proefcentrum voor
Fruitteelt, Sint-Truiden, Belgium (50.81°N, 5.21°E). Populations
were maintained in the laboratory on pear trees in such a way that
the instar and age of the insects was known (Berthe, 2018), under
the following conditions: 24°C, 60% relative humidity and a 18L
: 8D photoperiod.

The influence of host instar on parasitoid behaviour

Groups of twenty immature psyllid of the same instar (first-,
second-, third-, fourth- and fifth-instar) were placed in artificial
diet feeders for two hours before a female parasitoid was intro-
duced, so that the immature psyllids had produced honeydew,
which stimulates oviposition behaviour in this parasitoid (Gutier-
rez, 1966; McMullen, 1966). Artificial feeder consisted of 500 uL
of a nutritive solution (supplied by Viridaxis SA, Belgium) put
on top of a 5.5 cm diameter Petri dish, and spread using a 25 cm?
piece of parafilm stretched over the dish, in a way that the fluid is
under the thin parafilm membrane through which the insect can
insert its stylets and feed. By using an artificial diet any influence
of the host plant on the behaviour of the parasitoids is avoided.

The different immature instars were identified based on mor-
phological criteria: the first three instars are creamy-yellow col-
oured, while the fourth and fifth instars vary between greenish-
brown to dark-brown (Chang, 1977). The first instar is the same
size as psyllid eggs, the second instar is twice as large and third
instar has wing pads, which gradually grow and become clearly
visible in the following fourth and fifth instars (Chang, 1977). A
mated 7. insidiosus female that was less than 48 h old was placed
during the afternoon in the centre of the set up and its behav-
iour recorded for thirty minutes using a Sony handycam (HDR
XR200VE). There were ten replicates of the interactions between
each host instar and a naive parasitoid female. Using the event re-
corder software ODRec 3.0 (© Samuel Péan) the following were
quantified: (1) the number of antennal contacts with the psyllid,
(2) number of ovipositor insertions into the host (Albittar et al.,
2016; Augustin et al., 2020), (3) time spent walking (expressed as
a percentage of the total time), (4) time spent resting (expressed
as a percentage of the total time), (5) number of host-feeding
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events [Host feeding is the consumption of host fluid exuding
from oviposition wounds by an adult female parasitoid (Heimpel
& Collier, 1996)], (6) time spent feeding on the host (expressed
as a percentage of the total time), (7) time spent grooming (ex-
pressed as a percentage of the total time). The host acceptance
rate was the number of ovipositor insertions divided by the num-
ber of antennal contacts.

The influence of host instar on parasitism and offspring
quality

After the behavioural bioassays, all psyllid immatures from the
ten replicates of each treatment were placed on the same pear
tree for 14 days to await the formation of mummies (i.e., dead
psyllids containing a developing parasitoid). We used in-vitro-
cultivated pear trees (Williams cultivar) that were between one
and two years old, and between 0.75 and 1 m high. Plants were
obtained from Battistini Vivai (www.battisti-rebschule.it) and
kept in individual cages in a climatic chamber at 24°C. After 14
days, pear trees were checked daily for the presence of mummies
and adult psyllids. Each mummy was then isolated in a falcon
tube with a drop of honeydew until the parasitoid emerged. De-
velopment time was measured as the number of days from ovipo-
sition to adult emergence. Host suitability was measured in terms
of the number of mummies divided by the number of ovipositor
insertions. The proportion mummies that gave rise to adults was
the number of adult parasitoid that emerged divided by the total
number of mummies, in each treatment. Finally, the sex-ratio was
the number of males divided by the total number of adults emerg-
ing. Three days after emergence, parasitoids (males and females)
were stored in a freezer at —20°C for future measurements of
tibial size and egg load.

The length of the tibia was used as a proxy for individual body
size. The left hind tibia of each individual was measured using the
software ImageJ 1.440 (Rasband, W.S., US National Institutes of
Health, Bethesda, MD, USA). To estimate their egg load, the ab-
domen of each female was squeezed beneath a cover slip on a mi-
croscope slide (Mansfield & Mills, 2002): the female was placed
on an object blade with a small amount of water and crushed with
a coverslip. To better extract the eggs, the pressure exerted on the
coverslip started at the head end and moved towards the abdo-
men. Only ellipsoidal mature eggs (Fig. 1) were counted.

Statistical analysis

Generalized linear models (GLMs) were fitted to the data to
test the potential influence of host instar (explanatory variable,
with five levels) on female parasitoid behaviour and emerging
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Fig. 1. Mature eggs of Trechnites insidiosus.

parasitoid quality. Response variables were the number of host
feeding events (Poisson distribution), time spent host feeding
(Gaussian distribution), time spent grooming (Gaussian distri-
bution), time spent walking (Gaussian distribution), time spent
resting (Gaussian distribution), number of antennal contacts
(Poisson distribution), number of ovipositor insertions (Poisson
distribution), host acceptance (Gaussian distribution), number of
mummies (Poisson distribution), host suitability (Gaussian distri-
bution), proportion of mummies that produced adult parasitoids
(Binomial distribution) and egg load (Poisson distribution).

We also used a GLM (Gaussian distribution) to test the poten-
tial influence of sex, host instar and of their interaction, on the
tibial size and the developmental time of emerging parasitoids.
GLMs were followed by Tukey post hoc tests to compare each
level of the same factor (host instar and sex). Results of Tukey
post hoc tests are shown in supplementary files (S1). In addition,
Spearman correlation tests were performed between tibial size
and egg load at emergence for each female and each host instar.
Finally, using ¥ tests, we compared the sex ratio of parasitoids
emerging from each instar to a 50/50 theoretical sex ratio.

Statistical analyses were performed using R version 4.1.0 R
Core Team 2016 for Statistical Computing for Mac. All tests were
applied using two-tailed hypotheses and significance level set at
0.05.

RESULTS

Influence of host instar on parasitoid behaviour

The number of antennal contacts varied significantly
with the host instar (y> = 800.30, DF = 4, P < 0.001). The

Table 1. Mean numbers and mean durations + standard deviations of the different types of behaviour recorded and number of replicates,
in brackets, for each psyllid instar. Different letters indicate significant differences using Tukey HSD tests.

Instar 1 Instar 2 Instar 3 Instar 4 Instar 5

Number of antennal contacts 17.50+£21.06 a 9.60+13.66 b 32.10+30.19¢c 31.70+16.26 ¢ 16.00+10.19 a
(n=10) (n=10) (n=10) (n=10) (n=10)

Number of ovipositor insertions 10.00+13.33 a 470+£7.90b 14.80+11.72 ¢ 17.80+11.31¢c 4.00+£3.62b
(n=10) (n=10) (n=10) (n=10) (n=10)

Host acceptance 0.56+0.27 a 0.54+0.31a 0.50+0.17 a 0.55+0.15a 0.22+0.11b
(n=6) (n=5) (n=9) (n=10) (n=10)

% of time spent walking 28.27+21.72 ab 18.49+16.34 a 36.06+18.77 ab 33.32+6.91 ab 42.26+10.73 b
(n=10) (n=10) (n=10) (n=10) (n=10)

% of time spent resting 16.73+25.22 ab 32.14+31.67 a 3.76+6.14 b 0.86+1.53 b 0.71+1.84b
(n=10) (n=10) (n=10) (n=10) (n=10)

Number of host feeding events 0.00+0.00 a 0.10+0.32 a 0.10+0.32 a 0.10+0.32 a 0.00+£0.00 a
(n=10) (n=10) (n=10) (n=10) (n=10)

% of time spent host feeding 0.00£0.00 2 0.20£0.62a 0.01£0.04a 0.22+0.70 a 0.00£0.00 a
(n=10) (n=10) (n=10) (n=10) (n=10)

% of time spent grooming 36.16+19.97 a 40.19+16.67 a 40.15+21.65a 41.81+11.04 a 49.74+11.01 a
(n=10) (n=10) (n=10) (n=10) (n=10)

281



Le Goff et al., Eur. J. Entomol. 118: 279-287, 2021

minimum value was recorded for females of T. insidiosus
presented with second instar psyllids and the maximum for
those presented with third and fourth instar psyllids (Table
1). The average number of ovipositor insertions in the dif-
ferent psyllid instars differed significantly (> = 443.92, DF
=4, P < 0.01): there were significantly fewer ovipositor
insertions recorded for second instar psyllids than third,
fourth and fifth instars (Table 1). Acceptance of the dif-
ferent instars of psyllids as hosts by parasitoids differed
significantly (F =5.01; DF1 =4, DF2 =35, P <0.01), with
the acceptance of fifth instars lower than that of all other
instars (Table 1).

Host instar significantly influenced the time parasitoids
spent walking (F = 3.19, DF1 =4, DF2 =45, P < 0.05). In
the presence of fifth instars, parasitoid spent significantly
more time walking, than in the presence of second instars
(Table 1). Host instar had a significant effect on the time
spent resting (F=5.50, DF1 =4, DF2 =45,P<0.01). Para-
sitoids presented with third, fourth and fifth instars spent
less time resting than when presented with second instars
(Table 1).

The average number parasitoids recorded feeding on
psyllids was very low; for each psyllid instar about 1 out of
200 were killed and then eaten by a parasitoid with the per-
centage of the total time spent feeding being only 0.10%.
There were no significant differences in the frequency ()
=0.19, DF =4, P =0.10) or the duration of host-feeding
(F=0.72, DF1 = 4, DF2 = 45, P = 0.58) for the different
instars (Table 1). Independent of the instar presented the
parasitoid spent a lot, but similar percentage of the total
time (42%) grooming (F = 0.90, DF1 =4, DF2 =45, P =
0.47) (Table 1).

Influence of host instar on parasitism and offspring
quality

The average number of mummies produced differed
significantly in the different treatments (y*> = 111.22, DF
=4, P <0.001), with a higher mean number of mummies
produced when the parasitoids parasitized third and fourth
instar psyllids than first and second instar psyllids (Table
2). Host suitability was significantly dependent on psyllid
instar (F = 8.50, DF1 = 4, DF2 = 34, P < 0.001), with first
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instar hosts less suitable than third instar hosts. Fifth instar
psyllid were unsuitable as no mummies developed in this
treatment (Table 2). The proportion of mummies produc-
ing adults did not vary significantly between treatments (>
= 44.463, DF = 3, P > 0.05). Of the 162 mummies pro-
duced, 155 gave rise to adults. All mummies of third instar
psyllids (72/72) produced adults, whereas two of the first
and fourth instar mummies failed to produce adults (2/14
and 2/60, respectively) and three of the second instar mum-
mies failed to produce adults (3/16).

Parasitoids emerging from hosts that were parasitized in
the first, second and third instar had a balanced sex ratio ()>
=0.5,P>0.5,=0.8,P>04, y*=1.48, P> 0.2, respec-
tively), whereas those emerging from hosts that were para-
sitized in the fourth instar had a sex ratio that was skewed
in favour of females (37 females for 8 males) (y*> = 8.52, P
<0.01) (Table 2). Tibial lengths of parasitoids differed sig-
nificantly between the sexes, males being smaller than fe-
males (0.33 £ 0.03 mm vs. 0.35 = 0.02 mm, respectively),
regardless of host instar (F =43.35, DF1 =1, DF2 =152, P
<0.001) (Table 2). Tibial length also varied with host instar
(F=3.33,DF1 =3, DF2 =149, P < 0.05). Male and female
parasitoids emerging from second instars were on average
smaller than those from other instars (Table 2). No interac-
tion was detected between sex and instar (F = 0.96, DF1 =
3, DF2 =146,P=0.41).

There was no effect of host instar on female egg load,
which was an average of 10.94 + 9.00 mature eggs in all
experiments (x> = 549.71, DF =3, P> 0.2) (Table 2). How-
ever, a significant correlation between tibial length and fe-
male egg load was recorded for females that developed in
fourth instar hosts (Spearman’s R = 0.50, P < 0.001, n =
46), but not for females that emerged from other instars (R
=0.38,P>0.05,n=9,R=0.66,P>0.05,n=9,and R =
0.12, P> 0.05, n = 35, for instar 1, 2 and 3, respectively)
(Fig. 2). The developmental time of parasitoids in the dif-
ferent host instars differed significantly (F = 36.11, DF1 =
3, DF2 =149, P <0.001). Adult parasitoids that developed
in first instar hosts took longer to emerge from the mum-
mies than those that developed in other host instars (Table
2). There was no significant difference in development

Table 2. Mean + standard deviation of the different parameters recorded for the parasitoids that emerged from each of the psyllid instars.
Different letters indicate significant differences according to Tukey HSD tests.

Instar 1 Instar 2 Instar 3 Instar 4 Instar 5
Number of mummies 1.33+1.73 a 144+265a 6.55+4.61b 5.78+3.67 b 0.00+£0.00 c
(n=10) (n=10) (n=10) (n=10) (n=10)
Host suitability 0.15+0.18 ac 0.52+0.28 ab 0.60+0.36 b 0.40+0.24 ab 0.00£0.00 c
(n=6) (n=5) (n=10) (n=10) (n=9)
Sex ratio 0.33 0.30 0.49 0.21
Female tibial size (mm) 0.36+0.02 a 0.33+0.03 b 0.36+0.02 a 0.36+0.02 a
(n=9) (n=9) (n=35) (n=46)
Male tibial size (mm) 0.33+0.02 a 0.32+0.02 b 0.33+0.03 b 0.34+0.02 b
(n=3) (n=4) (n=236) (n=12)
Egg load 19.77+£10.50 a 8.48+6.75a 11.44+7.45a 11.30 £10.70 a
(n=9) (n=9) (n=35) (n=46)
Developmental time of females 30.33+2.65a 22.33+3.74 b 22.66+2.83 bc 21.89+2.08 ¢
(days) (n=9) (n=9) (n=35) (n=46)
Developmental time of males 31.33+1.53 a 26.25+7.23b 22.86+2.83 bc 20.50£1.93 ¢c
(days) (n=3) (n=4) (n=36) (n=12)
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Fig. 2. Correlation between the egg load of females that emerged
from each the host instars and tibial size. Only the significant cor-
relation for the fourth instar is shown.

time of the sexes (F=0.14, DF1 =1, DF2 =152, P=0.71)
and no interaction between the two factors (F = 1.52, DF1
=3, DF2 =146, P = 0.21) (Table 2).

DISCUSSION

According to Armand et al. (1990, 1991) and Booth
(1992), T insidiosus mainly oviposit in the fourth and
fifth instar of the pear psyllid C. pyri, whereas for C. py-
ricola, the studies of McMullen (1966), Guttierez (1966)
and Booth (1992) suggest that this parasitoid oviposit in
all instars. In our study, we also observed this parasitoid
inserting its ovipositor in all host instars and that higher
mummy productions were recorded when eggs were laid in
third and fourth instars, as in the study of Gutierrez (1966).
However, there was a low acceptance fifth instar hosts, in
which no parasitoid developed.

Our results indicate that attraction and acceptance of fifth
instar psyllids by 7. insidiosus was low as there were few
antennal contacts and ovipositor insertions and no mum-
mies were produced. T insidiosus stabs and searches with
its ovipositor honeydew droplets looking for a potential
host (Gutierrez, 1966; McMullen, 1966) and no eggs have
been recovered from honeydew droplets (Gutierrez, 1966),
suggesting that this parasitoid is able to probe and evaluate
its environment using its ovipositor. This probably means
that the ovipositor insertions into fifth instar psyllids only
assessed host quality and did not result in an oviposition
and hence the absence of mummies of this instar. Alterna-
tively, fifth instars are probably too large and too advanced
in their development to allow proper parasitism and devel-
opment of T. insidiosus. Indeed, advanced instars of psyl-
lids are able to escape the parasitoid more easily than earli-
er instars (Villagra et al., 2002). Such differences in escape
behaviour between host instars are commonly reported in
aphid-parasitoid interactions, in which more mature hosts
are also generally more likely to encapsulate parasitoid
eggs (Colinet et al., 2005). For example, it has also been
shown that the immune response of the last instar of the
aphid Toxoptera citricida to parasitism is greater than that
of younger instars (Walker & Hoy, 2003). The absence of
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mummies of fifth instar psyllids could therefore be ex-
plained by a combination of the behavioural and immune
responses of the psyllid to parasitoid attack (Colinet et al.,
2005). Fifth instars of C. pyri are therefore completely un-
suitable for parasitoid development.

Parasitoids spent more time resting and less time explor-
ing when presented with the first two instars and first instar
hosts were the least suitable for 7. insidiosus of the instars
which were mummified. Few antennal contacts and ovi-
positor insertions were recorded for second and fifth instar
hosts. First and second instars together accounted for only
20% of the total number of mummies produced. In general,
the percentage parasitism of young host instars are associ-
ated with a higher mortality as they are more susceptible
to oviposition injuries from stinging and/or venom (Coli-
net et al., 2005). In addition, the percentage mortality of
young parasitized instars could be high because they are
more likely to die between successive moults. All param-
eters taken together, indicate that third and fourth instar
psyllids are the most suitable hosts for the development of
T insidiosus, both qualitatively and quantitatively.

We found that 7. insidiosus was more motivated to for-
age for hosts in the presence of third, fourth and fifth psyl-
lid instars, with more time spent moving and less time
spent resting than when presented with first and second
instars. Clues left by older psyllids (e.g. honeydew, exu-
viae and chemical volatiles) could stimulate the locomotor
activity of the parasitoid and thus increase its probability
of finding hosts. This is reported for the encytrid parasitoid
Psyllaephagus pistaciae whose searching time, locomo-
tion, antennal drumming and ovipositor probing behav-
iour increased in the presence of pistachio psylla honey-
dew (Mehrnejad & Copland, 2006). The anthocorid Orius
sauteri tends to forage more and to lay more eggs in the
presence of the pear psylla Cacopsylla chinensis honey-
dew (Ge et al., 2019). Our results indicate that the amount
and/or the quality of the clues present in the environment
may be important cues for the parasitoid. Determining the
nature of the clues influencing the exploratory behaviour of
T. insidiosus could be an additional step in the unravelling
of the factors determining the interactions between psyllids
and parasitoids (Tougeron et al., 2021).

We found that third and fourth instar psyllids are the
most suitable hosts for oviposition, as 80% of the mum-
mies obtained in this study were of these two instars. Al-
though they are larger and therefore more difficult for the
parasitoid to handle than first and second instar hosts, they
appear to be the most suitable candidates for the female
parasitoid, given the trade-off between the nutritional qual-
ity of the host and its behavioural and immune defence ca-
pabilities (Colinet et al., 2005).

T. insidiosus spent nearly half of the time grooming re-
gardless of the host instar encountered. Psyllids, especially
the early instars, produce large amounts of honeydew (Civ-
olani, 2012), which is a highly concentrated sugar solu-
tion (Le Goff et al., 2019). After an ovipositor insertion,
residues of honeydew on the parasitoids cuticle probably
promote bacterial and/or fungal infections. Selection likely
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favoured individuals that spent a lot of time cleaning them-
selves (legs, ovipositor, antennae), because this behaviour
may not only help parasitoids to live longer, but also en-
ables them to maintain high levels of locomotor activity
and host detection (Zhukovskaya et al., 2013). For psyl-
lids, a high honeydew production could also be a protec-
tion against parasitoids. Indeed, the honeydew of the pear
psylla, C. chinensis, limits the foraging behaviour of its
predators and might be a physical defence for this psyllid
(Ge et al., 2019). Moreover, T. insidiosus attempts to ovi-
posit in honeydew droplets might alert psyllid immatures
to its presence and give them more time to escape. When
attacking aphids, parasitoids also waste time manipulating
and inserting their ovipositor into aphid exuviae (Muratori
et al., 2008). Finally, the time 7. insidiosus spends groom-
ing is time not spent searching for a host. An analysis the
behaviour of this parasitoid when exuviae of different in-
stars and/or honeydew are present could clarify the role
that psyllid waste might play in its defence.

Regarding the parasitoid fitness indicators, the offspring
of parasitoids that developed in the first three host in-
stars have a balanced sex ratio and those that developed
in fourth instar psyllids were mostly females. It is known
that host size/instar can influence the sex ratio of parasitoid
offspring: with eggs laid in large hosts mainly developing
into females (Van Den Assem et al., 1982; Jervis & Kidd,
1986; Bernal et al., 1997). This strategy is consistent with
the host size distribution model, which assumes that the
amount of resource available for parasitoid development
determines its fitness (Charnov, 1976; Charnov & Skinner,
1985). Thus, it is more profitable for a female parasitoid to
lay female eggs in large hosts that provide more resources
(Jervis & Kidd, 1986) as their offspring will have a higher
egg load. Our experiments were conducted with solitary
females, but it would be interesting to test whether this spe-
cies produces more males when it has to compete for large
hosts, as predicted by the theory of local mate competition
(Hamilton, 1967).

The parasitoids that emerged from third and fourth instar
psyllids were larger than those emerging from second in-
star psyllids, probably because they contain more reserves,
which enable the parasitoid to achieve a larger size. More
surprisingly, female parasitoids that developed in first in-
star hosts were as large as those that developed in third
and fourth instar hosts. One mechanism that would explain
these observations is that when an egg is laid in a first in-
star host, the egg does not begin to develop until the psyl-
lid host reaches a more advanced instar as suggested by
McMullen (1966).

This hypothesis is supported by the fact that individu-
als developed in first instar hosts took longer to develop
than those that developed in other instars. It is also possible
that parasitoid larvae develop less rapidly in such a host
in order to keep it alive longer, thus ensuring the comple-
tion of their development. These hypotheses could be con-
firmed by dissecting second, third and fourth instars that
were parasitized during the first instar and identifying the
developmental instar of the parasitoid.
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We recorded a fairly low egg load in 7. insidiosus re-
gardless of the host instar in which they developed, sug-
gesting that this species is synovogenic and produces eggs
throughout its life (approximately 20 days when fed under
laboratory conditions (Berthe, 2018)). Furthermore, gen-
erally for parasitoids the larger the female the greater the
egg load (Jia & Liu, 2018). In our study, this relationship
was only recorded for individuals emerging from fourth
instar hosts, confirming that this instar is the most suitable
for parasitoid development. Some large females, however,
had no or few mature eggs. It is possible that the method
used to evaluate egg-load is not suitable for this parasitoid
and that some eggs may have been lost in the process. It
is also possible that a stimulus such as psyllid honeydew,
host feeding, or simply the presence of the host, is neces-
sary to stimulate egg production (Aung et al., 2012; Pan et
al., 2017).

Finally, although host feeding behaviour was not associ-
ated with host instar, it may play an important role in the
ecology of T. insidiosus and its interaction with its host.
This behaviour is described for other species of encyrti-
dae (Aung et al., 2012) but not 7. insidiosus. According
to our observations 7. insidiosus host feeds either when it
accidentally kills the host during oviposition (S2) or when
it deliberately kills the host, probably in order to get pro-
tein in order to increase its egg-load. In our experiments,
the number of host-feeding events recorded was very low,
likely because the females were fed, hydrated and already
had a full egg load. Therefore, their only optimal forag-
ing strategy under these conditions was probably to lay as
many eggs as possible. To better understand the conditions
resulting in host-feeding, further experiments are needed
on fertilized females with poor access to food, and/or with
low egg loads. Such an experiment would highlight the
trade-off between feeding to replenish their reserves/egg
load and laying eggs, when a female encounters a psyllid
immature. It is also possible that 7. insidiosus is able to
discriminate between a parasitized and a non-parasitized
host, as is the case for most parasitoids (van Alphen &
Visser, 1990). Thus, a female arriving in a patch already
visited by a conspecific would face a trade-off between su-
per-parasitizing the host (Guttierrez, 1966) or feeding on a
parasitized host and thus decreasing the competition pres-
sure encountered by its offspring. This decision-making
will probably be influenced by female egg-load, but this
hypothesis needs to be tested.

To conclude, the purpose of this study was to determine
key elements in the interaction between the pear psyllid
C. pyri and its specific parasitoid, 7. insidiosus, includ-
ing the most suitable host instars for its development. We
show that fourth instars are the most suitable host, both
behaviourally and physiologically, for the parasitoid to
produce a high quantity and high-quality offspring. From
a biological control perspective, the best time to release
parasitoids to have the highest probability of controlling a
psyllid population would be early in the season when psyl-
lids of the first generation have reached the fourth instar.
Indeed, by parasitizing the fourth instar of C. pyri, T insid-
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iosus will mainly parasitize psyllids that have escaped all
other mortality factors and are at the end of their develop-
mental cycle and about to reproduce. Thus, this parasitoid
could potentially be used to reduce the abundance of the
first and second generations of this psyllid pest (Armand
et al., 1991; Tougeron et al., 2021), however the effect of
the parasitoid on the diseases that pear psyllid immatures
can infest/infect pear trees with during their development
(sooty mould fungus and phytoplasma) is still unknown
and remains to be evaluated.
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