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Abstract

The brown marmorated stink bug Halyomorpha halys is a polyphagous insect, which has a devastating impact on agricul-
tural production in many countries. The alteration of symbiont vertical transmission, by removing symbionts from stink bug
eggs (symbiotic control), has been recently introduced in control programmes against this insect. A major advantage of this
strategy is the compatibility with natural enemies, since it allows an insecticide-free approach that is not harmful to other
agroecosystem components. However, the effect of anti-symbiont products on parasitism by egg parasitoids is still unexplored.
Here, we investigated the impact on parasitism by native (Anastatus bifasciatus, Ooencyrtus telenomicida and Trissolcus
kozlovi) and exotic (Trissolcus japonicus and Trissolcus mitsukurii) parasitoids that attack H. halys eggs, after treatment
with the micronutrient biocomplex Dentamet®, used for symbiotic control. The native wasp species were tested in no-choice
bioassays, showing that treatment of the egg masses did not affect emergence percentages, but the non-reproductive effects
were often reduced by the biocomplex. The exotic species T. japonicus and T. mitsukurii were used in no-choice and paired
choice bioassays, showing an opposite influence of Dentamet® on emergence percentage and preference in the two species.
No-choice tests indicated the highest successful parasitoid emergence on biocomplex-treated egg masses for 7. japonicus,
while no preference in the paired comparison with eggs treated with water or untreated. In contrast, 7. mitsukurii displayed
the lowest parasitism after Dentamet® treatment in no-choice tests, and preferred egg masses without Dentamet® in paired
choice tests. We did not record any natural symbiont acquisition by the parasitoids emerged from H. halys egg masses,
indicating that the wasp fitness is very unlikely to be altered by dysbiotic effects resulting from treatments. Therefore, our
results support a further implementation of symbiotic control in different crops in combination with biological control, as
sustainable options for H. halys integrated pest management.

Keywords Symbiont-targeted control - Biological control - Brown marmorated stink bug - Trissolcus japonicus - Trissolcus
mitsukurii - Integrated pest management

Introduction

The brown marmorated stink bug Halyomorpha halys (Stél)
(Hemiptera: Pentatomidae) is one of the most studied pen-
tatomid species due to its invasive potential and high poly-
phagy (Leskey et al. 2012a; Rice et al. 2014; Leskey and
Nielsen 2018). This insect pest is native to Asia, and it was
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unintentionally introduced in North America in the 1990s
and later in Europe in 2004 (Haye and Weber 2017; Leskey
and Nielsen 2018). Halyomorpha halys attacks more than
300 species of many important agricultural crops and wild
plants (Lee et al. 2013). In fruits, feeding activity induces
symptoms such as deformation and discolouration, and seed
abortion with early attacks (Rice et al. 2014; Bariselli et al.
2016; Bergmann et al. 2016; Bosco et al. 2018). Moreo-
ver, it is also an important household nuisance pest due to
its aggregative overwintering behaviour inside buildings
(Inkley 2012). Because of its invading potential, the popula-
tion dynamics of H. halys have been studied under different
environmental conditions, providing important information
for predicting the potential spread. A survival reduction
was observed in the presence of high temperature and/or
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low humidity, suggesting that the insect may preferentially
spread in areas where heatwaves are not frequent (Scaccini
et al. 2019; Fisher et al. 2020; Khadka et al. 2020).

Currently, the control of H. halys mainly relies on the
use of chemical pesticides, with an important environ-
mental impact and a huge effect on human health (Nielsen
et al. 2008; Leskey et al. 2012b). Moreover, most insecti-
cides used against this pest have broad-spectrum activity,
which negatively affects natural enemies and pollinators
(Leskey et al. 2012a, b; Cira et al. 2017; Kuhar and Kam-
minga 2017). Several methods have been proposed to reduce
chemical treatments within Integrated Pest Management
Crop Perimeter Restructuring programmes, e.g. border row
or alternate row insecticide applications (Blaauw et al. 2015;
Akotsen-Mensah et al. 2020; Ludwick et al. 2020).

The main alternative to insecticides against H. halys is
biological control. Egg parasitoids are the most studied and
specialized natural enemies both in the native (Lee 2015)
and in the invaded areas (Abram et al. 2017; Conti et al.
2021). In the native area, the most common egg parasitoids
belong to Scelionidae and Eupelmidae (Lee et al. 2013). In
particular, the samurai wasp Trissolcus japonicus (Ashmead)
(Hymenoptera: Scelionidae) is reported as the predominant
species in China and in Japan (Yang et al. 2009, 2015; Zhang
et al. 2017; Kamiyama et al. 2022). In Europe, Anastatus
bifasciatus (Geoffroy) (Hymenoptera: Eupelmidae) is the
main native species found emerging from field-laid and sen-
tinel H. halys egg masses in Italy and Switzerland (Haye
et al. 2015; Costi et al. 2019; Moraglio et al. 2020; Zapponi
et al. 2020, 2021). Furthermore, the generalist Qoencyrtus
telenomicida (Vassiliev) (Hymenoptera: Encyrtidae) was
obtained from frozen sentinel H. halys eggs in Central Italy
(Roversi et al. 2016), while Trissolcus kozlovi Rjachovs-
kij (Hymenoptera: Scelionidae) was found emerging from
field-laid H. halys eggs in North Italy (Moraglio et al. 2020;
Scaccini et al. 2020). Both A. bifasciatus and T. kozlovi
were tested in augmentative release field trials, and proved
to attack H. halys freshly laid eggs, although neither was
able to effectively contain the bug population in the experi-
mental conditions (Stahl et al. 2018, 2019a, b; Moraglio
et al. 2021a). Therefore, T. japonicus was considered as the
most promising candidate for H. halys biological control,
and host range studies were started in support of the applica-
tion for authorization to the field release of the exotic para-
sitoid, which must be submitted and approved by regulatory
agencies (Haye et al. 2020; Sabbatini-Peverieri et al. 2021).
In Italy, the field release of T. japonicus has been recently
authorized, and started in the summer of 2020. Meanwhile,
adventive populations of T. japonicus have been detected in
Switzerland and in Italy in 2017 and in 2018, respectively
(Sabbatini-Peverieri et al. 2018; Stahl et al. 2019c; Moraglio
et al. 2020). Furthermore, also adventive populations of Tris-
solcus mitsukurii (Ashmead) (Hymenoptera: Scelionidae),
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another Asian parasitoid of H. halys eggs in Japan (Arakawa
and Namura 2002; Kamiyama et al. 2022), have been found
in Europe, in Italy and in France in 2016 and 2021, respec-
tively (Scaccini et al. 2020; Bout et al. 2021). This species
has been considered as another promising candidate for
biological control (Sabbatini-Peverieri et al. 2020; Caron
et al.2021; Giovannini et al. 2022). However, biological con-
trol is seriously hindered by the use of insecticides (Lowen-
stein et al. 2019).

Recently, symbiotic control protocols were designed
to prevent symbiont acquisition by nymphs by treating H.
halys eggs with antibacterial substances; this approach was
proposed as a suitable option for pentatomid containment
(Gonella et al. 2019, 2020). In this insect family, gut sym-
biotic bacteria are transmitted through maternal secretions,
which are smeared on egg masses during oviposition and
orally acquired by the nymphs after egg hatching (Prado
et al. 2006; Otero-Bravo and Sabree 2015). Since these
obligate bacteria are essential for growth, development and
survival of the insect, symbiont-deprived stink bugs usu-
ally display reduced survival or fitness (Taylor et al. 2014).
Different active substances have been tested to eliminate
the primary symbiont of H. halys, i.e. “Candidatus Pan-
toea carbekii” (P. carbekii), from the egg surface, showing
high mortality percentages soon after nymph emergence
(Mathews and Barry 2014; Taylor et al. 2017; Gonella et al.
2019). These nymphs tested negative for P. carbekii through
specific gPCR analyses, indicating that the observed effects
resulted from missed symbiont acquisition (Gonella et al.
2019). In particular, the application of the zinc, copper and
citric acid biocomplex Dentamet® (Diachem, Italy) on egg
masses caused more than 90% first instar nymph mortal-
ity. Therefore, in Italy foliar applications with Dentamet®
were introduced in control programmes targeting field-laid
egg masses of H. halys in several crops, as the product was
provisionally authorized to control H. halys by the Italian
Ministry of Agricultural, Food and Forestry Policies in
2021. Since this product does not show a direct insecticidal
activity, it is expected not to have any effects on the survival
of beneficial insects, including egg parasitoids; however, its
effects on trophic interactions involving natural enemies—
such as host preference and exploitation efficiency—have
not yet been investigated.

Here, we assessed the impact of Dentamet® on parasit-
ism by native and exotic egg parasitoids. Specifically, we
measured parasitoid emergence percentages on treated and
untreated egg masses under laboratory conditions. We con-
ducted no-choice tests with three native (A. bifasciatus, O.
telenomicida, T. kozlovi) and two exotic (T. japonicus and T.
mitsukurii) egg parasitoids species, to assess the suitability
for parasitic wasps of egg masses exposed to the biocom-
plex. Moreover, paired choice tests were performed using
the species that showed the highest emergence percentage
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in no-choice tests, to evaluate their actual preference when
treated egg masses were compared to untreated ones. Since
several studies have shown the horizontal transmission of
symbionts between parasitoids and their hosts, in some
cases offering a beneficial effect to the new host (Vavre et al.
1999; Gualtieri et al. 2017; Qi et al. 2019), we also evaluated
the possible acquisition of P. carbekii from H. halys egg
masses in the co-evolved parasitoids, i.e. the Asian Tris-
solcus species.

Materials and methods
Insect rearing

Overwintered H. halys adults were collected in 2021 from
wild and cultivated host plants in several sites in the Pied-
mont region, NW Italy. Insects were maintained in climatic
chambers at 25+ 1 °C, 65+5% RH and 16:8 h L:D photo-
period, in net cages (930X 475 X475 mm) containing broad
bean (Vicia faba L.) seedlings, apples (Malus domestica
Borkh.), shelled hazelnuts (Corylus avellana L.) and green
beans (Phaseolus vulgaris L.). Halyomorpha halys rearing
was inspected daily to collect freshly laid egg masses (less
than 24 h old) to be used in this study.

A colony of T. kozlovi had already been established
in laboratory since 2017 (Moraglio et al. 2021a), while
the other native (A. bifasciatus and O. telenomicida), and
exotic egg parasitoids (T japonicus and T. mitsukurii) were
obtained from field-collected parasitized egg masses of H.
halys, sampled from several sites in Piedmont in 2021. All
wasp species were maintained separately from the stink
bug rearing, in a climatic chamber at the same conditions
indicated above, on fresh or frozen H. halys egg masses, in
plastic containers (100 mm diameter, 50 mm height) with a
mesh on the lid, wet cotton and a honey drop (applied with a
needle) were provided on the lid and weekly replaced.

No-choice tests

No-choice tests were conducted by exposing three types of
H. halys egg masses to the five egg parasitoid species: (a)
untreated, (b) treated with ultrapure water and (c) treated
with Dentamet® 1% v/v (dissolved in ultrapure water).
Prior to the beginning of experiments, the egg masses were
randomly assigned to different treatments; the number of
eggs per mass was recorded, then the eggs were not further
manipulated in order to avoid any disturbance to parasitism.
The egg masses were individually placed in plastic Petri
dishes (60 mm diameter) and treated with the biocomplex or
water by a 200 mL hand sprayer under a fume hood, accord-
ing to Gonella et al. (2019). A single spray (651 +7.42 ul)
was applied about 20 cm away from the Petri dish. After

30 min from spray application, when the treated egg mass
was dry, a single 5-10-day-old mated female of each para-
sitoid species was placed into a Petri dish with a single H.
halys fresh egg mass of one of the three types and main-
tained for 48 h. The 48 h period was selected to allow the
parasitization even by the less efficient egg parasitoids.
Every female was used only once. All wasps were fed with
a small drop of honey, placed at the top of Petri dish. Egg
mass visit and oviposition were recorded according to Haye
et al. (2015). In addition, an equal number of egg masses
were treated as explained above, but they were not exposed
to any parasitoid species, to evaluate natural host mortality.
Each trial (one egg mass per treatment offered to each of
the five parasitoid species, plus one egg mass per treatment
unexposed to any wasp) was replicated 10 times (for a total
of 180 egg masses). All trials were conducted in a climatic
chamber at 26 + 1 °C, 65+ 5% RH. After the experiment,
the egg parasitoids were removed, and all egg masses were
individually reared until the emergence of stink bug nymphs
and/or wasp adults. The number of unhatched H. halys eggs,
and the number of emerged parasitoids were recorded for
each egg mass. The two species showing the highest para-
sitoid efficiency in no-choice tests were used to perform a
paired choice test.

Paired choice tests

After no-choice tests, paired choice tests were conducted
with the two most efficient wasp species, namely T. japoni-
cus and T. mitsukurii, to check for a possible interference
with host preference caused by treatments. All wasps and
egg masses were collected from the laboratory colonies as
described above. A single-mated 5-10-day-old wasp female
of each species was placed in an arena (h=70 mm; diam-
eter =95 mm) with two egg masses; females were used only
once. Each arena was composed of the following pairs of egg
masses: (A) untreated vs treated with water, (B) treated with
water vs treated with Dentamet® 1% v/v, and (C) untreated
vs treated with Dentamet® 1% v/v. Each comparison was
replicated 10 times, and a total of 120 egg masses were used
for this experiment. A small drop of honey was provided in
the arena as a food source for the wasp. The female was left
in the arena for 3 h according to the observations of Haye
et al. (2020), who suggested a limited test duration to reduce
the number of wasps parasitizing both egg masses. The first
egg mass visited by the parasitoid was visually checked
and recorded. At the end of the experiment, wasp females
were removed, and the egg masses were reared separately at
26+ 1 °C, 65+5% RH and 16:8 L:D photoperiod until the
emergence of all H. halys nymphs and/or parasitoid adults.
The numbers of unhatched eggs and emerged parasitoids
were recorded for each egg mass.
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Molecular diagnosis for P. carbekii

To evaluate the occurrence of a host-to-parasitoid hori-
zontal transmission of P. carbekii, quantitative Real Time
PCR (qPCR) analysis was used to determine the presence
of the H. halys symbiont in exotic wasps emerged from
no-choice tests. Adults of T. japonicus and of T. mitsukurii
were collected after the emergence from untreated (field-
collected) egg masses and stored at -80 °C in RNAlater™
(Sigma-Aldrich, MO, USA). Three specimens emerging
from the same egg mass were sampled from 10 egg masses
parasitized by each species; hence a total of 30 individu-
als from each exotic species were used. RNA extraction
was performed with the “SV Total RNA Isolation System”
(Promega, WI, USA) according to the manufacturer instruc-
tions. RNA quality and concentration were assessed with a
ND-1000 spectrophotometer (NanoDrop, DE, USA). First-
strand cDNA was synthesized by “Reverse Transcription
System” (Promega) and Random Primers. cDNA was used
as a template for gPCR analyses with the P. carbekii-spe-
cific primers PcarQF/PcarQR as described by Gonella et al.
(2019). Reactions were performed on a CFX ConnectTM
Real-Time PCR Detection System (Bio-Rad, CA, USA) in
25 pl volume containing: 12.5 pl of SsoAdvancedTM Uni-
versal SYBR® Green Supermix (Bio-Rad), 0.1 pl of 100 pM
forward and reverse primer, 11.3 pl of sterile water, and
1 pl of cDNA template. Standard curves were constructed
with cloned PCR-amplified 16S rRNA gene of P. carbekii.
Standard clones were obtained using the pGEM T-easy Vec-
tor Cloning Kit (Promega, WI, USA). The detection limit
was calculated as the lowest concentration of cloned ampli-
cons used for determining the standard curves that were
successfully amplified, corresponding to 4.60 gene copies/
sample. An additional gPCR targeting the insect’s 18S rRNA
gene (MqFw/MqgRv) was performed, to verify if parasitoids
emerged from treated egg masses were truly devoid of P.
carbekii or whether the absence of symbiont was due to sam-
ple quality. Primers were used according to Marzachi and
Bosco (2005), under the conditions described by Gonella
et al. (2015).

Statistical analysis

In no-choice tests, parasitoid emergence (mean number of
successfully parasitized eggs per egg mass) and egg mortal-
ity (mean number of unhatched eggs per egg mass) were
evaluated for each parasitoid species considering: (i) only
egg masses in which at least one parasitoid had successfully
emerged, or (ii) all offered egg masses (N=10) per treat-
ment. Separately for each parasitoid species, means were
then compared among treatments using a generalized linear
model (GLM) with a binomial probability distribution and
a logit link function, followed by a pairwise Bonferroni post
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hoc test (p <0.05). For binomial probability distribution,
success/fail conditions were considered as the numbers of
parasitized/non-parasitized eggs and unhatched eggs/eggs
with any emergence.

In paired choice tests, the percentages of wasps parasitiz-
ing only one exposed egg mass were compared with a Pear-
son’s Chi-square test. The number of emerged parasitoids
in parasitized egg masses and the number of unhatched egg
masses were then evaluated using a GLM with a binomial
probability distribution followed by a sequential Bonferroni
post hoc test (p <0.05). Replicates in which both egg masses
were parasitized were not included in the analysis.

Statistical analyses were carried out with SPSS Statistics
27 (IBM Corp. released 2020, Armonk, NY, USA).

Results
No-choice tests

Females of all egg parasitoid species were alive at the end
of the tests, with no apparent fitness perturbation; moreover,
they all were able to oviposit on H. halys eggs. However,
only exotic species were able to successfully parasitize eggs
in all the 10 replicates, whereas native species proved to
successfully parasitize eggs in 5 up to 9 of the 10 replicates
(Table 1). For this reason, the results from native wasps
were submitted to two separate statistical analyses, shown
in Table 1 (considering only parasitized egg masses), and
in Fig. 1 and Table S1 (considering all replicates). The emer-
gence percentage from H. halys eggs was generally higher
in the exotic species than in the others (Table 1). Specific
responses observed for each parasitoid species are described
below.

Anastatus bifasciatus: when only successfully parasitized
egg masses were considered, emergence of A. bifasciatus
was significantly different between treatments (p <0.001),
with the lowest percentage of wasps emerging from egg
masses treated with Dentamet® (Table 1). Moreover, higher
percentages of unhatched eggs were found in untreated and
treated with water egg masses (Table 1). However, when
considering all replicates, there were no significant differ-
ences among treatments in parasitoid emergence, while
Dentamet® still showed the lowest percentage of unhatched
eggs compared to the other two groups (Fig. 1, Table S1).

Ooencyrtus telenomicida: according to both statistical
evaluations (considering only parasitized egg masses or all
replicates), females of this native species did not show sig-
nificant differences in emergence among treatments (Table 1,
Fig. 1, Table S1). Treatment with Dentamet® produced a sig-
nificant reduction of unhatched eggs when only parasitized
egg masses were analysed (p <0.001) (Table 1).
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Table 1 Outcomes of no-choice tests of single egg parasitoid females when exposed to different treatments (U, untreated; W, treated with water;

D, treated with Dentamet®)

Species Treatment Parasitized egg ~ Mean no. eggs

% (mean eggs + SE per parasitized egg mass)?

masses on the per egg mass

Parasitoid emer-

XZ; p value Unhatched eggs Xz; p value

exposed egg (+SE)
masses gence
Anastatus bifas- U 7/10 229+1.4 169+6.0b 105.952;<0.001 34.4+75a 10.396; 0.006 (*)
ciatus A4 5/10 214421 19.7+54a (%) 344+96a
D 5/10 25.0+1.0 142+2.4c¢ 20.9+65b
Ooencyrtus U 8/10 20.9+2.0 13.7+3.6 4.267;0.118 66.1+7.1 4.021;0.134 (n.s.)
telenomicida vy 7/10 19.8+2.0 17.1+2.7 (n.s.) 59.1+9.1
D 7/10 234419 84+12 49.4+10.8
Trissolcus U 9/10 25.6+1.0 332495 1.687; 0.430 478+83a 13.799; 0.001 (++*)
kozlovi A4 8/10 244414 28.0+8.1 (n.s.) 44.1+42a
D 8/10 26.5+0.5 34.4+6.8 32.5+£3.8b
Trissolcus U 10/10 25.7+0.8 83.5+£3.9b 22.258;<0.001 16.5+39a 21.328;<0.001
Japonicus \4 10/10 243423 743+7.6b (%) 245+69a (%)
D 10/10 249+1.8 92.0+3.3a 7.6+£32b
Trissolcus mit- U 10/10 263+1.0 89.5+4.2a 22.65;<0.001 89+32ab  14.364; 0.001 (%)
sukurii A4 10/10 229+15 949+1.7a (%) 39+13b
D 10/10 244+1.1 81.3+53b 145+3.9a
Unexposed egg U - 27.0+£1.2 - 129+2.6 2.811; 0.245 (n.s.)
masses \4 - 244413 - 152+4.1
D - 25.8+0.6 - 18.1+4.3

Statistical analysis was performed for parasitized egg masses (i.e. egg masses in which at least one parasitoid had successfully emerged out of
the exposed egg masses). Asterisks indicate significant differences between treatments (within the same parasitoid species) according to bino-
mial GLM (2 degrees of freedom), with p <0.050 (¥), p<0.005 (**) or p<0.001 (***). Different letters refer to significantly different values

according to sequential Bonferroni test; n.s.=not significant

Trissolcus kozlovi: among the tested native wasps, the
highest emergence percentages were observed for this
species, without significant differences among the three
treatments in both statistical evaluations (only parasitized
or all egg masses) (Table 1, Fig. 1, Table S1). Egg masses
treated with Dentamet® showed significantly lower per-
centages of unhatched eggs than the other two groups
(Fig. 1, Table 1).

Trissolcus japonicus: emergence was significantly higher
in egg masses treated with Dentamet® than in the two other
groups (p <0.001) (Table 1). Statistical analyses confirmed
a significant reduction of egg mortality in the Dentamet®
treatment with respect to the other groups (Table 1).

Trissolcus mitsukurii: despite the percentage of parasi-
toid emergence being higher than 80%, egg masses treated
with Dentamet® showed significantly lower emergence
(»<0.001) than the other groups, and significantly higher
percentages of unhatched eggs only in comparison to the
group treated with water (Table 1).

Unexposed egg masses: the percentage of eggs that suc-
cessfully hatched was very high (average 84.26%), and no
significant differences were found in egg mortality in differ-
ent treatments (Table 1).

Paired choice tests

Due to their higher efficiency, T. japonicus and T. mitsukurii
were selected for paired choice tests. Trials revealed that
some T. japonicus and T. mitsukurii females were able to
parasitize both egg masses within 3 h (Fig. 2, Table 2).
For these replicates, the first choice was assessed by visual
observation, and selection responses were compared with
a Pearson’s Chi-square test (Table 2). The first egg masses
that T japonicus females visited always corresponded to
the parasitized egg masses. In cases where both egg masses
were parasitized, the first visit was recorded on the egg mass
that showed the higher number of emerged parasitoids. The
same behaviour was observed for T. mitsukurii, except for
two cases in the untreated vs treated with water pairs. In
these replicates, both egg masses were parasitized but the
higher number of parasitoids emerged from the second vis-
ited egg mass. The number of females that parasitized both
egg masses was higher in 7. mitsukurii than in 7. japonicus,
moreover, all the examined females parasitized at least one
egg mass (Fig. 2, Table 2).

Trissolcus japonicus females did not show any prefer-
ence among treatments, choosing indifferently between all
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Fig. 1 Results of no-choice tests A n.s n.s n.s
with native parasitoid species, 100 1
considering all replicates. Mean 90 -
of emergence rates (a), and
mean of egg mortality rates 801
(b) recorded for H. halys egg o 707
masses exposed to different = 60
egg parasitoids and treatments. En |
Bars indicate standard errors; “E‘ 50
asterisks indicate significant = 407
differences between treatments S 301
according to binomial GLM, 20
with p <0.005 (**) or p <0.001
(**%); n.s.=not significant 107 ’—I—‘ % i I_I—‘ % - |:| Untreated trol
0 ntreated contro
A. bifasciatus 0. telenomicida T. kozlovi 7 .
B 4 Treated with water
90 n.s. n.s. n.s. . Dentamet®
80
E 70
<
‘é’ 60 —I_
% 50
=40
S 30
20
107
0

A. bifasciatus

0. telenomicida T. kozlovi

Fig.2 Results of paired choice
tests performed with T. japoni-
cus females exposed to egg

masses of the following groups:

Untreated control

Treated with water ns.

untreated (white boxes), treated
with water (grey boxes), treated
with Dentamet® (black boxes).

n.s.: not significant Dentamet®

Dentamet®

Treated with water n.s.

Untreated control ns.

} | } } | } } | ! | | l

I T T

-70 -60 -50 -40 -30 -20 -10 O

paired egg masses (Fig. 2, Table 2). Percentages of emerging
parasitoids and egg mortality were not significantly different
within each pair examined (Table 2, Table S2).

Trissolcus mitsukurii females chose untreated egg
masses significantly more times when compared with egg
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T T T T T T T T T T T 1

10 20 30 40 50 60 70

Choice %

masses treated with water or treated with Dentamet®. Egg
masses treated with Dentamet® were chosen significantly
less times when compared with egg masses untreated or
treated with water (Fig. 3, Table 2). However, the percent-
ages of parasitized eggs were always above 75% (Table 2).
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Fig.3 Results of paired
choice tests performed with
T. mitsukurii females exposed
to egg masses of the follow-

Untreated control

Treated with water =

ing groups: untreated (white
boxes), treated with water (grey
boxes), treated with Dentamet®
(black boxes). Asterisks indicate
significant differences between
the number of egg parasitoids
that chose one or the other egg
mass according to the Pearson’s
Chi-square test, with p <0.050
(*) or p<0.005 (¥*); n.s.: not
significant
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Evaluation of P. carbekii horizontal transmission

Molecular analysis was performed on the two exotic para-
sitoids emerging from untreated egg masses, to verify if the
primary symbiont of H. halys may be horizontally trans-
ferred from the egg mass surface to the wasp. However, the
presence of live P. carbekii cells was not found in either
analysed species through Real time PCR, as only standard
samples showed successful amplification. All wasp samples
tested positive when submitted to insect-targeted qPCR reac-
tions, confirming their suitable DNA quality.

Discussion

This work aimed at assessing the potential interference
between the application of Dentamet® on H. halys egg
masses and parasitism by both indigenous and exotic egg
parasitoids. Our experimental observations firstly confirmed
the absence of direct harmful effects on parasitoid females
resulting from their contact with egg masses treated with
biocomplex Dentamet®, as expected since this product does
not contain any insecticidal molecule. The need for pest
management strategies that involve a substantial reduction
of insecticide use has been widely demanded to reduce the
impact on beneficial insects (Leskey et al. 2020; Ludwick
et al. 2020); therefore, finding a novel technique that is con-
servative for parasitoid wasps can considerably support the
implementation of IPM programmes.

In no-choice tests using native parasitoids, the recorded
parasitoid emergence percentages were consistent with pre-
vious observations (Roversi et al. 2016; Stahl et al. 2018;
Andreadis et al. 2021; Moraglio et al. 2021a, b; Rot et al.
2021), with only A. bifasciatus being significantly affected
by treatment with Dentamet®. However, a reduction of
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unhatched eggs was reported in replicates subjected to
Dentamet® application for all native species. Since the
percentages of unhatched eggs were higher in egg masses
exposed to native parasitoids than in unexposed ones, a con-
siderable contribution of non-reproductive effects is sug-
gested for these species. These effects include host feed-
ing and oviposition damage (i.e., oviposition followed by
host killing and failure of wasp emergence) (Abram et al.
2016; Stahl et al. 2019b; Moraglio et al. 2021b). Treatment
with Dentamet® may deter from host feeding more than
from oviposition; establishing the actual contribution of the
mechanisms causing non-reproductive effects under different
conditions may deserve further investigations. Overall, no
evident negative impact on the fitness of these wasp species
was found in short-term, since the progeny number was not
affected (considering all performed replicates). However,
our data suggest that a long-term evaluation may be required
to estimate if the total longevity and fecundity of native wasp
females exposed to treated eggs may be hampered due to
limitation of host feeding. On a food web perspective, the
outcome of field treatments with Dentamet® will fit into
the already complex dynamics that are being created by the
introduction of the exotic stink bug host and parasitoids; this
intricate web deserves further study.

As expected, no-choice tests with exotic wasps generally
showed higher parasitization levels, as T. japonicus and T.
mitsukurii were the sole species able to parasitize all the
exposed egg masses. Emergence percentages were simi-
lar to those previously reported (Sabbatini-Peverieri et al.
2020), and they were always above 74%. On the other hand,
the percentage of unhatched eggs after exposure to these
wasp species was generally lower than for native parasitoids.
This may be caused by (i) a higher efficiency of adult emer-
gence after oviposition, and (ii) a lower host feeding behav-
iour (Abram et al. 2014, 2016, 2019; Kaser et al. 2018).
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Trissolcus japonicus most efficiently parasitized egg masses
treated with Dentamet® in comparison to the other two
types. Several substances (e.g. host cuticular hydrocarbons
and plant volatiles) have been shown to attract 7. japonicus
(Akotsen-Mensah et al. 2021; Arif et al. 2021). We can-
not exclude that some of them may share components with
those included in the odour blend resulting after our treat-
ment, even though the volatile compounds associated with
egg masses treated with Dentamet® are currently unknown.
The higher wasp emergence percentage in the group treated
with Dentamet® was also the major cause for the reduced
percentage of unhatched eggs, whereas a little contribution
of non-reproductive effects is expected for this species.

In contrast, 7. mitsukurii showed significantly lower emer-
gence percentages in egg masses treated with Dentamet®,
despite the high proportion of parasitized eggs (> 81%) for
all treatments. Since the exposure to H. halys egg masses
in the absence of the host plant was reported to be ineffi-
cient in attracting this wasp (Rondoni et al. 2022), the odour
blend emitted after treatment with Dentamet® may further
impair the wasp recognition of the host eggs, at least in our
experimental conditions, where no plant was offered to the
wasp. The elimination of P. carbekii may interfere with the
attraction exerted by some symbiont-derived volatiles; the
interference with attraction for volatiles may be exacerbated
by the general non-preference of 7. mitsukurii for wet eggs,
as evidenced by the untreated vs treated with water paired
choice test. Strikingly, we observed a possible interaction
of treatment with non-reproductive effects, as egg masses
treated with Dentamet® showed the highest percentages of
unhatched eggs, with a statistical significance when com-
pared with the water-treated ones. Future work is required to
clarify whether the recorded lower attraction by 7. mitsukurii
is associated or not with unsuitability of Dentamet®-treated
eggs; however, as these eggs are less attractive, the possible
unsuitability does not seem to be of concern. Furthemore, all
percentages of unhatched eggs after exposure to 7. mitsuku-
rii were similar to the natural proportion observed for egg
masses that were not exposed to any parasitoid, indicating
that the alteration of non-reproductive effects after treatment
with Dentamet® is still modest for this wasp.

The results recorded in no-choice experiments using
the exotic parasitoids T. japonicus and T. mitsukurii were
confirmed also in paired choice tests. Haye et al. (2020)
suggested that a period of less than 12 h is preferable for
paired choice tests involving egg parasitoids of Pentatomi-
dae, to limit the number of females using both egg masses
for oviposition, which results in hampered interpretation of
host preference. Therefore, we provided the females with
egg masses for as little as 3 h. Even in this short period, all
females of both species were able to parasitize at least one
egg mass, and some of them could still parasitize both egg
masses. A diverging behaviour was observed for the two

wasp species: both species tended to attack only one of the
two masses (more than 50% of parasitism events), but only 7.
mitsukurii showed a significant preference, mostly discard-
ing egg mass treated with Dentamet®. After the egg mass
was chosen, also the number of parasitized eggs was differ-
ent for the two species: emergence percentage for 7. japoni-
cus was not affected by treatments, whereas we recorded a
larger offspring on untreated or water treated egg masses for
T. mitsukurii, consistently with the results of no-choice tests.
The mechanisms (e.g. altered volatile composition) causing
such differential behaviour in the host selection process in
T. japonicus and T. mitsukurii after egg mass exposure to
Dentamet® requires further investigations.

Besides the diverging outcome of the short-term prefer-
ence exhibited by the two Trissolcus species, we assessed the
occurrence of possible long-term effects on the coevolved
host-parasitoid interaction occurring between these exotic
wasps and their host H. halys. Specifically, we assessed the
possible occurrence of a natural horizontal transmission of P.
carbekii from stink bug egg masses (in untreated specimens)
to the adult parasitoids, to figure out if a beneficial relation
may have established between the symbiont and wasps over
time. The symbiont is vertically transmitted through the egg
mass surface (Prado et al. 2006), and this route may have
exposed egg parasitoids to acquire the bacterium during
emergence from the egg. Horizontal transmission of bac-
terial symbionts from host to parasitoids have been docu-
mented in a number of insects (Dicke et al. 2020), and it
may be required for wasp long-term performance, resulting
in impaired competition of symbiont-deprived parasitoids.
However, gPCR screening of cDNA from untreated samples
of both exotic egg parasitoids suggested a lack of P. car-
bekii acquisition from the host, allowing us to exclude any
detrimental effects due to possible changes in the microbial
community of wasps emerged from treated egg masses.

Taken together, our results support the combination of
biological control, especially when performed by exotic egg
parasitoids, and symbiotic control (at least using Dentamet®
or other products with a similar mode of action). Such an
integrated approach offers a potential control effectiveness
close to 100% with total avoidance of insecticidal molecules.
In fact, the efficiency recorded for T. japonicus and T. mit-
sukurii was always above 75%; furthermore, as reported by
Gonella et al. (2019), more than 90% of H. halys nymphs
emerging from egg masses treated with Dentamet® are
deprived of P. carbekii and die before reaching the second
instar, highlighting the powerful potential of a combined
effect. Nonetheless, further work will be needed to clarify
the containment of H. halys using symbiotic control under
field conditions. Indeed, possible failure in reaching the egg
masses through field application of the anti-symbiont formu-
late may reduce the final pest mortality; similarly, parasitoid
populations may be unable to reach all the egg masses. On
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the other hand, the combined effect offered by a combined
approach may become even synergistic in the field, with spe-
cial regard to the diverging response observed for 7. japoni-
cus and T. mitsukurii in terms of egg mass selection. In the
field, the unavoidable concurrent presence of egg masses
reached by foliar treatments and egg masses that escape the
sprays, may offer a choice for T. japonicus and T. mitsukurii.
Egg mass selection may be differentially driven by the treat-
ment for the two wasp species, resulting in a broader range
of attacked masses. While T. japonicus can parasitize egg
masses regardless of the presence of Dentamet® on their sur-
face (providing an increment of mortality from treated egg
masses), 7. mitsukurii may seek for egg masses that were not
reached by the treatment. It is worth dedicating future work
to analyse such a scenario, since it would increase the final
suppression effect, also limiting the competition between
the two wasp species.
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