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One man could watch about 50 of these vials with comparative ease, for the adults work rather
slowly.

— D. L. Parker, 1933, about working with an Anastatus species






Abstract

The brown marmorated stink bug, Halyomorpha halys (Stal) (Hemiptera: Pentatomidae), is an
herbivorous insect that originates from China, Japan and Korea. It has invaded both the American
continent and Europe. In the USA, H. halys has been causing massive damage to various crops, e.g.
apples, peaches, sweet corn and beans. In Europe and Eurasia, including northern Italy and western
Georgia, severe damage has been observed in pear and hazelnut orchards. Frequent applications of
broad-spectrum insecticides against H. halys have led to increased mortality of natural enemies and
ensuing outbreaks of secondary pests in the USA.

In its native range, H. halys populations are well regulated by natural enemies, including a
number of egg parasitoids in the genera Trissolcus (Hymenoptera: Platygastridae) and Anastatus
(Hymenoptera: Eupelmidae), with Trissolcus japonicus (Ashmead) being the most abundant species.
However, with the restricted access to exotic biological control agents due to the Nagoya protocol and
growing concern about non-target effects of exotic biological control agents, in the recent years,
research is focusing more on augmentative biological control using native natural enemies against
invasive pests.

In Europe, native scelionid species typically associated with other pentatomids attempt to
attack H. halys eggs, but are not able to complete development. As such, European Trissolcus and
Telenomus species are not promising candidate agents for biological control of H. halys. In contrast,
another European egg parasitoid, Anastatus bifasciatus (Geoffroy), is the species most commonly
found parasitizing H. halys eggs, and can complete its development on live H. halys eggs. This
polyphagous species has been reared from sentinel and natural field-collected H. halys eggs in several
European countries and is the most promising European biological control agent for H. halys. In this
PhD thesis | evaluated the potential of A. bifasciatus for augmentative biological control against the
brown marmorated stinkbug in Europe.

Investigations on the life history of A. bifasciatus, described in chapter 2, characterized the
parasitoid as a synovigenic species with a lifetime fecundity of fifty-two eggs over an average female
lifespan of three months. In northwestern Switzerland, it completes three generations and its
oviposition period overlaps with that of the pest. Development is possible on viable H. halys eggs of all
ages and eggs stored at -80°C for up to two years, which are promising results for a potential mass
rearing strategy.

In chapter 3, the host range of the polyphagous A. bifasciatus was examined, focusing on the
suitability of H. halys as a host in comparison to non-target host species. In no-choice experiments all
nine heteropteran and 14 out of 19 tested lepidopteran non-target species produced viable A.
bifasciatus offspring. The proportion of A. bifasciatus females producing offspring did not differ
between non-target and target for 19 out of the 28 non-target species. The results of this study
confirmed the polyphagous nature of A. bifasciatus and suggest that a number of non-target species,
including Lepidoptera of conservation interest, may be attacked in the field. Thus, non-target effects
following inundative releases of A. bifasciatus cannot entirely be ruled out.

Interspecific interactions with a second potential European biological control agent of H. halys,
Ooencyrtus telenomicida (Vassiliev) (Hymenoptera: Encyrtidae) were evaluated in chapter 4. Both
species readily oviposited in eggs containing eggs and early instar larvae of the competitor. Ooencyrtus
telenomicida offspring emergence from multiparasitized eggs was significantly lower than from rearing
controls, independent of the order of parasitization. Anastatus bifasciatus offspring emergence was
only influenced by the presence of O. telenomicida when it parasitized as the second species. These
results suggest that A. bifasciatus is the superior intrinsic competitor and no negative implications for
inundative biological control with A. bifasciatus are expected.



Abstract

To evaluate the efficacy against H. halys and non-target parasitism in the field, experimental
releases of A. bifasciatus were conducted over a period of three years in Swiss and lItalian fruit
orchards, described in chapter 5. Parasitism of sentinel H. halys eggs, measured by offspring
emergence, was recorded after all eight release events, but parasitism levels were low, averaging 7%.
Eggs of exemplary non-target species were parasitized similarly, confirming laboratoy results from
chapter 3. Impact on the target is assumed to be underestimated, because mortality induced by host
feeding and unemerged A. bifasciatus were not taken into account.

Addressing that issue in chapter 6, a PCR-based screening tool for Anastatus species was
developed and tested in terms of specificity and sensitivity, as well as application to field samples. Only
DNA of Anastatus species was amplified successfully, and 1 h old A. bifasciatus eggs could be detected
with 95% success. Screening sentinel field-exposed eggs from chapter 5 revealed that 14% of
unemerged H. halys eggs from parasitized egg masses contained A. bifasciatus, thereby confirming the
underestimation of parasitism.

With additional sentinel H. halys egg masses exposed in the southeast of Switzerland in 2017
and 2018, the first adventive populations of T. japonicus in Europe could be recorded in chapter 7. The
establishment of this promising classical biological control agent of H. halys might lead to a significant
decrease in pest populations in coming years. Until T. japonicus populations are high enough, an
integrated strategy to control H. halys in Europe might be most promising. This could combine attract-
and-kill methods, selective spraying of border rows, and if cost effective, inundative A. bifasciatus
releases during H. halys oviposition peaks.



Zusammenfassung

Die marmorierte Baumwanze, Halyomorpha halys (Stal) (Hemiptera: Pentatomidae), ist ein
herbivores Insekt aus China, Japan und Korea, das sowohl auf dem amerikanischen Kontinent als auch
in Europa invasiv vorkommt. In den USA hat H. halys massiven Schaden an einer Vielzahl von
Kulturpflanzen wie Apfel, Pfirsich, Mais und Bohnen verursacht. In Europa und Eurasien, insbesondere
in Norditalien und Westgeorgien, sind schwere Schaden im Birnenanbau und in Haselnussplantagen
aufgetreten. Die haufigen Applikationen von Breitbandinsektiziden zur Bekampfung der Wanze in den
USA haben dort zu erhéhter Mortalitat von natirlichen Feinden und, darauf folgend, Ausbriichen von
Sekundarschadlingen gefihrt.

In Asien werden die Eier der Wanze von Parasitoiden der Gattungen Trissolcus (Hymenoptera:
Scelionidae) und Anastatus (Hymenoptera: Eupelmidae) attackiert, was eine natdlrliche
Populationskontrolle darstellt. Trissolcus japonicus (Ashmead) ist die am haufigsten auf H. halys-Eiern
anzutreffende Art und demzufolge der vielversprechendste Kandidat fir klassische biologische
Kontrolle. Da allerdings der Zugang zu exotischen natiirlichen Feinden dank des Nagoya-Protokolles
zunehmend erschwert ist und Bedenken bezlglich Nichtzieleffekte durch die Einflihrung exotischer
nattrlicher Feinde in den letzten Jahren deutlich gestiegen sind, geht die Forschung mittlerweile in die
Richtung augmentiver biologischer Kontrolle mit einheimischen natirlichen Feinden gegen invasive
Arten.

In Europa attackieren mehrere Scelioniden-Arten H. halys-Eier, sind aber nicht in der Lage ihre
Larvalentwicklung auf lebensfahigen Wanzeneiern abzuschlieRen. Dementsprechend sind europaische
Trissolcus- und Telenomus-Arten fir die biologische Kontrolle von H. halys ungeeignet. Im Gegensatz
dazu ist Anastatus bifasciatus (Geoffroy), die am haufigsten auf europaischen H. halys-Eiern zu
findende Art. Sie wurde aus kiinstlich ausgebrachten und natirlichen H. halys-Eigelegen in mehreren
europaischen Landern geziichtet und ist in der Lage sich auf frischen Wanzeneiern zu entwickeln.
Anastatus bifasciatus ist demnach die vielversprechendste Art fiir den biologischen Pflanzenschutz von
H. halys in Europa. Fiir die vorliegende Doktorarbeit habe ich das Potential dieses Parasitoiden fiir die
augmentative biologische Kontrolle der marmorierten Baumwanze in Europa untersucht.

Untersuchungen zur Biologie und Phanologie von A. bifasciatus sind in Kapitel 2 beschrieben
und charakterisieren A. bifasciatus als synovigenen Parasitoiden, der im Durchschnitt iber seine
dreieinhalb Monate Lebenszeit 52 Eier legt. In der Nordwestschweiz kann A. bifasciatus drei
Generationen vollenden und seine Ovipositionsperiode lberlappt mit der von H. halys. Der Parasitoid
kann sich auf H. halys-Eiern jedweden Alters — bis zum Schlupf der Nymphen, und auf Eiern, die fir bis
zu zwei Jahre bei -80°C gelagert wurden entwickeln, was vielversprechend fiir eine Massenzucht ist.

In Kapitel 3 wird das Wirtsspektrum des polyphagen Parasitoiden ndher untersucht, mit Fokus
auf der Eignung von H. halys als Wirt im Vergleich zu Nichtzielarten. In Laborexperimenten war A.
bifasciatus in der Lage, in Eier von allen neun Wanzen- und 14 von 19 getesteten Lepidopterenarten
Nachwuchs zu produzieren. Die Proportion von A. bifasciatus-Weibchen, die Nachwuchs produzierten
war gleich in Nichtzielarten und der jeweiligen H. halys-Kontrolle fiir 19 der 28 getesteten
Nichtzielarten. Diese Ergebnisse bestdtigen die polyphage Veranlagung des Parasitoiden und geben
Hinweise darauf, dass Nichtzielarten, u.a. auch Lepidopteren, welche unter Naturschutz stehen, im
Feld attackiert werden. Dementsprechend koénnen Nichtzieleffekte wvon A. bifasciatus-
Massenfreisetzungen nicht ausgeschlossen werden.

Interspezifische Interaktionen zwischen A. bifasciatus und einem weiteren potentiellen
europdischen  biologischen Pflanzenschutzkandidaten, Ooencyrtus telenomicida (Vassiliev)
(Hymenoptera: Encyrtidae) wurden in Kapitel 4 naher betrachtet. Beide Arten parasitierten H. halys-
Eier, die bereits Eier und Junglarven der jeweils anderen Art enthielten. Die Nachwuchsproduktion von
Ooencyrtus telenomicida war signifikant niedriger aus multiparasitierten H. halys-Eiern als aus den



Zusammenfassung

Zuchtkontrollen mit unparasitierten Wirtseiern, unabhangig von der Reihenfolge der Parasitierung.
Anastatus bifasciatus hingegen war nur negativ durch die Prasenz des Konkurrenten beeintrachtigt,
wenn sie als zweite Art parasitiert hatte. Diese Ergebnisse legen nahe, dass es sich bei A. biasciatus um
den Uberlegenen intrinsischen Konkurrenten handelt. Fiir die biologische Kontrolle mit A. bifasciatus
werden keine negativen Effekte erwartet.

Um die Effizienz von A. bifasciatus gegen H. halys zu testen und potentielle Parasitierung von
Nichtzielarten im Feld festzustellen, wurden (ber drei Jahre experimentelle Massenfreisetzungen in
Schweizer und Italienischen Obstanlagen durchgefiihrt, welche in Kapitel 5 ndher beschrieben sind.
Parasitierung von kiinstlich ausgebrachten H. halys-Eiern wurde mittels Parasitoidennachwuchs
ermittelt und konnte nach allen acht Freilassungen erfasst werden. Allerdings waren
Parasitierungswerte mit durchschnittlich 7% gering, und die verwendeten Beispiel-Nichtzielarten
waren ahnlich hoch parasitiert, was die Laborergebnisse aus Kapitel 3 bestatigt. Es wird vermutet, dass
die Kontrolleffizienz von H. halys-Eiern durch A. bifasciatus unterschatzt wird, da die Mortalitat, welche
durch das haufige Aufnehmen von Wirtsmaterial durch das adulte Parasitoidenweibchen auftritt, und
die Mortalitat durch Parasitoidennachwuchs, welcher vor dem Schlupf verendet ist, nicht mit in die
Berechnungen miteinbezogen worden sind.

Dieser Aspekt wurde in Kapitel 6 aufgegriffen, in dem eine PCR-basierte Methode zur
Identifizierung von Anastatus-Arten entwickelt und beziglich Spezifitat, Sensitivitdt und Anwendung
auf Feldproben getested wurde. Nur DNS von drei Anastatus-Arten wurde erfolgreich amplifiziert. Eine
Stunde alte A. biasciatus-Eier wurden mit 95% Erfolg nachgewiesen. In 14% der H. halys-Eier aus
parasitierten Eigelegen eines Freisetzungsversuchs aus Kapitel 5 konnte A. bifasciatus-DNS detektiert
werden, was die Hypothese, dass die durch A. bifasciatus induzierte Wirtsmortalitdt unterschatzt
wurde bestatigt.

Zusatzlich 2017 und 2018 in der Siidostschweiz ausgebrachte H. halys-Eigelege konnten den
ersten Nachweis von T. japonicus-Populationen in Europa erbringen (Kapitel 7). Dass der asiatische
Parasitoid bereits in der Schweiz etabliert ist, lasst hoffen, dass die H. halys-Populationen in den
kommenden Jahren schrumpfen werden. Bis T. japonicus die notigen Populationsdichten erreicht hat,
konnte eine integrierte Strategie am sinnvollsten sein. Diese kdnnte ,attract-and-kill“-Methoden,
selektive Insektizidapplikationen von Randreihen und, falls es sich als kosteneffektiv herausstellt,
Massenfreisetzungen von A. bifasciatus zu Spitzeneiablagezeiten von H. halys beinhalten.
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1 General introduction

1.1 Invasive species

The number of invasive species, measured by the annual first records of alien species in a
region in which the species has later become established, has been increasing in the last 200 years and
this trend seems to continue (Seebens et al. 2017). For this thesis, the term invasive species shall be
defined as non-native or alien species whose high reproductive success and/or spread have negative
implications for the functioning of ecosystems (Simberloff et al. 2013), human health (Pysek and
Richardson 2006), or the economy (Kettunen et al. 2009). The increase of invasive species can be
attributed to growing trade and human mobility (Hulme 2009). In addition, changes in land use
facilitate the establishment of alien species (Pauchard and Alaback 2004). Even though the number of
potential invasive species is limited, new source pools become available by a change in trade partners
and routes as well as a change in the environment by land use and climatic conditions and a large

number of species may still become invasive in the future (Seebens et al. 2018).

For future predictions, identifying factors that facilitate invasion success is crucial, but these
seem to be dependent on the combination of invading species and invaded community (Sakai et al.
2001, Richardson and Pysek 2006). Some traits of invading species such as phenotypic plasticity, short
generation time and high growth rates, and some traits of the invaded community such as community
immaturity, low relative competitive abilities of native species and niche opportunity, have been
shown to be advantageous for invasion (Lonsdale 1999, Kolar and Lodge 2001, Roy et al. 2011).
Regulations to slow the spread of introduced alien species are implemented increasingly but face the
problem that many of these species were either not known as pests in their area of origin or not even
known to science (Seebens et al. 2017). The immense impact of invasive species in their invaded areas
might be explained by the ‘enemy release hypothesis’ (ERH) (Williamson 1996). This theory explains
the invasion success of a species with the reduced impact of natural enemies in the invaded area,
leading to a shift of energy allocation from defense to reproduction and growth, giving the invaders a
competitive advantage against native species with their respective intact natural enemy complexes,
and consequently resulting in an increase in distribution and abundance of the alien species (Keane
and Crawley 2002, Roy et al. 2011). One of the key assumptions of the ERH is that in the native range
of an invasive species its population size is regulated by natural enemies (Roy et al. 2011), which is also

assumed for the invasive species of interest in this thesis, the brown marmorated stink bug.



1 General introduction

1.2 The invasive brown marmorated stink bug: invasion history, biology and
damage

The brown marmorated stink bug (BMSB), Halyomorpha halys (Stal) (Hemiptera:
Pentatomidae) (Figure 1), is an herbivorous insect that originates from China, Japan and Korea, where
occasional outbreaks of H. halys cause damage to a variety of plants (Yanagi and Hagihara 1980).
Halyomorpha halys has invaded both the American continent and Europe (Haye et al. 2015, Rice et al.
2014), and its impact in these regions has recently been reviewed by Leskey and Nielsen (2018). High
haplotype diversity in Europe indicates several separate introductions from Asia as well as secondary
introductions from the USA (Gariepy et al. 2015). Overwintering adults are easily transported with
cargo or personal luggage (Hoebeke and Carter 2003) and have been frequently intercepted at the
border of areas that have not yet been invaded, such as Australia (Walker 2009), New Zealand (Duthie

2012), and Great Britain (Tim Haye personal communication).

Before migrating to agricultural
land, H. halys generally stays in the urban
centers it arrived in, builds up its population
and becomes noticeable as a nuisance pest
due to its overwintering behavior. In
autumn, males emit an aggregation
pheromone that leads to clusters of H.
halys, which then move to suitable
overwintering  sites, mainly human
structures such as sheds or houses
(Khrimian et al. 2014, Watanabe et al.

1994). In spring, the stink bugs leave their

hibernations sites, start maturation feeding

Figure 1 Halyomorpha halys adult and mate a few weeks later (Haye et al.
(Photo: Tim Haye) o o )

2014a). Oviposition begins in May (Tim Haye
observations 2018) or June, depending mainly on ambient temperature (Haye et al. 2014a). Egg masses
of mostly 28 eggs are laid on the underside of host plants (Nielsen et al. 2008, Takahashi 1930). The
hatching nymphs undergo five instars. While the first instar nymphs mainly stay around the empty egg
mass to ingest the symbiotic microorganisms the mother transferred with the eggs, the successive

instars are highly mobile and feed like the adults on leaves, shoots and especially maturing fruits of

their host plants (Nielsen and Hamilton 2009, Lee et al. 2014, Taylor et al. 2014).
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Halyomorpha halys is a highly polyphagous species that has been recorded from a total of 106 host
plants in 45 families in its native range (reviewed in Lee at al. 2013). In the invaded regions in North
America and Europe its host range includes more than 170 and 50 plant species, respectively (Bernon
2004, Haye et al. 2014b, Leskey and Nielsen 2018). In North America, where H. halys was first
discovered in the mid-1990s (Hoebeke and Carter 2003), damage has been observed in fruit crops
(peaches and apples), row crops (soybeans, corn) and vegetables (green beans, peppers, tomatoes)
(Kuhar et al. 2012, Leskey et al. 2012a, b, Nielsen and Hamilton 2009) with economic losses of more
than $37 Mio. alone in the apple production of the mid-Atlantic states in 2010 (Leskey et al. 2012a). In
Europe, where H. halys is now reported from over ten countries and the Eurasian Georgia, especially

pears, apples and hazelnuts have been attacked (Bosco et al. 2017, Maistrello et al. 2017).

1.3 Control methods for the brown marmorated stink bug

Current control efforts mainly include chemical control with insecticides, mass trapping using
pheromones (‘attract and kill’) and biological control. Initially, insecticides registered for native stink
bugs in the USA were applied, but applications increased manifold in infested apple and peach
orchards in the mid-Atlantic region, interrupted established IPM programs and often failed to show
the desired effects (Leskey et al. 2012a). Instead, ‘knockdown and recovery’ effects were observed
when H. halys adults were treated with broad-spectrum insecticides such as pyrethroids and
neonicotinoids (Lee et al. 2013a, Leskey et al. 2012c). Now, effective insecticides have been identified
but the necessary frequent applications have led to increased mortality of natural enemies and ensuing
outbreaks of secondary pests such as San Jose scale Comstockaspis perniciosus (Comstock), woolly
apple aphid Eriosoma lanigerum Hausmann, and European red mite Panonychus ulmi (Koch) (Leskey

et al. 2012b, Short et al. 2017).

Traps are mainly used as monitoring tools. A number of different trap designs with varying
shapes, sizes and colours have been developed and are summarized in Rice et al. (2017) but black
pyramid traps are considered most effective (Leskey et al. 2012d, Rice et al. 2017). Equipped with a
blend of the aggregation pheromone of H. halys and the closely related oriental stink bug Plautia stali
Scott (Hemiptera: Pentatomidae) (Tada et al. 20014, b, Lee et al. 2002, Khrimian et al. 2014) as well as
an insecticide strip, the traps are an efficient monitoring tool for the whole growing season (Leskey et
al 2015, Morrison et al. 2015, Rice et al. 2017). Adding a light source to the pyramid trap can enhance

trapping success mid-season (Rice et al. 2017).
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Recently, effective ‘attract-and-kill’ strategies (Morrison et al. 2015, 2018) and insecticide-
treated nets have been developed (Sabbatini Peverieri et al. 2018a, b). ‘Attract-and-kill’ for H. halys
involves trees baited with pheromones that are treated regularly with insecticides (Morrison et al.
2015). It has been tested in North American apple orchards and shown to successfully reduce low to
moderate H. halys populations with a reduction of the pesticide-treated area of 97% (Morrison et al.
2018). Consequently, neither natural enemies nor secondary pests were affected by the insecticide

treatments (Morrison et al. 2018).

Control options for organic fruit production are still very limited and thus, there is an urgent need for

environmentally friendly solutions, such as biological control.

1.4 The concept of biological control

Biological control is defined as a method to reduce pest populations and the resulting damage
with natural enemies (Hoy 2008). For insect pests, these natural enemies can be microbials
(nemadotes, fungi, bacteria) or macrobials (predators, parasitoids) (Hoy 2008). While predators are
generally larger in size than their prey and consume more than one prey in their lifetime, parasitoids
resemble predators in that they kill their host, and parasites in that they only need one host to
complete their development (Godfray 1994). The majority of parasitoids belong to the Hymenoptera,
but there are also dipteran and coleopteran parasitoids (Grenier 1988, Weber et al. 2008). Parasitoids
can be subdivided into guilds (Mills 1994) that define the host stage the parasitoids attack (egg, larval,
pupal, and adult parasitoids) and their developmental strategies: they either live in (endoparasitoids),
or on (ectoparasitoids) their host, which is either killed or paralyzed immediately after parasitoid
oviposition (idiobiont) or continues its growth and/or development (koinobiont). They are further
divided into parasitoids can complete development on one host individually (solitary) or as a group

(gregarious) (Ode and Rosenheim 1998).

Conservation biological control aims for natural pest control without interventions by
manipulating habitats to favor natural enemies or reduce negative impacts of pesticides on natural
enemy communities (Heimpel and Mills 2017). Interventions in the form of parasitoid releases are
applied in classical and augmentative biological control. Classical biological control is the main
biocontrol strategy for invasive species. It consists of the import, release and establishment of natural
enemies normally from the native range of the invasive pest (Hoy 2008). Since classical biological
control programs are planned introductions of exotic insects, concerns regarding non-target effects of

the introduced biocontrol agents have led to the development of risk assessment procedures that are

4



1 General introduction

necessary to apply before any releases can take place (Bigler et al. 2006, Barratt et al. 2010, van

Lenteren et al. 2006).

Augmentative biological control involves releases of natural enemies that can be inundative
(parasitoids are effectively used like pesticides, with high numbers several times over the growing
season; immediate pest control is achieved by the generation of natural enemies released) or
inoculative (parasitoids are released usually once at the beginning of the season in comparatively low
numbers and expected to increase their population within the season; multiplication is necessary for
successful pest control) (Heimpel and Mills 2017). To date, augmentation has rarely been applied to
control invasive species, since natural enemies that co-evolved with the pest, like those used in
classical biological control, are considered more efficient and specific. The ‘new association’ theory
guestions this hypothesis, arguing that natural enemies that did not co-evolve with the pest are more
likely to be successful due to lacking defensive strategies of their newly associated hosts (Hokkanen
and Pimentel 1984). Generally, the term ‘new association’ biological control is used for controlling a
native pest with an exotic biological control agent. With the implementations of the Nagoya protocol
indigenous natural enemies are now increasingly being used for augmentative releases against invasive
pests such as e.g., the generalist predators Nesidiocoris tenuis (Reuter) and Macrolophos pygmaeus
Rambur (Hemiptera: Miridae) as well as native parasitoids against the South American tomato
pinworm Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) in Southern European greenhouses
(Molla et al. 2013, Zappala et al. 2012). Even in the field, augmentative biological control with native
natural enemies is now considered against invasive species, such as the spotted wing drosophila

Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) (Chabert et al. 2013, Stacconi et al. 2013).

1.5 Biological control of the brown marmorated stink bug

In its native range, H. halys populations are well regulated by natural enemies, including a
number of egg parasitoids in the genera Trissolcus (Hymenoptera: Platygastridae) and Anastatus
(Hymenoptera: Eupelmidae), with Trissolcus japonicus (Ashmead) being the most abundant species
(Lee et al. 2013b, Yang et al. 2009, Zhang et al. 2017). Subsequently, T. japonicus has been considered
for classical biological control in areas invaded by H. halys, but adventive populations were found in
North America before risk assessments were completed, presenting regulatory agencies with a
challenge (Talamas et al. 2015). In laboratory no-choice tests, T. japonicus attacked seven out of ten
native North American Pentatomidae (Hedstrom et al. 2017), and in its native range in China, several
non-target hosts were attacked not only in the laboratory but also in the field (Zhang et al. 2017). In
Europe, host specificity tests are ongoing, but preliminary results confirm observations in North
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America and China that T. japonicus has a broader host range and that non-target effects seem possible

(Haye et al., unpublished data).

With the restricted access to exotic biological control agents due to the Nagoya protocol (Cock
et al. 2010) and growing concern about non-target effects of exotic biological control agents, in the
recent years, research is focusing more on augmentative biological control using native natural
enemies against invasive pests. Indigenous parasitoids that attack an exotic host are typically generalist
idiobionts, because their strategy to kill or paralyze the host immediately allows them to operate
independently of the immune system of the host. Consequently, adopting new hosts poses fewer
challenges for them than for koinobiont parasitoids (Askew and Shaw 1986, Zappala et. al 2012).
Surveys looking for native egg parasitoids that have adopted H. halys as a new host have been
conducted in Europe and North America (Abram et al. 2017). A number of Trissolcus species were
found to attack H. halys but failed to develop in viable eggs (Haye et al. 2015). Thereby, the invasive
stink bug serves as an ‘evolutionary trap’ for these European Trissolcus species (Abram et al. 2014).
Only recently, a European species, T. kozlovi, capable of developing in viable H. halys eggs, was
recorded from Italy (Moraglio et al. unpublished), but further tests are needed to investigate its
potential for biological control of H. halys. In addition, a second species from another group,
Ooencyrtus telenomicida (Vassiliev) (Hymenoptera: Encyrtidae) was found in Italy (Roversi et al. 2016)
and is currently being tested in field release trials. The only species known at the beginning of the
present study and still the most promising European candidate for augmentative biological control is,
however, a third species: Anastatus bifasciatus (Geoffroy) (Hymenoptera: Eupelmidae) (Figure 2). To
date, this widespread species is the only European egg parasitoid that has been collected from both

sentinel and natural H. halys eggs in Italy and Switzerland (Haye et al. 2015, Costi et al. 2018).

1.6 Anastatus bifasciatus as a potential biological control agent

Despite being the most common natural enemy of H. halys in Europe, little is known about the
Palearctic A. bifasciatus (Noyes 2014). Typical for many native parasitoids attacking exotic hosts
(zappala et al. 2012), parasitism of H. halys eggs by A. bifasciatus is generally low. In Southern
Switzerland (Canton Valais) parasitism levels of sentinel frozen H. hays eggs did not exceed 0.5%,
whereas in northern Italy parasitism levels ranged from 1 to 3% in agroecosystems and urban
environments, respectively (Costi et al. 2018). However, the fact that A. bifasciatus is often the only
species continuously recovered from H. halys eggs in Europe can be seen as an argument for a
conservation or augmentative biological control approach (Costi et al. 2018). An augmentative

biological control program using A. bifasciatus to reduce H. halys populations in European fruit
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orchards could follow either an inundative or an inoculative approach. Independent of the choice of
approach, for a successful biological control program four aspects that need to be clarified have been
postulated by Smith (1996) for the commonly used egg parasitoid Trichogramma (Hymenoptera:
Trichogrammatidae): the most suitable species or strain must be selected, a mass rearing system
developed, the parasitoids distributed, and a strategy for field releases implemented (e.g. Tang et al.
2017). Species or strain selection should follow the assessment of life history traits like fecundity,
longevity, development, sex ratio, and host preference (Smith 1996). These parameters are highly
relevant for the development of an appropriate biological control strategy for any specific natural

enemy-pest system.

Figure 2 Anastatus bifasciatus female on Dendrolimus pini eggs (Photo: Tim Haye)

The safety of classical biological control using invertebrates, particularly potential negative
impacts on non-target species, has been discussed primarily in the context of classical biological control
(Bigler et al. 2006, Barratt et al. 2010), but an extensive literature study by Lynch et al. (2001) revealed
that far more inundative than classical biological control releases have led to population level effects
on non-target species. However, their focus was primarily on exotic biological control agents, whereas
inundative releases typically involve native natural enemies. Using native natural enemies such as A.
bifasciatus instead of exotic ones reduces the potential risks of biological control considerably, since

the agents are already naturally present. However, continuous inundative releases of native generalist
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biological control agents can also lead to non-target effects due to overflow into adjacent habitats (van
Lenteren and Loomans 2006) and thus, endangered and beneficial species within those habitats could
be at risk. Inundative releases of native parasitoids could further facilitate apparent competition
between the native and exotic host sharing the same natural enemies (Holt 1977, Holt and Bonsall
2017). Host specificity is considered key to safety in biological control (Nechols et al. 1992) and in the
context of A. bifasciatus, this can refer to the species host range, broadly defined as the set of species
that can support development of the parasitoid (Strand and Obrycki, 1996). Anastatus bifasciatus has
mainly been reported as parasitoid of lepidopteran tree pests like pine and oak processionary moths
(Thametopoea pityocampa Den. and Schiff and T. processionea L. (Lepidoptera: Notodontidae) (e.g.
Avci 2000, Tiberi et al. 1990), but in total, its known host range comprises more than 30 species in the
orders Lepidoptera and Hemiptera (compiled by Noyes 2014), characterizing A. bifasciatus as a

generalist parasitoid.

If potential risks associated with mass releases of A. bifasciatus are considered acceptable, in
a next step, a release strategy would need to be developed, addressing factors including the type
(inundative or inoculative), timing and method of releases. Ideally, this strategy should be based on
data from laboratory experiments, investigating the parasitoid’s general biology, which is then tested
under field conditions. Even though apple is not the best host plant for H. halys concerning nutritional
status of adult stink bugs and number of produced eggs (Funayama 2004), damage in apple alone in
the mid-Atlantic states of the USA in 2010 has led to more than 90% harvest loss for individual growers
(American/Western Fruit Grower 2011, Leskey and Hamilton 2010). Since in Switzerland, fruit
production is dominated by apple cultivation, which is grown on more than 4,000 ha (Bravin et al.
2012), and both A. bifasciatus and H. halys prefer tree habitats, Swiss apple orchards may be

considered a good option for experimental field releases.

1.7 Thesis objectives

In this PhD thesis | evaluated the potential of the native European egg parasitoid A. bifasciatus
for augmentative biological control against the invasive brown marmorated stinkbug, H. halys, in
Europe. To address the objective of my thesis several aspects were examined: the life history of A.
bifasciatus (chapter 2); the host range of A. bifasciatus and the suitability of H. halys in comparison to
non-target species to assess potential risks associated with mass releases of A. bifasciatus (chapter 3);
the intrinsic competition between A. bifasciatus and O. telenomicida, another potential European
biological control considered for augmentation biological control of H. halys (chapter 4); the efficacy

of A. bifasciatus against H. halys and potential non-target parasitism in Swiss and Italian fruit orchards
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after experimental field releases (chapter 5); and the development and evaluation of a molecular
marker for A. bifasciatus as a tool to better assess field parasitism (chapter 6). In addition, | report on

the first discovery of adventive T. japonicus populations in Europe (chapter 7).
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2 Life history of Anastatus bifasciatus
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Abstract

Anastatus bifasciatus (Geoffroy) (Hymenoptera: Eupelmidae) is the most widespread native
egg parasitoid of the invasive agricultural pest Halyomorpha halys (Stal) (Hemiptera: Pentatomidae) in
Europe and considered as promising candidate for augmentative biological control. In this context, the
parasitoid’s reproductive parameters, longevity, phenology, and temperature requirements for
development were studied. In addition, the potential of using stored frozen H. halys eggs for mass
production was investigated. In northwestern Switzerland, A. bifasciatus was able to complete three
overlapping generations between June and October, which covers the entire oviposition period of its
host. After an average pre-oviposition period of 11.9 days the mean potential lifetime fecundity of A.
bifasciatus females was 52 eggs over an average oviposition period of 46 days. The number of H. halys
eggs killed by either oviposition or host feeding was nearly the same. Females provided only with
honey water lived on average 97.5 days. Development from egg to adult was possible from 15°C to
32°C, the lowest developmental time (15.9 days) being at 30°C. Halyomorpha halys eggs of all ages
yielded parasitoid offspring, but offspring emergence decreased with increasing age. Eggs stored up to
24 months at -80°C were still suitable for parasitoid development. The wealth of information obtained
on the life history of A. bifasciatus should be highly relevant to develop a release strategy of this

parasitoid against its host, H. halys.
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Abstract

The brown marmorated stink bug, Halyomorpha halys (Stal) (Hemiptera: Pentatomidae), has
been causing massive damage to various fruit and vegetable crops after its arrival in the US, and more
recently in Europe. To provide an alternative control measure to pesticides, the native egg parasitoid
Anastatus bifasciatus (Geoffroy) (Hymenoptera: Eupelmidae) was considered as a candidate biological
control agent for inundative releases in Europe. In the risk assessment study presented here, all nine
heteropteran and 14 out of 19 tested lepidopteran non-target species produced viable A. bifasciatus
offspring. The proportion of A. bifasciatus females producing offspring did not differ between non-
target and target for 19 out of the 28 non-target species. Larger host eggs corresponded to increased
female biased sex ratio of the offspring as well as an increase in size, particularly for females, with hind
tibia lengths varying from 645.5 + 46 um to 1084 + 28.5 um. Larger females were also found to have
higher offspring production and increased life expectancy. The results of this study confirmed the
polyphagous nature of A. bifasciatus and suggest that a number of non-target species, including
Lepidoptera of conservation interest, may be attacked in the field. Thus, non-target effects cannot
entirely be ruled out, but more information is needed from semi-field and field studies to fully assess

potential environmental risks due to inundative releases of this native parasitoid.
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4 Intrinsic competition between two European egg parasitoids of
the brown marmorated stink bug

Abstract

Competition amongst parasitoids can influence species coexistence and community structure.
Following the accidental introduction and spread of the invasive polyphagous agricultural pest
Halyormopha halys (Stal) (Hemiptera: Pentatomidae), the two European egg parasitoids Anastatus
bifasciatus (Geoffroy) (Hymenoptera: Eupelmidae) and Ooencyrtus telenomicida (Vassiliev)
(Hymenoptera: Encyrtidae) are being investigated for inundative biological control. Both are superior
intrinsic (larval) competitors when competing with Trissolcus species (Hymenoptera: Scelionidae) and
the outcome of intrinsic competition between the two biological control candidates is difficult to
predict. The oviposition of one parasitoid species into H. halys eggs previously parasitized by the other
species and emergence from multiparasitized eggs was investigated with a time-course development
study. Both species readily oviposited in eggs containing eggs and early instar larvae of the competitor,
but oviposition decreased when eggs contained late instar larvae and pupae. Ooencyrtus telenomicida
offspring emergence from multiparasitized eggs was significantly lower than from rearing controls,
independent of the order of parasitization. Anastatus bifasciatus offspring emergence was not
influenced by the presence of O. telenomicida when it parasitized as the first species, but emergence
was decreased after oviposition in eggs containing O. telenomicida larvae and pupae. There was no
indication that O. telenomicida can act as a facultative hyperparasitoid of A. bifasciatus. These results
suggest that A. bifasciatus is the superior intrinsic competitor and no negative implications for

inundative biological control with A. bifasciatus are expected.

4.1 Introduction

Competition amongst parasitoids can influence species coexistence and community structure
(Godfray 1994). Egg parasitoids sharing one host compete extrinsically, on an adult level, and
intrinsically, as larvae within the same host egg (Zwélfer 1971, 1979, Cusumano et al. 2012a). Extrinsic
competition can be indirect such as during host finding, or direct such as contesting female wasps

(Cusumano et al. 2016). In intrinsic competition, a distinction is made between supernumeraries of the



4 Intrinsic competition between two European egg parasitoids of the brown marmorated stink bug

same parasitoid species (superparasitism; intraspecific competition) and of different species
(multiparasitism; interspecific competition) (Fisher 1961). For biological control, increased diversity of

natural enemies can have null, additive, antagonistic or synergistic effects (Casula et al. 2006).

Interspecific competition between parasitoid species is common and concerns about potential
negative implications for biological control programs were raised as early as 1918 when four
introduced parasitoid species for the biological control of the Mediterranean fruit fly Ceratitis capitata
(Wiedemann) (Diptera: Tephritidae) in Hawaii were being investigated (Pemberton and Willard 1918).
On the other hand, if no antagonistic effects occur, combined releases can be an effective biological
control strategy, as demonstrated for the silverleaf whitefly Bemisia tabaci (Gennadius) (Homoptera:

Aleyrodidae) (Bogran et al. 2002, Heinz and Nelson 1996).

Many egg parasitoids in the genera Anastatus Motschulsky (Hymenoptera: Eupelmidae) and
Ooencyrtus Ashmead (Hymenoptera: Encyrtidae) are highly polyphagous, attacking both lepidopteran
and hemipteran hosts, and sometimes even share the same hosts. As a result, species from both
genera have been used as biological control agents against the same pests, e.g. A. japonicus Ashmead,
O. corbetti Ferriere and O. phongi Trjapitzin, Myartseva & Kostjukov against the litchi stink bug,
Tessaratoma papillosa Drury (Hemiptera: Pentatomidae) (Hirose 1964, Nanta 1988, Halperin 1990, Liu
et al. 2000) or A. japonicus and O. kuvanae Howard against the gypsy moth, Lymantria dispar L.

(Lepidoptera: Erebidae) (Parker 1933).

In Europe, species from both genera, Anastatus bifasciatus (Geoffroy) and O. telenomicida
(Vassiliev), have been reared from sentinel eggs of the invasive Asian brown marmorated stinkbug,
Halyomorpha halys (Stal) (Hemiptera: Pentatomidae) (Haye et al. 2015, Roversi et al. 2016, Costi et al.
2018), which was first introduced into Switzerland in the early 2000s (Wermelinger et al. 2008) and
has since spread into more than 10 European countries (Haye et al. 2014). In the past couple of years,
the highly polyphagous H. halys has become a key pest of fruit crops and hazelnut in Italy and Georgia
(Bosco et al. 2017, Maistrello et al., 2017). Consequently, investigation on inundative uses of A.
bifasciatus and O. telenomicida against H. halys has been initiated in Europe. The outcome of
inundative releases will highly depend on the host searching behavior (Rodondi et al. 2017) and
parasitism capacity of both species, but also on their ability to succeed in interspecific competition.
Competitive situations may arise between species if both parasitoids are mass released simultaneously

against H. halys in European fruit orchards, or where both species naturally co-occur.

In earlier studies investigating the competition of A. bifasciatus and O. telenomicida with Asian
and European Trissolcus Ashmead species (Hympenoptera: Platygastridae), it was demonstrated that

both species were superior intrinsic (larval) competitors (Cusumano et al. 2011, Konopka et al. 2017).
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Since both are strongly synovigenic and have a similar life history, it remains difficult to predict the

outcome of competition between the two species (Cusumano et al. 2012b, Stahl et al. 2018a).

In this paper, we investigated the intrinsic competition between the two European egg
parasitoids A. bifasciatus and O. telenomicida to address the following questions: (1) Do A. bifasciatus
and O. telenomicida females accept eggs previously parasitized by the other species?; (2) Are
previously parasitized eggs suitable for development of either species?; (3) Is the outcome of the larval
competition dependent on the order of parasitization?; (4) What are the implications for inundative

biological control?

4.2 Material and methods
4.2.1 Insect rearing

4.2.1.1 Hosts

A colony of H. halys was established in 2012 from individuals collected in Zurich and Basel,
Switzerland. Groups of 50 adults were kept in plastic cages (‘BugDorm-4090 Insect Rearing Cage 47.5
x 47.5 x 47.5 cm’, MegaView Science Co. Ltd., Taichung, Taiwan) at 26°C, 70% RH, and a 16L:8D
photoperiod. Adults and nymphs were fed twice a week with a diet of corn, beans, apples, peanuts
and carrots. Fresh branches of cherry trees (Prunus avium L.), tree of heaven (Ailanthus altissima (Mill.)
Swingle), common ash (Sorbus aucuparia L.), or common ivy (Hedera helix L.) were offered as
additional food source and oviposition substrate. Folded pieces of black mesh (separation fleece for
pots, Windhager AG, Hinenberg, Switzerland) placed at the bottom of the cages served as additional

oviposition substrate. Egg masses were collected on a daily basis and used for the competition assays.

A colony of Nezara viridula L. (Hemiptera: Pentatomidae) was established from individuals
collected at various places in the Canton of Ticino, Switzerland in 2017 and used for rearing O.
telenomicida. Both nymphs and adults were reared on corn, beans and potted cabbages in the same

type of cages and under the same conditions as H. halys.

A colony of Dendrolimus pini L. (Lepidoptera: Lasiocampidae) was established in 2016 from
commercially obtained eggs collected at Slatinany, Czech Republic. The caterpillars were reared in the
same cages as described above and provided with fresh pine branches twice a week. Newly emerged
moths were provided with pine branches as oviposition substrate and eggs were collected on a daily

basis to maintain the A. bifasciatus colony.
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4, 2.1.2 Parasitoids

A colony of A. bifasciatus was established in 2013 from sentinel H. halys egg masses exposed
in the Canton of Valais, Switzerland (Haye et al. 2015) and specimens from the original colony were
identified by Lucian Fusu (Alexandru loan Cuza University, lasi, Romania). Freshly emerged A.
bifasciatus adults were collected daily and transferred to 100 x 115 mm mesh-top cylindrical plastic
containers placed above a 90 x 20 mm Petri dish filled with honey water solution. The container and
the Petri dish were connected through two cotton wicks and stored in an incubator set at a light /
temperature cycle of L 16h / 20°C and D 8h / 15°C. Every second day the honey water solution was
exchanged, and new drops of honey added to the mesh to of the container. Seven days after
emergence, fresh (< 24 h) D. pini eggs glued onto cardboard pieces were placed on the bottom of the
container and replaced every second day. Parasitized D. pini eggs were kept at 26°C, 70% RH, and a
16L:8D photoperiod.

A colony of O. telenomicida was originally established in 2008 from N. viridula sentinel egg
masses placed in tomato fields around Palermo, Italy. Freshly emerged O. telenomicida adults were
collected daily and transferred to plastic tubes (7 cm height and 2.5 cm diameter) plugged with a
sponge and kept in an incubator set at a light / temperature cycle of L 16h / 20°C and D 8h / 15°C.
Adults were fed with honey droplets and provided with fresh N. viridula egg masses every second day.

Parasitized N. viridula eggs were kept at 26°C, 70% RH, and a 16L:8D photoperiod.

4.2.2 Time-course development study

Randomly selected A. bifasciatus females (naive, mated, 7 days old) were offered single fresh
(< 24 h) H. halys eggs, which were glued individually on 1 cm x 1 cm black cardboard pieces with
‘Cementit’ (merz+benteli AG, Niederwangen, Switzerland) and placed in plastic Petri dishes (5 x 1 cm).
All assays were carried out at 26°C, 70% RH, and a 16L:8D photoperiod. Individual H. halys eggs were
offered instead of egg masses to increase the probability of A. bifasciatus oviposition and to avoid that
A. bifasciatus females use approximately half of the eggs exclusively for host feeding but not for
oviposition (Konopka et al. 2017, Stahl et al. 2018a). Females were observed for a maximum of three
hours until probing. Females that had probed the H. halys egg were removed once they had left the
egg for at least fifteen minutes. An egg was counted as ‘probed’ when females had inserted their
ovipositor into the egg. Since A. bifasciatus females do not mark parasitized host eggs, successful
oviposition was measured indirectly by keeping a proportion of the probed eggs as rearing control (n

= 65) or destructively by dissections (n = 180).
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Ooencyrtus telenomicida females (naive, mated, 7 days old) were provided with single eggs
that were attacked by A. bifasciatus 0 h, 1, 2, 3, 4, 5, 9 or 14 days earlier. In preliminary tests, O.
telenomicida showed a similar behavior as A. bifasciatus with alternating ‘drilling’ and ‘host feeding’,
but very little oviposition within the first seven hours of observation. Consequently, instead of
observing O. telenomicida females during egg exposure, H. halys eggs were checked for parasitism
after 24 h. In contrast to A. bifasciatus, eggs parasitized by O. telenomicida can easily be recognized
without dissections by the respiratory egg stalk (one per egg) protruding from the host egg chorion
(Takasu and Hirose 1988). Single unparasitized H. halys eggs (< 24 h) were offered in parallel to the
competition trials to individual O. telenomicida females (n = 210) as controls to test developmental
outcomes in absence of competitors. In addition, fresh H. halys eggs (n = 125) were kept as quality
control of the host eggs. Since the sequence of parasitoids attacking the eggs may influence the
outcome of the intrinsic competition, the entire experiment was repeated in reverse order. For each
time interval 20 replicates were targeted, but with increasing age of parasitized eggs (> 4 days)
acceptance by both species was so low, that in the older treatments only a few replicates (n = 3-10)
were completed. Multiparasitized H. halys eggs as well as rearing controls were kept at 26°C, 70% RH,
and a 16L:8D photoperiod and checked for emergences daily. Number, sex and species of emerged

parasitoids were recorded.

4.2.3 Black box competition experiment

To further predict the potential outcome of combined releases of both parasitoid species an
experiment without observations (black box) was conducted at 26°C, 70% RH, and a 16L:8D
photoperiod. Single H. halys egg masses (28 eggs each, < 24 h old) were assigned to one of the following
treatments: 1) exposure to one A. bifasciatus and one O. telenomicida female, 2) exposure to two A.
bifasciatus females, 3) exposure to two O. telenomicida females, and 4) no exposure to parasitoids
(control). All assays were conducted in small plastic Petri dishes (5 x 1 cm). Parasitoids were naive and
seven days old when used for experiments. After 24 h parasitoids were removed, and exposed egg
masses were stored at 26°C, 70% RH, and a 16L:8D photoperiod. Parasitoid emergence was checked

daily and emerged offspring was sexed and identified to species-level.
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4.2.4 Statistical analyses

Host probing (only A. bifasciatus) and oviposition (A. bifasciatus and O. telenomicida), were
compared within species with a Generalized Linear Model (GLM) (family = binomial) and a Tukey’s all-
pair comparisons post hoc test with the different treatments (developmental times) as independent
variable. For both parasitoid species the effect of multiparasitism on adult emergence was compared
using a GLM (family = binomial), followed by a post hoc Tukey’s all-pair comparisons test with the
different treatments (developmental times) as independent variable. The number of progenies was
compared between parasitoid species with a Mann-Whitney U test. The influence of superparasitism
by O. telenomicida on the probing and oviposition of A. bifasciatus as well as emergence of both
parasitoid species was tested with a GLM (family = binomial) with the number of egg stalks as
independent variable. The number of emerged individuals from each group (nymphs, A. bifasciatus, O.
telenomicida) and dead eggs was compared with a GLM (family = Poisson) with treatments of the black
box experiment (unparasitized control, two O. telenomicida females, two A. bifasciatus females, one
0. telenomicida female and one A. bifasciatus female) as independent variable. The number of
progenies was compared between parasitoid species with a Mann-Whitney U test. All statistics were
carried out with R, version 3.2.3 (Team RC 2014) and the development environment RStudio (Team RS

2017). For the Tukey’s post hoc tests, the package ‘multcomp’ (Hothorn et al. 2017) was employed.

4.3 Results
4.3.1 Time-course development study

4.3.1.1 Probing and oviposition

Ooencyrtus telenomicida oviposition occurred in H. halys eggs containing different
developmental stages of A. bifasciatus (Figure 1). When females were provided with 0 h, 1, 2, or 3 day
old parasitized H. halys eggs, oviposition did not differ from controls, but oviposition significantly
decreased (< 20%) when eggs were five to fourteen days old (binomial GLM, df = 8, 294, x> = 164.1, p
< 0.001) (Figure 1). No significant differences were found for A. bifasciatus females probing H. halys
eggs of different ages previously parasitized by O. telenomicida or unparasitized controls (binomial

GLM, df =8, 1292, x> = 13.7, p = 0.091) (Figure 2).
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Figure 1 Proportion of H. halys eggs parasitized by O. telenomicida when eggs were exposed to A.
bifasciatus 0-14 days before. Unparasitized, fresh (< 24 h) H. halys eggs were used as controls. Sample
sizes are given in brackets; bars sharing the same letter are not significantly different by Tukey-
adjusted mean separations (binomial GLM, df = 8, 294, x? = 164.1, p < 0.01).

Superparasitism by O. telenomicida (more than one egg per H. halys egg) was common, with
amean of 3.26 £ 0.133 (SE) (n = 253) O. telenomicida eggs per host egg but had no significant influence
on A. bifasciatus probing (binomial GLM, df = 1, 251, y* = 0.184, p = 0.668). However, in terms of
oviposition, A. bifasciatus females discriminated among H. halys of containing different developmental
stages of O. telenomicida (binomial GLM, df = 8, 171, y* = 49.9, p < 0.001) (Figure 3). No significant
differences were found between oviposition in eggs parasitized by O. telenomicida 0 h to 9 days before

Superparasitism by O. telenomicida (more than one egg per H. halys egg) was common, with
amean of 3.26 £ 0.133 (SE) (n = 253) O. telenomicida eggs per host egg but had no significant influence
on A. bifasciatus probing (binomial GLM, df = 1, 251, y* = 0.184, p = 0.668). However, in terms of
oviposition, A. bifasciatus females discriminated among H. halys of containing different developmental
stages of O. telenomicida (binomial GLM, df = 8, 171, x* = 49.9, p < 0.001) (Figure 3). No significant
differences were found between oviposition in eggs parasitized by O. telenomicida 0 h to 9 days before
and controls (unparasitized eggs) (Tukey’s all-pair tests, all p > 0.05) (Figure 3). However, oviposition
in parasitized eggs that were 14 days old was significantly lower (20%) than in controls (90%) (p < 0.01)
(Figure 3). The number of O. telenomicida eggs present inside the dissected H. halys eggs was 3.59 +
0.188 (SE) (n = 142) and did not influence A. bifasciatus oviposition (binomial GLM, df = 1, 140, y* =
1.91, p = 0.167).
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Figure 2 Proportion of H. halys eggs ‘probed’ (= drilling observed) by A. bifasciatus when eggs were
parasitized by O. telenomicida 0-14 days before. Unparasitized, fresh (< 24 h) H. halys eggs were used
as controls. Sample sizes are given in brackets; there were no significant differences between
treatments (binomial GLM, df = 8, 1292, ¥*> = 13.68, p = 0.09051).
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Figure 3 Proportion of H. halys eggs previously parasitized by O. telenomicida and subsequently probed
by A. bifasciatus assessed in dissections. Unparasitized, fresh (< 24 h) H. halys eggs probed by A.
bifasciatus were used as controls. Sample sizes equal 20 in each treatment and the control; bars
sharing the same letter are not significantly different by Tukey-adjusted mean separations (binomial

GLM, df = 8, 171,

¥2=49.9, p < 0.001).
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Figure 4 Proportion of H. halys eggs giving rise to A. bifasciatus, O. telenomicida, H. halys nymphs or
nothing (dead eggs), following probing by A. bifasciatus (1%) and subsequent parasitism by O.
telenomicida (2") at different time intervals between attacks. Sample sizes are given in brackets. Bars
sharing the same letter are not significantly different by Tukey-adjusted mean separations (binomial
GLM); capital letters show result for A. bifasciatus, and non-capitalized letters for O. telenomicida.

4.3.1.2 Intrinsic competition

In controls (n = 210) 70% of all parasitized eggs gave rise to O. telenomicida adults (‘Ot rearing
control’, Figure 4 and 5), but developmental outcome depended on the number of O. telenomicida
eggs deposited into each host egg (binomial GLM, df = 1, 197, x*> = 35.4, p < 0.001), which amounted
to 4.42 + 0.191 (SE) (n = 199). For H. halys eggs with O. telenomicida emergence, the number of O.
telenomicida supernumeraries was 3.65 + 0.156 (SE) (n = 136) in contrast to 6.08 + 0.434 (SE) (n = 63)
in H. halys eggs without emergence. However, O. telenomicida emergence could be recorded from
eggs containing up to eleven parasitoids. In the dissection controls for A. bifasciatus, 90% of all
observed probing events (‘probed eggs’; n = 180) resulted in oviposition (‘Ab dissection control’ Figure
4), while only 65% of ‘probed’ eggs (n = 65) gave rise to A. bifasciatus in rearing controls (‘Ab rearing

control’ Figure 4 and 5), suggesting that some mortality occurs during development.
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Figure 5 Proportion of H. halys eggs giving rise to A. bifasciatus, O. telenomicida, H. halys nymphs or
nothing (dead eggs), following parasitism by O. telenomicida (1*') and subsequent probing by A.
bifasciatus (2") at different time intervals between attacks. Sample sizes are given in brackets. Bars
sharing the same letter are not significantly different by Tukey-adjusted mean separations (binomial
GLM); capital letters show result for A. bifasciatus, and non-capitalized letters for O. telenomicida.

When multiparasitism of the same egg occurred, both O. telenomicida and A. bifasciatus could
sometimes complete development on H. halys eggs previously parasitized by the other species, but
overall far more A. bifasciatus than O. telenomicida adults emerged (Mann-Whitney U test, W = 216.5,
p < 0.001) (Figure 4 and 5). The developmental outcome depended on the order of parasitization, and
the time interval between the parasitization by the two competing species. In all cases, a proportion
of multiparasitized eggs produced no parasitoids at all (Figure 4, 5). When A. bifasciatus was the first
species to parasitize H. halys eggs, offspring production (45-60%) at the time intervals Oh to 4 days
was not significantly different from rearing controls (65%) regardless of subsequent attack by O.
telenomicida (binomial GLM, df = 5, 108, x> = 2.96, p = 0.7068) or superparasitism by the later species
(binomial GLM, df = 1, 96, ¥*> = 2.03, p = 0.155) (Figure 4). In contrast, in the same treatments, the
offspring emergence of O. telenomicida was significantly lower (0-5%) than in rearing controls (70%)
(binomial GLM, df = 5, 188, y* = 103.1, p < 0.001) (Figure 4). There was no impact of superparasitism
by O. telenomicida (binomial GLM, df = 1, 85, y* = 0.070, p = 0.792). Little emergence of either species
was recorded from the few multiparasitized eggs (due to low acceptance by both species) with five to
fourteen days between initial parasitization events (Figure 4). These treatments (5, 9, 14 days) were

excluded from the statistical analysis.
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When O. telenomicida was the first species to parasitize H. halys eggs, multiparasitized eggs
yielded no or very few O. telenomicida offspring (max. 4%) compared to controls (70%) (binomial GLM,
df = 8, 464, y* = 235.3, p < 0.001) (Figure 5). In contrast to the reverse order of parasitization (A.
bifasciatus attacking first), multiparasitism also had a negative impact on A. bifasciatus offspring
production (binomial GLM, df = 8, 322, x* = 64.7, p < 0.001). When probing by A. bifasciatus occurred
shortly after oviposition by O. telenomicida (0 d), A. bifasciatus offspring production (48%) was not
significantly different from controls (65%), but reduced in all other treatments, varying from 8 to 33%.
Due to the negative impact on both parasitoid species, the proportion of dead eggs (no emergence)
was up to 87% (1 d) (Figure 5). Superparasitism by O. telenomicida did not influence the emergence of
both parasitoid species (Ab: binomial GLM, df = 1, 258, y*> = 0.18, p = 0.673 and Ot: binomial GLM, df =
1, 259, ¥2 = 0.025, p = 0.875, respectively).

SN

SN+ o

Odead eggs

Ab+Ot W A C —

0 4 8 12 16 20 24 28

# emerged

Figure 6 Mean emergence (-SE) from H. halys eggs (n = 20 for each treatment; 28 eggs per egg mass)
exposed to: a) no parasitoids (control), b) two O. telenomicida females (2 Ot), c) two A. bifasciatus
females (2 Ab), or d) one A. bifasciatus and one O. telenomicida female (Ab+0t). Emergence between
treatments (Ab+Ot, 2 Ab, 2 Ot, control) was compared within groups (nymphs, Ab, Ot, dead eggs); bars
sharing the same letter are not significantly different by Tukey-adjusted mean separations (Poisson
GLM).

4.3.2 Black box competition experiment

The number of dead H. halys eggs was significantly higher in all parasitoid treatments

compared to the unparasitized control (21%) (Figure 6). The proportion of hatching nymphs was 55%

29



4 Intrinsic competition between two European egg parasitoids of the brown marmorated stink bug

for the egg masses exposed to two A. bifasciatus females. It was lowest (52%) for the egg masses
exposed to two O. telenomicida females and in the combined treatment with one O. telenomicida and
one A. bifasciatus female, where it was 43% (Poisson GLM, df = 3, 76, y*> = 66.28, p < 0.001) (Figure 6).
Anastatus bifasciatus produced more offspring than O. telenomicida in all treatments, but parasitism

never exceeded 12% (Mann-Whitney U test, W = 591.5, p = 0.00526) (Figure 6).

4.4 Discussion

Interspecies competition of parasitoids can cause changes in natural communities and
influence the outcome of biological control programs (Meiners and Peri 2013). Many experiments with
similar experimental setup measuring the intrinsic competition of egg parasitoids have been described
in the literature, but this study is the first assessing the outcome of intrinsic competition between two
European egg parasitoids, A. bifasciatus and O. telenomicida, considered for inundative releases
against invasive brown marmorated stink bug in Europe. Apart from competition for H. halys eggs after
inundative releases, competition may also naturally occur since their ecological host ranges overlap,
including host such as Iphiclides polalirius feisthamelii (Duponchel) (Lepidoptera: Papilionidae) and N.
viridula (Cusumano et al. 2015, Stefanescu et al. 2001, Stahl et al. 2018b).

Both A. bifasciatus and O. telenomicida females parasitized eggs that were previously attacked
by the other species, but multiparasitism was dependent on the developmental stages of the
competitors inside the host eggs. Separating the effect of the developmental stage of the competitor
and the effect of the aging host egg is difficult, so these results should be interpreted with caution.
Fresh host eggs containing eggs or early larval stages of their competitors were considered highly
suitable for oviposition by both species, but oviposition noticeably declined when parasitoids were
offered older host eggs containing late instar larvae or pupae. Since O. telenomicida females frequently
rejected to oviposit in eggs containing mid and late instar larvae (5, 9 d) or pupae (14 d) of A.
bifasciatus, females might be responding to internal markers by the means of sensory receptors
(chemical or mechanical) on the ovipositor (Herman and Douglas 1976). Internal markers preventing
super- or multiparasitism have been attributed to an injected secretion, physical changes, or changes
in the hemolymph (reviewed in Vinson 1976). Parker (1933) conducted similar competition
experiments with O. kuvanae and A. japonicus, egg parasitoids of the gypsy moth, and explained the
decrease of oviposition by O. kuvanae with the movement of the larger A. japonicus larvae, touching
its ovipositor and hindering its oviposition, which caused the Ooencyrtus females to leave the host
eggs eventually. In A. bifasciatus, reduced oviposition was only observed for eggs containing late instar

larvae (9 d) or pupae (14 d) of O. telenomicida, which might relate to the morphology of their larvae.
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The respiratory stalk of the parasitoid egg remains attached to the O. telenomicida larva as it grows
and only becomes disconnected shortly before pupation, which might restrict the movement of the
larvae and thus hinder active defense against oviposition of A. bifasciatus. On the other hand, the
frequent oviposition into host eggs containing eggs or young larvae of competitors suggests that
females of both species were not deterred from oviposition, although the developmental outcome
from multiparasitized eggs showed that for both species this would have been advantageous.

Since parasitoids often compete for the same host, many species have developed mechanisms
to exclude competitors. In endoparasitoids, supernumerary larvae and eggs of conspecifics or
competing species may be eliminated in two primary ways: physical attack, where a first instar larva
uses its mandibles to attack a competitor (“killer larvae”), and physiological suppression caused by a
toxin, anoxia, or nutritional deprivation (Vinson and lwantsch 1980). These physiological factors
originate with the ovipositing female wasp or her progeny and regulate the host’s internal
environment to optimize development, survival, and fitness of their eggs and larvae (Vinson and
Iwantsch 1980, Harvey et al. 2013). In the case of multiparasitism, the first parasitoid female to oviposit
injects biochemical factors (venoms, teratocytes, polydnaviruses or virus-like particles) into the host
to optimize the physiological environment for her own immatures, whereas a second parasitoid female
may inject factors into the same host that have requirements different from factors injected by the
first parasitoid (Harvey et al. 2013).

In an earlier study, it was demonstrated that O. telenomicida females mediated physiological
suppression by injecting factor(s) prior to the egg deposition which may alter the ooplasm inside the
eggs of its host, N. viridula, making it unsuitable for larval development of its competitor Trissolcus
basalis (Cusumano et al. 2012b). Remarkably, in the same study the emergence of T. basalis from
multiparasitized eggs was always strongly reduced, regardless of whether host eggs were first
parasitized by T. basalis and then punctured by O. telenomicida, or vice versa. Similarly, O.
pityocampae (Mercet) was the superior intrinsic competitor over Trissolcus agriope Kozlov & Lé inside
eggs of the green stink bug, Brachynema signatum Jakovlev (Hemiptera: Pentatomidae) (Cusumano et
al. 2011). However, the results of the present study suggest that the venom injected by O. telenomicida
did not have the same advantageous effects when competing with A. bifasciatus. The offspring
emergence of O. telenomicida was drastically reduced (< 10%) in each treatment, regardless of the
oviposition order. The mechanism preventing the development of O. telenomicida remains unknown.
It is not known if Anastatus species have venom glands, but it seems probable since they were found
in other Eupelmidae like Eupelmus orientalis (Crawford) and E. urozonus Dalman (Doury 1997, Moretti
and Calvitti 2014). It is also conceivable that mechanical damage inflicted by the probing itself, or
substances other than venom injected together with the egg or substances produced by the larvae

could arrest development of competing larvae (Thompson 1980, Dahlmann 1991, Cusumano et al.
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2018). On the other hand, first instar Anastatus larvae are equipped with simple sharp mandibles and
a bifurcate tail (Parker and Thompson 1925), which makes them highly mobile (Harvey et al. 2013) and

thus, they would be able to quickly reach competitors inside their hosts.

Interestingly, the outcome of intrinsic competition was less uniform for A. bifasciatus. If A.
bifasciatus was the first species to oviposit and the same eggs were subsequently parasitized by O.
telenomicida no later than 4 days after, no negative effects on A. bifasciatus emergence was observed.
In other words, the piercing of the egg and the injection of venom by O. telenomicida females did not
affect A. bifasciatus. Thus, it was confirmed that A. bifasciatus is a superior larval competitor, as shown
previously when the intrinsic competition between A. bifasciatus and Trissolcus japonicus was
investigated (Konopka et al. 2017). However, when the order of species was changed and O.
telenomicida parasitized eggs prior to A. bifasciatus, the outcome of competition drastically changed.
If A. bifasciatus parasitized the eggs immediately after O. telenomicida (0 to 24 h), A. bifasciatus
remained the superior competitor and only A. bifasciatus offspring developed. In contrast, if
parasitized eggs were attacked by A. bifasciatus at least 24 to 48 h later (1 d), only few A. bifasciatus
emerged and nearly all multiparasitized eggs were dead (no parasitoid emergence). Although it is not
entirely clear what caused the sudden change, one plausible scenario might be that O. telenomicida
larvae that had hatched within the first 24 to 48 h had changed the physiology of the host in a way that
A. bifasciatus larvae were not able to develop, before being killed by A. bifasciatus. This change could
be due to substances released by secretions during egg hatching (e.g. Mackauer 1959), by the larvae
(e.g. Moretti and Calvitti 2014) or by consumption of host resources to an extent that might be

detrimental to the development of A. bifasciatus.

To increase the probability of parasitism and reduce the hours of observations, in this study
individual H. halys eggs were used instead of egg masses. However, limiting the number of host eggs
to one also increased the level of self-superparasitism of O. telenomicida. Even though in one case up
to six O. telenomicida adults emerged from a single H. halys egg in the presented experiment,
superparasitism negatively influenced O. telenomicida offspring emergence in rearing controls. This
additional factor of intraspecies competition may have confounded the results for the interspecies
competition when O. telenomicida was the first species ovipositing. However, despite self-
superparasitism 70% of the parasitized H. halys eggs yielded O. telenomicida in the rearing control.
Since superparasitized eggs were randomly distributed over all treatments, the conclusion that O.
telenomicida offspring emergence was negatively influenced by A. bifasciatus parasitization before
and after remains the same. In reverse, we, however, cannot exclude that the presence of several O.

telenomicida reduced the offspring emergence of A. bifasciatus simply due to food limitation.
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Additional experiments, using host eggs containing only single O. telenomicida larvae will be necessary

for clarification.

It has been demonstrated in multiple systems that Oooencrytus species can act as facultative
hyperparasitoids, mainly of Trissolcus species (Cusumano et al. 2011, Mohammedpour et al. 2014),
and the same was assumed for O. kuvanae hyperparasitizing hibernating A. japonicus larvae in gypsy
moth eggs (Howard and Fiske 1911). However, Parker (1933) was not able to naturally recreate this
case and concluded that the few emerging O. kuvanae developed on Anastatus larva that were dead
or dying at the time. Since parasitism in A. bifasciatus rearing controls was lower than in dissection
controls, suggesting some baseline mortality occurs in A. bifasciatus larvae, the few O. telenomicida
emerging in our experiments may have not only have resulted from eggs without A. bifasciatus
oviposition, but also from eggs containing dead A. bifasciatus larvae. Accordingly, our study supports
the assumption by Parker (1933) that Oooencrytus species cannot act as facultative hyperparasitoids

of Anastatus species.

Exploiting a shared resource is possible by using different strategies (Amodeo 2015), but the
two polyphagous species A. bifasciatus and O. telenomicida can easily avoid competition for H. halys

eggs by exploiting alternative hosts (Cusumano et al. 2015, Stefanescu et al. 2001, Stahl et al. 2018b).

The black box experiment presented in this study was a simplified way to simulate combined
releases. In contrast to other studies (Amodeo 2015), emergence of neither species was negatively
impacted by the presence of a female of the competing species, which, if hosts are unlimited, is not
contradicting the results of the larval competition. Overall parasitism was comparably low in contrast
to the effect of host feeding inducing host egg abortion (Abram et al. 2016). The combination O.
telenomicida and one A. bifasciatus and two O. telenomicida females caused the overall highest host
mortality. Similarly, releasing O. telenomicida and T. basalis simultaneously in a simplified laboratory
experiment resulted in highest mortality of N. viridula when compared to individual releases of the
species (Cusumano et al. 2011). Results of the presented experiment might have been different if
exposure times had been longer than 24 h: Mohammedpour et al. (2014) showed that offspring

emergence of O. pityocampae doubled when exposure times were increased from 24 to 48 h.

In terms of biological control of H. halys, both species are considered candidates for
augmentative biological control. A better overlap with the phenology of the pest, a wider geographical
distribution across the areas invaded by H. halys and being a superior intrinsic competitor are factors
that favor A. bifasciatus, but the main point to consider for biological control is the parasitism level

that each of the two species can achieve on the target. For inundative biological control with A.
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bifasciatus, no negative consequences are to be expected, but since it is difficult to draw conclusions

from laboratory experiments alone, field experiments will be necessary.
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5 Can Anastatus bifasciatus be used for augmentative biological
control?

Abstract

Augmentative biological control is a widely used strategy to suppress insect pests in
agricultural crops and forest plantations, when natural enemies are either absent or too scarce to
provide efficient control. Apart from pest suppression, mass releases of generalist parasitoids can
negatively influence populations of non-target species due to overflow of the agents into adjacent
habitats. Anastatus species (Hymenoptera: Eupelmidae) are part of biological control programs
worldwide and are, in China, also being used against the Asian Halyomorpha halys (Stal) (Hemiptera:
Pentatomidae) that is invasive in Europe. The generalist Anastatus bifasciatus is the most prevalent
egg parasitoid of H. halys in Europe. To assess its potential to parasitize H. halys and non-target eggs
in the field, it was released inundativally over three consecutive years in four Swiss and Italian fruit
orchards. In every event 540 adult females were released in a plot of 60 trees in four rows. Parasitism
of freeze-killed sentinel H. halys eggs, measured by parasitoid offspring emergence, was recorded after
each release event, but only reached an average of 7% of all recovered eggs. Parasitism of exemplary
non-target species reached an average of 8%. Dispersal of released A. bifasciatus females was recorded
until up to 8 m from the closest release point. There were no indications that the parasitoids left the
orchards. Molecular analyses showed that parasitism was likely underestimated by the preimaginal

parasitoid mortality of 3.3%.

5.1 Introduction

Augmentative biological control is a widely used strategy to suppress insect pests in
agricultural crops and forest plantations, when natural enemies are either absent (in greenhouses) or
too scarce to provide efficient control (in large monocultures) (van Driesche et al. 2008). It is generally
defined as the release of commercially mass-produced natural enemies against native or invasive
pests, which can be divided into inundation and inoculation to distinguish between the two extremes
of natural enemy release strategies. Inoculative biological control uses small numbers of the biological
control agent as an initial population to ensure successful colonization at a critical period during the
field season or during outbreaks of the pest species (Heimpel and Mills 2017). Inundative control

differs from inoculation in that it is based on periodically releases of large numbers of the control agent
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to provide immediate suppression of the pest at any time of the season (Stinner 1977, Hoy 2008,

Heimpel and Mills 2017).

For inundative releases in particular, factors such as timing (e.g. Butler and Hungerford 1971,
Lopes et al. 2009), location and distribution of release spots (e.g. Hassan et al. 1986), densities of
released natural enemies (e.g. Weseloh and Anderson 1975, Memmott et al. 1996) and developmental
stage of the agent (Rabb et al. 1976) have to be considered prior releases to increase the efficacy of
the agent and thus, the chances of successful biological control. Apart from pest suppression, mass
releases of generalist parasitoids can negatively influence populations of non-target species due to the
overflow of control agents into adjacent habitats (van Lenteren and Loomans 2006) and therefore,
endangered and beneficial species within those habitats could be at risk. Consequently, potential risks

associated with inundative releases should be assessed beforehand.

Egg parasitoids are advantageous for augmentative biological control because they reduce
host populations before the damaging stages of the pest (Bigler et al. 1994). Trichogramma spp. are
well-known biological control agents used against lepidopteran pests around the world (Smith 1996).
A less well-known group of parasitoids is the genus Anastatus (Eupelmidae), which comprises primary
endoparasitoids of a wide variety of hosts in the insect orders Hemiptera, Lepidoptera, Blattodea,
Orthoptera and Mantodae (Narasimham and Sankaran 1982, Jones 1988, Askew 2005). Anastatus
species are part of biological control programs worldwide and are used against a number of
hemipteran pests such as fruitspotting bugs, Amblypelta nitida Stal and A. lutescens lutescens Distant
(Hemiptera: Coreidae), in Australian macadamia orchards (Fay and De Faveri 1997, Huwer et al. 2011,
Govender 2015), the citrus green stink bug, Rhynchocoris humeralis Thunberg (Hemiptera:
Pentatomidae), in Nepal (Shrestha 2011) or the litchi stink bug, Tessaratoma papillosa Drury
(Hemiptera: Pentatomidae), in China (Chen et al. 1990, He et al. 2001, Huang et al. 1974). In the Beijing
Province of China, Anastatus sp. has been successfully mass released against the brown marmorated
stink bug Halyomorpha halys (Stal) (Hemiptera: Pentatomidae) with parasitism levels of more than

60% (Hou et al. 2009).

Halyomorpha halys is native to China, Japan as well as Korea, has become invasive in the
Americas and Europe in the mid-1990s and early 2000s, respectively (Hoebeke et al. 2003,
Wermelinger et al. 2008, Faundez and Rider 2017). Since its arrival in Switzerland it has spread
throughout Europe and has now been recorded from more than ten countries (reviewed in Haye et al.
20153, Leskey and Nielsen 2018). It is a pest of a wide variety of economically important vegetable,
fruit, and leguminous crops as well as ornamentals in both its native and invaded range (Kobayashi
1967, Lee et al. 2013). Severe damage has been caused particularly in fruit crops and hazelnuts in the
USA, Georgia, and Italy (Leskey et al. 2012, Bosco et al. 2017, Maistrello et al. 2017).
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In response, the number of insecticide treatments in certain regions has increased four-fold
since the introduction of H. halys, thereby disrupting existing integrated pest management (IPM)
programs, which led to outbreaks of secondary insect pests (Leskey et al. 2012). Due to the negative
environmental effects of pesticide applications, environmentally friendly solutions such as biological
control are urgently needed. Augmentative biological control using native natural enemies against
invasive species is a fairly new approach and. To date, only a few examples exist, such as the use of
Trichopria drosophilae Perkins (Hymenoptera: Diapriidae) against the spotted wing drosophila
Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) (Chabert et al. 2013, Stacconi et al. 2013). In
Switzerland and ltaly, Anastatus bifasciatus (Geoffroy) is the most prevalent native parasitoid
successfully parasitizing H. halys eggs in the field (Haye et al. 2015b, Roversi et al. 2016, Costi et al.
2018). It is one of the three European egg parasitoids capable of developing in viable H. halys eggs
(Abram et al. 2017, Roversi et al. 2016, Moraglio et al. unpublished data) and thus, it was selected as
potential candidate for inundative biological control of H. halys in Europe. Its host range, however,
comprises more than 50 heteropteran and lepidopteran species (Noyes 2014, Stahl et al. 2018a) and

there are concerns that mass releases of A. bifasciatus might lead to undesired non-target effects.

The present experimental field study aimed to assess the efficacy of A. bifasciatus against the
pest H. halys and validate the potential risks for non-target species in a realistic field setting. Inundative
releases were conducted over three consecutive years in four fruit orchards in Switzerland and Italy to
develop a release strategy and answer the following questions: (1) What level of egg parasitism can be
achieved by releasing A. bifasciatus against H. halys in fruit orchards?; (2) Are non-target species
parasitized by A. bifasciatus in the field?; (3) Does A. bifasciatus disperse and persist in fruit orchards

after releases?
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5.2 Material and methods

5.2.1 Parasitoid rearing

Table 1 Field sites for experimental A. bifasciatus releases between 2016-2018

Location
(municipalit Manage Host plants in plot Pest Release
Site P .y, GPS coordiantes & p . P plot size
Canton/Region, ment (species, variety) presence [m?]
country)
. . Malus pumila, Golden
Lindau, Zurich, 47°26'52.0"N . .
1 switzerland 8°40'47 6"E IPM rI?elluous/Dlwa/Braebur no 210
Bellinzona, 46°09'42.1"N Malus pumila, Golden
2 Ticino, o uuns IPM s pumiia, yes 288
. 8°58'12.2"E Delicious/Braeburn
Switzerland
Manno, Ticino, 46°01'52.8"N . Malus pumila, old
212
3 Switzerland 8°55'20.4"E Organic varieties yes
Carpi, Emilia- 44°43'46.8"N . Pyrus communis, Abate
4 4
Romagna, Italy 10°52'30.0"E Organic Fetel yes 80

The laboratory rearing of A. bifasciatus originated from two parasitized H. halys egg masses collected
by S. Fischer (Agroscope Changins-Wadenswil, Switzerland) in the Canton of Valais, Switzerland, in 2014
(Haye et al. 2015). Individuals of the founder population were identified by L. Fusu (University of lasi,
Romania). Adults were kept in 100 x 115 mm mesh-top cylindrical plastic containers, placed above a
90 x 20 mm Petri dish filled with honey water solution, which was provided to the parasitoids by two
cotton wicks connecting the petri dish to the plastic container. The rearing containers were stored in
an incubator at a light / temperature cycle of L 16h / 20°C and D 8h / 15°C. Twice a week the wasps
were provided with new host eggs glued to cardboard pieces. The removed egg cards were stored at
26 °C until emergence of the new generation. Newly emerged wasps were collected daily and
transferred to the rearing containers. In the first year of the study (2016), A. bifasciatus was exclusively
reared on eggs of H. halys. When females were seven days old, they were provided constantly with
new eggs until the day of release. In the second and third year (2017/2018), females were reared on a
mix of H. halys and of D. pini eggs to increase the rearing and produce larger females (Stahl et al.
2018a). Halyomorpha halys eggs were produced following the methods described in Stahl et al.
(2018a).
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5.2.2 Release sites

Figure 1 Site 1 with release plot (golden square) for releases 2016-2018, position of dispersal egg
masses in 2016 (orange stars), 2017 (orange stars and purple diamonds) and 2018 (blue clouds).
Changed after Google Maps (2018).

To assess the efficacy of A. bifasciatus under field conditions inundative releases were
conducted in three apple orchards in Switzerland and a single pear orchard in Italy (Table 1). In each
orchard, an area of 60 trees in 4 rows (15 trees per row) located in the center of the orchard was
selected as release plot. Depending on the distance between rows and between trees within rows the
size of the plots varied between 170 and 377 m2 (Table 1). All sites were equipped with a data logger
(“HOBO Pendant Temperature/Light 64K”, Onset Computer Corporation, Bourne, USA), to record the

ambient temperature for the length of the experiment.
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Table 2 Methods applied for attaching non-target eggs to apple leaves during experimental

A. bifasciatus field releases 2016-2018

Species Site Year Fes b atch Total # eggs Exposure method
size exposed/site
Samia cynthia (Drury)
(Lepidoptera: Saturniidae) 1 2016 6 42 Glued individually
Euthrix potatoria (L.)
(Lepidoptera: 1 2016 6 252 Glued individually
Lasiocampidae)
izo?sst’fefg_ml (L) Pre-glued to small,
'.3 P L 1 2016 4 168 rectangular pieces of black
Lasiocampidae)
mesh
(DLZH?;ZIIQL;:PW (L) Pre-glued to small,
P : o 1,2 2017 4 192 rectangular pieces of black
Lasiocampidae)
mesh
Lasi L.
e - r e o sl
P P L r 2018 288 (144) rectangular pieces of black
Lasiocampidae) 3,4 4)
mesh
Macrothylacia rubi (L.) Pre-glued to small,
(Lepidoptera: 4 2018 3 144 rectangular pieces of black

Lasiocampidae)

mesh

5.2.3 Egg exposure

5.2.3.1 Parasitoid efficacy and persistence

Halyomorpha halys eggs were collected daily from the laboratory rearing, frozen for no longer

than one month at -80°C and thawed earliest two days before the release date. For exposure, egg

masses with at least 20 eggs were used, resulting in egg masses with 26.0 + 0.09 (mean + SE) eggs. In

each step of the experiment, sentinel H. halys egg masses were glued directly on the underside of

leaves of apple trees at a height of 50 to 180 cm. Branches of various host plants with feeding traces of

H. halys were taken from the laboratory rearing cages and fixed next to the egg masses (one branch

per egg mass) with a twist tie to increase the chance of parasitism by adding chemical cues of the host.

Exposure times varied between four and seven days, depending on local weather conditions and

pesticide application schedules.
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Figure 2 Site 2 with release plot (golden square) for releases 2017-2018, position of dispersal egg
masses in 2017 (purple diamonds) and 2018 (blue clouds). In 2018, the field to the north east of the
apple orchard was planted with corn. Changed after Google Maps (2018).

In the first step, 25 H. halys egg masses were randomly distributed in each orchard to measure
natural parasitism by A. bifasciatus at each site prior releases. On the day of the release, these egg
masses were recollected, and 90 new egg masses were exposed inside the experimental plot. Within
the plot, trees were randomly equipped with 0, 1, 2, or 3 egg masses. For each treatment there were

15 replicates (trees).
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Figure 3 Site 3 with release plot (golden square) for release 2018, position of dispersal egg masses 2018
(blue clouds). Changed after Google Maps (2018).

Four to seven days after the parasitoid release, exposed egg masses were recollected. Fourteen
days after the release, an additional 55 egg masses were placed out to monitor the persistence of the
parasitoids. Twenty-five of those egg masses were randomly distributed over 25 trees within the entire

orchard, while the remaining egg masses were placed on every second tree within the release plots.

5.2.3.2 Parasitoid dispersal capacity

To gain more information about the dispersal behavior of the parasitoids, additional H. halys
egg masses were placed on trees outside the release plots on the day of the release. In 2016, a total of
thirty-two egg masses were exposed in eight radial lines starting from the edges of the plot. Each line

consisted of two trees which were approximately 3.5 m apart from each other and equipped with two
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egg masses each (Figure 1). In 2017, the same design was used at site 1 and site 2, but the distance
from the release plot was extended in four of the eight directions up to approximately 90 m and 80 m
from the closest release point, respectively, and the total amount of egg masses exposed increased to
56 (Figure 1 and 2).

Since natural A. bifasciatus populations were detected at site 2 in 2017, we focused on whether
released A. bifasciatus females would leave the orchards. Since it could not be excluded that natural A.
bifasciatus populations also occurred outside the orchards, egg masses used for the dispersal study at
site 2 and site 3 were exposed as the same time as the egg masses used for monitoring natural
parasitism before and after the releases. The number of egg masses exposed and the distance towards
the release plots varied with sites: at site 1, 14 egg masses were exposed on M. pumila trees at the
north and south side of the plot (blue clouds, Figurel), and on M. pumila trees in the furthest row
towards the east and the west (Figure 1). The maximum distance to the release plot was approximately
120 m. At site 2, 50 sentinel egg masses were exposed three times at a maximum of 80 m away from
the release plot in a bordering corn field and on young M. pumila trees (Figure 2). At site 3, 8 egg
masses were exposed three times on eight trees, which were a maximum of 50 m away from the

release plot. (Figure 3). At site 4 no egg masses were exposed.

5.2.3.3 Non-target parasitism

Depending on the availability of non-target species in each year of the study, eggs of six
different species were exposed in the four release events: Samia cynthia (Drury) (Lepidoptera:
Saturniidae), Euthrix potatoria (L.), Odonestis pruni (L.), D. pini, Lasiocampa quercus (L.) and
Macrothylacia rubi (L.) (Lepidoptera: Lasiocampidae) (Table 2). Apart from E. potatoria, all non-target
species were obtained from commercial insect breeders, the majority as pupae, and M. rubi as eggs.
Euthrix potatoria caterpillars were collected in Barschwil, Switzerland, and reared until the adult stage
in 50 x 50 x 50 cm gauze cages (“BugDorn-4090 Insect Rearing Cage”, MegaView Science Co. Ltd.,
Taichung, Taiwan) on Dactylis glomerata L. (Poaceae), which was replaced daily. Once the adult stage
was reached, all non-target species were kept in a 50 x 50 x 50 cm gauze cage for oviposition and
provided with honey water and if necessary, their associated host plants as oviposition stimulus.

Newly laid eggs (< 24 h) were frozen for no longer than one month at -80°C and thawed no
more than two days before the release date. Freeze-killed non-target egg batches of three to six eggs
(see Table 2) were added to half of the trees inside the release plot that were previously equipped with
H. halys egg masses (28 and 24 out of 45 trees in 2016 and 2017/18, respectively). The density of non-

target egg masses was matched with the densities of H. halys egg masses (0, 1, 2, or 3 egg masses), but
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not with the number of eggs within the egg masses (Table 2). Non-target egg masses were randomly
assigned to trees within the plot and egg batches were glued on the underside of leaves in close vicinity
of the H. halys egg masses.

In the first release event in 2016, mainly E. potatoria eggs were exposed, but to better understand the
potential influence of different non-target hosts, seven additional trees within the plot were equipped
with one H. halys and one S. cynthia egg mass each. In all following release events, only eggs of single
non-target species were used, apart from the release at site 4, where each tree equipped with non-

target eggs contained three eggs of M. rubi and three eggs of L. quercus (Table 2).

5.2.4 Parasitoid releases

All females used for releases were considered experienced with the target host, because they
were provided with H. halys eggs prior to releases. Females were deprived of hosts the week before
release, so they would store their eggs and have a higher egg load when released. The day before
release, females were transferred into release devices and stored overnight under the rearing
conditions described above. Release devices were made of clear plastic cups (8 cm high, 6 cm wide at
the top). At the bottom, a small opening used for transferring the parasitoids was covered with a piece
of foam dipped in honey to provide parasitoids with food. The top of the cup was covered with mesh
wide enough (1.9 x 1.8 mm) to allow A. bifasciatus females to pass. For transport the cups were closed
with screw lids. In addition, cups were wrapped with black paper to ensure parasitoids would move
upwards towards the natural light when cups were opened for release. Twelve cups containing 45
females each were equally distributed along the four rows of the plot (3/row) and placed at least five
meters apart from each other. Cups were hung into the canopy at a height of 80 cm and fixed with twist
ties. For release, screw lids were removed, and within the first hour all parasitoids had left the

containers.

5.2.5 Treatment of recollected eggs

Recollected eggs were stored individually in small 54 x 14 mm Petri dishes at 26°C, 70% RH,
and a 16L:8D photoperiod. Eggs were counted and assigned to one of the following categories:
collapsed, chewed, sucked (see Morrison et al. 2016) or healthy eggs. Collapsed eggs, defined as eggs
that looked undamaged but had lost more than half of their volume, were not considered for

calculating parasitism levels.
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Emerging wasps were counted, sexed and collected daily until no emergence was observed for
four weeks. Parasitism was measured by the total number of eggs producing offspring divided by the
sum of all healthy eggs in appearance. Eggs that had been attacked by chewing or sucking predators
or had collapsed in the field were excluded from the analysis, since it was not possible to detect
whether these eggs had been parasitized. Predation was calculated by the number of eggs showing
signs of chewing or sucking divided by the sum of eggs with signs of predation and healthy eggs. ‘Host
location’ was defined as proportion of egg masses with at least one parasitoid emerging divided by the
total number of egg masses recovered and ‘host exploitation’ as the proportion of eggs parasitized
within each parasitized egg mass (Bin and Vinson, 1991). Halyomorpha halys and non-target egg
masses recovered in 2017 were overwintered in 54 x 14 mm Petri dishes under outdoor conditions in
an open wooden shelter [Canton Jura, Switzerland (N47°22°23; E 7°19’32)] four weeks after emergence
had stopped. The following year, egg masses were checked daily for emergence from May onwards.
Since, in 2017 only 22% of exposed H. halys egg masses were recovered at site 1 (Figure 4), unemerged
eggs within parasitized egg masses were analyzed with an Anastatus specific molecular marker six

month after recollection (see chapter 6).
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Figure 4 Fate of sentinel H. halys eggs exposed inside the release plots in Switzerland and Italy for 4-7
days after A. bifasciatus releases. Site numbers correspond with Table 1.
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5.2.6 Statistical analyses

To estimate parasitoid dispersal, the influence of the distance to the closest release point on
egg parasitism levels (= host impact) was analyzed for the first two years of the experiment, using a
linear regression with the Theil-Sen estimator modified by Siegel repeated medians. The relationship
between host density (measured as recovered H. halys eggs from a tree) and host impact was
investigated with a generalized linear model (GLM) of the Poisson distribution using the log link
function. Statistical analyses were conducted with R version 3.2.3 (Team RC 2014) using the
development environment RStudio Version 1.0.136 (Team RS 2017). The package applied for the Theil-

Sen estimator was ‘mblm’ (Komsta 2005).

5.3 Results

5.3.1 Parasitoid efficacy and persistence

Pre-release parasitism: Natural parasitism levels of sentinel egg masses by A. bifasciatus prior
to releases were overall low (site 2) or completely absent (Table 3), with the exception of site 4 (Carpi),
where it reached 28% (7 out of 25 egg masses). At site 1 (Lindau), parasitoids had been released in

2016, but no parasitism was detected in eggs exposed prior to releases in 2017.
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Figure 5 Parasitism measured by parasitoid offspring emergence of sentinel H. halys egg masses
exposed after A. bifasciatus releases for 4—7 days between 2016 and 2018 in Switzerland and Italy. Site
numbers correspond with Table 1. Host location is defined as proportion of recovered egg masses that
yielded A. bifasciatus offspring; host exploitation as the proportion of eggs parasitized within in an egg
mass; host impact as the proportion of parasitized eggs of the total recovered eggs.
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Post-release parasitism and predation: After releasing A. bifasciatus, parasitism of sentinel H.
halys eggs was detected in each orchard. On average, 20% + 5.41 (SE) (range: 8-31%) of the recovered
egg masses were parasitized (= host location). Since only an average of 27% + 1.73 (SE) (range: 4-90%)
of the eggs in parasitized egg masses yielded parasitoid offspring (= host exploitation), the actual egg
parasitism (= host impact) was much lower, averaging 7% + 3.20 (SE) (range: 2—-16%) when data from
all years and release events were combined. Eggs that were exposed at sites 1 and 2 in July/August
2017 did not produce any A. bifasciatus offspring after overwintering in 2018. There was no significant
relationship between host density, measured as number of recovered eggs per tree, and number of
parasitized eggs (Poisson GLM, df = 1, 80, z =-0.167, p = 0.867). The molecular analysis of unemerged
eggs from H. halys egg masses exposed at site 1 in 2017, which yielded A. bifasciatus offspring,
contained an additional 14% eggs (16 out of 113 eggs) with A. bifasciatus DNA. This amounts to 3.3%
preimaginal mortality when egg masses without parasitoid emergence from the release event were
included. Both chewing and sucking predation was recorded at all sites (Table 3), averaging 8% + 3.27

(SE) (range: 0.04—27%) and 0.93% + 0.52 (SE) (range: 0-5%), respectively (Figure 5).

Dispersal: Halyomorpha halys egg masses placed outside the release plots to measure A.
bifasciatus dispersal only yielded parasitoid offspring at sites 1 and 2 in 2016 and 2017, respectively,
but not at any other site (Table 4). At site 1, egg masses up to eight meters from the closest release
point were successfully parasitized, but the level of parasitism was low (Table 4). At site 2, parasitized
egg masses were found 37 m away from the closest release point but the presence of naturally
occurring A. bifasciatus (Table 3) meant that it was inconclusive if the observed parasitism was caused
by the released parasitoids. The results of the first year, however, showed that the number of
parasitized H. halys eggs increased with decreasing distance to the nearest release point (linear

regression, df =119, v = 254.5, p < 0.001; Figure 6).

Persistence: Sentinel H. halys egg masses exposed two weeks after A. bifasciatus releases
yielded parasitoid offspring in three out of the eight release events. However, in the one case where
natural A. bifasciatus population were found in the orchard, it remains unclear if detected parasitism
was caused by released parasitoids or naturally occurring ones (site 4) (Table 3). On average, A.
bifasciatus offspring emerged from 3.24% + 1.73 (SE) (range: 0—16%) of the recovered egg masses (=

host location) and from 2.30% + 1.75 (SE) (range: 0—16%) of the recovered eggs (= host impact).
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# of parasitized H. halys eggs

Distance to next release point [m]

Figure 6 Number of H. halys eggs parasitized by A. bifasciatus depending on distance to the closest
release point during the first two releases in 2016 (site 1).
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Figure 7 Parasitism measured by parasitoid offspring emergence of sentinel non-target egg masses
exposed after A. bifasciatus releases for 4—7 days between 2016 and 2018 in Switzerland and Italy. Site
numbers correspond with Table 1. Host location is defined as proportion of recovered egg masses that
yielded A. bifasciatus offspring; host exploitation as the proportion of eggs parasitized within in an egg
mass; host impact as the proportion of parasitized eggs of the total recovered eggs.
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5.3.2 Non-target parasitism

Non-target parasitism occurred at all release sites, and five out of six non-target species
yielded A. bifasciatus offspring. There was no indication of parasitism of S. cynthia eggs (recovered n
= 29). The average parasitism of non-target eggs was 8.1% * 2.42 (SE) (= host impact), when eggs of
the five parasitized species were combined (E. potatoria: 2.3%, n =175; O. pruni: 6.7%, n =120; D. pini:
7.6% n = 145; L. quercus: 11.7%, n = 103; M. rubi: 16.9%, n =124) and ranged from 2% to 22% between
release events (Figure 7). On average, 12% + 4.20 (SE) (range: 3—40%) of the recovered non-target egg
masses were parasitized (= host location), and an average of 25% * 8.04 (SE) (range: 19-100%) of the

eggs in parasitized egg masses yielded parasitoid offspring (= host exploitation) (Figure 7).

Table 3 Overview of H. halys egg masses exposed before parasitoid releases (“pre-release
monitoring”), directly after releases within the release plot (“release”) and two weeks after releases
(“post-release monitoring”)

Mean Egg masses Egg masses
Exposure date Location Treatment temperature (eggs) (eggs)
(min — max) [°C] exposed recovered?

2016
Pre-rel

23.-28. Jul re-release | 55 4(12.9-36.0) | 25 (657) 22 (575)
monitoring

28. Jul - 2. Aug L Lo Release 21.7 (12.4-38.3) | 97 (2653) 93 (2409)

11.-16. Aug Post-release | ) ¢ (96.36.6) | 55(1480) 54 (1459)
monitoring

16.-21. Aug Release 20.4 (12.1-36.6) | 90 (2410) 83 (2258)

2017

17.-21. Jul Pre-release | 3 5 (13.8-34.5) | 25 (623) 15 (298)
mOnItOrlng

29. Jul-3. Aug 1-Lindau Release 23.2(15.3-35.0) | 90 (2273) 20 (479)

10.-17. Aug Postrelease | 14 ¢ (10.2-32.7) | 55 (1410) 23 (562)
mOnItOrlng
Pre-rel

2.-10. Aug re-release | 534(15.3-38.5) | 25 (637) 20 (416)
mOnItOrlng

14.-21. Aug 2 — Bellinzona Release 23.1(10.9-35.2) | 90(2327) 89 (1897)
Post-rel

28. Aug — 4. Sep ostrelease | 51 7(12.3-33.5) | 55(1387) 53 (774)
monitoring

2018
Pre-rel

19.-25. Jul re-release | 55.0(13.9-38.3) | 25 (685) 22 (1371)
monitoring

25.-30. Jul 2 — Bellinzona Release 26.1(15.5-37.9) | 90 (2418) 90 (2205)
Post-rel

8.-13. Aug ost-release | 137 (16.8-36.4) | 55 (2697) 51 (1940)
mOnltOrlng
Pre-rel

19.-25. Jul re-release | 550(16.0-35.0) | 25 (694) 25 (363)
mOnltOrlng

25.-30. Jul 4 — Carpi Release 26.5 (17.0-36.5) | 90 (2392) 82 (1780)

9.-14. Aug Postrelease | ¢ 4 (17.0-35.5) | 55 (1469) 55 (958)
monitoring
Pre-rel

25.-30. Jul 3 - Manno re-release | 56.6(15.3-44.5) | 25 (752) 20 (545)
monitoring
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Mean Egg masses Egg masses
Exposure date Location Treatment temperature (eggs) (eggs)
(min — max) [°C] exposed recovered?
30. Jul - 3. Aug Release 28.0 (17.5-39.4) | 90 (2347) 68 (957)
13.-17. Aug Post-.relgase 23.1(14.6-34.7) | 55 (1677) 51 (1345)
monitoring
.-10. -
6.-10. Aug Pre-release | 25 (611) 10 (58)
monitoring
11.-15. Aug 1-Lindau Release na 90 (2303) 85 (1026)
24.-28. Aug Postrelease | 55 (1760) 51 (1536)
monitoring
Total 1287 1082
(35,662) (25,340)

'healthy looking eggs, neither collapsed nor predated on

5.4 Discussion

After experimental releases of A. bifasciatus females, parasitism of sentinel H. halys eggs was
detected in all eight release events at the four experimental sites. Since in two release events natural
A. bifasciatus populations were present before releases, it remains unclear if detected parasitism was
caused by released parasitoids or naturally occurring ones. In comparison, field releases of another
European egg parasitoid, Ooencyrtus telenomicida (Vassiliev) (Hymenoptera: Encyrtidae) only elicited
parasitism at 3 out of 6 release sites (Roversi et al. 2016). When estimating parasitism as the proportion
of trees carrying at least on parasitized sentinel egg mass, A. bifasciatus was recovered from 30% of
the trees. This is comparable with the results of experimental releases of Anastatus sp. in Australian
macadamia orchards against fruitspotting bugs Amblypelta nitida Stal and A. lutescens lutescens
Distant (Hemiptera: Coreidae), where parasitized host eggs were recovered from 24% of the plot trees

(Govender 2015).
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Table 4 Overview of H. halys egg masses measuring dispersal exposed before parasitoid releases (“pre-
release monitoring”), directly after releases (“release”) and two weeks after releases (“post-release
monitoring”)

Exposure date Location Treatment Egg masses | Egg masses | % parasitism by
(eggs) (eggs) A. bifasciatus of
exposed recovered? egg masses

(eggs)

2016

28. Jul - 2. Aug 1 - Lindau Release 32 (874) 32 (839) 12.5(1.7)

16.-21. Aug Release 32 (858) 29 (753) 10.3(2.3)

2017

29. Jul - 3. Aug 1 - Lindau Release 56 (1438) 24 (540) 0(0)

14.-21. Aug 2 —Bellinzona Release 56 (1440) 52 (1107) 11.5(2.9)

2018

19.-25. Jul Preelease | g5 (13000 | 40(802) | 0(0)

monitoring

25.-30. Jul 2 —Bellinzona Release 50 (1418) 22 (371) 0(0)

8.-13. Aug Postrelease | g5 (1323) | 42 (829) 0(0)

monitoring

25.-30. Jul Pre-release | ¢ (1g7) 7 (140) 0(0)

monitoring

30. Jul - 3. Aug 3 —Manno Release 7 (190) 4 (89) 0(0)

Post-release

13.-17. Aug monitoring 8(211) 6 (143) 0(0)

6.-10. Aug Pre-r'eleése 14 (360) 11 (102) 0(0)

monitoring

11.-15. Aug 1 - Lindau Release 14 (369) 10 (80) 0(0)

24.-28. Aug Postrelease 1 1/ (365 12(260) | 0(0)

monitoring

Total 399 (9,787) | 291(6,055) | 4.5(1.0)
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Host exploitation by A. bifasciatus was rather low (28%), which may be explained by the low
weekly fecundity of the parasitoids (Stahl et al. 2018b) if each parasitized egg mass in the field was
found by only one female. However, these data were obtained from trials with unlimited numbers of
host. To increase host exploitation A. bifasciatus females were deprived of host eggs for one week
prior releases. This approach may increase the number of stored parasitoid eggs and increase the
parasitoids’ host searching motivation (Mills and Wajnberg 2008). Unfortunately, there is no
information about the behavior of A. bifasciatus in the field that might help explain the low exploitation
values and improve release efficacy. To increase host exploitation by decreasing patch-leaving stimuli,
dispersal capacities can be reduced by arresting natural enemies within the patch with chemical cues

(Mills and Wajnberg 2008).

When data from all releases were combined, total egg parasitism (host impact) was on average
7%. Based on the mean host exploitation value in the field, if each A. bifasciatus female released in the
orchards either parasitized three to six eggs, only 1 to 10% of the 540 released females would have
been responsible for the observed parasitism. This could also be connected to the relatively small
experimental plots, where dispersal is more likely than from bigger areas such as a whole orchard.
Calculations carried out by Andow and Prokrym (1991) after releases of Trichogramma nubilale Ertle
and Davis (Hymenoptera: Trichogrammatidae) revealed that every day 40% of the parasitoid females
disappeared, which was attributed to the hot and dry weather conditions. In the present study,
weather conditions at release sites were extremely hot and dry over the three years of the study and
may have caused some degree of adult mortality. Another factor that might have influenced observed
parasitism levels is intraguild predation. Some sentinel eggs that showed signs of predation also had
A. bifasciatus host feeding marks, indicating that at least some parasitized eggs had been eaten by
predators. As interactions between parasitoids and predators of H. halys have not been studied so far

(Abram et al. 2017) future studies on the subject could provide valuable input.

Host location of parasitoids is facilitated by a number of cues that can either be emitted by the
host plant (Vinson 1981), the host itself (Weseloh 1981) or a combination of the two factors. The
experimental design of the current study was aimed to provide natural conditions and include host
cues provided by branches with feeding and walking traces of H. halys next to the sentinel egg masses,
assuming that these traces guide parasitoids to their hosts, as demonstrated for T. basalis locating egg
masses of N. viridula (Colazza et al. 1999). At the beginning of the release experiments, the factors
influencing the host finding of A. bifasciatus were unknown, but in the meantime Rondoni et al. (2017)
demonstrated that A. bifasciatus positively responded to adult H. halys male volatiles and to H. halys-
induced plant volatiles, indicating ability to exploit cues associated with the new host for egg location.

Consequently, sentinel H. halys egg masses exposed in this study may have lacked important chemical
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cues associated with H. halys egg masses in nature, resulting in much lower host finding and thus,
lower parasitism by A. bifasciatus. Similarly, Morrison et al. (2018) found no indication that H. halys

egg parasitoids in North America used the H. halys aggregation pheromone as a kairomone.

Apart from trying to increase host exploitation, releasing higher numbers of parasitoids is
another alternative to increase pest suppression. In the present study, the release density was 540
female A. bifasciatus per 60 trees, which translates to 11,000 (site 4) to 26,000 (site 1) females per
hectare, depending on the distances between rows and trees within rows. In comparison, many
commercial and experimental releases involve larger quantities of parasitoids, such as several times
100,000 Trichogramma per hectare (Os and Varshney 2018). In China, commercial releases of the
closely related A. japonicus against less severe infestations of the litchi stink bug, T. papillosa, required
approximately 180 females per medium-sized tree, which is nearyl 20 times more than the present

experiments, and yield an average of 52-94% parasitism in the first year of its releases (Li et al. 2014).

Measuring parasitism by offspring emergence is less labor-intensive than dissections, but
underestimates the actual levels of parasitism if a proportion of individuals cannot undergo complete
development. Dissections of parasitized hosts often have the disadvantage that tiny eggs and early
instar larvae of parasitoids can be hard to detect inside hosts, and remains of dead parasitoids may be
difficult to recognize when hosts decay. An alternative method to detect parasitoids inside their hosts
is the use of molecular markers (Gariepy et al. 2008, 2014). Since the molecular marker for A.
bifasciatus just became available in the last year of the study (see chapter 6), a single sample from an
individual release event was processed. The analysis of remaining unemerged eggs from parasitized
egg masses showed that 14% contained dead developmental stages of A. bifasciatus, suggesting that
host exploitation was indeed much higher than what was measured by offspring emergence. Another
important behavioral trait of A. bifasciatus is host feeding (Stahl et al. 2018b), the consumption of
haemolymph and host tissue by the adult female. Since many parasitoids kill hosts by host feeding as
well as parasitism, this is factor that should not be neglected when estimating the efficacy of a
parasitoid. To avoid additional damage by increasing H. halys densities in the apple orchards, freeze-
killed H. halys egg masses had to be used for the experiments. As a consequence, it was not possible
to assess the number of host eggs killed by A. bifasciatus host feeding. However, data from previous
laboratory studies suggest that the number of eggs killed by host feeding is nearly as high as the
number of eggs killed by parasitization, which may double the estimated host mortality (Konopka et
al. 2017, Stahl et al. 2018b). In addition, parasitoid efficacy might be distinctly higher in a real
infestation situation because using sentinel egg masses may underestimate parasitism (Jones et al.

2014). If preimaginal parasitoid mortality (3.3%) and host feeding (7%; chapter 2) are added to the
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observed parasitism (7% offspring emergence, chapter 5), the actual induced mortality of H. halys eggs
may have been 17.3 %.

Higher parasitism of H. halys may be accompanied by higher non-target parasitism, since the
host impact values for non-targets (8%) and the target (7%) are similar. These findings agree with
studies on the physiological host range of A. bifasciatus, showing that most non-target species where
as frequently parasitized and suitable for development as the target host (Stahl et al. 2018a). Even
though arthropod biodiversity in apple orchards tends to be higher than in annual crops (Risch et al.
1983, Kozar 1992, reviewed by Simon et al. 2010), insect diversity, in other words the number of
potential non-targets, was still comparably low in conventional apple orchards (JMS and TH personal
observation). Consequently, potential dispersal of released A. bifasciatus into habitats outside the
orchards is a more important factor in its risk assessment (Rand et al. 2006). In this study, parasitoid
dispersal could only be confirmed up to eight meters from the closest release point. Other Anastatus
species, however, can disperse up to 60 meters (Li et al. 2014, Govender 2015) and, with wind
dispersal, up to 100 meters (Li et al. 2014). Since parasitism levels of sentinel eggs were low, the results
of the dispersal study are not conclusive and further investigations are needed. As A. bifasciatus has
the potential longevity of three months (97.5 days when provided with honey water) (Stahl et al.
2018b), released wasps were expected to persist in the fruit orchards, but their presence was only
retained for two weeks in three out of eight release events which could also be attributed to to
dispersal. Since releases were conducted in late summer, nectar sources were not available in the
orchards, which may have caused a large proportion of parasitoids to leave the orchards and disperse

into other habitats.

In conclusion, field releases of A. bifasciatus can increase parasitism of H. halys eggs in fruit
orchards, but parasitism levels achieved with the current release strategy were not high enough to
effectively suppress the pest. However, the overall impact may be higher when parasitoid mortality
inside eggs and egg mortality by host feeding are taken into account. If cost effective, releasing higher
densities of parasitoid or combined releases with other species, e.g. O. telenomicida should be
considered (Roversi et al. 2016). To quantify the impact of the parasitoids, parasitism and host feeding,
in the orchards more precisely, naturally laid egg masses should be used in future trials to include host
finding cues of the host and host plants and avoid potential adverse effects of frozen sentinel eggs.
Some degree of non-target parasitism after mass releases can be expected, but whether non-targets
would be negatively affected at population level will require further investigations, including further

dispersal studies.
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Abstract

Globally, Anastatus Motschulsky (Hymenoptera: Eupelmidae) species are associated with the
invasive agricultural pest Halyomorpha halys (Stal) (Hemiptera: Pentatomidae). In Europe, the
polyphagous A. bifasciatus (Geoffroy) (Hymenoptera: Eupelmidae) is the most prevalent native egg
parasitoid on H. halys eggs and is currently being tested as a candidate for augmentative biological
control. Anastatus bifasciatus frequently displays oviposition behavior without oviposition, and
induces additional host mortality through host stinging and host feeding that is not with offspring
emergence. This exacerbates accurate assessment of parasitism and host impact, which is crucial for
efficacy evaluation as well as for pre- and post-release risk assessment. To address this, a general
Anastatus primer set amplifying a 318-bp fragment within the barcoding region of the cytochrome
oxidase | (COI) gene was developed. When challenged with DNA of three Anastatus species (A.
bifasciatus, A. japonicus, Anastatus sp.), five scelionid parasitoid species that might be encountered in
the same host environments and eleven pentatomid host species, only Anastatus DNA was successfully
amplified. When applied to eggs of the target host H. halys and an exemplary non-target host,
Dendrolimus pini L. (Lepidoptera: Lasiocampiae), subjected to host feeding no Anastatus amplicons
were produced. Eggs of the two host species containing different parasitoid stages from 1 h old A.

bifasciatus eggs to pupae, and emerged eggs, yielded Anastatus fragments. Confirmation of parasitoid
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presence with dissections and subsequent PCRs resulted in 95% success for 1 h old parasitoid eggs. For
both host species, field-exposed sentinel emerged eggs stored dry for 6 months, 100% of the
specimens produced Anastatus amplicons. This DNA-based screening method can be used in
combination with conventional methods to better interpret host-parasitoid and parasitoid-parasitoid
interactions. It will help address ecological questions related to an environmentally-friendly approach

for the control of H. halys in invaded areas.

6.1 Introduction

In the field of biological control, molecular diagnostic tools are useful for evaluating population
genetics of natural enemies, assessing non-target effects, and accurately identifying biocontrol agents
(Bigler et al. 2005, Gariepy et al. 2007). These tools may supplement traditional methods of species
identification that, for parasitoids, mainly consist of rearing the natural enemies and dissecting their

hosts.

Of recent interest globally, is the brown marmorated stink bug, Halyomorpha halys (Stal)
(Hemiptera: Pentatomidae), and the potential to use parasitoids in a biological control strategy for this
pest. Halyomorpha halys is a polyphagous species of Asian origin that has become highly invasive in
North America and Europe following accidental introduction in the mid-1990s and around 2004,
respectively (Hoebeke and Carter, 2003, Wermelinger et al. 2008, Haye et al. 20144, b). A more recent
introduction occurred in 2017 in South America (Faundez and Rider 2017). In North America and
Europe, H. halys has caused tremendous damage as an agricultural pest on a number of economically
important host plants, including apple, pear, peach, hazelnut, and corn (Leskey et al. 2012, Bosco et al.

2017, Maistrello et al. 2017).

In its native range, H. halys is attacked by a complex of scelionid and eupelmid egg parasitoids,
with Trissolcus japonicus Ashmead (Hymenoptera: Scelionidae) as the most prevalent species (Yang et
al. 2009, Zhang et al. 2017). In Europe, native scelionid species typically associated with other
pentatomids attempt to attack H. halys eggs, but are not able to complete development (Haye et al.
2015). As such, European Trissolcus and Telenomus species are not promising candidate agents for
biological control of H. halys. In contrast, another European egg parasitoid, Anastatus bifasciatus
(Geoffroy) (Hymenoptera: Eupelmidae), is the species most commonly found parasitizing H. halys eggs,
and can complete its development on live H. halys eggs. This polyphagous, solitary species has been

reared from sentinel and natural field-collected H. halys eggs in several European countries (Haye et
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al. 2015, Costi et al. 2018) and is currently being tested as a biological control agent in the field in
Switzerland and Italy. Natural field parasitism assessed by rearing is generally quite low (e.g. Costi et
al. 2018). However, A. bifasciatus induces additional host mortality through oviposition damage and
host feeding, which in fact is equivalent to host mortality related to offspring production (Stahl et al.
2018a). In addition to H. halys, A. bifasciatus successfully parasitizes eggs of other European
Heteroptera and Lepidoptera, including several species of conservational concern (Noyes 2014, Stahl

et al. 2018b).

Accurate assessment of parasitism of H. halys in the field can be difficult. First, species-level
identification of the host eggs is challenging, as there are few distinguishing morphological characters
inthe egg stage (Esselbaugh 1946, Bundy and McPherson 2000, Gariepy et al. 2013). Usually, recovered
egg masses are found when nymphs have already hatched, which further exacerbates identification
efforts. Identifying the associated egg parasitoids after their emergence is similarly challenging. There
are species identification methods described for parasitoids of Heteroptera, based on exit holes and
morphology of the frass the parasitoid larva has left behind in the egg (Viggiani and Mineo 1970), but
the applicability and reliability of those methods in multispecies systems could be questioned. Even if
the parasitoid was still present inside the host egg, preimaginal mortality can prevent identification via
rearing and even dissections are of little use once the parasitoids have disintegrated. To overcome
some of these difficulties, a modified DNA barcode approach was developed with general primers for
Pentatomidae and Scelionidae in order to evaluate host-parasitoid associations in this system (Gariepy

et al. 2013, 2018).

For risk assessment and to evaluate biocontrol efficacy of A. bifasciatus a molecular approach
using PCR primers that can detect the presence of A. bifasciatus DNA within a host would greatly
improve the ability to rapidly and accurately identify A. bifasciatus in H. halys and other potential hosts,
and would provide a more accurate estimate of parasitism level. Once designed, newly-developed
primers need to be tested in terms of their specificity and sensitivity: if the primers are not specific
enough, they can amplify each other, or DNA from species other than the one they were designed for,
both of which would lead to false positives (Admassu et al. 2006). Since hosts are normally associated
with a limited number of parasitoids, primer specificity testing can be restricted to species closely
related to the parasitoid the primers were designed for and species that parasitize closely related hosts
(Gariepy et al. 2007). The sensitivity of a primer set refers to which stages of the parasitoid can be
detected. It is important to ensure that all developmental stages are detectable, to prevent an
underestimation of parasitism level due to false negatives. To gain more information regarding host-

parasitoid associations in this system, a set of general PCR primers nested within the DNA barcode
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regions were developed for Anastatus, and evaluated in terms of specificity, sensitivity and

applicability to field samples using the target host H. halys and an exemplary non-target host.

6.2 Material and Methods

6.2.1 Primer design

Publically-available DNA sequences for Anastatus species associated with pentatomid eggs
(generated as part of another research project; Gariepy, unpublished) were retrieved from the DNA
barcode of life datasystems (BOLD), project NASTA. These included 3 species, A. japonicus Ashmead
(BIN ACE0140) collected from fresh H. halys egg masses in Asia (37 specimens), A. bifasciatus (BIN
ACX9265) collected from sentinel H. halys egg masses in Europe (3 specimens), and Anastatus sp. (BIN
ACP8173) collected from an unidentified pentatomid egg mass in Canada (10 specimens). The 652-bp
COl sequences for Anastatus were aligned using Clustal W algorithm (Thompson et al. 1994) in Codon
Code Aligner (v 4.0.4). Visual inspection of regions of DNA sequence similarity were investigated to
design primers nested within the DNA barcode region that would amplify all three species of
Anastatus. Further, Anastatus DNA sequences were aligned with representative members of the
Scelionidae (BOLD project NSCEL) and Pentatomidae (BOLD project HCNC) to ensure adequate
sequence variation existed within these regions to prevent non-specific amplification of the
Pentatomidae and the Scelionidae, as one or more of these species could be present in mixed DNA

samples extracted from host eggs.

6.2.2 Primer specificity

The specificity of the primer pair (Ana-361F and HCO-2198) was challenged in separate PCR
reactions with DNA from A. bifasciatus (n = 11), A. japonicus (n = 17), and Anastatus sp. (n = 6), as well
as with DNA of 11 scelionid parasitoids (Telenomus chloropus (Thomson), n = 10; Trissolcus semistriatus
(Nees), n = 10; Trissolcus japonicus, n = 10; Telenomus podisi Ashmead, n = 11; Trissolcus euschisti
(Ashmead), n = 4), and the pentatomid hosts (Acrosternum hilare Say, n = 3; Banasa dimidiate (Say), n
=2; Brochymena quadripustulatus (Fabricius), n = 3; Cosmopepla bimaculate (Thomas), n = 2, Dolycoris
baccarum (L.), n = 2; Euschistus variolarius (Palisot), n = 2; Halyomorpha halys, n = 8, Nezara viridula
(L.), n = 2; Podisus maculiventris (Say), n = 3; Rhaphigaster nebulosi (Poda), n = 3; and Thyanta acerra
McAtee, n = 2). Amplification of DNA was performed in an Eppendorf Mastercycler Pro PCRs in a 25 ulL
volume containing 0.125 uL of Taq Platinum, 2.5 pL of 10x PCR buffer, 1.25 pL of 50 mM MgCl,, 0.125
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pL of 10 uM dNTPs (Invitrogen), 0.25 pL of 10 uM Ana-361F (5’-ATCACATAGGGGTCCTTCAGTA-3’), 0.25
pL of 10 uM HCO2198 (5’-TAAACTTCAGGGTGACCAAAAAATCA-3’) (Folmer et al. 1994), 19.5 uL ddH,0,
and 1 pL of template DNA. Thermocycling conditions were: initial denaturation at 94°C for 1 min,
followed by 35 cycles of 94°C for 40 sec, 58°C for 40 sec, and 72°C for 1 min, and a final extension
period of 5 min at 72°C.

6.2.3 Primer sensitivity

The ability of the molecular markers to detect trace amounts of parasitoid DNA was tested in
time trials to determine how soon parasitoid DNA could be detected following oviposition, which
developmental stages of the egg parasitoid could be detected, and whether A. bifasciatus DNA can be
detected in host eggs following emergence (based on trace levels of DNA present in parasitoid frass
left in the egg). Since A. bifasciatus regularly displays host feeding and can display oviposition behavior
without egg deposition, host mortality caused by these behaviors are of interest in the assessment of
this species as a biological control agent. However, they cannot be measured by offspring emergence
or with identification of punctured host eggs, particularly in field-collected samples. Therefore, the
sensitivity of the primers was tested on H. halys eggs that had been probed and subjected to host

feeding.

All tests apart from the host feeding treatment were conducted both with the hosts H. halys
and Dendrolimus pini L. (Lepidoptera: Lasiocampidae), a non-target species recently shown to be a
suitable host for A. bifasciatus. As a negative control, fresh (< 24 h), unparasitized H. halys and D. pini

eggs were used.

To obtain different stages of the parasitoid, fresh host eggs (< 24 h) were exposed at 26°C to
randomly selected A. bifasciatus females in 54 x 14 mm Petri dish arenas. Oviposition behavior was
observed with a ‘Leica MS5’ microscope (Leica Biosystems Nussloch GmbH, Nussloch, Germany),
drilled eggs were separated and stored for different periods at 26°C to allow the parasitoids to stay in
the egg phase (1 h) or develop into an early instar larva (3 d), late instar larva (7 d) and the pupal stage
(21 d). After the selected time periods the eggs were transferred to 2 ml Sarstedt tubes filled with 95%
ethanol. For the probed and host-fed H. halys eggs, the parasitoid females were removed from the
eggs after observed ovipositor insertion and the end of the first host feeding event and the eggs

immediately transferred into ethanol. Each treatment was repeated 20 times.

To correct for parasitization behavior without oviposition, stored H. halys eggs were visually

and non-invasively examined for A. bifasciatus presence after 7 and 21 days. Only those host eggs
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containing parasitoid larvae and pupae, respectively, were transferred into ethanol. The presence of
earlier developmental stages (as well as all stages in D. pini) can barely be ascertained in a non-invasive
way, so for these categories all host eggs were placed in ethanol. As a control for the presence of A.
bifasciatus, additional potentially parasitized H. halys and D. pini eggs placed into ethanol 1 h (egg
stage), 12 h (egg stage), 24 h (egg stage), 3d, 7 d, and 21 d after observed oviposition behavior were
dissected. When A. bifasciatus presence was confirmed by dissection, the remains of the dissected

host and parasitoid were subjected to the same molecular procedures as described below.

In addition to the host eggs containing premature A. bifasciatus stages, empty eggs were
transferred to ethanol < 24 h after parasitoid emergence to determine the ability to detect parasitoid

DNA from empty eggs.

6.2.4 Application for field-collected samples

Since one of the most important applications of the developed molecular marker is the
identification of Anastatus parasitoids from field-collected samples, field-exposed sentinel eggs of H.
halys and D. pini were stored for approximately 6 months at 26°C and subjected to the same DNA
extraction and amplification procedures as the time trial samples. This included empty eggs (from
which Anastatus had already emerged), as well as unemerged eggs from the same egg masses that

yielded Anastatus adults.

6.2.5 Molecular analysis

DNA was extracted with a high salt protocol with 6 M NaCl and pure chloroform. Samples were
transferred to 1.5 ml Eppendorf vials individually with a clean, sterile paint brush after which 50 pl of
digestion buffer (100 mM NacCl, 10 mM Tris:HCL pH 8.0 and 25 mM EDTA) was added. The material
was shredded with a pellet mixer (VWR International, Leicestershire, UK) for approximately 1-2 min
until homogenized. The paint brush and mixer tip were washed in diluted bleach solution, 70% ethanol
and water between different samples to avoid contamination. 50 pl of a mixture of digestion buffer
(48 pL) and proteinase K (0.2 mg/ml; QIAGEN GmbH, Hilden, Germany) (2 uL) was added to the
homogenate, and vials were incubated for 2 — 5 h in a 56°C shaking water bath (1083, GFL Gesellschaft
fir Labortechnik mbH, Burgwedel, Germany) after which 40 ul 6M NaCl and 140 pl 100% chloroform
was added and the samples mixed for 20 min with a horizontal shaker (HS 501 digital, IKA Labortechnik,

Staufen, Germany). After 5 min of centrifuging at 15,000 rpm, the supernatant water phase with the
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isolated nucleic acids was transferred into a new 1.5 ml Eppendorf tube. 140 pl of 100% isopropanol
was added to precipitate the DNA as well as 2 pl 15 mg/mL GlycoBlue (Thermo Scientific, Waltham,
USA) to stain the forming pellet. The mixture was incubated for 5 min on the shaker and then
centrifuged for 20 min at 15,000 rpm. Subsequently, the supernatant was discarded, and the remaining
pellet washed three times with 150 pl of 70% ethanol (centrifuged for 5 min at 15,000 rpm and liquid
discarded), after which the DNA pellets were vacuum dried (Concentrator 5301, Eppendorf, Hamburg,
Germany) for 1-2 minutes at 45°C until all remaining liquid had evaporated. The DNA was resuspended

in 20 ul Milli-Q water.

For the PCR, a 25 pl reaction volume was prepared with 2.5 ul 10x reaction buffer + Mg (Roche
Diagnostics GmbH, Mannheim, Germany), 0.125 pl 10 mM dNTP mix (Fermentas, Waltham, USA), 0.25
pl 10 uM Ana-361F forward primer (5-ATCACATAGGGGTCCTTCAGTA-3’) and 0.25 pul 10 uM HCO-2198
reverse primer (5-TAAACTTCAGGGTGACCAAAAAATCA-3’), 20.75 ul ddH,O, 0.125 ul Tag DNA
polymerase (Roche Holding AG, Basel, Switzerland) and 1 ul template DNA. The PCR was run in an
Applied Biosystems® Veriti® 96-Well Thermal Cycler (Thermo Scientific) with initial denaturation at
94°C for 1 min, 40 cycles of 40 s annealing at 58°C and 1 min extension at 72°C, followed by 5 min of

final extension at 72°C.

PCR products were visualized with gel electrophoresis, 5 pl of template DNA was blended with
3 ul 6x DNA Gel Loading Dye (Thermo Scientific) and run on a 2% agarose gel with 1xTAE buffer and
0.05 pl/ml Ethidium bromide next to 1 pl 0.1 pg/ul flanking ladder GeneRuler 100 bp Plus (Thermo
Scientific). The results were visualized with a GeneFlash Bio Imaging Gel Documentation System

UV/VVIS Gene Flash (Syngene International Pvt Ltd., Bangalore, India).

6.2.6 Statistical analyses

The number of samples in which Anastatus DNA was detected was compared for time trials
and field samples with a Generalized Linear Model (GLM) of the binomial distribution using the logit
link function, with detection as the dichotomous response variable, and the hosts H. halys and D. pini
as independent variable for each time interval/treatment, using R version 3.2.3 (Team 2014) and the

development environment RStudio (Team 2017).

69



6 A molecular tool to identify Anastatus parasitoids of the brown marmorated stink bug

6.3 Results

6.3.1 Primer design

Alignment of the DNA barcode region of the COl gene from public sequences available on BOLD
allowed the identification of short nucleotide sequences conserved within the genus Anastatus, but
with sufficient variation to permit exclusion of members of the family Pentatomidae and Scelionidae.
This resulted in the development of a unique forward primer, Ana-361F (5'-
ATCACATAGGGGTCCTTCAGTA -3’) that when used in combination with the universal reverse primer
HCO-2198 (Folmer et al. 1994), yields a 318-bp PCR fragment for Anastatus spp.
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Ab Ab Ab Ab A] Al A] A Asp Asp Asp Asp Tec Tep Tre Trj Trs Bg Db Ev Hh Nv Rn NEG

Anastatus species Scelionidae species Pentatomidae species

Figure 1 Specificity of Anastatus PCR primers (Ana-361F / HCO2198) when challenged with DNA from
Anastatus bifasciatus (Ab), Anastatus japonicus (Aj), and Anastatus sp. (Asp), as well as several
scelionid parasitoid species (Telenomus chloropus, Tec; Telenomus podisi, Tep; Trissolcus euschisti, Tre;
Trissolcus japonicus, Trj; and Trissolcus semistriatus, Trs) and pentatomid species (Brochymena
quadripustulata, Bq; Dolycoris baccarum, DB; Euschistus variolarius, Ev; Halyomorpha halys, Hh;
Nezara viridula, Nv; and Rhaphigaster nebulosa, Rn)

6.3.2 Primer specificity

When challenged with DNA from different Anastatus species, the primer combination Ana-
361F and HCO-2198 successfully amplified an approximately 320-bp fragment for all Anastatus
specimens collected from Europe (A. bifasciatus, n = 11), China (A. japonicus, n = 17), and Canada
(Anastatus sp., n = 6); whereas no DNA amplification was observed for specimens of Scelionidae and
Pentatomidae (Figure 1). No PCR amplicons were observed for D. pini, the representative lepidopteran

host used in subsequent experiments (data not shown).
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6.3.3 Primer sensitivity

45% of H. halys and 55% of D. pini eggs placed in alcohol 1 h after observed parasitization
behavior yielded Anastatus-specific products (Figure 2). In specimens transferred to ethanol after 3 d,
30% and 35% of H. halys and D. pini, respectively, were positive for Anastatus DNA (Figure 2). For both
time intervals the values were not significantly different between host species (binomial GLM, df =1,
38,z=-0.631, p=0.527for1 hand df =1, 38, z=-0.337, p = 0.736 for 3 d). After 7d and 21 d intervals,
Anastatus was more frequently detected in H. halys samples (95% and 100%) than in D. pini samples
(70% and 55%) (binomial GLM, df = 1, 38, z = 1.846, p = 0.0297 for 7 d and df = 1, 38, z = 0.008, p <
0.001 for 21 d). For both host species, 100% of the tested samples transferred into alcohol < 24 h after

adult A. bifasciatus emergence produced Anastatus amplicons (Figure 2).
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Dissection of eggs drilled by A. bifasciatus (from the same batch as those from which DNA was
extracted and tested with the Anastatus-specific primers) revealed that 20-56% of the H. halys and D.
pini eggs contained the expected A. bifasciatus stages (Figure 3). Upon testing only those eggs that
were found to contain A. bifasciatus, DNA amplification resulted in 89% (24 h old eggs) to 100% (early

instar larvae, late instar larvae, pupae) detection of Anastatus (Figure 4).

Proportion of identified
A. bifasciatus [%]

100 -
80 . )
Figure 4 Proportion of detected
60 parasitoid DNA of the dissected
parasitoid stages; samples with a
40 development time of 1 h (egg), 12 h
20
0 - : : : : : (pupa). For each treatment the
1h 3d 7d

(egg) and 24 h (egg), 3 d (early instar
larva), 7 d (late instar larva) and 21 d

12h  24h 21d number of host eggs tested can be

(n=20) (n=21) (n=18) (n=2) (n=6) (n=5) found as n in brackets.

Time interval

6.3.4 Application to field-collected samples

In field-exposed sentinel eggs belonging to both host species, parasitoid DNA was detected in
empty eggs following parasitoid emergence approximately 5 — 6 months prior to preservation in
ethanol for subsequent molecular analysis. For both host species, 100% of the specimens (n = 20 for
H. halys and n = 20 for D. pini) produced Anastatus amplicons (Figure 5). In contrast, Anastatus was
detected in 15% of unemerged H. halys eggs and 58% of unemerged D. pini eggs collected from the

same field-exposed sentinel egg masses that had also yielded Anastatus adults (Figure 4). There were
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no significant differences between the detection levels in the two hosts (binomial GLM, df =1, 47,z =

-1.92, p = 0.0519).
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o bifasciatus ~ (unemerged eggs) and
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6.4 Discussion

In the present study, a set of PCR primers capable of detecting Anastatus species DNA without
non-target amplification of scelionid, pentatomid, and Lepidoptera DNA is reported. Although these
primers are capable of amplifying the three Anastatus species from the present study, their broad
applicability to other members with the same genus and/or in the Eupelmidae from other host-
parasitoid systems is unknown and should be tested. However, in the current context, the number of
species interactions that may occur within the present host-parasitoid system are limited and
therefore the ability of the primers to separate Anastatus DNA from pentatomid and scelionid DNA is

sufficient for the research questions addressed here.

A total of 57% of host eggs that potentially contained different stages of A. bifasciatus (egg,
larva, pupa, post-emergence empty egg) produced Anastatus amplicons. In contrast, 95% of host eggs
that were dissected 1 h post-parasitism and subjected to molecular analysis (following confirmation of
the presence of a parasitoid egg) were positive for Anastatus DNA. This suggests that the molecular
tool is sensitive enough to consistently detect parasitoid eggs, and the comparatively low detection
level (57%) in the time trial series was largely the result of parasitoid probing behavior without
oviposition. Successful oviposition by A. bifasciatus cannot be evaluated by visual inspection of the
egg, and although probing of the egg can be observed, roughly only half of the eggs are used for
oviposition, whereas the other half are exclusively used for host feeding (Konopka et al. 2017, Stahl et

al. 2018a).
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Recently, trophic interactions between Pentatomidae hosts, including H. halys, and their
scelionid parasitoids were investigated in North America with a modified DNA barcode approach
(Gariepy et al. 2018). Given that the Anastatus primers are also within the DNA barcoding region, they
could potentially be used in combination with the primer pair for Scelionidae (SCEL: SCEL-F1/HCO-
2198) (Gariepy et al. 2013) to assess multispecies interactions in the Pentatomidae. However, in order
to determine species-level interactions, DNA sequencing of both scelionid and Anastatus amplicons
would be required for species-level resolution (as was done for scelionids and pentatomids in Gariepy
et al. 2018). This type of DNA sequencing approach allows broad applicability of the technique,
regardless of geography, as the same primers amplify Anastatus from North America, Europe, and Asia,
and the DNA barcode library for these species (BOLD Project NASTA) would allow species separation
based on single nucleotide polymorphisms in the DNA barcode region. An improved understanding of
species interactions is of particular interest, as T. japonicus has recently been discovered in Europe,
and is established in Switzerland in locations where A. bifasciatus is frequently found (Stahl et al.
2018c). Laboratory studies on interactions between T. japonicus and A. bifasciatus suggest the
potential for coexistence, but field data from Europe are needed to confirm this, and to determine
whether the two species will compete for target and non-target host resources (Yang et al. 2009, Qiu

et al. 2010, Konopka et al. 2017).

Traditionally, parasitism level is evaluated by rearing and dissection of host material; however,
identification of immature stages of the host and parasitoid to the species level can be difficult, and in
some cases impossible due to a lack of taxonomic expertise and/or lack of morphologically-
distinguishing characteristics in the immature stages. This is particularly problematic in multispecies
systems, where several closely-related taxa may be encountered. However, even in a simpler system
that contains only one host and one parasitoid species, a molecular approach is valuable in quantifying
parasitism level and monitoring movement and spread of a biocontrol agent following release.
Anastatus bifasciatus is currently being investigated as a potential augmentative biocontrol agent for
H. halys in Europe, and efficacy evaluations are a crucial part of the process (Haye et al. 2015, Stahl et
al. 2018a). Rearing and dissections often yield different results due to preimaginal mortality of the
parasitoids (Day 1994, Gariepy et al. 2008). Recent studies indicate that preimaginal mortality of A.
bifasciatus in H. halys is indeed a variable that should not be neglected (Stahl et al. 2018a). However,
accurate measurements with dissections are often exacerbated by the possibility that parasitoid
development has not yet reached a detectable stage, or that dead parasitoids have decayed beyond
the ability to detect or identify them (Ratcliffe et al. 2002). A large-scale comparison of parasitism
estimates based on dissection, rearing, and molecular techniques in another host-parasitoid system
has shown that molecular techniques provide more accurate estimates of parasitism and parasitoid

species composition, whereas rearing and dissection tend to underestimate parasitoid-induced
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mortality (Gariepy et al. 2008). In the present system, parasitoid-induced mortality can be from
oviposition and it can also it can be inflicted from host feeding, which occurs either with or without
oviposition. Host mortality due exclusively to parasitoid feeding events cannot be detected by
dissection (Cebolla et al. 2018, Day 1994), nor can it be detected with the Anastatus primers described
here. Although we assume that minute traces of parasitoid DNA would be transferred to the host egg
during probing (e.g., calyx fluid) or feeding (e.g., saliva), these are not detectable using the protocol
developed here. Perhaps further refinement of the protocol to increase detection sensitivity will allow

minute quantities of DNA to be detected.

Detection of parasitoid DNA within a host does not necessarily indicate parasitoid survival and
associated host mortality; however, it does indicate that attack of a given host has occurred. This is
extremely valuable as a non-target risk-assessment tool, as detection of parasitoid DNA clearly
demonstrates the potential of a parasitoid to use a given host species as a resource (Gariepy et al.
2008). Anastatus bifasciatus is known to be an extremely polyphagous parasitoid that attacks and
develops in a variety of Hemiptera and Lepidoptera, some of which are of conservational concern
(Noyes 2014, Stahl et al. 2018b). With this molecular tool, recovered eggs from the field can be
screened for the presence or absence of Anastatus species, and trace amounts of DNA can even be
detected following parasitoid emergence. This forensic-style approach (screening of empty egg masses
for traces of parasitoid DNA) can provide valuable information regarding the ecological host range and
impact of a parasitoid on non-target species, which is often a decisive factor in pre- and post-release
assessments of biocontrol agents (Gariepy et al. 2008, 2018). In the present study, field-exposed
sentinel egg masses which had been stored for several months at 26°C nonetheless yielded Anastatus
PCR products, despite the fact that storage conditions were less than ideal in terms of preserving DNA
and preventing degradation. Although prolonged exposure under field conditions may result in quicker
degradation of DNA, this clearly demonstrates that the Anastatus primers are capable of detecting
DNA from dry, decaying eggs from emerged and unemerged eggs. As the PCR primers amplify a fairly
short fragment of the COI gene (~320-bp), it can be considered a “mini-barcode”, which is more likely
to be detectable for longer periods of time in comparison to longer fragments (Hajibabaei and

McKenna 2012).

The availability of a molecular tool to detect the presence of A. bifasciatus is also very useful
in laboratory studies. Oviposition behavior in A. bifasciatus may or may not result in the insertion of
an egg within a host, and there is no way to determine whether oviposition was successful based on
observation or visual inspection of the probed host egg. As such, results from laboratory experiments
can be difficult to interpret, as they rely primarily on offspring emergence, which can take several

weeks under regular conditions and several months if diapause has been induced, during which time
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the host and/or parasitoid may be subjected to increased mortality (Konopka et al. 2017, Stahl et al.
2018a). This delay between observed attack and confirmation of parasitism is time consuming and may
not provide accurate results based on mortality experienced in rearing. In contrast, molecular tools
can provide a rapid, accurate assessment of parasitism within < 24 h following observed oviposition.
However, it is important to note that molecular detection of parasitism does not necessarily reflect
successful parasitism, and molecular assessment requires destructive sampling, which therefore
prevents the measurement of successful parasitoid development within a given host species. However,
a combination of rearing and molecular analysis of separate samples would facilitate a more accurate

representation of parasitism events, and an indication of whether successful development occurs.

The utility of the Anastatus primers as a molecular tool in both field and laboratory studies will
permit the evaluation of a promising biological control agent for invasive H. halys, and will greatly
facilitate pre- and post-release studies on A. bifasciatus in Europe. In addition, the fact that these
primers amplify at least 3 species of Anastatus associated with the Pentatomidae provides additional
flexibility in their application in other geographic areas where these species exist and where there may
be interest in evaluating their biological control potential for H. halys. Although the current application
of the primers is to detect presence/absence of Anastatus, their utility can be expanded by
implementing them in a DNA barcoding approach. DNA sequencing of the resulting 320-bp PCR
product, and comparison of sequences with publicly-available DNA barcodes (BOLD, Project NASTA)
would allow species separation, which may be of interest in locations areas where multiple Anastatus
species co-occur with overlapping host range. Overall, the development and application of such a tool
will help address ecological questions related to a reduced-risk, environmentally-friendly approach for
the control of H. halys in invaded areas, and can be used in combination with conventional methods

to better interpret host-parasitoid and parasitoid-parasitoid interactions.
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Abstract

The brown marmorated stink bug, Halyomorpha halys (Stal), native to East Asia, emerged as
an invasive pest in Europe in the 2000s. In its native range, Trissolcus japonicus (Ashmead) is the
dominant egg parasitoid of H. halys, and thus it has been considered for classical biological control in
countries invaded by the pest. A survey of native egg parasitoids conducted in 2017 and 2018 with
frozen, sentinel egg masses of H. halys revealed that T. japonicus was already present in apple orchards
in the Canton Ticino, Switzerland. Trissolcus japonicus was recovered in both years and from three
different sites. In total, 17 egg masses were recovered from which 42 adult parasitoids emerged. A
genetic analysis using the barcode mitochondrial DNA confirmed the morphological identification of
T. japonicus and evidenced a best match of the “Ticino populations” to Japanese populations, but the

pathways of entry remain unknown.
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Figure 1 Released A. bifasciatus female on sentinel H. halys egg mass in site 1 of the release trial




8 General discussion

In 2015, augmentative biological control was applied on more than 30 million ha worldwide
(van Lenteren et al. 2018). With 170 species of invertebrate biological control agents, Europe is still
the largest commercial market for augmentative biological control, which is partly due to political
support of biological control within IPM programs, but also due to high demand by consumers, and a
highly developed biological control industry (Cock et al 2010, van Lenteren et al. 2018). Augmentative
biological control has been applied successfully for more than 100 years (Cock et al. 2010), but the use
of native natural enemies against invasive species in the field is a relatively new strategy that might
become more important in the future, if access to exotic biological control agents becomes more and
more limited (Hassan 1994, Molla et al. 2013, Panzavolta et al. 2013, Stacconi et al. 2013). So far, only
a few examples exist for this new approach, e.g. the augmentation of North American larval parasitoids
against the invasive emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae)
(Gaudon and Smith personal communication) or the mass releases of Trichopria drosophilae Perkins
(Hymenoptera: Diapriidae) against the spotted wing drosophila, Drosophila suzukii (Diptera:
Drosophilidae), in Italy (Stacconi 2018). Following this new approach, in the present study the potential
of the Palaearctic egg parasitoid A. bifasciatus for augmentative biological control against the invasive
H. halys in Europe was investigated.

Due to the long oviposition period of H. halys, A. bifasciatus could be released inoculatively or
inundatively during peak oviposition period(s) (Haye et al. 2014, Costi et al. 2017). Since the oviposition
period of A. bifasciatus overlaps with that of H. halys (chapter 2), it seems well-suited for an inoculative
release strategy. However, for inoculative releases multiplication of the parasitoid in the field is
essential, and even if females can survive for three months (chapter 2) and progeny production on
alternative hosts could be possible (chapter 3), the low reproductive capacity of A. bifasciatus may
prevent a sufficient population growth throughout the season. On the other hand, the new findings on
the biology of A. bifasciatus presented here, particularly the low fecundity and challenge arising
therefrom to fully parasitize egg masses, are also providing evidence that an inundative approach
might not necessarily result in high pest suppression either. To address this issue, over a three-year
period, eight experimental augmentative field releases have been conducted in three different apple
orchards and one pear orchard located in Switzerland and Northern Italy. In total, more than 4,300 A.
bifasciatus females were released, equivalent to, depending on distances between trees, 11,000 (site
4) to 26,000 (site 1) females per hectare at each release event (chapter 5). With the observed average
of 7% parasitism (range: 2-16%) pest control could not be achieved. However, parasitism was
measured by offspring emergence and additional mortality induced by A. bifasciatus progeny that
failed to develop was 3.3%, when tested with a new developed molecular marker (chapter 6). This
value might not be representative for all sites, since only samples from a single release event were

analysed. The low detection threshold of the molecular marker is advantageous in detecting A.
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bifasciatus eggs directly after oviposition, but host feeding (without oviposition) — which accounts for
nearly half of the mortality of H. halys eggs (chapter 2) — cannot be detected in field collected samples
(chapter 6). Accordingly, the overall impact of A. bifasciatus on the mortality of H. halys eggs was likely
underestimated. If preimaginal parasitoid mortality (3.3%; chapter 6) and host feeding (7%; chapter 2)
are added to the observed parasitism (7% offspring emergence, chapter 5), the actual induced

mortality of H. halys eggs might have been 17.3%.

This potentially more accurate estimate of induced H. halys egg mortality is more promising
than the initial field data would suggest; however, it remains unrealistic that full pest control can be
achieved. In comparison, augmentative releases of Anastatus sp. against H. halys in China were
considered effective, resulting in parasitism levels of 53 to 65% (Hou et al. 2009). However, high
parasitism of a particular developmental stage of the host does not necessarily translate to full pest
suppression (Xu et al. 2001). In the end, the main goal is suppressing pest populations below the

economic threshold, which has not yet been defined for H. halys (Nielsen et al. 2013).

Independently, optimisation of H. halys control with A. bifasciatus releases could be achieved
by increasing the number of released females — if cost effective — or creating optimal conditions for
the released parasitoids by providing suitable floral resources (e.g. flower strips) in or around the
orchards (Bianchi and Wackers 2008, Tillmann 2017). These should consist of plant species that
improve the longevity and fecundity the parasitoid (Heimpel and Jervis 2005, Vattala et al. 2006, Génau
et al. 2012).

The original A. bifasciatus colony, which was used for all experiments described within this
thesis, was established from only two parasitized H. halys egg masses recovered in the Canton of
Valais, Switzerland (Haye et al. 2015), representing a very small founder population. Since A.
bifasciatus is haplodiploid, requiring lower levels of heterozygosity than diploid organisms, founder
populations of less than 500 individuals can maintain healthy colonies (Smith 1996). The less than 50
A. bifasciatus individuals that founded our A. bifasciatus colony, however, represent a clear bottleneck.
Since the same A. bifasciatus colony was maintained in the laboratory since 2014, selection pressure
and conditioning during the process of mass rearing might have altered the behavior of A. bifasciatus
produced under artificial conditions, which could have contributed to the low success of field-releases

(Boller 1972).

Intraspecific variation within parasitoid species has been studied with increasing interest,
because such variations may be used to optimise the selection of appropriate strains within a beneficial
species (Roush 1990, Goldson et al. 1997). As mentioned above, for the present study a single

population was used, but additional populations were collected during the experimental field releases
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in the Canton of Ticino, Switzerland, and the Region of Emilia-Romagna, Italy. Since DNA-based
technologies are now available for strain differentiation, these new populations present an

opportunity for future research.

At the beginning of the project in 2015, A. bifasciatus was the only known parasitoid in Europe
that could complete its development on viable H. halys eggs, limiting the list of candidates for
augmentative biological control to this species. In the meantime, two additional egg parasitoid species
with the same capabilities but from different families, Ooencyrtus telenomicida (Vassiliev) (Encyrtidae)
and Trissolcus kozlovi Ryakhovskii (Scelionidae), have been discovered, which are also considered for
augmentative control (Roversi et al. 2016, Moraglio et al. unpublished). However, the efficacy of these
species is still unknown and both species will need to undergo similar studies as presented in this
thesis. Based on the results of the intrinsic competition experiments between A. bifasciatus and O.
telenomicida (chapter 4), negative effects on the latter species may occur when co-existing in the same
habitat or released simultaneously. Negative effects of intrinsic competition with A. bifasciatus might
also be expected for T. kozlovi, being closely related to the Asian T. japonicus, which proved to be an

inferior larval competitor to A. bifasciatus (Konopka et al. 2017).

Large scale inundative releases of native generalist biocontrol agents can also lead to non-
target effects due to overflow into adjacent habitats (van Lenteren and Loomans 2006) putting
endangered and beneficial species within those habitats at risk. Laboratory tests demonstrated that A.
bifasciatus is able to develop on a wide variety of non-target species (chapter 3), and it was confirmed
that some degree of non-target parasitism is also likely under field conditions (chapter 5). Accordingly,
locally threatened species, such as Saturnia pyri (Denis and Schifermdller) (Lepidoptera: Saturniidae),
which is part of the physiological host range of A. bifasciatus (chapter 3), could be affected due to
mass-releases of the biocontrol agent. A more important aspect for the risk assessment for A.
bifasciatus is the potential dispersal into non-crop habitats, where non-target species may be more
abundant and diverse (Rand et al. 2006). In experimental field releases A. bifasciatus females dispersed
at least eight meters (some egg masses were exposed more than 50 m) from the closest release point
but these preliminary results suggest that that females did not leave into adjacent habitats (chapter
5). Other parasitoids such as Trichogramma brassicae Bezdenko and Diadegma semiclausum (Helen)
(Hymenoptera: Ichneumonidae) can disperse more than 20 m and 80 m, respectively (Kuske et al.
2003, Lavandero et al. 2005), or even further with additional passive wind transport (Bigler et al. 1990).
Since in the present study parasitism levels after field releases were generally low, and the presence
of natural A. bifascatus populations in some of the orchards interfered with the dispersal experiments,
further studies will be needed to draw final conclusions. Finally, the level of risk of different control

methods needs to be put in perspective. Even though arthropod biodiversity, in apple orchards, the
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main habitat of the current studies, tends to be higher than in annual crops (reviewed in Simon et al.
2010), based on personal observation, insect diversity in conventional Swiss apple orchards is still
comparably low and the chosen example S. pyri might be far more threatened by the frequent use of

insecticides (Rappaz 1983).

With regard to biological control solutions against H. halys, the first discovery of adventive
populations of Trissolcus japonicus (Ashmead) in Europe (chapter 7) is a major development, because
it is considered the most promising classical biological agent, causing 50-90% egg parasitism in its
native range (Qiu et al. 2007, Yang et al. 2009, Zhang et al. 2017). Recoveries were achieved over two
consecutive years, showing that T. japonicus is already established in Switzerland. Prior to potential
releases of the parasitoid, the efficacy and specificity of the discovered strain should be tested and
compared with other Asian T. japonicus populations. In terms of natural biological pest control of H.
halys, the arrival of its main antagonist will likely lead to a significant decrease of the pest in the near
future if the parasitoid is able to spread and build up sufficient populations. To facilitate spread and
population growth of T. japonicus populations, re-location and complementary mass releases could be
considered, but current control methods against H. halys, mainly insecticide applications, may be
counterproductive (Orr et al. 1989, Penca and Hodges 2017, Saber et al. 2005). In this respect, an
integrated strategy to control H. halys in Europe might be most promising. This could combine attract-
and-kill methods (Leskey et al 2015, Morrison et al. 2016), selective spraying of border rows (Aigner et
al. 2015), and if cost effective, inundative A. bifasciatus releases during H. halys oviposition peaks at
least until T. japonicus populations are high enough. Fortunately, the two latter parasitoid species are
expected to coexist easily, as T. japonicus does with the Asian Anastatus species (Konopka et al. 2017,

Zhang et al. 2017).
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