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Trissolcus japonicus (Hymenoptera: Scelionidae), is an egg parasitoid of Halyomorpha
halys (Hemiptera: Pentatomidae), the brown marmorated stink bug. Halyomorpha halys is a
serious invasive agricultural pest in Europe and North America, and insecticides appear to be of
limited efficacy. Trissolcus japonicus is being considered as a classical biological control agent in
regions where H. halys is established, and has been discovered in London, Ontario in 2017. This
thesis investigated the occurrence of T. japonicus in southern Ontario, as well as its physiological
host range on non-target stink bugs in Ontario. Data collected in 2019 and 2020 demonstrated
that T. japonicus populations continue to persist in London, but were not found in other areas of
southern Ontario. The physiological host range of T. japonicus was demonstrated to include six
out of nine non-target stink bugs, and three of these six stink bugs were less likely to be attacked
than H. halys.
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CHAPTER 1: LITERATURE REVIEW AND OBJECTIVES
1.1 Brown Marmorated Stink Bug, Halyomorpha halys
1.1.1 Biology and Identification
Brown marmorated stink bug (BMSB), Halyomorpha halys (Stål) (Hemiptera:
Pentatomidae), is an invasive insect native to East Asia (Rice et al., 2014). The adults of this
species range from 14 to 17 mm long, 8 mm wide, and have a brown and white marbled dorsal
surface and a pale ventral surface (Fogain and Graff, 2011) (Fig. 1.1A). Halyomorpha halys adults
have a shield-like appearance with membranous wings tucked under their hemelytra. These
membranous wings extend the length of the body except for the abdominal tip, where they are
exposed. Adult H. halys can be distinguished from other similar-looking stink bugs by the
presence of two white bands on each antenna. The antennae are composed of five segments
with the fourth segment tipped with white both apically and basally, and the fifth tipped with
white basally. It also has black and white stripes on the edge of its abdomen and a faint white
stripe on each leg (Fogain and Graff, 2011). The male and female of this species are dimorphic
and can be differentiated by the claspers present on the end of the male’s abdomen and the
slightly larger size of the female (Fig. 1B) (Rice et al., 2014).
A

B

Figure 1.1. A) Halyomorpha halys adult. (https://xerces.org) (accessed 12 May 2021) B)
Male (left) and female (right) Halyomorpha halys adults. Arrows indicating difference in
reproductive structures. (https://blogs.cornell.edu/jentsch/) (accessed 12 May 2021).
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The eggs of H. halys are barrel-shaped with a green tint when laid, and become white
after a few days (Fig. 1.2) (Taylor et al., 2014). The eggs, measuring 1.6 mm in height and 1.3 mm
in diameter, are often present in masses of 25-28 laid on the abaxial surface of leaves (Nielsen et
al., 2008). Females mate with several males and lay an average of 9.3 egg masses during their life
time (Nielsen et al., 2008) transferring the bacterial symbiont, Candidatus pantoea carbekii in an
extrachorion secretion onto the egg mass (Bansal et al., 2014). Once the nymphal stink bugs
hatch they feed on the extrachorion secretion to acquire the bacterial symbiont. Nymphs
prevented from acquiring this bacterial symbiont exhibit development delays and atypical
behavior (Taylor et al., 2014). Halyomorpha halys has five nymphal instars, requiring
approximately 41 days at 25oC and 32-35 days at 30oC to complete development. Development
in North America occurs between the minimum developmental threshold temperature of 14.1oC
and maximum developmental threshold temperature of 35.8oC (Nielsen et al., 2008).

Eggs and 1st
instar

2nd
instar

3rd
instar

4th
instar

5th
instar

adult

Figure 1.2. Halyomorpha halys egg, nymphal, and adult stages. (https://www.stopbmsb.org/)
(accessed 4 May 2021).
The first nymphal instar emerges at 3-6 days post-oviposition, measuring 2.4 mm in length
and feeds on the chorion for several days thereby acquiring P. carbekii (Taylor et al., 2014; Nielsen
et al., 2008). After 3-9 days they molt into second nymphal instars, and a subsequent 7-16 days
is required to molt into third nymphal instars. The fourth nymphal instar molts 6-13 days after
the third and the fifth nymphal instar molts 8-20 days after the fourth. Since development is
temperature dependent, time between molts reflects the difference in development at 20oC
(slow development) and 30oC (rapid development). Nymphs have distinctive morphological
2

characteristics including black legs, and white bands on antennae and legs, similar to the adults;
distinguishing them from nymphs of other stink bug species (Fig. 1.2) (Nielsen et al., 2008).
Halyomorpha halys feeds and develops on a wide range of host plants (>170 plant
species), both wild and cultivated in North America (Leskey and Nielsen, 2018). Wild hosts include
Manitoba maple (boxelder) (Acer negundo (L.)), sugar maple (Acer saccharum (Marshall)), lesser
burdock (Arctium minus (Bernh)), pawpaw (Asimina triloba (L.)), river birch (Betula nigra (L.)),
shagbark hickory (Carya ovata (K. Koch)), common hackberry (Celtis occidentalis (L.)), eastern
redbud (Cercis canadensis (L.)), pitseed goosefoot (Chenopodium berlandieri (Moq.)), oneseed
hawthorn (Crataegus monogyna (Jacq.)), Russian olive (Elaeagnus angustifolia (L.)), autumn olive
(Elaeagnus umbellata (Thunb)), ash (Fraxinus spp.), witchhazel (Hamamelis spp.), black walnut
(Juglans nigra (L.)), tulip tree (Liriodendron tulipifera (L.)), purple loosestrife (Lythrum salicaria
(L.)), hollyleaved barberry (Mahonia aquifolium (Nutt.)), princess tree (Paulownia tomentosa
(Steud.)), sensitive plant (Mimosa spp.), willow (Salix spp.), white mulberry (Morus alba (L.)),
chokeberry (Photinia spp.), American pokeweed (Phytolacca americana (L.)), black locust
(Robinia pseudoacacia (L.)), staghorn sumac (Rhus typhina (L.)), multiflora rose (Rosa multiflora
(Thunb.)), sassafras (Sassafras albidum (Nees.)), eastern hemlock (Tsuga canadensis (L.)),
honeysuckle (Lonicera spp.), wild grape (Vitis spp.), American basswood (Tilia americana (L.)),
tree of heaven (Ailanthus altissima (Swingle)), chokecherry (Prunus virginiana (L.)), crab apple
(Malus zumi), dogwood (Cornus spp.), and common buckthorn (Rhamnus cathartica (L.))
(Bergmann et al., 2016). Cultivated hosts include peach and nectarine (Prunus persica (Basch)),
apple (Malus domestica (Borkh)), grape (Vitis spp.), pear (Pyrus spp.), plum (Prunus domestica
(L.)), sweet and sour cherry (Prunus avium (L.), P. cerasifera (Ehrh.)), brambles including
raspberry and blackberry (Rubus spp.), blueberry (Vaccinium spp.), sweet corn (Zea mays (L.)),
pepper (Capsicum spp.), hazelnut (Corylus avellana (L.)), soybean (Glycine max (L.)), okra
(Abelmoschus esculentus (L.)), eggplant (Solanaceae melongena (L.)), beans (Vicia spp., Phaseolus
spp.), green pea (Pisum sativum (L.)), and tomato (Solanum lycopersicum (L.)) (Leskey and
Nielsen, 2018; Rice et al., 2014; Hedstrom et al., 2014). Although H. halys has many host plants
on which they can feed, only peach and tree of heaven are confirmed hosts which can support
complete H. halys development from first instar to adult (Acebes-Doria et al., 2016a). This insect
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will often move between hosts, a mix of wild and cultivated plants, throughout its development
to acquire all its essential nutrients (Acebes-Doria et al., 2016a). Females will often choose to
oviposit on host plants which have a long fruiting period, to allow for an extended source of food
for their offspring (Zobel et al., 2016).
In the fall, once temperatures drop and daylength shortens (<12.7 h light) (Nielsen et al.,
2017), H. halys begin to seek shelter in large aggregations (Hamilton, 2009). Overwintering sites
include artificial structures such as houses and garages (where they can become a nuisance for
homeowners), rock outcrops, or under tree bark (Lee et al., 2014b; Hamilton, 2009). Once in
shelter they begin to enter diapause, which occurs from approximately October to April in
Ontario (Ciancio, 2018). During this period H. halys can survive low temperatures, with a lethal
temperature (temperature at which death occurs) of -17.5oC, and super cooling point
(temperature at which ice forms within the insect) of -15.4oC, in southern Ontario (Ciancio, 2018).
Higher survival rates are seen when H. halys completes diapause in man-made structures that
provide some protection from extreme cold temperatures. Diapause is terminated by a
photoperiod of 12.7-14.5 h light (Nielsen et al., 2016). Females enter diapause with undeveloped
ovaries and require the consumption of food for 1-2 weeks after emergence in spring before their
ovaries develop and they are able to mate (Nielsen et al., 2017). Males and females are
reproductively active from approximately May to early September in southern Ontario, with peak
reproduction occurring between 250 and 550 degree days (degree days calculated with a lower
threshold temperature of 14.17oC) (Frewin et al., 2019). Immediately following diapause
termination H. halys often disperse into wild hosts before moving to crops. Although H. halys
have multiple generations (four to six) in their native range in Asia, they only have one or two
generations in the US (Nielsen et al., 2008), and one generation in southern Ontario (Frewin et
al., 2019).
1.1.2 Origin and distribution
Halyomorpha halys is native to East Asia (Korea, Japan, and China) and was first detected
in North America in the late 1990s, in Pennsylvania, United States (US) (Hoebeke and Carter,
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2003), and has since spread rapidly throughout the US (Nielsen et al., 2008). It was first detected
in Canada in Hamilton, Ontario in 2010 (Fogain and Graff, 2011), and has since become
established in Ontario, Quebec, and British Columbia (Gariepy et al. 2014, Abram et al. 2018;
Chouinard et al. 2018).
Distribution in Canada
The first H. halys detected in Ontario was in Hamilton in 2010, in a private residence
(Fogain and Graff, 2011). In 2012, multiple adult H. halys were detected in households and
gardens in several areas of southern Ontario, such as Hamilton, Burlington, Milton, Newboro,
and Toronto. By July of 2012, nymphal stages of H. halys, confirmed through DNA barcoding,
were found in Hamilton, representing the first reproductive and potentially established
population in Canada. In 2013, adult H. halys were also detected in Niagara, Windsor, Cedar
Springs, Vaughan, and London (Gariepy et al., 2014a). As of 2018, H. halys had been detected in
the following counties across southern Ontario: Bruce, Brant, Waterloo, and Haldimand. Possibly
established populations have been suggested in the following counties: Lambton, Norfolk, Peel,
York, and Mississauga. Established populations have been confirmed in the following counties:
Niagara, Hamilton, Essex, Middlesex, Toronto, Chatham-Kent, Oxford, Halton, Wellington,
Lennox and Addington, Ottawa, and Leeds and Grenville (Fraser, 2018). In 2017 and 2018, H.
halys was found in crops such as peaches and grapes in Niagara, as well in large populations in
wild hosts bordering preferred crops (Fraser, 2017). While this insect is still primarily a nuisance
pest and a minor agricultural pest in Ontario, it has the potential to become a major agricultural
issue in Ontario (Fraser, 2017; Haye et al., 2015).
Halyomorpha halys has been intercepted from shipments from Asia to British Columbia
on multiple occasions, with the first occurring in 1993 (Gariepy et al., 2014b). In 2015 and 2016,
hundreds of H. halys, of various life stages, were detected in the Lower Mainland (Chilliwack) and
Okanagan Valley (Kelowna), suggesting established populations (Abram et al., 2018). From 2017
to 2020, there were consistently high numbers of H. halys detected in central Kelowna
(Acheampong and Abram, 2021). Although numbers in 2020 were slightly lower than the
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previous years, populations are showing signs of expanding their range outside of Kelowna
(Acheampong and Abram, 2021). Genetic analysis of H. halys from these locations confirmed that
they had come from populations in the northwestern US states (Abram et al., 2018).
This insect was first detected in Quebec in 2008 on a shipment of vegetable juice
(Chouinard et al., 2018). The next detection of H. halys in this province was in 2016 when a single
adult was caught in an orchard in Rockburn (Légaré et al., 2014), the first nymph was also
detected this year in Montreal (Chouinard et al., 2018). From 2016- 2018, 54 adults and 3 nymphs
H. halys were reported by Montreal citizens (Chouinard et al., 2018). In 2017 1 and 2 adult H.
halys were detected in Saint-Jean-sur-Richelieu and Saint-Bernard-de-Lacolle, respectively. The
reports of adults and nymphs suggests that there may be an established population in Montreal
and H. halys may be continuing to spread in Quebec (Chouinard et al., 2018).
This insect has also been detected in other provinces such as Prince Edward Island (PEI)
and Alberta. A single H. halys adult was intercepted on a shipment into PEI in 2015. It was
destroyed and no new detections have been reported (Walker, 2015). Halyomorpha halys was
detected in Balzac, Alberta in 2008 (Bercha, 2008), and a single individual was found in
Edmonton, Alberta in 2011 (Gariepy et al., 2014b).
Distribution in the United States
After being detected in Pennsylvania in the 1990s, H. halys spread within the US (USDA,
2020b). It was detected in New Jersey in 1999, New York state in 2002, Maryland in 2003, West
Virginia in 2003, and Delaware in 2004. It was confirmed that H. halys had established a
reproductive population in Pennsylvania by 2001. It was then found in the western states, in
California in 2002, Oregon in 2004 and subsequently in Mississippi, Ohio, and Washington (Haye
et al., 2015). As of 2021 H. halys has been detected in 47 states (not detected in Alaska, South
Dakota, and Wyoming) and is causing moderate to severe agricultural problems in the western
coastal states and severe agricultural problems in the eastern coastal states (USDA, 2020b).
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Halyomorpha halys can invade new regions and countries via human-mediated
transportation pathways along with cargo, construction materials, vehicles, personal luggage,
plant material, etc. (Hoebeke and Carter, 2003). Once introduced to a new area H. halys can easily
spread due to its excellent flying ability (Wiman et al., 2015b). A study completed by Wiman et
al. (2015b) determined that H. halys adults can fly an average of 5 km in 24 h. In each flying bout
they can travel at an approximate speed of 3 m/s (Lee et al., 2014b). The nymphs are also
extremely mobile, despite not having the ability to fly. They can travel 20 m in 4 h, with later
instars being more mobile than earlier ones (Lee et al., 2014a).
Distribution in other parts of the world
As summarized in Table 1.1, the invasion of H. halys has not been restricted to North
America; H. halys has established and spread in many countries in Europe, non-native countries
in Asia, as well as South America (Haye et al., 2015; Horwood et al., 2019; Faúndez and Rider,
2017). Halyomorpha halys has been intercepted on many shipments to Australia from the US and
Italy since 2014. Possible escapes of H. halys into the environment in Australia occurred in 2017
and 2018 from shipments from Italy; however subsequent surveys at the location of concern in
the following year near the interception site yielded no H. halys. Stricter protocols have been put
in place since H. halys interceptions have increased, to prevent this insect from establishing in
Australia (Horwood et al., 2019). This insect has also been intercepted on several shipments to
New Zealand since 2005 but has yet to establish (MacLellan, 2013).
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Table 1.1. Timeline of the detection of Halyomorpha halys in non-native areas of the world.
Year
Country
Reference
NORTH AMERICA
1996
United States
Hoebeke and Carter, 2003
2010
Canada
Fogain and Graff, 2011
EUROPE
2004
Liechtenstein
Arnold, 2009
2007
Switzerland
Wermelinger et al., 2008
2011
Germany
Heckmann, 2012
Greece
Milonas and Partsinevelos, 2014
2012
France
Callot and Brua, 2013
Italy
Maistrello et al.. 2014
2014
Hungary
Vetek et al., 2014
2015
Austria
Rabitsch and Friebe, 2015
Serbia
Šeat, 2015
Romania
Macavei et al., 2015
Georgia & Abkhazia
Gapon, 2016; Musolin et al., 2018
2016
Bulgaria
Simov, 2016
Slovakia
Hemala and Kment, 2016
Spain
Diolo et al., 2016
2017
Croatia
Šapina and Jelaska, 2018
Slovenia
Rot et al., 2018
2018
Bosnia and Herzegovina
Zovko et al., 2019
Albania
Claerebout et al., 2019
Ukraine
Skrypnyk, 2019
Malta
Tassini and Mifsud, 2019
Poland
Claerebout et al., 2019; Bury, 2021
Portugal
Grosso-Silva et al., 2020
2019
North Macedonia
Konjevic, 2020
ASIA
2013
Russia
Mityushev, 2016
2016
Kazakhstan
Temreshev et al., 2018
2017
Turkey
Güncan and Gümüş, 2018
SOUTH AMERICA
2017
Chile
Faúndez and Rider, 2017
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1.1.3 Damage and Economic Impact
Halyomorpha halys has piercing-sucking mouthparts which are used to pierce the tissue
of the fruit and non-fruiting structures it feeds on. Once it pierces the flesh, it injects a gel-like
salivary secretion containing enzymes that breakdown the fruit and non-fruiting tissue, causing
damage (Peiffer and Felton, 2014). Surface tissue damage appears as a white spongey area on
the surface of some vegetables (e.g., tomatoes, bell pepper, eggplant, okra) (Zobel et al., 2016);
yellow-white depressions on the surface of other vegetables (e.g., beans) (Zobel et al., 2016;
Owen et al., 2013); depressions and dimples on the surface of fruit (e.g., apples, peaches, and
pears) (Leskey et al., 2012c); and collapse in berries (eg. wine and table grapes, and blueberries)
(Smith et al., 2014; Wiman et al., 2015a). The internal tissue of damaged fruits will often appear
corky (Leskey et al., 2012c; Kuhar et al., 2012). Feeding on tree nuts, such as hazelnuts, can lead
to a blank nut (no kernel within the shell) (Hedstrom et al., 2014). The severity of the damage
caused to the fruit is related to the life stage of H. halys, and the plant growth stage. Adults and
later instar nymphs cause greater damage to fruit than earlier instars, particularly in crops such
as grapes, apples, and peaches (Smith et al., 2014; Acebes-Doria et al., 2016b).
Feeding by H. halys frequently causes direct damage to the harvestable portion of the
crop, as described previously, and often results in produce that is unmarketable (Rice et al.,
2014). Feeding on other parts of the plant, such as leaves and stems, can still lead to economic
losses due to indirect damage which weakens the plant and leads to reduced reproductive
growth. Additionally, feeding can lead to the introduction of plant pathogens such as bacteria
and yeast leading to plant destruction and fruit rot (Rice et al., 2014).
In New Jersey, Nielsen and Hamilton (2009) determined that adult H. halys prefer to
attack apple and pear late in the season, which leads to significant damage at harvest. Damage
which occurred in the early stages of fruit development most often led to fruit abortion (Nielsen
and Hamilton, 2009). Peach is often attacked for the entire season, as it can support the complete
development of H. halys, resulting in substantial damage from both nymphs and adults (Leskey
et al., 2012c).
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Halyomorpha halys is a problem in both table and wine grapes, where they cause direct
damage resulting in collapse of grapes and subsequent susceptibility to plant pathogens. This
insect is problematic in wine grapes since they often hide in the clusters at harvest and are
crushed during processing, resulting in the release of tridecane and trans-2-decenal from the
insects, the main compounds of the foul H. halys odour (Pfeiffer et al., 2012; Mohekar et al.,
2018). These compounds can sometimes lead to the tainting of wine depending on the number
of H. halys present, type of wine, and amount of processing (Mohekar et al., 2017; Mohekar et
al., 2018). Mohekar et al. (2018) tested the impact of fining agents, reverse osmosis, and aging
on the presence of this taint. While they found that reverse osmosis and aging had some success
in removing the taint, they stressed that the best way to avoid the H. halys taint was to discourage
H. halys from entering the vineyard (Mohekar et al., 2018).
The economic losses from H. halys can be catastrophic; in 2010 the mid-Atlantic US states
lost up to 90% of the peach crop, and $37 million USD of the apple crop (American/Western Fruit
Grower, 2011; Leskey and Hamilton, 2010). From 2011-2013, Zobel et al. (2016) conducted a
study to determine the damage potential from H. halys on several crops. They observed
significant feeding damage from H. halys in 1.8-12.3% of bean pods, 4.5-7.6% of eggplants, 7.241.7% of bell peppers, 32.2-41.9% of tomatoes, 95-100% ears of corn, and 31.4% in okra. During
this study the crops were grown according to standard management practices, except
insecticides were not used (Zobel et al., 2016).
1.2 Ontario’s Fruit, Field Vegetable, and Field Crop Sectors
Fruit Industry
Ontario produces 26% of Canada’s fruit (by farm-gate value) with a 2020 farm-gate value
of $303 million CAD (AAFC, 2020a). Halyomorpha halys attacks many of the economically
important fruit crops grown in Ontario including: tender fruit - pears, peaches, plums, nectarines,
apricots, and sweet and sour cherries; small fruit - strawberries, blueberries, raspberries; and,
apples and grapes (Ontario Ministry of Agriculture, Food and Rural Affairs, 2021c; Leskey and
Nielsen, 2018; Rice et al., 2014).
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Tender fruit and grapes
The Regional Municipality of Niagara (specifically St. Catharines to Hamilton), has an ideal
climate for the production of tender fruit and grapes due to the Niagara escarpment and
proximity to Lake Ontario (Gardner et al., 2004). In 2020, tender fruit and grapes, had a farmgate value of $156 million CAD in Ontario (OMAFRA, 2021c), with the majority of production
occurring in the Regional Municipality of Niagara (OMAFRA, 2021b). Therefore, it is concerning
that large populations of H. halys occur in this region (Gariepy et al., 2014a).
Small fruit
Small fruit crops are grown in many counties in Ontario such as Grey, Haldimand, Durham,
Essex, Chatham-Kent, Norfolk, and Elgin, with a 2020 farm-gate value of $39.9 million CAD
(OMAFRA, 2021b; OMAFRA, 2021c).
Apples
Apples make up a large portion of the fruit produced in Ontario, with a 2020 farm-gate
value of $107 million CAD (OMAFRA, 2021c). This crop is grown in many areas of Ontario including
Elgin, Essex, Haldimand, Norfolk, Grey, and Durham counties (OMAFRA, 2021b). These counties
are each in close proximity to a large body of water (Lake Huron, Erie, and Ontario, or Georgian
Bay) which allows for an extended growing season and moderated winter temperatures, both of
which are preferred for apple production (Gardner et al., 2004; OMAFRA, 2021b).
Tree nuts
Hazelnuts, another crop attacked by H. halys, are grown in regions of Ontario in close
proximity to Lake Ontario and Lake Erie, such as Niagara, Norfolk, and Chatham-Kent counties
(Leuty et al., 2012; Hedstrom et al., 2014). Hazelnut production in Ontario is still limited, with a
farm-gate value of $1.5 million CAD annually, on 200 hectares but production area in the next 10
years is expected to increase by 4950% (Tobin, 2017).
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Field Vegetable Industry
Ontario produces 44% of Canada’s field vegetables (by farm-gate value) with a 2020 farmgate value of $553 million CAD (OMAFRA 2021b; OMAFRA 2021d; AAFC, 2020b). The 2020 annual
farm-gate values of field vegetables attacked by H. halys are: field tomatoes ($98.7 million CAD),
field peppers ($40.7 million CAD), sweet corn ($42.6 million CAD), green and wax beans ($19.2
million CAD), and green peas ($12.2 million CAD) (OMAFRA, 2021d).
Field tomato production is concentrated in Chatham-Kent county with a farm gate value
of $49 million CAD. Field pepper production is concentrated in Elgin ($11 million CAD farm-gate
value), and Haldimand and Norfolk counties ($11.7 million CAD combined farm-gate value).
Sweet corn is primarily produced in southern Ontario with Haldimand and Norfolk, ChathamKent, and Middlesex being the main counties for production, with farm-gate values of $5.7, $5.9,
and $5 million CAD, respectively. Green and wax beans are primarily produced in Middlesex and
Chatham-Kent counties, with farm-gate values $4.2 and $3.5 million CAD, respectively (OMAFRA,
2021b).
Eggplant, another crop attacked by H. halys, is grown to a much smaller extent in Ontario
than previously mentioned crops (Schaer, 2016). This crop is grown in the field in some areas of
Canada, but is more commonly grown in greenhouses. With potential expansion of eggplant
production in the field, there is a possibility that H. halys could become a problematic pest
associated with this crop in Ontario (Schaer, 2016).
Field Crop Industry
Ontario’s field crops attacked by H. halys include soybeans, and fodder and grain corn
with a 2019 farm-gate value of $1.6 billion CAD, and $2 billion CAD, respectively (OMAFRA,
2021e). Soybean production is concentrated in Chatham-Kent, Huron, and Lambton counties
(OMAFRA, 2021a). Fodder corn production is concentration in southern and western Ontario
with Oxford county producing the most. (OMAFRA, 2021a). Grain corn production is
concentrated in Chatham-Kent, Elgin, Middlesex, and Huron counties (OMAFRA, 2021a).
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From the previously stated figures, the fruit, field vegetable, and field crop industries of
Ontario generate substantial revenue for the province. While H. halys is not currently a major
agricultural problem in Ontario, it is possible that larger impacts similar to those seen in the US,
could be seen here in the future. Therefore, it is critical to find a sustainable control for H. halys
before its propensity for dramatic negative impacts occurs.
1.3 Integrated Pest Management of Halyomorpha halys
Integrated pest management (IPM) is the use of multiple management practices to keep
pests below the economic injury level (OMAFRA, 2009). Integrated pest management reduces
the reliance on chemical pesticides to decrease the impact on the environment and non-target
organisms. Management practices include: chemical, physical, biological, and genetic control
(OMAFRA, 2009).
1.3.1 Chemical Control
Chemical Insecticides
In 2010, the first outbreak year for H. halys in the mid-Atlantic US, there were no
recommended management options for use in affected agricultural crops including tree fruit and
vegetables (Leskey and Nielsen, 2018). Insecticides registered for the control of other stink bug
species provided poor control due to their short residual activity and the ability of H. halys to
recover following exposure to some chemistries (Leskey and Nielsen, 2018). Early investigation
using scintillation glass-vial residual bioassays indicated the most effective insecticides included
pyrethroids (bifenthrin, beta-cyfluthrin, lambda-cyhalothrin, cyfluthrin, and fenpropathrin) and
neonicotinoids (dinotefuran and thiamethoxam) (Nielsen 2008). Subsequent work by Krawczyk
et al. (2011), Kuhar et al. (2012a), and Leskey et al. (2012b) using topical, green bean dip, and
residual bioassays, respectively, evaluated the efficacy of a broad range of candidate insecticide
classes against H. halys adults, nymphs, or both. Kuhar et al. (2017) summarized the results of
these studies to compare the performance, measured as mortality or lethality index, of 42
insecticides including organophosphates (Insecticide Resistance Action Committee (IRAC) Group
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1A), carbamates (1B), chlorinated hydrocarbons (2), pyrethroids (3), neonicotinoids (4A),
diamides (28), and several other insecticides, belonging to several classes, such as spinetoram
(5), abamectin (6), pyriproxyfen (7C), pyrifluquinazon (9B), novaluron (15), tolfenpyrad (21A),
indoxacarb (22A), spirotetramat (23), and flonicamid (29), as well as six insecticide combinations
(Table 1.2). It was concluded that the two pyrethroids, two organophosphates, one chlorinated
hydrocarbon, two carbamates, three neonicotinoids and four pesticide combinations were most
efficacious at killing H. halys adults (>70% mortality) when applied topically (Krawczyk et al.,
2011) (Table 1.2). Nine pyrethroids, one organophosphate, three neonicotinoids, one chlorinated
hydrocarbon, two carbamates, and four pesticide combinations were most efficacious at killing
H. halys nymphs (>70% mortality) when exposed to a dipped green bean (Kuhar et al., 2012a)
(Table 1.2). Six pyrethroids, two neonicotinoids, one chlorinated hydrocarbon, one carbamate,
and three pesticide combinations were most efficacious at killing H. halys adults (>70% mortality)
when exposed to a dipped green bean (Kuhar et al., 2012a) (Table 1.2). Three pyrethroids, five
organophosphates, one chlorinated hydrocarbon, and one carbamate were most efficacious at
killing H. halys adults (>70% mortality) when exposed to residual insecticides on glass (Leskey et
al., 2012b) (Table 1.2). Many of these were similarly efficacious in field trials (Kuhar and
Kamminga, 2017), but Morrison et al. (2016) concluded that H. halys must come into direct
contact with the insecticide for it to be lethal, which rarely occurs due to H. halys’s host switching
behaviour between managed and unmanaged plants.
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Table 1.2. Results from three studies testing the efficacy of several insecticides using topical,
green bean dip, and residual bioassays.
Insecticide class (IRAC

Active ingredient

Group)

>70% adult

>70% nymph

>70% adult

>70% adult

mortality,

mortality,

mortality,

mortality,

applied topically

dipped bean

dipped bean

residual on
glass

Pyrethroid (3)

Etofenprox
Bifenthrin
Permethrin
Fenpropathrin
Lambda-cyhalothrin
Cyfluthrin
Beta-cyfluthrin
Cypermethrin
Zeta-cypermethrin

Organophosphate (1A)

Dimethoate
Malathion
Methidathion
Chlorpyrifos
Methyl parathion
Acephate

Neonicotinoid (4A)

Dinotefuran
Clothianidin
Thiamethoxam
Acetamiprid
Imidacloprid

Chlorinated

Endosulfan

hydrocarbon (2)
Carbamate (1B)

Methomyl
Oxamyl
Carbaryl

Combinations

Thiamethoxam +
chlorantraniliprole
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Beta-cyfluthrin +
imidacloprid
Lambda-cyhalothrin +
thiamethoxam
Bifenthrin +
imidacloprid
Zeta-cypermethrin +
bifenthrin

Gradish et al. (2019) conducted a study on H. halys nymphs, testing the efficacy of
candidate insecticides registered as pest control products in Canada through residual contact
toxicity (leaf dip bioassay) and direct contact toxicity (mini spray tower). The insecticides tested
in this study consisted of 12 formulated products belonging to the classes (active ingredient):
fungal agents (UNF, Beauveria bassiana), borates (boric acid), benzoylureas (novaluron),
pyrethroids (lambda-cyhalothrin), organophosphates (chlorpyrifos, malathion), neonicotinoids
(clothianidin, thiamethoxam), butenolides (4D, flupyradifurone), sulfoximine (4C, sulfoxaflor),
and the pesticide combinations (thiamethoxam + lambda-cyhalothrin, thiamethoxam +
novaluron) (Gradish et al., 2019). They determined that only chlorpyrifos at the full label rate and
malathion at twice the label rate caused nymphal mortality >80% when applied directly.
Mortality from all other formulated products ranged from 0 to 39%. Direct exposure to
thiamethoxam, clothianidin, and the pesticide combinations (thiamethoxam + lambdacyhalothrin, and thiamethoxam + novaluron) caused 66-100% of nymphs to be severely affected.
Direct exposure to twice the label rate of sulfoxaflor caused 25% of nymphs to be severely
affected. Chlorpyrifos caused the most nymphal mortality during the residual toxicity bioassay,
and clothianidin caused the second most mortality at 28% when twice the label rate was used.
Thiamethoxam, clothianidin, and the pesticide combinations (thiamethoxam + lambdacyhalothrin, and thiamethoxam + novaluron) resulted in the most nymphs being severely
affected during the residual toxicity bioassay. Although some insecticides, thiamethoxam,
clothianidin, and lambda-cyhalothrin, were shown to cause nymphs to be severely affected, it is
not known if this could result in reduced feeding and crop damage, since studies have shown
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nymphs to recover after several days (Gradish et al., 2019). Chlorpyrifos, which was shown to be
the most efficacious at causing nymph mortality, has significant non-target impacts to human
health and the environment, and while this insecticide still has some restricted use, it will be
deregistered due to recent re-evaluations (Gradish et al., 2019; PMRA, 2020). Given that there
are fewer registered insecticides in Canada compared to the US, and the recommended rates are
usually lower, chemical control of H. halys in Canada is extremely limited at this point (Gradish
et al., 2019).
Registered insecticides in Canada for H. halys control are limited to: Lannate (methomyl),
Actara 25 WD (thiamethoxam), and Clutch 50 WDG (clothianidin) (PMRA, 2019a; PMRA, 2019b;
PMRA, 2019c). Lannate provides suppression of H. halys in sweet corn and peas with the
maximum number of applications limited to once a year (PMRA, 2019a). Actara 25 WG provides
suppression of H. halys in pome fruit, fruiting vegetables, blueberries, and outdoor ornamentals
(PMRA, 2019b). Clutch 50 WDG provides suppression of H. halys in pome fruit with the maximum
number of applications limited to twice a year (PMRA, 2019c). Actara 25 WG and Clutch 50 WDG
will be deregistered and cannot be used after April 11, 2022 (PMRA, 2019b; PMRA 2019c).
In addition to lack of availability and efficacy, many of the insecticides currently registered
for H. halys in Canada are broad spectrum in action, have to be applied often due to H. halys’
host switching behaviour, and applied at high label rates to be effective. Insecticides with these
characteristics do not fit well into an IPM program and can lead to negative non-target effects.
Therefore, relying on insecticide control for H. halys, specifically in Canada, is unsustainable and
unreliable (Gradish et al., 2019).
A chemical control tactic that fits better into an IPM program consist of the “attract-andkill” strategy (Rice et al., 2014). This strategy is carried out by deploying an attractant
semiochemical to a point source in a crop, with the intent of attracting H. halys. Once H. halys is
attracted to the point source, an insecticide is applied to kill the insects (Morrison et al., 2019).
This strategy limits non-target impacts and reduces the amount of insecticides used since they
are sprayed in a small area rather than the entire crop. Morrison et al. (2019) conducted a study
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to determine the effectiveness of this strategy in apple orchards in five mid-Atlantic US states,
and found that there was two to seven times less damage from H. halys in the crop compared to
orchards in which standard management practices, which were not specified by Morrison et al.
(2019), were untaken.
Biopesticides
Insect growth regulators (IGRs) are a type of biochemical biopesticide which are more
specific to the insect life stage they control and have less environmental and non-target impacts.
Novaluron and diflubenzuron are insect growth regulators, specifically chitin synthesis inhibitors,
which are effective against H. halys by preventing nymphal molting (Kamminga et al., 2012).
Kamminga et al. (2012) completed a lab trial to determine the effectiveness of novaluron and
diflubenzuron to cause H. halys mortality in eggs, nymphs, and adults. They determined that
novaluron was more effective than diflubenzuron at preventing nymphal molting, and neither
insecticide had any effect on egg or adult life stages (Kamminga et al., 2012). Gradish et al. (2019)
found that novaluron did not cause significant mortality in H. halys nymphs.
Chromobacterium sp. (Grandevo®) is a type of microbial biopesticide which has been
proven to cause mortality in adult southern green stink bugs, Nezara viridula, in the lab, and is
likely similarly efficacious against H. halys, but further testing needs to be completed (Martin et
al., 2007). An entomopathogenic fungi from Japan, Ophiocordyceps nutans, was shown by Sasaki
et al., (2012) to infect and kill H. halys in the field, and therefore has the potential to become a
control option. Two other entomopathogenic fungi, Beauveria bassiana (BotaniGard™) and
Metarhizium anisopliae (TAE-001 Technical Bioinsecticide) when tested in a lab setting where
shown to be effective at killing H. halys with mortality rates of 67-100% and 40-88%, respectively
(Gouli et al., 2012). When applied at higher concentrations for longer periods of time H. halys
had a higher mortality rate, with B. bassiana being more efficacious than M. anisopliae (Gouli et
al., 2012). Gradish et al. (2019) found that B. bassiana did not cause significant mortality of H.
halys nymphs.
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1.3.2 Physical Control
A type of physical control which is being explored for use of H. halys control is
photoselective exclusion netting (Candian et al., 2018). Since H. halys’ entrance to the crop is
often perimeter driven (Leskey et al., 2012c) exclusion netting is placed around the exterior of
the crop to prevent H. halys from entering it. Candian et al. (2018) completed a study in Italy
comparing the abundance and damage from H. halys in exclusion netted, unnetted, and unnetted
insecticide treated orchards for both apple and nectarine. Damage from H. halys in the exclusion
netted nectarine orchards was 45% lower compared to the unnetted and unnetted insecticide
treated orchard, and was 20% lower in the netted apple orchard compared to the unnetted
insecticide treated orchard (Candian et al., 2018).
Two trap types that are commonly used for H. halys mass capture and detection are
pyramid traps and a sticky card atop a wooden stake, each deployed with formulated aggregation
pheromone lures (Acebes-Doria et al., 2018). Suckling et al. (2019) has investigated what they
termed ‘The Nazgûl’, a modified “ghost trap” which is an attract and kill type of trap that requires
structural support. ‘The Nazgûl’ consists of a dark, insecticide-treated (alpha-cypermethrin)
fabric draped over a coat hanger, deployed with a formulated aggregation pheromone. Due to
‘The Nazgûl’ simplicity it was able to be deployed in areas of high H. halys populations and noncrop plants, as well as higher in the canopy. Their results showed that ‘The Nazgûl’ caught and
killed 3.5 time more nymphs and adults of H. halys compared to the standard sticky card trap
when deployed with the same aggregation pheromone. Research on ‘The Nazgûl’ is still
preliminary but it has the potential to offer an attract and kill system which highly may
substantially reduce insecticide use (Suckling et al., 2019).
1.3.3 Genetic Control
RNA Interference
Novel research is underway to develop a type of control that will result in the silencing of
target genes in H. halys, through the technique called RNA interference (RNAi) (Mogilicherla et
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al., 2018). RNAi works by introducing a double stranded RNA (dsRNA) into the body of the insect
of interest (Bansal et al., 2016). This dsRNA then targets and degrades a specific messenger RNA
(mRNA), resulting in no protein synthesis occurring for that particular gene. Since the expression
of the target gene is silenced, it leads to a loss of function in the insect and subsequent death,
thereby potentially controlling the population (Bansal et al., 2016). Introduction of the dsRNA
into the body of H. halys is being explored through direct injection and ingestion (Mogilicherla et
al., 2018).
Injection of dsRNA is completed by inserting an insulin syringe into the thoracic segments
of an adult H. halys, which would be less feasible/impossible on a field scale (Mogilicherla et al.,
2018). How the ingestion of dsRNA by H. halys in the field can be achieved still needs to be
investigated further, but possible routes consist of foliar sprays and/or soil drenches applied to
the crop (Mogilicherla et al., 2018).
The Scott-Dupree lab at the University of Guelph is exploring the use of RNAi for H. halys
control with a focus on proteomics; the target of H. halys proteins (Personal communication: C.
Scott-Dupree).
1.3.4 Biological control
Biological control refers to the use of natural enemies (e.g., predators, parasitoids, and
pathogens) to regulate the population of a pest (Delfosse, 2005). There are many arthropods
which provide control of H. halys in its native range in Asia, such as generalist predators, and
dipteran and hymenopteran parasitoids (Qiu, 2007; Qiu et al., 2007; Leskey et al., 2012a; Leskey
and Hamilton, 2013; Kawada and Kitamura, 1992). Parasitoid wasps within the genera Trissolcus
and Anastatus parasitize H. halys egg masses at levels of 63-85% (Zhang et al., 1993; Qiu, 2007;
Qiu et al., 2007; Yang et al., 2009; Talamas et al., 2013). Generalist predators of H. halys belong
to the following insect families: Anthocoridae (Minute Pirate Bugs), Asilidae (Robber Flies),
Chrysopidae (Green Lacewings), Coccinellidae (Ladybird Beetles), Crabronidae (Sand wasps),
Forficulidae (Earwigs), Geocoridae (Big-eyed Bugs), Mantidae (Praying mantids), Melyridae (Soft-
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winged Flower Beetles), and Reduviidae (Assassin Bugs) (Kawanda and Kitamura, 1992; Lan-fen,
2010; Leskey et al., 2012a).
In H. halys’s invaded range, it is estimated that H. halys parasitoids and predators cause
0.8-55.3% and 4.4% egg mortality, respectively (Jones et al., 2014; Cornelius et al., 2016a).
Cornelius et al. (2016b) recorded 12.4% egg mortality due to parasitism by Telenomus podisi, yet
wasps only emerged from 2.3% of eggs. Abram et al. (2014) has described this phenomenon as
an evolutionary trap for North American hymenopteran parasitoids, such as T. podisi, which
parasitize H. halys but fail to develop, and therefore experience failed reproduction. Parasitoid
wasps which commonly parasitize H. halys eggs in North America and Europe belong to the
following families: Scelionidae (Telenomus, Trissolcus, and Gryon spp.), Eupelmidae (Anastatus),
and Encyrtidae (Ooencyrtus spp.) (Abram et al., 2017). Additionally, generalist predators, such as
Nabis spp., Reduviidae (Arilus cristatus (L.) and Sinea spinipes (Herrich-Schaeffer), and Podisus
maculiventris nymphs feed on H. halys first and second instar nymphs, leading to their mortality
(Pote and Nielsen, 2017). While predators may facilitate control of H. halys in its invaded range,
they are insufficient to offset the agricultural impact. By invading a new geographical area, H.
halys has effectively evaded native natural enemies (Leskey and Nielsen, 2018) which have not
co-evolved with H. halys and are unable to exploit this species as a host resource (Abram et al.
2014).
Hymenopteran parasitoids in Asia which are known to suppress populations of H. halys
include species within the following genera: Telenomus, Trissolcus, Ooencyrtus, and Anastatus
(Zhang et al., 2017). These parasitoid adults oviposit within H. halys eggs, and subsequent larval
development and parasitoid emergence kills the host in the process (Zhang et al., 2017).
Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae), a parasitoid wasp native to the same
areas of Asia as H. halys, is most successful at controlling H. halys in Asia, parasitizing egg masses
at levels of 50-90%. Due to its high degree of parasitism, this species demonstrates the most
promise as a candidate classical biological control agent for H. halys in North America (Yang et
al., 2009; Zhang et al., 2017).
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1.4 Trissolcus japonicus: A Parasitoid of Halyomorpha halys
1.4.1 Biology and Identification
The parasitoid wasp, Trissolcus japonicus, commonly referred to as the Samurai wasp, is
an egg parasitoid of H. halys and is currently being investigated as a biological control agent in
North America and Europe (Neal, 2016; Konopka et al., 2017). The wasp is a stocky, 1 to 2 mm
glossy black insect, with two pairs of clear membranous wings, brown legs, and 11-segmented
brown antenna, apically tipped with black (Fig. 1.3) (Yang et al., 2009). Females can be
distinguished from males due to an inconspicuous ovipositor at the end of the abdomen and
apically thicker antennae. Once mated, females use their ovipositor to pierce an egg in a H. halys
egg mass and deposit a single fertilized egg per host (Yang et al., 2009). They then chemically
mark and guard the egg mass, to prevent parasitism by other wasps (Yang et al., 2009). Trissolcus
japonicus is synovigenic and continues to produce and mature eggs over their lifetime. Each
female wasp can store on average 42 mature eggs at a given time, which allows her to parasitize
1 to 2 H. halys egg masses before new eggs need to mature (Yang et al., 2009). Lifetime fecundity
for T. japonicus remains to be described, but for other members within the genus Trissolcus it
ranges from 52-163 eggs (James and Warren, 1991; James, 1988; Kivan and Kilic, 2006). Lifetime
wasp fecundity is closely linked to the temperature in which wasp development occurs with
higher lifetime fecundity being linked to higher temperatures (James and Warren, 1991; Kivan
and Kilic, 2006). The wasp eggs develop within the H. halys eggs producing adult wasps in 10.5
and 7.3 days at 25oC and 30oC, respectively. The ratio of females to males of emerging wasps
from a single egg mass is 5.5:1. Emerged males will often hatch a few days before the females,
wait for females to emerge and then mate with them immediately. Trissolcus japonicus can
complete up to ten generations per year in Asia, and overwinter as adults in sheltered areas such
as under tree bark (Yang et al., 2009).
Using sensillae located on her antennae, female T. japonicus can locate and detect a
suitable host using kairomones emitted by the stink bug eggs and adults. Once an egg mass is
located a female will initiate antennal drumming to perceive the egg texture and kairomones.
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Trissolcus japonicus females show a preference for the kairomones emitted by H. halys eggs over
other stink bug eggs (Yang et al., 2009; Zhong et al., 2017; Yang et al., 2016).
While female Trissolcus spp. target pentatomid egg masses, volatiles from this life stage
can be difficult for the wasp to detect in the short window of time that the eggs are suitable for
parasitism (Conti et al., 2003). Therefore, they rely on volatiles from other life stages such as
adults. Some species within this genus respond more strongly to volatiles, specifically
kariomones, released from gravid adult pentatomid females, over non-mated females (Colazza
et al., 1999), or adult pentatomid females over adult males (Conti et al., 2003). Surfaces
contaminated with host chemical cues elicit an arrestment response in Trissolcus spp. females.
This arrestment response is characterized by delayed walking, intensive antennal drumming, and
circling of the contaminated area (Colazza et al., 1999).

Figure 1.3. The egg parasitoid Trissolcus japonicus on a Halyomorpha halys egg mass. Photo
credit: C. M. MacDonald.
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1.4.2 Origin and current distribution
Trissolcus japonicus is native to the same areas as H. halys; China, Japan, and Korea (Neal,
2016). In 2007, this wasp was brought to the US and contained in quarantine facilities to test its
viability as a biological control agent of H. halys (Milnes et al., 2016). In 2014, T. japonicus was
first discovered outside of a quarantine facility in Beltsville, Maryland (Talamas et al., 2015).
Genetic testing determined that this new population had not escaped from the quarantine facility
and may have travelled to North America in H. halys eggs on plants shipped from Asia (Talamas
et al., 2015). Furthermore, adventive populations of T. japonicus have been found in other areas
of the US; including Washington (Milnes et al., 2016), Delaware (USDA, 2020a), Virginia, and
District of Columbia in 2015 (Talamas and Hoelmer, unpublished data), Oregon (Hedstrom et al.,
2017), West Virginia (Morrison et al., 2018), Pennsylvania, New Jersey, and New York in 2016
(USDA, 2020a), Ohio in 2017 (USDA, 2020a), Michigan and California in 2018 (Jarett et al., 2019;
USDA, 2020a), and Utah in 2019 (Holthouse et al., 2020). Additional T. japonicus populations have
been found in Oregon, Washington, Maryland, and New Jersey in 2017, and in Virginia in 2016
and 2017 (USDA, 2020a).
In the summer of 2017 and 2018, T. japonicus was found in London, Ontario, Canada
(Gariepy and Talamas, 2019), and Chilliwack, British Columbia, Canada in 2018 (Abram et al.,
2019).
Trissolcus japonicus was also found in Europe in Canton Ticino, Switzerland in 2017 (Stahl
et al., 2018) and 2018 in northwestern Italy in 2018 (Sabbatini Peverieri et al., 2018). It was
determined, through genetic testing, that T. japonicus in Canton Ticino, Switzerland and
northwestern Italy originated from Japan (Stahl et al., 2018; Sabbatini Peverieri et al., 2018).
1.4.3 Biocontrol agent of Halyomorpha halys
Trissolcus japonicus is hypothesized to be an ideal biological control agent of H. halys in
North America due to its short developmental time, high parasitism rate of H. halys, high female
to male sex ratio, and high number of generations per year (Yang et al., 2009).
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For T. japonicus to be a viable biological control agent of H. halys in North America it has
to tolerate the climate. Based on a CLIMEX model developed by Avila and Charles (2018),
southern Ontario is moderately to highly climatically suitable for T. japonicus. In addition, the
northeastern and southeastern US is highly climatically suitable for T. japonicus (Avila and
Charles, 2018).
The next step in determining if T. japonicus will be a suitable biological control agent of
H. halys is to determine its host specificity and whether it will successfully parasitize and develop
on non-target stink bugs in North America (Avila and Charles, 2018). This research is carried out
in quarantine facilities often by completing no-choice and choice tests in both small containers
and more complex large arenas (Haye et al., 2019). No-choice tests consist of the wasp being
presented with a single non-target stink bug egg mass during one time period (usually 24 h)
(Hedstrom et al., 2017). No-choice tests represent an overestimation of the wasp’s host range
since the set of cues and conditions that the wasp would use/encounter in the natural
environment are absent (Van Driesche and Murray, 2004). Additionally, these tests represent an
unrealistic situation in which the wasp is confined to a small area with a lack of choice, and this
could lead to false positive responses (Van Driesche and Murray, 2004). Choice tests are carried
out similarly except that the wasp is given a choice between more than one egg masses (typically
a non-target and target host) during one time period (usually 24 h) (Hedstrom et al., 2017). Choice
tests may represent a more realistic estimation of the wasp’s host range than no-choice tests,
particularly if carried out in a larger arena, as it allows the wasp to employ its host searching
behaviours and assess host-specific cues that may indicate host suitability of a target and nontarget host (Van Driesche and Murray, 2004). Acceptance and parasitism level, and subsequent
development on the egg mass is analyzed to determine host suitability (Hedstrom et al., 2017;
Haye et al., 2019). To date, this research has been completed in several US states, including
Oregon, Michigan, and California (Hedstrom et al., 2017; Botch and Delfosse, 2018; Lara et al.,
2019), as well as in Switzerland (Haye et al. 2019) and New Zealand (Charles et al. 2019).
Hedstrom et al. (2017) investigated the ability of T. japonicus to parasitize and develop
on the eggs of nine non-target stink bugs found in Oregon and one non-stink bug outgroup
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through no-choice and choice tests. Non-target stink bug species chosen for no-choice tests
included: Banasa dimidiata (Say), Brochymena quadripustulata (Fabricius), Chinavia hilaris (Say),
Chlorochroa ligata (Say), Euschistus conspersus (Uhler), Euschistus variolarius (Palisot de
Beauvois), Holcostethus abbreviatus (Uhler), Podisus maculiventris (Say) and Thyanta custator
(Fabricius); and one non-stink bug outgroup species: Coleotichus blackburniae (White) (Family:
Scutelleridae). Non-target stink bug species chosen for choice tests, based on results from nochoice tests, included: B. dimidiata, C. hilaris, C. ligata, H. abbreviatus, and T. custator. Parasitism
levels were determined based on wasp emergence, as interactions were not recorded or
observed. Results from no-choice tests showed that T. japonicus parasitized seven of the ten nontarget species egg masses (B. quadripustulata, E. conspersus, and E. variolarius were not
parasitized), however, only parasitism of B. dimidiata and H. abbreviatus egg masses were not
significantly different from that of H. halys egg masses, with wasp emergence levels ranging from
40.5-56.7%. During choice tests, all non-target species were parasitized but only parasitism of C.
hilaris egg masses was not significantly different from that of H. halys egg masses. They
concluded that while T. japonicus will parasitize B. dimidiata, H. abbreviatus and C. hilaris, H.
halys is a more suitable host for wasp development (Hedstrom et al., 2017).
Botch and Delfosse (2018) investigated ability of T. japonicus to parasitize and develop on
the eggs of three non-target stink bugs in Michigan through multiple-species choice tests. Nontarget stink bug species included: Thyanta custator accerra, E. variolarius, and P. maculiventris.
Additionally, they tested T. japonicus’ impact on the non-target species when the wasp was
reared on T. c. acerra and P. maculiventris rather than H. halys. When T. japonicus was reared on
H. halys their results showed that while the wasp accepted all stink bug egg masses for parasitism,
parasitism and wasp emergence from H. halys egg masses was significantly higher than that from
the non-target egg masses, with an emergence rate of 84%. When T. japonicus was reared on T.
c. acerra acceptance for parasitism was not significantly different between species, but H. halys,
T. c. acerra and P. maculiventris had significantly higher levels of wasp emergence than E.
variolarius, with rates of 18.2, 10 and 17.8%, respectively. When T. japonicus was reared on P.
maculiventris acceptance for parasitism was not significantly different between stink bug species,
but H. halys and P. maculiventris had significantly higher levels of wasp emergence than E.
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variolarius and T. c. acerra, with rates of 26.2 and 18.3%, respectively. They concluded that T.
japonicus showed preference for H. halys when reared on H. halys eggs and when reared on nontarget species eggs, even though preference wasn’t significant when reared on the non-target
species eggs (Botch and Delfosse, 2018).
Lara et al. (2019) tested T. japonicus’ ability to parasitize and develop on the eggs of ten
non-target stink bugs in California through no-choice and choice tests. Non-target stink bug
species selected for no-choice tests included: Antheminis remota (Horváth), Agonoscelis puberula
(Stål), B. dimidiata, Bagrada hilaris (Burmeister), Chlorochroa uhleri (Stål), P. maculiventris,
Mecidae minor (Ruckes), Murgantia histrionica (Hahn), Nezara viridula (L.), and Thyanta
pallidovirens (Stal). Non-target stink bug species selected for choice tests included: B. dimidiata,
C. uhleri, M. minor, P. maculiventris, and T. pallidovirens. Parasitism levels were determined
based on the proportion of wasp emergence, as interactions of the wasp on the egg masses were
not recorded or observed. Results from no-choice tests showed that T. japonicus parasitized six
of the ten non-target species egg masses (A. puberula, B. hilaris, M. histrionica, and N. viridula
were not accepted), but parasitism of H. halys egg masses was significantly higher than any of
the non-target egg masses, with wasp emergence levels ranging from 94.4-100%. When
comparing average egg parasitism (percent of eggs parasitized per egg mass), this was not
significantly different between B. dimidiata and P. maculiventris, and H. halys egg masses, with
wasp emergence levels of 47, 51, and 47-77.3%, respectively. Results from choice tests showed
that T. japonicus accepted four out the five non-target species tested (C. uhleri was not accepted),
but successful development in H. halys egg masses was significantly higher than any of the nontarget egg masses, with wasp emergence levels ranging from 50-100%. They concluded that while
T. japonicus appears to be an oligophagous parasitoid, more successful parasitism occurs with H.
halys egg masses (Lara et al., 2019).
Haye et al. (2019) tested T. japonicus’ ability to parasitize and develop on the eggs of 11
non-target stink bugs and two non-stink bug outgroup species through no-choice and large arena
choice tests in Switzerland. Non-target stink bug species selected for no-choice tests included:
Acrosternum heegeri (Fieber), Arma custos (F.), Carpocoris fuscispinus (Boheman), Dolycoris
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baccarum (L.), Graphosoma lineatum (L.), N. viridula, Palomena prasina (L.), Pentatoma rufipes
(L.), Peribalus strictus (F.), Piezodorus lituratus (F.), and Rhaphigaster nebulosa (Poda); and two
non-stink bug outgroup species: Eurygaster maura (L.) (Family: Scutelleridae), and Gonocerus
acuteangulatus (Goeze) (Family: Coreidae). Non-target stink bug species selected for choice
tests, based on results from no-choice tests, included: A. heegeri, A. custos, G. lineatum, and P.
prasina. Results from no-choice tests showed that T. japonicus accepted all non-target species
egg masses for parasitism except G. acuteangulatus, and acceptance of four of the species was
not significantly different from that of H. halys; P. prasina, R. nebulosa, P. rufipes, and A. custos.
Eleven of the 12 non-targets accepted as hosts, supported wasp emergence (N. viridula did not
support wasp emergence), and wasp emergence from eight of those species was not significantly
different from that of H. halys; P. prasina, C. fuscispinus, P. strictus, A. custos, D. baccarum, R.
nebulosi, A. heegeri, and E. maura, with rates of 87-94, 91.2, 94.4, 97.8, 87.9, 76.4, 70.3, 81.8,
and 94.9%, respectively. During choice tests T. japonicus accepted and parasitized all non-target
stink bug species tested, with parasitism of all but one species (P. prasina) not significantly
different from that of H. halys. Of the parasitized egg masses from each of the 4 non-target stink
bug species, wasp emergence was not significantly different from that of H. halys, with rates of
93.9% (A. heegeri), 90.4% (A. custos), 67% (G. lineatum), and 87.4% (P. prasina). They concluded
that several non-target stink bug species appear to be suitable for parasitism by T. japonicus in
the lab (Haye et al., 2019).
Charles et al. (2019) investigated the ability of T. japonicus to parasitize and develop on 8
non-target stink bug species through no-choice tests in New Zealand. These experiments were
conducted before the establishment of H. halys in New Zealand in anticipation of it becoming a
problematic pest if established. Non-target stink bug species chosen included: Cermatulus nasalis
nasalis (Westwood), Oechalia schellenbergii (Guérin), C. nasalis hudsoni (Westwood),
Monteithiella humeralis (Walker), Dictyotus caenosus (Westwood), Glaucias amyoti (Dallas), N.
viridula, and Cuspicona simplex (Walker). Since H. halys is not an established pest in New Zealand,
Charles et al. (2019) did not have access to a H. halys colony in New Zealand and therefore could
not conduct choice tests with H. halys egg masses. Positive control tests for T. japonicus
parasitism and development on H. halys eggs were conducted at USDA/ARS in Newark, Delaware,
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USA. Results showed that seven of the eight non-target species egg masses supported wasp
emergence (N. viridula did not support wasp emergence), and wasp emergence from two of
those species, C. n. nasalis and G. amyoti, was not significantly different from that of H. halys;
with rates of 95.2 and 95.7%, respectively. Due to the absence of a H. halys colony they could not
determine if the rejection of an egg mass was due to an unsuitable host or wasp physiology
(female had no mature eggs) (Charles et al., 2019).
Although research in Oregon (Hedstrom et al., 2019), Michigan (Botch and Delfosse,
2018), and California (Lara et al., 2019) showed that H. halys is a more suitable host for T.
japonicus than the non-target stink bugs located in those areas, there are some conflicting results
with similar research completed in Europe (Haye et al., 2019) and New Zealand (Charles et al.,
2019) which show several non-target species may experience the same or higher parasitism as
H. halys. The methods used by Hedstrom et al. (2017), Botch and Delfosse (2018), and Lara et al.
(2019) are not consistent with those carried out by Haye et al. (2019) and Charles et al. (2019),
which may impact the accuracy of their results. Hedstrom et al. (2017), Botch and Delfosse
(2018), and Lara et al. (2019) all used <24-36 h old female wasps to conduct their non-target
testing which could have resulted in age-related egg limitation of the wasps. Trissolcus japonicus
females are synovigenic and it has been observed that it takes approximately four to seven days
post emergence for them to reach their maximum egg load (Qiu, 2007; Abram, unpublished
data). For this reason these experiments likely underestimated the impact T. japonicus has on
the stink bugs they tested, since the female could have been presented to the egg mass with no
or few developed or viable eggs. Additionally, Hedstrom et al. (2017) and Lara et al. (2019) did
not observe/record interactions of the T. japonicus females on the non-target egg masses, nor
did they include unexposed controls for development and mortality. Botch and Delfosse (2018)
also didn’t include unexposed developmental controls, but did observe interactions for 3-5 h
following wasp exposure to the egg mass. Due to this exclusion of critical information,
conclusions cannot be made as to whether failed emergence of wasps or nymphs was due to
non-reproductive mortality of the wasp, or normal host mortality (Haye et al., 2019). Nonreproductive mortality occurs when the host doesn’t support parasitoid development, and the
act of parasitism (including the wasp’s ovipositor piercing the egg, and/or the partial
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development of the parasitoid) kills the host (Abram et al., 2016). Non-reproductive mortality
can lead to an underestimation of the impact T. japonicus has on non-target stink bugs if it is
interpreted as normal host mortality. Finally, Botch and Delfosse (2018) did not include a wasp
viability test, typically carried out by transferring the wasp to a H. halys egg mass after exposure
to the non-target egg mass to ensure that the wasp is viable/capable of parasitizing an egg mass.
Exclusion of this test could lead to the inclusion of replicates in which an abnormal or unhealthy
wasp was used and was unable to perform normal parasitism behaviour, regardless of host
species, and this would lead to an underestimation of the non-target impacts.
Of the species tested in these studies Banasa dimidiata, Brochymena quadripustulata,
Chinavia hilaris, Euschistus variolarius, Holcostethus abbreviatus, Murgantia histrionica, Nezara
viridula (adventive), Podisus maculiventris, and Thyanta custator are present in Ontario. To date,
research has yet to be conducted on the non-target impacts of T. japonicus on stink bugs found
in Ontario, and in Canada in general.
1.5 Summary
Halyomorpha halys is a devasting agricultural pest from Asia which is now established in
Ontario, Quebec, British Columbia and 47 states in the US (Gariepy et al. 2014, Abram et al. 2018;
Chouinard et al. 2018; USDA, 2020b). Additionally, it has been detected in Switzerland, Greece,
Germany, France, Italy, Hungary, Austria, Romania, Spain, Bulgaria, Tukey, Russia, Abkhazia,
Serbia, and Chile, and intercepted on shipments into Australia and New Zealand (Table 1.1). This
insect has over 170 wild hosts plants in North America (Leskey and Nielsen, 2018) including:
Manitoba maple (boxelder), honey suckle, wild grape, American basswood, tree of heaven, choke
cherry, crab apple, dogwood, and common buckthorn (Bergmann et al.,2016); and over 35 crop
hosts including: peach, apple, grape, pear, plum, cherry, nectarine, raspberry, blackberries,
blueberries, sweet corn, peppers, hazelnuts, soybeans, okra, eggplant, beans, green peas, and
tomatoes (Leskey and Nielsen, 2018). Halyomorpha halys commonly feeds on the marketable
portion of the crop, imparting significant economic damage (Rice et al., 2014). The crops which
H. halys feeds upon in Ontario, within the fruit, field vegetable, and field crop industries, have a
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collective 2018 farm-gate value of $3.1 billion CAD, therefore raising concern of H. halys’s impact
on these agricultural sectors (AAFC, 2020a; AAFC, 2020b). Halyomorpha halys is an even more
concerning pest in Canada due to the limited efficacy and availability of registered insecticides,
their potential non-target effects, and other environmental impacts (Gradish et al., 2019).
Biological control from natural enemies currently present in Ontario provide little long term
control (Leskey and Nielsen, 2018). Trissolcus japonicus, a wasp which parasitizes and controls H.
halys in Asia shows the most promise in the control of H. halys in North America (Yang et al.,
2009). It has yet to be determined whether T. japonicus will impact stink bugs native to Ontario,
which is critical to be determined before this wasp can be released for the control of H. halys.
Research Objectives
In an effort to preserve native biodiversity (Lara et al. 2019), research on T. japonicus’
non-target impacts must be explored before it can be considered for release and/or
redistribution as a biocontrol agent in countries that have been invaded by H. halys. In order to
determine the potential direction of biological control efforts for H. halys in Ontario, it is also
imperative to determine if the T. japonicus population discovered in London, ON is successfully
established and whether the wasp is located in other regions of southern Ontario. Therefore, the
objectives of this research are to:
1) Assess the adventive establishment and occurrence of Trissolcus japonicus in areas of
southern Ontario where H. halys is well-established; and
2) Assess the physiological host range of Trissolcus japonicus in choice and no-choice assays,
using nine stink bug species and one squash bug species native to Ontario.
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CHAPTER 2: SURVEY OF THE PRESENCE AND DISTRIBUTION OF TRISSOLCUS
JAPONICUS IN SOUTHERN ONTARIO
2.1 Introduction
Halyomorpha halys is an invasive agricultural insect pest originally from Korea, Japan, and
China (Rice et al., 2014). It has established in North America and Europe, causing serious
economic damage to agricultural crops. Although natural enemies provide control of H. halys in
its native range, the natural enemy community in the invaded range is largely ineffective (Leskey
and Nielsen, 2018). Hymenopteran egg parasitoids in the genera Telenomus and Trissolcus
(Scelionidae), Ooencyrtus (Encyrtidae), and Anastatus (Eupelmidae) provide the most effective
control of H. halys in Asia (Zhang et al., 2017). Parasitoid females oviposit in H. halys eggs, and
develop on the stinkbug embryo, leading to its death, and the subsequent emergence of adult
wasps (Zhang et al., 2017). Trissolcus japonicus, a parasitoid wasp native to Asia, attacks H. halys
eggs, and results in 50-80% parasitism. Due to the high level of egg parasitism, T. japonicus has
been suggested as a classical biological control option for H. halys in its invaded range (Yang et
al., 2009; Zhang et al., 2017).
As preliminary research was being conducted on the safety and efficacy of T. japonicus as
a classical biological control agent of H. halys in North America, the wasp was discovered in
Maryland, in 2014, where it is considered an adventive establishment (Talamas et al., 2015).
Since 2014 it also has been found in Washington (Milnes et al., 2016), Delaware (USDA, 2020a),
Virginia, and District of Columbia in 2015 (Talamas and Hoelmer, unpublished data), Oregon
(Hedstrom et al., 2017), West Virginia (Morrison et al., 2018), Pennsylvania, New Jersey, and New
York in 2016 (USDA, 2020a), Ohio in 2017 (USDA, 2020a), Michigan in 2018 (Jarett et al., 2019),
and Utah in 2019 (Holthouse et al., 2020). In Canada, this wasp was discovered in London, Ontario
in 2017 and 2018 (Gariepy and Talamas, 2019) and in Chilliwack, British Columbia, Canada in 2018
(Abram et al., 2019).
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Due to southern Ontario’s proximity to Michigan and New York, where the wasp is
established and redistribution efforts are taking place (Szucs et al., 2020; Jentsch, 2017), it is
speculated that the occurrence of T. japonicus in Ontario is the result of movement and spread
of the wasp across the Canada-US border. If this is the case, then it is possible that the wasp is
more widely distributed in southern Ontario, and not restricted to the London area. Surveys for
this wasp in southern Ontario are essential to determine: (1) whether populations have in fact
successfully established (i.e., they occur in subsequent years, indicating successful overwintering
and breeding populations); (2) the geographic occurrence of the wasp in areas of southern
Ontario where H. halys is well-established; and, (3) whether native, non-target stink bugs are
attacked in the field (Gariepy and Talamas, 2019).
The use of sentinel H. halys egg masses to assess predation and parasitism in the field, is
a method that has been used for many years (Jones et al., 2014). This method involves the
deployment of laboratory-reared H. halys egg masses that are exposed in the field to attract
parasitoids. This approach has been adopted in Canada, USA, and Europe to survey the
distribution of T. japonicus in invaded ranges (Abram et al., 2019) .
2.2 Research Objectives
The objective of this study is to assess the adventive establishment and occurrence of T.
japonicus in areas of southern Ontario where H. halys is well established.
2.3 Methods
2.3.1 Exposure of sentinel egg masses
Site Locations
Sentinel egg masses of H. halys were set out at a total of 9 sites in southern Ontario during
the summer of 2019. Sites were located in London, Hamilton, and the Regional Municipality of
Niagara; consisting of three farms and six non-agricultural areas (Fig. 2.1). Farm sites consisted
of agricultural managed lands that had crops such as grape, pear, corn, soybean, canola, and
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wheat, and non-agricultural sites consisted of unmanaged meadow/forested public lands. All
sites had confirmed populations of H. halys, as determined through surveying from the preceding
year. Three non-agricultural sites were located in London: an unmanaged apple orchard with
surrounding forest (43°02'24.6"N 81°13'11.2"W) = site 2; a park/ natural area (42°58'35.4"N
81°12'54.6"W), = site 3; and a community centre adjacent to a train yard (42°59'54.2"N
81°13'38.8"W) = site 8. Two non-agricultural sites were located in Hamilton: in a backyard
adjacent to the Niagara escarpment (43°14'47.1"N 79°52'16.2"W) = site 7; and a park on top of
the Niagara escarpment (43°14'42.1"N 79°51'50.0"W) = site 9. One non-agricultural site was
located in the Regional Municipality of Niagara: a park/ natural area (43°13'04.2"N 79°07'19.1"W)
= site 5. The three farm sites were located in: London: at the Agriculture and Agri-Food Canada London Research and Development Centre (AAFC-LoRDC) research farm, with crops such as corn,
soybean, canola, and wheat (43°01'42.4"N 81°12'42.6"W) = site 1; and the Regional Municipality
of Niagara: a vineyard and winery (43°09'41.8"N 79°06'17.5"W) = site 4; and a vineyard + pear
farm (43°10'38.3"N 79°05'21.1"W) = site 6 (Table 2.1).
In the summer of 2020, sentinel egg masses of H. halys were set out at only 4 sites, all
located in London, due to COVID-19 restrictions on research and travel. Egg masses were set out
at sites 2 and 3, as well as two new non-agricultural sites, also in London: site 10 opposite side of
the train yard to site 8, in an unmanaged area along a residential street (42°59'46.7"N
81°13'51.7"W); the second new site was located at an urban park (42°59'52.1"N 81°18'48.5"W)
= site 11 (Table 2.2).
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Site sample year
2019
2020
2019 and 2020

London
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Figure 2.1. Halyomorpha halys sentinel egg mass study site locations across southern Ontario in
London, Hamilton, and the Regional Municipality of Niagara in 2019 and in London in 2020.
Reference to the Canada-US border indicated by the dashed line.

Table 2.1. Sampling start and end date, and total number of sentinel egg masses placed in the
field in 2019, corresponding with each site location.
Site
number

City/ Region

Sampling start
date (2019)

Sampling end
date (2019)

Total number of egg
masses placed in
field

1
2
3
4
5
6
7
8
9

London

May 28

October 3

178

London

June 4

October 3

167

London

June 6

October 3

164

Niagara

June 12

September 12

72

Niagara

June 12

September 12

78

Niagara

June 12

September 12

72

Hamilton

June 19

September 12

47

London

June 13

October 3

93

Hamilton

June 19

September 12

12
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Table 2.2. Sampling start and end date, and total number of sentinel egg masses placed in the
field in 2020, corresponding with each site location.
Site
number

City/ Region

Sampling start
date (2020)

Sampling end
date (2020)

Total number of
egg masses placed
in field

2
3
10
11

London

July 17

September 28

22

London

July 17

September 28

22

London

July 17

September 28

22

London

July 14

October 1

20

Plants
All egg masses were placed on known H. halys host trees/shrubs. Site 1 (2019): twelve
egg masses - six on three different Norway maple trees (Acer platanoides) (two per tree), four on
two different common buckthorn shrubs (Rhamnus cathartica) (two per shrub), and two on a
single silver maple tree (Acer saccharinum). Site 2 (2019) - twelve egg masses - all placed on six
unmanaged apples trees, two egg masses per tree. In 2020 - two egg masses were set out (due
to a reduced H. halys colony), one on an unmanaged apple tree and one on a common buckthorn
shrub. Site 3 (2019) - twelve egg masses - six on three different unmanaged apple trees (two per
tree), four on two different common buckthorn shrubs (two per shrub), two on a Manitoba maple
tree (Acer negundo), and two on a Morrow’s honeysuckle shrub (Lonicera morrowii). In 2020 two egg masses - one on a Manitoba maple tree, and one on a Morrow’s honeysuckle shrub. Site
4 (2019) - six egg masses - three placed on wild grape (Vitis riparia), one on Virginia creeper
(Parthenocissus quinquefolia), one on tree of heaven, and one on black walnut (Julgans nigra).
Site 5 (2019) - six egg masses - two on two different red ash trees (Fraxinus pennsylvanica), one
on a wild pear tree, one on a common buckthorn shrub, one on a Norway maple tree, and one
on a Manitoba maple tree. Site 6 (2019) - six egg masses - four on four different common
buckthorn shrubs, one on wild grape, and one on a hawthorn tree (Crataegus sp.). Site 7 (2019)
- four egg masses - all placed on a single Venus dogwood tree (Cornus kousa). Site 8 (2019) - six
egg masses - one on a Manitoba maple tree, four on tree of heaven (Ailanthus altissima), and
one on a red mulberry tree (Morus rubra). Site 9 (2019) one egg mass - placed on a common
buckthorn shrub. Site 10 (2020) - two egg masses - both placed at two separate tree of heaven
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trees. Site 11 (2020) - initially one egg mass was set out on a common buckthorn shrub, an
additional two egg masses were placed out part way through the sampling season, on two grey
dogwood shrubs (Cornus racemosa), as more H. halys eggs became available from the colony.
Sentinel egg masses were placed in the plant 1-2m from the ground.
Sentinel egg masses
All sentinel egg masses were collected from the H. halys colony, at AAFC-LoRDC, during
the morning of the day they were placed at sites. All egg masses contained <24 h old eggs, except
egg masses at site 4 and 6. Egg masses at these two sites were previously frozen at -80oC for a
minimum of 24 h and a maximum of four months, to ensure eggs were killed, and thawed on the
day of exposure. This was completed to ensure no nymphs could hatch from the eggs, to prevent
the accidental release of a pest on commercial farm sites.
Egg masses produced in the lab were either removed from the substrate upon which they
were laid, or the substrate was cut off close to the edge of the egg mass. A single egg mass was
placed on the sticky side of a piece of duct tape which was secured to a piece of labelled (date,
site, and location at site) filter paper (Ahlstrom filtration INC; Mt. Holly Springs, PA, USA); any
remaining sticky surface on the tape was covered with silica beads to prevent insect entrapment
in the field (Fig 2.2A). Before deploying them in the field, eggs were counted and egg damage
was recorded. In the field the filter paper was stapled to the underside of a selected H. halys host
plant leaf and surrounded by a clip cage (5 cm diameter circular clip cage lined with mesh, with
2.0 x 1.5 mm openings) to prevent predation, while allowing wasp movement through the mesh
(Fig. 2.2B).
Sentinel egg masses were collected from sites and replaced with freshly-laid egg masses
after one week. The collected egg masses were transported to the lab in petri dishes, eggs were
counted and inspected for damage, predation, and/or parasitism. The egg masses were placed in
individually labelled (date, site, and location at site) 50 x 9 mm polystyrene petri dishes (Falcon®
A Corning Brand; Corning, NY, USA) and placed in a growth chamber (22oC, 60% RH, 16L:8D) for
six weeks. One week after collection honey water was provided in each petri dish on a 1 cm
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diameter filter paper, until it was saturated, as a food source for emerging wasps. Honey water
was prepared using an equal ratio of honey and distilled water heated to 100oC, this was allowed
to cool and placed in a bottle that was previously disinfected with bleach. Egg masses were
checked daily for wasp, or nymph emergence and were removed and recorded accordingly.
Emerged wasps were removed from the petri dish containing the H. halys egg mass and were
placed in a separate petri dish at -20oC for subsequent molecular analysis, to confirm
identification.

A

B

Figure 2.2. A) A Halyomorpha halys sentinel egg mass attached to duct tape that is secured to
labelled filter paper and stapled to the underside of a H. halys host plant leaf; and B) A H. halys
sentinel egg mass secured to leaf and surrounded by clip cage.
2.3.2 Collection of naturally-laid stink bug egg masses
Naturally-laid H. halys and other stink bug species egg masses were surveyed for and
collected at all sites. Egg masses were surveyed for at each site once a week for 0.5 to 1 hour,
depending on the availability of stink bug host plants. Any egg masses that were collected were
placed in a 50 x 9 mm polystyrene petri dish and transported to the lab. The egg masses were
identified to species based on egg morphology, when possible, and placed in a growth chamber
(22oC, 60% RH, 16L:8D) for 6 weeks. Emerged wasps were removed from the petri dish containing
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the egg mass, within a week of emergence, and placed in a separate petri dish at -20oC for
subsequent molecular analysis to confirm identification.
2.3.3 Wasp Identification
Molecular analysis1
Using sterilized forceps, wasps that emerged from sentinel and naturally-laid egg masses
were individually placed in a well of a 96-well microplate, along with 2 µl of proteinase K (20
mg/ml) and 100 µl of 5% Chelex 100 Molecular Grade Resin (Bio-Rad Laboratories). A negative
extraction control containing the Chelex and Proteinase K solutions, without insect tissue, was
included in each microplate. Sealed microplates were incubated overnight at 55oC, followed by
10 min at 99oC. Samples were centrifuged at 5800 g for 5 min to pelletize the Chelex solution,
and 50 µl of supernatant (containing DNA) was transferred to wells in a new plate, taking care
not to transfer the Chelex residue. Microplates containing the extracted DNA were stored at 20oC until further analysis.
DNA amplification, visualization and sequencing1
As described by Gariepy et al. (2014; 2019), polymerase chain reactions (PCRs) were
performed in a 25 µl volume containing 0.125 µl of Taq Platinum, 2.5 µl of 10x PCR buffer, 1.25
µl of 50 mM MgCl2, 0.125 µl of 10 µM dNTPs (Invitrogen), 0.25 µl of 10 µM forward and reverse
primer (respectively), 19.5 µl ddH20, and 1 µl of template DNA. A 658-bp sequence of the
mitochondrial gene Cytochrome C oxidase subunit 1 (CO1) was amplified by PCR using primers
LCO1490 and HCO2198 (Folmer et al., 1994). Thermocycling conditions included initial
denaturation at 94oC for 1 min, followed by five cycles of 94oC for 30 s, annealing at 45oC for 40
s, extension at 72oC for 1 min, followed by another 35 cycles of 94oC for 30 s, 51oC for 40 s and
72oC for 1 min and a final extension period of 5 min at 72oC.

1

Note that all aspects of molecular analysis and DNA-based identification were carried out by technical staff in the
Gariepy lab.
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PCR products were visualized with a QIAxcel Advanced automated capillary
electrophoresis system (Qiagen) using the DNA screening cartridge and method AL320. Results
were scored with QIAXCEL SCREENGEL Software (version 1.2.0), and only those samples of the
expected fragment size with a signal strength exceeding 0.1 relative fluorescent units were
scored as positive.
Samples scored as positive were purified using ExoSAP-IT (Affymetrix, Santa Clara, CA,
USA) following the manufacturer’s instructions. Purified PCR products were bidirectionally
sequenced using LCO1490, HCO2198 primers on an ABI 3730 DNA Analyser at the Robarts
Research Institute (London Regional Genomics Centre, ON, Canada). Forward and reverse
sequences were assembled and edited using CODONCODE ALIGNER program, version 4.2.7
(Codon-Code Corporation, Centreville, MA, USA).
DNA-based identification1
DNA sequences were compared to those available in the Barcode of Life Datasystems
(BOLD) database for Nearctic Trissolcus species (project NSCEL; Gariepy et al., 2019) to identify
specimens to species level using the BOLD identification tool.
2.4 Results
Sentinel egg masses
In 2019, a total of 883 sentinel egg masses were deployed, of which10 were parasitized
by various Scelionidae wasps. Eight T. japonicus wasps (seven female, one male) emerged from
one of these egg masses deployed on August 21, 2019 from site 8 in London. Trissolcus japonicus
was not found at any of the other sites. One Telenomus podisi emerged from an egg masses at
site 1, one Trissolcus euschisti and two unidentifiable wasps (i.e., a match was not found in the
DNA barcode library, thus indicating that they are not T. japonicus, but rather another scelionid
species that is not yet included in the barcode database) emerged from three separate egg
masses at site 2, two T. podisi and one unidentifiable wasp emerged from three separate egg
masses at site 3. No wasps emerged from any egg masses at sites 4 and 6. One T. podisi wasp
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emerged from an egg mass at both sites 5 and 7, and no wasps emerged from any egg masses at
site 9 (Table 2.3).
In 2020, a total of 86 sentinel egg masses were deployed, of these 2 were parasitized by
Scelionidae. At site 10 in London, 20 (18 female, 2 male) and 16 (15 female, 1 male) Trissolcus
japonicus wasps emerged from two separate egg masses deployed on August 12, 2020 and
September 1, 2020, respectively. Trissolcus japonicus was not found at any other sites and no
wasps emerged from any egg masses at site 2, 3, or 11 (Table 2.3).
Table 2.3. Parasitoid wasps that emerged from Halyomorpha halys sentinel egg masses
deployed in southern Ontario during 2019 and 2020.
Site

City/ Region

Date
deployed

Date
retrieved

Parasitoid
species

Number of
individuals

1
2
2
2
3
3
3
5
7
8
8
10
10

London

July 9, 2019

July 17, 2019

Telenomus podisi

1

London

July 23, 2019

July 30, 2019

Trissolcus euschisti

1

London

July 2, 2019

July 9, 2019

unidentified

1

London

Aug. 9, 2019

Aug. 13, 2019

unidentifed

1

London

June 6, 2019

June 13, 2019

Telenomus podisi

1

London

June 6, 2019

June 13, 2019

unidentified

1

London

June 13, 2019

June 21, 2019

Telenomus podisi

1

Niagara

July 16, 2019

July 24, 2019

Telenomus podisi

1

Hamilton

Aug. 14, 2019

Aug. 22, 2019

Telenomus podisi

1

London

Aug. 21, 2019

Aug. 29, 2019

Trissolcus japonicus

8

London

June 20, 2019

June 27, 2019

Telenomus podisi

1

London

Aug. 12, 2020

Aug. 19, 2020

Trissolcus japonicus

20

London

Sept. 1, 2020

Sept. 8, 2020

Trissolcus japonicus

16

Naturally-laid egg masses
In 2019, 12 naturally-laid egg masses from various stink bugs were found and collected.
Of those, wasps emerged from six egg masses, however, none of them were T. japonicus. Five
egg masses were found at site 1: July 17 (1 egg mass; 37 wasps emerged); August 14 (1 egg mass;
12 wasps emerged); August 22 (2 egg masses; 10 wasps emerged from each); and August 26 (1
egg mass; 13 wasps emerged). The stink bug species of three of the egg masses remained
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unidentified, as the eggs lacked morphologically distinguishing characteristics that allow accurate
identification at the genus or species level, and the remaining two egg masses were Euschistus
sp.. Telenomus podisi emerged from all these egg masses. One Euschistus sp. egg mass was found
at site 5 on July 10, 2019, from which 19 T. podisi emerged. Additionally, two wasps, not
associated with an egg mass, were found at this site on August 28, 2019 through sweep netting,
and subsequently identified as Trissolcus sp. by molecular analysis. Although they were not T.
japonicus, species level identification was not possible with the current Scelionidae database.
One T. podisi wasp was found at site 8 on June 20, 2019, and not associated with an egg mass
(Table 2.4).
In 2020, six naturally-laid egg masses from various stink bug species (three native stink
bug species, three H. halys) were collected in London. No wasps emerged from the H. halys egg
masses. One Banasa dimidiata egg mass was found at site 11 on June 28, 2020, from which seven
T. japonicus (3 female, 4 male) wasps emerged. One Chinavia hilaris egg mass was found at site
2 on July 21, 2020, from which 26 T. podisi (24 female, 2 male) wasps emerged. One Podisus sp.
egg mass was found at site 2 on August 5, 2020, from which 11 T. podisi (10 female, 1 male) wasps
emerged (Table 2.4).
Table 2.4. Parasitoid wasps that emerged from naturally-laid stink bug egg masses in 2019 and
2020.
Site

City/ Region

Stink bug egg
mass species

Date found

Parasitoid
species

Number of
individuals

1
1
1
1
5
5
8
2
2
11

London

unidentified

July 17, 2019

Telenomus podisi

37

London

Euschistus sp.

Aug. 14, 2019

Telenomus podisi

12

London

unidentified

Aug. 22, 2019

Telenomus podisi

20

London

Euschistus sp.

Aug 26, 2019

Telenomus podisi

13

Niagara

Euschistus sp.

July 10, 2019

Telenomus podisi

19

Niagara

No egg mass

Aug. 28, 2019

Trissolcus sp.

2

London

No egg mass

June 20, 2019

Telenomus podisi

1

London

Chinavia hilaris

July 21, 2020

Telenomus podisi

26

London

Podisus sp.

Aug. 5, 2020

Telenomus podisi

11

London

Banasa dimidiata

June 28, 2020

Trissolcus japonicus

7
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2.5 Discussion
Trissolcus japonicus was first discovered in New York in August 2016 in Marlboro and in
Michigan in August 2018 at the Michigan State University Student Organic Farm (MSU SOF)
(Jarrett et al., 2019; Jentsch, 2016). The wasp was also found near the initial discovery sites in
New York in 2017 and in Michigan in 2019 (Jentsch, 2017; Szucs et al., 2020). Its point of discovery
in New York is approximately 540 km from the Ontario border, bordering the Regional
Municipality of Niagara (Jentsch, 2016). Its point of discovery in Michigan is approximately 140
km from the Ontario border bordering Essex county and 170 km from the Ontario border
bordering Lambton county (Jarrett et al., 2019). The wasp has been approved for intra-state
redistribution in New York and Michigan as of 2017 and 2019, respectively (Jarrett et al., 2019;
Jentsch, 2017; Szucs et al., 2020).
In 2017, re-distribution of established populations of T. japonicus was initiated at 32 sites
in six New York State counties; this was accomplished by deploying H. halys eggs that were
parasitized by T. japonicus under laboratory conditions (Jentsch, 2017). Four of these counties
were located in the south-east region of the state, furthest from the Ontario border, and the
other two counties, Monroe and Orleans, were in the northwestern region of the state, within
close proximity to the Ontario border. There were two release sites within these two counties;
one in Webster, NY, and one in Holley, NY, 150 and 100 km from the Ontario border, respectively,
bordering the Regional Municipality of Niagara (Fig. 2.3). Sentinel H. halys egg masses were
placed 30m from the release site in Webster and Holley, NY, to survey for T. japonicus parasitism
and confirm successful release. Successful release was confirmed when T. japonicus females were
observed to be parasitizing the sentinel egg masses later that year, at both sites (Jentsch, 2017).
In 2018, T. japonicus emerged from sentinel egg masses placed in Monroe and Niagara counties
in New York. The wasp continues to be released in the southeastern and northwestern regions
of the state, the number of release sites was increased to 104, encompassing 12 counties in 2020,
and establishment is expected (Jentsch, 2020).
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In 2019, re-distribution of T. japonicus was initiated in Michigan and there were 8 release
sites located in the central and southwestern region of the state, furthest from the Ontario
border (Szucs et al., 2020). In 2020, the wasp was released at 8 sites in the southeastern region
of Michigan, ranging from 70-190 km and 40-175 km from the Ontario border, bordering Essex
and Lambton county, respectively (Fig. 2.3). Sentinel H. halys egg masses were placed near the
release sites to confirm successful release. No wasps were found at any of the release sites in
2019, but in 2020 wasps were found at one 2019 release site, and three 2020 release sites, the
locations of which are not specified by Szucs et al. (2020), suggesting successful release at these
locations (Szucs et al., 2020).

London

MSU SOF

Initial detection
2017 Release sites
2018 T. japonicus recovery sites
2020 Release sites

Niagara

Lambton

CANADA
Essex

USA
Marlboro, NY

Figure 2.3. Detection, release, and recovery sites for Trissolcus japonicus in New York and
Michigan. Reference to the Canada-US border indicated by the dashed line.
The site where T. japonicus emerged from a sentinel egg mass in Niagara county, NY, in
2018 was approximately 48 km from the Ontario border, bordering the Regional Municipality of
Niagara (Jentsch, 2020). Given this proximity to the border, it is likely that the wasp is now in the
Regional Municipality of Niagara in Ontario, but has yet to be detected. Although surveys for the
wasp in the Regional Municipality of Niagara and Hamilton in 2019 did not detected T. japonicus,
surveys could not be completed in these areas in 2020. Surveying for T. japonicus in Hamilton
had occurred in years proceeding 2019, but for the Regional Municipality of Niagara, 2019 was
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the first time surveying was undertaken. Surveying in these areas in subsequent years is needed
as many H. halys-vulnerable crops are grown in these areas and therefore the presence of the
wasp in these areas is highly desirable, and further surveying will help to determine if
establishment has occurred.
The recovery of T. japonicus from three release sites in 2020 in Michigan suggests that
those areas are suitable for wasp establishment. Although the exact sites are unknown, the
recovery sites could be anywhere from 40-190 km from the Ontario border. Surveying for T.
japonicus has not occurred west of London, so the wasp could already be present in Lambton and
Essex counties. Both Lambton and Essex counties have established populations of H. halys and
large areas growing H. halys-vulnerable crops such as soybeans, small fruit, and apples (OMAFRA,
2021a; OMAFRA, 2021b; OMAFRA, 2021c; Fraser, 2018). Therefore, these areas could benefit
from the presence of T. japonicus and future studies should survey for the wasp in these areas to
determine if establishment has occurred.
Trissolcus japonicus was discovered in London in 2017, emerged from a naturally-laid H.
halys egg mass at site 8 (Gariepy and Talamas, 2019; Personal communication: T. Gariepy). In
2019, T. japonicus emerged from a sentinel H. halys egg mass at site 8, and in 2020 emerged from
a sentinel H. halys egg mass at site 10; in a similar habitat, same host plant and on the opposite
side of the train yard to site 8. Given that T. japonicus was found at sites 8 and 10 (which are in
close proximity) from 2017 to 2020 it is likely that this represents an established population, with
successive generations successfully overwintering in the area. In 2018, T. japonicus emerged from
a naturally-laid Podisus maculiventris egg mass at site 1 (Gariepy and Talamas, 2019; Personal
communication: T. Gariepy) but was not found at this site in the following years, however
surveying was not undertaken at this site in 2020 due to COVID-19 restrictions. In 2020 T.
japonicus emerged from a naturally-laid Banasa dimidiata egg mass at site 11. This site was
located on the west side of London, approximately 9 km from site 8 and 13 km from site 1,
whereas all the other London sites were on the east side, within 5 km of each other. Surveying
had not previously been completed on the west side of London, therefore it is not known how
long T. japonicus could have been present there, but this result suggests that the wasp may be
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established across much of London. Since T. japonicus emerged from a P. maculiventris and B.
dimidiata egg mass in the field, this suggests that the wasp is capable of successfully locating and
developing in these hosts under field conditions, and could indicate the potential for non-target
effects. Long-term field studies would be necessary to confirm the extent and impact of
parasitism of these non-target host species across southwestern Ontario.
Several factors must be considered when assessing the likelihood of the occurrence and
establishment of T. japonicus in a new area. Due to the wasp’s reliance on H. halys egg masses
for reproduction and development, it will often establish in areas with high population densities
of H. halys. When searching for a host egg mass T. japonicus can travel at least 50 m and this can
facilitate the expansion of wasp populations (Lowenstein et al., 2019). Additionally, for the wasp
to successfully establish in a new area, aside from suitable climatic conditions, there must be
sufficient areas for overwintering. Trissolcus japonicus overwinter as adults and overwintering
areas consist of leaf litter and under tree bark, in which they can withstand temperatures of
-17oC (Yang et al., 2009; Lowenstein et al., 2019; Santacruz et al., 2017). All sites in London,
Hamilton, and the Regional Municipality of Niagara have acceptable overwintering conditions
and well-established H. halys populations. The city of London encompasses a large geographical
area that is densely populated and includes several unmanaged natural areas. High population
densities of H. halys exist in many of these unmanaged natural areas, as determined through
yearly surveying. These natural areas are fragmented by large areas of residential development
with little green space. Halyomorpha halys may be able to move between these natural areas
due to their excellent flying ability and human-mediated transportation, but T. japonicus, due to
their small size, cannot fly as far as H. halys, and as such there is often a significant lag between
the expansion of the pest and the expansion of parasitoid range (Lowenstein et al., 2019). While
T. japonicus can benefit from human-mediated movement involving the movement of plant
material with parasitized H. halys eggs, this occurs infrequently. Given this, it could take several
years before T. japonicus is found in all natural areas across London without redistribution
efforts. London is surrounded by large expanses of H. halys-vulnerable crops such as sweet corn,
and green and wax beans, which would benefit from the control T. japonicus offers for H. halys.
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Redistribution of the wasp could facilitate biological control in these crops in an effort to curb
the spread and damage caused by H. halys (OMAFRA, 2021b).
While T. japonicus is currently only known to be established in London, Ontario, this area
is suitable for its establishment because it has a high population density of H. halys and is
surrounded by a lot of H. halys-vulnerable crops. Further surveys across southwestern Ontario
are required to identify additional locations where T. japonicus is present and/or to identify
suitable habitats for redistribution efforts.
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CHAPTER 3: EXPLORATION OF THE PHYSIOLOGICAL HOST RANGE OF TRISSOLCUS JAPONICUS
ON NON-TARGET STINK BUGS OF ONTARIO, THROUGH CHOICE AND NO-CHOICE TESTS
3.1 Introduction
Halyomorpha halys is a devastating invasive insect pest from Asia (Rice et al., 2014). It has
become established in North America and Europe, causing significant agricultural issues (Leskey
and Neilsen, 2018). This insect feeds on the fruiting structure of many crops, including tree fruit
and nuts, grapes, fruiting vegetables, etc., as well as many wild plants commonly found in
proximity to agricultural fields (Leskey and Nielsen, 2018; Rice et al., 2014; Peiffer and Felton,
2014). When infestations of H. halys occur in a crop, losses can be devastating (i.e., 90% of a
peach crop lost in the US in 2010) (American/Western Fruit Grower, 2011; Leskey and Hamilton,
2010). Halyomorpha halys has no effective natural enemies that provide control in its invaded
range, in addition chemical control options in Canada are extremely limited. Chemical treatments
that have proven efficacious in the US may cause detrimental effects on non-target insects and
the environment, and often have to be applied frequently to see any effect. Additionally, the
majority of damage from this pest occurs close to harvest time and therefore pre-harvest and reentry intervals make applying chemical controls difficult (Leskey and Nielsen, 2018; Gradish et
al., 2019; Personal communication: H. Fraser).
Trissolcus japonicus, a parasitoid wasp native to Asia, has been suggested as a classical
biological control agent for H. halys in its invaded range (Yang et al., 2009; Zhang et al., 2017).
This wasp attacks H. halys eggs, resulting in parasitism levels of 50-90% (Yang et al., 2009; Zhang
et al., 2017). Research by Avila and Charles (2018) suggested that the climate in North America
varies in suitable for the establishment of T. japonicus. The climate in the east region of the US is
optimally to highly suitable for T. japonicus establishment, whereas the rest of the country is
marginally suitable (although it is established in Oregon and Washington) (Fig. 3.1). Ontario from
the Regional Municipality of Niagara to Essex county, including Toronto and most of the Greater
Toronto Area, is highly suitable for T. japonicus establishment with the rest of southern Ontario
and further North being moderately and marginally suitable, respectively (Fig. 3.1) (Avila and
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Charles, 2018). Before T. japonicus can be released in North America risk assessment tests must
be undertaken to determine the wasp’s physiological host range (Mason et al., 2008; Haye et al.,
2019). Risk assessment explores the potential that a biological control agent could have a
negative impact on non-target organisms (i.e., organisms other than the intended host) (Van
Lenteren et al., 2006). Negative effects include a reduction in the abundance and/or distribution
of non-target species, competitive displacement of local natural enemies, loss of biodiversity,
and hybridization of the biological control agent with similar native species. A severe
consequence could include the extinction of a non-target species, either locally or globally (Van
Lenteren et al., 2006). Physiological or fundamental host range refers to the set of hosts that can
support the development of a parasitoid under lab conditions. This differs from ecological or
realized host range which is a set of hosts that can support the development of a parasitoid under
natural conditions in the field (Schaffner, 2001).

Figure 3.1. Climatic suitability of North America for T. japonicus. Photo credit: Avila and Charles,
2018.

Risk assessment of herbivorous insects for biological control of weeds has taken place for
over 80 years. However, risk assessment for entomophagous insects for biological control of
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invertebrate pests has been highlighted over the last 40 years, primarily in response to criticism
over the lack of concern for non-target invertebrate species (Van Driesche and Murray, 2004;
Hunt et al., 2008; Harrison et al., 2004; Delfosse, 2005). Canada, Europe, the US, Australia, and
New Zealand now have regulations preventing the release of exotic biological control agents
before host specificity tests have been completed in a containment facility (Hunt et al., 2008). In
Canada, the Canadian Food Inspection Agency (CFIA) oversees and regulates the approval of
biological control agents, and requires the submission of a petition for the release of an exotic
biological control agent, including the results and analysis of host specificity tests (CFIA, 2017).
Testing a biological control agent’s physiological host range often includes conducting nochoice and choice tests to predict the non-target impacts the biological control agent could have
in the field (Van Driesche and Murray, 2004; Murray et al., 2010). No-choice tests provide the
biological control agent with a single potential host during one time period. Choice tests provide
the biological control agent with two or more potential hosts during one time period, with the
target host commonly being one of the choices. No-choice tests are typically the first step in
physiological host range testing since they often overestimate the host range. No-choice tests
overestimate host range as the set of cues and conditions in which the wasp would use/
encounter in the natural environment are absent, and they are presented with a lack of choice,
typically in a small arena, which could lead to false positive responses (Van Driesche and Murray,
2004). A species rejected as a host during no-choice tests will most likely be rejected during
choice tests and would likely not be attacked in a field situation. Choice tests, completed after
no-choice tests, provide information about which host is most preferred by the biological control
agent, preference can also be ranked from this test (Van Driesche and Murray, 2004).
Both no-choice and choice tests are limited in their ability to determine a biological
control agent’s realized host range, as different conditions and lack or abundance of hosts, in the
field, could change a biological control agent’s choice (Van Driesche and Murray, 2004). In order
for no-choice and choice tests to provide the most reliable data they are first completed in
simplified petri dishes or test tubes, followed by studies in large arenas often with the host’s host
plants, to mimic the natural environment (Van Driesche and Murray, 2004; Haye et al., 2019).
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Trissolcus spp. females rely on a combination of chemical footprints from adult stink bugs,
specifically gravid females, volatiles given off from feeding damaged plants, and volatiles released
from the interaction of the eggs and the leaf surface, when searching for a host stink bug egg
mass (Conti et al., 2003; Colazza et al., 1999; Colazza et al., 2009; Colazza et al., 2004). When
surfaces contaminated with chemical footprints from stink bugs are intercepted by Trissolcus
spp. females, they will reduce linear speed and intensively drum the surface with their antennae
to perceive the chemicals (Colazza et al., 1999). The detection of these chemicals will bring
Trissolcus spp. females into the general area of the eggs and have more likelihood of detecting
volatiles emitted from the eggs laid on the leaf surface (Colazza et al., 2009; Colazza et al., 1999;
Colazza et al., 2004). Therefore, how Trissolcus spp. female wasps find their ideal host should be
taken into consideration when conducting host range tests of T. japonicus as it could impact
which host T. japonicus choses during choice tests (Conti et al., 2003).
Research on the non-target impacts of T. japonicus on stink bugs has been completed in
the US in Oregon, Michigan, and California, as well as in Switzerland and New Zealand (Hedstrom
et al., 2017; Botch and Delfosse, 2018; Lara et al., 2019; Haye et al., 2019; Charles et al., 2019).
Studies undertaken in the US concluded that while T. japonicus had some impacts on non-target
stink bug species, H. halys was shown to be a more suitable host (Hedstrom et al., 2017; Botch
and Delfosse, 2018; Lara et al., 2019). These results were inconsistent with those of Haye et al.
(2019) and Charles et al. (2019) who concluded that several non-target species may experience
the same or higher parasitism as H. halys. Inconsistencies in results are suspected to be the result
of potentially less accurate methodology used in the US studies, including: (1) the use of female
wasps that were likely egg-limited based on the age of individuals used in the experiments; (2)
egg-wasp interactions were not observed or recorded; (3) non-target stink bug developmental
controls were not included to account for natural and parasitoid-induced mortality; and (4) wasp
viability tests were not included that would ensure that the females used in experiments were
capable of parasitizing hosts. As such, the possibility exists that these factors may have
contributed to an underestimation of non-target impacts (Qui, 2007; Abram, unpublished data;
Haye et al., 2019).
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Non-target hosts are selected based on a variety of considerations. There are four main
areas that should be considered when selecting non-target hosts to be tested: phylogenetic,
ecological, biological, and socio-economic considerations (Kuhlmann et al., 2006). Phylogenetic
considerations include non-target hosts that are taxonomically similar to the target host, either
in the same genus or family. Ecological considerations include non-target hosts that are found in
the same habitat and/or feed on the same host plants as the target host. Biological
considerations include non-target hosts which have similar phenological (life cycles), temporal
space and morphological characteristics to the target host. Socio-economic considerations
include non-target hosts which are beneficial (parasitoids and predators or organisms that
provide ecosystem services such as pollinators), or are of conservation concern (Kuhlmann et al.,
2006).
It is estimated that there are over 50 species within the family of stink bugs
(Pentatomidae) in Ontario. Pentatomidae is divided into many sub-families, with the two
dominant families being the plant-feeding stink bugs (Pentatominae) and insect-feeding
(predatory) stink bugs (Asopinae) (Paiero et al., 2013). Insect-feeding stink bugs, such as Podisus
maculiventris (Say) and Perillus bioculatus (Fabricius), fill an essential ecological and economic
niche by acting as predatory biological control agents of agricultural insect pests. Plant-feeding
stink bugs feed on a wide range of plants including economically important crops such as legume
crops, tree fruit, and tree nuts (Panizzi, 2008; Marshall, 2017). Stink bugs species which
commonly feed on economically important cultivated crops in Ontario are Chinavia hilaris (Say),
Euschistus servus (Vollenhoven), Euschistus variolarius (Palisot de Beauvois), and Euschistus
tristigmus (Dallas) (Gomez and Mizell, 2019; Panizzi, 2008). Common stink bugs species which
feed primarily on non-cultivated plants are Banasa sordida (Uhler), Banasa dimidiata (Say),
Banasa calva (Say), feeding on cedar, currants, dogwood, honeysuckle, and gooseberries;
Cosmopepla bimaculata (Kirkaldy), Brochymena quadripustulata (Fabricius), Holcostethus
limbolarius (Stal), feeding on a variety of native berries and tree fruit; and Mormidea lugens
(Fabricius), Neottiglossa undata (Say), and Coenus delius (Say), feeding on grasses (Gomez and
Mizell, 2019; Marshall, 2017). Thyanta custator accerra (McAtee) feeds on a mix cultivated crop
and uncultivated plants such as alfalfa, clover, bean, corn, soybean, peach, and eggplant (Koch
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et al., 2017). Many of these stink bugs play an important ecological role as hosts for native
parasitoids and generalist predators (Panizzi, 2008). Common parasitoids of these stink bugs
include several families of wasps (Families: Scelionidae, Eupelmidae, and Encyrtidae), and
tachinid flies (Family: Tachinidae) (Abram et al., 2017). Predators which feed on stink bugs include
birds, amphibians, and a wide range of predatory insects (Panizzi, 2008). The elimination or
reduction of native stink bug populations due to T. japonicus could lead to significant ecological
and economic impacts. Although several of these native stink bugs are agricultural pests,
parasitoids such as Telenomus podisi and Trissolcus euschisti (Family: Scelionidae) rely on them
for reproduction and regulate their populations (Gariepy et al., 2019). If T. japonicus were to
greatly impact these stink bug populations, it could disrupt the complex interactions in native
parasitoid community.
3.2 Research Objectives
The objective of this study is to assess the physiological host range of T. japonicus in
choice and no-choice assays, using nine stink bug species and one squash bug species native to
Ontario.
3.3 Methods
3.3.1 Non-target stink bug species
The non-target native Pentatomidae species were chosen for testing based on their
phylogenetic relatedness and similar habitat/host plants to H. halys, temporal and phenological
overlap with H. halys, and/or socio-economical important species. Non-target species tested in
no-choice tests included: Banasa calva, Banasa dimidiata (Banasa stink bug), Banasa sordida,
Chinavia hilaris (Green stink bug), Cosmopepla bimaculata (Twice-stabbed stink bug), Euschistus
tristigmus (Dusky stink bug), Euschistus variolarius (One-spotted stink bug), Podisus maculiventris
(Spined soldier bug), and Thyanta custator accerra (Red-shouldered stink bug). Anasa tristis
(squash bug) (Family: Coreidae) was also tested as a more distantly-related species (out-group)
to determine whether the parasitoid would attack non-targets outside of the family
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Pentatomidae. Non-target species were tested with both the London and Beijing strain of the
wasp, but B. dimidiata and B. sordida could not to be tested with the London strain as the lab
colony stopped producing eggs before this strain could be tested. Non-target native stink bugs
selected for choice tests included those species which were frequently accepted in no-choice
tests, including: Banasa calva, Chinavia hilaris, Euschistus tristigmus, Euschistus variolarius,
Podisus maculiventris, and Thyanta custator acerra (Fig. 3.2). Although B. dimidiata and B.
sordida were accepted frequently in no-choice tests, they stopped producing eggs before choice
tests could commence and therefore testing was not possible. Non-target species were tested
with both the London and Beijing strain of the wasp, with the exception of B. calva, as the
laboratory colony stopped producing eggs before the Beijing strain could be tested.
All tested non-target pentatomid species overlap phenologically with H. halys. All nontargets, except for Anasa tristis, belonged to the same family as H. halys, and of those all except
Podisus maculiventris belong to the same subfamily as H. halys (Paiero et al., 2013). Chinavia
hilaris, Euschistus tristigmus, and E. variolarius occur in the same habitat as H. halys since they
have the same agricultural and non-agricultural hosts as H. halys (Gomez and Mizell, 2019;
Panizzi, 2008), Thyanta custator accerra occasionally feeds on the same agricultural hosts as H.
halys (Koch et al., 2017). Podisus maculiventris is of socio-economic importance as it is a
predatory species that commonly feeds on pest insects and is often found in the same habitat as
H. halys (Paiero et al., 2013).
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Figure 3.2. Non-target stink bug tested in no-choice and choice tests. A) Banasa calva
adult, tested in no-choice and choice tests. B) Banasa dimidiata adult, tested in no-choice
tests. C) Banasa sordida adult, tested in no-choice tests. D) Chinavia hilaris adult, tested
in no-choice and choice tests. E) Cosmopepla bimaculata adult, tested in no-choice tests.
F) Euschistus tristigmus adult, tested in no-choice and choice tests. G) Euschistus
variolarius adult, tested in no-choice and choice tests. H) Podisus maculiventris adult,
tested in no-choice and choice tests. I) Thyanta custator accerra adult, tested in nochoice and choice tests. J) Anasa tristis, out-group in no-choice tests.
Photo credit: C. M. MacDonald.
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3.3.2 Rearing
All rearing was done at Agriculture and Agri-Food Canada - London Research and
Development Centre (AAFC-LoRDC) in London, Ontario.
Native stink bug and Anasa tristis colonies
The B. dimidiata and B. sordida colonies were started from adults and nymphs primarily
collected from Eastern white cedar (Thuja occidentalis) in the Regional Municipality of Niagara,
in 2019. Additional individuals were collected from various wild plants in London, Hamilton, and
the Regional Municipality of Niagara, in 2019. The B. dimidiata colony was supplemented with
individuals collected from a Morrow’s honeysuckle bush (Lonicera morrowii) in London in 2020.
The B. calva colony was started from adults and nymphs collected from grey dogwood (Cornus
racemosa) in London in 2020. The C. hilaris colony was started from adults and nymphs collected
from common buckthorn (Rhamnus cathartica), wild grape (Vitis riparia), grey dogwood and
other wild plants in London, Hamilton, and the Regional Municipality of Niagara, in 2019. The C.
bimaculata colony was started from adults and nymphs collected from various wild plants in
London, Hamilton, and the Regional Municipality of Niagara, in 2018 and 2019. The E. variolarius
colony was started from adults and nymphs primarily collected from soybean in London, in 2019.
Additional individuals were collected from various wild plants in London, Hamilton, and the
Regional Municipality of Niagara, in 2019 and in London in 2020. The E. tristigmus colony was
started from adults primarily collected from an apple tree in Monetville, ON in 2019. Additional
individuals were collected from various wild plants in London, Hamilton, and the Regional
Municipality of Niagara, in 2019 and in London in 2020. The P. maculiventris colony was started
from adults and nymphs collected from various wild plants in London, Hamilton, and the Regional
Municipality of Niagara, in 2018 and 2019. The T. custator accerra colony was started from four
adults collected in an old meadow in Guelph, ON in 2020. The Anasa tristis colony was started
from adult and nymph individuals, and egg masses collected from zucchini plants in London, in
2019 and 2020.
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All species, except P. maculiventris, were reared in BugDorm-6E610 (MegaView Science
Co., Ltd., Talchung, Taiwan) mesh insect rearing cages (W47.5 x D47.5 x H47.5 cm). Podisus
maculiventris colonies were reared in plastic opaque buckets (H17 x D15.5 cm) with a mesh lid.
All native stink bug and squash bug colonies were placed in the same growth chamber (23oC, 65%
RH, 18L: 6D).
All species, except P. maculiventris, were fed a diet of swiss chard leaves and stalks, green
beans, snap peas, bell peppers, carrots slices, cabbage, hot Hungarian peppers, zucchini, okra,
red table grapes, apples, and raw, shelled peanuts and sunflower seeds, varying slightly due to
seasonal availability. All food items were organic or pesticide-free and were either grown on the
AAFC-LoRDC Research Farm during the summer or acquired from a local grocer during other
sesasons. Banasa dimidiata, B. sordida and B. calva colonies were supplemented with Eastern
white cedar, Morrow’s honeysuckle, and grey dogwood branches placed in water. The C. hilaris
colony was supplemented with chokecherry (Prunus virginiana), grey dogwood, common
buckthorn, and wild grape fruit. The Thyanta custator accerra colony was supplemented with
New England aster (Symphyotrichum novae-angliae), shining aster (Symphyotrichum firmum),
tufted vetch (Vicia cracca), red clover (Trifolium pretense), alfalfa (Medicago sativa), and bird
foots trefoil (Lotus corniculatus). All cages had one California red kidney bean plant (Phaseolus
vulgaris), one faba bean plant (Vicia faba), and one early thunder hybrid cabbage plant (Brassica
oleracea var. capitata), each in an individual 10.2 cm diameter plastic pot, placed in the center
of the cage to allow for climbing, feeding, and oviposition. Distilled water was available to the
insects through a cellulose, gauze-covered dental wick (Absorbal, Inc., Wheat Ridge, CO, USA),
which protruded through a hole in the lid of a 100 mL plastic container, wicking water upwards.
The floor of each cage was covered with white paper towel to allow for easy cleaning, oviposition
and shelter. A single piece of paper towel was placed over the dish of raw, shelled peanuts and
sunflower seeds to allow for shelter while feeding. Two strips of Diamed bleached grade 50 100%
woven cheese cloths were hung from the top-center of the cage to allow for oviposition and
shelter.

57

The P. maculiventris colony was fed a diet of mealworms (Tenebrio molitor L.) acquired
from a local pet store, and swiss chard. A container with water, as described above, was placed
in the center of the bucket. A 5 x 30 cm paper was accordion folded and placed in the bucket for
oviposition and hiding.
Cages were cleaned, old food removed, new food added, and plants watered three times
a week and eggs were collected daily. Eggs that were collected were placed upright on a swiss
chard stalk in a 12 x 6 cm clear plastic container with air holes in the lid, with the corresponding
species. Once hatched, nymphs were placed on a bean leaf in a BugDorm cage with only nymphs
of that species. Adults of each species were contained in a cage with only adults to encourage
mating and oviposition. When nymphs molted into adults they were transferred to the adult
cage.
Halyomorpha halys colony
The H. halys colony was initiated in 2015 with field-collected adults, nymphs and egg
masses from London and Hamilton. The colony was supplemented with field-collected adults,
nymphs, and egg masses, yearly, to maintain genetic diversity. This colony died in February 2020
and was reinitiated in May 2020 from individuals collected in London, Hamilton, and the Regional
Municipality of Niagara, ON.
They were fed the same diet as the native stink bugs and the BugDorm-6E610 mesh insect
rearing cages were set up in the same manner. The adult and later instar H. halys were kept in a
growth chamber under the conditions of 24oC, 65% RH, 18L: 6D and the eggs and 1-3 instar H.
halys were kept in a separate growth chamber (24oC, 65% RH, 18L: 6D).
Cages were cleaned, old food removed, new food added, plants watered, and eggs
collected three times a week. After egg collection five egg masses were glued, with the eggopening up, to a small strip of paper, repeated four times per cage (n=20 egg masses total). These
paper strips were each stapled to a separate leaf of a California red kidney bean plant and placed
in a BugDorm-6E610 mesh insect rearing cage. This was repeated for three cages, or as egg
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quantities allowed, once a week. The floor of the cages were covered in white paper towel. A
dish of raw, shelled peanuts and sunflower seeds was placed in the center of the cage. Once most
nymphs in a cage reached the fourth instar, the cage was moved to the later instar and adult
growth chamber.
Trissolcus japonicus colony
The Beijing strain of T. japonicus was supplied to AAFC-LoRDC by USDA-ARS Beneficial
Insects Research Unit in Newark, Delaware, USA, in 2017, and has been in continuous rearing in
the quarantine facility at AAFC-LoRDC since that time. Parasitoids in the Newark lab were
originally collected in Beijing, China and have been reared in this quarantine facility since 2009.
This is the strain that has been used in laboratory non-target host range experiments across the
USA. The London, Ontario strain of T. japonicus was started from eight individuals (7 female, 1
male) which emerged from a single H. halys sentinel egg mass in London, Ontario in August, 2019.
This colony was supplemented by individuals collected in the field in London in 2020 in order to
reflect the genetic diversity of established populations in the area.
Colonies were kept in 11.5 x 8 cm clear plastic containers; lids had two, two cm diameter
openings, one covered by mesh to allow for air movement and food placement, and the second
blocked by a foam stopper to allow for cage access. Colony expansion was completed by placing
a strip of 1 x 10 cm paper, with 4-8, <48 h old H. halys egg masses glued approximately one cm
apart, into a 1-2 week post emergence wasp container. After 24 h of H. halys eggs being exposed
to the wasps, the strip of paper was removed and cut in half, to allow for two sets of four egg
masses. Each set was placed into a new clear plastic container, one to be used for wasp rearing,
and the second to be used for experiments. One week after egg exposure, a single drop of honey
water was added to the mesh on the lid of each new container, as a food source. Honey water
was replenished as needed, three times a week, for all wasp containers. Honey water was
prepared using an equal ratio of honey and distilled water heated to 100oC, this was allowed to
cool and placed in a bottle that was previously disinfected with bleach.
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All wasp colonies were placed in a growth chamber (24oC, 70% RH, and 16L: 8D), in the
AAFC-LoRDC quarantine facility.
3.3.3 No-choice test - petri-dish bioassay
No-choice tests were conducted in a CFIA-certified PPC-1A quarantine facility at AAFCLoRDC in London, Ontario under the average temperature and humidity conditions of 22oC and
33% RH, from August 2019 to October 2020.
Approximately ten tests were run at a given time point, with varying replicates of each
non-target stink bug and squash bug (depending on egg availability). These tests consisted of a
wasp exposed to a non-target stink bug or squash bug egg mass (treatment), a wasp exposed to
a H. halys egg mass (positive control), a non-target stink bug egg mass not exposed to a wasp
(development control), and the wasp from the treatment subsequently exposed to a H. halys egg
mass (to ensure wasp viability; i.e., that the wasp is capable of parasitizing) (Fig 3.3).
Non-target stink bug, squash bug, and H. halys egg masses tested (<24-48 h old) were
collected with minimal handling, from adult cages on the morning of testing. All egg handling
after collection was done wearing soft nitrile gloves (VWR®; Radnor, PA, USA) to prevent
contamination. The material on which the egg masses were laid was cut off close to the eggs. The
number of eggs per egg mass was not manipulated to mimic natural encounters. Each egg mass
was glued, using a non-toxic, washable, acid-free glue stick (UHU, US: SAUNDERS; Readfield, ME,
USA), to a piece of filter paper (Ahlstrom filtration INC; Mt. Holly Springs, PA, USA) lining
individual 50 x 9 mm polystyrene petri dishes (Falcon® A Corning Brand; Corning, NY, USA). Eggs
within egg masses were counted and egg damage was recorded. In the petri dishes where a wasp
would be present, a single drop of honey water was placed on the inside-top of the lid as a food
source.
One, 4-7 day old, mated, naïve (i.e., no previous involvement with host) female wasp was
placed in each petri dish which represented a treatment or positive control (Van Driesche and
Murray, 2004). To ease the transfer of wasps with a paint brush from the rearing container to the
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petri dishes, 5 L/min of CO2 (anesthestic) was used to reduce wasp movement. Wasps remained
in the petri dishes for 24 ± 1 h, after which the wasps from the treatment petri dishes were
transferred to the individual wasp viability petri dishes, for an additional 24 ± 1 h. Afterwards all
petri dishes (positive control, treatment, development control, and wasp viability) were placed
in a growth chamber under the conditions of 24oC, 70% RH, and 16L: 8D. These petri dishes were
kept in the growth chamber for six weeks and checked three times a week for wasp, nymph, or
no emergence.
All wasp-egg mass interactions on the treatment and positive control egg masses were
video recorded using AM5212NZT Dino Lite microscope cameras and MSD 15 5” LCD portable
screen (Dino Lite US, Torrance, CA, USA), in order to assess wasp behavior. Recording
commenced once the wasp recovered from the CO2 exposure in the petri dish and was deemed
viable.

A

B

Figure 3.3. A) No-choice test set-up, comprised of a wasp exposed to a non-target stink bug egg
mass (treatment) in the centre under the camera, a non-target stink bug egg mass not exposed
to a wasp (developmental control) to the left of the camera, and a wasp exposed to a H. halys
egg mass (positive control) to the right of the camera; and, B) A non-target stink bug egg mass
in a petri dish, exposed to a female wasp.
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3.3.4 Choice test - arena bioassay
Choice tests were conducted in a CFIA-certified quarantine facility at AAFC-LoRDC in
London, Ontario under the average temperature and humidity conditions of 25oC and 20% RH,
from October 2020 to March 2021.
Choice tests were conducted to assess whether T. japonicus would parasitize the nontarget or target stink bug egg mass when given a choice between the two and whether
preferences differed between the London and Beijing strains of the wasp. These tests, adapted
from Haye et al. (2019), were conducted in large cages with faba bean plants on which the
selected stink bug species had previously fed and climbed. Tests were completed in this way, to
allow for a more realistic host searching scenario for the wasp, since plants within the legume
family produce volatiles in response to insect feeding and these volatiles along with chemical
footprints left by foraging and ovipositing adults stink bugs can attract Trissolcus sp. female wasps
(Colazza et al., 2004; Colazza et al., 2009). Six non-target native pentatomid species were included
in choice tests (Fig. 3.2).
Tests were conducted in 47.5 cm3 knitted mesh and polyester BugDorm-4S4545 insect
rearing cages (Megaview Science Co., Ltd., Taiwan). Two, 2-week old broad Windsor long pod
faba bean (Vicia faba) plants, in 10.2 cm diameter pots were placed in opposite corners of the
cage. One <24 hr old egg mass per plant, of either the non-target or target stink bug, were
attached to the underside of a faba bean leaf using a non-toxic, washable, acid-free glue stick
(UHU, US: SAUNDERS; Readfield, ME, USA) (Fig. 3.4). All egg handling after collection was done
wearing soft nitrile gloves (VWR®; Radnor, PA, USA) to prevent contamination. The plants were
arranged in the cage to allow the egg masses to be 30cm from the other egg mass and 20-30 cm
from the bottom of the cage. It was ensured that the plants were not touching. The stem of the
plant in which the egg masses were placed were stabilized with a bamboo stake attached to the
stem by a string in two places (Fig 3.5). The placement of the plant that contained the target or
non-target egg mass was randomized between replicates to avoid any positional biases. Faba
bean plants were placed in the target and corresponding non-target species adult cage for 24 h
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before the test was initiated to allow the bugs to feed, causing the emission of defense volatiles,
synomones, by the plant, and emission of chemical footprints by the stink bug, to be detected by
the wasp (Colazza et al., 2004; Colazza et al., 2009). Although it would have been ideal to expose
the wasps to plants on which the egg masses had been naturally-laid, this was not feasible due
to time constraints and lack of consistent or predictable egg-laying behavior on plants in the
insect rearing colonies.
Once the plants with the egg masses were placed in the testing cage, a honey water
soaked 0.5 cm length of gauze covered Absorbal dental wick was placed on the bottom-centre of
the cage, as a food source for the wasp. One, 4-7 day old, mated, naïve female wasp was placed
on the bottom of the cage an equal distance from both plants. To ease transfer of the wasps with
a paint brush from the rearing container to the cage, 5 L/min of CO2 for 5 seconds, was used to
reduce wasp movement. Wasps remained in the cage for 24 ± 1 h and were removed with an
aspirator.
Approximately four tests were run at a time, with varying numbers of replicates for each
non-target stink bug. An unexposed, non-target species egg mass was placed in a petri dish beside
the cage of the corresponding non-target species to act as a developmental control to assess
natural mortality.
All wasp-egg mass interactions on the non-target and target egg masses were video
recorded using the same cameras and screens as used in no-choice tests (Section 3.3.3).
Recording commenced once the wasp recovered from CO2 exposure in the cage.
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Figure 3.4. A) Target Halyomorpha halys egg mass on faba bean leaf in a BugDorm tent; and, B)
Non-target egg mass, Chinavia hilaris, on faba bean leaf in a Bug Dorm cage.

Figure 3.5. The choice test set up was comprised of two Faba bean plants, one with a H. halys
and one with a non-target stink bug egg mass, in a Bugdorm cage. One camera was placed below
each egg mass and the honey-soaked dental wick was placed in the centre of the cage (indicated
by the black circle).
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3.3.5 Data collection
3.3.5.1 No-choice test - petri-dish bioassay
Replicates in which neither the treatment nor the wasp viability egg mass were
parasitized were excluded from the analysis, as the wasp was deemed non-viable if it failed to
parasitize H. halys eggs in the viability egg mass.
Once stink bug nymphs emerged from the unexposed, developmental control egg masses,
they were counted. Non-viable, non-emerged eggs within an egg mass were also counted, as this
indicated natural mortality. Over a six week period following exposure, egg masses in the positive
control, treatment, and wasp viability petri dishes were checked regularly (3-5 times/week) for
stink bug nymph or wasp emergence and/or no emergence. At the end of the 6 weeks postexposure, eggs with no emergence were dissected to assess whether there were partially
developed wasps or stink bug nymphs. The outcomes of three different aspects of the parasitism
were assessed: host acceptance, developmental suitability, and host suitability. Host acceptance
(i.e., whether the parasitoid attacked and oviposited) was assessed by comparing the rate at
which the wasp accepted non-target and H. halys egg masses, determined by observing
oviposition posture and egg marking. Developmental suitability (i.e., whether or not the wasp
was capable of completing development inside the host egg) was assessed by: 1) comparing
nymphal emergence between the treatment and developmental control; 2) comparing wasp
emergence between the treatment and H. halys positive control; and, 3) comparing nonemerged eggs between the treatment and developmental control. Host suitability was assessed
by measuring the proportion of emerged female wasps (sex ratio) for treatment and positive
control. Sex ratio is used as a measure of host suitability as female offspring, controlled by laying
a fertilized egg, are preferentially deposited in hosts of higher quality (Murray et al., 2010).
Video Analysis of Host Acceptance
Host acceptance was assessed through analysis of the recorded videos of the wasp on the
treatment and positive control egg masses. Videos were analyzed for: 1) acceptance rate of each
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non-target, determined by observing oviposition and marking posture; 2) time between first
contact with the egg mass, and initiation of parasitism/acceptance (including time spent off the
egg mass if the parasitoid left the patch and returned, and same as (3) if egg mass was not left
after initial contact); 3) time spent on the egg mass inspecting it (handling time) before
acceptance; and, 4) number of inspections of the egg mass before acceptance. A new inspection
was assumed if the wasp left the egg mass for a minimum of 10 sec.
3.3.5.2 Choice test - arena bioassay
Replicates in which neither the non-target nor target egg mass were parasitized were
excluded from the analysis as the wasp was deemed non-viable.
Wasp and nymph emergence and/or no emergence from both non-target and target
species treatments and developmental control were counted and/or dissected and recorded as
described for no-choice tests (Section 3.3.3).
Host choice was assessed by determining whether the non-target or target egg mass was
accepted first, and by observing oviposition posture and egg marking. Developmental suitability
was assessed by: 1) comparing wasp emergence between the accepted paired non-target and
target egg masses; and, 2) comparing un-emerged eggs between the accepted non-target species
and developmental control non-target species egg masses (as an indication of non-reproductive
mortality). In cases when both non-target and target species egg masses were parasitized by the
same wasp, data from the species chosen first (as determined through video analysis) was used
to evaluate host choice. However, data from the second species chosen was still considered in
the discussion of host acceptance.
Video Analysis of Host Acceptance
Host choice/acceptance was assessed through analysis of the videos of the wasp on the
non-target and/or target egg masses. Videos were analyzed for: 1) whether the wasp selected
the non-target and/or target egg mass for parasitism, as determined by observing egg mass
acceptance (oviposition posture and marking). If both non-target and target were parasitized,
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the species selected first was used to evaluate host choice; 2) which species was detected/
inspected first; 3) the amount of time between the start of the test and initiation of
parasitism/acceptance; and, 4) time spent on the egg mass inspecting it (handling time) before
acceptance; 5) in cases where both egg masses were parasitized during the test period, the
amount of time between parasitism of the first species and parasitism of second species was also
recorded.
3.3.6 Statistical analysis
In no-choice tests, wasp emergence, nymph emergence, no emergence (i.e., mortality),
and sex ratio (proportion of females) was compared between treatment (non-target) and positive
control (H. halys), and/or treatment and developmental control using a generalized linear model
(GLM) and least square (LS) means comparison with a binomial or beta distribution and a logit
link function. Time between first contact and initiation of parasitism/acceptance (including time
spent off the egg mass when the parasitoid left the patch and returned), and time spent on the
egg mass inspecting it (handling time) before acceptance was compared between treatment and
positive control using a GLM and LS means comparison with a gamma distribution and log link
function. Number of inspections of the egg mass was compared between treatment and positive
control using a GLM and LS means comparison with a Poisson distribution and log link function.
Acceptance level of each non-target was compared between treatment and positive control using
a Fisher’s Exact Test. All analyses were completed using a mixed model analysis performed in SAS
Studio, all using PROC GLIMMIX, except acceptance level which used PROC FREQ (α=0.05).
In choice tests, wasp emergence and no emergence was compared between the target
and non-target using a generalized linear model (GLM) and least square (LS) means comparison
with a binomial or beta distribution and a logit link function. Time from when the test started to
initiation of parasitism/acceptance, and time spent inspecting the egg mass (handling time)
before acceptance was compared between each target and non-target pairing using a GLM and
LS means comparison with a gamma distribution and log link function. Host choice (i.e., which
species was parasitized first) was compared between each target and non-target using a Chi-
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Square Test. All analyses were completed using a mixed model analysis performed in SAS Studio,
all using PROC GLIMMIX, except analysis of choice which used PROC FREQ (α=0.05).
3.4 Results
3.4.1 No-choice petri-dish bioassay
Host acceptance
For the Beijing strain of the wasp, nine out of ten non-target species were accepted for
parasitism at least once; the outgroup species, Anasa tristis was not accepted in any of the
replicates. Seven of the non-targets were accepted at the same level as H. halys (p>0.05).
Cosmopepla bimaculata and Euschistus variolarius were accepted at a significantly (p<0.05) lower
level than H. halys (7.1% and 38.4%, respectively, compared to 100% for H. halys) (Table 3.1). For
the London strain of the wasp six out of eight non-target species tested were accepted for
parasitism at least once; A. tristis and C. bimaculata were not accepted in any of the replicates.
Acceptance of five of the non-targets was not significantly different from H. halys. Euschistus
variolarius was accepted at a significantly (p<0.05) lower level than H. halys (40% compared to
100% for H. halys) (Table 3.2).
The length of time from when the parasitoid first contacted the egg mass to the initiation
of parasitism/acceptance of the egg mass (including period where it left the patch and returned)
was compared between the target and each non-target species. For the Beijing strain, the time
from first contact to initiation of parasitism/acceptance by T. japonicus on E. tristigmus, E.
variolarius, T. c. accerra, and P. maculiventris egg masses was significantly (p<0.05) longer than
on H. halys (mean ± SE) (776 ± 260, 970 ± 238, 316 ± 53, and 543.6 ± 128 seconds, respectively,
compared to 164 ± 45 seconds for H. halys egg masses) (Table 3.1). For the London strain, the
time from first contact to initiation of parasitism/acceptance by T. japonicus on E. tristigmus, E.
variolarius and P. maculiventris egg masses was significantly longer (p<0.05) in comparison to H.
halys egg masses (2727.8 ± 786, 4753.8 ± 3370, and 1924.6 ± 720 seconds, respectively,
compared to 461.6 ± 146 seconds for H. halys) (Table 3.2).
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The amount of time spent on the egg mass inspecting it (handling time) before acceptance
was compared between each non-target and H. halys. For the Beijing strain, the wasp had a
significantly (p<0.05) shorter handling time before acceptance of B. calva egg masses than on H.
halys egg masses, (mean ± SE) 74.4 ± 16.1 and 164 ± 45.3 seconds, respectively. Trissolcus
japonicus had a significantly longer time handling before acceptance of P. maculiventris egg
masses (p<0.05) in comparison to H. halys egg masses, at 347.3 ± 85.8 seconds. There was no
significant difference in handling time between the non-target species and H. halys for any of the
other non-target species (Table 3.1). For the London strain, the wasp had a significantly (p<0.05)
shorter handling time before acceptance of Thyanta custator accerra eggs in comparison to H.
halys eggs, at 84 ± 14.1 and 191.4 ± 50.4 seconds, respectively. There was no significant
difference in handling time between the non-target species and H. halys for any of the other nontarget species (Table 3.2).
The number of inspections of the egg mass before acceptance was compared between
each non-target species and H. halys. There were no significant differences in the number
inspections of the non-target species egg masses when compared to H. halys, for either strain of
the wasp (Table 3.1; Table 3.2).
Developmental suitability
For the Beijing strain of the wasp all nine of the accepted non-target species had some
level of wasp emergence from accepted egg masses. Of those, seven species supported wasp
development and emergence that was not significantly different (p>0.05) than wasp emergence
from H. halys egg masses included B. calva, B. dimidiata, B. sordida, C. hilaris, C. bimaculata, P.
maculiventris, and T. c. accerra. In contrast, E. tristigmus and E. variolarius egg masses had wasp
emergence that was significantly lower (p<0.05) than H. halys egg masses. The mean wasp
emergence from non-target host species egg masses was (mean ± SE) 100 ± 0% for B. calva, 97.2
± 1.4% for B. dimidiata, 100 ± 0% for B. sordida, 84.4 ± 7.8% for C. hilaris, 96.1 ± 0% for C.
bimaculata, 40.1 ± 10.1% for E. tristigmus, 2.6 ± 2.5% for E. variolarius, 99.6 ± 0.74% for P.
maculiventris, and 93.7 ± 2.3% for T. c. accerra; whereas emergence from the target host (H.
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halys) egg masses was 95.7 ± 2.7%. The difference in the level of stink bug nymph emergence
between the treatment and developmental control egg masses for each non-target was
significantly different for all accepted non-targets except C. bimaculata. Host mortality (as
indicated by eggs that failed to produce either a stink bug nymph or a parasitoid adult) between
the treatment and developmental control for each non-target egg mass was significantly
different for E. tristigmus, E. variolarius, B. dimidiata, and C. hilaris. The proportion of unemerged eggs in treatment egg masses of E. tristigmus (59.8 ± 10.8%) and E. variolarius (97.5 ±
2.5%) was significantly higher than that of the developmental control at 23.6 ± 8.2% and 21.9 ±
8.3%, respectively. The proportion of un-emerged eggs in treatment egg masses of B. dimidiata
(2.8 ± 1.4%) and C. hilaris (11.2 ± 4.4%) was significantly lower than that of the developmental
control at 11.5 ± 2.5% and 43.1 ± 9.0%, respectively (Table 3.1).
For the London strain of the wasp all six of the accepted non-target species had some
level of wasp emergence from accepted egg masses. Of those, four species supported wasp
development and emergence that was not significantly different (p>0.05) than wasp emergence
from H. halys egg masses, included B. calva, C. hilaris, P. maculiventris, and T. c. accerra. In
contrast, E. tristigmus and E. variolarius egg masses had wasp emergence that was significantly
lower (p<0.05) than H. halys egg masses. The average wasp emergence from non-targets was
(mean ± SE) 94.7 ± 4.4% for B. calva, 60.4 ± 12.9% for C. hilaris, 30.5 ± 12.2% for E. tristigmus, 8.3
± 8.3% for E. variolarius, 96.6 ± 2.6% for P. maculiventris, and 85.8 ± 5.5% for T. c. accerra;
whereas emergence from the target host (H. halys) egg masses was 91.7 ± 3.3%. The difference
in the level of stink bug nymph emergence between the treatment and developmental control
for each non-target was significantly different for all accepted non-targets. Host mortality, as
indicated by no emergence of nymphs or wasps, was significantly higher for E. tristigmus (67.7 ±
13.3%) and E. variolarius (91.7 ± 8.3%) in the treatment egg masses versus the developmental
control egg masses at 14.9 ± 8.3% and 18.7 ± 6.3%, respectively (Table 3.2).
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Host suitability
The sex ratio of emerged wasps from both H. halys and non-targets, for both strains of
the wasp, had a higher proportion of females. For the Beijing strain of the wasp, parasitized E.
tristigmus eggs yielded a significantly higher proportion of females in comparison to parasitized
H. halys egg masses, (mean ± SE) 100 ± 0% and 87.69 ± 3.8%, respectively (Table 3.1).
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13

14

16

13

10

10

12

C. hilaris

C. bimaculata

E. tristigmus

E. variolarius

H. halys

P. maculiventris

T. c. accerra

0.71 (0.6)

543.6 (128.5)*

374.3 (85.8)*
158.4 (34.8)

9 (90.0)
11 (91.6)

316.1 (53.0)*

0.0 (0.0)

164.0 (45.3)

10 (100.0)

164.0 (45.3)

2.6 (1.5)

970.0 (238.3)**

391.0 (107.9)

5 (38.5)**

1.1 (0.5)

3.2 (1.3)

776.0 (260.1)***

259.2 (50.7)

14 (87.5)

0.0 (0.0)

0.08 (0.1)

80.0 (0.0)

80.0 (0.0)

217.9 (51.0)

1 (7.1)***

217.9 (50.0)

0.0 (0.0)

115.0 (25.0)

115.0 (25.0)

3 (100.0)
13 (100.0)

0.9 (0.6)

256.8 (63.4)

188.8 (30.7)

0.3 (0.2)

115.6 (23.1)

8 (100.0)

N/A

N/A

Mean No.
inspections
(±SE)

74.4 (16.1)*

N/A

0 (0.0)***

Mean time
from first
detection to
acceptance
(s) (±SE)

10 (100.0)

Mean handling
time before
acceptance (s)
(±SE)

No. egg
masses
accepted
(%)

Host acceptance

93.7 (2.3)

99.3 (0.7)

95.7 (1.9)

2.6 (2.6)***

40.1 (10.7)**

91.6 (0.0)

84.4 (7.8)

100.0 (0.0)

97.2 (1.4)

100.0 (0.0)

N/A

Mean wasp
emergence (%)
(SE)

0.0 (0.0)***

0.0 (0.0)***

0.6 (1.0)

0.0 (0.0)***

0.0 (0.0)***

0.0 (0.0)

4.3 (3.6)***

0.0 (0.0)***

0.0 (0.0)***

0.0 (0.0)***

N/A

Mean nymph
emergence
(%) (±SE)

6.4 (2.3)

0.7 (0.7)

7.8 (2.6)

97.5 (2.5)**

59.8 (10.8)**

8.3 (0.0)

11.2 (4.4)**

0.0 (0.0)

2.8 (1.4)*

0.0 (0.0)

N/A

Mean egg
mortality (%)
(±SE)

Fate of parasitized eggs (%)

Developmental suitability

8.0 (2.7)

17.2 (7.5)

N/A

21.9 (8.3)

23.8 (8.3)

34.8 (9.1)

43.1 (9.0)

0.0 (0.0)

11.5 (2.5)

7.2 (3.1)

1.8 (1.8)

Mean egg
mortality per
egg mass in
developmental
control (%)
(±SE)

80.8 (4.7)

87.7 (2.4)

87.7 (3.8)

100.0 (0.0)

100 (0.0)**

90.1 (0.0)

88.6 (8.1)

91.3 (1.2)

84.5 (4.1)

83.8 (4.1)

N/A

female) (±SE)

(proportion

Sex ratio

Host suitability

<0.0001***

Asterisks indicate statistically significant differences between H. halys and the non-target or the parasitized non-target developmental control (No emerge and Nymph emerge). <0.05*, <0.01**,

3

B. sordida

10

8

calva

B.

11

No. egg
masses
tested

B. dimidiata

tristis

A.

Species

Table 3. 1 No-choice test data when non-target species and brown marmorated stink bugs were exposed to the Beijing strain of Trissolcus japonicus in small petri dish arenas.

73
461.6 (146.3)

191.4 (50.4)
177.5 (41.1)
84.0 (14.1)*

11 (100.0)
10 (90.9)
10 (100.0)

11

11

10

P. maculiventris

T. c. accerra

H. halys

4753.8 (3370.0)

196.3 (101.4)

4 (40.0)**

10

E. variolarius

2727.8 (786.5)

134.2 (62.7)

Developmental suitability

85.8 (5.5)

2.9 (1.4)

650.2 (260.3)

2.8 (1.4)***

0.5 (0.5)***

0.0 (0.0)

0.0 (0.0)**

1.8 (1.8)***

12.1 (5.3)

2.9 (2.1)

12.3 (5.1)

91.7 (8.3)**

67.7 (13.3)**

26.9 (5.0)

34.9 (12.2)

4.8 (3.3)**
73.1 (5.0)***

5.3 (4.4)

3.7 (2.5)

Mean egg
mortality (%)
(±SE)

0.0 (0.0)***

95.6 (3.0)

Mean nymph
emergence
(%) (±SE)

9.6 (4.3)

11.6 (4.5)

N/A

18.7 (6.3)

14.9 (5.5)

54.4 (10.9)

55.6 (12.4)

5.8 (2.9)

1.2 (1.2)

Mean egg
mortality per
egg mass in
developmental
control (%)
(±SE)

91.4 (1.6)

91.1 (1.6)

93.9 (0.8)

100.0 (0.0)

50.0 (21.1)

N/A

87.1 (3.4)

79.1 (11.2)

N/A

female) (±SE)

(proportion

Sex ratio

Host suitability

<0.0001***

Asterisks indicate statistically significant differences between H. halys and the non-target or the parasitized non-target developmental control (No emerge and Nymph emerge). <0.05*, <0.01**,

96.6 (2.6)

4.0 (1.6)

1924.6 (720.7)

8.3 (8.3)***

30.5 (12.2)**

0.0 (0.0)

60.4 (12.9)

94.7 (4.4)

0.0 (0.0)

Mean wasp
emerge (%)
(±SE)

Fate of parasitized eggs (%)

91.7 (3.3)

8.75 (4.4)

11.2 (4.9)

N/A

0 (0.0)

1.4 (0.9)

N/A

Mean No.
inspections
(±SE)

1.4 (0.7)

N/A

7 (70.0)

10

E. tristigmus

265.6 (75.1)

414.0 (165.2)

N/A

10

C. bimaculata

119.0 (26.7)

9 (90.0)

N/A

0 (0.0)

13

C. hilaris

N/A

0 (0.0)

Mean time
from first
detection to
acceptance
(s) (±SE)

265.6 (75.1)

10

B. calva

Mean
handling time
before
acceptance
(s)(±SE)

No. egg
masses
accepted
(%)

Host acceptance

10 (76.9)

11

No. egg
masses
tested

A. tristis

Species

Table 3.2 No-choice test data when non-target species and brown marmorated stink bugs were exposed to the London strain of Trissolcus japonicus in small petri dish arenas.

3.4.2 Choice test - arena bioassay
Host Choice
In choice tests, egg masses of each non-target host species were parasitized first in at
least one of the replicates (in the case that both the non-target and target egg masses were
parasitized during the time frame of the test, “chosen” refers to the species parasitized first). For
the Beijing strain of the wasp, three of the five non-target species (C. hilaris, E. tristigmus, and E.
variolarius) were chosen at a level that was not significantly different than H. halys. Only T. c.
accerra and P. maculiventris were chosen at a significantly lower level than H. halys (2 out of 11
for T. c. accerra versus 9 out of 11 for H. halys; one out of 11 for P. maculiventris versus 10 out of
11 for H. halys) (Table 3.3) For the London strain of the wasp four out of six non-target species
(B. calva, E. tristigmus, E. variolarius, and T. c. accerra) were chosen at a level that was not
significantly different than H. halys. Only Chinavia hilaris and P. maculiventris were chosen at a
significantly lower level than H. halys (2 out of 11 for C. hilaris versus 9 out of 11 for H. halys; 2
out of 11 for P. maculiventris versus 9 out of 11 for H. halys). Although not significant (p=0.0578),
T. custator accerra was chosen less frequently than H. halys, chosen two out of ten compared
with H. halys chosen eight out of ten (Table 3.4).
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11
10
10
11
11
11
11
11
11

H. halys

E. tristigmus

H. halys

E. variolarius

H. halys

P. maculiventris

H. halys

T. c. accerra

H. halys

2 (18.2)*

0 (0.0)**

1 (9.1)

2 (20.0)

3 (27.3)

No. only
non-target
egg masses
parasitized
(%)

3 (27.3)

8 (72.7)

5 (45.5)

6 (60.0)

7 (63.6)

No. only
target egg
masses
parasitized
(%)

6 (54.5)

3 (27.3)

5 (45.5)

2 (20.0)

1 (9.1)

No. both egg
masses
parasitized
(%)

No. egg masses parasitized

13676.1
(4135.2)

94.3 (3.5)

85.0 (15.0)

75630.0 (0.0)*
60.0 (0.0)
48.9 (13.4)

94.9 (3.3)

27933.0
(8003.1)

43.0 (9.1)

67.0 (0.0)*

91.9 (3.3)

20.3 (20.3)**

94.7 (2.9)

9.0 (9.0)**

93.3 (3.9)

79.0 (27.2)

Mean wasp
emergence
(%) (±SE)

5.7 (3.5)

15.0 (15.0)

5.1 (3.3)

8.0 (0.0)

6.4 (1.8)

79.7 (20.3)**

2.4 (1.2)

88.4 (7.9)

7.5 (4.9)

11.0 (13.7)

Mean egg
mortality (%)
(±SE)

16.4 (5.3)

27.1 (8.0)

16.1 (5.3)

36.9 (13.5)

33.2 (7.6)

control (%) (±SE)

developmental

per egg mass in

Mean egg mortality

Developmental suitability
Fate of parasitized eggs (%)

5160.0 (0.0)

15784.5
(3455.9)

42107.0
(15180.3)

17217.5
(7821.9)

9646.7
(2898.0)

23992.5
(8024.9)

40800.0
(32880.0)

Mean time
to
acceptance
(s) (±SE)

260.0 (0.0)**

28.8 (3.1)

33.3 (8.8)

43.3 (8.1)

60.0 (0.0)

49.4 (11.3)

37.5 (7.5)

Mean
handling time
before
acceptance
(s) (±SE)

Host acceptance

emerge). <0.05*, <0.01**, <0.0001***

Asterisks indicate statistically significant differences between H. halys and the non-target or the parasitized non-target developmental control (No emerge and Nymph

11

No. egg
masses
tested

C. hilaris

Species

Table 3.3 Choice test data when non-target species and brown marmorated stink bugs were exposed to the Beijing strain of Trissolcus japonicus in large cages.
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4
11
11
9
9
11
11
11
11
10
10

H. halys

C. hilaris

H. halys

E. tristigmus

H. halys

E. variolarius

H. halys

P. maculiventris

H. halys

T. c. accerra

H. halys

1 (10.0)

1 (9.1)*

4 (36.4)

1 (11.1)

2 (18.2)*

1 (25.0)

No. only
non-target
egg masses
parasitized
(%)

7 (70.0)

8 (72.7)

6 (54.5)

6 (66.7)

8 (72.7)

2 (50.0)

No. only
target egg
masses
parasitized
(%)

2 (20.0)

2 (18.2)

1 (9.1)

2 (22.2)

1 (9.1)

1 (25.0)

No. both egg
masses
parasitized
(%)

No. egg masses parasitized

88.0 (5.0)*
97.4 (1.2)

29937.5 (0.0)
21239.3
(8076.6)

177.5 (0.0)***
22.1 (2.9)

6915.0 (0.0)
6597.5
(1696.3)

120.0 (0.0)***
31.7 (1.7)

16.0 (2.0)
4.1 (1.3)

78.5 (7.5)**
95.9 (1.3)

2.6 (1.2)

10.0 (3.0)

9.0 (2.1)

29.3 (4.3)

91.0 (2.1)

36228.8
(16469.9)
43.8 (16.3)

23097.1
(8024.3)

2.9 (1.1)

7.5 (4.9)

92.5 (8.2)

97.1 (1.1)

7.5 (3.5)

92.5 (3.5)

100.0 (0.0)

2.0 (2.0)

98.0 (2.0)

0.0 (0.0)**

12.5 (12.5)

Mean egg
mortality (%)
(±SE)

87.5 (12.5)

Mean wasp
emergence
(%) (±SE)

Fate of parasitized eggs (%)

84.5 (15.5)*

36396.7
(10883.8)

16815.0
(2025.0)

5347.1
(1017.4)

6690.0
(1320.0)

9540.0
(1380.0)

14332.5
(3502.5)

Mean time
to
acceptance
(s) (±SE)

10.4 (2.9)

12.0 (2.9)

32.6 (8.9)

50.9 (15.3)

21.9 (5.3)

6.0 (4.0)

control (%) (±SE)

developmental

per egg mass in

Mean egg mortality

Developmental suitability

15.5 (15.5)**

30.0 (6.7)

60.0 (30.0)

26.4 (2.4)

30.0 (0.0)

25.0 (5.0)

37.5 (7.5)

Mean
handling time
before
acceptance
(s) (±SE)

Host acceptance

emerge). <0.05*, <0.01**, <0.0001***

94.3333333

Asterisks indicate statistically significant differences between H. halys and the non-target or the parasitized non-target developmental control (No emerge and Nymph

4

No. egg
masses
tested

B. calva

Species

Table 3.4 Choice test data when non-target and brown marmorated stink bugs were exposed to the London strain of Trissolcus japonicus in large cages.

The species of egg mass which was inspected first was determined through analysis of the
videos and it was determined whether this corresponded with the first species chosen for
parasitism. Results for the Beijing strain of the wasp are as follows. For B. calva, C. hilaris, T. c.
accerra, and P. maculiventris the species that was detected first was always the same species
that was parasitized first. There was a single replicate for E. tristigmus and E. variolarius in which
the wasp inspected the non-target species egg mass first but chose to only parasitize the H. halys
egg mass. As summarized in Table 3.5, there were some replicates in which both the non-target
and target species egg masses were parasitized during the test period. This occurred in two
replicates for E. tristigmus, four replicates for E. variolarius, six replicates for T. c. accerra, three
replicates for P. maculiventris, and one replicate for C. hilaris. In all of these replicates the H.
halys egg mass was parasitized first more frequently or at the same frequency as the non-target.
For T. c. accerra in all six replicates in which both egg masses were parasitized, T. c. accerra was
always chosen second. For P. maculiventris in one out of three replicates in which both egg
masses were parasitized P. maculiventris was parasitized first (Table 3.5). This was also the only
time in total replicates in which P. maculiventris was chosen for parasitism by the Beijing strain
of the wasp. Also included in Table 3.5 is the time passed between the parasitism of the first
species and parasitism of the second species. Time passed between the completed parasitism of
H. halys and initiation of parasitism of T. c. accerra was an average of 8h 58m. Time passed
between the completed parasitism of H. halys and initiation of parasitism of P. maculiventris was
an average of 7h 40m. Results for the London strain of the wasp are as follows; for C. hilaris, E.
tristigmus, E. variolarius, T. c. accerra, and P. maculiventris the species that was contacted first
was always the same species that was parasitized first. As summarized in Table 3.6, there were
some replicates in which both the non-target and target species egg masses were parasitized
during the test period. This occurred in two replicates for E. tristigmus, one replicate for E.
variolarius, one replicate for B. calva, two replicates for T. c. accerra, two replicates for P.
maculiventris, and one replicate for C. hilaris. In all of these replicates, except for B. calva, the H.
halys egg mass was parasitized first more frequently or at the same frequency as the non-target.
For B. calva the wasp parasitized the B. calva egg mass first and the H. halys egg mass second.
For C. hilaris in the one replicate in which both egg masses were parasitized, C. hilaris was
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parasitized second. For P. maculiventris in one out of two replicates in which both egg masses
were parasitized P. maculiventris was parasitized first (Table 3.6). Also included in Table 3.6 is the
time passed between the parasitism of the first species and parasitism of the second species.
Time passed between the completed parasitism of H. halys and initiation of parasitism of C. hilaris
was 18h 33m. Time passed between the completed parasitism of H. halys and initiation of
parasitism of P. maculiventris was an average of 13h 24m 45s.
Table 3.5. Choice test data when the Beijing strain of T. japonicus parasitized both the non-target
and target species.
Non-target

Total

Species

Species

Species

Time between end

Wasp

Egg

species

replicates

detected first

parasitized

parasitized

of parasitism of

emergence

mortality

first

second

first and start of

from second

from second

E. tristigmus

E. variolarius

T. c. accerra

P.
maculiventris

C. hilaris

10

11

11

11

11

E. tristigmus

E. tristigmus

H. halys

parasitism of

egg mass

egg mass

second species

parasitized

parasitized

(%)

(%)

93

7

4320s/1h12m

H. halys

H. halys

E. tristigmus

2520s/42m

0

100

E. variolarius

E. variolarius

H. halys

11100s/3h5m

69

15

H. halys

H. halys

E. variolarius

18210s/5h3m30s

0

100

H. halys

H. halys

E. variolarius

17160s/4h46m

0

100

E. variolarius

E. variolarius

H. halys

12140s/3h22m20s

100

0

H. halys

H. halys

T. c. accerra

29040s/8h4m

63

20

H. halys

H. halys

T. c. accerra

30360s/8h26m

67

23

H. halys

H. halys

T. c. accerra

23715s/6h35m15s

100

0

H. halys

H. halys

T. c. accerra

37100s/10h18m20s

30

45

H. halys

H. halys

T. c. accerra

45765s/12h42m45s

100

0

H. halys

H. halys

T. c. accerra

28020s/7h47m

100

0

H. halys

H. halys

36540s/10h9m

60

30

H. halys

H. halys

18720s/5h12m

89

6

P.

P.

maculiventris

maculiventris

11235s/3h7m15s

96

4

H. halys

H. halys

n.d.

100

0

P.
maculiventris
P.
maculiventris
H. halys

C. hilaris
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Table 3.6. Choice test data when the London strain of T. japonicus parasitized both the non-target
and target species.
Non-target

Total

Species

Species

Species

Time between end

Wasp

Egg

species

replicates

detected first

parasitized

parasitized

of parasitism of

emergence

mortality

first

second

first and start of

from second

from second

parasitism of

egg mass

egg mass

second species

parasitized

parasitized

E. tristigmus

9

E. variolarius

11

B. calva
T. c. accerra

P.
maculiventris

C. hilaris

4
10

11

11

(%)

(%)

n.d.

H. halys

E. tristigmus

n.d.

71

29

E. tristigmus

E. tristigmus

H. halys

41160/11h26m

39

61

H. halys

H. halys

E. variolarius

6870s/1h54m30s

90

10

B. calva

B. calva

H. halys

3075s/51m15s

100

0

T. c. accerra

T. c. accerra

H. halys

4185s/1h9m45s

100

0

H. halys

H. halys

T. c. accerra

14190s/3h56m30s

89

5

P.

P.

H. halys

maculiventris

maculiventris

11355s/3h9m15s

4

16

H. halys

H. halys

46800s/13h24m45s

100

0

H. halys

H. halys

66780s/18h33m

27

31

P.
maculiventris
C. hilaris

Time to initiation of parasitism/acceptance from the start of the test was compared
between each non-target and corresponding H. halys replicates. For the Beijing strain of T.
japonicus, the mean length of time (± SE) from the start of the test to parasitism/acceptance of
T. c. accerra egg masses (75630 ± 0 seconds) was significantly longer than for H. halys egg masses,
(13676.1 ± 4135.24 seconds) (Table 3.3). For the London strain there was no significant difference
in the time to acceptance between any non-targets and H. halys (Table 3.4).
The amount of time the wasp spent on an egg mass before it was accepted (handling time
before acceptance) was compared between each non-target species egg mass and the
corresponding H. halys egg mass in each replicate. For the Beijing strain, the wasps had a
significantly longer handling time on P. maculiventris egg masses than on H. halys egg masses
(mean ± SE) 260 ± 0 and 43 ± 9.01 seconds, respectively. For the London strain, the wasps had
significantly longer handling time on T. c. accerra and P. maculiventris egg masses than on H.
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halys (mean ± SE) 120 ± 0 and 31.67 ± 1.67 seconds for T. c. accerra and H. halys, respectively,
and 177.5 ± 0 and 22.14 ± 2.86 seconds for P. maculiventris and H. halys, respectively.
Developmental suitability
For the Beijing strain of the wasp all five of the accepted non-target species had some
level of wasp development and emergence from accepted egg masses (Table 3.3). Of those, wasp
emergence from T. c. accerra and C. hilaris egg masses was not significantly different (p>0.05)
than from H. halys egg masses. In contrast, wasp emergence from E. tristigmus, E. variolarius,
and P. maculiventris egg masses was significantly lower than from H. halys egg masses. The mean
wasp emergence (± SE) from non-target species egg masses was 79 ± 27.2% for C. hilaris versus
93.3 ± 3.9% for H. halys; 9 ± 9% for E. tristigmus versus 94.7 ± 2.9% for H. halys; 20.3 ± 20.3% for
E. variolarius versus 91.9 ± 3.3% for H. halys; 85 ± 15% for T. c. accerra versus 94.3 ± 3.5% for H.
halys; and 67 ± 0% for P. maculiventris versus 94.9 ± 3.3% for H. halys. The proportion of unemerged eggs (i.e., eggs that failed to produce either a stink bug nymph or a parasitoid adult,
indicating mortality) was significantly higher only in parasitized E. variolarius egg masses (79.7 ±
20.3%) in comparison to the developmental control egg masses (16.1 ± 5.3%).
For the London strain of the wasp five out of six of the accepted non-target species had
some level of wasp development and emergence from accepted egg masses (Table 3.4);
however, E. tristigmus did not have wasp emergence from any of the accepted egg masses. Of
the five non-target species with wasp emergence, B. calva and C. hilaris egg masses had wasp
emergence that was not significantly different from H. halys egg masses. In contrast, wasp
emergence from E. variolarius, T. c. accerra, and P. maculiventris egg masses was significantly
lower than from H. halys egg masses. The mean wasp emergence (± SE) from non-target egg
masses was: 87.5 ± 12.5% for B. calva versus 98 ± 2% for H. halys; 92.5 ± 3.5% for C. hilaris versus
92.5 ± 8.2% for H. halys; 15.5 ± 15.5% for E. variolarius versus 91 ± 2.1% for H. halys; 78.5 ± 7.5%
for T. c. accerra versus 95.9 ± 1.3% for H. halys; and 88 ± 5% for P. maculiventris versus 97.4 ±
1.2% for H. halys. The proportion of un-emerged eggs (i.e., eggs that failed to produce either a
stink bug nymph or a parasitoid adult, indicating mortality) was significantly higher only in
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parasitized E. variolarius egg masses (84.5 ± 15.5%) in comparison to the unexposed
developmental control egg masses (32.6 ± 8.9%).
3.5 Discussion
Several of the non-target species were shown to be suitable for parasitism and
development by T. japonicus, and are therefore within the wasp’s physiological host range.
How this relates to the potential risk of T. japonicus on non-target stink bugs in the field is
discussed below.
Beijing strain of Trissolcus japonicus
The Beijing strain of T. japonicus accepted nine out of ten non-target stink bug species for
parasitism, seven of which were accepted at the same level as H. halys in no-choice tests.
Trissolcus japonicus was able to develop to some extent in all nine of the accepted non-target
species, and only two of the non-target species demonstrated a lower level of wasp emergence,
E. tristigmus and E. variolarius. As B. calva, B. dimidiata, B. sordida, C. hilaris, T. c. accerra, and P.
maculiventris were accepted at the same level as H. halys and support wasp development, it
suggests that these hosts are within the physiological host range of the Beijing strain of T.
japonicus. This could indicate that when eggs of these species are encountered in a natural field
environment, T. japonicus could use these non-target species as a host, but further field studies
would be required to confirm whether this occurs under natural field conditions. Although E.
tristigmus was accepted for parasitism at the same level as H. halys, wasp emergence from this
non-target species was significantly lower than H. halys and host mortality (i.e., eggs that fail to
yield a parasitoid or nymph) was significantly higher than in developmental control egg masses
(i.e., unexposed egg masses that were used to assess natural mortality). This suggests that E.
tristigmus does not fall within the physiological host range of the Beijing strain of T. japonicus, as
parasitism not only leads to failed wasp development, but also kills the developing stink bug
nymph. This phenomenon is referred to as non-reproductive mortality, wherein the host doesn’t
support parasitoid development, and the act of parasitism (including the wasp’s ovipositor
piercing the egg, and/or the partial development of the parasitoid) kills the host (Abram et al.,
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2016). This results in a negative impact on both the parasitoid and host since neither can
complete development. As such, although E. tristigmus doesn’t support the development of T.
japonicus, negative non-target effects are possible due to the fact that the parasitoid recognizes
this species as a host, as indicated by high acceptance, that is not significantly different than that
of the target host, H. halys, despite the fact that it is not physiologically suitable for development.
The inability to recognize a host that is not physiologically suitable for development thereby
results in mortality of both host and parasitoid. Although E. variolarius wasn’t accepted at the
same level as H. halys, there was significantly higher host mortality from parasitized egg masses
compared to the developmental control egg masses. As discussed above for E. tristigmus,
parasitism by T. japonicus results in non-reproductive mortality in E. variolarius; resulting in
mortality of both the host and the parasitoid offspring. However, in contrast, E. variolarius was
less accepted by T. japonicus, which may indicate that the parasitoid recognizes external cues on
the egg mass that indicate that the host is less suitable for its offspring (Boyle et al., 2020).
Although both of these non-target species are not within T. japonicus’ physiological host range,
they could be attacked in the field as T. japonicus doesn’t recognize them as unsuitable. If T.
japonicus parasitizes these hosts in the field, this could impact both T. japonicus as well as the
non-target species through non-reproductive mortality (Hepler et al., 2020). When this occurs
the unsuitable host is referred to as an evolutionary trap for the parasitoid. An evolutionary trap
occurs when the parasitoid invests energy and resources into a host that is not physiologically
compatible, thereby leading to failed reproduction, and potentially a reduction in the parasitoid’s
population growth (Abram et al., 2014; Schlaepfer et al., 2002). Wasps that are able to develop
and emerge from these hosts in the field would be of low fitness (small size, reduced ability to
find hosts) (Boyle et al., 2020). If these emerged wasps are able to find a new host and
successfully reproduce it is likely that these fitness costs could be amplified with each generation
and could lead to a sub-optimal population of T. japonicus (Boyle et al., 2020). Since development
in these hosts is unsustainable this would likely be a short term outcome and T. japonicus may
not be able to use these species as a long term host, therefore E. variolarius and E. tristigmus
may be able to escape long term impacts from the wasp (Boyle et al., 2020). This is speculative
and would have to be explored through field studies.
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Interestingly, although C. bimaculata was accepted significantly less than H. halys (1 out
of 14 egg masses were accepted), wasp emergence from this non-target species was not
significantly different than H. halys. This host is less likely to be parasitized in the field, as
suggested by the low acceptance rate during no-choice tests, despite the fact that this host is
physiologically capable of supporting wasp development; further testing would be required to
determine acceptance rate in the field. Trissolcus japonicus may accept C. bimaculata as a host
significantly less than H. halys due to the fact that their eggs are much smaller than those of H.
halys and the parasitoid may perceive this as a less suitable host. Smaller hosts may have fewer
resources, and could lead to reduced fitness of offspring (Boyle et al., 2020). Further testing is
required to determine how T. japonicus interacts with this host during choice tests.
Non-target species that were parasitized by T. japonicus in no-choice tests were selected
for choice tests to determine whether non-target attack would occur in a more complex testing
environment and in the presence of the target host, H. halys. When provided with a target and
non-target species egg mass simultaneously, the first species parasitized by the Beijing strain of
T. japonicus was more frequently H. halys; whereas T. c. accerra and P. maculiventris were
significantly less frequently the first species parasitized by the wasp, even though they were
accepted at the same level as H. halys during no-choice tests. This suggests that the Beijing strain
of T. japonicus has more of a preference for H. halys than these two non-target species when the
target and non-target are presented together in a large cage. Larger cage choice tests, compared
to petri-dish no-choice tests, may provide a larger space in which T. japonicus can interact with a
host, as it provides the opportunity for the parasitoid to use foraging cues to distinguish between
different host species, and allows the parasitoid to leave a potentially unsuitable host patch. As
such, these results could indicate that under natural field conditions, T. c. accerra and P.
maculiventris may be less likely to be attacked when the parasitoid can assess host quality and
choose to stay or leave a given host patch in search of a more preferred host. This is consistent
with results from Haye et al. (2019) in which they also observed that species presented in choice
tests were attacked less by T. japonicus than in no-choice tests. Hedstrom et al. (2017) also found
that T. custator (same species as T. c. accerra, but potentially different subspecies) was attacked
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less frequently in choice tests, and Botch et al. (2018) found that P. maculiventris was attacked
less frequently in choice tests.
Although T. c. accerra and P. maculiventris were less frequently the first species attacked
by the wasp in choice tests when paired with H. halys, in 6 out of 11 replicates with T. c. accerra
egg masses and 2 out of 11 replicates with P. maculiventris egg masses, T. japonicus also
parasitized the non-target species after parasitizing the H. halys egg mass. The average time from
when T. japonicus completed parasitism of the H. halys egg mass and initiated parasitism of the
non-target species egg mass was 8h 58m for T. c. accerra, and 7h 40m for P. maculiventris (Table
3.3). During one replicate with P. maculiventris, H. halys was parasitized after parasitism of the
non-target species was complete. The time between the completion of parasitism of P.
maculiventris and the initiation of H. halys was much shorter at 3h 7m 15s. During the time
between parasitism of the two species, the wasp was observed to continue foraging, and not
participate in egg guarding. Haye et al. (2019) suggested that this likely occurs because once
parasitism of the H. halys egg mass is complete, the wasp is put into a no-choice situation with
the remaining un-parasitized egg mass. Given the large length of time between the completion
of parasitism of H. halys and the initiation of parasitism of the non-target species this could have
also been a result of egg dumping from T. japonicus due to prolonged confinement in the cage
(Withers and Browne, 2004; Murray et al., 2010). Egg dumping often occurs when a parasitoid is
confined to a small area and has reached maximum egg load and will parasitize or “dump” her
eggs in a host regardless of suitability; this can occur when a parasitoid is confined to a small area
during host range tests (Van Driesche and Murray, 2004).
For both no-choice and choice tests handling time for P. maculiventris was significantly
longer than H. halys, which could indicate that the wasp was taking longer to evaluate the nontarget species’ suitability (MacKauer et al., 1996). Podisus maculiventris eggs are smaller than
those of H. halys which could indicate there are fewer resources available for developing
parasitoids, which would result in smaller adult wasps due to reduced space in the egg (Boyle et
al, 2020; Boivin and Martel, 2012). Research by Boyle et al. (2020) indicated that fitness
consequences are likely when T. japonicus develop in P. maculiventris eggs, including slower
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walking speed, smaller size, and difficulty walking on pubescent leaf surfaces in comparison to T.
japonicus adults that developed in H. halys eggs. The associated consequences could translate
into a reduced ability to find and exploit new hosts and therefore reduced ability to reproduce
(Boyle et al., 2020). Although during no-choice tests wasp emergence from parasitized egg
masses of P. maculiventris was at the same level as H. halys, during choice tests wasp emergence
from P. maculiventris egg masses was significantly lower than H. halys. As no-choice tests
suggested that these non-target egg masses were suitable for T. japonicus development, reduced
wasp emergence during choice tests could indicate that, in the presence of the target host, the
wasp recognized this was a sub-optimal host and allocated less resources to the eggs she
oviposited in P. maculiventris, when paired with H. halys. During no-choice tests, as the wasp
only had access to P. maculiventris egg masses, she may have allocated more resources to the
eggs she oviposited, because there was no alternative host. This is speculative and would have
to be assessed further in lab to confirm if this is what is occurring.
Interestingly, although E. variolarius was accepted for parasitism significantly less than H.
halys during no-choice tests, it was chosen for parasitism at the same level as H. halys during
choice tests. In some cases, during choice tests, the presence of the target host can excite the
parasitoid to parasitize a host it wouldn’t otherwise attack, leading to a false positive result
(Murray et al., 2010). Additionally, although choice tests are more realistic compared to nochoice tests they still exclude several important cues the wasp may use during host searching,
and therefore results don’t directly correlate with what might occur in the field (Murray et al.,
2010). While E. variolarius was chosen for parasitism at the same level as H. halys, wasp
emergence from parasitized E. variolarius egg masses was significantly lower than H. halys, and
host mortality (i.e., eggs that failed to yield a parasitoid or nymph) was significantly higher in
accepted egg masses compared to the unexposed developmental control egg masses, indicating
the occurrence of non-reproductive mortality as also seen in no-choice tests (Abram et al., 2016).
If T. japonicus parasitizes this non-target species in the field it could lead to the reduction of both
the wasp and non-target species population’s due to the occurrence of non-reproductive
mortality, and therefore E. variolarius is acting as an evolutionary trap (Abram et al., 2014; Hepler
et al., 2020).
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London strain of Trissolcus japonicus
The London strain of the wasp accepted six out of eight non-target species for parasitism,
five of which were accepted at the same level as H. halys during no-choice tests. All six of the
accepted non-targets had some level of wasp emergence from parasitized egg masses, and wasp
emergence from four of these species was not significantly different than from H. halys. In
contrast, wasp emergence from E. tristigmus and E. variolarius was significantly lower than from
H. halys egg masses, and these species are therefore considered less physiologically suitable as a
host. As B. calva, C. hilaris, T. c. accerra, and P. maculiventris were accepted at the same level as
H. halys and support wasp development, it suggests that these species are within the
physiological host range of the London strain of T. japonicus. This could indicate that in a natural
field environment, if put into a no-choice situation, T. japonicus could use these non-target
species as a host, but further studies would be required to confirm this. Similarly to the Beijing
strain, while E. tristigmus was accepted at the same level as H. halys, wasp emergence was
significantly lower than H. halys, and the proportion of un-emerged eggs was significantly higher
from exposed eggs than from the unexposed developmental controls, suggesting that this strain
of the wasp is also responsible for non-reproductive mortality in E. tristigmus. This strain also
resulted in non-reproductive mortality in E. variolarius; although this non-target species was
significantly less accepted than H. halys, the egg masses that were accepted had significantly
higher mortality (as indicated by a higher proportion of un-emerged eggs) in comparison to the
unexposed developmental controls (Abram et al., 2016). Similarly to the Beijing strain, although
neither of these species are within T. japonicus’ physiological host range, they could be accepted
as hosts in the field due to T. japonicus not being able to discern that these are unsuitable hosts.
Therefore this could lead to reduced populations of the non-target species and they would act as
an evolutionary trap for T. japonicus (Abram et al., 2014; Schlaepfer et al., 2002; Hepler et al.,
2020). As discussed with the Beijing strain, if T. japonicus parasitizes these species in the field and
is able to produce few offspring of low fitness (small size, reduced ability to find hosts), and these
offspring are able to successfully reproduce, the fitness costs could be amplified with each
generation and could lead to a sub-optimal population of T. japonicus (Boyle et al., 2020). Since
development in these hosts is unsustainable this would likely be a short term outcome and T.
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japonicus may not be able to use these species as a long term host, therefore E. variolarius and
E. tristigmus may be able to escape long term impacts from the wasp (Boyle et al., 2020). Again,
this is speculative and would have to be explored through field studies.
When provided with a target and non-target species egg mass simultaneously during
choice tests, C. hilaris and P. maculiventris were less frequently the first egg masses to be
attacked by the London strain of T. japonicus when paired with H. halys, even though they were
accepted at the same level as H. halys during no-choice tests. This suggests that this strain of the
wasp has more of a preference for H. halys than C. hilaris and P. maculiventris when the target
and non-target are presented together in a large cage. The large cage choice tests, compared to
the petri-dish no-choice tests, provide a larger space for the wasp to interact with its host and
use foraging cues to differentiate between hosts. Therefore these results are more indicative of
what might occur in the field, although further field testing would be required to confirm this.
While the results for C. hilaris don’t agree with those from Hedstrom et al. (2017), who found
that C. hilaris was parasitized at the same level as H. halys during choice tests, they only used the
Beijing strain of the wasp which could account for this difference.
Although C. hilaris and P. maculiventris were less frequently the first species parasitized
by T. japonicus when present with H. halys in choice tests, in 1, out of 12, replicates with C. hilaris
egg masses and 1, out of 11, replicates with P. maculiventris egg masses, T. japonicus also
parasitized the non-target species following parasitism of the H. halys egg mass. The time from
when T. japonicus completed parasitism of the H. halys egg mass and initiated parasitism of the
non-target species egg mass was 18h 33m for C. hilaris, and 13h 24m 45s for P. maculiventris
(Table 3.3). During the time between parasitism of the species, the wasp was observed to
continue foraging, and not participate in egg guarding. Similar to the Beijing strain, this likely
occurs because once parasitism of the H. halys egg mass is complete the wasp is put into a nochoice situation with the remaining un-parasitized egg mass (Haye et al., 2019) and given the
large length of time between the completion of parasitism of H. halys and the initiation of
parasitism of the non-target species egg masses this could have also been a result of egg dumping
by T. japonicus (Murray et al., 2010).
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During choice tests, handling time for P. maculiventris was significantly longer than for H.
halys which, as described for the Beijing strain of the wasp, could indicate that the wasp was
taking longer to evaluate the non-target species’ suitability (MacKauer et al., 1996). As discussed
above for the Beijing strain, wasp emergence from parasitized P. maculiventris egg masses was
significantly lower than from H. halys egg masses in choice tests, while there was no difference
during no-choice tests. This strain of the wasp may also have recognized the lower quality of this
host, when paired with its target host, H. halys, and associated fitness consequences, and
allocated less resources to the eggs she oviposited in P. maculiventris (Boyle et al., 2020).
Similar to the Beijing strain, E. variolarius was attacked at the same level as H. halys in
choice tests despite the fact that it was accepted less frequently during no-choice tests. This again
may be explained by the wasp becoming excited by the presence of the target host (H. halys)
which causes the attack of the non-target species (Murray et al., 2010). Again, wasp emergence
from parasitized egg masses of this non-target species was significantly lower than from
parasitized H. halys egg masses. Host mortality (i.e., eggs that failed to yield a parasitoid or
nymph) was significantly higher in accepted egg masses compared to unexposed developmental
control egg masses, thereby suggesting the occurrence of non-reproductive mortality associated
with unsuccessful parasitoid development (Abram et al., 2016). As discussed with the London
strain if this host is attacked in the field, the non-reproductive mortality associated with this host
could lead to a reduction in populations of both E. variolarius and T. japonicus, since E. variolarius
acts as an evolutionary trap for T. japonicus (Abram et al., 2014; Hepler et al., 2020).
As A. tristis was not parasitized by either strain of T. japonicus, it is not a suitable host and
is not within T. japonicus’ physiological host range, and potentially other members of the family
Coreidae are also not suitable hosts. This is supported by results from Haye et al. (2019) who
investigated whether Gonocerus acuteangulatus (Family: Coreidae) was suitable for T. japonicus
parasitism and development. They found, similarly to A. tristis, that G. acuteangulatus was not
accepted for parasitism and it was concluded to be an unsuitable host and not within the wasp’s
physiological host range. Although these are encouraging results, the host range of T. japonicus
may not be restricted to the Pentatomidae, as Haye et al. (2019) and Hedstrom et al. (2017) found
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that two non-targets belonging to the family Scutelleridae, Eurygaster maura and Coleotichus
blackburniae, respectively, were accepted for parasitism by T. japonicus but both parasitism and
wasp emergence was significantly lower than observed in H. halys controls. It is unknown
whether members of Scutelleridae would be accepted in the field, and further field studies would
have to be completed to determine this.
Trissolcus japonicus strain comparison
There were some differences between the behavior of the two strains of T. japonicus on
the non-target species. When T. c. accerra eggs were exposed to the Beijing strain of the wasp
during choice tests, T. c. accerra was parasitized significantly less frequently than H. halys,
whereas there was no significant difference in parasitism between these two hosts when
exposed to the London strain. In contrast, wasp emergence from the egg masses of T. c. accerra
parasitized by the London strain during choice tests was significantly lower and handling time
was significantly longer in comparison to H. halys. Whereas there was no significant difference in
wasp emergence or handling time between T. c. accerra and H. halys when exposed to the Beijing
strain. While the London strain may be more likely to accept T. c. accerra as a host than the
Beijing strain, a longer handling time from the London strain could indicate that it detected
kairomonal differences, compared to H. halys, and therefore took longer to evaluate other
attributes of the host, to determine its suitability (Mackauer et al., 1996). Since parasitoid larvae
receive a large amount of their nutrients from their host, reduced wasp emergence from
parasitized eggs of T. c. accerra could indicate that the wasp is able to recognize the lower quality
of this host, such as reduced nutrients and smaller egg size, compared to its target host (H. halys)
and allocated less resources to the eggs she oviposited (Jervis et al., 2008; Boyle et al., 2020;
Boivin and Martel, 2012). Regardless of strain, while T. c. accerra is within T. japonicus’
physiological host range, behaviour from both strains show that the wasp may recognize that T.
c. accerra is not the preferred host. When C. hilaris eggs were exposed to the London strain of
the wasp during choice tests, C. hilaris was parasitized significantly less frequently than H. halys,
whereas there was no significant difference in parasitism between these two hosts when
exposed to the Beijing strain. This could indicate that the Beijing strain of the wasp is more likely
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to accept C. hilaris compared to the London strain. The London strain of the wasp may have
parasitized C. hilaris eggs less frequently than H. halys due to the difference in kairomones
compared to its target host (Boyle et al., 2020; Boivin and Martel, 2012).
Results from no-choice tests suggest that B. dimidiata, B. sordida, and B. calva are within
the physiological host range for the Beijing strain of the wasp based on the parasitism and
developmental suitability of T. japonicus on these non-target species. This is consistent with
results from Lara et al. (2019) and Hedstrom et al. (2017) (using the Beijing strain) that also show
that B. dimidiata was regularly parasitized by T. japonicus during no-choice tests. Unfortunately,
choice tests with the Beijing strain were not completed with these three species due to their lack
of availability when tests were being conducted; however, choice tests on B. calva were possible
with the London strain. Choice tests with the London strain of T. japonicus showed that this
parasitoid accepted B. calva at the same level as H. halys, and wasp emergence from this strain
during choice tests and from both strains during no-choice tests was not significantly different
from H. halys. These results show that B. calva is within T. japonicus’ physiological host range,
and this could lead to this non-target species being accepted as a host in the natural field
environment. This is supported by the fact that T. japonicus emerged from a field-collected B.
dimidiata egg masses collected in London, which demonstrates that members of this genus are
exploited by T. japonicus in the field and may be within the wasp’s ecological host range;
however, the extent to which they are exploited in the field remains to be tested.
Host suitability
Since the sex ratio of emerged wasps from non-target species egg masses did not differ
from those of H. halys, aside from a higher ratio of females from E. tristigmus, this could indicate
that this is not a good measure of host suitability for T. japonicus. Although emerged wasps from
E. tristigmus were more female biased than H. halys, there was significant non-reproductive
mortality associated with this non-target species which suggests it is not a suitable host (Abram
et al., 2016). For some parasitoids sex ratio is not a good indication of host suitability, such as
Enoggera nassaui (Hymenoptera: Pteromalidae) which deposited female biased eggs in their host
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regardless of host quality (Murray et al., 2010). Haye et al. (2019) and Lara et al. (2019) also
observed that there was little to no difference from H. halys, in the sex ratio of emerged wasps
from non-target species egg masses parasitized by T. japonicus. A better measure of host
suitability could be fecundity, walking speed, and/or size of emerged wasps. These measures
could better indicate the fitness costs associated with different hosts and whether this limits their
ability to locate and parasitize new hosts.
The potential for non-target impacts and biological control of H. halys from T. japonicus
As the London strain used in the lab testing was started from individuals collected in
London, Ontario, this is the same strain that is currently established in the area and potentially
expanding its range. The Beijing strain has not been approved for release in Canada, and if
establishment and range expansion of T. japonicus is to be encouraged this would consist of mass
rearing and re-releasing the London strain, as it is already present. Therefore, results from the
London strain tests are of more immediate interest, as this is the strain that is mostly likely to
have a continued presence as a biological control agent in Ontario.
Physiological host range assessments in a laboratory setting act as a predictor of field
occurrences and what the ecological host range of the biological control agent could be. The
physiological host range often overestimates the host range since it doesn’t take into
consideration the environmental or habitat cues/factors that could influence host choice (Haye
et al., 2005). In the field, T. japonicus may utilize kairomones during host searching and host
assessment to determine host quality and host suitability; however, it is difficult to replicate this
in a lab setting (Colazza et al., 1999). A study by Zhang et al. (2017) explored the physiological
and ecological host range of T. japonicus in its native range in China and determined that the
wasp has a large physiological host range, parasitizing and developing on seven out of eight nontarget species. When they completed a field study exploring the ecological host range they found
that T. japonicus was the most dominant parasitoid of H. halys and one other non-target species,
Dolycoris baccarum. Trissolcus japonicus parasitized three other non-target species in the field,
but it was not the dominant species in the parasitoid species complex (Zhang et al., 2017).
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Although this study shows that the ecological host range is smaller than the physiological host
range, as predicted, this study and other T. japonicus host range studies across the world show
that this wasp has a large physiological host range that encompasses many species within the
family of Pentatomidae (Zhang et al., 2017; Haye et al., 2019; Hedstrom et al., 2017; Lara et al.,
2019; Charles et al., 2019; Botch and Delfosse, 2018). Although T. japonicus may use several of
Ontario’s native stink bugs as a host, these stink bugs are already highly exploited by several
native egg parasitoids (Gariepy et al., 2019). A study by Gariepy et al. (2019) surveyed naturallylaid pentatomid egg masses in southwestern Ontario to explore the associations between native
pentatomids and scelionid parasitoids. Native stink bugs egg masses that they found were: E.
servus, E. tristigmus, E. variolarius, Brochymena quadripustulata, Parabrochymena arborea, B.
calva, B. dimidiata, C. hilaris, Thyanta pallidovirens, and P. maculiventris. A total of 102 egg
masses were collected and 70.6% of those were parasitized by five scelionid parasitoids.
Telenomous podisi and Trissolcus euschisti were the predominant parasitoids, but Trissolcus
thyantae, Trissolcus brochymenae, and Telenomus sp. were also present. Some pentatomid
species were exploited by several scelionids, and 100% of the E. variolarius, B. quadripustulata,
and T. pallidovirens egg masses found were parasitized (Gariepy et al., 2019). This gives evidence
that the predominant native pentatomid species in Ontario are attacked to a high degree by
native parasitoids, and therefore, if attack from T. japonicus occurs it would likely be a minor
component of the parasitoid species complex of any given host. As research by Zhang et al. (2017)
shows, T. japonicus has a preference for parasitizing H. halys in the field; it is hopeful that the
same trend could be seen in Ontario.
Given the field work completed in London, Ontario we know that T. japonicus can and will
parasitize and develop on P. maculiventris and B. dimidiata egg masses in the field, but this
doesn’t give us information as to how frequently T. japonicus will exploit these hosts and whether
that could lead to negative impacts on their populations (Gariepy and Talamas, 2019). To quantify
how frequently and to what degree T. japonicus will attack these hosts and the other non-targets
shown to be suitable hosts from the lab study, it is important to conduct future studies exploring
the wasp’s ecological host range in areas where it has already established. Such studies could be
conducted in areas of London where populations of T. japonicus are known to be established. It
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could be carried out by setting out sentinel egg masses of non-target species and collecting
naturally-laid egg masses to assess T. japonicus attack. Since the lab study exploring the
physiological host range of the wasp only provides a framework as to what non-target
pentatomid species could be attacked, field studies could collect information of the wasp’s actual
host range and any long term impacts of non-target pentatomid populations that may result.
Some of the non-target species that are suitable for T. japonicus parasitism and
development are agricultural pests; C. hilaris and T. c. accerra (Gomez and Mizell, 2019; Panizzi,
2008; Koch et al., 2017). Therefore, additional parasitism by T. japonicus could be advantageous
in addition to pressure from native parasitoids and already-established pest-management
practices for these pest species. Euschistus tristigmus and E. variolarius are also agricultural pests
that are more problematic than T. c. accerra and population suppression resulting from
parasitism by T. japonicus would also be beneficial; however, as parasitism of these hosts leads
to non-reproductive mortality, biological control services provided by T. japonicus on these
species would not be sustainable, as parasitoid offspring are not viable (Gomez and Mizell, 2019;
Panizzi, 2008; Koch et al., 2017). Parasitism of P. maculiventris by T. japonicus in the field is of
concern as this is a predatory insect that not only fills an important ecological niche, but also an
economic one by acting as a biological control agent for agricultural insect pests (Panizzi, 2008;
Marshall, 2017). Although lab choice tests showed that T. japonicus is less efficient at exploiting
this non-target species, T. japonicus has emerged from field-collected P. maculiventris egg
masses, suggesting that this non-target host is potentially within the ecological host range of T.
japonicus. If T. japonicus negatively impacts P. maculiventris populations this could lead to
reduced biological control services from this species and disrupt complex interactions in native
ecosystems. Another species which was shown to be a host in the field, B. dimidiata, belongs to
the genus Banasa, which are not agricultural pests as they primarily feed on non-cultivated fruit
bearing plants such as honeysuckle and dogwood (Gomez and Mizell, 2019; Marshall, 2017). This
genus was shown to be a suitable host for T. japonicus in both no-choice and choice lab
experiments and if T. japonicus negatively impacts their populations in the field it could disrupt
native biodiversity as this genus plays an important ecological role as a host for several native
parasitoids such as Trissolcus euschisti and Telenomus podisi (Gariepy and Talamas, 2019).
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Chemical control options, which have been used to control H. halys in Canada and the US,
have serious non-target effects on insects and can disrupt IPM programs, whereas T. japonicus
would have minor non-target impacts in comparison (Leskey and Nielsen, 2018). As T. japonicus
has been established in London for at least 4 years, it is likely irreversibly established and
therefore it is no longer a question of whether it will have non-target impacts if released; the
question is whether it will have large negative non-target impacts and whether establishment
should be encouraged through additional releases and re-distribution. If T. japonicus does use
non-target hosts to a minimal degree, which is likely, these alternative hosts could help T.
japonicus populations establish and expand when H. halys populations are low. Given the
alternative control options for H. halys, T. japonicus poses the least threat to the environment
and non-target insects, and represents a valuable sustainable management option as part of an
IPM program.
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CHAPTER 4: GENERAL DISCUSSION AND CONCLUSIONS
Halyomorpha halys is a problematic agricultural pest in North America, with no effective
natural enemies and essentially no chemical controls in Canada (Leskey and Nielsen, 2018;
Gradish et al., 2019). Trissolcus japonicus is likely to be the most effective control option for H.
halys due to its high parasitism rate of H. halys, 50-90%, fast generation time, female biased
offspring, and reduced impact on the environment in comparison to chemical controls (Yang et
al., 2009; Zhang et al., 2017). Given that T. japonicus has now been found in London, Ontario for
4 years it is likely that this represents an established population (Gariepy and Talamas, 2019).
Due to the close proximity of the released sites of T. japonicus in New York and Michigan state
to the Canada-US border and given that much of southern Ontario is highly suitable for T.
japonicus establishment it is likely that T. japonicus is present in areas of southern Ontario aside
from London (Jarrett et al., 2019; Jentsch, 2016; Avila and Charles, 2018). This study and others
exploring T. japonicus’ physiological host range suggest that it does encompass several species
with the family of Pentatomidae (Haye et al., 2019; Hedstrom et al., 2017; Lara et al., 2019; Botch
and Delfosse, 2018; Charles et al., 2019; Zhang et al., 2017). Results from Zhang et al. (2017)’s
study exploring the ecological host range of T. japonicus and comparing that with the
physiological host range are encouraging and suggest, as predicted, that the ecological host range
is much smaller than the physiological host range, with T. japonicus only being the most dominant
parasitoid of H. halys and one other non-target species.
Results from this study suggest that both strains of T. japonicus have a large physiological
host range. The Beijing strain’s physiological host range includes: B. calva, B. dimidiata, B.
sordida, C. hilaris, T. c. accerra, and P. maculiventris, and the London strain’s physiological host
range includes: B. calva, C. hilaris, T. c. accerra, and P. maculiventris. Choice test results suggest
that the Beijing strain of T. japonicus is likely to attack E. tristigmus, E. variolarius, and C. hilaris,
and the London strain is likely to attack B. calva, E. tristigmus, E. variolarius, and T. c. accerra, at
the same level as H. halys regardless of developmental suitability, when presented together. The
ecological host range of a biological control agent, in comparison to the physiological host range,
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is of more interest when trying to assess the safety of a biological control agent, but is more
difficult to study. The physiological host range can act as a predictor of field occurrences and
what the biological control agents ecological host range could be, but often represents an
overestimation of the host range (Haye et al., 2005). Therefore Zhang et al. (2017)’s results
indicating that the ecological host range of T. japonicus, in China, is much smaller than its
physiological host range suggest that T. japonicus’ ecological host range in Ontario is likely to be
much smaller than its physiological host range. Results from the field study show that B. dimidiata
and P. maculiventris will be parasitized by T. japonicus in the field, but the extent to which this
might occur and whether these hosts are in the wasp’s ecological host range will require further
field testing. Although attack of P. maculiventris in the field is not ideal, due to its ecological and
economic importance, T. japonicus’ minor use of non-target species could help it to establish in
areas of low H. halys populations. As mentioned earlier, stink bugs in Ontario are highly exploited
by native parasitoids and therefore if T. japonicus does attack them in the field it would be a
minor component of the parasitoid species complex (Gariepy et al., 2019).
Trissolcus japonicus has the potential to offer substantial control of H. halys in Ontario, as
it does in its native range (Zhang et al., 2017). Given this, studies exploring T. japonicus’ parasitism
of H. halys in agricultural environments in North American fail to show this (Cornelius et al.,
2016a; Herlihy et al., 2016; Morrison et al., 2018; Talamas et al., 2015). The only study thus far
to show successful parasitism of H. halys in an agricultural environment found that only 1.6% of
sentinel egg masses, set out in peach in southern New Jersey, were parasitized by T. japonicus
(Kaser et al., 2019). Studies previous to this only found T. japonicus to emerge from H. halys egg
masses in unmanaged areas or wooded areas adjacent to agricultural fields cultivating crops such
as soybeans, corn, pepper, squash, tomato, and apple, with 2.6 to 7.8% of sentinel egg masses
being parasitized and parasitoid emergence at levels of 82.4% (Hedstrom et al. 2017; Herlihy et
al., 2016; Morrison et al., 2018; Talamas et al., 2015). Although the study by Kaser et al. (2019)
does not provide encouraging results of T. japonicus parasitizing H. halys in an agricultural
environment, this study was completed in 2017 and T. japonicus had only been discovered in
New Jersey in 2016 (USDA, 2020a). Therefore T. japonicus was likely present in this area in low
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populations and the full potential T. japonicus has at controlling H. halys in an agricultural
environment was not able to be assessed (Kaser et al., 2019). This study does highlight that T.
japonicus was able to successfully locate and exploit some H. halys egg masses in agricultural
crops. Egg masses in which T. japonicus did parasitize had parasitoid emergence at levels of 91.7%
and no H. halys emergence (Kaser et al., 2019).
Trissolcus japonicus is a viable option as part of an integrated pest management approach
to H. halys control in Ontario. With continued spread, establishment, and potential future redistribution efforts of T. japonicus in Ontario it is probable that we will begin to see some control
of H. halys. Given that growers of H. halys-vulnerable crops have been left without adequate
controls, the potential release and re-distribution of T. japonicus will ease the stress associated
with this pest. Even if T. japonicus becomes well established in areas of Ontario with high
populations of H. halys it is unlikely that the wasp will be able to solely keep H. halys below
economic levels, and therefore growers will be forced to use available insecticides and other IPM
tactics. Due to H. halys’ host switching behaviour, large wild plant host range, and the
confinement of insecticides to the crop, T. japonicus will be a valuable addition to the IPM toolbox
since it can contribute to a landscape level control of H. halys while avoid being negatively
impacted by insecticides. Although non-target impact on native stink bugs is still a concern, T.
japonicus’ ecological host range is likely to be much smaller than its physiological host range in
Ontario and only be a minor portion of the parasitoid species complex that currently attack native
stink bugs. Further investigation of T. japonicus’ ecological host range is required in order to
assess its impact on non-target species if populations are to be encouraged.
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