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Chapter 1: Effects of entomopathogenic fungi onbleevn marmorated stink bug

(Halyomorpha halysand their potential as a biological control agent

Introduction

The brown marmorated stink bugalyomorpha haly$Stal], Hemiptera: Pentatomidae)
is an invasive species of stink bug native to Chirsawan, Japan and Korea (Leskey et al.
2012c). The earliest confirmed detection of BM&Bhe United States was in 1996 in
Allentown, PA (Hoebeke and Carter 2003). Brownmanmated stink bug readily disperses and

to date has been found in 41 states and the Disfricolumbia (Leskey et al. 2012c).

The life history of the brown marmorated stink thag been studied extensively.
Typically, adults overwinter in homes and other maade structures which has led to their
status as a nuisance pest (Nielsen and Hamilto8l30Adults also overwinter in natural areas
such as rocky outcroppings and dead standing tkeeset al. 2014). Shortly after adults emerge
from overwintering sites in the spring, femalesibdgying eggs on the underside of leaves on
suitable host plants (Nielsen and Hamilton 2009l)e eggs then hatch and go through five
nymphal instars before molting into adults (Nielsexd Hamilton 2009b). The number of
generations per year depends on location, buteimmid-Atlantic region there are 1-2 generations
(Leskey et al. 2012a). As winter approaches, n&mlgrged adults enter reproductive diapause

and begin to move into overwintering locations (k& and Hamilton 2009b).

Brown marmorated stink bug is a highly destrucpest of agricultural crops and
ornamentals (Hoebeke and Carter 2003). It feedslqrarts of the plant: leaves, stems, fruits,

and trunks of trees as nymphs and adults (Hoebek€arter 2003; Martinson 2013). They



have an extraordinarily wide host range and feegdlants ranging from tree and small fruit,
vegetables, field crops and ornamentals (Hoebe&eCanter 2003; Wermelinger et al. 2008;
Bergmann, stopbmsb.org). Feeding damage appepitiag and discoloration on foliage and
can discolor and effect the consistency of fruib¢Heke and Carter 2003). Brown marmorated
stink bug can also cause noticeable aesthetic datagnamentals. Amplifying the damage
further is the fact that the typical life cyclelmbwn marmorated stink bug has been found to
coincide with periods of susceptibility of fruit apple, peach, pear, and soybean (Nielsen and
Hamilton 2009a; Nielsen et al. 2011) causing ecdndoss. In 2010, damage from brown
marmorated stink bug alone caused $37 million $3és to apple producers in the mid-Atlantic

region. (Leskey et al. 2012c).

Due to the destructiveness of brown marmorateuk $tiig, its wide host range, and
exceptional ability to disperse, an integrated ngangent strategy is necessary to successfully
reduce its population and damage. The use anzheffiof various pesticides has been evaluated
(Bergmann 2014; Lee 2014; Leskey et al. 2014).w@re have had to increase the number of
pesticide applications in response to brown martedratink bug (Leskey et al. 2012b).
Although pesticide use has had success in somgiagpystems, it does not provide long-term,
sustainable management (Nielsen et al. 2008) @edhative control methods should be
developed and implemented. Biological control eff@re currently underway (Jones et al.
2014; Hoelmer, pers. comm.) and if successful shprdvide long-term sustainable
management of brown marmorated stink bug. Resésitn¥ing conducted on both native and
exotic Hymenopteran and Dipteran parasitoids aedaiors to evaluate their potential as
biological control agents for brown marmoratedistiug. Both native and exotic

Hymenopteran egg parasitoids show promise, howevelate there have been no releases of



exotic parasitoids (Hoelmer, per. comm.), and d@hengh native parasitoids are attacking
brown marmorated stink bug eggs, stink bug poparigtremain high enough to cause damage to
crops (Jones 2014). Therefore, continued researdhiabogical control strategies against brown

marmorated stink bug is needed.

One avenue of biological control that has yetdakplored towards the control of brown
marmorated stink bug is the use of entomopathodangi. Entomopathogenic fungi colonize
and kill their insect host by utilizing cuticle-dagling proteases that allow them to penetrate the
insect cuticle and grow within the host insect'dyo(5t. Leger et al. 1992). These fungi can be
particularly effective at controlling sucking insedike Hemiptera that are not able to consume
topically (i.e. foliar) applied pathogens due teithmode of feeding (St. Leger et al. 1992). Two
of the most commonly used entomopathogenic furegMeatarhizium anisopliagMetchnikoff]
(Hypocreales: Clavicipitaceae) aBeéauveria bassiangBals.-Criv.] (Hypocreales:
Clavicipitaceae), each of which has hundreds attifled strains.MetarhiziumandBeauveria
have been found to show promise as biological obatggents to several pest insects in a number
of plant systems such as cabbage loop8rassica(Behle 2006), false-eye leafhopper on tea
(Feng et al. 2004), red palm weevil in canary pal@serri-Agullo et al. 2011), leaf-folder in
rice (Sivasundaram et al. 2008), kissing bug (Lna Batagin 2005; Luz et al. 2012), whiteflies
(Malsam et al. 2002) and cotton stainer bug (Satrai. 2011). A few studies have examined the
effect of fungi on stink bugs, includimfdezara viridulg]Linnaeus] (Hemiptera: Pentatomidae),
Piezodorus guildini{Hemiptera: Pentatomidaeguschistus hero@iemiptera: Pentatomidae)
(Sosa-Gomez et al. 1997; Sosa-Gomez and Mosca®8)) Flautia crossota staljHemiptera:

Pentatomidae)Glaucias subpunctatyslemiptera: Pentatomidae) (lhara et al. 2008) arakt



importantly,Halyomorpha halyg¢lhara et al. 2008; Gouli et al. 2012), demonstiatiarying

levels of effectiveness in killing insects.

Although strains oMetarhiziumandBeauveriaare known to kill a diverse array of
insects, there are problems associated with tiseithat has led to somewhat poor adoption of
entomopathogenic fungi as formulated biologicaltoaa. Problems with wild (or natural)
strains of entomopathogenic fungi include low w@nde which necessitates large inoculum
loads, slow killing time and low overall mortalififang et al. 2012). Genetic modification of
these fungi can potentially be used to ameliotatse issues. By incorporating select proteins in
the fungal genome, these fungi can be engineerexpiess any number of desirable traits. This
approach has been used several times primarihctease the lethality of fungus against a target
organism. By modifyindvietarhiziumto express a scorpion neurotoxin, fungal toxicity
increased 22-fold against tobacco hornworm and®dgainst the yellow fever mosquito (Wang
and St. Leger 2007)Beauveriamodified to express a similar scorpion neurotoxid auticle
degrading proteases was shown to be significantiseraffective against several Lepidopteran
larvae than wild type fungi (Lu et al. 2008). Taexamples strongly suggest that "designer
fungi” can be engineered to more efficiently kihtain organisms and overcome unique aspects

of their biology.

Other challenges accompany the use of entomopatiofungi that can affect their
virulence against insects. For example, a numbabiotic factors can cause a reduction in the
effectiveness of the fungi. Sunlight has been destrated to reduce conidial viability in field
settings (Behle 2006) and the rain-fastness ofuhgi is heavily dependent on the type of
formulation used (Inyang et al. 2000). Non-oil éd$ormulations are susceptible to low

humidity, which can result in a reduction in fungabwth and desiccation of the fungus (Santi et
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al. 2011). Also, some fungi have difficulty peraing the insect cuticle, reducing their ability to

enter the body and kill the insect in a timely mamn

Based on previously conducted studies, it shoalddssible to address some of these
challenges by altering the formulation in which #romopathogenic fungi are suspended. A
number of studies have demonstrated the advantdgésbased formulations over water based
ones (Inyang et al. 2000; Feng et al. 2004; Padlat. 005). Biological oils improve the
distribution of conidia on the insect, ensuringt tim@re conidia have the opportunity to attach
and grow (Malsam et al. 2002). The oil protecesdbnidia from UV radiation, which can
degrade the fungus and reduce viability (Santl.e2@L1). Oil also provides a supplementary
food source for the fungus and traps humidity,vaithg the fungus to flourish and prevents
desiccation (Luz et al. 2012). There is some exideof synergistic effects between the
entomopathogenic fungi and oil (Malsam et al. 2082)vell as repellency or attractiveness
effects of some oils to insects (Luz and Batagids)0 Diatomaceous earth, meanwhile,
increases the efficacy of the fungi by acting aesiccant and abrasive (Korunic 1998).
Abrading the insect cuticle with diatomaceous eallitws the fungus to more easily enter the
insect. Formulations with diatomaceous earth Heeen demonstrated to increase fungal
efficacy in trials againsiriatoma infestanflug] (Hemiptera: ReduviidaefLuz et al. 2012).
All of these factors suggest that oil- and/or diaé@eous earth- based formulations could

improve the efficacy of fungi as a formulated bmital control.

Although entomopathogenic fungi have been showsetexcellent candidates as
biological control agents of some insects, theymatewithout challenges. Therefore, it is critical
to identify strains of fungi that infect brown masmted stink bug and assess their performance

in terms of rate of stink bug mortality, time tdl kand time to sporulation of the fungus on dead
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insects. To be viewed as an effective controlgélpathogens should be able to reduce insect
populations and therefore the damage that theyedaus time effective manner. Similarly,
fungal pathogens that have quick or abundant saioul after killing their host are more likely
to disperse and provide continued suppressioneopdst. Identifying entomopathogenic fungal
strains against brown marmorated stink bug and uneado increase the virulence of fungi
should ultimately increase the likelihood of adoptof entomopathogenic fungi as a biological
control against this important invasive stink buderefore, the overall objectives of this study
were to evaluate strains of entomopathogenic faagiotential biological control agents of
brown marmorated stink bug and identify measuresa@ase their virulence. Specifically, we
examined formulations of wild-type (natural) fungild-type fungi with additives in their
formulation, and genetically modified or transgefugi for their efficacy in killing adult and

nymphal brown marmorated stink bugs.

Methods
Study organism — brown marmorated stink bug

To evaluate strains of fungi as biological conagénts for brown marmorated stink bug,
bioassays were performed by treating adult and iystipk bugs with fungal solutions and then
monitoring them for mortality and fungal growth owene during 2013 and 2014. Stink bugs
used in these bioassays came from three sour@esceSvaried between bioassays depending on
availability, but all treatments within a bioasseed stink bugs from the same source. Stink
bugs were collected from the field, taken fromlzolatory-reared colony or taken from
overwintering stock in the laboratory. Laboratoeared colony stink bugs were kept in cages

and provided with green bean plants, sunflower sesmuld water. The cages were kept in



environmental chambers and maintained 8€28hd 70% RH with a 16:8 light: dark cycle.
Overwintering stink bugs were kept in cardboardkets with damp paper towels and stored at
8°C until use. To bring the stink bugs out of thmierwintering state, they were moved to
colony conditions for two weeks before being used bioassay. Field collected stink bugs

were placed in cages and maintained under colongittons prior to use for 1 to 7 days.

Study organisms - fungal strains

The three primary genera of entomopathogenic ftegied werdetarhizium Beauveria
andlsaria, which are representative of fungi known to kibects and all of which have
commercial products available. Fungal straingdareoted with M (foMetarhiziun), B (for
Beauverig, | (for Isaria) or O (for other fungi of unknown genus) for ctgri The fungal strains
used for these studies were drawn from a numbsowfces. The majority of the strains came
from laboratory-maintained stocks that originatef the USDA-ARS Collection of
Entomopathogenic Fungal Cultures (ARSEF) and aetified with an ARSEF designation
code (1548 [M], 2547 [M], 1055 [M], 3581 [I] and 386 [O]). One strain each bfetarhizium
(F52),Beauvaria(GHA) andlsaria (3581) were obtained from M. Jackson at the USDASAR
Peoria, IL. Strains 1548 (M), 2547 (M), 1055 (Men& obtained from R. St. Leger at the
University of Maryland, College Park, MD. Strai@386 (O) came directly from ARSEF and is
of unknown genus. Another strain tested of unkngemnus was isolated from the brown
marmorated stink bug laboratory colony and is letééUnknown Fungus" in all tables and
figures. Botanigard (BioWorks, Victor, NY), a coreraial fungal pesticide utilizing the GHA
(B) strain, was also evaluated in order to lookath a commercial version of the strain and a

lab-reared sample of the same strain. These fuag selected in order to have representatives



from a number of different genera, with speciadmtion paid tdVietarhizium as it has been
demonstrated to be an effective generalist, leatting popularity. Strains 1548 (M), 1055 (M),
3581 (I) and 10386 (O) were selected as they had ls®lated from Hemiptera, with 1548 (M),
3581 (I) and 10386 (O) being isolated from Pentadam and 10386 (O) being isolated from
Halyomorpha halys particular. Strain 2547 (M) was selected adipieary tests performed

suggested that it may be effective at killing browarmorated stink bug.

Wild-type fungal bioassays

To evaluate the effect of wild-type fungi (fungalains as they were found in nature)
against brown marmorated stink bug, fourbioassagre wun against adult stink bugs and five
were run against nymphal stink bugs over time. eNitrains from three genera of fungi, plus
water and Tween controls (=11 treatments) wereuatadl. Not all treatments were run in all
bioassays due to limitations in stink bug avail&pil The following wild-type fungal genera and
strains were tested:
Metarhizium ARSEF 1548, ARSEF 2547, ARSEF 1055, F52 (4 treats)
Beauveria GHA - USDA, GHA - Botanigard (2 treatments)
Isaria: ARSEF 3581 (1 treatment)
Unknowns: ARSEF 10386 (unidentified fungus isoldtedn brown marmorated stink bug in
New Jersey), Unidentified Fungus (isolated fromwbranarmorated stink bug lab colony) (2
treatments)

Fungi for each treatment were plated on potatordegtagar (PDA) (Sigma-Aldrich,
Lenexa, KS) media in standard 90mm petri dishesadlodied to grow for 14 days at Z7. To

create the spore suspensions, conidia were scfapadlates into a 0.01% Tween 80 solution



(later bioassays used autoclaved deionized [DIgnattead of Tween 80) and diluted to a
concentration of 1xTCconidia/mL. Control treatments were 0.01% Twe@rs@&ution and/or
DI water. The stink bugs were treated by submertiem in the spore suspension or control for

3 seconds and then placing them in clear plasticr85 Dart® PresentaBow! containers

(Randleman, NC). Stink bugs in containers wereidex with a water source and sunflower
seeds, both of which were replaced as neededalRaupassays, between four and six replicates
were used for each fungal strain and control treatmEach container (replicate/treatment)
contained five adult or five nymphal brown marmedastink bugs (sub-samples). Air holes
were cut in the top of the container and all corees were then placed in growth chambers set to
colony conditions outlined above. All stink bugere monitored daily for mortality and fungal
growth and sporulation. Mortality is the majoriicator of fungal effectiveness, with fungal
growth and sporulation being used as an indicdtarhich dead stink bugs died as a result of
fungal infection. Dead stink bugs were removednftbeir containers and placed in individual

Sold® 29.57 mL clear plastic cups (Lake Forest, IL) whigdre also kept in the growth

chambers. Dead stink bugs were then monitoreg taifungal growth (= presence of
mycelium) and sporulation (= presence of sporeegtagfter two weeks, all remaining live
insects were discarded and the dead insects wariares for fungal growth and sporulation for

an additional 7 days. Mean percent dead inseatstiowed fungal growth was also calculated.

Wild type fungal bioassay with additives
Two additives, ThomasLabs Organic Food Grade Diat®wous Earth (Tolleson, AZ)

and Bonide All Seasons Horticultural and Dormama$@il (Oriskany, NY), were tested in



conjunction with the fungal strains F52, GHA an@BfMetarhizium, BeauveriagndIsaria,
respectively) to determine if additives influendbd effect of the fungi on adult brown
marmorated stink bug mortality and related factddsth additives were incorporated into the
fungal solutions. Diatomaceous earth was addéadments at a rate of 50g/L. The
horticultural oil was added at a concentration%f. 7All other procedures were identical to those
outlined above. A factorial treatment structure4(dwas used in an effort to discern any main or
interactive effects between the fungi and additivEsere were four levels of additives (no
additives, diatomaceous earth, oil, diatomaceorth @ad oil together) and four levels of fungi
(no fungi, F52 [M], GHA [B], 3581 [I]). In totathere were 16 treatment combinations and four

replicates.

Transgenic fungal bioassay

Several transgenic strains were tested on adulrbroarmorated stink bug in an effort
to see if the addition of spider toxin genes wanldease the efficacy of the fungi. The spider
toxin proteins (referred to as Asla, Dcla, Hvla Batia) were derived froipomastus
schlingeri[Bond & Opell] (Araneae: Euctenizidad)jguetia canitiegMcCook] (Araneae:
Diguetidae)Hadronyche versutfRainbow] (Araneae: Hexathelidae) ahdgenaria agrestis
(Araneae: Agelenidae), respectively. These peptidere selected as they have demonstrated
insecticidal properties across a number of diffenesect orders (Bende et al. 2014; Bloomquist
2003; Johnson et al. 1998; Skinner et al. 1992ur Fransgenidletarhiziumstrains (Hvla-
1548, Dcla-1548, Asla-1548, Tala-1548; acquired fRo St. Leger, University of Maryland)

as well as the wild-type strain they were deriveaf (ARSEF 1548) and a water control were

10



applied to brown marmorated stink bug adults usiiregsame procedure outlined above for the

wild-type fungal bioassays. In total, there waretseatments and four replicates.

Statistical analysis

For each of the wild-type and transgenic bioassagstality was analyzed at days 3 and
7 post inoculation using an ANOVA (SAS Ver. 9.2120to identify significant differences
between the treatments=0.05). If a significant difference was found, Byls multiple means
comparison test was performed to determine whigdttnents differed. Fungal growth and
sporulation were analyzed similarly to look forrgfgcant differences between the fungal
treatments with regards to the mean days to grow#porulation and the percent of dead bugs
showing fungal growth or sporulation. The wild-¢ypioassay with additives was analyzed at
days 3 and 7 as a 4x4 factorial design (SAS Ver8i@h to test for significant interaction effects
between treatments£0.05). If no interaction effect was found thea ttata were analyzed

using a Dunnett's test to compare the treatmeriteetavater control.

Results
Wild-type fungal bioassays
Across all four adult and five nymphal bioassaydy three of the fungal strains tested,
ARSEF 3581 (I)n bioassay 5K3 15=4.35,P=0.0172 at day F31510.96,P=0.0002 at day 7),
ARSEF 1548 (M) in bioassay F{15=20.62,P<0.0001 at day 7) and ARSEF 2547 (M) in
bioassay 1K319=20.62,P<0.0001 at day 7) showed significant differencesvben treatments
in mean mortality of nymphs and no treatments sluoaveeffect against adults (Table 1).

Across all bioassays, mean percent mortality frangél treatments at day 3 ranged from 0 to
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30% in adults and 0 to 46.67% in nymphs. At damé&an percent mortality from fungal
treatments ranged from 3.33 to 65% in adults afd 8093.33% in nymphs. Mean percent
mortality of control treatments at day 3 rangedhfrd to 25% in adults and 0 to 40% in nymphs.
At day 7, mean percent mortality of control treatseranged from 0 to 66.67% in adults and O
to 86.67% in nymphs. Of stink bugs that died, mgays to fungal growth ranged from 1.25 to
5.26 days in adults and from 0.42 to 3.8 days mplys (Table 2), however, there was no
significant difference in mean days to fungal growetween treatments in any wild-type
bioassayP>0.05). Mean days to sporulation ranged from 3068.11 days in adults and from
1.4 to 10 days in nymphs (Table 2). Strain 2547 {ddk significantly more days to show
fungal sporulation than strain 1548 (M) in aduttdssay 1K; ¢=9.94,P=0.0161) but no other
differences were found for adul8X0.05). There were no differences in mean daysrtgal
sporulation for nymphsR>0.05). Mean percent of dead insects that showegial growth
ranged from 13.33% to 53.33% in adults and froma 9% in nymphs (Table 2). The
Unidentified Fungus (O) in bioassay 3 had a sigaifily greater mean percent of dead insects
with fungal growth in both adult$( =20.86,P=0.0014) and nymph$( =25.00,P=0.0007).
Strain 3581 (I) showed significantly greater mearcpnt of dead insects with fungal growth in
nymph bioassay 3 ¢=12.95,P=0.0058). Mean percent of dead insects with fusgarulation
ranged from 0 to 40% in adults and from 0O to 66.6@%ymphs (Table 2). The Unidentified
Fungus (O) showed significantly greater mean perckdead insects with fungal sporulation
than strain 2575 in adult bioassayR3 ¢&6.00,P=0.0368). Strain 2547 (M) showed
significantly greater mean percent of dead insedts fungal sporulation than strain 1548 (M) in

nymph bioassay 1F &=7.35,P=0.0239). Strain 3581 () showed significantlyajex mean
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percent of dead insects with fungal sporulatiomtsi@ain 10386 (O) in nymph bioassay 5

(F15=8.18,P=0.0188).

Wild-type fungal bioassay with additives
There was no fungal strain by additive interacefiect found between any of the
treatment combinations in the bioassay on adulksiug mortality at days ¥§ 30=1.43,
P=0.1760) or 79 30:=0.36,P>0.9532). There was a significant effect of treatimat day 3
(F15.4¢=3.68,P=0.0003). Treatments that differed significantigrh the water control were the
DE/OIl treatmentP=0.0493), the Oil treatmenP£0.0493), the 3581/0il treatmeri=<0.0050)
and the F52/0il treatmen®£0.0493) (Table 3). Despite a significant restdtf the F-test

(F15.45=2.64,P=0.0056), none of the means comparison tests wgméisant at day 7.

Transgenic fungal bioassay

The transgenic fungal bioassay was analyzed isdhe manner as the wild-type
bioassays. Neither the wild-type nor any of tle@s$genic fungal treatments showed a
significant difference in their effect on adultrdtibug mortality at days ¥§,~0.61,P=0.69) or
7 (F5171.44,P=0.26) (Table 4). Mean percent treatment mortaitgay 3 ranged from 10 to
30% and at day 7 from 65 to 95%. Control mortaligs 20% at day 3 and 60% at day 7. Mean
days to fungal growth ranged from 2 to 8 days. Meercent of dead insects with fungal growth
ranged from 10 to 40%. There was no significafiecence in mean days to fungal growth
(F47=1.50,P=0.3005) between fungal treatments. Analysis efrttean percent of dead insects

with fungal growth showed a significant differer(€g 1,~3.33,P=0.0408); however, the means
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comparison test showed no significant differendavben treatments. None of the insects

showed evidence of fungal sporulation over the i the bioassay.

Table 1: Mean (xSEM) percent mortality of brown marated stink bug adults and nymphs 3
and 7 days following exposure to entomopathogamgifand controls. Table includes result of
4 adult and 5 nymphal stink bug bioassays.

Mean % Mortality !
x[] % Mortality (Day 3) x[] % Mortality (Day 7)

Bioassay # Treatment Adults | Nymphs Adults | Nymphs

1 1548 (M) 0 3.33(+3.33) 10 (+4.47) 30 (¥4.47)a

1 2547 (M) 3.33(+3.33) 0 13.33 (¢6.67) 43.33 (9.54)a

1 Tween 3.33(+3.33) 0 3.33 (£3.33) 0b

1 Water 3.33 (+3.33) 0 10 (+4.47) 0b

2 1055 (M) 10 (x10) 46.67 (¥15.20)  36.67 (+12.01) 100 (10)

2 GHA - Botanigard (B) 3.33 (+3.33) 40 (+7.30) 30 (£11.25) 90 (+6.83)

2 Tween 10 (+6.83) 40 (£13.66) 40 (+15.49) 80 (+7.30)

2 Water 6.67 (+4.21) 26.67 (£8.43) 33.33 (+9.88) 73.33 (£9.88)

3 2575 (M) 3.33 (+3.33) 40 (+7.30) 43.33 (+8.02) 93.33 (+4.21)

3 Unidentified Fungus (U) 10 (+6.83) 20 (+7.30) 56.67 (£9.54) 93.33 (+4.21)

3 Tween 10 (+4.47) 16.67 (16.14) 66.67 (£8.43) 86.67 (£6.67)

3 Water 0 16.67 (+8.02) 33.33 (£8.43) 83.33 (+6.14)

4 F52 (M) 25 (+5.00) 25 (£12.58) 60 (+8.16) 70 (£12.91)

4 GHA - USDA (B) 30 (+12.91) 20 (+14.14) 65 (+9.57) 65 (+9.57)

4 3581 (1) 20 (+8.16) 40 (+14.14) 55 (+5.00) 80 (+0)

4 Water 25 (+18.93) 35 (+9.57) 45 (+18.93) 65 (+5.00)

5 10386 (U) - 13.33 (¢6.67)b - 33.33 (£8.43)b

5 3581 (l) - 30 (+8.56)a - 73.33 (£8.43)a

5 Tween - 23.33 (£3.33)b - 33.33 (£6.67)b

5 Water - 3.33 (£3.33)b - 13.33 (+6.67)b

! Treatment means followed by different letters with bioassay and life stage significantly

differed from other treatment® € 0.05). Treatment means not followed by a letiémmbt

significantly differ from other treatments withinrbgoassayR > 0.05).
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Table 2: Fungal growth and sporulation data fodvi§yipe bioassays showing mean (+SEM) days to fuggaltth and sporulation of
brown marmorated stink bug adults and nymphs akasehean (xSEM) percent of dead insects showinggugrowth and fungal
sporulation. Table includes 4 adult and 5 nymp¥ikll-type fungal bioassays. Note that growth apdrglation data includes only

stink bugs that died in fungal treatments durirgjlifoassay (see Table 1).

Fungal Growth Fungal Sporulation
5 -
x It Days to Growth x[1 % Dead with Growth x[J Days to Sporulation X% Dead' with
Sporulation
Bloa:say Treatment Adults Nymphs Adults Nymphs Adults Nymphs Adults Nymphs
1 1548 (M) 1.68 (+0.31)  0.84 (+0.46)  53.33 (+8.43)  43.33(#8.02)  3.66 (x0.62)b NS 40 (£8.94) ob
1 2547 (M) 2.27 (+0.46)  1.33(+0.34)  36.67 (16.14) 70 (+13.41)  5.66 (+0.42)a 4 (+1.00) 20 (+7.30) (+166'1647)a
13.33
2 1055 (M) 3.66 (+1.89) 3.8 (+0.81) 20 (+10.32) 33.33 (+6.67) 5 (£0) 9.5 (+4.09)  3.33 (+3.33) (+6.67)
GHA -
+ + + +
2 Botanigard (B) 4.4(+1.03)  2.87(0.63) 33.33(19.88)  26.67 (+6.67) NS NS NA NA
3 2575 (M) 3 (£1.22) NG’ 13.33 (£6.67)b 0Ob 8.33 (+1.20) NA 10 (+4.47)b NA
Unidentified 3.33
+ + + + + + +
3 Fungus (U) 5.26 (+1.04) 3 (£0.83) 50 (+4.47)a  16.67 (+3.33)a  9.11 (+1.32) 10 (20) 30 (+6.83)a (£3.33)
4 F52 (M) 2.67 (+1.20) 2 (+1.00) 15 (£9.57) 10 (£5.77) 5 (+0) NS 5 (+5.00) 0
4 GHA - USDA (B) | 2.8 (+0.66) 1.4 (+0.50) 25 (+12.58) 25 (+9.57) 5 (+1.00) 3.75 (+1.60) 10 (5.77) (+§26)
4 3581 (1) 125(:049) 042(:020)  40(+1633)  35(:1500)  4.14(1096)  14(:024) 35(x1258) 122558)
5 10386 (U) ; 2.90 (£0.71) ; 40 (+14.60)b ] 6.12 (+1.80) 26.67
(£8.43)b
5 3581 (1) ; 1.48 (£0.45) ) 90 (+4.47)a ] 2.8 (£0.76) 66.67
(+11.15)a




! Treatment means followed by different letters with bioassay and life stage significantly diffefemin other treatment$(< 0.05).
Treatment means not followed by a letter did nghsicantly differ from other treatments with irbdoassay® > 0.05).

2 NG and NS denote no fungal growth or no fungatsipgion respectively. NA denotes not applicable.
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Table 3: Mean (zSEM) percent mortality of adultwromarmorated stink bugs for the wild-type
fungal bioassay with additives, 3 and 7 days foilmnexposure to entomopathogenic fungi and

additive treatments.

x[ % Mortality1

Treatment x[] % Mortality (Day 3) x[ % Mortality (Day 7)
Water 5.00 (£5.00) 30.00 (+12.91)
DE* 20.00 (+8.16) 35.00 (£9.57)
DE/Oil 40.00 (+11.54)* 60.00 (+8.16)
oil 40.00 (+8.16)* 55.00 (+12.58)
3581 (1) 20.00 (+0) 45.00 (£9.57)
3581/DE 5.00 (+5.00) 40.00 (+14.14)
3581/DE/Oil 20.00 (+0) 50.00 (+10.00)
3581/0il 50.00 (+10.00)* 65.00 (+9.57)
F52 (M) 5.00 (+5.00) 35.00 (+5.00)
F52/DE 0 (x0) 50.00 (+10.00)
F52/DE/Qil 10.00 (+10.00) 65.00 (+12.58)
F52/0il 40.00 (+21.60)* 70.00 (+10.00)
GHA (B) 5.00 (+5.00) 10.00 (+5.77)
GHA/DE 0 (x0) 25.00 (+15.00)
GHA/DE/Oil 20.00 (+8.16) 35.00 (+9.57)
GHA/Oil 15.00 (+5.00) 30.00 (+10.00)

! Treatment means followed by an “*” significantliffdred from the control within a dap<

0.05). Treatment means not followed by a lettdrrdit significantly differ from the controP(>

0.05).

2 DE = diatomaceous earth; Oil = horticultural oil
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Table 4: Mean (zSEM) percent mortality and fungalvgth for brown marmorated stink bug
adults following treatments with four transgeMetarhiziumstrains of the ARSEF 1548
modified to produce spider toxins and the unmodifigain (1548 WT). Note that fungal

growthincludes only insects that died during the bioassay

x[1% Mortality" Fungal Growth
Treatment x[1 % Mortality | x[1 % Mortality | x[] Daysto | x[] % dead with
(Day 3) (Day 7) Growth Growth
1548 WT| 20 (+14.14) 95 (+5.00) 4 (+0.87) 40 (+8.16)
Asla 10 (£5.77) 80 (x14.14) 2 (x0) 20 (+8.16)
Dcla 15 (+9.57) 70 (£10.00) 2.67 (+1.11) 40 (+8.16)
Hvla 30 (+10.00) 65 (£5.00) 3.25 (£1.43) 40 (+8.16)
Tala 20 (+8.16) 75 (+9.57) 8 (0) 10 (+5.77)
Water 20 (+8.16) 60 (£14.14) - -

! There were no significant differences betweertineats for any of the variables examined

(P>0.05)

Discussion

Although entomopathogenic fungi can be usefulippsessing populations of some
insect species, my results demonstrated relatpedy performance of the several strains of
fungi from the three genera tested against thesimeabrown marmorated stink bug. In general,
results were inconsistent, levels of mortality wieng, and of insects that did die, fungal growth
and sporulation were variable. Additives of diatm@ous earth or oil to fungal formulations did
not improve the performance of entomopathogenigifumkilling brown marmorated stink bug,
but oil itself did increase mortality of stink bugsmpared to a water control. Also of interest is
that the entomopathogenic fungal straitetarhizium1548, that was genetically modified to
produce various spider toxins, did not increaseptitbogenicity oMetarhiziumtowards brown
marmorated stink bug. These findings suggestahttmopathogenic fungi would likely make

poor biological control agents towards managinghiteevn marmorated stink bug. In addition,

18



the overall poor performance of all three generundji, even the transgenic strains, suggest
some other factor may be influencing the abilityhef fungi to infect and kill brown marmorated
stink bug.

In searching for measures to control pest insdugsideal tactic should provide quick
knockdown of the pest population before it causememic damage to a crop. Specifically, an
optimally formulated fungal biological control forown marmorated stink bug should result in
high levels of mortality within one to three daySor example, feeding by brown marmorated
stink bug in apples for one and three days canecawssgnificant amount of damage (5 and 30%,
respectively), degrading the quality of fruit swergtally (Leskey et al. 2014). In addition, it is
preferred that once the fungus kills the insecteheould be relatively quick development of
fungal growth and sporulation to increase the iitadd that the pathogen would spread through
the pest population.

In the wild-type fungal bioassays, mortality waw lat days three and seven and overall
incidence of fungal growth and sporulation on stiokys that died was low relative to what
would be indicative of an effective control methddf the strains tested against brown
marmorated stink bug, the effects of tharia strain 3581 appeared to be promising against
nymphs (bioassay 5), however, this effect was eftected in bioassay 4 whelsaria was tested
against nymphs, demonstrating an inconsistent¢saina’s pathogenicity. Poor performance of
the fungal strains evaluated in my study is incetesit with other studies that examined the
effects of similar strains of entomopathogenic fuagpinst insects. For example, tarnished plant
bug nymphs immersed inBeauveriasuspension reached 80% mortality after 12 days with

80.5% showing fungal growth by 9 days after dehth €t al. 2003). My results suggest that the
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wild-type fungi tested here are not sufficient bait own to kill brown marmorated stink bug at
rates needed to be used as a biological controitage

A possible explanation for poor performance ofilile type fungi may be related to
humidity or the ability of the fungi to penetrateetstink bug’s exoskeleton (Luz et al. 2012). |
predicted that adding a horticultural grade oil@omaceous earth, alone or in combination, to
the fungal formulations would protect the fungirfréight and increase humidity or abrade the
exoskeleton and aid in spore penetration, respaygtiand increase the pathogenicity of the
fungi. However, the addition of additives provideal synergistic interaction and results were
similar to that of the wild type fungal bioassayhese results were surprising as other studies
have found positive effects of additives. The &ddiof diatomaceous earth and horticultural oil
to aMetarhiziumformulation was found to kill 95% dfriatoma infestansymphs within 10
days of exposure (Luz et al. 2012). Oil alonedias been shown to have synergistic effects
with entomopathogenic fungi. The addition of sanfér oil to aMetarhiziumformulation
resulted in nearly 100% control of greenhouse Vlree(Malsam et al. 2002). In my bioassays
where there were significant treatment effectappears to be the result of horticultural olil
directly which was present in each treatment wigificant effects. Horticultural oil is known
to have insecticidal properties and is commonlpnemended as a pest control tactic (Beattie
and Development Corporation).

Other studies have increased the pathogenicigntmfmopathogenic fungi against insects
by genetically modifying the fungi to produce saorpneurotoxins (Wang and St. Leger 2007;
Lu et al. 2008; Fang et al. 2012). These studiaad that the addition of a scorpion neurotoxin
AalT significantly increased the efficacy of thenfin against yellow fever mosquitoes and

several different Lepidoptera larvae. My studyikny examined genetically modified
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Metarhiziumexcept with four transgenic strains of ARSEF 1848 that each expressed a
different spider neurotoxin. Unlike the above ssdising transgenic fungi, transgenic fungi in
this study resulted in no greater mortality of ktiugs than the wild typeletarhizium1548 or

the water control. Similar to the wild type bioags none of the treatments were particularly
effective and we again see the same patterns itahtpr Of particular note here is the complete
lack of fungal sporulation in any treatment eveouiyh there was fungal mycelia growth, an
outcome unique to this bioassay.

One possible explanation towards explaining theegaly poor virulence of the fungus is
the possibility that the fungal strains | used waoeviable and therefore incapable of infecting
any insect host. To confirm viability of the fupgibioassay was performed agai@satleria
mellonella[Linnaeus] (Lepidoptera: Pyralidae), a common mddepathogenicity, using F52
(M) and GHA (B) and the same procedures as the-typd bioassays above. The effect of
fungal treatment was found to be highly significahtlays 3K, 5c=33.76,P<0.0001) and 7
(F256=68.90,P<0.0001) (T. Pike, unpubl. data) demonstrating thete were no issues with the
fungi in regards to their ability to infect andllah insect host.

Another factor that may have influenced the oute@hthese studies is that stink bug
mortality in the water and Tween control treatmems variable overall and high in several of
the bioassays. High and variable control moxtaiitide it difficult to discern significant
treatment effects. While | was unable to determwvhg the control mortality was high, | was
able to eliminate certain factors. One of the pilevg ideas was that dipping the insects in the
treatment solutions (see Methods) may have caused sype of response from or a detrimental
impact on the stink bugs that increased their nitrtaHowever, a trial comparing mortality of

stink bugs that were dipped in water to those et in water found no difference in mortality
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at 3 F15=0.43,P=0.54) or 7 F; ==1.00,P=0.36) days after dipping (T. Pike, unpubl. data).
Another possible explanation for high control mhbityaelates to the plastic containers that the
stink bugs were kept in during the experimentssite the fact that the containers were
ventilated, it is possible that the act of treatimdghandling the insects agitated them, prompting a
defense response. Keeping them in close proxigibugs/container) could have resulted in the
stink bugs being killed by their own defensive campds. This response has been noted when
field collected stink bugs are kept in large nursherthe same collection container (P.
Shrewsbury, pers. observ.). However, trials comgahe mortality of stink bugs when placed

in plastic vs. cardboard containers, and one ve.dtink bugs per plastic container did not
support this hypothesis. There was no significhifiérence in mortality between stink bugs
placed in plastic vs. cardboard containers at 8a¥s =0.07,P=0.79) or 7 F; = 0.15,P=0.71)

(T. Pike, unpubl. data) or between containers e¢oimig one vs. five adult stink bugs at days 3
(F1.7~= 0.18,P=0.6769) or 7K1 .~ 0.07,P=0.7953) (T. Pike, unpubl. data) demonstratingehes
factors did not influence control mortality in miyidies. It is worth noting that even in bioassays
with high mortality in the controls that lackedtsttical differences, mean treatment mortality
was generally not numerically greater than controttality, suggesting that the fungal
treatments did not contribute any additional mdstahan was present in the controls.

To my knowledge there are only two other studiet have examined the effect of
entomopathogenic fungi on brown marmorated stirk b@ouli et al. (2012) evaluated five
strains of entomopathogenic fungi and found gehepalor mortality, with only four of the
fungal treatments exceeding 80% mortality by 12sdayd one exceeding 50% mortality by six
days. Similar results were found in a study bydhet al. (2008) in which three stink bug

speciesP. c. stali,G. subpunctatuandH. halys were treated wittMetarhiziumstrain FRM515
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and monitored for mortalityP. c. staliandG. subpunctatusesached 100% mortality 7 and 9
days after treatment, respectively, whendakalys reached only 50% mortality after 10 days
(Ihara et al. 2008). Results of these studies@ippe findings of my study, suggesting that
entomopathogenic fungi have relatively low pathogénagainst brown marmorated stink bug.

A possible mechanism that may explain the lowlgmae of the diversity of
entomopathogenic fungal taxa on brown marmoraie# buig in my studies and those of Gouli
et al. (2012), and lhara et al. 2008 is that brovammorated stink bug may have some type of
defense against fungi. | hypothesize that defensdompounds known to be released by the
brown marmorated stink bug, and believed to be usddfense against predators, may also
have anti-fungal properties. A number of inse@gehbeen observed to produce defensive
compounds that possess fungistatic effects, suelaraggs (Gasch 2013), sawfly larvae (Nagy
2009), chrysomelid leaf beetles (Pasteels 1992) bloigs (K. Ulrich, Pers. comm.) and a number
of Pentatomid species (Borges and Aldrich 1992jlF&ahm et al. 1996; Sosa-Gomez et al. 1997;
Favaro and Zarbin 2013). This phenomenon wouldaéxphe low incidence of fungal infection
on brown marmorated stink bug. Determining whetrarot this is the mechanism underlying
the apparent resistance to fungal infection by loravarmorated stink bug will be the subject of
future work.

Overall, all genera and strains of entomopathagmgi tested for their effects on
brown marmorated stink bug provided inconsistent r@hatively low levels of mortality to stink
bugs. These results were consistent for wild fypei, fungi with additives in their
formulations, and even transgenic fungi enhanceld sygider toxins. Our findings suggest that
entomopathogenic fungi would not serve as an e¥edtiological control for brown

marmorated stink bug. These data highlight thel ieefuture studies to examine possible
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mechanisms underlying the apparent resistanceogfrbomarmorated stink bug to

entomopathogenic fungi.
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Chapter 2: Interactions between defensive compoahdsown marmorated stink bug

(Halyomorpha halysand entomopathogenic fungi

Introduction

Chemical defenses are present in and importarat fmmber of insects. Many
herbivorous insects rely on chemical defenses &olewr deter predators (Evans 1990; Eisner et
al. 2005). The presence of chemical defenses Iheae well documented in several groups of
insects like monarch butterflies, milkweed bugsffBy1980; Trigo 2000) and chrysomelid leaf
beetles (Pasteels 1992; Triponez 2007), among lessrmther groups. While some insects
produce their own chemical defenses, many othepsester compounds present in the plants

they consume to later deploy as a defense (Dud@@1Pasteels 1992).

Chemical defenses targeting predators work inreetyaof ways. Among the most
common are malodorous compounds present in graugbsas earwigs (Gasch 2013) and some
Hemiptera including stink bugs (Solomon 2013), al as many others. While there is some
variation between species, many Pentatomids proasamilar array of defensive compounds,
including an assortment of alkane hydrocarbongrestnd aldehydes (Ho and Millar 2001;
Marques et al. 2007; Solomon 2013). These compmoarelsecreted by the insects and their foul
smell serves as a deterrent to predators. Soraetfsuch as the larvae of the western corn
rootworm, contain toxic compounds in their hemolyntipat discourage predators from feeding
on them (Lundgren et al. 2010). Still other groepgploy even more unique strategies, such as
the larvae of the beet armyworm, whose oral semrstact as a surfactant which drives predators

to groom themselves rather than continue to puseigarvae (Rostas and Blassmann 2009).
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In addition to their use in deterring predatoingré are a number of studies that
demonstrate the effectiveness of these defensoretsmns against fungal infection. Assays of
the defensive secretions of several species ofigagainstMetarhizium anisopliaand
Beauveria bassianshowed significant inhibition of fungal growth inrcentrations equivalent
to the contents of a single insect (Gasch 2013)alysis of several species of nematine sawflies
showed that in addition to secreting chemicals miadeter arthropod predators such as ants,
several chemicals in the defensive secretion aisagbe protection against fungal infection,
critical for when the leaf-mining larvae drop t@tground to pupate (Nagy 2009). However, the
relationship between entomopathogenic fungi andandefense varies among different insects
or insect groups. Fungal pathogens and host defegainst infection are thought to be under
reciprocal selective pressure providing a classargle of a co-evolutionary arms race (Ortiz-

Urquiza and Keyhani 2013).

While an effective biological control for inse@sd other arthropods in many systems
(Malsam et al. 2002; Feng et al. 2004; Luz and @ata005; Behle 2006; Sivasundaram et al.
2008; Guerri-Agullo et al. 2011; Santi et al. 2004z et al. 2012), entomopathogenic fungi have
been demonstrated to be largely ineffective agaitisk bugs (Pentatomidae), with relatively
long periods of time required to begin observingtaddy in addition to low incidence of fungal
germination (Sosa-Gomez et al. 1997; Sosa-GomeMasdardi 1998; lhara et al. 2008; Gouli
et al. 2012; Pike Chpt. 1 2014). While the rea®sorthe poor performance of the fungi is not
explicitly understood, one proposed explanatiorttierlow mortality and virulence is the
presence of fungistatic compounds on or withinitisects that interfere with fungal growth
(Sosa-Gomez et al. 1997; Sosa-Gomez and Mosca®8; Fdke Chpt. 1 2014). The secretions

of several species of stink bugs have been foupddaduce fungistatic effects. Thanatin, a
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peptide present in the hemolymph of the spinedaoliig,Podisus maculiventrigSay]
(Hemiptera: Pentatomidae), was found to be activeiy low concentrations against a number
of fungal species (Fehlbaum et al. 1996). Trame@enal present in the scent glandbletara
viridula [Linnaeus] (Hemiptera: Pentatomidae) was founsugpress germination of several
entomopathogenic fungi at natural concentratiomsgSsomez, Boucias, and Nation, 1997).
The presence of such compounds could significaathrd the effects of the fungi and render

them unsuitable as an avenue for biological control

The brown marmorated stink bugalyomorpha haly$Stal], Hemiptera: Pentatomidae)
is an invasive exotic pest of a range of agricaltarops and ornamental plants. Recent research
evaluating the biological control potential of emtmpathogenic fungi on brown marmorated
stink bug has found the fungi to have low virule(®é&e Chpt. 1 2014). Experiments testing the
effects of several wild-type strains of entomopggrac fungi with representatives from a
number of fungal genera found relatively low matyah adult and nymphal brown marmorated
stink bug as well as low rates of fungal growth apdrulation on dead insects. The addition of
additives to improve fungal efficacy, such as disgeous earth and horticultural oil in
conjunction with these fungi, and even the usesg€gal transgenic strains Wlfetarhizium

engineered to express spider neuropeptides, albpea similarly poor results.

Recent research has found that brown marmoratddlsig possess chemical defensive
secretions. Moreover, brown marmorated stink befgrsive secretions were found to contain
trans-2-decenal (Solomon et al. 2013; E. Tomag$teos. comm.), an aldehyde also preseit.in
viridula that was demonstrated to suppress fungal germméfiosa-Gomez et al. 1997,
Solomon 2013) and trans-2-octenal (E. Tomasings.Remm.). Bed bugs (Hemiptera:

Cimicidae) have also been shown to contain trahexznal and trans-2-octenal, chemically
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similar compounds that also inhibit fungal growih Ulrich, Pers. comm.). It is therefore
possible that chemicals like it could be the me@rarunderlying the low virulence of
entomopathogenic fungi against brown marmoratedk $tig. Determining the defense
mechanism resulting in low virulence against bronarmorated stink bug could provide an
opportunity to circumvent that defense and dept@yeéntomopathogenic fungi in an effective
manner. Therefore, the overall objective of thiglg is to determine if defensive compounds
play a role in the poor performance of entomopathegfungi against brown marmorated stink
bug. Specifically, my objectives are to: 1) comfithe major constituents of the defensive
secretion of brown marmorated stink bug, 2) deteenfithese compounds have a fungistatic
effect on entomopathogenic fungi and if so at wdwaiicentrations, 3) determine the effect of
these compounds on the germination of fungal spares4) determine if the presence of fungi

on brown marmorated stink bug induce productiodedénsive compounds.

Methods

Study organism - brown marmorated stink bug

Stink bugs used for these experiments were taken & laboratory-reared colony at the
University of Maryland. Laboratory-reared colorink bugs were kept in cages and provided
with green bean plants, sunflower seeds, and watee.cages were kept in environmental

chambers and maintained af@5%:nd 70% RH with a 16:8 light: dark cycle.

Study organisms - fungal strains
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The three strains of entomopathogenic fungi teste@ F52 (M), GHA (B) and ARSEF
3581 (1), belonging to th®letarhizium(M), Beauveria(B) andlsaria (I) genera respectively,
which are representative of fungi known to killeess and all of which have
commercialproducts available. Strains were obthfrem M. Jackson at the USDA-ARS,

Peoria, IL.

Defensive compounds

Selection of tested defensive compounds was b@s@ersonal communication with E.
Tomasino (Oregon State University) as well as @hield literature on brown marmorated stink
bug and related Pentatomids (Sosa-Gomez et al; B8@mon 2013). Trans-2-octenal and
trans-2-decenal were chosen as the primary defegsmpounds to evaluate in these
experiments. Tomasino (Pers. Comm.) found transt@nal and trans-2-decenal, along with
tetradecane and dodecane, produced at high levels she assessed the defensive compounds
of brown marmorated stink bug. Similarly, trane@enal and trans-2-decenal were also found
by Solomon (2013). Other studies examining themksf’e compounds of pentatomids, and
compounds with potential fungistatic propertieggast that trans-2-octenal and trans-2-decenal
may be important (Sosa-Gomez et al. 1997). Chdrsiaadards for trans-2-octenal and trans-2-

decenal were ordered from Sigma-Aldrich and usetierfollowing experiments.

Detection and quantification of stink bug defensikemicals in whole insects

To confirm the presence of and detect how mudhetwo defensive chemicals, trans-2-
octenal and trans-2-decenal, are present in amichadil brown marmorated stink bug adult, |
analyzed them using gas chromatography-mass speatip(GC-MS). Four adult brown

marmorated stink bug adults were crushed in 2 mhesfine. One mL of this liquid extract was
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added to 4 mL of sterile deionized (DI) water, eoting as little solid debris from the mash as
possible then vortexed for 15 seconds. The topnl fiexane portion of the solution was
removed and centrifuged for 1 minute at 13k rpn@ [1b of the hexane fraction was stored at -
20°C for later analysis by GC-MS. GC-MS was performsthg an Agilent GC-MS 5975-7890
(Agilent Technologies Inc.) with an HP-5MS coluntdang@th: 30 m, diameter: 0.25 mm, film:
0.25um). The method ramped from°Z5to 325C at 36C per minute. Trans-2-octenal and
trans-2-decenal were identified by GC retentioresrnicompared to known standards) and mass
spectra. These compounds were quantified by canmgptre total area under the curve for each
peak in a single-ion trace (m/z=70) gas chromatogma standard curve. The standard curve
was generated with the standards of each compdudirban concentrations ranging from 1

mg/L to 100 mg/L.
Effects of defensive compound volatiles on fungakth

Defensive chemicals were assayed against F52GMA (B), 3581 (1) in order to
determine if the chemicals inhibit fungal growtldahso at what concentration and if fungi
recover from inhibitory effects. Petri dishes withtato dextrose agar (PDA) were inoculated
with fungi that had been grown for 14 days at®@8The fungal suspensions used for the
inoculations were diluted to a concentration of @xdonidia/mL. Immediately following
inoculation, 9 mm discs of filter paper were thelhered to the underside of the lid of the petri
dishes using double-sided tape. The filter papses then treated with|5L of eithertrans-2-
octenal or trans-2-decenal at concentrations of 100or 1% (with the 10 and 1% solutions
being diluted in DI water) or with a DI water cooltr In total, there were 21 treatments, each
replicated three times. Petri dishes were theledasith Parafilm and allowed to grow at’28

in an environmental chamber. After three dayssgmee or absence of fungal growth was noted
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on all petri dishes. On petri dishes where no &liggowth was observed, the chemical was
removed by replacing the lid of the petri dish watklean lid and the petri dish was resealed.
Petri dishes with the chemical removed were moedataily for one week in order to determine
if fungi no longer exposed to trans-2-octenal ans-2-decenal petri dishes recovered or not

(presence or absence of fungal growth, respecjively
Effects of defensive compounds on fungal sporeigation

The defensive compoundsans-2-octenal and trans-2-decenal, were alsyedsd
varying concentrations against fungal suspensiofiguid media to directly observe their
effects on fungal spores B52 (M), GHA (B), and 3581 (I). Fungal suspensiaese prepared
in potato dextrose broth at a concentration of 8xbbidia/mL. 2mL of the fungal suspension
was added to 35 mm petri dishes in order to creagdatively standard number of spores within
the petri dish. The spore suspensions were tleatetl with defensive chemicals at the rates and
concentrations listed in the above bioassay byowgoetting them into the petri dish and then
swirling briefly. In total, there were 21 treatnt®neach replicated three times. Petri dishes were
sealed with Parafilm and allowed to grow at@&n an environmental chamber. The petri dishes
were photographed daily for two days at 400x maggtibn. From the photographs taken on
day 2, the proportion of germinated spores pel deth was determined by counting the number
of germinated and non-germinated spores in theeeimiage. Germination was defined as the

presence of an observable germ tube (Fig. 1).
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Figure 1: Example of germinated spores showing tyoe(left) and un-germinated spores

(right) of Metarhiziumfungal strain F52.

Inducing brown marmorated stink bug defense vigd#liexposure

Defensive compound emissions of live adult brovarmorated stink bugs were
analyzed using a Time-of-Flight mass spectrométecuTOF (JEOL, Peabody, MA, USA)
equipped with a confined Direct Analysis in Reah&i (CDART) ion source. Instruments were
configured according to Li (Li 2013). The instrumh@vas operated in the positive or negative
ion mode with a resolving power of 6000 (FWHM). $#8aspectra were acquired at a rate of one
spectrum per second. Calibration for mass measmmvas done using polyethylene glycol
(average molecular weight=600) as the internaldgtech In my experiments, the helium gas
heater was set to 2%D and the glow discharge needle potential andwgrithge were set at 3.5
kV and 250 V, respectively. The AccuTOF MS orificevas set to 8C and 20 V, orifice 2 was

setto 5V andthering setto5V.

To identify that the defensive chemicals transe®pal and trans-2-decenal were being
secreted by the adult brown marmorated stink bilgsmolecular weight of stink bugs’
emissions were recorded using the AccuTOF duringgatation event. Adult brown
marmorated stink bugs were acquired from a laboyatolony and maintained in conditions as

noted above. Twenty male and twenty female stugshwvere each placed individually in 20 mL
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glass vials which were capped with screw-top lidth \gas-tight permeable septa. In order to
induce a defense response, the insects were matagwlith a straightened paper clip until a
response was observed with the AccuTOF. Speatreaich stink bug were recorded until the
defense response subsided. Chemical standardmef2-octenal and trans-2-decenal were run

through the AccuTOF to confirm the identity of fheaks seen in the stink bugs.

In an effort to determine if exposure to entombpgenic fungi induced a defense
response of brown marmorated stink bug, adult diirdgs were treated with fungi and their
response observed over time. Fungal suspensidfis2ofM), GHA (B) and 3581 (I) were each
prepared at a concentration of 1%&6nidia/mL. Suspensions of deactivated fungi eftame
concentration were also prepared by autoclavirgfiimgal suspensions for 20 minutes at°€21
to assess if just the physical presence of fungales initiated a defense response. In totalether
were eight treatments: undisturbed insects (contn@ter-treated insects, insects treated with
one of the three live fungal treatments and insieetded with one of the three deactivated fungal
treatments. All insects were placed in individi@lmL glass vials after receiving their
treatment. Insects in the undisturbed treatmemné wkaced in vials with minimal manipulation.
For all other treatments individual insects wetacpt in a narrow cup to restrict movement, and
treatments were applied using a perfume sprayerate of 0.5 mL of liquid per insect. In total,
48 males and 48 females were treated, divided leetwee eight treatments, resulting in six
replicates per gender (2) per treatment (8). Hueesions of each stink bug were measured
using the AccuTOF at time=0 and every 24 hoursethiter for five days. Between
measurements the stink bugs were placed in a graiveimber at Z& with 75% relative
humidity and a 16:8 day/night cycle. In order ts@re that the stink bugs would survive the

duration of the experiment (i.e. had enough ang,\tial caps were fitted loosely onto the vials.
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However, 12 hours prior to each measurement caps tigitened to ensure any chemical
emissions that might be produced were containgithk Sug defensive secretions were
guantified by creating calibration curves using\Wwnajuantities of trans-2-octenal and trans-2-
decenal standards and comparing them to the padikeight of the emission output for each

stink bug.
Statistical analysis

Two analyses were conducted to determine thetedfedbe defense chemicals trans-2-
octenal (#1) and trans-2-decenal (#2) on fungalesgermination. Each defense chemical trial
was analyzed as a 3x4 factorial with 3 levels oigfal strain and 4 levels of chemical
concentration to examine the interactive effectsvben fungal strain and defense chemical
concentration as well as the main effects of edae to low response, statistics were not

conducted on the induced response of stink bugmafirlg exposure to fungi.

Results
Detection and quantification of stink bug defensikemicals in whole insects

Analysis of targeted defensive compounds extraitted whole insect samples of brown
marmorated stink bug was found to contain a medhGif6 (+2.12x19) pL of trans-2-octenal

and a mean of 0.184 (x 0.038) L of trans-2-decpealnsect.
Effects of defensive compound volatiles on fungakth

For both the trans-2-octenal and trans-2-deceealments, all three fungi tested showed

complete inhibition of fungal growth in all petristies at the 100% concentration treatment
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(Table 5). All three fungi also showed no inhititiof fungal growth in all petri dishes at the 1%
and 0% concentration treatments. In the 10% cdretéon trans-2-octenal treatment, mean
percent of petri dishes without fungal growth rashfem 0 to 100%. In the 10% concentration
trans-2-decenal treatment, mean percent of petnedi without fungal growth ranged from 33 to
66%. When examining fungal recovery one week parsbval of the defensive chemicals from
the petri dishes no recovery was observed in tl&4dl€oncentration treatments of trans-2-
octenal or trans-2-decenal in any petri dishes|@@p Fungal recovery in the petri dishes in the
10% concentration trans-2-octenal treatment ramgaa 50 to 66%. All petri dishes treated

with 10% concentration trans-2-decenal showed furegavery.
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Table 5: Mean (xSEM) percent of petri dishes shgwimgal inhibition three days after

exposure to two brown marmorated stink bug defenshemicals at 3 concentrations and a

water control.

Mean % Petri dishes without Fungal Growth

Trans-2-decenal Concentration
Fungus 100% 10% 1% 100% 10% 1% Control
F52 (M) | 100% (£0) 66% (¥33.33) 0(x0) | 100% (+0) 33% (+¥33.33) 0(x0) 0 (x0)
GHA (B) | 100% (%0) 100% (£0) 0(x0) | 100% (x0) 66% (£33.33) 0(0) 0 (x0)
3581 (1) | 100% (+0) 0 (x0) 0(x0) | 100% (x0) 33%(+33.33) 0(z0) 0 (x0)

Trans-2-octenal Concentration

Table 6: Mean (xSEM) percent of petri dishes shgwatovery of three fungal strains 7 days
post removal of defensive chemicals. Data incluaeyg petri dishes that showed inhibition of

fungal growth (i.e. fungal growth did not occur lmge3 days post exposure to defensive

compounds).
Mean % Petri dishes with Fungal Recovery
Trans-2-octenal Concentration Trans-2-decenal Concentration
Fungus 100% 10% 1% 100% 10% 1%

F52 (M) | 0(¥0) 50% (¥50.00) N/A* | 0(¥0) 100% (tN/A)  N/A
GHA(B) | 0(+0) 66%(£33.33) N/A | 0(0) 100% (+0) N/A
3581 (1) | 0(x0) N/A N/A | 0(x0) 100% (xtN/A)  N/A
*N/A denotes treatments where all replicates shofuadal growth by three days post treatment.

Effects of defensive compounds on fungal sporeigation

For both the trans-2-octenal and trans-2-deceeaimentdor all three fungal strains
tested, spore germination decreased as defensaeicdl concentration increased (Figs. 2 and
3). In the trans-2-octenal bioassay, there wagrafeant interaction effect between fungal

strain and chemical concentratidfs 6=18.50,P<0.0001) as well as significant main effects of
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fungal strain f, ,=53.61,P<0.0001) and chemical concentratiéi §~382.86,P<0.0001) (Fig.
1). Spore germination decreased as trans-2-octenakntration increased for all three fungal
strains, however, thisaria 3581 strain was suppressed more at lower con¢emsaof trans-2-
octenal than the other fungal strains. Spore gatiun across all fungal strains ranged from 43
to 99% at the 0% concentration (control) and 493% at the 1% concentration. All three
fungal strains showed no spore germination at ¢harid 100% concentrations. In the trans-2-
decenal bioassay, there was a significant intemactffect between fungal strain and chemical
concentrationKs ,=4.03,P<0.0071) as well as a significant main effect cérical
concentrationK; ,=25.48,P<0.0001) (Fig. 3) but not fungal straif,(,=1.62,P<0.2202). The
general pattern was that spore germination dealess&ans-2-decenal concentration increased.
This pattern was strong for tBeauvariaGHA strain, whereas thdetarhiziumF52 andsaria
3581 strains varied in their response between @ed01l% concentration and the 1 and 10%
concentration of trans-2-decenal, respectivelyor§germination across all fungal strains
ranged from 43 to 99% at the 0% concentration (cdn27 to 92% at the 1% concentration and
from 13 to 29% at the 10% concentration. All thiwegal strains showed no spore germination

at the 100% concentration.
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Figure 2: Mean (xSEM) percent spore germinatior%? (M), GHA (B) and 3581 (I) at three
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Figure 3: Mean (xSEM) percent spore germinatior%? (M), GHA (B) and 3581 (I) at three

concentrations of trans-2-decenal plus a 0% cofrater).
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Inducing brown marmorated stink bug defense vigd#liexposure

Of the 96 insects tested and 480 observations takenfive days, only nine individual
brown marmorated stink bugs exhibited a defenggorese by producing measurable quantities
of trans-2-octenal and/or trans-2-decenal. Meddaitaans-2-octenal responses ranged from a
peak ion count of 84 to 258. Measurable trans<xdal responses ranged from a peak ion count
of 146 to 6668. Of the nine responding individuaksven were treated with live fungi and all

three live fungal strains were represented byastlene individual stink bug responding.

Table 7: Defense response (chemical type and quamtduced as peak ion counts) from each

of the responding individual brown marmorated stinkjs by treatment, gender, and day of

response.
Trans-2-
Day Treatment Gender Trans—2—octinal Trans—2—o.ctenal Trans-2-Decenal decenal
response? Quantity Response? Quantity
2 Untreated M Y 129 N -
2 Live 3581 (1) F N Y 2702
3 Deactivated 3581 (1) F N Y 4922
3 Live 3581 (1) M N - Y 1026
4 Live GHA (B) F Y 258 Y 833
4 Live GHA (B) F N Y 186
4 Live GHA (B) F N Y 648
5 Live F52 (M) F N - Y 146
5 Live GHA (B) F Y 84 Y 6668
Discussion

Previous research on the virulence of entomopathiogungi on brown marmorated
stink bug suggested that brown marmorated stinkgmsgess some form of defense against
fungi (Ihara et al. 2008; Gouli et al. 2012; PikepC 1 2014). Based on studies that examined
similar defenses in other Hemiptera, and more fipalty Pentatomidae (Fehlbaum et al. 1996;

Sosa-Gomez et al. 1997; Ho and Millar 2001; Maraiesd. 2007; Solomon 2013), | predicted

39



that the mechanism underlying the apparent resistahbrown marmorated stink bug to
entomopathogenic fungi was related to its defensompounds. My experiments demonstrated
that stink bug production of the defensive compautnains-2-octenal and trans-2-decenal is a
plausible mechanism towards explaining the genelall virulence of fungi. Mass
spectrometry data confirms the presence of thesgaoonds in quantities in individual stink
bugs consistent with what was determined to intitngal growthin vitro. My experiments also
reveal the inhibitory effect of these two compoundghe fungal spores themselves, retarding
their growth and even preventing germination ehtias chemical concentrations increase.
Although it was not an overwhelmingly convincingu#t, exposure to entomopathogenic fungi
appeared to induce a defense response, secretiansf2-octenal and trans-2-decenal, in brown
marmorated stink bugs. In all, these data prositikely mechanism for reduced performance
of entomopathogenic fungi, and support the conctughat fungi will likely not provide

biological control of brown marmorated stink bug.

Analysis of whole insect extracts using GC-MS fddimat brown marmorated stink bugs
contain the two defensive compounds of intetesihs-2-octenal and trans-2-decenal, and at
concentrations that suggest they could resultfungistatic effect. While neither compound on
its own was present in the same quantities (0.5deb)onstrated in the two defense compound
bioassays to inhibit fungal growth and sporulatoonfidently say that it will inhibit the fungal
growth to the same degree, their combined totapproximately 0.2 uL may be enough to elicit
similar results. Despite the fact that the sting$contain less of the defensive compounds than
what was produced in the fungal growth inhibitioodssay, two factors suggest that the
performance could still be similar. First in thm§al growth petri dish bioassay, the fungi did

not come in direct contact with the defensive coomuis. Instead, growth was inhibited by the
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presence of volatiles that dispersed within theirad of the petri dish. Thus, the fungi did not
come in contact with the full 0.5 uL present in fl®6 concentration treatment. Second, | did
not bioassay concentrations of the defensive comgwbetween 0.5 pL and 0.05 pL. Itis
possible that testing a concentration range betwrezse two values and including the 0.2 pL

concentration that stink bugs may respond withstirae level of fungal inhibition.

Of particular note here is that while this datavet how much of these compounds are
present in a single brown marmorated stink bug, tiiimber may not realistically represent how
much is being released in a single agitation evénirrently, there is no published data on the
mechanics of the stink bug scent glands that weajdwhether or not the stink bug is releasing
only a portion of its defensive compounds or éntpties the glands in a single instance. Thus, |

am unable to say if the entire 0.2 pL is being dgpdl for defense at once or not.

The fungal growth bioassay demonstrated that tvatis-2-octenal and trans-2-decenal
inhibited growth and that there were similar levalgrowth inhibition between the two
compounds. Both showed complete fungal inhibiaibthe 100% concentration and no fungal
inhibition at the 1% concentration. Levels of intion varied between fungal strains and
between the two chemicals at the 10% concentrafidrere is very little difference in the mean
number of plates with fungal growth after threegjagyaking it difficult to discern whether or
not one compound is more effective than the othktowever, the fungal recovery results suggest
that the trans-2-octenal may be more effective, psrtion of the plates did not show recovery
after removal of the compound, whereas all of tlaéeg treated with trans-2-decenal showed
recovery. In order to discern whether or not ther@ real difference between the two
compounds, repeating the experiment with more nméeliate concentrations would give greater

resolution to determine the point where the tweedje.
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The fungal spore germination bioassay demonsttatgdioth trans-2-octenal and trans-
2-decenal inhibited spore germination. When loglkahfungal spores that were exposed to
trans-2-octenal or trans-2-decenal, the effectttitatwo chemicals had on spore germination
was striking. With trans-2-octenal, there is norgpgermination at all at the 100 and 10%
concentrations. At 1%, | began to see large ansoofgpore germination. However, the
germinated spores did not form the dense tanghygfiae that was seen in the control treatment.
A similar pattern can be seen in the trans-2-dddez@ments, though there was some spore
germination at the 10% concentration. While F52 &dd GHA (B) track very closely across
treatments, 3581 (I) seems to differ, especiallhercontrol and 1% treatments, in its response.
This may be due to the control for the 3581 (Iatneents having lower spore germination than
the controls of the other two fungi, rather tharea difference in response to the defensive

compounds.

Results of the experiment that attempted to indudefense response (secretion of trans-
2-octenal or trans-2-decanal) via exposure of brovanmorated stink bug to the
entomopathogenic fungi was generally inconclusiwéth only nine responses (9.4% of insects
tested) found over the course of the five day erpant, it is difficult to draw conclusions.
However, the fact that the fungi were able to irlaagesponse in even some of the insects was
somewhat promising. There were more stink bugghith a trans-2-decenal response was
induced and these tended to be produced in grgasetities compared to trans-2-octenal; trans-
2-octenal responses did not exceed 258 ion cowhexeas the highest trans-2-decenal response
was 6668 ion counts. There seems to be more respdrom females as opposed to males, but
without more data to draw from it is difficult t@eclude that females more readily release their

defensive compound. Most promising is that eidtihe nine stink bugs that responded were
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treated with some kind of fungal treatment, withieseof those being treated with live fungi.
Future studies will focus on a similar experimdrattwill have more replicates and better test

whether exposure to fungus induce a defensive nsgpion stink bugs.

The results seen in these experiments are conisigith studies done on other
Pentatomids. Studies on the southern green stigidbmonstrated that trans-2-decenal was a
compound in its defensive secretions and thatdtfbhagistatic effects, reducing the germination
of spores that adhered to the cuticle by 80-95%4¢Sa&omez et al. 1997). Similar results in
germination rates of spores were seen when | exipgsares to the defensive compoumds
vitro. This provides further support that defensive pounds produced by stink bugs explain
the generally low mortality seen in studies thateéd entomopathogenic fungi on brown

marmorated stink bug (lhara et al. 2008; Goulile2@12).

By preventing the fungal spores from germinatlmwn marmorated stink bug is able to
stop fungal infection at the cuticle or epicutitdger. Preventing the growth of the fungus
before it is able to penetrate the cuticle is caitto the survival of the insect. Investing eyerg
towards preventing fungal infection at the cutiteepicuticle potentially allows brown
marmorated stink bug to avoid the metabolic investhof an internal immune response to
fungal infection (Ortiz-Urquiza and Keyhani 2018)ough many insects are capable of
defending themselves from fungal infection after filngi have penetrated the cuticle (Kurata
2006). Preventing or delaying fungal penetratibthe cuticle is also advantageous to brown
marmorated stink bug nymphs, which while perhagbiento prevent all fungal growth on their
cuticle are able to shed their cuticle and thertnape infection, possibly another contributor to

low nymph mortality seen in previous work (Pike €Hp2014).
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Taken in aggregate, these results point towasashstP-octenal and trans-2-decenal
present in the brown marmorated stink bug's defersgcretions as being the mechanism
underlying low virulence of fungi and by extensiow stink bug mortality. Mass spectrometry
work suggests that the amount of these compouragept in a stink bug is comparable to the
amount necessary to inhibit fungal growth, as segmtri dishes of fungi that have been
exposed to various concentrations of the compouhds incidence of recovery also suggests
that a one-time exposure to the defensive compousrgisficient to stop the germination of
fungal spores, potentially indefinitely. While raminclusive, evidence suggests that exposure to
entomopathogenic fungi may induce a defense resgartsown marmorated stink bug, further
increasing its ability to defend itself from fungafection. Further research will be required to
confirm this mechanism of defense as well as paiytlevise a way to circumvent it if
entomopathogenic fungi are intended to play airol@ological control of brown marmorated

stink bug.
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