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Abstract

Background. Plant growth-promoting rhizobacteria (PGPR) provide several benefits to plants, such as
faster growth, larger yields and resistance to pests. When attacked by herbivores, plants defend
themselves in various ways using both direct and indirect defenses. One example of indirect defense is the
attraction of predators using herbivore induced plant volatiles. Specialist herbivores are thought to be
better at suppressing the plant defenses of their host-plant compared to a generalist herbivore. This study
investigates the predator Doru luteipes’ choices in a series of olfactometry experiments using arugula
(Eruca sativa) as the host-plant, Plutella xylostella larvae as the specialist herbivore, Spodoptera
frugiperda larvae as the generalist herbivore and Bacillus amyloliquefaciens as the PGPR.
Methodology/Principal findings. Prior to experiments some plants were inoculated with B.
amyloliquefaciens, larvae were starved for 24 hours and D. [uteipes were starved for 72 hours. Then,
inoculated and non-inoculated plants were subjected to larval herbivory for 12 hours. The olfactometry
setup contained a source of clean air, a humidifier, a flow regulator, two glass containers housing a
plant/treatment and a Y-tube. A choice was considered to have been made when D. [uteipes passed the
halfway mark of one of the Y-tube branches, individuals that had not done so within five minutes were
considered unresponsive. The results indicated a tendency for preference for plants damaged by S.
frugiperda and inoculated with the B. amyloliquefaciens strain GB03. Conclusions/Significance. Based
on these findings the components used in this study could be used in integrated pest management.
However, the data is not conclusive and warrants further investigation.

Sammendrag

Bakgrunn. Det finnes mange jordlevende bakterier som gir fordeler til planter, slik som raskere vekst,
storre avling og motstandsdyktighet mot skadegjorere. Nér planter blir angrepet av herbivorer forsvarer de
seg pa forskjellige méter ved bruk av bade direkte- og indirekte forsvarsmetoder. Et eksempel pé indirekte
forsvar er tiltrekningen av predatorer ved bruk av flyktige stoffer. Planteetende spesialister antas & vere
bedre til & minske effekten av forsvaret til vertsplantene deres, sammenlignet med planteetende generalister.
I denne studien undersekes predatoren Doru luteipes valg i en rekke olfaktometer eksperimenter, ved bruk
av ruccola (Eruca sativa) som vertsplante, Plutella xylostella larver som planteetende spesialist, Spodoptera
frugiperda larver som planteetende generalist og Bacillus amyloliquefaciens som fordelaktig jordlevende
bakteric. Metode/Hovedfunn. 1 forkant av eksperimentene ble noen planter inokulert med B.
amyloliquefaciens, larver ble sultet i 24 timer og D. [uteipes ble sultet i 72 timer. Deretter ble inokulerte og
ikke-inokulerte planter utsatt for skader fra larver i 12 timer. Olfaktometer oppsettet bestod av en kilde med
ren luft, en luftfukter, en mengde regulerende ventil, to glass beholdere som hver inneholdt en
plante/behandling og en Y-tube. Et valg ble regnet som tatt dersom D. luteipes beveget seg lenger inn enn
halvveis i en av armene i Y-tuben, individer som ikke hadde tatt et valg innen fem minutter ble notert som
ikke responderende og utelatt fra statistikken. Resultatene indikerer en tendens for preferanse for planter
skadet av S. frugiperda som ogsd var inokulert med B. amyloliquefaciens varianten GBO3.
Konklusjon/Viktighet. Basert pa disse funnene er det mulig at komponentene i denne studien kan brukes
i integrert skadedyrkontroll. Resultatene fra denne studien er ikke nok til & konkludere noe med, derfor
anbefales videre undersokelser.
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1. Introduction

1.1 Soil bacteria
Soil-borne microbial mutualists, such as rhizobacteria and mycorrhizal fungi can affect plants in several

ways. For example, they can promote growth and higher yields when used as a bio fertilizer (Vessey, 2003;
Rodriguez & Sanders, 2015; Bender, Wagg & van der Heijden, 2016), as well as provide resistance against
arthropod pests (Ramamoorthy, Viswanathan, Raguchander, Praksam & Smaiyappan, 2001; Pineda et al.,
2013). Plant Growth Promoting Rhizobacteria (PGPR) naturally occur in the soil, inhabiting the area around
or on the root surface. They can affect plant growth directly in the following ways: nitrogen fixation (Glick,
Patten, Holguin & Penrose, 1999), phosphate solubilization (Rifat, Safdar, Ummay, Rabia & Iftikhar,
2010), siderophore production assisting in iron uptake (Rajkumar, Ae, Prasad & Freitas, 2010), production
of the phytohormone indole acetic acid (IAA) which promotes growth (Glick, 2012) and 1-
Aminocyclopropane-1-carboxylate (ACC) deaminase which decreases ethylene levels in the soil (Saleem,
Arshad, Hussain & Bhatti, 2007). Indirectly they can act as biocontrol agents by producing antifungal
metabolites and inducing systemic resistance against pathogens (Lugtenberg & Kamilova, 2009). PGPRs
can interact in various ways with aboveground insects, such as inducing resistance against herbivores or
attracting predators (van der Putten, Vet, Harvey & Wackers, 2001; Pineda, Zheng, Van Loon, Pieterse &
Dicke, 2010). PGPRs potentially hold great importance for agricultural ecosystems as they can contribute
to reduced use of agro-chemicals like fertilizers and pesticides (Weyens, van der Lelie, Taghavi, Newman
& Vangrondsveld, 2009; Yang, Kloepper & Ryu, 2008).

1.2 Plant defenses
Induced defenses are produced by plants after an herbivore attack; direct defenses reduce growth and/or

reproduction of herbivores (Schoonhoven, van Loon & Dicke, 2005), and indirect defenses are for example
the emission of herbivore induced plant volatiles to attract the pests’ natural enemies (Price et al., 1980;
Stenberg, Heil, Ahman & Bjorkman, 2015). Natural enemies use these chemical cues to search for prey or
hosts and can consequently suppress herbivore populations (Turlings, Tumlinson & Lewis, 1990; de
Moraes, Lewis & Paré, 1998; Dicke & van Loon, 2000; Kessler & Baldwin, 2002). Plant-associated
microbes can influence indirect plant defenses and recruitment of the pests’ natural enemies (Guerrieri,
Lingua, Digilio, Massa & Berta, 2004; Godschalx, Schédler, Trisel, Balkan & Ballhorn, 2015). Plant-
beneficial, soil-borne bacteria have been known to induce plant defenses (D’Alessandro et al., 2014) and
may cause interactions with higher trophic levels (Ryu, Murphy, Mysore & Kloepper, 2004). These bacteria
have also been shown to produce volatile organic compounds (VOCs), which while enhancing plant fitness
(Blom et al., 2011; Bailly & Weisskopf, 2012) and reducing pathogen infectivity in the soil (Hunziker et
al., 2015) might interfere with the attraction of herbivore antagonists such as predators or parasitoids
(Pineda et al., 2013).



1.3 Specialist and generalist herbivores

Specialist herbivores are thought to either tolerate the plant defenses of their host plant or evade them better
than a generalist predator. The induced plant response from specialist damage will in some cases be distinct
compared to a generalist herbivore. This could be due to activation of fewer or different pathways.
However, recent studies show that if the herbivores are from the same feeding guild, the differences may
be less noticeable (Ali & Agrawal, 2012). For some systems, the interaction between plants and soil-borne
beneficial microorganisms can improve resistance to generalist herbivores, but not necessarily to specialists
(Pineda, Zheng, van Loon & Dicke, 2012). To understand how a PGPR, herbivores, a predator and a host-

plant function as a system, the following components were chosen:

1.4 Bacillus amyloliquefaciens

The Bacillus amyloliquefaciens strain GB03 (Formerly Bacillus subtilis) (Fan, Blom, Klenk & Borriss,
2017) is a commercially produced PGPR used as a biological fungicide (Kodiak®, Bayer CropScience) in
the seeds of cotton, peanuts, beans, soybeans, wheat, barley and corn (U.S. EPA, 2005). The GBO03 strain’s
ability to stimulate plant growth through bacterial volatile emission was observed in Arabidopsis plants
(Ryu et al., 2003). Similarly, the GBO3 strain showed developmental improvement in Arabidopsis through
increased photosynthetic capacity and salinity tolerance (Zhang et al., 2008a; Zhang et al., 2008b). GB03
has also been shown to increase sulfur uptake in Arabidopsis, which increased protection against the beet

armyworm (Aziz et al., 2016).

1.5 Plutella xylostella

The diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae) is a crucifer specialist herbivore
that is considered highly invasive and is present wherever its host plants can be found (Shelton, 2004). It is
estimated that P. xylostella causes worldwide damage in the range of US $4-5 billion annually (Zalucki et
al., 2012). The species is mainly wind-dispersed (Chapman et al., 2002 & Coulson et al., 2002), but can
also be a hitchhiker found on plants, vehicles and containers to name a few (Centre for Agriculture and
Bioscience International (CABI), 2018a). It is a very difficult pest to control as it develops resistance
quickly to most insecticides and cultural control is unreliable (Furlong, Wright & Dosdall, 2013). There are
examples of biological control and integrated pest management (IPM) being effective in controlling the P.
xylostella populations (Talekar and Shelton, 1993; Furlong, Wright & Dosdall, 2013).



1.6 Spodoptera frugiperda

The fall armyworm Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) is a generalist herbivore
that primarily feeds on members of the Poaceae family, but it is also found in cruciferous crops. Although
native to the tropical and subtropical Americas, it is now widespread over both American continents (CABI,
2018b). It has also spread to many African (Food and Agriculture Organization of the United Nations, 2018)
and some Asian countries (CABI, 2018b). In Nicaragua S. frugiperda has been recorded to cause up to 73%
yield loss in corn Zea mays (Hruska & Gould, 1997), while in Africa S. frugiperda appears to be more
damaging than other Spodoptera species (Devi, 2018). Control of this pest is mainly done using
insecticides, other viable methods include host-plant resistance (Estruch et al., 1996), destroying
overwintering sites, mating disruption (Guerrero, Malo, Coll & Quero, 2014) and attraction of parasitoids
(CABI, 2018Db).

1.7 Doru luteipes

The earwig Doru luteipes (Scudder) (Dermaptera: Forficulidae) is a nocturnal omnivore (Alvarenga,
Vendramim & Cruz, 1996) that often preys on aphids (Bacci, Picango, Gusmo, Barreto & Galvan, 2002),
lepidopteran eggs and larvae (Reis, Oliveira & Cruz, 1988; Fenoglio & Trumper, 2007). It is present in
several South American countries (Steinmann, 1993, p. 533-534) and is considered a potential biological
control agent in corn (Z. mays) (Waquil, Viana & Cruz, 2002) and brassicas (Bacci et al., 2002). Several
studies on insecticide selectivity involving D. [uteipes and its prey, have found that D. [uteipes is resistant
to many insecticides and can be used as a biological control in conjunction with insecticides (Bacci et al.,
2002; Campos, Picango, Martins, Tomaz & Guedes, 2011); however, there are few studies on how to attract

D. luteipes.

1.8 Eruca sativa

Arugula Eruca sativa Mill. is a member of the Brassicaceae family cultivated in most parts of the world.
It’s commonly used in Asia to make Eruca seed oil, in Africa as a medicinal plant and in the Americas and
Europe as a condiment and salad ingredient (Padulosi & Pignone, 1996). In 2016 arugula production
spanned 40 949 hectares, making it the second most commonly grown leafy green in Brazil (Koch, Pacotte,
Udsen & Angelini, 2017). Pests of E. sativa include aphids (Menédez, Romero, Folcia & Martinez-Ghersa,
2010), lepidopterans (Ogran et al., 2016) and coleopterans (Ekbom, 1998).

In this study E. sativa was used as the host plant, S. frugiperda was used as the generalist herbivore, P.
xylostella was used as the specialist herbivore, D. [uteipes was used as the predator, and the B.
amyloliquefaciens strain GB03 was used as the PGPR. The goal was to answer the following question: Are
plants that are inoculated with the GBO03 strain, and damaged by specialist or generalist herbivores, more

attractive to earwigs?



2. Materials and methods

2.1 Rhizobacteria multiplication

The colonies of B. amyloquefaciens GB03 were obtained from the collection of microorganisms at Texas
Tech University in Lubbock, Texas, USA in March 2014 and are being multiplied and kept in the
Laboratory of Chemical Ecology and Behavior of Insects at Luiz de Queiroz College of Agriculture in
Piracicaba, Sdo Paulo, Brazil. A flamed platinum loop was used to scoop up bacteria from the colonized
Petri dish and spread onto a new Petri dish (9 cm in diameter) using a zig-zag motion. The new Petri dish
contained Trypticase Soy Agar (TSA) composed of 15g casein, 5g soy peptone, 5Sg sodium and 15g agar
for each 1L of distilled water. Then the Petri dishes were incubated in a BOD incubator (25 + 3°C, 65 = 5%
RH, 12 L:12 D) for 24 hours and stored in a refrigerator (4°C) until use.

2.2 Plant cultivation

Commercial arugula (E. sativa) seeds were sown in Basiplant® potting soil (250 ml) with 2.5g of fertilizer
(Osmocote Plus® 15-09-12). To inoculate the plants with the rhizobacteria GB03, Falcon tubes containing
5 mL of liquid TSA and GBO03 from the Petri dishes were left in a shaker for 24 hours at 25 °C and held at
150 rpm. Seeds given the GB03 treatment were immersed in the inoculum, while the seeds given the control
treatment were immersed in liquid TSA culture medium without any bacteria. All seeds were immersed for
thirty minutes prior to sowing. 20 plants, 10 inoculated and 10 non-inoculated, at 4 weeks of age were
weighed on an analytical balance to obtain their fresh weight. Afterwards, the plants were placed in an oven
at 60°C for 72 hours and re-weighed to obtain their dry weight. A difference in weight between inoculated

and non-inoculated plants indicates successful inoculation of GB03.

All plants were grown in a screen house under natural light and temperature from November 2017 - March
2018 in Piracicaba, Sdo Paulo, Brazil. They were watered three times a day with an automatic irrigation

system until 30 days after emergence, after which they were used in the experiments.

2.3 Insect rearing

The caterpillars used in the experiments were obtained from laboratory rearing and kept under controlled
conditions (25 + 3°C, 65 = 5% RH, 12 L:12 D). S. frugiperda caterpillars were fed an artificial diet as
described by Parra (2007). P. xylostella caterpillars were fed a natural diet based on cabbage leaves

(Brassica oleracea L).



Females of the earwig D. luteipes were collected by hand in maize and sugar cane plantations in Piracicaba,
Sao Paulo, Brazil. The individuals were taken to the laboratory and kept in closed plastic boxes (23 cm x 7
cm x 14 c¢cm). Simulation of D. [uteipes’ natural habitat was adapted from methods described by Pasini,
Parra & Lopes (2007), Cruz (2009) and Butnariu, Pasini, Reis & Bessa (2013). The plastic boxes were
covered with aluminum foil to reduce light incidence. To supplement oviposition substrate and refuge,
pieces of wet cotton were inserted into 3 cm long sections of transparent drinking straws. Corrugated
cardboard was placed in the boxes as additional refuge to reduce cannibalism. The earwigs were fed an
artificial diet consisting of dry cat food which contains animal and plant protein and fat as well as various
vitamins and minerals (35%), wheat bran (27%), brewer’s yeast (23%), milk powder (14%), methyl paraben
(0,5%) and sorbic acid (0,5%). The cotton was moistened, and food replenished twice weekly. In cases
where eggs were laid, both the eggs and the female were transferred to a 14 cm Petri dish. Two days after
the eggs hatched, the female was returned to her original box and the nymphs were placed in a box

containing other nymphs of similar age and kept until adulthood.

2.4 Treatments

One day prior to experiments, inoculated and non-inoculated plants (30 days old) were transferred from the
screenhouse to the laboratory, where they were exposed to supplementary lighting (60-80 pmol, 12 L: 12
D) and the pot was covered with aluminum foil to contain odors from the soil. 12 hours prior to the
experiments, five third-instar caterpillars of S. frugiperda or P. xylostella were placed on arugula plants (E.
sativa) to inflict herbivore damage. The caterpillars had been starved for 24 hours before being introduced
to the plant. Then, both caterpillar-infested and undamaged arugula plants were covered with voile bags

(22 x 30 c¢m) for 12 hours. The following treatments were used for the olfactory experiments:

@A) Non-inoculated undamaged plant (NU)

(i1) Inoculated undamaged plant (IU)

(iii) Trypticase soy agar (TSA)

(iv) Trypticase soy agar containing GB03 (TSA-GBO03)

v) Non-inoculated plant damaged with S. frugiperda (NDS)
(vi) Non-inoculated plant damaged with P. xylostella (NDP)
(vii)  Inoculated plant damaged with S. frugiperda (IDS)

(viii)  Inoculated plant damaged with P. xylostella (IDP)

(ix) Clean air (CA)



2.5 Olfactometer Y-tube experiments
The system used in this experiment was composed of a source of clean, filtered air, two glass containers

and a glass Y-tube (Fig. 1). The following combinations of treatments were used:

6] NU vs. CA (vii)  IDSwvs. IU
(i1) NDS vs. NU (viii) IDP vs. IU
(iii)  NDPvs. NU (ix)  IDSvs.IDP
(iv)  NDS vs. NDP (x) NDS vs. [U
v) IU vs. NU (xi) NDP vs. U
(vi)  TSA vs. TSA-GBO03 (xii)  IDS vs. NDS

(xiii) IDP vs. NDP

Clean air
—

OOD

P

1
ARS volatile Glass Y-tube Glass

collection system container container

Figure 1. Schematic drawing of the system used in the olfactometry experiment. The illustration shows from left to right:
a source of clear air, a humidifier and flow regulator (ARS volatile collection system), two glass chambers containing a
plant/treatment and a Y-tube.

The glass Y-tube had one base (25 cm) and two branches (20 cm), and a narrow internal diameter (0.9 cm).
This Y-tube was chosen to accommodate for the positively thigmotactic nature of earwigs. Clean air was
supplied to the olfactometer system via an ARS Volatile Collection System (Analytical Research Systems,
Gainesville, FL, USA), which allowed for flow regulation and humidified the air. From the ARS, air flowed
through two glass chambers (10 cm diameter x 5 cm height), each containing a single plant/treatment, into
the branches of the Y-tube. Air flow was adjusted to 1 L/min/branch. The experiments were conducted
under controlled conditions (25 + 1°C, 70 = 10% RH) at night (19:00 - 22:00) using only red lights to
simulate night time. Earwigs were individually introduced into the long base of the Y-tube and observed
for 5 min or until a choice had been made. A choice was defined as an earwig going beyond the halfway

point of a branch. The individuals that did not chose a branch within 5 minutes were excluded from the

6



statistics. Earwigs were used only once. Each earwig was observed in a clean Y-tube. When a clean Y-tube
was connected to the system, the treatments swapped branches and the Y-tube was rotated to avoid side
bias. After being used once, each Y-tube was washed with acetone (90% v/v) and dried at 170 °C for 2
minutes. Every ten insects, a new pair of plants/treatments were used. At least 30 earwigs were observed
for each combination of treatments. Each combination of treatments was observed on at least two different
days. To reduce variability, only adult females of D. luteipes were used in the olfactometer experiments.

Prior to the experiments the earwigs were starved for 72 hours.

2.6 Statistical analyses

The fresh and dry weights of inoculated and non-inoculated plants were compared using the Welch’s t-test
due to the heteroscedasticity of the data. The exact binomial test of goodness-of-fit was used for analyzing
the earwig choice in olfactometer experiments, with the null hypothesis being that the distribution would

be 50/50 (McDonald, 2014). Statistical analyses were performed using R version 3.5.1 (https:/www.r-
project.org/).



3. Results

3.1 Bacteria acquisition

A significant difference was observed in fresh weight between inoculated (M = 1.30g, SD = 0.84) and non-
inoculated (M =0.16g, SD =0.09) plants; t (9.19) =4.287, P = 0.002. There was also a significant difference
in dry weight between inoculated (M = 0.08g, SD = 0.05) and non-inoculated (M = 0.01g, SD = 0.01)
plants; t (9.22) =4.522, P = 0.001.

3.2 Olfactometry Y-tube experiments

D. luteipes females were responsive in olfactometer tests to plant volatiles of E. sativa. First, they
were significantly more likely to choose non-inoculated undamaged plants (NU) over clean air (CA)

(P =0.016) (Fig. 2).

CA

I

75 50 25 25 50 75

0
% choice D. luteipes

Figure 2. Distribution of choices made by Doru luteipes between non-inoculated undamaged plants of Eruca sativa
(NU) and clean air (CA); total number of individuals tested in parentheses.



Given the choice between non-inoculated undamaged plants and non-inoculated plants of E. sativa
damaged by S. frugiperda (NDS), there was a tendency for preference for NDS over NU (P = 0.099).
There was no significant difference between the attraction of earwigs to non-inoculated plants damaged
by P. xylostella (NDP) and NU (P = 0.36). When earwigs were exposed to non-inoculated plants
damaged with both larvae (NDS vs. NDP), although not significant, more of them chose NDS (P = 0.2)

(Fig. 3).

/

K\\

NDS
NDP

NDS

75 50 25 25 50 75

0
% choice D. luteipes

Figure 3. Distribution of choices made by Doru luteijpes between non-inoculated plants of Eruca sativa damaged by
Spodoptera frugiperda (NDS), damaged by Plutella xylostella (NDP) and undamaged (NU); total number of individuals
tested in parentheses.

Earwigs did not show any preference to inoculated undamaged plants (IU) over NU (P = 0.47). When they
were exposed to odors from Petri dishes with TSA agar and TSA containing GB03, there was a tendency

for preference for TSA without GB03 (P = 0.099) (Fig. 4).

K\

IU NU

TSA-GBO03 TSA

75 50 25 25 50 75

0
% choice D. luteipes

Figure 4. Distribution of choices made by Doru luteipes between non-inoculated undamaged plants (NU) and inoculated
undamaged plants (IU) of Eruca sativa, and TSA agar (TSA) and TSA agar with GB03 (TSA-GB03); total number of
individuals tested in parentheses.



When comparing inoculated undamaged plants (IU) to inoculated plants of E. sativa damaged by S.
frugiperda (IDS), there was a weak tendency for preference for IDS (P = 0.11). There were no statistically
significant differences when comparing inoculated plants damaged by P. xylostella (IDP) to IU (P = 0.85).
When earwigs were exposed to IDS and IDP there was a tendency for preference for IDS (P = 0.099) (Fig.
5).

K\

IDS

IDP

IDS

75 50 25 25 50 75

0
% choice D. luteipes

Figure 5. Distribution of choices made by Doru luteipes between inoculated plants damaged by Spodoptera frugiperda
(IDS), damaged by Plutella xylostella (IDP) and inoculated undamaged plants (IU) of Eruca sativa; total number of
individuals tested in parentheses.

There were no statistically significant differences when contrasting NDS and [U (P = 0.2) or NDP and IU
(P =0.28) (Fig. 6).

NDS

NDP

T T 1 T

75 50 25 0 25 50 75
% choice D. luteipes

Figure 6. Distribution of choices made by Doru luteipes between non-inoculated plants damaged by Spodoptera
frugiperda (NDS) and Plutella xylostella (NDP) and inoculated undamaged plants (IU) of Eruca sativa; total number of
individuals tested in parentheses.
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When comparing plants damaged by S. frugiperda, earwigs preferred inoculated plants (IDS) over non-
inoculated plants of E. sativa (NDS) (P = 0.043). There was no statistically significant difference when
comparing inoculated (IDP) and non-inoculated plants (NDP) damaged by P. xylostella (P = 0.2) (Fig. 7).
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Figure 7. Distribution of choices made by Doru luteipes between inoculated plants of Eruca sativa damaged by
Spodoptera frugiperda (IDS) and non-inoculated plants damaged by S. frugiperda (NDS) and between inoculated

plants of E. sativa damaged by Plutella xylostella (IDP) and non-inoculated plants damaged by P. xylostella (NDP);
total number of individuals tested in parentheses.
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4. Discussion

4.1 Bacteria acquisition of arugula (Eruca sativa)
Previous research has shown that plants inoculated with GB03 grow larger and faster than plants that have
not been inoculated with GB03 (Ryu et al., 2003). The results show a significant difference in weight and

thus it is safe to assume that the plants were successfully inoculated.

4.2 Earwig choice
The results from two experiments showed statistical significance: comparing clean air to non-inoculated
undamaged plants (Fig. 2), and comparing inoculated plants damaged by S. frugiperda to non-inoculated
plants damaged by S. frugiperda (Fig. 7). In the other experiments, the results indicated tendencies that
can be ranked based on wins and losses. The treatments, in order of most attractive to least attractive for
D. luteipes were:

e inoculated plants damaged by S. frugiperda

e non-inoculated plants damaged by S. frugiperda

e inoculated plants damaged by P. xylostella

e non-inoculated plants damaged by P. xylostella

e inoculated undamaged plants

e non-inoculated undamaged plants

Looking at this ranking a pattern emerges:

Firstly, plants damaged by S. frugiperda were preferred over plants damaged by P. xylostella. This could
be explained by most of the earwigs used in this study coming from corn and sugar cane plantations,
where S. frugiperda would have been a big part of their diet. D. luteipes is also a well-known predator of
S. frugiperda (Cruz & Oliveira, 1997) so VOCs associated with it might be more attractive to them. In a
study by Vogel, Kroymann & Mitchell-Olds (2007) on Boechera divaricarpa they found that P. xylostella
attacks induced ethylene (ET) and salicylic acid (SA) genes. In the 2012 review by Ali and Agrawal,
studies that compared leaf-chewing insects to phloem-feeding insects found that phloem-feeding insects
mainly induced SA and ET genes, while leaf-chewing insects mainly induced jasmonate (JA) and ET
genes. The earwigs might have interpreted the VOCs from plants damaged by P. xylostella to be from a
phloem-feeder, such as aphids, and chosen plants damaged by S. frugiperda because it is more
economical to attack one larva compared to 20 aphids. Another reason might be that P. xylostella is
considered a crucifer specialist, so it might interact with the plant in a way that produces smaller

quantities of VOCs (Sobhy, Miyake, Shinya & Galis, 2017).
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Secondly, inoculated plants were preferred over non-inoculated plants. In this study the plants used were
all 30 days of age, which means that the plants inoculated by GB03 were significantly larger than the non-
inoculated plants. The larger plants should be able to produce larger quantities of defense compounds,
which would release larger quantities of VOCs, that in turn would seem more attractive to the earwig.
Another reason for this could be a change in plant metabolites, which some soil microbes are known to
influence (Sharifi, Lee & Ryu, 2018).

Given the tendencies of preference for E. sativa inoculated with GB03, this might indicate that there is a
symbiotic effect between GB03 and E. sativa. Not only does the arugula plant grow faster, but also when
under attack by herbivores it releases volatiles that seem more attractive to the predator D. luteipes. In a
study on prey handling rates in a laboratory setting by Reis, Oliveira and Cruz (1988), D. luteipes was
shown to eat 21 S. frugiperda larvae a day as adults and 12 larvae a day as nymphs. Nymphs were also
shown to eat 13 eggs of S. frugiperda a day when larvae were not available. It has been claimed that if
70% of corn plants had earwigs on them, it would be enough to keep the damage from S. frugiperda
below the economic threshold (Waquil, Viana & Cruz, 2002); this might be true in other systems as well,
if it is possible to attract earwigs. However, more research on the topic is needed, as the findings are not

conclusive.

When comparing TSA and TSA with GB03, there was a tendency for preference for TSA (Fig. 4). GB03
in a Petri dish smells of bacteria/rot, which might be why it seemed deterring to the earwigs. Since all the
plants in these experiments had the pot and soil covered by aluminum foil, VOCs released from the
bacteria in the soil may not have made their way into the Y-tube. Earwigs rarely fly so it would be
interesting to find out if they are deterred by odors from the soil when seeking out foraging sites --and if

the odors produced by GBO03 in the soil affects them in any way.

The distribution of earwig choice seems to be two-thirds to one side and one third to the other for all the
experiments except for IDP vs IU (Fig. 5). These tendencies are in line with the predictions made prior to
the experiments and the method is robust enough to not cause any bias. Regarding how these results
would translate to a field setting, inoculating plants with GB03 does increase growth which leads to more
resistant plants. However, there is no hard evidence that earwigs would be more attracted to the

inoculated plants over other nearby plants.
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4.3 What could have been done differently?

Because most results show tendencies while not being statistically significant, a sample size of at least 50
repetitions per experiment would have been preferable. To be able to truly rank the different treatments,
the following experiments should have been included: IDS vs NDP, IDP vs NDS.

A control of mechanical damage to the plants should have been included. Only laboratory reared naive,
unmated female earwigs should have been used in the bioassays. However, Doru lineare (Eschs.)
(Dermaptera: Forficulidae) is parthenogenetic (Cocco, Butnariu, Bessa & Pasini, 2013), if this trait is
present in D. [uteipes it might not matter whether they were mated or not. No males were kept with the
females, but there is no guarantee that they had not been mated in the wild as they laid eggs.

Arugula does not provide D. luteipes with the optimal foraging environment, as there are no narrow
spaces for the earwigs to seek refuge in. Therefore, it would have been better to use a different brassica

such as cabbage (Brassica oleracea). This would increase the applicability of this study to the real world.

4.4 Future work

To explore these interactions further, it would be beneficial to analyze and compare the volatile organic
compounds (VOCs) produced by all the treatments tested in this experiment. A chemical analysis of the
VOCs would give insight into the mechanisms of the plant when inoculated by GB03, and how the
different herbivores illicit different responses. It could also help identify which compounds are attractive
to D. luteipes, which in turn can be used to create synthetic blends, made to attract large numbers of
predators before an herbivore attack reaches the economic threshold. Due to the recent discovery of D.
lineare exhibiting parthenogenesis (Cocco et al., 2013), it would be worthwhile to investigate whether D.

luteipes can be parthenogenetic.
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