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Per tu mare,
per ensenqar-me a ser felig

“All that is gold does not glitter,
not all those who wander are lost;
the old that is strong does not wither,

deep roots are not reached by the frost.”

J.R.R. Tolkien
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Abstract

Abstract

Drosophila suzukii is the major invasive pest of soft-skinned fruits involving crops such as
strawberries, cherries and berries. This fly infests ripen fruits before harvest affecting fruit
production that entail great economical losses. The present thesis intends to settle the foundations
for biological control using entomopathogenic nematodes (EPNs) and to outline the insect immune

response to the infection.

The susceptibility of D. suzukii was evaluated under laboratory conditions with four nematode
species: Steinernema feltiae (Ext4), Steinernema carpocapsae (B14), Heterorhabditis
bacteriophora (DG46 and Larvanem®) and Steinernema sp. (D122). Larvae resulted highly
susceptible to EPNs infection with mortality rates of 60 — 94% with all nematode treatments.
Besides, the most virulent nematodes, S. feltiae and S. carpocapsae were able to reproduce using
larvae. In contrast, non EPNs infected D. suzukii pupae during the assay. The adult stage of the
fly presented diverse susceptibility due to S. carpocapsae, being the only nematode to reach 65%
of infection in mature adults. Meanwhile, teneral adults were more vulnerable to this nematode

which reached 89% of infection.

From these results, two preliminary assays were designed to explore EPNs application under
controlled laboratory conditions. To target the larval stage, infested strawberries were sprayed
with S. feltiae and S. carpocapsae solution using two different doses (25 and 50 IJs cm™). After
13 days, adult emergence from fruit was reduced with all treatments with a peak efficacy of 35%
with S. feltiae. Besides, a soil application of S. carpocapsae was evaluated to infect teneral adults
during dispersal period. A column arena with three levels was used to evaluate the dispersion
from nematode contact and the flight capability while infected. Total infection rate reached 84%
of adults and from these, 17% flew carrying 1Js. The number of nematodes inside adults limited
their capacity to fly being 4 1Js the maximum load. These results entailed optimistic prospects to

use EPNs to control D. suzukii even more applied assays should be carried out.

Considering the differential susceptibility of D. suzukii stages, compatibility of tested EPNs was
evaluated with natural enemies of the pest used also as biological control agents. In Petri dish
assay, treatments with H. bacteriophora and S. feltiae caused no mortality to neither predators
nor parasitoids. Thus, these EPNs were considered harmless to the natural enemies. Only adult
predators showed a decrease of survival with the treatment of S. carpocapsae. In consequence, a
plant pot assay was designed to study the combined application under more natural conditions.
Foliar treatment of S. carpocapsae caused no infection of any insects during the experiment as
nematode persistence on leaves’ surface was short. These results encourage a combined application

with EPNs to target all D. suzukii stages.

The response of D. suzukii immune system to EPNs infection was determined through larva

infection with the complex S. carpocapsae — Xenorhabdus nematophila as well as to detect the
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Abstract

infection strategy of this nematobacterial complex. In order to elucidate this topic physiological and
molecular methods were employed. These analyses exposed an evasion strategy of S. carpocapsae
IJs to the immune system of the fly in both signaling and effective levels. Before the bacterial
release, IJs avoid triggering any defense response as immune-related genes were practically
unresponsive to infection. Only after X. nematophila presence, hemolymph receptors detected
the pathogen and activated the immune responses. Mainly, antimicrobial peptides (AMPs) were
upregulated together with the interleukin Upd3 which promotes cellular mechanisms. However,
the latter was unable to activate the effector gene Turandot C. Meanwhile, genes in charge of the
melanization response (PO) remained essentially constant along the infection. These variations of
the genetic expression were accompanied with the evaluation of the effector processes. Concerning
the cellular response, larvae of D. suzukii were unable to encapsulate IJs or to phagocyte bacteria
showing a lack of recognition and activation of these mechanisms. Crystal cells which are
responsible for melanization response remained inactive even with bacterial presence. Besides,
X. nematophila also inhibited the enzymatic activity of PO present in larvae hemolymph. In
contrast, as seen in the genetic expression results, AMPs were activated under bacterial pressure
although these peptides presented a reduced antimicrobial activity in presence of X. nematophila.
These results revealed the strategies employed by S. carpocapsae — X. nematophila to assure the
infection success through an evasion of recognition and active inhibition of enzymatic and peptide

compounds.
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Abbreviations

AMPs — Antimicrobial peptides

BCA — Biological control agents

EPNs — Entomopathogenic nematodes
GNBP — Gram-negative binding proteins
Jak/STAT — Janus kinase / signal transducer and activator of transcription
JNK — c-Jun N-terminal kinase

IJs — Infective juveniles

Imd — Immune deficiency

IPM — Integrated pest management

NE — Natural enemies

PGRP — Peptidoglycan recognition proteins
PI — Post-infection

PO — Phenoloxidase

PRR — Pattern recognition receptor

ROS — Reactive oxygen species

SWD — Spotted wing Drosophila

TGF — Transforming growth factor
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1. GENERAL INTRODUCTION

“Join the harvest of hundred fields, hearty and tame
All going back to one single grain

Offer light to the coming day, inspire a child

Water the field, surrender to the earth”

Nightwish - Harvest






General introduction
Insect pests are a major threat to agricultural production with 18% in world estimated crop
losses (Oerke 2006). Meanwhile, agriculture is facing the challenge of reducing pesticide use
and migrating to a biological control approach (Hossard et al. 2014). The European Committee
established through the Directive 2009/128/CE a framework for the sustainable use of pesticides
which regulate the overuse of broad-spectrum products that carry serious health risks for agrarian
workers and consumers (European Parliament 2009). In consequence, the development of
biological control strategies was encouraged to achieve a more sustainable management of insect
pests (Chandler et al. 2011). These strategies include from augmentative biological control in which
Biological Control Agents (BCA) are released to the agrarian system to conservation biological

control that promote indigenous natural enemies already present in the area (Bale et al. 2008).

The increase of international fruit trade had contributed to the introduction of exotic pest species
(Chapman et al. 2017). Rising temperatures due to climate change may cause an increased
ecological impact of insect pests and facilitate the colonization of new environments mainly in
temperate regions (Parmesan 2006; Chakraborty 2013; Lehmann et al. 2020). Insect pests already
benefited from global temperature change to be established in new introduced areas, such as
Bactericera cockerelli (Sulc)(Hemiptera: Triozidae), Bemisia tabaci (Gennadius)(Hemiptera:
Aleyrodidae) or Tuta absoluta (Meyrick)(Lepidoptera: Gelechiidae) (Lamichhane et al. 2015). In
addition, Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) is considered another example
of this effect (Little et al. 2020).

1.1 Biology and expansion of Drosophila suzukii

Drosophila suzukii became a global threat in 2008 and its invading range is still expanding. The
Asian vinegar fly is widely known as spotted wing Drosophila (SWD) and has been considered
the major risk of small-stone and soft-skinned fruits (Asplen et al. 2015). This fly belongs to the
Melanogaster group in the Sophopora subgenus (Yang et al. 2012) and two morphological traits
are commonly used to identify SWD (Fig. 1). Male adults have a dark spot in the leading edge of

each wing and females possess a large and serrated ovipositor (Walsh et al. 2011).

Fig 1. Adults of D. suzukii; male (left) and female (right).
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Chapter 1

This fly was described in Japan in 1916 and reported as common in all central Asia including
Korea, China and India (Kanzawa 1939). In 1980, Kaneshiro (1983) reported the establishment
of D. suzukii in Hawaii. This record implied the start of expansion out of its native range. First,
the fly reached the Pacific coast of North America in 2008 and quickly spread to eastern coast and
north central regions (Hauser 2011). Moreover, in late 2008 appeared the first reports of D. suzukii
in Europe specifically in Spain and Italy (Calabria et al. 2012). The spread of the pest affected
mainly the Mediterranean areas. SWD reached northern and eastern countries of Europe in 2014
with a slower rate of expansion (Asplen et al. 2015). In 2013, it was reported the presence of the
fly in South America for the first time in Brazil and Argentina (Depré et al. 2014; de la Vega et
al. 2020). In 2015, D. suzukii presence was detected for the first time in Iran and Middle East
(Parchami-Araghi et al. 2015). The last reports registered the fly presence in Chile, Morocco,
Israel, and European Russia (Bienkowski and Orlova-Bienkowskaja 2020; Boughdad et al. 2020;
EPPO 2021). This fly has a temperature tolerance of 0 to 32°C being able to live and reproduce
in temperate and subtropical climates (Walsh et al. 2011). This temperature range together with
an easy dispersal permitted the quick invasion and establishment of SWD. Despite the active
dispersal of D. suzukii, passive spread due to global trade is probably the main cause of expansion
(Westphal et al. 2008). This was likely because fruit appearance is healthy until the last stage of
larvae when intense feeding can be detected. There are three main traits to define invasion success
of SWD discussed below: high reproductive potential, wide temperature tolerance and being a

polyphagous species.

Females of D. suzukii are mature after two - four days of emergence and can oviposit an average of
380 eggs during their lifetime (Walsh et al. 2011). In contrast to other drosophilid flies, the serrated
ovipositor allows D. suzukii females to pierce the skin and oviposit in ripening or healthy fruit. Eggs
hatch during the first 2 days inside the fruit where the three larval instars mature in 5 — 10 days (Fig.
2). Third instar larvae wander to the outside of fruit and pupation was described to occur in the fruit
surface (Walsh et al. 2011). However, Woltz and Lee (2017) reported with field assays that 82-93%
pupation occurs in the soil since larvae fall from the fruit. This phase takes 6 to 10 days and pupae
are hard without openings (Fig. 2). From adult emergence, D. suzukii have a lifespan of 20 to 60
days, but overwintering adults can reach 200 days (Kanzawa 1939). Commonly with other insects,
the development period is temperature dependent (Wiman et al. 2016). The optimal thermal range
for D. suzukii reproduction is from 18 to 27°C with a development time of 10 — 17 days from egg
to adult (Kanzawa 1939; Tochen et al. 2014). In favorable weather conditions, SWD could have
13 generations per year having short development time with high reproductive potential. However,
adult activity decreases below 15°C. Then, adults of D. suzukii enter in a reproductive diapause
to overcome low winter temperatures, especially females (Wiman et al. 2014). In contrast, larvae
and pupae are unable to survive strong winter periods. Asplen et al. (2015) described in D. suzukii
a winter adult morphology; a larger and darker phenotype more cold-tolerant. These adults enter
in a partial quiescence that prevents them from freezing. Females are more abundant during these
winter periods and their number is a predictor of summer population in the area (Rossi-Stacconi
et al. 2016).
16
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e B SR
Fig 2. Developmental stages of D. suzukii with three instar larvae: L1, L3 and L2 (left) and
pupation process at day 1, 4 and 7 (right).

A key point of SWD invasion is its polyphagous characteristic. Drosophila suzukii infest soft-
skinned and small stone fruits, such as strawberries, all kinds of berries, cherries, grapes and
peaches (Cini et al. 2012). Besides, more than 80 fruit plants are considered to be susceptible hosts
in Europe, including cultivated, ornamental and wild species (Arné et al. 2016; Kenis et al. 2016).
This diversity of hosts provides fruits all over the year and acts as a reservoir when crop-fruits
are unavailable (Diepenbrock et al. 2016; Santoiemma et al. 2019). Besides, D. suzukii lack host

fidelity and can use suboptimal fruits when high-quality fruits are unable, despite fitness cost.

Drosophila suzukii affects preferentially ripening fruits, thus damaging the crops before harvest.
The main harm is done by larvae feeding from inside. Nevertheless, the serrated ovipositor
puncture produces a physical deterioration in the skin fruit that can cause secondary infection
of bacteria and fungi (Lee et al. 2011a). In the native region of SWD, Japan and China reported
economic losses in blueberries and cherries with field infestations between 21 to 80% (Kawase
et al. 2008; Zhang et al. 2011). But major losses were registered in North America and southern
Europe. Goodhue et al. (2011) reported annual losses of $500 million in Western US production of
berries and cherries. In Italy and France, some locations communicated losses by 3 million € per
year on damaged fields of strawberries, cherries and cranberries (De Ros et al. 2013). Every year,

more reports of economic losses caused by SWD appeared in the affected countries.

1.2 Control measures for Drosophila suzukii

The first measures applied to control SWD were based on chemical and cultural methods. Most used
insecticides are conventional broad-spectrum products such as pyrethroids and organophosphates
(Bruck et al. 2011). In addition, spinosad and chlorantraniliprole were also confirmed as highly
efficient (Cuthbertson et al. 2014). However, strategies based on chemical products resulted in
several inconveniences. The intense use of these products led SWD to develop insecticide resistance
(Gress and Zalom 2019) that is a process widely described in Drosophila melanogaster (Meigen)
(Diptera: Drosophilidae) (Perry et al. 2008). Moreover, both growers and researchers observed
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secondary pests in the same crops infested by D. suzukii forcing a more frequent application of
insecticide (Woltz et al. 2017; Lee et al. 2019). Therefore, these applications must accomplish the
safety terms to avoid hazardous wastes that can affect the consumers, because in a short period
fruits are harvested. In consequence, these broad-spectrum products are not compatible with
Integrated Pest Management (IPM) programs (Van Timmeren and Isaacs 2013). The [IPM methods
include a wide range of tools and techniques including cultural methods, organic compounds and
BCA (Schetelig et al. 2018; Dam et al. 2019). Some cultural measures for SWD are sanitation of
infested fruits (Lee et al. 2011b), usage of nets to cover trees or shrubs (Kawase et al. 2008), strict
harvest schedules (Leach et al. 2018) or mass trapping to control the adults (Walsh et al. 2011).
In addition, novel biotechnology-based techniques as sterile males and RNA interference were
prospected to control D. suzukii (Taning et al. 2016; Nikolouli et al. 2020).

Among IPM methods, there is an increasing interest in BCA to control the pest and achieve
environmentally sustainable fields (Haye et al. 2016). Biological control offers a potential

alternative to insecticides by using natural
Predators & Parasitoids

Above-ground
predators
tested for the control of D. suzukii is Pr—— & Larval-pupal parasitoid:

provided in Table 1 (Fig. 3). Gabarra et (g /—‘\\‘}
Exit | ‘
ey

al. (2015) reported the predatory behavior i
Pupal parasitoid: ~ from SWD

spores,
lays egg in pupa p:’y

Anthochoridae) against larvae, pupae and
Search for new

adults of SWD although, this predation ﬁ m hosts and food
was not enough to control significantly Nematode soil application FP @ Q@ W Ground & below-

or lure-and-infect ground predators

Pathogens

enemies (NE) of the pest such as predators,
parasitoids or entomopathogenic fungi

and nematodes. A list of insect species

of Orius laevigatus (Fieber) (Hemiptera:

Residual
effects from
contact

the fly population. Other predator species Fig 3. Biological control strategies (Lee et al. 2019)

as Dalotia coriaria Kraatz (Coleoptera:

Staphylinidae) and Forficula auricularia Linnaeus (Dermaptera: Forficulidae) presented up to
50% of reduction of D. suzukii under laboratory conditions (Renkema et al. 2015; Bourne et al.
2019). Despite the lower predation registered on semi field assays, the combined release of Orius
insidiosus (Say) (Hemiptera: Anthochoridae) and D. coriaria resulted in 60-70% of D. suzukii
reduction (Renkema and Cuthbertson 2018). These authors reported that combined use of BCA

achieved a better control of the pest than application of one predator species alone.

Parasitoid species regulate Drosophila populations in natural conditions and consequently are
used as agents for biological control (Fleury et al. 2009). In their native region, populations of
D. suzukii are widely regulated by parasitoids such as Asobara japonica (Forster) (Hymenoptera:
Braconidae), Ganaspis spp. (Hymenoptera: Figitidae) or Leptopilina spp. (Hymenoptera: Figitidae)
(Asplen et al. 2015). Two pupal parasitoids were found naturally attacking D. suzukii in invaded

areas and were effective under laboratory assays (Rossi Stacconi et al. 2015; Wang et al. 2016).
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Table 1. Prospected natural enemies of D. suzukii for biological control

General introduction

Insect species Type Reference
Orius laevigatus (Fieber) (Hemiptera: Anthochoridae) Predator (Gabarra et al. 2015)
S . ] . (Renkema and
Orius insidiosus (Say) (Hemiptera: Anthochoridae) Predator Cuthbertson 2018)
Dalotia coriaria Kraatz (Coleoptera: Staphylinidae) Predator (Woltz et al. 2015)
Forficula auricularia Linnaeus (Dermaptera: Forficulidae) Predator (Gabarra et al. 2015)
Chrysopgrla carnea (Stephens) (Neuroptera: Predator (Bonneau ct al. 2019)
Chrysopidae)
Podisus maculiventris (Say) (Hemiptera: Pentatomidae) Predator (Bonneau et al. 2019)
Pachycrepozdeus vindemmiae (Rondani) (Hymenoptera: Pupal parasitoid (Chabert et al. 2012)
Pteromalidae)
Trichopria drosophilae (Perkins) (Hymenoptera: Diapriidae) Pupal parasitoid g%?;s)l Stacconi et al.
szptqpilina heterotoma (Thomson) (Hymenoptera: Larvql _ (Poyet et al. 2013)
Figitidae) parasitoid
ngtqpllzna Jjaponica Novkovic & Kimura (Hymenoptera: Asmq lqwal (Daan ct al. 2016)
Figitidae) parasitoid
. . i ) . Asian larval (Kacsoh and
Asobara japonica (Forster) (Hymenoptera: Braconidae) parasitoid Schlenke 2012)
. e . e Asian larval
Ganaspis brasiliensis (Ihering) (Hymenoptera: Figitidae) parasitoid (Daane et al. 2016)

Besides, Rossi Stacconi et al. (2019) presented field release of Trichopria drosophilae (Perkins)
(Hymenoptera: Diapriidae) strategy compared to an unmanaged area and reported a decreased
emergence of D. suzukii within 10 m radius from release point. However, this strategy involved
several parasitoid releases and strict supervision to assure parasitoid efficacy (Bezerra Da Silva
etal. 2019; Lee et al. 2019). In contrast, European species of larval parasitoids were unsuccessful
in fly parasitization. Kacsoh and Schlenke (2012) reported a strong immunologic response that
ended with the encapsulation of Leptopilina heterotoma (Thomson) (Hymenoptera: Figitidae) eggs
inside larvae. However, Asian parasitoids as A. japonica are successful and have been suggested

for classical biological control (Daane et al. 2016; Haye et al. 2016).

Considering the entomopathogenic species, fungi Beauveria bassiana and Metarhizium anisopliae
were tested to control D. suzukii through different applied techniques (Woltz et al. 2015; Cuthbertson
and Audsley 2016). These authors reported non-effect on fly emergence after dipping infested
fruits on fungi solution. Besides, direct spray with B. bassiana caused 44% of adult mortality but
could not prevent the new generation of SWD. Nevertheless, subsequent studies developed traps
with fungi inoculum to lure and infect D. suzukii adults which achieved 62% of mortality with M.
brunneum (Yousef et al. 2018).

Few studies evaluated entomopathogenic nematodes (EPNs) as BCA of D. suzukii before the

beginning of this thesis. The first ones reported the fly as non-susceptible to nematodes with an
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infection rate of 1% (Cuthbertson et al. 2014; Woltz et al. 2015). However, a contradictory study
reported 80% of larval mortality with high dose of EPNs (Cuthbertson and Audsley 2016). The
ambiguity and absence of solid results were the motivation to prospect more deeply into the relation
between EPNs and D. suzukii.

1.3 Biology of entomopathogenic nematodes

In the Nematoda phylum, 23 families contain species related to insect parasitism. Among them,
mainly species in Steinernematidae and Heterorhabditidae families are considered for biological
control (Alatorre-Rosas and Kaya 1990; Peters 1996). Nematodes of these families are obligated
parasites of a wide range of insect species associated with endosymbiotic bacteria of the genus
Xenorhabdus for Steinernematidae and Photorhabdus for Heterorhabditidae (Poinar 1979;
Goodrich-Blair and Clarke 2007). These bacteria are also called entomopathogenic bacteria and in
fact EPNs commonly refers to the nematode-bacterial complex. Xenorhabdus spp. and Photorhabdus
spp. belong to the Enterobacteria family being gram-negative bacillus with two different phases,
although only phase I is associated with nematodes (Boemare 2002). Bacterial amount held for a
nematode vary from 50 to 200 and are carried inside a bacterial vesicle (Steinernematidae) or in the
intestine (Heterorhabditidae) (Bird and Akhurst 1983; Boemare et al. 1996; Forst and Clarke 2002;
Goetsch et al. 2006). Nematodes only harbor the bacteria during the infective form of third larval
stage which is called infective juvenile (1J) or dauer larvae and is the only one that lives outside the
host. Besides, 1Js present double cuticula with mouth and anus closed since are only responsible
to search and infect new host insects (Kaya and Gaugler 1993). EPNs penetrate the host through
natural openings (mouth, anus or spiracles) avoiding the intense grooming of insects (Gaugler et
al. 1994). Exceptionally, some Heterorhabditidae species have a cuticular tooth in the anterior area
that permits penetration through insect cuticle (Bedding and Molyneux 1982). When 1Js reach the
hemocoel cavity, they get rid of the second cuticle and continue their development into larval stage
four (L4). Meanwhile, symbiont bacteria are released and proliferate quickly into the host (Ciche
and Ensign 2003; Martens et al. 2003). Both nematode and bacteria kill insect host within 24-72h
through septicemia or toxemia (Dowds and Peters 2002). Symbiotic bacteria prevent other bacteria
and fungi from colonizing the host while providing nutrients to nematodes (Koppenhofer 2007).
Adult nematodes reproduce in two or more generations depending on the insect size (Fig. 4). When
resources are depleted, new 1Js carrying bacteria emerge from the insect cadaver to find another
host (Griffin et al. 2005). EPN families present different reproductive mechanisms. First generation
of heterorhabitids are all hermaphrodite with auto-fertilization while in next generations separate
sexes are mainly present (Dix et al. 1992). In contrast, all generations of steinernematid species
are amphimictic except from Steinernema hermaphroditum (Stock, Griffin and Chaerani) (Stock
et al. 2004). Both families are oviparous and lay the eggs in the host cavity, although old females
or hermaphrodites can hatch eggs inside the uterus where juveniles develop from mother’s tissue.
This process is known as endotokia matricida and represents an ecological adaptation to ensure the

maturity of IJs (Johnigk and Ehlers 1999).
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generation of adults reproduce; C. Succesive generations of nematodes develop in the

insect; D. Exit of the new 1Js (Altalba et al. 1991).

Once 1Js exit the insect, they disperse on soil in vertical and horizontal distribution to search
for new hosts (Griffin et al. 2005; Lewis et al. 2006). EPNs perceive chemical, thermic, and
mechanical signals from the environment (Lei et al. 1992; Rasmann et al. 2005). These signals can
be from either insects or plants under herbivorous attack (Ennis et al. 2010; Hallem et al. 2011).
IJs present foraging behavior that vary from ambushing to cruise (Lewis et al. 2006). With ambush
strategy 1Js are close to the soil surface and nictate to attack insects, while in cruise strategy 1Js
move actively through soil to find hosts (Campbell and Gaugler 1997). Generally, bigger nematode
species such as Steinernema glaseri (Filipjev) (1130 um) or Steinernema kraussei (Steiner) are
considered cruisers while smaller species as Steinernema carpocapsae (Weiser) (558 um) are
considered ambushers. However, these strategies are not strictly bonded to species despite having
a preferred behavior. The best example is Steinernema feltiae (Filipjev) that adopts an intermediate
strategy (Campbell et al. 2003). Nevertheless, Wilson et al. (2012) reported S. carpocapsae to be
able to switch over cruiser strategy depending on the environment. Thus, it was further assured that
nematodes vary foraging behavior depending on target host, soil texture, environmental conditions,
age of 1Js or symbiont bacteria instead of adapting a unique foraging strategy (Griffin 2012). In
consequence, the main factors that impact on nematode distribution are soil texture, vegetation,
and host availability. EPNs can be found from grasslands, forests or sandy soil as most species
are widely cosmopolitan (Griffin et al. 2005). Nevertheless, soil type and texture will determine
infectivity success of IJs and their ability to disperse and persist. Nematode survival is also limited
by extreme temperatures, desiccation and ultraviolet light revealing their soil-dwelling ecology
(Glazer 2002). Similarly, IJs can be attacked by other microbial and invertebrates that inhabit the

soil, such as nematophagous fungi, predatory mites or collembolans (Shapiro-Ilan et al. 2017).
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EPNs are distributed in all continents except from Antarctica in either cultivated or wild soils
(Hominick 2002). Among the global sampling, S. feltiae and S. carpocapsae were identified as
widely cosmopolitan in temperate regions and Heterorhabditis bacteriophora (Poinar) is common
in continental and Mediterranean climate. Although, other EPNs have a restricted distribution such
as Steinernema cubanum (Mracek, Hernandez and Boemare) or Steinernema riojaense (Griffin et
al. 2005; Paza et al. 2020).

1.4 Application of entomopathogenic nematodes

In 1996, the EU-COST and OECD (European Cooperation in Science and Technology, and
Organization for Economic Cooperation and Development) approved the safety use of EPNs for
biological control (Ehlers and Hokkanen 1996). Nonetheless, the implementation and success of
EPNs control strategies depends on the efficacy and adaptability of nematode species to the pest
and crop system. In addition, application technique and user training to manipulate EPNs play
a major role to achieve positive control (Georgis et al. 2006). The use of a specific nematode
species is determined by the natural host preferences as some species are generalists able to infect
a wide range of insects such as S. feltiae while other nematodes are more specialized (Peters 1996).
However, the EPNs selection of the fittest species considering the efficiency rate is limited by
the commercialized EPNs that can be accessed by users. The classical rearing of nematodes was
carried out /n vivo processes through Galleria mellonella L. (Lepidoptera: Pyralidae) infection.
Nevertheless, techniques of mass production were developed based in /n vitro culture in solid and
liquid fermentation (Ehlers 2001). Liquid fermentation is the most efficient regarding production and
nematode cost despite higher technology involvement (Koppenhofer et al. 2020). In consequence,
production efficiency and reduction of EPNs cost facilitated a wider usage. This fact prompted the

commercialization of at least 13 different species over the world (Lacey et al. 2015).

The application of commercial formulates of EPNs to crops is done with aqueous solution through
sprayer equipment or standard irrigation system (Georgis 1990). The firsts applications of EPNs
were made into soil to control Popillia japonica Newman (Coleoptera: Scarabaeidae) in the United
States (Glaser 1932). Due to their ecological niche, soil applications are the most efficient against
pest attacking roots as Capnodis tenebrionis (L.) (Coleoptera: Buprestidae) or insects with soil-
dwelling stages such as Cydia latiferreana (Walsingham) (Leptidoptera: Tortricidae) or Curculio
nucum L. (Coleoptera: Curculionidae) (Morton and Garcia del Pino 2008; Chambers et al. 2010;
Batalla-Carrera et al. 2013). Whereas, researchers had pointed to the efficacy of nematodes
against insects on cryptic habitats as the interior of branches, trunks, or fruits or on leaves (Kaya
1985; Tomalak et al. 2005). In foliar applications, S. carpocapsae and S. feltiae are the most
used EPNs against pests such as Plutella xylostella (L.) (Lepidoptera: Plutellidae), B. tabaci
or the Dipteran Liriomyza spp. (Diptera: Agromyzidae) and Bradysia spp. (Diptera: Sciaridae)
(Williams and Walters 2000; Head et al. 2003; Jagdale et al. 2004; Schroer and Ehlers 2005). In

these applications, desiccation and UV light are critical for 1Js survival before reaching a host.
22



General introduction

Therefore, new formulations were developed to accompany the nematode application and ensure

IJs survival and efficacy in foliar applications (Shapiro-Ilan et al. 2016, 2017).

IPM measures involve combined application strategies to control insect pests. Thus, compatibility
of EPNs with other BCA or chemical treatments must be established in advance. Nematodes can
tolerate short exposition to agrochemical products, insecticides and fertilizers that favors their use
(Garcia-del-Pino et al. 2013; Koppenhdfer et al. 2020). However, few studies have been carried to
determine the compatibility of EPNs and NE of different pest insects (Jandricic et al. 2006; Lordan
et al. 2014).

1.5 Immune system ahead of an infection process

The understanding of infection process and interaction of host and pathogen are crucial while
working with parasites beyond the mortality rate. The most known immune mechanism against
EPNs infection is the encapsulation of 1Js (Peters and Ehlers 1997; Li et al. 2007). However, a
complex net of signaling and effector mechanisms are triggered once a parasite enters the insect
organism. Insects enjoy a well-developed innate immune system able to recognize microbial and
parasite infections (Castillo et al. 2011). This system is composed of the signaling or transcriptomic
level and the effector one, which consists of humoral and cellular defense processes. Insect immune
response was well studied in model insects such as D. melanogaster or G. mellonella (Lemaitre
and Hoffmann 2007; Strand 2008) (Fig. 5). These studies reported substantial changes among

insect orders in effector mechanisms as hemocytes and antimicrobial peptides (AMPs), while other

signaling pathways are highly conserved even with mammals.
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Fig. 5 Insect immune response to nematode-bacterial infection (Eleftherianos et al. 2016)
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The first step of any response is the recognition of non-self through pattern-recognition receptors
(PRR). These receptors are free in hemolymph or attached in the cell membrane and bind to
pathogen-associated molecular patterns (PAMPs) (Medzhitov and Janeway 2002). These
molecules are secreted or derived from the surface of parasites, bacteria, fungi, or viruses such as
lipopolysaccharide, peptidoglycans, B-glucans, lipoteichoic acid or nucleic acid. PRR detect the
presence of non-self and trigger the signaling cascades to activate the effector mechanisms. At
the transcriptomic level of D. melanogaster, six pathways are involved in this activation. These
pathways are not immune exclusive and some of them are involved too in regulatory functions
of embryology, development, or homeostasis (Eleftherianos et al. 2016). On one hand, Toll and
Immune deficiency (Imd) represent the main exponentials of the immune system with their
PRR: peptidoglycan recognition proteins (PGRP) and gram-negative binding proteins (GNBP).
These receptors transmit the signal through a cascade until a nuclear factor (NF-xf) activates the
transcription of AMPs. Besides, c-Jun N-terminal kinase (JNK) and transforming growth factor-3
(TGF-P) pathways receive input signals from Imd pathway to mediate stress response and global
activation. On the other hand, PRR in hemocytes trigger the activation of pro-phenoloxidase (pro-
PO) and Janus kinase/signal transducer and activator of transcription (Jak/STAT) pathways to
mediate cellular defense responses. At the effector level, active hemocytes promote phagocytosis,
encapsulation, and nodulation of non-self (Lavine and Strand 2002; Strand 2008; Stanley et al.
2012). In Drosophila, mainly three hemocyte types are identified as plasmatocytes, lamellocytes
and crystal cells which are involved in phagocytosis, encapsulation and melanization response,
respectively (Wood and Jacinto 2007). In healthy larvae, lamellocytes are barely noticeable in
circulant hemolymph and only after infection plasmatocytes induce the lamellocyte differentiation.
AMPs carry the main humoral response in hemolymph all together with Lysozyme enzymes
(Hultmark 1996; Bulet and Stocklin 2005). Besides, two effector defenses combine cellular with
humoral factors. One is to develop the hemolymph clotting and avoid dissemination of pathogens.
The other is the melanization response in which crystal cells release PO enzyme that trigger an
enzymatic cascade of hemolymph factors ending with melanin formation (Schmidt et al. 2001;
Nappi et al. 2004). Besides the global response, specialized epithelial cells can promote local
immune responses based on the localized release of AMPs and production of reactive oxygen
species (ROS) (Lemaitre and Hoffmann 2007).

In regard to parasite perspective, EPNs interaction with the insect’s immune system was mainly
investigated also in model species such as D. melanogaster, G. mellonella and Spodoptera exigua
(Hiibner) (Lepidoptera: Noctuidae) (Pefia et al. 2015; Eleftherianos et al. 2016; Yadav et al. 2017).
The infection process is characterized by three stages after entering the host (Binda-Rossetti et al.
2016) (Fig. 6). In the short or early phase (1 — 2 h Post-Infection (PI)) only nematodes are present
until the intermediate phase (2 — 24 h PI) when 1Js release the symbiotic bacteria into hemocoel.
The host dies in the final or late phase (24 — 48 h PI) while nematode and bacteria reproduce. EPNs
had coevolved to overcome insect immune defenses through different strategies from mimicry
processes, immunomodulation and toxic compounds (Brivio and Mastore 2018). In early phase,
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Fig. 6 Infection stages of EPNs into the host (Binda-Rossetti et al. 2016)

nematodes deploy evasive or depressive strategies to avoid being detected and prepare the bacterial
release. For instance, S. feltiae modify its cuticular composition to disguise inside insects and
avoid being recognized (Mastore and Brivio 2008). In contrast, S. carpocapsae secret molecules
with proteolytic and toxic activity to immune suppress the system before the bacterial release
(Laumond et al. 1989; Toubarro et al. 2010). In the intermediate and late phase, nematode and
bacterial strategies act merged to ensure the infection’s success. Symbiont bacteria Xenorhabdus
spp. lead the main depressive and lethal role during the infection with toxic compound release
and direct damage of hemocytes (Chattopadhyay et al. 2004; Herbert and Goodrich-Blair 2007).
Bacteria rearrange the host’s environment to favor its proliferation and nematode reproduction.
Despite these strategies, immune response of some insects can avoid the nematode success and
close phylogenetic insects even present different susceptibility. Thus, the relations established

among host and parasite are species specific and should be studied by this nature.
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2. OBJECTIVES

“Nothing in life is to be feared, it is only to be understood.

Now is the time to understand more, so that we may fear less.”

Marie Curie






Objectives

Drosophila suzukii is considered a major threat as a global invasive pest and the absence of a
potential biological control has entailed important economic losses to producers and an overuse
of chemical products. Meanwhile, EPNs were not properly tested despite the successful infection
rate in similar dipteran species. Besides, while EPNs interaction with insect immune system is
well-known in model species, this interplay is undetermined for pest insects as SWD. Thus, the
aim of the thesis is to study the relation of D. suzukii and EPNs as BCA. To describe it, two
different approaches were considered: one based on the basic parameters needed to develop a pest
control strategy and the other based on the immunological relationship between host and parasite.
Therefore, this goal serves to integrate biological and applied knowledge into the framework of

biological pest control.

In order to accomplish this aim, specific objectives were designed:

1. To evaluate the susceptibility of D. suzukii stages (larvae, pupae and adults) to EPNs
under laboratory conditions and which nematode species perform better results.

2. To perform preliminary assays with nematode applications under laboratory conditions.

3. To study the compatibility of EPNs with NE of D. suzukii that permits the building of
combined applications of BCA.

4. To describe the effector immune responses of D. suzukii larvae infected with S.
carpocapsae and symbiotic bacteria.

5. To characterize immune regulatory genes of D. suzukii and identify variations in the

expression after S. carpocapsae and bacterial infection.

The fulfilment of these objectives became in the development of the following five chapters:

Chapter 3: Is Drosophila suzukii as susceptible to entomopathogenic nematodes as Drosophila
melanogaster? Published in Journal Pest Science 2018, 91:789-798. [Objectives 1 and 2]

Chapter 4: Soil emergence of Drosophila suzukii adults (Matsumura) (Diptera: Drosophilidae):
a susceptible period for entomopathogenic nematodes infection. Published in Journal Pest
Science 2020, 93:639-646. [Objectives 1 and 2]

Chapter 5: Compatibility of entomopathogenic nematodes with natural enemies for horticultural
pest control. Published in Biological Control 2019, 138. [Objective 3]

Chapter 6 Immune response of Drosophila suzukii larvae to infection with the nemato-bacterial
complex Steinenerma carpocapase — Xenorhabdus nematophila. Published in Insects 2020,
11:210. [Objective 4]

Chapter 7: The modulation effect of Steinernema carpocapsae on immune-related genes of

Drosophila suzukii larvae — In preparation 2021. [Objective 5]
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Abstract: Entomopathogenic nematodes have been proposed as biological agents for the control
of Drosophila suzukii, an invasive pest of small-stone and soft-skinned fruits. Larvae of the fly are
susceptible to Steinernema carpocapsae infection but the reaction of immune defenses of the host
are unknown. To determine the immune response, larvae were infected with S. carpocapsae and
Xenorhabdus nematophila to evaluate the effector mechanisms of both humoral and cellular processes.
The symbiont bacteria presented an inhibitory effect on the phenoloxidase cascade with a low level
of melanization. Besides, X. nematophila activated the synthesis of putative antimicrobial peptides
on the hemolymph of infected larvae. However, those peptides presented a lower antimicrobial
activity compared to hemolymph from larvae infected with non-symbiont bacteria. Xenorhabdus
nematophila avoided also the phagocytosis response of hemocytes. During in vitro and in vivo assays,
S. carpocapsae was not encapsulated by cells, unless the cuticle was damaged with a lipase-treatment.
Hemocyte counts confirmed differentiation of lamellocytes in the early phase of infection despite the
unrecognition of the nematodes. Both X. nematophila and S. carpocapsae avoided the cellular defenses
of D. suzukii larvae and depressed the humoral response. These results confirmed the potential of
entomopathogenic nematodes to control D. suzukii.

Keywords: Drosophila suzukii; immunity; entomopathogenic nematodes; Steinernema carpocapsae;
Xenorhabdus nematophila; humoral defenses; cellular defenses

1. Introduction

Entomopathogenic nematodes (EPNs) belonging to families Steinernematidae and
Heterorhabditidae (Nematoda: Rhabditida) are obligate parasites of a wide range of insects [1].
These nematodes have a mutualistic relationship with a bacteria of the genera Xenorhabdus and
Photorhabdus respectively, that helps to kill the insect [2]. The infective juveniles (IJs) enter the
host through natural body openings or by penetrating the cuticle and release the bacteria [3]. The
nematode-bacteria complex kills the host within 24 to 48 h through septicemia or toxemia [4]. Thus,
nowadays, EPNs are used as biological control agents in the management of agricultural pests [5]. An
important factor that affects the efficacy of EPNs is the immune response of the insect host [6]. The cuticle
of the insects is the first defense against nematodes together with an intense grooming behavior [7].
When IJs penetrate through the cuticle into the hemocoel, physiological and immune defenses are
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activated in response to nematode presence [8,9]. Recognition of non-self, mainly based on the
interaction between pathogen-associated molecular patterns and pattern-recognition receptors (PAMPs
and PRRs), is crucial for the proper occurrence of cellular and humoral immune responses [10,11].
In insects, PAMPs and PRRs mediate the discriminatory step before triggering humoral responses,
such as proPO system or antimicrobial peptide synthesis (AMPs). The proPO system is a complex
enzymatic cascade responsible for the melanization reaction. This process leads to the production of
melanin that can encapsulate invaders and opsonic factors enhancing immune reactions; moreover,
drosophila phenoloxidases (PO) seem to play a role also in hemolymph clotting as a further defensive
mechanism aimed to prevent the entry of nematodes and microorganisms [12-14]. Unlike the proPO
system, which is rather well preserved and homogeneous among arthropod species, AMPs show
different structural conformations among insects and various mechanisms to kill microorganisms [15].

PRRs also activate cellular responses like phagocytosis and encapsulation; phagocytosis is a
conserved process mediated by hemocytes against various small targets including bacteria and
yeast [16,17]. Instead, encapsulation is the main defense against the presence of multicellular targets,
such as nematodes or endo-parasitoids. In the Drosophila family, three main types of hemocytes or
immunocompetent cells (plasmatocytes, lamellocytes, and crystal cells) are found in the hemolymph
and are responsible for the immune functions described [18]. Plasmatocytes represent the most
abundant hemocytes and play a crucial role in target recognition, phagocytosis activity, and as
promoters of encapsulation. These cells recall and differentiate to lamellocytes [19], which are involved
in the formation of multi-layered capsules. The third cell population consists of crystal cells, which
contain the enzymes of the proPO cascade and quickly degranulate in the presence of non-self [20].

Nevertheless, EPNs have developed strategies to evade and suppress the insect immune defenses
during all stages of infection [6]. During a nematobacterial infection, three steps can be identified: in
the early phase, IJs must evade and/or depress the host immune system just after entry. Afterward,
in the midterm phase, symbiont bacteria are released and secret toxic compounds that contribute to
killing the host. Finally, the long phase is the reproductive stage of nematodes [21]. Nemato-bacterial
strategies are based on mimicry processes [22] or active suppression of host defenses [9]. Steinernema
carpocapsae (Weiser) (Rhabditida: Steinernematidae) has been reported using mimic insect recognition
proteins expressed in the epicuticle of IJs that evade detection [23,24]. This nematode can also damage
immune defenses with proteolytic secretions, modulate proPO activity, and avoid encapsulation in
different insect species [25-27]. In addition, its symbiont bacteria Xenorhabdus nematophila can cause
general immunodeficiency using toxins that jointly with nematode defenses overcome the insect’s
immune response [21]. Besides, Park and Kim [28] reported the ability of X. nematophila to avoid the
activation of proPO cascade.

Our work is focused on Drosophila suzukii (Matsumura) (Diptera: Drosophilae) or spotted wing
drosophila, the most important pest that attacks soft-skinned and small stone fruits causing significant
losses to crops [29,30]. Despite chemical and culture methods are widely used, biological control
of this fly has been attempted using natural enemies and entomopathogenic agents [31]. Studies
with larvae of D. suzukii showed a strong immune response of encapsulation to parasitoid eggs of
Leptopilina heterotoma Thompson (Hymenoptera: Figitidae) that discourages their use for controlling
the pest [32,33]. Instead, pupal parasitoids, entomopathogenic fungi, and EPNs achieved better
results controlling the fly under laboratory conditions [34-37]. Susceptibility of D. suzukii larvae was
evaluated against different EPN species, as S. carpocapsae, Steinernema feltige (Filipjev) (Rhabditida:
Steinernematidae), and Heterorhabditis bacteriophora (Poinar) (Rhabditida: Heterorhabditidae) [36]. This
study reported a high susceptibility of the fly after nematodes killed the larvae and reproduced inside
them. Nevertheless, the immune response of D. suzukii to EPNs infection has not yet been studied.

Therefore, this work aimed to study the relationships between D. suzukii larvae and the
nematobacterial complex S. carpocapsae/X. nematophila, from an immunological point of view. We
evaluated humoral defenses, as the proPO system and lysozyme activity, the presence of antimicrobial
peptides (AMPs) pool and its activity against bacteria. We analyzed the cellular response of D.
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suzukii larvae determining the phagocytosis and encapsulation ability of hemocytes and describing the
immunoevasion strategies of S. carpocapsae.

2. Materials and Methods

2.1. Chemicals and Instruments

All reagents used in the assays were supplied by Sigma Chemicals (St. Louis, MO, USA), ICN
(ICN Biomedicals, GmbH), Merck Millipore Ltd. (Tullagreen, Cork, Ireland), Bio-Rad Laboratories
(Detroit, MI, USA). The equipment was supplied by Bio-Rad Laboratories (Detroit, MI, USA) and
Celbio Spa (Milan, Italy, EU). Centrifugations were carried out with a SIGMA 1-14 (SciQuip Ltd.,
Newtown, Wem, Shropshire, UK) and an Eppendorf 5804R (Eppendorf, AG, Hamburg, Germany).
Spectrophotometric assays were performed with a Jasco V-560 spectrophotometer (Easton, MD, USA).
All materials, buffers, and solutions were autoclaved or filtered with 0.22 um Minisart filters (Sartorius,
Goettingen, Germany). For microscopy observations, a microscope Olympus IX-51 epifluorescence
connected to a Nikon digital camera was used.

2.2. Insects and Nematodes

The third stage of D. suzukii larvae used for all assays was obtained from a laboratory culture of
specimens collected in Catalonia (NE Spain) in 2012. These insects were reared on a Drosophila diet [37]
and maintained in a climate chamber at 25 °C, 45% RH, and a 12:12 h photoperiod.

The EPN species used in this study was S. carpocapsae (B14) isolated from urban garden soil in
Barcelona (Catalonia, NE Spain). Nematodes were reared at 25 °C in the last instar larvae of Galleria
mellonella (Lepidoptera: Pyralidae) according to the method described by Woodring and Kaya [38]. The
IJs emerging from insect cadavers were collected with modified White traps [39] and stored in sterile
tap water in culture flasks at 9 °C for a maximum of two weeks. Before use, IJs were acclimatized
at room temperature for 3 h and their viability was checked by observation of movement under a
stereomicroscope. IJs were selected, washed several times with sterile phosphate buffer (PBS) (8.0 g
NaCl, 0.2 g KCl, 1.44 g NapHPOy, 0.24 g KH, POy per liter, pH 7.4), and centrifuged at 100x g for 2 min
at 20 °C. Assays were performed using alive, dead and lipase-treated dead nematodes, to evaluate the
role of the body surface of S. carpocapsae in the immune-evasive processes.

To kill the nematodes, they were frozen at —20 °C for at least 5-6 h in PBS plus 20% of glycerol. To
modify the cuticular lipid layer, killed nematodes were treated with 50 ul of lipase (10 U/uL in 30 mM
of Tris-HCI, pH 8), at 37 °C, for 90 min; after the enzymatic digestion, nematodes were washed several
times in sterile buffer.

2.3. Bacteria Cultures and Infection Protocol

To culture the symbiotic bacteria, X. nematophila were isolated from S. carpocapsae according to
the method of Park and Kim [40]. X. nematophila Green Fluorescent Protein (GFP-labeled) was also
kindly provided by the laboratory of Prof. Givaudan (University of Montpellier, France). Bacteria were
inoculated into liquid broth (30g/L Tryptic Soy Broth) and incubated at 30 °C in agitation, overnight
under dark conditions. The culture was grown to an optical density (OD) of 0.6; the growth curve
was measured spectrophotometrically at 600 nm. Bacteria were centrifuged at 1700x g for 20 min
and bacterial pellets were washed several times with PBS. Aliquots at different concentrations were
prepared for corresponding assays.

Cultures of Escherichia coli (Cla), Bacillus subtilis (ATCC N° 6633), and Micrococcus luteus (ATCC
N° 4698) were prepared for positive stimulation of D. suzukii larvae. Bacteria were inoculated and
grown in Luria broth (20 gr/L) at 37 °C and 30 °C for M. luteus in agitation, overnight under dark
conditions. Bacteria were grown up to 0.6 OD (10° CFU/mL) and were centrifuged at 1500x g for
15 min at 20 °C. After centrifugation, the pellets were washed several times in PBS. Final bacterial
concentrations and species mixtures were reported in each assay.
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2.4. Hemolymph Collection

To extract the hemolymph, third stage D. suzukii larvae were washed in PBS and 70% ethanol
solution and anesthetized at 4 °C. Depending on the assay, 20 to 40 larvae were cut in the dorsal region
with a microsurgical scissor and transferred in PCR tubes properly prepared for the procedure. The
bottom of the tube was holed several times with a needle and inserted into a 0.5 mL Eppendorf so
that during centrifugation, the hemolymph was collected in the large tube. Samples were centrifuged
at 250x g for 5 min at 4 °C to collect whole hemolymph containing hemocytes. For humoral assays
(Section 2.6, Section 2.7), the supernatant, corresponding to a cell-free fraction (CFF), was recovered,
centrifuged at 720x g and a few phenylthiourea (PTU) crystals were added; all the humoral immunity
assays were carried out according to the methods described in Mastore and Brivio [41]. For cellular
assays (Section 2.8, Section 2.9), 10 puL of PTU (from a saturated stock solution) were added to the
whole hemolymph to prevent unwanted activation of phenoloxidase.

2.5. proPO System Relative Activity in the Host Hemolymph

To test the proPO activity of D. suzukii larvae against bacterial infection, phenoloxidase relative
activity was analyzed in the hemolymph by spectrophotometric analysis with L-Dopa as a substrate.

Larvae of D. suzukii were washed with PBS and anesthetized by exposure to cold; then, they were
infected with bacteria using a pricking method. Pricking consisted of a puncture with a wolfram needle
soaked in bacteria pellet obtained from a suspension of 10° CFU/mL. Four different treatments were
evaluated: naive larvae, control pricked larvae, X. nematophila infected larvae, and E. coli/B. subtilis
infected larvae. A mixture of E. coli and B. subtilis 1:1 (v/v) was prepared. Larvae were kept at rearing
conditions until hemolymph was collected 30 min after any treatment. After the extraction, the total
protein content was determined and the reaction volumes were normalized according to concentration,
2.5 pL of hemolymph was added in 1 mL of L-Dopa buffer (8§ mM L-Dopa in 10 mM Tris-HCl, pH 7.2).
The increase of absorbance was recorded at 490 nm (AAsgp 5 min~!) at 25 °C, by a double-beam Jasco
V-560 spectrophotometer (Easton, MD, USA) using L-Dopa buffer as blank. For each treatment, 20
larvae were used, and the experiment was repeated 5 times.

2.6. Lysozyme Activity after Bacterial Infection

To evaluate the activity of lysozyme in naive and infected larvae of D. suzukii, the turbidimetric
method was used with Micrococcus lysodeikticus as a substrate. This method is based on the decrease of
absorbance due to the lysozyme-induced cell lysis determined as a unit of lysozyme produced in one
minute a variation of OD 450 nm of 0.001. Larvae of D. suzukii were infected with X. nematophila and E.
coli/M. luteus mixture 1:1 (v/v) at a concentration of 10° CFU/mL, using the pricking method. After
infection, larvae were kept with diet at 25 °C for 24 h. Then, hemolymph samples were extracted from
larvae, cells were removed and CFF samples, added with PTU crystals, were diluted with PBS (1:10).
For the analysis, 0.45mg/mL of M. lysodeikticus lyophilizate were resuspended in 0.3 M PBS, pH 6.8 and
mixed for 1 min at room temperature. For each treatment, 60 puL of diluted CFF were added to 90 puL
of M. Iysodeikticus suspension into a well of 96-MicroWell™ plate. As a control, a suspension of M.
lysodeikticus (90 uL) plus PBS (60 uL) was used, and a PBS (90 pL) plus hemolymph sample (60 uL)
was used as a blank for each treatment. The activity of lysozyme was assessed immediately using
a microplate-Reader (Bio-Rad, Hercules, CA, USA) and absorbance variations were recorded every
min for 10 min at 450 nm. For each treatment, 40 larvae were used, and the experiment was repeated
three times.

2.7. Analysis by Tricine-PAGE and Activity of AMPs

We analyzed changes in proteins and peptides patterns in hemolymph samples (especially in
CFF) of D. suzukii larvae using the electrophoretic separation by Tricine-SDS-PAGE methodology [42].
Moreover, the antimicrobial activity of these CFF samples was evaluated with bacteria growth tests.
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Larvae of D. suzukii were infected using the pricking method with a bacterial suspension of X.
nematophila and E. coli/M. luteus mixture 1:1 (v/v) at a concentration of 10° CFU/mL. Larvae were kept
in rearing conditions for 24 h. Then, the hemolymph from naive infected X. nematophila and E. coli/M.
luteus infected larvae was extracted. From these CFF samples, we carried out the analysis for the
presence of putative AMPs molecules and the evaluation of the antimicrobial activity.

For the electrophoretic separations, hemolymph was fractioned by Amicon® Ultrafilters (Millipore,
Burlington, MA, USA) cut-off 30 KDa and precipitated with trichloroacetic acid (20% V/V). Then,
samples were resuspended in 1x Tricine-PAGE sample buffer [42] and denatured for 5 min at 100 °C.
Electrophoresis was carried by a vertical PROTEAN® II xi Cell (Bio-Rad) at 50 V (constant voltage)
overnight. Protein patterns were detected by Silver Staining.

For the antimicrobial activity, CFF samples were centrifuged at 1700X g for 15 min and fractioned
<30 kDa; E. coli, M. luteus, and X. nematophila cultures were diluted to a final concentration of 10°
CFU/mL with culture broth. For each treatment, 20 puL of CFF sample were added to 180 puL of bacteria
culture. To evaluate the expected bacterial growth, 20 uL of PBS were added to the bacteria culture
(180 pL). All samples were incubated for 3 h under shaking at the optimal growth temperature of the
tested bacterium. After incubation, 100 uL of each sample was placed in a well of a 96-MicroWell™
plate and samples were serially diluted with phosphate buffer (61.4 mM KyHPOy, 38.4 mM H,POy).
Each dilution was plated on solid agar and incubated for 24 h more. Finally, bacteria colonies were
counted. The antibacterial activity in hemolymph samples was intended as a percentage of bacterial
survival compared with the control (bacterial suspension incubated without D. suzukii hemolymph).
The final concentration of hemolymph total proteins used in the antimicrobial activity tests was 3.3
ng/uL. For each analysis and treatment, hemolymph of 40 larvae was extracted and the experiment
was done three times.

2.8. Phagocytic Activity Assay

Phagocytic activity of D. suzukii hemocytes was evaluated both in vivo and in vitro in the presence
of X. nematophila. For the in vivo assay, 60 larvae of D. suzukii were infected with X. nematophila-GFP (10*
CFU/50nL). Microinjections were performed by a Drummond Nanoject Il nanoliter injector (Drummond
Scientific Company, PA, USA). As a positive control, 60 larvae were injected with 50 nl (1 mg/mL) of a
suspension of pHrodo® Red Staphylococcus aureus Bioparticles®-Conjugate (Life Technologies, Carlsbad,
CA, USA). Larvae were kept in rearing conditions and hemolymph was collected after 2 h. Extracted
hemolymph with hemocytes was added to Schnéider medium in 96-MicroWell™ (Thermofisher
Scientific, Waltham, MA, USA) plates (final concentration 2 x 10° cells/mL) and incubated for 30 min at
25 °C in the dark. To evaluate the phagocytic activity of hemocytes, after adhesion, cells were observed
under a fluorescence microscope.

For in vitro assay, hemolymph of 40 naive larvae was extracted and hemocytes were plated in
96-MicroWell™ plates at a concentration of 2 x 10° cells/mL in Schnéider medium. To allow cells to
adhere to the substrate, plates were incubated for 1 h at 25 °C in the dark. Then, 5 pL (103 CFU) of
X. nematophila-GFP or S. aureus-pHrodo® were added to cells and incubated for 4 h at 25 °C. After
incubation, cells were observed under a fluorescence microscope to assess the phagocytic activity of
hemocytes. Both experiments were performed three times.

2.9. In Vitro Encapsulation Assay

We assessed the ability of the hemocytes of D. suzukii larvae to recognize and encapsulate
S. carpocapsae with an in vitro assay performed with three treatments. Alive IJs were used to test
the physiological response of the host immune cells to the presence of the nematode. To exclude
that unrecognition could be caused by active secretions, cold-killed nematodes were incubated with
hemocytes. Besides, to investigate a possible mimetic function of the body-surface of S. carpocapsae, we
modified the nematode cuticle using lipase enzyme treatment.
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Hemocytes from naive larvae were extracted and plated with Schnéider medium in a
96-MicroWell™ plate (2 X 10° cells/mL). Then, 5-10 nematodes per treatment (alive, cold-killed,
or lipase-treated dead) were added to the microwells and incubated in a climate chamber at 25 °C. As
positive control to evaluate encapsulation capability, we added 10-15 agarose beads (DEAE Sepharose®)
into wells. Encapsulation processes were monitored at different times along 24 h with an inverted
fluorescence microscope. Each treatment was performed three times.

2.10. Hemocytes Populations Count after Natural Infection

To evaluate the in vivo ability of D. suzukii hemocytes to recognize and isolate S. carpocapsae, we
carried out encapsulation assays by a natural infection. Concurrently, total and differential cell counts
(plasmatocytes, lamellocytes, and crystal cells) were performed to assess any possible variation of cell
populations after nematode infection.

Ten larvae were placed in a Petri dish (3 cm diameter) filled with filter paper and exposed to S.
carpocapsae (50 IJs cm™2) for 20 h. The control treatment was carried out with sterile tap water. To
detach any adherent cells from the hemocoel cavity, larvae were gently brushed, and then washed with
PBS [43]. An incision was done behind the mandibles and all hemolymph (approximately 2 uL) was
bled in 48 uL of buffered PTU (saturated PTU diluted 1:4 in PBS). After bleeding, hemolymph content
of each separated larvae was observed under the microscope, to detect the presence and number of
nematodes inside the larvae, cell encapsulation processes, and the possible presence of symbiotic
bacteria released in the hemolymph. Depending on the phase of infection, larvae were divided into two
groups: early infection (only nematodes were present) or midterm infection (bacteria were released).
Total hemocyte count was made applying the diluted hemolymph into the hemocytometer (Neubauer
chamber, Brand®). The cell counts were performed immediately by determining the total number of
cell populations and the number of different types of hemocytes identified. For each treatment, ten
larvae were evaluated, and the experiment was done twice.

2.11. Statistical Analysis

To analyze the differences in enzymatic activity of proPO and lysozyme, a General Linear Model
(GLM) analysis has been used to ascertain differences among the tested samples. GLM was also used
to elucidate differences among CFF samples of their antimicrobial activity against different bacterial
cultures. Hemocyte counts were measured as the number of cells/uL of hemolymph and differences
among treatments were analyzed with GLMs. For all experiments, when the GLM was significant,
differences were evaluated by Tukey test and means without transformation (+SD) are presented.
All statistical analyses were performed with the R studio software (version 1.0.153) [44], and any
comparison was considered significant if the p-value was < 0.05.

3. Results

3.1. proPO System Relative Activity in the Host Hemolymph

The relative activity of phenoloxidase enzyme in D. suzukii samples was evaluated by recording
spectrophotometrically the formation of dopachrome (Figure 1, Figure S1, and Table S1).
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Figure 1. Phenoloxidase relative activity in the hemolymph of D. suzukii shown as the mean + SD
increase of absorbance, recorded at 0 and 45 min (= 490 nm), in hemolymph samples from naive (N),
control pricked (CP), X. nematophila-infected (InfX) and E. coli/B. subtilis-infected (InfB) larvae. Different
letters indicate statistical significance differences between hemolymph samples (p < 0.05).

Samples from naive larvae (N), control pricked larvae (CP), infected larvae with X. nematophila
(InfX) and infected larvae with E. coli/B. subtilis (InfB) were analyzed. The absorbance values recorded
showed no significant difference between naive and control pricked larvae. These values represent
the physiological activity of the enzyme until the formation of all dopachrome (time 45 min). Larvae
infected with X. nematophila presented similar values to both naive and control larvae at 0 min, but
the presence of symbiotic bacteria produced an inhibition of phenoloxidase activity 45 min after the
start of reaction. The enzyme showed a significantly minor activity compared to the other hemolymph
samples (GLM: F =42, df =7, p < 0.001). In contrast, the proPO system of D. suzukii larvae resulted
in E. coli and B. subtilis infection showing a significantly high increase of absorbance at 0 min after
hemolymph extraction.

3.2. Lysozyme Activity after Bacterial Infection

The assays of lysozyme activity in the hemolymph of naive D. suzukii larvae showed extremely
low activity (1 x 107! Units mL~!). Moreover, those infected with X. nematophila also presented a low
level of activity (1.1 x 107! Units mL™!). Only after infection with E. coli and M. luteus, a slight increase
in the enzyme activity was recorded (1.3 x 102 Units mL™!). Nevertheless, lysozyme activity in the
hemolymph of D. suzukii larvae was not significantly stimulated by the infection of X. nematophila or
the bacterial mixture of E. coli and M. luteus (GLM: F = 0.12, df =2, p = 0.81).

3.3. Analysis by Tricine-PAGE and Activity of AMPs

Electrophoretic separation of fractioned CFF (<30 kDa) showed proteins and peptide patterns of
hemolymph samples from naive and infected larvae (Figure 2).
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Figure 2. Tricine-SDS-PAGE (16%) of hemolymph samples. Patterns of low molecular weight proteins
(<30 kDa) of hemolymph from naive (N) and E. coli/M. luteus-infected (InfB) larvae; standard molecular
weights marker (St). Full arrowheads indicate newly synthesized bands and the arrow an increased
band, observed after bacterial infection. Empty arrowheads indicated disappeared peptides after
bacterial infection.

In naive larvae CFF, four main bands were present and two of them disappear in the infected larvae
sample (Figure 2, empty arrowhead). Moreover, peptides pattern from D. suzukii larvae infected with
X. nematophila (Figure S2) and infected with the mixture of E. coli/M. luteus showed newly synthesized
or quantitatively increased peptides of low molecular weight (Figure 2, full arrowheads). Five main
bands, ranging from 5 to 16 kDa, absent in CFF from naive larvae (Figure 2, N), were observable in
samples from treated larvae (Figure 2, InfB). Moreover, a band of about 16 kDa, increased in samples
from infected larvae (Figure 2, InfB, arrow). The infection with X. nematophila (Figure S2) and E. coli/M.
luteus resulted in the disappearance of two peptides (Figure 2, N, empty arrowheads).

After identification of the peptides pattern, the antimicrobial activity in the hemolymph was
analyzed by co-incubation of CFF samples with bacterial cultures of E. coli, M. luteus, and X. nematophila.
Bacterial growth (CFU/mL) represented a negative correlation of AMPs activity present in larvae
hemolymph of naive, infected with X. nematophila and infected with E. coli/M. luteus (Figure 3, Table S2).

As there was significant higher proliferation of all bacteria incubated with naive hemolymph
compared to buffer incubation (PBS), we evaluated the bacterial mortality percentage assuming as
100% the data obtained with naive hemolymph samples (Table S3). CFF samples from larvae infected
with X. nematophila reduced significantly the bacterial growth of E. coli to 6.11 x 107 CFU/mL and M.
luteus to 3.86 x 107 CFU/mL. These results showed a degree of antimicrobial activity in hemolymph
against both bacteria strains with 55.0% and 41.5% of mortality respectively (Table S3). However, CFF
samples of E. coli/M. luteus-infected larvae presented a drastic antimicrobial effect against E. coli (1.06 x
107 CFU/mL) causing mortality of 92.2% and 76.1% against M. luteus (1.58 x 107 CFU/mL). In contrast,
when tested on X. nematophila the recorded mortality was markedly lower (17.2%) (Table S3). Thus,
CFF from larvae infected with X. nematophila showed antimicrobial activity against the three bacterial
cultures tested, although lower than the obtained after E. coli/M. luteus infection.
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Figure 3. Antimicrobial activity of D. suzukii hemolymph after bacterial infection evaluated through
co-incubation with E. coli, M. luteus, and X. nematophila. Host hemolymph samples were from
PBS-control (PBS), naive larvae (N), infected with X. nematophila (InfX), and with E. coli/M. luteus (InfB).
Survival of E. coli, M. luteus, and X. nematophila are shown as the mean + SD of CFU/ml. Different
letters on the bars represent statistically significant differences among each antimicrobial sample. GLM
of E. coli: F =8.39, df =3,p =0.007; GLM of M. luteus: F =21.73,df =3, p < 0.001; GLM of X. nematophila:
F=3.66,df =2,p =0.091.

3.4. Phagocytic Activity Assay

During invivo phagocytosis assay, hemolymph of D. suzukii larvae injected with X.
nematophila-GFP was extracted and monitored by fluorescence microscopy.

To evaluate the phagocytosis capability of hemocytes, we carried out in vivo assays using S. aureus
pHrodo®-conjugated which fluorescence was activated only at acidic pH (inside phagolysosomes).
Staphylococcus aureus-pHrodo was effectively engulfed by host cells as confirmed by the intense
fluorescence of the probe (pHrodo) (Figure 4, Al, left). Besides, in the bright field, hemocytes of D.
suzukii were properly adhered to the substrate and are viable and showing a morphology typical of
cells that have engulfed (Figure 4, Al, right). Otherwise, hemocytes seem to be unable to phagocytize
X. nematophila-GFP (Figure 4, A2, left); both the elongated rod shape and swipes of the symbiont
bacteria, indicate their extracellular localization. The entomopathogenic bacteria, in addition to not
being phagocytized, seem to have cytotoxic effects on the host hemocytes, affecting the morphology
of the cells (Figure S3). Besides, Figure 4 (A2, right) shows the micrograph obtained by combining
fluorescence and phase contrast, in which the extracellular location of the symbiont bacteria can
be detected.
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Figure 4. In vivo (A) and in vitro (B) phagocytic activity of D. suzukii larvae hemocytes against bacteria.
(A1) in vivo assay at 2 h with S. aureus—pHrodoTM BioParticles®; (A2) in vivo assay at 2 h with X.
nematophila-GFP, inside A2 right an enlargement of the central area of the image. (B1) in vitro assay at 4
h with S. aureus-pHrodo™ BioParticles®; (B2) in vitro assay at 4 h with X. nematophila-GFP, inside B2
right an enlargement of the central area of the image. All images on the right are bright field of the
respective fluorescence micrographs on the left. Images magnification is 400x.

Hemocytes of D. suzukii larvae established in the in vitro cultures showed comparable results to
those obtained in vivo; S. aureus-pHrodo was efficiently phagocytized (Figure 4, B1, left) and hemocytes
48
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show the morphology of cells that are engulfing (Figure 4, B1, right). When X. nematophila-GFP was
added to the culture, hemocytes were not able to phagocyte the symbiont bacteria as confirmed by the
observation of Figure 4, B2, left and right.

3.5. In Vitro Encapsulation of S. carpocapsae

Cellular encapsulation of nematocomplexes was assessed using in vitro long-term co-incubation.
Hemocyte response against S. carpocapsae alive, dead (cold-killed), or surface lipase-treated was
monitored under an inverted microscope for 24 h. We observed that alive nematodes were not
recognized nor encapsulated by hemocytes even after 24 h (Figure 5A,B: A1,A2,A3,A3i).

Moreover, no cellular processes directed against S. carpocapsae were evident. We performed the
same experiment with cold-killed nematodes to exclude the influence of active secretions. As seen
before, hemocytes were unable to recognize dead IJs of S. carpocapsae and no encapsulation processes
were observed also at long times (Figure 5A,B: B1,B2,B3,B3i). When lipase-treated nematodes were
used, it was possible to observe a reactivity of hemocytes adhering to the body surface of the treated
nematodes (Figure 5C,D: C1 and C1i, C2 and C2i). After 2 h (Figure 5, C1), numerous layers of cells
were attached to the cuticle and would contribute to the building of the cellular capsule. The abiotic
targets (Sepharose DEAE microbeads) used as a control presented cellular reactivity with hemocytes
adhered to beads and the presence of melanin clots at 12 and 24 h after incubation (Figure 5C,D: D1
and D2, respectively).
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Figure 5. (A,B) In vitro encapsulation assays of S. carpocapsae by hemocytes of D. suzukii larvae.
Nematodes were co-incubated with hemocytes. From top to bottom: alive nematodes at 0 h (A1),
2 h (A2) and 24 h (A3), A3i inset is an enlargement of A3. Cold-killed nematodes at 0 h (B1), 2 h
(B2), and 24 h (B3), B3i inset is an enlargement of B3. A1l (200x); A2, A3, B1, B2, B3 (100x). (C,D).
In vitro encapsulation assay of lipase treated dead nematodes at 2 h (C1) and 6 h (C2), Cli and C2i are
enlargements of the respective images. In vitro encapsulation of agarose beads, at 12 h (D1) and 24 h
(D2). C1 and C2 (100x); D1 and D2 (200x).
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3.6. Hemocytes Populations Count after Natural Infection

Natural infection of S. carpocapsae in D. suzukii larvae showed no cellular encapsulation processes
of nematodes, as we observed in the previous in vitro assay. IJs were found free without attached
cells on the cuticle, even if X. nematophila was released in the hemolymph. Hemocyte counts were
performed when the mean number of nematodes inside larvae was 5.9 + 4.3 IJs. Counts were avoided
when the nematode number was over 15 IJs because the massive entry of nematodes into small larvae
like D. suzukii generate tissue damage quickly. Infected larvae were separated in the early phase or
midterm phase of infection if bacteria were released. Larvae in the early phase were mostly still alive
(95%), while 30% of larvae were alive in the midterm phase.

Total hemocytes count showed a high number of immunocompetent cells (2.63 x 10* cells/ul) in
naive D. suzukii larvae hemolymph (Table 1).

Table 1. * Evaluation of hemocytes population (mean + SD) of total and differential count of three
D. suzukii larvae treatments: naive larvae (no infected), early phase of infection (with only nematode
presence) and midterm phase of infection (nematode and bacterial presence). Different letters indicate
statistically significant differences among treatments for each cell type (p < 0.05).

Hemocyte Number/uL of Hemolymph *

Treatment Plasmatocytes Lamellocytes Crystal Cells Total Hemocytes
Naive 25446.88 + 4358.13 a 195.63 £ 49.88 a 677.50 £+ 296.88 a 26320.00 + 4311.47 a
Early phase 18676.88 + 3676.56 b 564.38 + 156.24b  745.00 + 184.04 a 19986.25 + 3733.23 b

Midterm phase 20293.75 + 3790.60 b 183.75 £ 54.73 a 841.88 + 341.27 a 21319.38 +3791.21 b

Nevertheless, infected larvae showed a significant decrease in total hemocytes in the early and
midterm phase of infection (GLM: F = 14.26, df = 2, p = 0.000). Plasmatocytes constituted the major
fraction of hemocytes and presented a decrease in both phases of infection, as total hemocytes (GLM: F
=16,df =2, p=0.000). In naive larvae, lamellocytes represent a very small fraction of immune cells but
during the early phase of infection, the amount of lamellocytes increased significantly (GLM: F = 93.99,
df =2,p=0.000). During the midterm phase, the bacteria were released, and we observed the attachment
of lamellocytes and plasmatocytes with themselves, becoming big aggregations (Figure 6A,B). Due to
the difficulty of counting only free cells were considered. In consequence, lamellocytes level decreased
showing no significant difference with naive value.

L SN

Figure 6. (A) Plasmatocytes (P) aggregation in in vivo encapsulation assay during the midterm phase
of infection. (B) Aggregation of hemocytes next to a circulant lamellocyte (L). Image magnification is
400x.
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Nevertheless, IJs were not found close to these cell aggregations. The only hemocytes population
that seemed unaffected by nematode infection were the crystal cells. Neither nematode nor bacterial
infection altered the number of crystal cells that remained constant in all assays (GLM: F = 1.71, df =2,
p = 0.188).

4. Discussion

D. suzukii represents a major threat to berry, cherry, and strawberry production as a globally
invasive pest. This fly belongs to the melanogaster subgroup, as well as Drosophila melanogaster (Meigen)
(Diptera: Drosophilidae), which immune response to EPNs is widely studied as an insect model [18,43].
In contrast, few immunological studies have been conducted with D. suzukii and only focused on the
parasitoid response. Poyet et al. [33] described a strong immune reaction against the parasitoid L.
heterotoma, which leads to the encapsulation of wasp eggs. Even if D. suzukii larvae and adults are
susceptible to nematodes [36], no immunological studies on the relationships between these pests
and EPNs have been made before; consequently, we evaluated humoral and cellular responses upon
infection of S. carpocapsae and X. nematophila.

The fastest defense of insect larvae is the activation of the phenoloxidase cascade. The symbiont
bacteria X. nematophila showed an inhibitory effect on the host proPO system, with levels of
phenoloxidase activity lower than naive larvae. In contrast, E. coli and B. subtilis infection registered
higher activity. These results agree with those obtained comparing the melanization rate of D.
melanogaster infected with symbiont and axenic S. carpocapsae [45]. These authors reported that in
the presence of X. nematophila, levels of melanization were significantly lower than using the axenic
nematode. The inhibitory role of this symbiont bacteria and involvement of the eicosanoid pathway
has been also reported in some lepidopteran species such as Spodoptera exigua (Hiibner) (Lepidoptera:
Noctuidae) and Plutella xylostella L. (Lepidoptera: Plutellidae) [28,46]. These authors related the
secretion of a phospholipase A, (PLA;) inhibitor with the suppression of the proPO activation in
hemolymph and the alteration of cellular response. Despite no homologous genes were identified in
D. melanogaster, Scarpati et al. [47] found other genes involved in eicosanoid pathway that could be
functional equivalents.

The assay of lysozyme activity in naive larvae of D. suzukii showed an extremely low activity
compared to other insect species such as Galleria mellonella (Lepidoptera) 2.28 x 10% Units mL™! or
Sarcophaga africa (Diptera) 1.04 X 10% Units mL~! [48]. There was no significant difference when larvae
were stimulated by bacteria. Thus, lysozyme activity was not triggered by the infection X. nematophila
nor E. colifM. luteus. In agreement with our results, the Drosophila genus showed to have mainly
digestive lysozyme and an insignificant amount of enzyme in the hemolymph for immune defense [49].

Along with phenoloxidase and lysozyme enzymes, AMPs perform a key role in humoral defense
against bacterial infection. When AMPs presence was assessed by electrophoretic separations, both
bacterial infections showed comparable band patterns with newly synthesized bands compared to
naive larvae. However, the antimicrobial activity test revealed a higher activity of the bacterial mixture
infected larvae as opposed to larvae infected with X. nematophila. These results suggested that there was
a synthesis of putative AMPs after symbiont infection. Nevertheless, larvae infected with X. nematophila
showed lower activity with respect to that from larvae infected with non-entomopathogenic bacteria.
With the conducted assay, we are unable to determine the causes, although these results could suggest
an active mechanism of X. nematophila to disable the activity of those peptides. Some authors attributed
to symbionts bacteria the ability to down-regulate AMPs genes in S. exigua or Rynchophorus ferrugineus
Olivier (Coleoptera: Curculionidae) [50-52]. However, Pefia et al. [45] reported in D. melanogaster
an increased gene expression of AMPs in response to X. nematophila infection, over an infection of
S. carpocapsae. Indeed, genes could be up-regulated in D. suzukii, as we detected the presence in
the hemolymph of some peptides in the molecular mass range of AMPs. Although, the symbiont
bacteria are known to release cytotoxic proteins and antimicrobial inhibitors to block the function of
the peptides [53].
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In addition to the analysis of humoral responses, we have also observed interference of the
nematobacterial complex with the host cellular responses. As observed, either in in vivo or in vitro
assays, X. nematophila was able to avoid phagocytosis response by the host immunocompetent cells;
the phagocytic capability of the hemocytes was ascertained by the assays with S. aureus. Shrestha and
Kim [54] reported in S. exigua larvae that the disruption of phagocytosis and avoidance of cell reaction
to bacteria was caused by the synthesis of PLA; inhibitors by X. nematophila. Similar results were also
obtained with Manduca sexta L. (Lepidoptera: Sphingidae) larvae, where E. coli was engulfed more than
Photorhabdus luminescens (the symbiont bacteria of H. bacteriophora) [55]. Both symbionts bacteria use
inhibitor of the PLA; likewise, in D. suzukii larvae, X. nematophila could implement the same strategy
to avoid the host phagocytosis. Our data showed the ability of S. carpocapsae to avoid encapsulation of
D. suzukii hemocytes in both in vitro and in vivo assays. Besides, nematode secretions do not seem to
play a central role in the lack of encapsulation as we confirmed using dead IJs with unaltered cuticle.
Encapsulation was only observed when the cuticle of nematodes was damaged after lipase treatment,
suggesting an involvement of the body surface to avoid cellular recognition. Mastore et al. [26] reported
similar results demonstrating a lack of encapsulation of alive and dead S. carpocapsae IJs in R. ferrugineus,
although damaged cuticles of nematodes were strongly encapsulated. Furthermore, S. carpocapsae
avoided the recognition by G. mellonella hemocytes while H. bacteriophora was recognized [56]. It has
been described that S. carpocapsae have specific proteins in the epicuticle of IJs that provide a mimetic
function to the nematode [23]; besides, in S. feltiae, disguise properties could be ascribed to lipids of
the epicuticular layer, as suggested by Dunphy and Webster [57]. According to Brivio et al. [22,58],
differences observed between S. carpocapsae and S. feltige in the immunological relationships with their
hosts supported the assumption that EPNs have developed peculiar immunoevasive strategies among
different species.

During the in vitro encapsulation assay, a lack of lamellocyte differentiation was observed and
resulted in the achievement only of the first steps of an encapsulation process with the attachment of
plasmatocytes to lipase-treated nematodes and agarose beads. In contrast, in vivo assays evidenced
the lamellocytes differentiation process after nematode infection, causing a decrease of plasmatocytes
and an increase of lamellocytes from the constitutive level. The divergence of the differentiation
process between assays could be expected due to a lack of natural physiological factors during in vitro
assays. Moreover, the cell counts obtained during the in vivo assay showed a high amount of hemocyte
populations, in agreement with Kacsoh and Schlenke [59] who suggested that D. suzukii larvae had five
times more immunocompetent cells than D. melanogaster. The results of this assay also confirmed the
lack of encapsulation of S. carpocapsae despite the differentiation of lamellocytes in the early phase of
infection. During the midterm phase of infection, lamellocytes—plasmatocytes aggregation prevented
counting hemocytes due to large cellular aggregates whose composition was not identifiable. An
important role in the strategy of S. carpocapsae is attributable to its secretions of proteases and cytotoxic
compounds which induce immunosuppression to the host. Some of these secretions have been
identified as serine, cysteine, metallo, and aspartic proteases involved in processes of cell aggregation,
clotting response, and cellular apoptosis [25,60]. These authors reported that when S. carpocapsae
infects D. melanogaster, avoids clot enlargement by means of its inhibitor sc-spné. Unlike plasmatocytes
and lamellocytes, our assay crystal cell population remained unaffected even after the nematode
released the bacteria. The regular count corroborated the low levels of melanization response observed
whereas those cells produced and stored the components of proPO cascade. These results confirmed
the different responses of D. suzukii larvae to parasitoids as their eggs activate the proPO reaction
and cause a strong loss of crystal cells [33]. Moreover, the cellular response of the fly larvae to L.
heterotoma or L. boulardi eggs presented the same pattern with a significant increase of plasmatocytes
and lamellocytes [33,59]. In contrast, D. suzukii larvae showed a cellular response to Asobara japonica
Belokobylskij (Hymenoptera: Braconidae) eggs more similar to nematode’s reaction observed in this
work, with a slight decrease of plasmatocytes and similar constitutive levels of lamellocytes after
long-term parasitization [33].
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Our immunological approach aimed to investigate the relationship between an insect pest, such as
D. suzukii and EPNs to provide an essential understanding of the strategies by which nematobacterial
complexes overwhelm the host defenses. The results reported the inhibitory properties of both S.
carpocapsae and X. nematophila to larvae’s immune defenses. Symbiont bacteria affected the humoral
response of proPO resulting in lower levels of phenoloxidase activity. In addition, X. nematophila
infection activated the synthesis of putative AMPs molecules, although their antimicrobial activity
was lower than peptides produced from infections with non-entomopathogenic bacteria. Besides,
the cell populations of D. suzukii were unable to phagocyte the symbiont bacteria or encapsulate S.
carpocapsae IJs. The data obtained from the encapsulation assays confirmed the elusive properties
of the body surface of S. carpocapsae. These results attribute to the cuticle a synergistic role with its
secretions to prepare an immunologically favorable environment before the release of the symbiont in
the hemocoel cavity.

5. Conclusions

Along this work, S. carpocapsae and X. nematophila showed the ability to overtake the immune
defenses of D. suzukii, therefore confirming the potentiality of this nematode as a biological control
agent for this pest. This is the first report that addresses the physiological relationship between EPNs
and D. suzukii from an immunological aspect; thus, providing a useful starting point to understand
the parasite-host relationship between these organisms and help to improve the biological control of
D. suzukii.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4450/11/4/210/s1.
Figure S1. Time course of phenoloxidase relative activity in the hemolymph of D. suzukii, shown as mean +
SD increase of absorbance recorded every 5 min for 45 min total. Hemolymph samples were from naive (N),
control pricked (CP), X. nematophila-infected (InfX), and E. coli/B. subtilis-infected (InfB) larvae. Figure S2. The
tricine-PAGE pattern of fractioned hemolymph (<30 KDa) extracted from larvae after X. nematophila infection.
Even though the pattern showed some bands comparable to that observed in E. coli/M. luteus-infected larvae, this
sample, tested for antimicrobial capability, revealed lower activity compared with that of larvae infected with
non-entomopathogenic bacteria. Figure S3. Plated D. suzukii hemocytes from naive larvae (A) and X. nematophila
infected-larvae (B). Micrographs below (B1, B2, and B3) show the altered morphology of the hemocytes with blebs
(arrowheads) protruding from the cell surface. In the micrographs of healthy cells (A) lamellipodia (arrowheads)
are visible. Table S1. Statistic comparison of phenoloxidase relative activity in the hemolymph of D. suzukii
of Figure 1. P-value obtained in the Tukey comparison of the hemolymph samples from naive (N), control
pricked (CP), X. nematophila-infected (InfX) and E. coli/B. subtilis-infected (InfB) larvae, at 0 min and 45 min. Any
comparison was considered significant if the p-value was < 0.05. Table S2. Statistic comparison of antimicrobial
activity in D. suzukii hemolymph of Figure 3. p-value obtained in the Tukey comparison of the hemolymph
samples from naive (N), control (PBS), X. nematophila-infected (InfX), and E. coli/B. subtilis-infected (InfB) larvae, in
coincubation with E. coli, M. luteus, or X. nematophila. Any comparison was considered significant if the p-value
was < 0.05. Table S3. Mortality rate (%) of E. coli, M. luteus, and X. nematophila, when treated with D. suzukii
hemolymph from larvae infected with InfB or InfX.
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Fig. S1. Time course of phenoloxidase relative activity in hemolymph of D. suzukii, shown as mean + SD
increase of absorbance recorded every 5 min for 45 min total. Hemolymph samples were from naive (N),
control pricked (CP), X. nematophila-infected (InfX) and E. coli/B. subtilis-infected (InfB) larvae.

Table S1. Statistic comparison of phenoloxidase relative activity
in hemolymph of D. suzukii of Fig. 1. P-value obtained in Tukey
comparison of the hemolymph samples from naive (N), control
pricked (CP), X. nematophila-infected (InfX) and E. coli/B. subtilis-

infected (InfB) larvae, at 0 min and 45 min. Any comparison was
considered significant if p-value was < 0.05.
- ’ : kDa
Tukey comparison p-value at 0 min  p-value at 45 min
- | 30
CP - InfB 0.003 0.963 - |
CP-N 0.932 0.994
- (o
CP - InfX 0.067 0.0003
InfB-N 0.001 0.995
- s -15
InfB — InfX 0.0001 0.0008
N - InfX 0.193 0.0005
- -10
—
Fig. S2. Tricine-PAGE pattern of fractioned hemolymph (<30 KDa) extracted - -5
from larvae after X. nematophila infection. Even though the pattern showed -
some bands comparable to that observed in E. coli/M. luteus-infected larvae, [
this sample, tested for antimicrobial capability, revealed lower activity compared
with that of larvae infected with non-entomopathogenic bacteria.
InfX S
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Table S2. Statistic comparison of antimicrobial activity in D. suzukii hemolymph of Fig. 3. P-value
obtained in Tukey comparison of the hemolymph samples from naive (N), control (PBS), X. nematophila-
infected (InfX) and E. coli/B. subtilis-infected (InfB) larvae, in coincubation with E. coli, M. luteus or X.
nematophila. Any comparison was considered significant if p-value was < 0.05.

) p-value for p-value for p-value for
Tukey comparison ) )
E. coli M. luteus X. nematophila
PBS - InfB 0.077 0.991 0.188
PBS-N 0.250 0.0006 0.035
PBS - InfX 0.804 0.072 -
InfB-N 0.005 0.0005 0.269
InfB - InfX 0.265 0.048 -
N - InfX 0.072 0.020 -

Fig. S3. Plated D. suzukii hemocytes from naive larvae (A) and from X. nematophila infected-larvae
(B). Micrographs below (B1, B2 and B3) show the altered morphology of the hemocytes with blebs
(arrowheads) protruding from the cell surface. In the micrographs of healthy cells (A) lamellipodia

(arrowheads) are visible.

Table S3. Mortality rate (%) of E. coli, M. luteus and X. nematophila, when treated with D. suzukii

hemolymph from larvae infected with InfB or InfX.

M. luteus
X. nematophila

Bacteria mortality (%)
InfX  InfB
E. coli 92.2%

41.5% 76,1%

17.2%
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Abstract

Larvae of the invasive pest Drosophila suzukii are susceptible to Steinernema carpocapsae —
Xenorhabdus nematophila complex, even though the activation of immune-regulatory system
was unknown. Thus, expression of 14 immune-related genes of different pathways was analyzed
through qRT-PCR to determine variations after infection in three time-points. At 90 min and 4 h
only nematodes were present in hemocoel and at 14 h of infection, bacteria were already released
and established. Results revealed that before the bacterial release, infective juveniles (IJs) were
not recognized by the immune system of larvae as practically none of the analyzed pathways
presented variations compared to non-infected larvae. In contrast, with X. nematophila release,
PGRP-LC was activated in response to the pathogen presence leading to the gene upregulation
of antimicrobial peptides of both Toll and Imd pathways. These pathways presented a positive
correlation with bacterial presence. Interestingly, cellular response remained inactive along the
infection course with Jak/STAT and pro-phenoloxidase genes unresponsive to both nematode and
bacteria presence. These results provided a better comprehension of nematode ability to modulate

the defense response of D. suzukii and ensure the infection success.

Keywords: immune response, entomopathogenic nematodes, gene expression, drosophila.

Introduction

Entomopathogenic nematodes (EPNs) are obligate parasitic nematodes of insects that belong to
the families Steinernematidaec and Heterorhabditidae [1,2]. These nematodes have a symbiotic
relation with entomopathogenic bacteria that help to kill the insect. In the case of the nematode
Steinernema carpocapsae, their bacteria Xenorhabdus nematophila inhabit in a vesicle of infective
juveniles (IJs) and when nematodes infect an insect, bacteria are released in few hours [3]. EPNs
have been studied for its use as biological control agents against agricultural pests. Besides, these
nematodes also serve as biological model to study parasitology for medical and veterinary purposes
[4]. From the insect point of view, a detailed knowledge of Drosophila melanogaster immune
genes and the pathways implicated in the insect defense has been studied [5]. More than 100
genes among several signaling pathways are known to be involved in the immune response against

bacterial and parasitic infections. The main defense is based on two signaling pillars that are Toll
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and Immune deficiency (Imd) pathways. These complementary cascades regulate immunologic
defense besides other developmental process through members of nuclear factor kB family (NF
— kB) which among others activate the encoding genes of the antimicrobial peptides (AMPs) that
form the humoral response [6]. Imd is activated by peptidoglycan receptors (PGRP) that recognize
the cellular peptidoglycan wall of gram-negative bacteria. In contrast, GNBP are free receptors in

hemolymph that bind gram-positive and fungi to activate Toll pathway [5].

Apart from the humoral components, the cellular response is mediated by two pathways: Janus
kinase / signal transducer and activator of transcription (Jak/STAT) and c-Jun N-terminal kinase
(JNK). Jak/STAT 1is a pathway involved in multiple functions in Drosophila like embryonic
segmentation and developmental processes but also has a role in cellular immune response
activated under stress, tissue damage or infection [7]. The receptor Domeless interacts with three
different cytokines (Unpaired1, Upd2 and Upd3) and activates the transcription factor Stat92E that
induces effector genes such as Turandot family for immune purposes [8]. Activation of Upd2 and
Upd3 due to bacterial or pathogen infection activate Jak/STAT pathway for a specific regulation
of hemocytes and encapsulation process [9]. The melanization response is a component of cellular
and humoral defense of Drosophila that is regulated by pro-phenoloxydase (PPO) pathway
and ends with the trigger of phenoloxydase enzyme. This cascade is mediated by activation of
three genes in different situations: PPO1, PPO2 and PPO3 [10]. Crystal cells are closely related
with melanization defense and release PPO1 in early response to infection or injury in tissues.
Furthermore, these cells activate PPO2 in the later phase of melanization, while PPO3 is only

produced by lamellocytes [11].

JNK is involved in many developmental processes, metabolic and tissue homeostasis, cell
differentiation, stress response and global signaling that are tightly involved with immune defense
[12]. This pathway consists of a main kinase Basket which is activated through a wide range
of inputs and its response is context-dependent on the signal received. JNK can receive Imd
activation and as well can interfere upon activation of Upd3 of Jak-STAT pathway [13]. To limit its
own activity the phosphatase Puckered acts as negative feedback inside the cascade [14]. Lastly,
TGF-p is another well-conserved signaling pathway that receives signals from Toll, Imd and JNK
activation [15]. The pathway is involved in wounding and inflammation after a bacterial infection
and is activated through NF — kB that regulates two branches: bone morphogenic protein (BMP)
and activin signaling. BMP ligand decapentaplegic (Dpp) is activated by wounding and suppress
the production of AMPs, while activin ligand dawdle (Daw) represses the melanization induced
by infection [16]. Thus, among other functions TGF-f genes limit an overexpression of humoral

effector processes.

Effects of EPNs infection in D. melanogaster immune system and gene expression have been
evaluated in different studies [17,18]. However, few assays have been performed with an applied
focus using pest insects of interest [19], despite this wide knowledge in D. melanogaster. As it is

the case of Drosophila suzukii, which is a global pest that affects soft-skinned fruits like berries,
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cherries, and strawberries [20]. The pressure to reduce the use of chemical pesticides to control
the fly lead to the development of strategies using biological control agents such as parasitoids or
EPNs [21,22]. Asiatic parasitoids, from the native D. suzukii area, are effective in both larvae and
pupae [23]. Nevertheless, parasitoid species from invaded areas showed mixed results being only
pupal parasitoids able to develop. European larval parasitoids were unable to develop as larvae
presented a strong immune reaction ending with the encapsulation of the egg [24,25]. In contrast,
laboratory assays with EPNs proved that larvae of D. suzukii were susceptible to nematodes
with mortality rates of 84.3% with S. carpocapsae treatment [26]. Moreover, the response of
immune effector mechanisms of D. suzukii larvae were analyzed against an infection with this
nemato-bacterial complex [27]. This study evidenced that nematodes and bacteria avoided cell
encapsulation and lamellocytes differentiation. Another affected process was the phenoloxidase
cascade as X. nematophila managed to reduce their activation on hemolymph. Moreover, bacteria

modulated antimicrobial activity on hemolymph showing an inhibitory effect on those peptides.

Nevertheless, to better understand the role of nematodes and bacteria in the infection it should be
considered not only alterations on the effector mechanisms but upon transcriptomic level too. The
genome of D. suzukii was sequenced and available in NCBI GenBank database (Access Code:
AWUTO01000000) [28]. Yet, no study of genetic expression of immune genes has been carried out.
As consequence, the objectives of this work were 1) to identify D. suzukii immune genes belonging
to different pathways in homology to D. melanogaster. ii) Evaluate the variation of immune gene
expression of D. suzukii larvae infected with the complex S. carpocapsae — X. nematophila in three

time points.

Results

1. Retrieve of immune-related genes in D. suzukii

To study the variation of gene expression upon nematode-bacterial infection, we selected 14
genes to provide a wide response of larval immunological status after infection with monoxenic
nematodes including pattern recognition receptors (PGRP-LC and PGRP-LF) and 6 immune related
pathways: Imd (Cecropin and Diptericin), Toll (Defensin and Drosomycin), Jak/STAT (Upd3
and Turandot C), pro-phenoloxidase (PPO1 and PPO2), INK (Basket and Puckered) and TGF-3
(Dawdle and Decapentaplegic) (Table 1). This gene selection was based on a pool of 40 immune-
related genes described in D. melanogaster (Table S1). Thus, we carried out an identification
of immune related genes in D. suzukii through alignment of D. melanogaster homolog genes.
Peptidoglycan receptors (PGRP) are highly conserved among Drosophila species. In D. suzukii the
alignment of those genes presented over 80% of identity with D. melanogaster genes PGRP-LC
and PGRP-LF. Differently, the AMPs of both Imd and Toll pathways have high rates of variance
among Drosophila species. Besides, for some encoding genes the homologs were only matched
successfully using the protein sequence with tBlastn. In Imd, the Diptericin-A of D. suzukii
showed 83.88% identity with D. melanogaster annotated Diptericin-B. Besides, Cecropin-A2 of
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D. melanogaster aligned only through tBlastn to Cecropin-C-line of D. suzukii with 74.6% of
identity. In Toll pathway, Drosomycin presented high homology between the flies with 87.68%
of identity. In contrast, Defensin was aligned with tBlastn with 76.39% of identity in D. suzukii
gene. Regarding, Jak/STAT pathway, Upd3 interleukin was not annotated in D. suzukii, in our
analysis an ORF with 39% of cover and an identity of 75.25% was identified. This ORF harbors a
well-preserved region with high homology among Drosophila and therefore, was used to analyze
gene expression. The effector gene Turandot C was identified with 68,22% of identity. In the
phenoloxidase pathway, PPO1 and PPO2 of D. melanogaster presented an identity of 85.75% and
89.84% with D. suzukii genes annotated as Phenoloxidase 2 LOC108009339 and Phenoloxidase
2 LOC108009476, respectively. The genes belonging to JNK pathway and TGF-B presented
high rates of homology between both Drosophila with alignments over 83%. There are some
discrepancies in the annotation of different genes of D. melanogaster and D. suzukii. Therefore,
we used the gene identification of D. melanogaster.

Table 1. Selected genes of D. suzukii for quantitative expression of immune genes of different pathways
and homolog correspondence to D. melanogaster. Alignment parameters are shown as e-value and
percentage of identity (% id.) for Blastn algorithm and *tBlastn algorithm.

Pathway D. suzukii Access code D. melanogaster ~ e-value 9 jd,

Imd PGRP-LC XM 017079226 PGRP-LC 0 82.59%
Imd PGRP-LF XM 017078922 PGRP-LF 0 80.20%
Imd Cecropin-C-like XM 017083110  Cecropin-A2 2E-27 74.60%*
Imd Diptericin A XM 017085064 Diptericin B 2E-101 83.88%
Toll Drosomycin XM 017070727 Drosomycin 1E-88 87.68%
Toll Defensin XM 017074017  Defensin 2E-35 76.39%%*
Jak/STAT Turandot C-like XM_017086062  Turandot C SE-66 68.22%*
Jak/STAT Uncharacterized LOC108010411 XM 017075270  Upd-3 1E-103 75.25%
proPO Phenoloxidase 2 (LOC108009339) XM 017073614 PPO1 0 85.75%
proPO Phenoloxidase 2 (LOC108009476) XM_017073856  PPO2 0 89.84%
INK Stress-activated protein kinase XM_017067534 Basket 0 91.59%
JINK Tyrosine-protein phosphatase vhpl XM 017086030  Puckered 0 87.52%
TGF-B Growth/differentiation factor 8 XM 017090335 Dawdle 0 83.62%
TGF-p Decapentaplegic X3 XM_017089893  Dpp 0 87.19%
- 60S RpL32 XM 017087128 RpL32 0 96.19%

2. Infection process of nematode-bacterial complex

IJs of S. carpocapsae were able to infect D. suzukii larvae after a short time of exposure. Infection
rates reached 62.83 + 14.94% and 75.14 = 6.77% of exposed larvae after 1 h and 2 h, respectively.
The mean number of nematodes found inside larvae was 3.44 + 2.39 and 6.68 + 4.45 1Js after 1
h and 2 h, respectively. A maximum of 18 IJs was found in infected larvae after 2 h of exposition

although inappropriate for assay parameters.
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GFP-marked X. nematophila (strain F1D3) permitted to follow infection progression in the
fluorescent stereomicroscope observation. Symbiont bacteria localized in a receptacle vesicle of
S. carpocapsae (Fig. 1) allowed us to observe IJs in hemocoel cavity within the first 90 min
of exposition. Interesting, the bacteria started to be observed free in insect hemocoel 8 h post
exposition and at 12 h bacteria spread all over the larvae (Fig. 2). The qRT-PCR analysis of
bacterial amount (based on 16S) amplified in 90 min and 4 h post-infection was trivial while after
14 h it was more than 10 times higher (Table 2) indicating the bacterial proliferation. Amplification

of nematode 18S confirmed S. carpocapsae presence on larvae.

Based on these observations, we selected 90 min, 4 h and 14 h as time-points for the analysis of
expression patterns of immune - related genes. The time point 90 min corresponded to nematode
invasion into haemocoel (early infection); 4 h corresponded to nematode establishment in
haemocoel before the release of bacteria (mid infection); and 14 h corresponded to the proliferation

of symbiotic X. nematophila in insect haemocoel (late infection).

Table 2. Mean = SD of AACT values corresponding
to 18S gene of S. carpocapsae and 16S gene of X.
nematophila inside infected larvae of D. suzukii.

.- AACT of AACT of
SEPE S. carpocapsae  X. nematophila
Early Inf. -226+1.95 144+£1.19
Mid-Inf. -4.33+£2.46 1.16 £ 0.39
Late Inf. -8.21+1.28 -9.22 +0.51

Fig. 1 S. carpocapsae 1Js with GFP-marked
X. nematophila used for the assay.

A

Fig. 2 Florescent images of D. suzukii larvae to evaluate nematode and bacterial infection progress.
A) Untreated larvae only presented cuticular fluorescence (in red false color) B) Infected larvae at 8h
of incubation, some nematodes still had bacteria inside the vesicle, while some were already released
in hemocoel (in green). C) Infected larvae at 14h of incubation, bacteria spread through all larvae
and proliferated with intensity. Images were obtained with confocal microscope Leica TCS SP5 with
differential detection of marked GFP bacteria exited at 488 nm (detection between 500 — 580 nm) and
autofluorescence of larva cuticle excited at 405 nm (detection between 440-485 nm).
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3. Expression pattern of immune related genes before bacterial release

In order to investigate the response of the insect to the presence of the nematode, we compared the
expression rate of pathogen-associated molecular patterns in infected and non-infected insects. In
the untreated larvae, the level of expression of PGRP-LC (12.24 ACT) was lower than that of PGRP-
LF (4.82 ACT) (Fig. 3A - B). After infection, the expression rate was not significantly different,
PGRP-LC (Log2FC = 0.88) and PGRP-LF (Log2FC = -0.50), which suggests that the insect did
not detect nematode invasion. In what concerns Imd pathway, both genes analyzed have similar
patterns of expression, which are not significantly different from the untreated larvae. Either in the
expression rate of Cecropin or Diptericin we observed a slight decrease in the expression at 90 min
of infection (Log2FC = -1.26, Log2FC = -1.80, respectively) whereas at 4 h the rate of expression
was closer to the control (Log2FC = 0.60, Log2FC = 1.29, respectively) (Fig. 3C - D). Particularly,
Diptericin presented a significant upregulation between 90 min and 4 of infection. Regarding
Toll pathway, the expression of Defensin remained constant between infected and healthy larvae
(Log2FC = -1.10). The expression rate of Drosomycin did not change with the infection at 90 min
(Log2FC = -1.05) but had a slight increase at 4 h (Log2FC = 1.65) (Fig. 3E - F).

Paralleling the humoral response, the Upd3 expression rate in cellular defenses was not modified
in the presence of the nematode at 90 min and 4 h (Log2FC = 0.49) (Fig. 4A), thus suggesting
the absence of recognition. Consistent with non-induction of Upd3 expression, the expression
of Turandot C remained constant at 90 min and 4 h of infection (Log2FC = -1.21 and -0.37),
indicating the lack of JAK/STAT pathway activation (Fig. 4B). Besides, PPO1 and PPO2 showed
no significant variation after nematode infection (Log2FC = 0.52, Log2FC = 0.68, respectively),

although a non-significant increase was observed at 90 min of infection in both genes (Fig. 4C - D).

In infected insects, the expression rates of the activator and negative feedback genes of JNK stress
response pathway, Basket and Puckered remained stable at 90 min (Log2FC = 0.04, Log2FC =
-0.14, respectively) and 4 h (Log2FC = 0.52, Log2FC = 0.09) post-infection (Fig. SA - B). The last
pathway analyzed was TGF-3 with Dawdle (Daw) and Decapentaplegic (Dpp) genes (Fig. 5C - D).
The expression rate of TGF-3 genes presented non-significant variation during the penetration and
nematode infection (Log2FC =-0.59, Log2FC =-0.11, respectively).

4. Expression pattern of immune related genes after bacterial release

We analyze the expression of defense genes at 14 h post infection when the symbiotic bacteria
spread in the entire insect hemocoel. Receptors PGRP-LC and PGRP-LF, showed a noteworthy
increase in the expression rate at this time point (Log2FC = 1.97, Log2FC = 2.02, respectively)
compared to 4 h, despite being not significant (Fig. 3A — B). The increased expression of PGRP-
LC was followed by an upregulation of AMPs of Imd pathway probably in response to bacterial
challenge (Fig. 3C - D). In fact, Diptericin and Cecropin showed a significant increase of

expression reaching a 2.85 and 4.80 (Log2FC), respectively. Similarly, the presence of bacteria
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Fig. 3 Gene expression of D. suzukii larvae untreated and infected with S. carpocapsae at 90 min, 4 h
and 14 h of infection expressed as ACT, for Imd and Toll genes: A) PGRP-LC (GLM: F=1.25, df=3, p=
0.3335), B) PGRP-LF (GLM: F=1.34, df=3, p=0.3061), C) Cecropin (GLM: F=8.04, df= 3, p=0.0033),
D) Diptericin (GLM: F=7.67, df= 3, p=0.0039), E) Defensin (GLM: F= 20.04, df= 3, p<0.0001) and F)
Drosomycin (GLM: F= 7.053, df= 3, p= 0.0054). Different letters indicate statistical significance among

infection time-points (p < 0.05).
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Fig. 4 Gene expression of D. suzukii larvae untreated and infected with S. carpocapsae at 90 min, 4 h and
14 h of infection expressed as ACT, for Jak/STAT and proPO genes: A) Upd3 (GLM: F=12.84, df=3, p=
0.0004), B) Turandot C (GLM: F= 0.73, df= 3, p= 0.5485), C) PPO1 (GLM: F= 0.60, df= 3, p= 0.6246)
and D) PPO2 (GLM: F= 0.64, df= 3, p= 0.6004). Different letters indicate statistical significance among
infection time-points (p < 0.05).
induced a huge upregulation of Defensin in Toll pathway (Log2FC = 8.19) (Fig. 3E). In contrast,
the expression of Drosomycin did not change between 4 and 14 h of infection (Log2FC = 1.67)
(Fig. 3F). Worth to be mentioned, the positive correlation between the expression rate of D. suzukii
genes and the amount of bacteria in the insect measured by the amount of 16S RNA (Fig. S1).
Defensin and Cecropin presented a high positive correlation to bacterial load (Corr=0.96 and 0.85
respectively). While Diptericin and PGRP-LF showed a significant but weaker correlation (Corr
=0.67 and 0.59 respectively). These data are in accordance with postulated knowledge that gram-

negative bacteria target the Imd pathway.

In the presence of bacteria, the expression of the interleukin Upd3 was also significantly
upregulated (Log2FC = 3.90) (Fig. 4A). Despite the production of the pro-inflammatory Upd3,
JAK/STAT pathway was not activated, as evidenced by the non-variation of the expression of the
effector gene Turandot C (Log2FC =-0.53) (Fig. 4B). The expression of pro-phenoloxidase genes,
PPO1 and PPO2, did not change after bacterial release (Fig. 4C — D). Moreover, we observed a
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Fig. 5 Gene expression of D. suzukii larvae untreated and infected with S. carpocapsae at 90 min, 4 h
and 14 h of infection expressed as ACT, for INK and TGF-p genes: A) Basket (GLM: F=1.05, df=3, p=
0.4047), B) Puckered (GLM: F= 7.75, df= 3, p= 0.0038), C) Dawdle (GLM: F= 7.30, df= 3, p= 0.0047)
and D) Dpp (GLM: F= 0.19, df= 3, p= 0.8958). Different letters indicate statistical significance among
infection time-points (p < 0.05).
slight downregulation tendency of both genes after 14 h of infection (Log2FC = -0.81, Log2FC
=-0.72, respectively), thus suggesting crystal cells were not activated. Concerning JNK pathway,
the expression of Basket remained stable at 14 h compared to 4 h of infection (Log2FC = 0.44),
whereas negative feedback gene Puckered was significantly upregulated (Log2FC = 1.92) (Fig. SA
— B), indicating that stress mechanisms were not induced even with the presence of the bacteria. In
TGF-p pathway, Dawdle ligand presented a significant upregulation under bacterial pressure at 14
h of infection (Log2FC = 1.47) (Fig. 5C). In contrast, Dpp ligand kept the expression rate constant
along all nematode-bacterial infection (Log2FC = 0.65) (Fig. 5D).

Discussion

The high susceptibility of D. suzukii larvae to EPNs was reported with 84.3% of S. carpocapsae

infection although the involvement of immune defenses was unknown [26]. Thus, to ensure an
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efficient biological control with EPNs was crucial to comprehend the interaction between nematodes
and D. suzukii. The immune system operates as a complex net of signaling in constant variation
and communication among hemocytes, humoral receptors, fat body and effector mechanisms. For
this reason, mRNA analysis provides accurate information of switched-on genes, although no
information about resulting product efficacy is given [29]. In consequence, transcriptomic results
provided in this work will be compared to post-transcriptomic processes already reported [27] to

better understand D. suzukii response.

The immune genes of this fly are barely unknown; thus, we characterized these genes involved in D.
suzukii for the first time through D. melanogaster homology. Imd receptors, PGRP-LC and PGRP-
LF are highly conserved in D. suzukii as well as genes in JNK and TGF-3 pathways which are
well preserved among insects and even mammals [5,12,30]. In contrast, AMPs are short sequences
that present variations not only in the nucleotide sequence but also complete gene duplications
and losses among species [31]. As seen in D. suzukii which presented a wide range of isoform
variations of Diptericin and Cecropin genes compared to D. melanogaster. The pathway involved
in cellular defense presented less percentage of identity in D. suzukii for Upd3 and Turandot genes.
Dome and mtm genes which are involved in Jak/STAT and hemocyte regulation, presented in D.
suzukii fast evolutionary rates that could facilitate defense adaptation in invaded regions [32].
Changes in those regulatory genes can be related with the increased number of hemocyte levels
reported in this fly [25]. Interestingly, homolog sequences of D. melanogaster PPO1 and PPO2

were identified as PPO2, which are two different genes in D. suzukii using the same name.

Foreign organisms that invaded the insect body are recognized by the immune system when
pathogen-associated molecular patterns bind host-derived pattern recognition receptors. However,
in our assay, genes involved in cellular and humoral response were unresponsive to the presence of
nematodes during the first 4 h of infection (Fig. 6). Only genes of humoral response changed their
expression once bacteria were released into the hemocoel. For instance, Imd receptors PGRP-LC
and PGRP-LF only presented a slight upregulation at 14 h which evidenced an absence of nematode
recognition during early infection. In consequence, the expression of AMPs genes was mainly
upregulated at 14 h of infection as seen in Cecropin and Diptericin pattern of expression. Genes
regulated in Toll pathway were also activated after the release of X. nematophila. Defensin displayed
the greatest upregulation at 14 h of infection (Fig. 6). Besides, Drosomycin was upregulated at 4 h
and maintained its expression after. This gene presented a similar pattern of response as Diptericin
due to the cross-activation signaling that Drosomycin receives from Imd pathway [5]. Despite
being not significant, a downregulation tendency was observed in the expression of AMPs genes at
90 min of infection that suggested a modulatory effect of IJs to inhibit antimicrobial activity before
bacterial release. In agreement with these results, AMPs were detected in hemolymph of D. suzukii
infected with X. nematophila after 24 h, even though the antimicrobial activity of those peptides
was reduced [27]. Interestingly, the expression of AMP genes displayed in D. suzukii a big variance

in control conditions as already reported in D. melanogaster larvae [33]. In D. melanogaster,
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Fig. 6 Heatmap graph summarize the variation of AACT all treatments, in green are presented
the downregulated genes and in red the upregulated ones. The dendrogram groups the genes with
similar response pattern through the four infection stages.

AMPs expression after S. carpocapsae infection presented similar results with those observed in
D. suzukii for Diptericin and Drosomycin expression, although Cecropin and Defensin were only
upregulated after 24 h [34]. Moreover, in D. melanogaster was reported the upregulation of AMP
genes without an activation of PGRP receptors suggesting the involvement of another signaling

receptor [35].

Regarding the cellular response, Jak/STAT pathway should be quickly activated through
hemocyte receptors. Nevertheless, an increase of expression was only registered by Upd3 gene
after X. nematophila challenge (Fig. 6). Besides, the effector gene Turandot C remained constant
in all measured time-points as control larvae. In D. melanogaster larvae infected by EPNs, an
upregulation of Turandot genes was reported only after 18 h and 30 h of infection [36,37]. These
results confirmed that under EPNs infection the quick cellular response was not developed. In
agreement with the gene expression results, lamellocyte differentiation in D. suzukii larvae was

observed in low levels under S. carpocapsae infection and hemocytes were unable to encapsulate
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[Js [27]. The inactivation of Jak/STAT pathway entailed a lack of regulation upon cellular response

which ended with the absence of effector mechanisms. Indeed, S. carpocapsae was described to
use an evasive and immunosuppressive strategy as IJs and bacteria secrete proteolytic compounds

to avoid hemocyte action, clot formation and melanization [38,39].

Regarding the melanization response, our results showed that PPO1 and PPO2 genes displayed a
constant expression during infection and only an upregulation tendency was observed at 90 min
(Fig. 6). Despite being a quick mechanism of response, phenoloxidase cascade was not activated
upon IJs entrance as confirmed by gene expression. In contrast, infected D. melanogaster larvae
presented an increased expression of PPO1 while PPO2 remained constant [10]. Therefore, this
expression of PPO2 pointed to a lack of involvement of this gene to nematode infection. PPO2
involvement with stored pro-phenoloxidase in crystal cells may be the cause of inactivation as the
response was not triggered in first place. The complex S. carpocapsae and X. nematophila has been
previously described to avoid melanization response using post-transcriptional mechanisms in
different insects [34,38,40,41]. Moreover, D. suzukii larvae infected with X. nematophila showed
a lower level of phenoloxidase enzymatic activity in hemolymph compared to control larvae [27].
In the scope of these results, the inactivity of PPO1 and PPO2 confirmed a modulation of the S.
carpocapsae - X. nematophila complex to avoid the melanization response in collaboration to

already described post-transcriptional mechanisms.

In the INK pathway, the gene expression of Basket presented in D. suzukii larvae a constant
expression all along infection (Fig. 6). Only Puckered was upregulated after 14 h of infection
although its role as negative feedback to avoid hyperactivation of the pathway. Thus, the pathway
was unresponsive to nematode-bacterial infection and as a result, stress response in larvae was not
triggered. This pattern of expression was also observed in D. melanogaster after EPNs infection
[35,36]. In addition, larvae of D. suzukii showed practically no variation of TGF-3 genes over the
infection course. Drosophila melanogaster larvae infected with the same EPNs did not trigger
Dawdle or Dpp activation [35]. However, in D. melanogaster adults, TGF-3 was found upregulated,
so activation of the pathway seems to be restricted to the adult stage [16,30]. In regard to those
results, D. suzukii could behave like D. melanogaster with a higher involvement of TGF-f genes

in adults rather than larvae in response to EPNs infection.

This study provides the first characterization of D. suzukii genes involved in the immune system.
Moreover, the combined information provided by gene expression analysis and post-transcriptional
mechanisms, permitted to comprehend the development of the immune response of D. suzukii to
EPNs infection. Nematodes avoided being detected by humoral and cellular receptors and thus,
trigger the fast responses of immune defense. Only after bacterial release the receptors increased
its expression and AMPs were upregulated. Although, cellular response was inactive even in
late infection due to steadiness of Turandot and PPO genes. Besides, JNK was unresponsive to
infection indicating a lack of stress response in larvae. Nevertheless, the grade of involvement
of nematodes or bacteria in each gene activation was beyond the scope of this work. Further
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experiments should be done to elucidate the activation origin and enlarge the analyzed genes to

provide a wider understanding of D. suzukii response to EPNs infection.

Material and Methods

Insects and nematodes

Third-instar larvae of D. suzukii used in the assay were from laboratory culture. Wild specimens
were collected in 2012 in Maresme, Catalonia (NE Spain) and established under laboratory
conditions since then. Insects were reared on a modified drosophila diet [26] at 25°C with 12:12h

photoperiod. All experiments were conducted under these environmental conditions.

The assay was performed with S. carpocapsae (B14) isolated from an urban garden soil in
Barcelona, Catalonia (NE Spain). Symbiont bacteria Xenorhabdus nematophila was changed to
X. nematophila Green Fluorescent Protein (GFP-labeled strain F1D3) (provided by the laboratory
of Prof. Givaudan, University of Montpellier, France), according to the method of McMullen and
Stock [42]. Nematodes were reared in late instar of Galleria mellonella L. (Lepidoptera: Pyralidae)
at 25°C, according to the method of Woodring and Kaya [43]. Once IJs emerged from insect,
nematodes were collected with modified White traps. IJs were stored with sterile tap water (STW)
in culture flasks at 9°C for a maximum of 2 weeks. Before use, nematodes were acclimatized at
room temperature for 3 h, to ensure maximum activation and infection during assay. IJs viability

was assessed by movement observation under a stereomicroscope.

Retrieve of immune-related genes

Genome of D. suzukii was previously sequenced but only some of its genes were annotated
and others presented discrepancies between the annotation in D. suzukii and homologous in D.
melanogaster. Thus, a first identification of genes involved with the immune system was required.
For this reason, we used D. melanogaster which immune system is well known as reference. From
literature review, we identified 40 key genes involved in different levels of the immune pathways
[5,10,17,29,35,36]. Drosophila melanogaster sequences were extracted from GenBank NCBI and
compared to D. suzukii genome using BLAST [44]. Two methods, Blastn (MegaBlast algorithm)
and tBlastn, were performed to find potential homolog sequences considering best score hit, Query
coverage, E-value and Max identity. Transcript sequences of best hits were aligned back to D.
melanogaster to confirm protein similarity. From the identified homolog sequences of D. suzukii,
two genes of each main pathway (Imd receptors, Imd, Toll, Jak-STAT, ProPO, JNK, TGF-3) were

selected for the genetic expression assay.

Infection methodology

Drosophila suzukii infections were carried out in 96-multiwell and using sterile filter paper as
substrate. Larvae were placed individually with a nematode dose of 300 1Js per larvae in 15 uL

and sealed with Parafilm® with an exposition time of 1 — 2h. For untreated larvae, only STW
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was applied. After exposition, larvae were thoroughly rinsed with STW to remove any possible
nematode on its surface and transferred to a Petri dish (3 cm diameter) with humid filter paper and
diet. Then, infected larvae were incubated during different times to evaluate early (30 min), mid
(2h) and late (12h) infection response in order to see gene expression variations. After incubation,
all larvae were thoroughly rinsed again with STW and transferred to PCR tubes with 20 uL of
RNAlater and frozen immediately at -80°C. Infected larvae after 14 h were checked for positive
fluorescent signal of GFP bacteria by fluorescent stereomicroscope Leica MzfIII before freeze
(Fig. 2). The final time-points considering the exposure and incubation times were set at 90 min,
4 h and 14 h post-infection.

RNA extraction

Drosophila suzukii larvae were dissected individually in presence of RNAlater to verify nematode
presence after 90 min, 4 h and 14 h of infection. For qRT-PCR assay, only larvae with nematodes
inside were used after inspection. Larvae with more than 10 IJs were rejected to avoid outliers
in expression due to massive nematode entry. Polls of five larvae per treatment were used for
mRNA extraction and four biological replications were carried out per treatment. mRNA isolation
was performed with TRIzol Reagent (Invitrogen) combined with Invitrogen PureLink RNA Mini
Kit (ThermoFisher) following manufacture procedures. Samples were treated with ezDNase and
cDNA was prepared with SuperScript™ IV VILO™ MasterMix (ThermoFisher) using PoliA

hexamers. RNA of untreated larvae was extracted under the same conditions.

Analysis of immune — related gene expression

Primers were designed for D. suzukii genes with OligoPerfect software. A relation of primers
used and access number for each gene could be found in Table S2 for D. suzukii. For those genes
with isoforms (PGRP-LC, Cecropin, Diptericin, Drosomycin, Dawdle and Decapentaplegic)
primers were designed to amplify a conserved region. The housekeeping ribosomal gene RpL32
was used as endogenous control for the analysis of genes expression levels. To elucidate load
of S. carpocapsae and X. nematophila inside infected larvae was used the 18S and 16S genes,
respectively (Table S3). Primer specificity was tested for all pairs by melt curve analysis (Fig. S2).
gRT-PCR was done using Power SYBR Green MasterMix and conducted following the protocol:
95°C for 10 min and 40 cycles of 95°C for 15 s followed by 60°C for 60 s. Each sample was run in

triplicate and considered consistent if their threshold cycle (CT) were within 0.5 variance.

Data analysis

We performed the statistical analysis using ACT values (ACT = CT target gene — CT endogenous

gene) and transformed fold change values (Log2FC) were also provided. Those values were

extracted using DataAssist (Applied Biosystems). Variations of gene relative expression were

statistically analyzed using General Lineal Model (GLM) and differences among treatments were

elucidated with Tukey Test. Any comparison was considered significant if p value was less than
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0.05. To analyze correlation and elucidate similar pattern responses of all genes though infection
course, data was normalized to AACT (AACT = ACT target gene — mean ACT of untreated larvae).
Pearson’s correlation analysis was run to determine if variations in gene expression for each
biological repetition was due to nematode and bacterial load, measured as AACT of S. carpocapsae
18S gene and X. nematophila 16S gene. Graphical representations were done with the R library
“corrplot” function “corrplot” and library “PerformanceAnalytics™ function “chart. Correlation”.
The heatmap was generated with R function “heatmap” and using a dendrogram per row. All

statistical analysis were run in R Studio software (version 3.4) [45].
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Supplementary Materials:

Table S1
D. melanogaster D. suzukii
Gene name Code number Gene name Code number Cover e-value %ld.
PGREP receptors
PGRP-LC NM_ 140041 PGRP-LC XM 017079226 97% 0 82.6%
PGRP-LE CG8995 PGRP-LE XM 017087015 92% 0 81.9%
PGRP-LF NM_140042 PGRP-LF XM 017078922 100% 0 80.2%
Imd pathway

Attacin-A CG10146 Attacin-A XM 017073965 100% 8E-144 88.6%*
Attacin-B NM_001169681 Attacin-A XM 017073965 91% 3E-136 94.0%*
Attacin-C NM_079005 Attacin-C XM 017087554 86% 0 82.2%
Attacin-D NM_079667 Attacin-A-like XM 017084362 78%  1E-68 81.7%*
Cecropin-Al CG1365 Cecropin-A2 XM 017083108 61% SE-73 90.4%
Cecropin-A2 NM_079850 Cecropin-C-like XM 017083110 100%  2E-27 74.6%*
Cecropin-B NM_079851 Cecropin-B XM 017083107 48% 4E-60 86.9%
Cecropin-C NM_079852 Cecropin-A2 XM 017083108 52% 2E-53 85.6%
Diptericin-A CG12763 Diptericin XM 017085063 100%  3E-24 44.3%%*
Diptericin-B CG10794 Diptericin-A XM 017085064 86% 2E-101 83.9%
Drosocin NM_079020 Drosocin XM 017074307 58% 3E-70 89.5%
Relish NM 206467 Nuclear factor kappa-$ p110 XM 017076711  61% 0 83.1%
Toll pathway

Cactus NM_057594 NF-kappa-B inhibitor cactus XM 017087906  96% 0 87.6%
Defensin CG1385 Defensin XM_017074017  78%  2E-35 76.4%%*
Drosomycin CG10810 Drosomycin XM_017070726 71% 1E-88 87.6%
GNBP3 NM_079262 GNB-BP3 XM_017078351  97% 0 85.0%
Metchnikowin CG8175 Metchnikowin XM 017085179 98%  3E-74 85.6%
Myd88 NM 001299317 Uncharacterized LOC XM_017073595 95% 0 89.0%*
Spatzle NM 170312 Spatzle-like protein XM_017082745  57% 4E-175 76.7%
Jak/STAT

Domeless CG14226 Cytokine receptor XM_017081527 87% 0 83.0%
Fondue NM_165287 Fibroin heavy chain XM _ 017089984 49%  SE-53 57.8%*
STAT 92E NM_001275833 STAT XM 017071568  90% 0 87.0%
Turandot-C NM_080518 Turandot C-like XM 017086062 100%  5E-66 68.2%%*
Turandot-M CG14027 Turandot M XM 017076988 100%  6E-68 73.3%*
UPD-3 NM 001103544 Uncharacterized LOC108010411 XM 017075270 39% 1E-103 75.2%
Phenoloxidase

PPO1 NM_057464 Phenoloxidase2 LOC108009339 XM 017073614  92% 0 85.7%
PPO2 NM_136599 Phenoloxidase2 LOC108009476 XM 017073856  96% 0 89.8%
PPO3 NM_080021 Phenoloxidase 3-like XM 017072531  91% 0 79.9%
JNK

Basket CG5680 Stress-activated protein kinase XM 017067534  99% 0 91.6%
dARK NP_725638 Uncharacterized LOC108009795 XM 017074457  99% 0 82.9%
dRICE NM_079827 Caspase (LOC108015517) XM 017081980  96% 0 84.8%
Puckered CG7850 Tyrosine-protein phosphatase ~ XM_017086030 83% 0 87.5%
Wengen CG6531 Wengen XM 017075346  81% 0 86.8%
TGF-p

Dawdle CG16987 Growth/differentiation factor 8§ XM_017090335 91% 0 83.6%
Decapentaplegic ~ CG9885 Decapentaplegic XM 017089893 95% 0 87.2%
Glass bottom boat  CG5562 Protein 60A XM 017074586  99% 0 87.9%

80



Modulation of immune-related genes

Table S1. Relation of all D. melanogaster aligned genes involved in the immune pathways with the
correspondent homolog in D. suzukii. Alignment parameters are shown as query cover, e-value and %
of identity (%Id.). Those values marked (*) represent alignments only achieved using tBlastn algorithm
while the other values were achieved using Blastn.

Table S2. Nucleotide sequence of primers used for q-PCR of D. suzukii selected genes.

Gene name Access number Primer
Forward TTTGTCGCCCTCATCTTGGC
Cecropin XM 017083110
Reverse GACATTGGCAGCTTGTTGGG
Forward TCTCCAGCTCCTTGGCCTAT
Diptericin XM 017085064
Reverse GACTCTGCCAAACTGGAGCA
Forward CGCCGACGGTTTCTATACGA
PGRP-LC XM 017079226
- Reverse CCACCTGACGACTGATCACC
Forward ACCCACATCTTAAGCTGCCC
PGRP-LF XM 017078922
- Reverse CGTCCCACGTAGACTTGACC
Forward CTTTGGTGGCCTGTTTGGTG
Defensin XM 017074017
- Reverse CAGGCGGTATGGTTCCAGTT
Forward CACCCAACAGGCTCTCTGAG
Drosomycin XM 017070727
- Reverse GACTCGTCCTTCCTCCTTGC
Forward ACATGCACCACCAGATCCTG
PPO1 XM 017073614
- Reverse GCATCTTCGCGGTTCACATC
Forward TCCTTCCTGACCGATCGCTA
PPO2 XM 017073856
B Reverse CGGAGCGCATGTTCATGAAG
Forward GTACGCATCTCGACTGGGAG
Upd3 XM 017075270
Reverse TTGTCCACAGTGATCCTCGC
Forward TGCTTTGCACTGCTCCTGAT
Turandot C XM 017086062
- Reverse CCCTTTCCTCAGGCGACAAA
Forward TTACAGCCAACCGTCCGAAA
Basket XM 017067534
- Reverse CCTCGTCCACAGATATCCGC
Forward CCGCACCTGAACAGTCCTAG
Puckered XM 017086030
- Reverse CCGCTGTCCACATCATCGTA
Forward GACCATAGCCATCCAGTCGG
Daw XM 017090335
- Reverse TCATGATGAACGGCCGGTAG
Forward CCCACCCATCTACCCAACAC
Dpp XM 017089893
Reverse CGTGGCATGGCGGCTATATA
Forward GCCGCTTCAAGGGACAGTAT
RpL32 60S XM 017087128
Reverse GACGATCTCCTTGCGCTTCT
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Table S3. Nucleotide sequence of primers used for g-PCR detection of S. carpocapsae and X. nematophila
inside D. suzukii larvae.

Organism / Gene Access number Primer

Forward GAACGGCTCATTACAACGCC
Reverse AACGTATCGCCGGAACAAGT
Forward GGGTGAGTAATGTCTGGGGATC
Reverse CCCACTTTACTCCCAAGAGGTC

S. carpocapsae 18S LC157427

X. nematophila 16S DQ282116

Bask Cec Daw Def Dip Dpp Dros PGLC PG.LF PPO1 PPO2 Puck TotC Upd3

Fig. S1 Correlation matrix of AACT of Nema (18S S. carpocapsae), XN (16S X. nematophila) and D.
suzukii genes: Bask (Basket), Cec (Cecropin), Daw (Dawdle), Def (Defensin), Dip (Diptericin), Dpp
(Decapentaplegic), Dros (Drosomycin), PGLC (PGRP-LC), PGLF (PGRP-LF), PPO1, PPO2, TotC
(Turandot C), Upd3. Correlation values are shown by color together with significance key (p < 0.05 *,
p <0.01 ** p<0.001 ***),

Sc18S Meit Curve Xn16 Melt Curve
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Fig. S2 Melt curve analysis of q-PCR reaction for each gene to test primer specificity: Sc18S (S.
carpocapsae) and Xnl16S (X. nematophila), continuing in the next page with D. suzukii genes: PGRP-
LC, PGRP-LF, Cecropin, Diptericin, Defensin, Drosomycin, PPO1, PPO2, Upd3, Turandot C, Basket,
Puckered, Dawdle, Dpp, RpL32).
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8. GENERAL DISCUSSION

“An understanding of the natural world and what’s in it is a

source of not only a great curiosity but great fulfillment.”

David Attenborough






General discussion
8.1 Biological control of Drosophila suzukii

For the development of a biological control strategy with EPNs is essential to determine the
susceptible stages of the pest. For this reason, infectivity of D. suzukii was evaluated under
laboratory conditions in the Chapter 3 and 4. Larvae and pupae assays were carried out in parallel
with D. melanogaster to validate the methodology and compare the results with a well-known fly.
The assessment of larvae was performed with second — third instar and the four EPN treatments
achieved high infectivity rates which demonstrated the susceptibility of this stage. These results
pointed that D. suzukii showed an EPNs sensitivity similar to other Drosophilid flies (Pefia et al.
2015). Furthermore, S. carpocapsae exhibited the ability to infect D. suzukii larvae with short
exposure time evidencing the infective potential of the nematode (Chapter 7). Aside from S.
carpocapsae, S. feltiae is a tightly related nematode to dipteran parasitism and naturally isolated
from larval stages (Peters 1996). Therefore, this nematode achieved the peak infection in larval
assays, although 1Js were unable to infect adult D. suzukii. During the course of this thesis, other
researchers reached comparable findings when D. suzukii larvae were evaluated with EPNs under
laboratory conditions (Cuthbertson and Audsley 2016; Hiibner et al. 2017; Evans and Renkema
2020).

The first reports about pupae susceptibility of D. suzukii showed an infectivity with H. bacteriophora
comparable to larval stage (Cuthbertson and Audsley 2016). However, in our assays, pupae
remained uninfected under any nematode treatment despite the observed attraction of 1Js described
during the experiments. These results were corroborated also during the assays with teneral adults,
as no pupae were found infected before adult emergence. In the development of D. suzukii, pupae
became inaccessible for 1Js to infect due to the cuticle hardening. The puparium presents only the
spiracle holes which are too small to permit IJs entry along with the hard cuticle. In agreement,
Hiibner et al. (2017) also provided findings with no infection of D. suzukii pupae along their
experiments. The lack of susceptibility of this stage could lead to a combined application of other
BCA to target the pupae.

The adult stage of D. suzukii was less studied as a target for biological control, while larvae
were tested several times. Drosophila suzukii executes the post-ecdysis process near the puparium
in a resting status comparable to D. melanogaster development process (Peabody and White
2013). Along with the evidence gathered from the EPNs performance during adult’s assay, only
S. carpocapsae displayed the potentiality to infect teneral adults whose vulnerability resulted
in a massive infection. Previous observations pointed to the high infectivity of S. carpocapsae
during the ecdysis process of Blattella germanica L. (Blattodea: Blattellidae) (Garcia-del-Pino and
Morton 2001). After ecdysis completion, mature adults were only infected by S. carpocapsae with
lower rates than the teneral period. This nematode was already reported to display an increased
infectivity to adult stages of Rhagoletis indifferens (Diptera: Tephritidae), Ceratitis capitata
(Diptera: Tephritidae) or 7. absoluta (Yee and Lacey 2003; Malan and Manrakhan 2009; Garcia-
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del-Pino et al. 2013). Besides the infectivity rate, the reproductive potential exhibits great variations
in micro-insects (less than 5 mm) due to resource scarcity to nourish nematode offspring (Bastidas
et al. 2014). Indeed, Drosophila suzukii is considered a micro-insect (Walsh et al. 2011), although

larvae and adults were sufficient to carry on nematode reproduction and develop offspring.

The determination of susceptible stages led to the development of two preliminary experiments
based on potential field application of EPNs. The nematode treatment of fruits was already
approached in experiments with D. suzukii with low infection results (Cuthbertson et al. 2014;
Woltz et al. 2015). Thus, a strawberry assay was designed to target the larval stage before the
pupation in Chapter 3. Steinernema feltiae and S. carpocapsae decreased adult emergence from
fruit with a positive correlation of the IJs dose. Despite the encouraging results, the recorded
efficacy requires more research to improve infection rate. In consideration, Hiibner et al. (2017)
suggested that acidic pH of these fruits could intervene in the nematode infective process and
reduce the efficacy of fruit treatment. The other prospected approach was the soil application
of EPNs to target D. suzukii teneral adults (Chapter 4). The design was inspired by previous
experiments with S. exigua and T. absoluta in which S. carpocapsae achieved a high infection rate
of emerged adults from soil (Kaya and Grieve 1982; Garcia-del-Pino et al. 2013). The addition of
distinct levels in the columns permitted us to observe the effect of nematode infection along the
adult dispersion from soil. The post-ecdysis process of D. suzukii barely took 2 h, even though S.
carpocapsae managed to massively infect these teneral adults in the soil level. Interestingly, the
number of IJs limited the adult mobility but a percentage of adults flew with enough IJs to permit
S. carpocapsae reproduction. Through further research of this soil application, nematode efficacy
in adult reduction could be ascertained and also explore the possible dispersion of nematodes
though D. suzukii adults.

The environment of EPNs application involves a microhabitat composed by the affected crop, the
pest but also other NE which could be implicated in the control of the pest too. Considering the
variations of EPNs susceptibility through D. suzukii stages, a combined use of BCA could enrich
a strategy to cover all the biological cycle of the fly. Nevertheless, few studies had deepened
into these relations with EPNs, despite the importance of establishing compatibility relations
among BCA (Jandricic et al. 2006; Lordan et al. 2014; Tourtois and Grieshop 2015). Nematode
compatibility with D. suzukii predator and parasitoid species was prospected to evaluate their
possible coexistence (Chapter 5). The plant pot assay simulated the conditions of foliar application
of 1Js that involve a high concentration of nematode on the plant surface in the subsequent hours
after application. Although, when NE enjoyed space to avoid Us, S. feltiae, S. carpocapsae and
H. bacteriophora were considered harmless as there were no infected insects. In consequence,
combined applications of EPNs with the tested species could be implemented without negative
impact to NE insects. To pursue more complex biological control strategies the knowledge of
compatibility and synergic effects among BCA need to be determined in advance to exploit all

assets.
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In the light of the exposed results in this section, EPNs have the potential to control D. suzukii in
larval and adult stages due to high infectivity rates. Besides, fruit and soil assays provided hints
which should be expanded with further research as these trials serve as a baseline to design applied
field experiments in the future. Steinernema carpocapsae presented the major versatility to infect
either larvae and adults in fruit or soil applications. For the fruit treatment, it would be necessary to
study with different crops affected by D. suzukii while in soil treatments, the application time is the
key to mass infect teneral adults. Nematode doses should be adjusted depending on field efficacy.
Besides, considering the results of pupal parasitoids and the compatibility shown in our assay, a
combined release of these agents would provide a wide strategy to control the fly. The knowledge
developed in this thesis provides a solid and consistent understanding of D. suzukii susceptibility

to EPNs from which a biological control strategy could be designed after field experiments.

8.2 Immune response to infective process

In the infective process of any parasitic species, the immune response of the host embodies the
main shield against pathogen development. The involvement of D. suzukii immune system and the
nematode-bacterial complex remained unclear after susceptibility assays. Thus, due to observed
differences in the immune system between D. suzukii and D. melanogaster (Kacsoh and Schlenke
2012), Chapters 6 and 7 of this thesis pursued to describe the immune response developed after
EPNs infection which comprise effector mechanisms and regulatory system. For the development
of the immune system is fundamental the recognition of non-self to activate the effector response
through the signaling pathways (Lemaitre and Hoffmann 2007). Nevertheless, evidence exposed
in both chapters supported the hypothesis that the success of nematode infection was achieved as

a result of an evasive strategy to the recognition process, as discussed in detail below.

The melanization reaction is an immediate response to pathogen entry before the whole hemocyte
activation. In D. melanogaster, infection with entomopathogenic bacteria X. nematophila and
P. luminiscens was reported to inhibit the enzymatic activity of PO to prevent the melanization
response (Brivio et al. 2002; Pefia et al. 2015). This inhibition was demonstrated also in D. suzukii
as larvae infected by X. nematophila showed low levels of PO activity in hemolymph. Moreover,
the expression of both proPO genes make it difficult to consider that a melanization response
was triggered due to S. carpocapsae infection since expression remained constant. Besides, the
inhibition of proPO reaction was consistent with the recount of crystal cells which remained
constant up to 20 h of infection. Indeed, S. carpocapsae and X. nematophila presented their own

inhibitory mechanism to counter the melanization response from early to late infection.

Hemocytes accomplish a crucial role against nematode-bacterial infections with the encapsulation
and phagocytosis of pathogens. However, the conducted specific assays confirmed the complete
overcome of S. carpocapsae and X. nematophila to cellular response. The non-recognition of 1Js

was noticeable since Upd3 receptor was only upregulated after bacterial release while the effector
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gene Turandot C remained constant in agreement with the lack of cellular activation registered
during the effector experiments. After S. carpocapsae infection, lamellocytes differentiation
was observed in early infection, although it represented an infimum increase compared to the
amount reported in D. suzukii during parasitoid infection (Poyet et al. 2013). The absence of
nematode recognition was manifested too through /n vitro assays where hemocytes could not
even encapsulate dead 1Js. Therefore, there was a passive involvement of S. carpocapsae cuticle
to avoid encapsulation as described in other insects (Mastore and Brivio 2008; Mastore et al.
2015). Cellular response against X. nematophila also failed in the phagocytosis and nodulation
of bacteria in hemolymph. However, entomopathogenic bacteria took a direct correlation with
the upregulation of humoral pathways and the subsequent AMPs increment. Before the bacterial
release, these gene expressions barely changed with nematode presence. This peptide increase was
detected through electrophoresis of larval hemolymph after 24 h of bacterial infection. However,
X. nematophila demonstrated a modulatory process to disable these peptides and download their
antimicrobial activity. This bacterial action is usually supported with the secreted products of
S. carpocapsae which exhibit toxic activity although no assessment was made along our assays
(Laumond et al. 1989).

The direct research with a pest insect instead of model species provides reliable results that
have direct impact to field application. In the genetic background, high levels of homology with
D. melanogaster were reported in the main base of the immune pathways of D. suzukii which
reflect a strong conservation to avoid posterior mutations. In contrast, genes encoding the effector
mechanisms revealed more changes among species that could hint to ecological adaptations
following each Drosophila nature (Early and Clark 2017). Drosophila suzukii was reported to
have genetic variations compared to close relative Drosophila that facilitate the adaptation to new
regions and resist a wider number of NE compared to D. melanogaster (Ometto et al. 2013). In
consequence, direct research with pest insects provides accurate results to assure a successful

EPNss strategy for biological control.

In the evaluation of the immune system, genetic analysis brought light into some effective processes
which could not be tested due to technical and biological incompatibilities. The integration of
both studied levels permitted us to elaborate a global picture of the infection process, although
there are complex processes modified by EPNs infection which are still far from understood. The
combination of techniques yielded complementary approaches to comprehend the vastness of the
infective process. Indeed, to continue the genetic prospect of the infection, a comparative analysis
of the complete transcriptome is still underdevelopment from larval samples of Chapter 7. This
analysis will provide a wider view of up and down regulation of genes after nematode-bacterial
infection. These results could verify some variations detected through qRT-PCR or detect new
modulations of other genes in the analyzed pathways or in complementary ones. With the complete
transcriptome image, further research could deepen in the pathways that presented a higher

involvement with EPNs such as Jak/STAT or pro-PO to comprehend the modulation mechanism
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employed by S. carpocapsae. In addition, a subsequent analysis could also entail a detailed study
of AMPs from receptor activation to hemolymph peptides in relation to X. nematophila up to 24 h
of infection. A better understanding of EPNs strategies upon insect infection could help to design
biological control strategies considering insect resistance and adequate the nematode species in
consideration. The study of S. feltiae, H. bacteriophora and other EPNs may provide different
strategies to deal with the immune system. Furthermore, with a complete knowledge of the insect
—nematode interaction, researchers could explore the use of molecules, enzymes or concrete genes

to enhance nematode infection and overcome insect resistance.
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9. CONCLUSIONS

“Conservation is a state of harmony between men and land.”

Aldo Leopold






Conclusion

Susceptibility of Drosophila suzukii to entomopathogenic nematodes was evaluated by
developmental stages to determine the suitable stage for biological control. Our assays
demonstrated a high susceptibility of the larval stage to Steinernema feltiae, Steinernema
carpocapsae and Heterorhabditis bacteriophora under laboratory conditions, while these

EPNs were unable to infect Drosophila suzukii pupae.

Nematode infection in Drosophila suzukii mature adults was limited to Steinernema
carpocapsae. Moreover, the highest infection rate was registered in teneral adults as the post-

ecdysis process favored the nematode entry.

Steinernema feltiae and Steinernema carpocapsae reproduced on infected larvae providing
a new generation of 1Js, although only the later was able to reproduce in the adult stage of

Drosophila suzukii.

The preliminary fruit assay focused on the larval stage showed that Steinernema feltiae and
Steinernema carpocapsae decreased the emergence of the fly. The achieved efficacy was

limited and thus, further research should be done to develop an efficient fruit application.

The preliminary soil application of Steinernema carpocapsae caused high rates of infectivity
on teneral adults during the dispersion process under laboratory conditions. Even though
nematode load limited the flight ability of Drosophila suzukii, 21% of the adults flew with
infective juveniles promoting the nematode dispersion. The application time is predicted as a
limiting factor for a strategy based on teneral adults due to the short time to infect that entails

the stage.

The combined application of natural enemies and entomopathogenic nematodes evidenced
a viable compatibility with Steinernema feltiae and Heterorhabditis bacteriophora even in
constant contact in Petri dish experiments, while Steinernema carpocapsae infected adult
predators in these conditions. Nonetheless, in plant conditions this nematode displayed an

appropriate compatibility with non-infection of the beneficial insects.

Regarding the pathogen-host relation, the success of Steinernema carpocapsae infection
was based on the avoidance and modulation of the immune system of Drosophila suzukii. In
the early phase of infection, the immune system presented no upregulation of the signaling
pathways which evidenced a lack of recognition of infective juveniles. The analysis of gene
expression variations and evaluation of the effector mechanisms permitted to weave an

integrative vision of the infection process.
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10.

96

The melanization response was not triggered by Steinernema carpocapsae infection as
indicated by the absence of upregulation of proPO genes. In accordance, the number of crystal
cells was constant after 20 h of infection. Besides, Xenorhabdus nematophila decreased the

enzymatic activity of PO in hemolymph of Drosophila suzukii.

The cellular response of Drosophila suzukii was unable to phagocyte IJs which avoided
the recognition of hemocytes through passive involvement of the cuticula. Lamellocyte
differentiation was only observed in infimum numbers that corresponded to a constant
expression of Turandot C. Only the interleukin Upd3 was upregulated at 14 h of infection but
there was no activation of effector genes. In addition, plasmatocytes were unable to phagocyte

Xenorhabdus nematophila.

The humoral response of Drosophila suzukii exhibited an acute correlation with bacterial
pressure. After the bacterial release, Imd and Toll pathways were activated through
peptidoglycan recognition and followed by an important upregulation of AMPs. However,
Xenorhabdus nematophila displayed a mechanism to decrease the antimicrobial activity of

these peptides once in hemolymph.
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