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Annotation

In this thesis, the effect of infection elicited by entomopathogenic nematodes
(EPNs) Steinernema carpocapsae on Pyrrhocoris apterus and Drosophila
melanogaster models were evaluated, and a role of adipokinetic hormones (AKHs)
during the infection was characterized. These were monitored by determination of
mortality, and various biochemical and physiological characteristics such as AKH levels
both in the central nervous system (CNS) and in hemolymph, AKH gene expression in
CNS, level of anti-oxidative stress markers, general metabolism and level of nutrients
in normal and genetically modified insects. At P. apterus the mortality tests revealed
that application of AKH increases the efficacy of EPN treatment. This result was
confirmed using the firebugs with AKH receptor deficiency. Further, the increase of
AKH expression and AKH levels in CNS and hemolymph seemed to be coordinated
after the nematode treatment. At the D. melanogaster model also, the effect of adenosine
into the above-mentioned characteristics was included. For this, mutants in AKH
(AHK"), adenosine receptor (AdoR') genes, and in both these genes together (AHK!
AdoR! double mutant) were employed. Altogether, the results confirmed the
involvement of AKH, and partially also adenosine into the antistress defence reactions
elicited by the nematobacterial infection. Finally, the last part of the study was focused
on examination of the vitellogenin (Vg) role in the defence reaction in firebug body P.
apterus affected by two entomopathogenic organisms, the nematode S. carpocapsae and
the fungus Isaria fumosorosea. The results revealed that Vg proteins play an important
role in the defence against both types of the infections and are also able to kill
entomopathogenic bacteria Xenorhabdus nematophila, that are symbionts of S.
carpocapsae and that increase toxicity of this nematode.
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1. Introduction
1.1. Stress in insects

Most studies use the word “stress™ to describe a reaction of an organism to a
wide variety of potentially challenging environmental factors during their life
such as chemical (pesticides, drugs, metals, smog., abnormal oxygen
concentration, etc.), physical (radiation, temperature, noise, vibration, etc.),
physiological (injury, aging, inflammation, etc.) factors, and pathogen organisms
(bacteria, nematodes, parasitic arthropods, parasitoids etc.), that may upset
functional homeostasis when the limits of their tolerance are exceeded (Ivanovié
and Jankovi¢-Hladni, 1991).

These stressors elicit a characteristic response, which is often referred to as a
generalized defense response. The generalized defense response exists at both the
organismal and cellular levels (Hightower, 1991). Insects exposed to unfavorable
environmental condition produce an acute stress response. During that, the
feeding and reproduction are curtailed, heart and gas exchange rates increase,
metabolic processes release stored energy, and oxygen and nutrients are directed
to those sites in the body that are affected the most. In addition, insects employ a
wide range of physiological and behavioral stress responses to unfavorable
conditions: they include also a dormancy state, very often in the phase of egg or
pupa, to avoid those conditions.

A special example of stress is oxidative stress (OS), the imbalance towards an
increase in the prooxidant over the capacity of the antioxidant and might lead to
potential biological damage. Intensive production of reactive oxygen species
(ROS) results in oxidative damage to the cellular lipids, proteins, or DNA
inhibiting their normal functions, with irreversible impact for the whole organism,
leading to death. As OS results from the metabolic reactions that use oxygen can
also be induced by environmental factors such as pesticides, chemicals, food
sources, UV light, irradiation promote ROS (Ahmad et al., 1995; Bi and Felton,
1995). Insects have evolved several antioxidant defense mechanisms which
includes both enzymatic components such as superoxide dismutase, catalase,
ascorbate peroxidase and glutathione S-transferase (Ahmad et al., 1989; Felton
and Summers, 1995; Krishnan et al. 2009) and non-enzymatic components such
as glutathione, vitamins C and E, pyruvate, flavonoids, carotenoids, urate and
many plant-derived antioxidants to reduce, destroy, or prevent the effects of ROS
(Valko et al., 2007).

In mammals the humoral defense response pathways are controlled by the
hypothalamic - pituitary - adrenal axis with help of a suite of corresponding
hormones (Jansen et al., 1995; Smith and Vale, 2006). In insects, the defense
biochemical and physiological reactions under unfavorable conditions are
controlled predominantly by members of the adipokinetic hormone/red pigment-
concentrating hormone family (AKH/RPCH family) (Géade et al. 1997; Kodrik
2008).



1.2. Adipokinetic hormones

Adipokinetic hormones (AKHs) are insect neuropeptides that are
synthesized, stored and released from the neurosecretory cells of the corpora
cardiac (CC), a neurohemal organ connected to the brain (Gade et al., 1997).
However, in some insect species, such as Locusta migratoria (Schooneveld et al.,
1985; Moshitzky et al., 1987a; Bray et al., 1993), Carausius morosus and
Sarcophaga bullata (Clottens et al., 1989), Aedes aegypti (Kaufmann et al., 2009),
and P. apterus (Kodrik et al., 2003), small quantities of AKH are also found in
the brain.

Primary structures of AKHs are known for many insect species: they are small
oligopeptides consisting of 8 to 10 amino acids containing at least two aromatic
amino acids. All AKHs contain an N-terminus pyroglutamate residue, C-terminus
amide, and possess tryptophan in position 8 and phenylalanine or tyrosine in
position 4 (Géade et al., 1997).

AKH signal transduction at the cellular level is well documented in the fat
body (see Gédde and Auerswald, 2003). Because AKH as a peptidic hormone is
not able to penetrate freely the cell membranes, its message is transduced via
specific membrane receptors (Park et al., 2002; Staubli et al., 2002). This receptor
which is structurally related to receptors of the vertebrate gonadotropin-releasing
hormone is linked to a G-protein that activates corresponding biochemical
pathways leading to the production of energy-rich substrates. This includes
activation of the alpha subunit of G-protein (Gy) by replacing GDP by GTP, which
stimulates the production of enzyme adenylate cyclase, which generates cyclic
AMP that serves as a secondary messenger molecule. In some insect species, the
Gy subunit activates phospholipase C pathways which catalysis the hydrolysis of
membrane phospholipid, phosphatidylinositol 4,5, bisphosphate, resulting in the
production of second messenger diacylglycerol and inositol phosphates, including
inositol  1,4,5-trisphosphate. Both pathways involving the presence of
extracellular and/or intracellular Ca®*, then the membrane protein kinase C is
activated and consecutively triggers relevant enzyme activations (Géade and
Auerswald, 2003).

AKH receptors (AKHRs) have been cloned or deduced from genomic
sequences of several insect species including the fruit fly, D. melanogaster (Park
etal., 2002), silkworm, Bombyx mori (Huang et al., 2010), cockroach, Periplaneta
americana (Hansen et al., 2006, Wicher et al_, 2006), firebug, P. apterus (Ibrahim
et al., 2017), aphid Acyrthosiphon pisum (Li et al., 2013), cricket, Gryllus
bimaculatus (Konuma et al., 2012), mosquito, Anopheles gambiae (Belmont et
al.. 2006), fleshly, Sarcophaga crassipalpis (Bil et al., 2016). tsetse fly. Glossina
morsitans (Caers et al., 2016), beetle, Tribolium castaneum (Hansen et al , 2010),
the bamboo aphid, Pseudoregma bambucicola (Jedlickova et al., 2015) and
triatomine, Rhodnius prolixus (Alves-Bezerra et al., 2016). In the honey bee, Apis
mellifera genome, an AKH receptor ortholog has been identified (Hauser et al.,
2006,) but in several studies, it was indicated that an AKH signaling system would
not be functional in 4. mellifera because of the inefficacy identification of AKH
by mass spectrometry methods (Veenstra, 2014). However recently, the AKH



signal has been documented in the glandular part of the 4. mellifera CC (Sturm et
al., 2016).

More than 60 different modifications of AKHs have been characterized at
present, and their physiological effects investigated in all major insect orders
(Géde, 2009; Kodrik et al., 2015). Generally, these hormones are a typical
example of neuropeptides with complex functions in the control of insect energy
metabolism, including the mobilization of different kinds of energy reserves such
as lipids, carbohydrates, and/or certain amino acids (Géade et al., 1997; Géde and
Goldsworthy, 2003). Furthermore, AKHs are pleiotropic in their functions, with
a lot of activities associated to their metabolic role (Kodrik, 2008) such as the
stimulation of neuronal signaling (Milde et al.., 1995), stimulation of
general locomotion (Socha et al., 1999), and increase of muscle tonus and heart
beating (O'Shea et al., 1984; Scarborough et al., 1984). These hormones are also
known to regulate the starvation-induced foraging behavior in Drosophila (Lee
and Park, 2004), enhancement of antioxidant mechanisms (Kodrik et al.,
2007, Kodrik et al., 2015; Vecefa et al., 2007), enhancement of food intake and
digestive processes in insect gut (Kodrik et al., 2012 Bil et al , 2014; Bodlakova
et al., 2017, Bodlakova et al., 2018), and interact with the cellular and humoral
immune system (Goldsworthy et al., 2002, Goldsworthy et al., 2003).

1.2.1. Adipokinetic hormones and their interactions with oxidative stress

It has been found that there is a feedback regulation between OS and AKH
actions. The active role of AKH in protection of insects against OS was reported
in a number of papers published in the last decade (Kodrik et al., 2007, Vecera et
al.,2007,2012; Huanget al.. 2012; Bednaiova et al., 2013a.b, 2015) and reviewed
by Krishnan and Kodrik (2012) and Kodrik et al. (2015a). The results revealed
that OS increased the level of AKH in insect body and that exogenous AKH
restored anti-oxidative stress reactions in insect tissues (as well as in vitro organ
cultures). Those hormones are involved in the activation of protective
mechanisms against the OS and can thus affect both enzymatic or non-enzymatic
OS markers such as glutathione, protein carbonylation, lipid peroxidation or total
antioxidant capacity (Krishnan and Kodrik, 2012; Kodrik et al., 2015a).

AKH-elevating effect has been governed by several stressors and it seems that
the increase is species and/or stressor specific. For example, application of
chemical stressor herbicide paraquat (1,1 -dimethyl-4.4-bipyridylium dichloride
hydrate) in the P. apterus for 4 hours exposure, increased the AKH level in
hemolymph about 5 times, but the same treatment had no effect on the AKH level
inthe CNS (Vecerfaet al., 2007). Also, in the Colorado potato beetles Leptinotarsa
decemlineata, the paraquat treatment increased the AKH level about 1.9 times in
CNS and 2.7 times in hemolymph (again 4 hours after the treatment). In the same
species, the AKH level was increased in CC and hemolymph when the individuals
were fed on genetically modified potatoes expressing Cry 3Aa-Bacillus
thuringiensis and Galanthus nivalis agglutinin toxins (Kodrik et al., 2007).
Similar results were obtained when hydrogen peroxide was injected in the P.
apterus (Bednafovaet al., 2013).



The OS markers involve several enzymes. Among them, superoxide
dismutase (SOD) and catalase (CAT) are standing in the first line of the defense
system against OS (Scott et al., 1991; Burlakovaet al., 2010). The enhancement
of expression of SOD and CAT genes were increased during the OS caused by
different stressors (Whiteside and Hassan, 1987; Farr and Kogoma, 1991).
Further, feeding of tannic acid by Spodoptera littoralis larvae resulted in
significant increase of CAT gene expression. however, the co-treatment with
AKH reduced it back to the control level (Vecera et al., 2012). Also, the activity
of glutathione-S-transferase (GST) decreased significantly in the S. littoralis
larvae fed on tannic acid, and that returned to the control level after the co-
treatment with AKH (Vecefa et al., 2012). All these studies indicate that AKH is
somehow actively involved in the control of the SOD, CAT and GST in insects.

It has also been observed that AKHs can affect non-enzymatic OS markers
such as glutathione (GSH), protein carbonylation, lipid peroxidation or total
antioxidant capacity. For example, in L. decemlineata and P. apterus hemolymph,
the GSH level significantly increased (almost two-fold) after the AKH injection
but was significantly decreased (about 2 to 3 times) after the paraquat treatment
(Kodrik et al., 2007; Vecerfa et al., 2007). Nevertheless, co-injection of AKH with
paraquat resulted in the return of GSH content back to the control level. On the
other hand. a different effect was obtained in S. littoralis, where the GSH level
significantly reduced after tannic acid feeding, while the application of AKH
elicited no significant effect in intact insects and similarly, the same application
elicited no relevant effect in GSH level (Vecera et al., 2012). However, it is quite
possible that GSH alone (induced by AKH) could not be the one to confer
enhanced antioxidant capacity to the hemolymph.

Another important OS marker is protein carbonylation, during the stress
situation induced by chemical stressors such as paraquat, hydrogen peroxide,
tannic acid application, the level of the protein carbonyl significantly elevated in
insect hemolymph, but their co-injection with AKH returned the carbonyl levels
back to the control level. (Kodrik et al., 2007, Vecefa et al., 2007, Bednarova et
al., 2013b). In the same time, AKH injection alone (without any stressor) does not
affect the carbonyl levels to those below control values. This indicates that
possibly a stressor action 1s needed for AKH to exert its response by curbing
formation of carbonyls.

The list of AKH activities in its anti-oxidative response role also involves the
control of lipid peroxidation in the cell membranes (Bednafova et al., 2013a). The
level of lipid peroxidation significantly increased in P. apterus CNS after
incubation with hydrogen peroxide in vitro, while the incubation of CNS with
hydrogen peroxide and AKH reduced lipid peroxidation level (comparable to
control one). Interestingly, application of AKH alone reduced the lipid
peroxidation level to even below control values. It suggests a clear role of AKH
in inhibiting lipid peroxidation but the mechanism by which it exerts this effect is
unclear (Bednarova et al., 2013a).

Hence, all these results support that AKHs comprehensively control the anti-
oxidative response and suggest that there must be some other additional
mechanisms by which AKH acts to enhance antioxidant response.



1.2.2. Adipokinetic hormones and their interactions with insecticides

As mentioned above AKHs participate in the control of various stress
responses; they directly regulate or participate in response to stress factors. Severe
stress in insect body is primarily caused by the application of insecticides.
Requirements of the insects affected by them are essentially similar: insects must
activate their defense reactions and mobilize energy stores to eliminate or at least
to minimize the toxic impact of insecticides on physiological and other functions.

It has been found that application of several neurotoxic insecticides

(permethrin, endosulfan, malathion, pirimiphos-methyl and deltamethrin) on two
model insect species the firebug, P. aprerus (Kodrik and Socha, 2005; Kodrik et
al., 2010; Velki et al., 2011) and the red flour beetle, T. castaneum (Plav$in et al .,
2015) affected the AKH level in insect body. This clearly indicates the
involvement of this hormone into the activation of protective mechanisms against
the toxic stress. However, the co-application of AKH and toxins, topically or by
injection, surprisingly enhanced the toxin efficacy in the insect body. This result
seems to be illogical at first glance, but they are documented by a set of the above-
mentioned papers (reviewed by Kodrik et al., 2015b). The mechanism of this
synergistic action is not known in detail; however, we have hypothesized that
AKHs might intensify the toxin action by accelerating metabolite exchange rates,
which has been documented by both increased carbon dioxide production, and by
the penetration of toxins into tissues (Kodrik et al., 2015b). Thus, the intensity of
the defence reaction is counter-productive and is subsequently fatal for insects.

There is an intensive effort to utilize insect neurohormones as biorational
pesticides to reduce the number of chemical insecticides, to increase the efficacy
of protection of plants and stored products, and to protect the environment
(Borovsky and Nauen, 2007; Gade and Goldsworthy, 2003; Verlinden et al.,
2014). It seems that especially AKHs might be a good basis for further research
(Kodrik et al., 2015b).

1.2.3. Adipokinetic hormones and their interactions with immune response
The involvement AKH in the insect immunity was firstly documented in L.
migratoria (Goldsworthy et al. 2002a), the prophenoloxidase (ProPO) cascade in
the hemolymph was activated after laminarin (an algal-derived immunogen fairly
typical of the B-1,3-glucans present in fungal cell walls) injecting, and this
activation was prolonged when Locmi-AKH-I was co-injected with the
immunogen. Furthermore, the injection of bacterial lipopolysaccharide (L.PS)
from Escherichia coli did not enhance the phenoloxidase activity in the
hemolymph but induced the formation of nodules. On the other hand, co-injection
of Locmi-AKH-I and LPS increased the number of nodules being formed and
activated also the ProPO cascade (Goldsworthy et al ., 2003a, b). Additionally, co-
injected AKH with conidia of Metarhizium anisopliae (by a topical application)
or Bacillus megaterium (by injection) enhanced the mortality of locusts
(Goldsworthy et al., 2005). Other studies detected changes in AKH receptor
expression upon immune or heat challenges, suggest that the receptor does play a



role in physiological processes (Wang et al., 2012; Mayack et al 2015; Bordier et
al., 2017).

Recently, it has been shown that AKH interacts also with a reaction induced
by s venom from the parasitic wasp Habrobracon hebetor (Shaik et al., 2017).
This venom elicits complete neuromuscular paralysis in insects (Beckage and
Gelman, 2004; Slama and Luka3, 2011), and strongly suppresses cell and humoral
immunity (Kryukova et al.. 2007, 2011; Pennacchio et al., 2014). Both actions
aim to immobilize the host (“a living can’) and suppress its defense immune
response, providing optimal conditions for the laid eggs and for the new
generation of H. hebetor. Venom components interact with receptors on the
presynaptic membranes of neuromuscular junctions, probably blocking
glutaminergic transmission (Slavnova et al., 1987, Pennacchio and Strand, 2006).
Studies on the cellular and humoral immune responses of insects parasitized by
H. hebetor are scarce (Hartzer et al., 2005). Nevertheless, venom components
might have a potential function in targeting the two major host defense effectors,
i.e., phenoloxidase cascade, and coagulation (Beckage and Gelman, 2004,
Andrew et al., 2006). Phenoloxidase activity was suppressed in wax moth
Galleria mellonella larvae after venom application, but other components of the
cell and humoral immunity were also affected (Kryukova et al., 2011, 2015).

1.3. Entomopathogenic nematodes

Entomopathogenic nematodes (EPNs) are obligate parasites completing their
entire life cycle in insect hosts, which cause diseases and kill the insects (Shapiro
et al., 2006). They are mass- produced and marketed worldwide as biocontrol
agents for the control of a wide range of insect species of agricultural or medical
importance (Ehlers, 2011).

The main advantages and disadvantages of EPNs for control of insect pests
are (Shapiro-Ilan et al., 2012):

Advantages Disadvantages

- Broad pest insect host range - Cost of production

- Rapid speed of kill
- Actively seek or ambush host
- Mass in vivo and in vitro production
capability
- Possible to use conventional
application

equipment
- Safety for all vertebrates, most non-
target

invertebrates, and the food supply
- Little or no registration required

- Limited shelf-life and refrigerated storage
required

- Environmental limitations: requirements
for adequate moisture (to enable survival
and infectivity) and temperatures (above or
below that required for optimal infectivity),
sensitivity to UV radiation, lethal effect of
several pesticides (nematicides, fumigants
and others), lethal or restrictive soil
chemistries (high salinity, high or low pH,
ete.).

Like many other nematode parasites, EPNs live in symbiotic relationship with
bacteria that help them to kill host insects and bio-convert its tissues to produce
nutrients for emerging generations of EPN. In particular, the bacteria are found in




the gut of the infective juvenile (IJ) worms that are able to attack and invade
insects (Ciche and Ensign, 2003). EPNs have been described from 23 nematode
families (Koppenhofer, 2007), those belonging to the family’s Steinemernatidae
and Heterorhabditidae have received the most attention because they possess
many of the attributes of effective biological control agents (Kaya and Gaugler,
1993; Grewal et al., 2005; Koppenhofer, 2007). These two nematode families
carry symbiotic Xenorhabdus and Photorhabdus bacteria, respectively, which are
also pathogens of insects. The mutualistic relationship between nematodes and
their bacteria is not obligated, as nematodes can kill the host in the absence of
their mutualistic bacteria (Herbert and Goodrich-Blair, 2007, Waterfield et al.,
2009).

The general characteristics of the life cycles of these nematodes are relatively
similar. EPNs complete most of their life cycle within the insect body with an
exception of IJs, the only free-living stage found in soil. The s are able to survive
in soil and are required for successful infection of insect hosts (Goodrich-Blair,
2007; Waterfield et al. 2009). The infection starts with a search for the hosts,
followed by the attachment of the nematodes to the cuticle and penetration
through natural openings (mouth, anus, spiracles, and tracheae). Then both the
nematode and bacteria must overcome the host’s natural barriers — including the
peritrophic membrane, intestinal wall and adjacent tissues and invade the insect
hemocoel to become established in the hemolymph.

Inside the host, the nematodes finish development into adult hermaphrodite
worms and start to lay eggs, which hatch and develop through four larval stages
into the next generation of adult nematodes. The cycle continues, reproducing two
to three generations before forming the [J stage when the food is depleted within
the insect cadaver. After that 1J nematodes emerge from the insect carcass into the
soil to seek new suitable hosts (Silva et al., 2002; Waterfield et al., 2009). Within
the life cycle, the nematodes release their symbiotic bacteria which rapidly
multiply and kill the host within 2-3 days (Krecek and Waller, 2006) by secretion
of several toxins and virulence factors that cause septicemia in the midgut and fat
body tissues.

Under optimal laboratory conditions, approximately 100 000 1J nematodes
can be produced from a single 1J infecting an individual insect. Owing to their
complex life cycles and close association with the virulent bacterial pathogens
Photorhabdus and Xenorhabdus, the Heterorhabditis and Steinernema nematodes
are used in basic research providing a fascinating model for the study of insect
immunity and disease progression, bacterial pathogenicity/symbiosis and
nematode parasitism (Eleftherianos et al.. 2010).

Insect hosts defend themselves against the invasion by EPNs with highly
potent cellular immune (include phagocytosis and encapsulation) and humoral
immune (include inducible anti-microbial peptides, cell adhesion molecules,
lysozymes, lectins and the ProPO system) responses to eliminate or reduce an
infection (Castillo et al., 2011). These responses locally, systemically and together
contribute to protection against attacks by foreign microorganisms (Uvell et al.,
2007).



EPNs and their symbionts employ various strategies to actively destroy or
manipulate immune insect defense mechanisms (Gotz et al., 1981). The whole
complex produces virulence factors which are mostly proteases (Li et al.. 2007),
phenoloxidase inhibitors and toxins that interfere for example with phagocytosis
(Sicard et al., 2008; Hao et al., 2008). The secreted proteases facilitate EPN
penetration into the host hemocoel and counteract the insect defense system (Kaya
and Gaugler, 1993). Additionally, EPNs can escape insect defenses due to surface
proteins and lipids (Brivio et al., 2004), which are not recognized by insect
defense cells thanks to secreted chymotrypsin proteases. Those proteases are also
able to destroy antibacterial peptides, expressed by insects in response to
parasitism (Gotz et al., 1981). Another strategy by EPN symbiotic bacteria has
been found to evade the cellular immune response by killing hemocytes and by
employing mechanisms that suppress key cellular responses in insects
(Eleftherianos et al. 2010).

Immune evasion strategies of parasites can be divided into three main groups:

A. Anatomical seclusion: involves the migration of the parasites to host tissues
where they can avoid immune reactions, such as encapsulation by hemocytes.

B. Camouflage strategy: involves the production of mimicking molecules or the
sequestration of immune factors from the host hemolymph. These molecules
are deposited onto the body surface of the parasite and help to avoid
recognition and induction of host immune responses.

C. Interference strategy: involves the suppression, disruption or modulation of
host immune defenses (humoral or cellular) by the parasite.

1.4. Immune response in insects

In general, animal immunity can be divided into innate and adaptive. The
innate immunity is characterized as a general or nonspecific immune response
which is conserved across all organisms, including insects and responds similarly
against a repeated challenge (Medzhitov and Janeway, 2000). The innate
immunity is the first line defense that can act fast and often effectively to control
and eliminate pathogens such as bacteria, viruses, fungi, protozoans and parasites.
The adaptive immunity is characterized by two key traits. First, it can remember
the pathogen it has received before, thus, the defense response can be quicker
during a subsequent infection. Second, it 1s able to mount a stronger defense,
which 1s highly specific and contains mechanisms targeting to a particular
microbe during a new encounter, suggesting that the defense is specific to that
elicitor (Litman et al., 2010). Insects lack an adaptive immune system and rely
only on innate immunity. The innate immune response in insects is more complex
and involves mechanisms such as physical barriers, cellular responses, and
humoral responses (Miiller et al., 2008).

Physical barriers that prevent the entry of pathogens include integument,
peritrophic membrane and trachea. Integument or exoskeleton, the external
surface of an insect, is a chitinous, hydrophobic material, ectodermal in origin,
formed by a single layer of cells covered by a multilayered cuticle (Ashida and
Brey, 1995). Integument represents a significant barrier to insect pathogens.



The peritrophic membrane layer is permeable to nutrients and enzymes, made
of chitin and glycoprotein that lines the insect midgut. It affords physical
protection to the delicate midgut epithelium against abrasive food particles and
digestive pathogens (Richards and Richards, 1977, Peters, 1992).

The spiracles and the whole tracheal system are one of the most important
potential sites of the pathogen's entry into an insect host (Doucet et al., 1998).
This route i1s commonly used by nematodes and bacterial and fungal spores.
Despite the potential ease of entry via this route, there is very little information
about how Insects avoid infection through it. However, there are studies showing
that the epithelium associated with the trachea is immunologically active (Tzou et
al., 2000) and that there are intimate spatial relationships between hemocytes and
trachea (Wigglesworth, 1965) suggestive of a defensive role.

Humoral and cellular immune responses in insects are induced after
microorganisms entering these barriers to their hemocoel; the fat body and
hemocytes are mostly responsible for the response initiation (Medzhitov and
Janeway, 1997). Upon infection of the hemocoel, cellular inmune responses are
involved almost immediately by nodulation, encapsulation, and phagocytosis;
external wounding is usually followed by clot formation (Sideri et al., 2007). On
the other hand, humoral responses are much slower; it takes usually hours than
this system is activated. Humoral responses include production of antimicrobial
peptides (Hoffmann, 2003), which are synthesized predominantly in fat body and
released into hemolymph (Shia et al., 2009), activation of ProPO that regulate
coagulation and melanization of hemolymph (Nappi and Vass, 2001), and
production of reactive oxygen and nitrogen species (Mavrouli et al., 2005).

1.4.1. Insect cellular immune response

Cellular defense responses in insects are well known for about 100 years. The
primary immune cells in insects are the hemocytes that are traditionally identified
by microscopic observations using morphological, histochemical and functional
characteristics. The most common types of circulating hemocytes reported in the
literature are prohemocytes, granular cells (granulocytes) that drive phagocytosis,
plasmatocytes that are involved in capsule formation, spherule cells
(spherulocytes) whose immune function remains unclear, and oenocytoids that
produce enzymes involved in the melanization cascade such as phenoloxidase
(Lavine and Strand 2002; Meister and Lagueux, 2003; Lamprou et al., 2007,
Strand, 2008). These hemocyte types are not present in all insect species.

The primary defense responses of hemocytes to pathogens are phagocytosis,
nodulation and encapsulation:

1.4.1.1. Phagocytosis

Phagocytosis is a complex process referring to the engulfment of microbes by
an individual cell. It requires expression of large numbers of genes, and it is
probably the oldest defense mechanism for rapid removal of dead cells during
infections, but also during metamorphosis or embryogenesis. Interestingly, in the
mosquito 4. aegypti and tobacco hornworm Manduca sexta, hundreds of bacteria
can be phagocytosed by hemocytes at any given time (Dean et al., 2004; Hillyer



et al., 2005). Phagocytosis involves actin filaments and can be blocked by
cytochalasin B (Scapagliati and Mazzini, 1994; Wago, 1991). Hemocyte
phagocytosis rate can be increased by factors of microbial origin such as glucans
and may also be stimulated by the ProPO-activating cascade (Johansson and,
Soderhall, 1992). Hemocytes phagocyte both biotic and abiotic targets like
bacteria, yeast, apoptotic bodies and synthetic beads or particles of India ink
(Yokoo et al., 1995; Hernandez et al.. 1999: de Silva et al., 2000b).

The hemocytes that phagocyte pathogens are reported to be phagocytic varies
among insect taxa, in Lepidoptera, Hemiptera and mosquitoes are the
granulocytes, while in the fruit fly Drosophila the plasmatocytes are the main
phagocytic hemocyte (Hillyer et al., 2003a, b; Hillyer and Strand, 2014; Honti et
al., 2014; Laughton et al., 2011; Strand, 2008). As a percentage of the overall
hemocyte population, the majority of hemocytes are phagocytic.

Digestion of microbes by phagocytic cells is an extremely complex, diverse
process, and it seems that several distinct molecular mechanisms regulate it.

1.4.1.2. Nodulation

Nodules are multicellular hemocytic aggregates that surround a large group
of bacteria. The whole mechanism is activated by hemocytes when the initial
phagocytic immune response is not sufficient. The nodulation process is
completed by covering with layers of flattened hemocytes to isolate bacteria from
the hemolymph; this is usually followed by melanization (Ratcliffe and Gagen,
1977, Satyavathi et al., 2014). In many insect species, this immune process is not
completely characterized, but certain molecules such as eicosanoids, ProPO or
dihydroxyphenyl alanine (DOPA) decarboxylase also participates (Sideri et al.,
2007).

1.4.1.3. Encapsulation

Insects also express an additional form of cellular immunity to invasion by
pathogens larger than bacterial cells, such as eggs or larvae of parasitic wasps
(parasitoids), protozoa, and nematodes, by surrounding them within multiple
hemocytes (Nappi et al., 1995). The hemocytes usually involved in encapsulation
are granulocytes and plasmatocytes in Lepidoptera, but in Drosophila, the cells
involved are plasmatocytes and lamellocytes (Russo et al.. 1996). Hemocytes are
surrounding to their target and forming a multiple layer capsule around the
invader, which 1s usually followed by melanization (Nappi and Ottaviani, 2000).
Inside the capsule, the encapsulated organism almost always dies by the local
production of several factors including asphyxiation, reactive cytotoxic products
and antibacterial peptides (Carton et al., 2009).

1.4.2. Insect humoral immune responses

There is considerable overlap between humoral and cellular defenses in
processes like the recognition of invading pathogens such as bacteria, fungi and
viruses. Insect humoral immunity involves processes like activation of enzymatic
cascades that regulate coagulation and melanization of hemolymph, production of
reactive oxygen and nitrogen species (Gilespie et al., 1997; Bogdan et al., 2000;
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Nappi and Vass, 2001; Hoffmann, 2003; Mavrouli et al., 2005), and the secretion
of antimicrobial peptides (Hoffmann, 2003)). Due to the complexity of the insect
humoral immunity just the antimicrobial peptides (AMPs) will be referred in
detail.

1.4.2.1. Antimicrobial peptides

Production of AMPs is highly inducible: their rate of synthesis is multiplied
upon a microbial infection, and their level in hemolymph raises sharply, while in
uninfected animals the AMP level is practically undetectable (Zasloff, 2002; Bulet
et al., 2004). AMPs are mainly synthesized and expressed by the fat body, and to
a lesser extent by the hemocytes, integument, gut, salivary glands and
reproductive structures (Marmaras and Lampropoulou, 2009; Jiang et al., 2010).
In insect species, over 150 AMPs have been found, isolated and identified (Yi
etal., 2014). The first antimicrobial protein that has been characterized was the
lysozyme in . mellonella. Most AMPs are small, cationic proteins able to
degrade bacterial cell wall peptidoglycans of gram-positive bacteria. They also
show some activity against gram-negative bacteria and against some fungi leading
to disruption and cell death (Chapelle et al., 2009; Wang et al., 2009).

Insect AMPs can be classified based on their structure or function. They are
divided to three major structural classes a) linear u-helical peptides without
cysteine residues (e.g. cecropin and moricin), b) peptides with a -sheet globular
structure stabilized by intramolecular disulfide bridges (e.g. insect defensin and
drosomyein), and ¢) peptides that contain unusually high numbers of specific
amino acid residues, such as proline (e.g. apidaecin, drosocin, and lebocin) or
glycine (e.g. attacin and gloverin) (Bulet et al., 2004; Bulet and Stocklin, 2005;
Wiesner and Vilcinskas 2010). The functional classification of insect AMPs tends
to be based on the target pathogen range rather than any specific mechanism of
action. Some AMPs have a broad range, whereas others show varying degrees of
specificity towards gram-positive or gram-negative bacteria, fungi, parasites and
even viruses (Pretzel et al., 2013). Even AMPs from the same class, but different
insect species may have activity against different microorganisms depending on
its binding ability to the microorganism (Yiet al., 2014).

Recently, huge progress has been made in the study of the natural immunity
of insects by using the fruit fly as a model organism. Together seven antibacterial
peptides have been identified here: cecropin, attacin, defensin, drosocin,
diptericin, metchnikowin and also drosomycin (Lemaitre and Hoffmann, 2007).
Toll and immune deficiency signaling pathways which regulate Drosophila AMP
genes have been well studied.
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1.4.2.2. Role of adenosine in defense reactions

Adenosine plays an important role in physiological regulation both inside and
outside the cell of vertebrates and invertebrates. It is a purine nucleoside, derived
primarily from the dephosphorylation of adenine nucleotides (Fig. 1), a paracrine
and systemic signalling molecule of metabolic imbalance.

HO

HO

Fig. 1. Structure of adenosine

Adenosine accumulates extracellularly in response to cell damage. hypoxia,
parasitization or metabolic stress (Csoka and Hasko. 2011), by dephosphorylation
of ATP, ADP and AMP. The reaction is catalyzed by ecto-nucleoside triphosphate
diphosphorylases and by ecto-5'-nucleotidase. The adenosine concentration i1s
controlled by its conversion into inosine ( Yegutkin, 2008). Intracellular adenosine
is exported from cells via equilibrative nucleoside transporters through facilitated
diffusion that efficiently balances between the intra- and extracellular levels of
adenosine (Fig. 2).
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Fig. 2 Cellular adenosine production in response to hypoxia and medications. Adenosine
is produced extracellularly from the hydrolysis of adenine nucleotides (ATP, ADP and
AMP) by the ectoenzymes nucleoside triphosphate phosphohydrolase (NTPP or CD39)
and ecto-5 nucleotidase (CD73), whereas adenosine levels in the extracellular space are
reduced by cellular uptake via the extracellular nucleoside transporter (Entl) and
breakdown extracellularly to inosine by adenosine deaminase. Both methotrexate and
sulfasalazine diminish the activity of 5-aminoimidazole-4 carboxamide ribonucleotide
(AICAR) transformylase leading to accumulation of AICAR and reduction of its
metabolite formyl AICAR (FAICAR). Intracellular accumulation of AICAR leads to
increased ATP release into the extracellular space. Inosine monophosphate (IMP) is the
final product of de novo purine biosynthesis and can be converted further to adenine and
guanine nucleotides. Ultimately, much of the IMP is converted to ATP, which can be
released into the extracellular space as well (Cronstein and Sitkovsky, 2017).

According to its mode of action, adenosine is also considered to be a stress
‘hormone' comparable with typical hormones (Hasko, 2002). Adenosine is one of
the intercellular signals maintain homeostasis in tissues and organs, it is involved
in regulating energy metabolism, many physiological and pathological processes,
antioxidation, immune response, adipose tissue formation, and neural functions
(Jacobson and Gao, 2009). Adenosine regulates cellular functions by binding to
its receptors (AdoR) which belong to the G protein-coupled receptor (GPCR)
family (Fredholm et al., 2000; Csoka and Hasko, 2011). In D. melanogaster a
single AdoR has been identified; the receptor belongs to the stimulatory subclass
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of G proteins and its activation regulates intracellular cAMP (Dolezelova et al.,
2007; Kucerovaetal., 2012).

Moreover, during immune responses, extracellular adenosine released from
immune cells mediates a systemic metabolic switch leading to change the growth
of wing disc and energy storage, thus leaving a huge amount of energy is available
to use by the immune cells (Bajgar et al., 2015).

Thus, it is evident there are significant similarities between adenosine and
AKH. These similarities involve regulatory functions on physiological and
biochemical levels such as energy metabolism (mobilization of nutrients) but
include also neural functions, participation in immune response, and control of
physiology of adipose tissue and anti-oxidation stress reactions (Jacobson and
Gao, 2009; Zemanova et al., 2016). In addition, on a cellular level, both adenosine
and AKH signaling pathways overlap in employing identical pathways. For
example, GPCRs mediate both pathways through modulating cAMP production
(Park et al., 2002; Jacobson and Gao, 2009).

1.5. Vitellogenin

Vitellogenins (Vgs), are glycolipophosphoproteins, defined and well-
characterized as the predominant precursors of yolk proteins in insects and many
other oviparous animals. In most insects, Vg is produced extra-ovarially in the fat
body. From the fat body, they are transported via hemolymph, and then taken up
by the growing oocytes through receptor-mediated endocytosis against the
concentration gradient (Chapman, 1998). In ovaries, the Vg are transformed to
vitelline, the main nutritional reserve for the developing embryo (Chapman,
1998). Several studies revealed that Vg occurs also in males: the list of such insect
species includes also P. aprerus (Némec et al., 1993).

Most insect species synthesize only one or two types of Vg molecules that
comprise of several polypeptides with the total molecular weight ranging from
150 to 650 kDa. Vg synthesis is hormonally controlled at the transcriptional level.
The main stimulatory role is played by juvenile hormones, but in some species,
ecdysteroids are involved as well (Fig. 3). On the other hand, AKH inhibits
synthesis of the protein part of the Vg molecule directly in the fat body (Carlisle
and Loughton, 1986). In addition, change in Vg synthesis is also controlled by the
nutrient levels and mating status (Chapman, 1998).
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Fig. 3. Hormones influencing vitellogenesis in JH- and ecdysteroid dependent insects.
AKH: adipokinetic hormone; AST: allatostatin; AT: allatotropin; CA: corpora allata; CC:
corpora cardiaca; Ec: ecdysteroids; HTH: hypertrehalosemic hormone; ILPs: insulin-like
peptides; JH: juvenile hormone; OEH: ovarian ecdysteroidogenic hormone; TMOF:
tripsin-modulating oostatic factor; Vg: vitellogenin. Signs + and - indicate influence on
vitellogenesis (Belles and Maestro, 2005).

It is well documented that Vg have also other functions inside the insect body
such as control of caste differentiation process in social insects (Salmela and
Sundstrom, 2017), wound healing (Park et al., 2018), protection against OS
(Havukainen et al., 2013; Park et al., 2018), role in immunity (Singh et al., 2013;
Salmela et al., 2015), and life span regulation (Havukainen et al., 2013; Salmela
and Sundstrom, 2017). Several studies revealed that Vg molecules enhance the
immune response against bacterial infection by gram-positive and gram-negative
bacteria in the silkworm B. mori and honeybees A. mellifera (Singh et al., 2013).
In addition, the infection by the spores of the microsporidium Nosema ceranae
significantly up-regulated Vg expression in honey bee workers (BenVau and
Nieh, 2017; Sinpoo et al., 2018). Thus, Vgs seems to be important players in insect
immune response similarly as e.g. antimicrobial peptides.
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3. Objectives — The aim of the study

The main aim of this thesis was to investigate interactions between the
infection elicited by entomopathogenic, and adipokinetic hormones or
vitellogenin. Possible similarities between AKH and adenosine in the antistress
reaction were studied as well. For those various markers were monitored:
mortality, total metabolism, level of nutrients, level of AKH in CNS and
haemolymph, and anti-oxidative stress response. Comparison of the nematodal
and fungal infections was performed as well.

4. Results and conclusions
The results of this thesis are included in two published papers and in one
submitted manuscript.

Paper 1: Ibrahim E., Hejnikova M., Shaik H.A., Dolezel D., Kodrik, D. (2017)
Adipokinetic

hormone activities in insect body infected by entomopathogenic nematode. J.
Insect

Physiol. 98: 347-355.

This paper describes an AKH role in antistress reaction elicited by the
entomopathogenic nematode Steinernema carpocapsae infection in the firebug
Pyrrhocoris apterus adults.

The role of adipokinetic hormone (AKH) in the firebug Pyrrhocoris apiterus
adults infected by the entomopathogenic nematode (EPN) Steinernema
carpocapsae was examined in this study. It was found that co-application of EPN
and AKH enhanced firebug mortality about 2.5 times within 24 h (from 20 to 51%
in EPN vs. EPN + AKH treatments), and resulted in metabolism intensification,
as carbon dioxide production in firebugs increased about 2.1 and 1.6 times
compared to control- and EPN-treated insects, respectively. Accordingly. firebugs
with reduced expression of AKH receptors showed significantly lower mortality
(by 1.6 to 2.9-folds), and lower general metabolism after EPN + AKH treatments.
In addition, EPN application increased Akh gene expression in the corpora
cardiaca (1.6 times), AKH level in the corpora cardiaca (1.3 times) and
hemolymph (1.7 times), and lipid and carbohydrate amounts in the haemolymph.
Thus, the outcomes of the present study demonstrate the involvement of AKH
into the antistress reaction elicited by the nematobacterial infection. The exact
mechanism by which AKH acts is unknown, but results suggested that the
increase of metabolism and nutrient amounts in hemolymph might play a role.
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Paper 2: Ibrahim E., Dobes P., Kunc M., Hyr3l P,, Kodrik D. (2018) Adipokinetic
hormone and adenosine interfere with nematobacterial infection and locomotion
in Drosophila melanogaster. J. Insect Physiol. 107. 167-174.

The role of AKH and adenosine in defense reaction against the nematode
Steinernema carpocapsae, and the effect of AKH and adenosine receptor
deficiency on Drosophila locomotion was studied in this paper.

This study examined how adipokinetic hormone (AKH) and adenosine affect
defense responses in Drosophila melanogaster larvae infected with
entomopathogenic  nematodes (EPN, Steinernema  carpocapsae  and
Heterorhabditis bacteriophora). Three loss-of-function mutant larvae were
tested: AKH', AdoR' (adenosine receptor), and AKH' AdoR'. Mortality
decreased in all mutants post-EPN infection compared with the control (w'!'®).
Additionally, co-application of external AKH with EPN significantly increased
mortality beyond rates observed in EPN-only treatment, while also elevating
carbon dioxide production, a measure of metabolism. Furthermore, trehalose
levels increased in both w'''® and AKH' larvae post-EPN infection, but the latter
group exhibited a lower increase and total trehalose levels. Interestingly, baseline
trehalose was relatively high in untreated AdoR' and AKH' AdoR' mutants, with
levels remaining unaffected by infection. Infection also elevated hemolymph lipid
content overall, but the different mutations did not substantially influence this
change. In contrast, hemolymph protein content dropped after EPN infection in
all tested groups, but this decline was more intense among AKH'. In uninfected
larvae mutations decreased anti-oxidative capacity in AKH' and increased in
AdoR1, however, its post-infection increases were similar in all mutants,
suggesting that antioxidant response in Drosophila involves mechanisms also
beyond AKH and adenosine. Furthermore, AKH application in w!'''® Jarvae
significantly increased movement distance and percentage of larval activity, but
reduced velocity. Mutations of AKH and AdoR did not strongly affect
locomotion.
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Paper 3: Kodrik D, Ibrahim E., Gautam U. K_, Frydrychova R., Bednarova A,
Kristafek V., and Jedlicka P. Changes in vitellogenin expression caused by

nematodal and fungal infections in insects. J. Exp. Biol. (submitted for publication).

The role of vitellogenin in defense reaction against nematodal (Steinernema
carpocansae) and fungal (Isaria fumosorosea) infections was examined in this
study.

This study examined the expression and role of vitellogenin (Vg) in the body
of the firebug
Pyrrhocoris apterus (Heteroptera, Insecta) during the infection elicited by two
entomopathogenic organisms, the nematode Steinernema carpocapsae and the
fungus Isaria fumosorosea. Infection by S. carpocapsae significantly up-
regulated Vg mRNA expression in the male body. The corresponding increase in
Vg protein expression was also confirmed by electrophoretic and immunoblotting
analyses. Remarkably, in females, the tendency was opposite. Nematodal
infection significantly reduced both g mRNA and Vg protein expression levels
in fat body and hemolymph, respectively. We speculate that infection of
reproductive females reduces Vg expression to the level. which is still sufficient
for defense. but insufficient for reproduction. This circumstance reduces energy
expenditure and helps the individual to cope with the infection. Importantly,
purified Vg significantly inhibited the growth of Xenorhabdus spp., an
entomotoxic bacteria isolated from S. carpocapsae. However, the effect of Vg
against I. fumosorosea was not so obvious. The fungus significantly stimulated
Vg gene expression in males, however, a similar increase was not recapitulated on
the protein level. Nevertheless, in females, both mRNA and protein Vg levels
were significantly reduced after the fungal infection. The obtained data
demonstrate that Vg is likely an important defense protein, possibly with a
specific activity. This considerably expands the known spectrum of Vg functions,
as its primary role was thought to be limited to regulating egg development in the
female body.

In conclusion, the results of this thesis demonstrate the involvement of AKH
into the antistress reaction elicited by the nematobacterial infection in Pyrrhocoris
apterus and Drosophila melanogaster. On the other hand, the role of adenosine
in Drosophila model is smaller and somewhat unclear. Further, the results from
the last part of this study demonstrate an important role of Vg protein in defense
response against nematodal and fungal infections in firebugs® body. Taken
together, we believe that all these findings are academically interesting but also
contribute results that might be potentially useful in pest management strategies
in future: any natural agent able to intensify toxicity of both entomopathogenic
organisms and classical insecticides would be undoubtedly interesting for the
insect pest control and protection of the environment.
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The role of adipokinetic hormone (AKH) in the firebug Pyrrhocoris apterus adults infected by the ento-
mopathogenic nematode (EPN) Steinernema carpocapsae was examined in this study. It was found that
co-application of EPN and AKH enhanced firebug mortality about 2.5 times within 24 h (from 20 to
51% in EPN vs. EPN + AKH treatments), and resulted in metabolism intensification, as carbon dioxide pro-
duction in firebugs increased about 2.1 and 1.6 times compared to control- and EPN-treated insects,
respectively. Accordingly, firebugs with reduced expression of AKH receptors showed a significantly
lower mortality (by 1.6 to 2.9-folds), and lower general metabolism after EPN + AKH treatments. In addi-
tion, EPN application increased Akh gene expression in the corpora cardiaca (1.6 times), AKH level in the
AKH receptor corpora cardiaca (1.3 times) and haemolymph (1.7 times), and lipid and carbohydrate amounts in the
Metabolism haemolymph. Thus, the outcomes of the present study demonstrate involvement of AKH into the anti-
RNAi stress reaction elicited by the nematobacterial infection. The exact mechanism by which AKH acts is
Pyrrhocoris apterus unknown, but results suggested that the increase of metabolism and nutrient amounts in haemolymph
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might play a role.
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1. Introduction

Entomopathogenic nematodes (EPNs) are obligate parasites
that complete their entire life cycle in insect hosts, causing dis-
eases and ultimately killing their hosts (Shapiro-ilan et al., 2006).
Like many other nematode parasites, EPNs are symbiotic with bac-
teria that help them kill the host and use their tissues to produce
nutrients for the new EPN generation. These symbiotic bacteria
are particularly found in the gut of infective juvenile nematodes
that are able to attack and invade insects (Ciche and Ensign,
2003). One of the best-known groups of EPNs is that of the species
belonging to family Steinernematidae (Kaya and Gaugler, 1993;
Grewal et al., 2005; Koppenhdfer, 2007). This family carries symbi-
otic Xenorhabdus spp. bacteria that are also insect pathogens. The
mutualistic relationship between nematodes and their bacteria is
not obligate, as nematodes can kill the host in the absence of their
bacteria (Herbert and Goodrich-Blair, 2007; Waterfield et al.,
2009).

* Corresponding author at: Institute of Entomology, Biology Centre, CAS,
Branidovska 31, 370 05 Ceské Budéjovice, Czech Republic.
E-mail address: kodrik@entu.cas.cz (D. Kodrik).
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Insect hosts’ defence against EPN invasion relies on their pow-
erful immune responses at the cellular (e.g., phagocytosis, encap-
sulation) and humoral (e.g., inducible anti-microbial peptides,
lysozymes, lectins, prophenoloxidase system) levels to eliminate
or reduce the infection (Castillo et al., 2011). These responses con-
tribute locally, systemically and jointly to protect insects against
attacks by foreign microorganism (Uvell and Engstrom, 2007).

Although the effects caused by parasitoids on the hormone
development of their insect hosts have been described in numer-
ous papers (e.g., review articles Beckage, 1985:; Beckage and
Gelman, 2001), the interactions between the EPN infection and
insect (neuro)hormonal system are still unknown. Therefore, we
decided to study the role of adipokinetic hormones (AKHs) in the
insect model species the firebug Pyrrhocoris apterus (L.) under the
stress conditions elicited by EPN infection. AKHs are good candi-
dates for mediating the hormonally controlled defence system
responding to EPN infection. They belong to the AKH/RPCH
(adipokinetic hormone/red pigment concentrating hormone) pep-
tide family, and are synthesized, stored, and released by neurose-
cretory cells in the corpora cardiaca, a neuroendocrine gland
connected with the brain. AKHs comprise eight to ten amino acids
(Gide et al., 1997) and their signal transduction at the cellular level
is well documented for the fat body (see Gdade and Auerswald,
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2003). AKH functions resemble those of mammalian glucagon (Bed
narova et al, 2013a): these peptides behave as typical stress hor-
mones by stimulating catabolic reactions, mobilising lipids, carbo-
hydrates, and proline to provide energy (Giade et al,, 1997).
However, AKHs are pleiotropic, with a number of actions that boost
their main roles in energy metabolism (Kodrik, 2008). Among other
functions, these peptides stimulate heart beat (Scarborough et al.,
1984) and general locomotion (Kodrik et al., 2000), regulate
starvation-induced foraging behaviour in Drosophila sp. (Lee and
Park, 2004), participate in the activation of antioxidant mecha-
nisms (Kodrik et al., 2007, 2015a), enhance food intake and diges-
tive processes in insect gut (Kodrik et al., 2012; Bil et al., 2014;
Bodlaleova et al,, 2017), and interact with the humoral and cellular
immune systems (Goldsworthy et al., 2002a). All functions at the
cellular level are mediated by specific membrane-bound AKH
receptors, which are related to the vertebrate gonadotropin-
releasing hormone receptors and have been characterized in sev-
eral insect species, including Drosophila melanogaster and Bombyx
mori (Staubli et al., 2002; Park et al., 2002; Wicher et al., 2006).
The AKH receptors are also linked to a G-protein involved in either
adenylate cyclase or phospholipase C pathways (Cide and
Auerswald, 2003), or in both pathways (Bednarova et al., 2013b).

There is an intensive effort to utilize insect neurohormones as
biorational pesticides in order to reduce the amount of chemical
insecticides, to increase protection efficacy in plants and stored
products, and to protect the environment (Borovsky and Nauen,
2007; Gdde and Goldsworthy, 2003; Verlinden et al., 2014). Appar-
ently, AKHs or some of their physiological and biochemical func-
tions might also be suitable as biorational pesticides, as AKHs are
able to penetrate insects’ cuticle (e.g., Kodrik et al., 2002a; Lorenz
et al., 2004), Furthermore, recent studies revealed that the co-
application of AKH and insecticides, topically or by injection,
enhanced their efficacy in the insect body (Kodrik et al., 2010;
Velki et al., 2011; Plavsin et al., 2015; reviewed by Kodrik et al.,
2015b). Although the mechanism of this synergistic action is
unknown, it is hypothesized that AKHs might intensify insecticide
action by accelerating metabolite exchange rates, which has been
documented by both increased carbon dioxide production, and
the penetration of insecticides into tissues (Kodrik et al., 2015b).

The firebug P. apterus is an insect model organism in which
AKHs have been intensively studied (Kodrik, 2008; Kodrik et al.,
2015a). Its two AKHs, Pyrap-AKH (pGlu-Leu-Asn-Phe-Thr-
Pro-Asn-Trp-NHs; Kodrik et al, 2000) and Peram-CAH-II (pGlu-
Leu-Thr-Phe-Thr-Pro-Asn-Trp-NHz: Kodrik et al., 2002b), are well
characterised, and the cDNA sequences encoding them are known,
together with the amino acid composition of their pre-pro-
hormones (Kodrik et al., 2015c). Therefore, P. apterus is an excellent
model to explore the role of AKH signalling in defence
mechanisms.

The main goal of the present study was explore the putative
role of AKH in the processes elicited by EPN infection, and charac-
terize the impact of the infection in insect physiology. The effects
that the external application of AKH might have on EPNs infection,
and the hormones influencing it, were also studied.

2. Materials and methods
2.1. Experimental insects

A stock culture of the firebug, P. apterus (L.) (Heteroptera,
Insecta), established from wild populations collected at Ceské
Budgjovice (Czech Republic, 49° N), was used in the present study.
Larvae and adults of a common reproductive brachypterous morph
were kept in 0.5 L glass jars in a mass culture (approximately 40
specimens per jar) and reared at constant temperature of
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Fig. 1. P. apterus contains clear homologs of adipokinetic hormone receptor (Pyrap-
AKHR), corazonin receptor (Pyrap-CRZR) and AKHjcorazonin-related peptide
receptor (Pyrap-ACPR). Phylogenetic tree was obtained from RAXML 7.2.8 analysis
of protein sequences under LG + Gamma substitutional model. Bootstrap support
from 500 replicates is shown in% under each node. Receptors from Drosophila (CG),
Nillaparvata (NI_), Tribolium (Tc_), Bombyx (Bm_), Rhodnius (RPRC) and Tetranychus
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100

=

tetetur17g00970

100

0.6

a

[P
o
Tk
w
n @
£ 3 0.4
K w
o &
2 S 0.2- b b
- =
[}
00

Control iAkhr f#2 iAkhr f#3

Fig. 2. RNAI mediated knockdown of Akhr f#2 and Akhr f#3 gene expression. All
data were normalised using expression of rp49 gene. Statistically significant
differences among the groups at the 5% level evaluated by one-way ANOVA with
the Tukey’s post-test are indicated by different letters; bars = mean + 5D, n = 4-6.

26 + 1 °C under long-day conditions (18 h light: 6 h dark). They
were supplied with linden seeds and water ad libitum, which were
replenished twice a week. Freshly ecdysed adults were transferred
to small 0.25 L glass jars (females and males separately) and kept
under the same photoperiod, food and temperature regimes in
which they developed. To work with maximally uniform animals
and minimize influence of complex physiology (i.e. female’s ovar-
ian cycle), only 7-day old males were used for the experiments.

2.2. Entomopathogenic nematode Steinernema carpocapsae

The nematodes S. carpocapsae originating from Russia (strain
NCR), St. Petersburg were obtained by courtesy of Dr. Z. Mracek
(Institute of Entomology, Ceské Budéjovice). They were reared
under laboratory conditions using the last larval instar of Galleria
mellonelia (Lepidoptera, Insecta) as a host. The emerging infective
juveniles were harvested and subsequently stored in water at
4 °C for 30 days. Their viability was confirmed under a microscope

3gpefore experiments.
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Fig. 3. (A) The effect of entomopathogenic nematode S. carpocapsae (EPMN; 100 ind./
insect) and Pyrap-AKH treatment (AKH; 10 pmol) on mortality of P. apterus adults
(with normal Akhr expression) 24 or 48 h after the treatment. (B) The same effect on
P. apterus adults with reduced Akhr expression (controls = P. apterus adults with
normal Akhr expression). Statistically significant differences among the treatments
at the 5% level evaluated by one-way AMOVA with the Tukey's post-test are
indicated hy different letters; bars = mean + 5D, n = 4-5 groups with 20 individuals
in each.

2.3. Nematode and hormone treatments

Twenty P. apterus males were transferred in 200 ml glass jar
(5.5 cm dimeter, 12.5 cm height) containing one layer of tissue
paper soaked with the nematode suspension (100 individuals per
bug) and kept under long-day conditions of 26 + 1 °C. The effect
of nematode treatment on studied characteristics (see below)
was assayed in males 24 h post infection.

To determine mortality, five groups (each consisting of 20
males) for each experimental treatment were inspected 24 h and
48 h post infection.

Two P. apterus adipokinetic hormones, Pyrap-AKH (Kodrik et al.,
2000) and Peram-CAH-II (Kodrik et al.,, 2002b), commercially syn-
thesized by Dr. L. Lep3a from Vidia Company (Praha, Czech Repub-
lic) were used in this study. In some experiments a dose of 10 pmol
Pyrap-AKH (for details of the selected dose, see Kodrik et al., 2000)
dissolved in 2 ul 20% methanol in Ringer saline was injected
through the metathoracic-abdominal intersegmental membrane
into the thorax of the experimental firebugs kept in standard con-
ditions (see Section 2.1); control bugs were injected with 2 pl of
solvent only.

2.4. Metabolic rate measuring

A flow-through respirometry system was used to measure a
rate of carbon dioxide production of experimental firebugs. Air is
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Fig. 4. (A) The effect of entomopathogenic nematode 5. carpocapsae (EPN; 100 ind./
insect) and Pyrap-AKH treatment (AKH: 10 pmol) on carbon dioxide production in
P. apterus (control) adults 24 h after the nematode and/or 90 min after the Pyrap-
AKH treatments. The number above the column represents fold-difference of COz
production in the corresponding group as compared with Ringer saline treated
individuals. (B, C) The same effect on P. apterus adults with reduced Akhr
expression. Statistically significant differences among the experimental groups at
the 5% level evaluated by one-way ANOVA with the Tukey's post-test are indicated
by different letters; bars = mean # SD, n = 6-7.

at a flow rate 80 ml min ' into the LI-7000 CO5/H,0 analyser (LI-
COR Biosciences, Lincoln, NE, USA), which is interfaced with a com-
puter (for details see Kodrik et al., 2010), The individual bugs were
examined 24 h after the §. carpocapsae andfor 90 min after the
Pyrap-AKH treatments (significant peak of mobilization of metabo-
lites occurs 90 min after the AKH injection — see Kodrik et al.,
2002a) in 8 ml chambers (8 chambers were examined at a time)
for a period of 40 min; only living individuals were used for the
analysis. Data were analysed by the data-acquisition software
(Sable Systems, Las Vegas, Nevada, USA). The carbon dioxide pro-
duction (Vcpz) was calculated from fractional concentrations of
carbon dioxide going in (Fi) and coming out (FE) of the respirome-
try chamber using a formula according to Withers (1977) and
expressed in pl min~! bug~! units:

Vioz = (FEcoz — Flega) f

pushed through a chamber with the analysed insects in this systemgg  where fis the flow rate in pl min~ b
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Fig. 5. The effect of entomopathogenic nematode S. carpocapsae (EPN: 100 ind./
insect) treatment on (A) Pyrap-Akh gene expression, and (B) on total AKH amount in
P. apterus adult CNS 24 h after the treatment. Statistically significant differences
between the experimental groups and untreated controls at the 5% level evaluated
by Student's t-test are indicated by asterisks. The numbers above the columns
represent fold-differences of Pyrap-Akh gene expression (A) and AKH level (B) in the
EPN groups as compared with untreated controls; bars = mean + SD, n = 10-16.

2.5. AKHR sequence and phylogenetic analysis

BLAST-P search of P. apterus transcriptome was used to identify
AKHR candidates. Top ~ 25/50 hits where compared in phyloge-
netic analysis. Clear homologs of AKHR (GenBank acc. number
KY110360), CRZR - corazonin receptor - (GenBank acc. number
KY110361), and ACPR - AKH/corazonin-related peptide receptor -
(GenBank acc. number KY110362) were aligned as protein
sequences with corresponding receptors from Drosophila melano-
gaster, Tribolium castaneum, Bombyx mori, Tetranychus urticae
(Veenstra et al.,, 2012), Nillaparvata [ugens (Tanaka et al., 2014)
and Rhodnius prolixus (Ons et al., 2016) using MAFFT algorithm
(Geneious, Biometers). The alighment was controlled by eye and
ambiguously aligned regions were removed. The phylogenetic tree
was constructed with RAXML (LG model) in Geneious (Biometers).
Bootstrap support was retrieved form 500 replicates. The sequence
of AKHR open reading frame was confirmed by PCR and Sanger
sequencing.

2.6. Akhr RNAi

Expression of Akhr was knocked down by RNA mediated inter-
ference (RNAI) using a well-established RNAi approach (Bajgar
et al., 2013). To minimize off targeting, two non-overlapping frag-
ments knocking down Akhr expression were used independently.
First, Akhr fr#2 (446bp) and Akhr fr#3 (479 bp) were PCR-
amplified and cloned into pGEM-Teasy (Promega) and verified by
Sanger sequencing (see Tables S1 and S2 for primer sequences).
The inserts were PCR amplified with T7 primer and pGEM-RNAI,
a primer modifying SP6 sequence to T7 sequence (Urbanova
et al,, 2016, Table 52) and double-strand RNA (dsRNA) was synthe-
sized using T7 MEGAscript kit (Ambion) according to manufac-
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Fig. 6. The RP HPLC elution profiles of an prepurified extract of (A} 125 ul
haemolymph from (untreated) P. apterus adults, and (B) 175 pl of haemolymph
from adults 24 h after the treatment by S, carpocapsae (EPN; 100 ind./insect) (salid
lines), and profiles of a mixture of AKH standards (Pyrap-AKH - 100 pmol; Peram-
CAH-Il - 100 pmol) (dashed lines; joint retention time 6.53 min). The ELISA
determined level of AKHs (C) in HPLC pre-purified haemolymph (in the fractions
marked by the thick herizontal lines in A and B) from P. apterus adults. Statistically
significant difference between the EPN and control groups at the 5% level evaluated
by Student's t-test is indicated by asterisk. The number above the column
represents fold-difference of AKH level in the EPN group as compared with
untreated control; bars = mean £ 5D, n = 3-7.

turer's instructions. dsRNA fragments were purified by phenol-
chloroform and diluted in a Ringer saline o final concentrations
2 ugful. Two pl of dsRNA solutions were injected into two-day after
adult ecdysis P. apterus. Ringer saline served as a negative control.
Injected bugs were supplied with water only for following 24 h,
and thereafter kept with linden seeds and water for following
6 days. Sacrificed animals were snap frozen, total RNA was isolated
from the whole body, and the efficiency of RNAi knock down was
assessed from q-RT-PCR with Akhr-specific primers with rp49 serv-
ing as an internal control (see Table S3 for primer sequences and
2.7 for the methodology).

2.7. Quantification of Pyrap-Akh gene expression and Akhr RNAi
efficiency

Total RNA was isolated from the CNS (brain with corpora car-

37diaca) using RiboZol™ RNA Extraction Reagents (AMRESCO, LLC.



E. Ibrahim et al./ Journal of Insect Physiology 98 (2017) 347-355 351

Solon, Ohio, USA) following the manufacturer’s protocol. RNA iso-
lates were treated with TURBO DNA-free™ DNase (AMBION® by
Life Technologies™, Carlsbad, California, USA) to remove traces of
contaminant DNA. Reverse franscription was carried out using
the Superscript First-Strand Synthesis System for RT-PCR (Invitro-
gen) on 1 ug of total RNA with random hexamers. Relative tran-
script levels were measured by quantitative PCR using the iQ
SYBR Green Supermix kit and the C1000 Thermal Cycler (both
Bio-Rad). All measured transcripts were normalized to relative
levels of the ribosomal protein (rp49) mRNA as described previ-
ously (Dolezel et al,, 2007). Sequences of primers are listed in
Table S3.

2.8. AKH extraction from CNS and haemolymph

Central nervous system (CNS) containing the brain with corpora
cardiaca and corpus allatum attached was dissected from the fire-
bug head cut off from the body under the Ringer saline. The AKHs
were extracted from the CNS using 80% methanol, the solution was
evaporated in a vacuum centrifuge and the resulting pellet stored
at —20 °C until needed.

For determination of the endogenous AKH titre in the haemo-
lymph by competitive ELISA (see Section 2.9), some pre-
purification steps described in our previous paper (Goldsworthy
et al, 2002b) were essential. Briefly, haemolymph samples col-
lected from several dozens of firebugs by cutting off their antennae
(volumes 125 resp. 175 pl - see Fig. 6) were extracted in 80%
methanol and after centrifugation the supernatants were evapo-
rated to dryness. Then the pellets were dissolved in 0.11% trifluo-
roacetic acid, applied to a solid phase extraction cartridge Sep
Pak C18 (Waters), and eluted by 60% acetonitrile. The eluent was
analysed on a Waters HPLC system with a fluorescence detector
Waters 2475 (wave length ig, — 280 nm; gy - 348 nm) using a
Chromolith Performance RP-18e column (Merck), solutions A and
B (A - 0.11% trifluoroacetic acid in water; B - 0.1% trifluoroacetic
acid in 60% acetonitrile) and a flow rate 2 ml/min. Fractions eluting
between 5.8 and 7.5 min were subjected to competitive ELISA.
Retention times of the two Pyrrhocoris synthetic adipokinetic pep-
tides Pyrap-AKH and Peram-CAH-II were identical under the used
conditions - 6.53 min.

2.9, ELISA determination of AKH level

A competitive ELISA was used for determination of total AKH
content in P, apterus CNS (antibody dilution 1:5000, 0.5 CNS equiv.
per well, detection limit 20 fmol per well) and haemolymph (anti-
body dilution 1:1000, 25 pl haemelymph equiv. per well, detection
limit 14 fmol per well (unpublished data)) according to our proto-
col published earlier (Goldsworthy et al., 2002b).

Briefly, rabbit antibodies were raised commercially against
Cys'-Pyrap-AKH (Sigma Genosys, Cambridge, UK) and the resulting
antibody recognised well both the Pyrap-AKH and the Peram-CAH-
11. A biotinylated probe was prepared from Cys'-Pyrap-AKH using
Biotin Long Arm Maleimide (BLAM, Vector Laboratories, Peterbor-
ough, UK). The ELISA comprised pre-coating of the 96-well micro-
titer plates (high binding Costar, Corning Incorporated, Corning,
NY, USA) overnight with the antibody preparation in coating buf-
fer. After blocking (with non-fat dried milk), test samples were
added to specific wells, followed by the biotinylated probe, both
in an assay buffer. After the competition for the binding sites on
the antibody bound to the plates a streptavidin conjugated with
horseradish peroxidase solution (Vector Laboratories) diluted
1:500 in PBS-Tween was added to each well. All of the above men-
tioned steps were terminated by washing. Finally, the ELISA sub-
strate (3,3',5,5'-tetramethylbenzidine, Sigma Aldrich) was added

and then the reaction was stopped by adding 0.5 M sulphuric acidgg

The absorbance values were determined in a microtiter plate
reader at 450 nm. One row of each plate always contained a dilu-
tion series of synthetic Pyrap-AKH, which allowed the construction
of a competition curve and estimation of the AKH content of
unknown samples.

2.10. Spectrophotometric determination of nutrients

The level of lipids and carbohydrates was determined in the
firebug haemolymph 24 h after the S. carpocapsae treatment. To
do that the haemolymph samples were obtained from cutting
end of the antenna. Further, haemocytes were removed from the
samples by centrifuging at 13,000g for 2 min at 4 °C and 1 pl of
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Fig. 7. The effect of entomopathogenic nematode 5. carpocapsae (EPN; 100 ind./
insect) treatment on lipid (A), free carbohydrate (B) and trehalose (C) levels in P.
apterus adult haemolymph 24 h after the treatment. Both control firebugs and those
with reduced Akhr expression were used for the experiments. Statistically signif-
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supernatant per sample was used for determination of the
nutrients.

— Lipid determination - was done by sulpho-phosho-vanillin
method according to Zdllner and Kirsch (1962), as modified
for Pyrrhocoris by Kodrik et al. (2000). The optical densities at
546 nm, measured in a spectrophotometer (UV 1601 Shi-
madzu), were converted to ug lipids per pl haemolymph with
the aid of a calibration curve based on known amounts of oleic
acid,

— Free carbohydrate determination — the haemolymph supernatant
(1 ul) was diluted in 39 pl of distilled water and then used for
quantification of free carbohydrate level by the anthrone
method (Carroll et al., 1956) that was modified for Pyrrhocoris
by Socha et al. (2004).

— Trehalose determination - for trehalose quantification, the
reducing sugars were removed from the samples, and then tre-
halose itself was determined using the Trehalose assay kit,
{Megazyme) according to the manufacturer's instructions.
Briefly, 10 ul samples (1 ul haemolymph supernatant and 9 pl
water) were mixed with an equivalent volume of alkaline boro-
hydrate solution (10 mg/ml sodium borohydrate in 50 mM
sodium hydroxide) and incubated for 30 min at 40°C. Then,
the excess of borohydride was removed with 25 pl of 200 mM
acetic acid; 5 min later, 10 ul of 2 M imidazole buffer (pH 7.0)
was added to adjust the pH level in the sample to the neutral.
The trehalose level was determined in 27.5 ul samples using
the anthrone reagent as mentioned above for quantification of
free carbohydrates.

2.11. Data presentation and statistical analyses

The results were plotted using the graphic software Prism
(Graph Pad Software, version 6.0, San Diego, CA, USA). The bar
graphs represent mean + SD, the numbers of replicates (n) are
depicted in the figure legends. The statistical differences were eval-
uated by Student's t-test (Figs. 5-7) and one-way ANOVA with the
Tukey's post-test (Figs. 2-4) using the Prism software.

3. Results
3.1. AKH receptors in P. apterus

Because each insect species has numerous neurchormone
receptors, often similar in sequence, the unambiguous identifica-
tion of AKH receptor homolog in P. apterus was crucial. The phylo-
genetic analysis identified four clusters related to AKHR, three of
which were supported by high (>97) bootstrap values (Fig. 1).
One cluster consisted of corazonin receptors (CRZR), a single
Pyrap-CRZR, and one R. prolixus sequence; the second cluster com-
prised five T. urticae sequences with unclear ligands; the third clus-
ter grouped AKH receptors (AKHR), one Pyrap-AKHR, and one N.
lugens sequence, whereas the corresponding AKHR in R. prolixus
was missing; and the fourth cluster included AKH/corazonin-
related peptide receptors (ACPR) with one single Pyrap-ACPR.

3.2. RNAi mediated knockdown

To exclude off-target effects, two non-overlapping dsRNA frag-
ments were used to knockdown the expression of Pyrap-Akhr.
Injection of dsRNA fragment #2 (iAkhr fr#2) or fragment #3 (iAkhr
fr#3) resulted in a significant and similar efficient knockdown of
Akhr mRNA, which was approximately 20% of normal expression
level (Fig. 2).

3.3. The effects of EPNs and AKH on mortality and metabolism

The impact of Pyrap-AKH on the mortality rates due to EPNs
infecting P. apterus adults was evaluated. Initial tests revealed that
a dose of 100 S. carpocapsae individuals per P. apterus adult was
appropriate for the experiments. This dose elicited a mortality rate
around 20% within 24 h and above 70% within 48 h (Fig. 3A); lower
or higher doses were not suitable for the experiments as they
caused too low or too high mortalities, respectively. Mortalities
in the Ringer-treated control group and in the Pyrap-AKH-treated
experimental group were negligible or null (Fig. 3A), but the co-
application of EPNs and 10 pmol Pyrap-AKH injections increased
mortality by 2.5-folds (compared with EPNs alone), approximately
(from 20% to 51%) within 24 h; within 48 h, all experimental fire-
bugs treated with EPNs+Pyrap-AKH died (mortality = 100%).
Therefore, 100 S. carpocapsae per P. apterus individual and an
experimental time of 24 h were used as standard conditions in
the following experiments, if not specified otherwise. The mortal-
ity stimulation observed in the EPNs + Pyrap-AKH treatment was
further confirmed using firebugs with reduced Akhr expression
(Fig. 3B). Both Akhr knocked down groups showed a reduction in
mortality (by 1.6 to 2.9 folds) after EPNs and EPNs + Pyrap-AKH
treatments (within 24 and 48 h), in relation to corresponding con-
trol samples (with normal Akhr expression) (Fig. 3B).

The factors controlling the stimulatory Pyrap-AKH effect on the
EPN-induced mortality, how AKH interacts with infection
responses in the firebug body, and the mechanism by which AKH
increases the mortality induced by EPNs, were also explored. The
hypothesis regarding metabolism intensification after AKH injec-
tion resulting in a higher turnover of metabolites was tested, con-
sidering carbon dioxide production by experimental firebugs as
indicative of metabolism intensity. Although the application of
EPNs or Pyrap-AKH slightly increased carbon dioxide production,
and these were not significantly different from the Ringer-control
group (Fig. 4A), the co-application of EPNs + Pyrap-AKH led to a
significant increase in carbon dioxide production, which was about
2.1, 1.6 and 1.4 times higher than that in Ringer-control, EPNs trea-
ted or Pyrap-AKH treated groups, respectively (Fig. 4A). No carbon
dioxide production increase was observed after EPNs + Pyrap-AKH
co-application in firebugs with reduced Akhr expression
(Fig. 4B, C).

3.4. The effect of EPNs on Pyrap-Akh gene expression, and on AKH
amount in the CNS and AKH level in haemolymph

The EPN treatments are likely to cause a severe stress in P.
apterus, activating nervous and endocrine systems and the corre-
sponding biochemical and physiological responses. This theory
was evaluated based on Pyrap-Akh gene expression in the firebug
CNS, and by determining AKH amount in the CNS and AKH level
in haemolymph, using competitive ELISA tests (Figs. 5 and 6). A sig-
nificant increase in Pyrap-Akh gene expression (1.6-fold) and a
slight but significant increase (1.3-fold) of the AKH amount were
detected in the CNS, 24 h after infection (Fig. 5). The response in
haemolymph - prepurified by HPLC (Fig. 6A, B) and quantified by
ELISA (Fig. 6.C) - was similar, although slightly more intense, and
a significant increase in the AKH level (about 1.7-fold) was also
observed (Fig. 6C).

3.5. The effect of EPNs on haemolymph nutrient levels

Infection by EPNs and the subsequent release of natural AKHs
from the corpora cardiaca into the haemolymph might mobilise
available nutrients, primarily from the fat body. Indeed, the EPN
treatment elicited a significant increase of total lipid level in the

S@aemolymph (about 1.6-fold, Fig. 7A). A similar but slightly lower
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reaction was observed in firebugs with reduced Akhr expression
(Fig. 7A), and identical trends were obtained for free carbohydrates
in the haemolymph after the EPN infection (Fig. 7B). Remarkably,
trehalose was significantly mobilized after EPN infection in the
control group, but not in Akhr-knocked down groups (Fig. 7C).

4, Discussion

The co-application of AKH and several insecticides (permethrin,
endosulfan, malathion, pirimiphos-methyl, deltamethrin) has
recently been shown to dramatically increase the efficacy of insec-
ticides both in the non-pest insect species P. apterus and in the pest
Tribolium castaneum (Kodrik et al., 2010, 2015b; Velki et al., 2011;
Plavsin et al., 2015). Such treatments substantially increased mor-
tality (e.g., from 30% to 91.5% using endosulfan, Velki et al.,, 2011)
and changed several biochemical and physiological characteristics
such as total metabolism, total antioxidative capacity, and enzy-
matic activities, including those of catalase, glutathione-5-
transferase, or superoxide dismutase. The most important finding
of the present study is that the co-application of S. carpocapsae
and AKH significantly increased the mortality of firebug individu-
als and their metabolism. These findings were confirmed in fire-
bugs with reduced Akhr expression, treated with EPNs + AKH, in
which the mortality was significantly lower and metabolism was
not enhanced. Results also suggested that metabolism enhance-
ment elicited by EPN + AKH co-application (compared with appli-
cation of EPNs alone) in the control (AKHR-normal) group was
critical in the process: the higher metabolic turnover might have
intensified EPN and bacterial toxin penetration in cells and tissues,
and more effectively targeted biochemical and physiological activ-
ities in treated insect body. However, increasing metabolism might
also lead to faster toxin degradation, but this probably occurs too
late, after the toxic effects have been produced; therefore, this
mechanism, on its own, is not sufficient to lower mortality. On
the other hand, only a negligible effect of AKH alone on the firebug
metabolism was recorded. This is not so surprising, because
numerous examples exist to show that the effect of AKH in insect
body is manifested only in the presence of a stressor: anti-immune
response elicited by AKH in Locusta migratoria was activated only
in presence of immunogen (Goldsworthy et al., 2002a), positive
correlation between the hyperlipaemic effect of AKH and its stim-
ulation of locomotor activity was recorded in P. apterus only when
AKH was applied via injection but not when AKH was applied topi-
cally (Kodrik et al., 2002b), and finally the effect of insecticides and
AKHs on intensity of insect metabolism mentioned above (Kodrik
et al, 2010; Velki et al., 2011; Plaviin et al., 2015) also belong to
this category.

During infection, EPNs produce a variety of toxins in the host
body, which originate from both nematodes and symbiotic bacteria
(Sim@es et al., 2000; Duchaud et al., 2003). These toxins protect
nematodes from the host defence system, but ultimately, they kill
the host and transform its tissues into nutrients, which are avail-
able for the nematode progeny. Several key regulators and effec-
tors participate in insect responses to nematobacterial infection
(Wang et al., 2010; Hyr3l et al., 2011; Dobes et al., 2012; Vojtek
et al, 2014; Arefin et al., 2014), especially fast-reacting immune
factors and systems, such as those in the clotting cascade. Insects'
reactive metabolites, which are produced during oxidative stress
and modulated by AKHs (Krishnan and Kodrik, 2012), are other
potential factors playing an important role in the interaction
between insects and nematobacterial entomopathogens. However,
the details of this interaction are still unknown.

EPNs and their symbionts employ various strategies to actively
destroy or manipulate insect cellular and humoral immunodefence

response stages (Cotz et al., 1981). This involves the secretion of
several enzymes, including proteases (Li et al., 2007), phenoloxi-
dase inhibitors, and toxins that interfere with phagocytosis
(Sicard et al,, 2008; Hao et al., 2008). Secreted enzymes facilitate
parasite penetration into the host haemocoel and counteract the
insect defence system (Kaya and Gaugler, 1993), and are produced
by symbiotic bacteria (Forst et al., 1997) andfor nematodes (Jing
et al, 2010). Proteases, for example, are able to destroy the antibac-
terial peptides expressed by insects in response to EPN infection
(Gotz et al., 1981).

In the present study, P. apterus infection by S. carpocapsae sig-
nificantly increased the levels of lipids, free carbohydrates, and tre-
halose in the insect haemolymph (Fig. 7). The increase of these
basic energy molecules might have resulted from nematode or bac-
terial activities (e.g., from the release of digestive enzymes into the
host body), or might be a secondary reaction of the firebug body to
increasing AKH levels, or both., Mobilization of lipids and free car-
bohydrates was also observed in firebugs with reduced Akhr
expression, suggesting the direct activities of the pathogens. How-
ever, the total increase in the latter firebug groups was slightly
lower than that in the controls, indicating AKHs have a role in
the mobilization of lipids and free carbohydrates. Furthermore, P.
apterus is known to rely on lipids for energy (Kodrik et al., 2000)
and its mobilization of carbohydrates after AKH injection is negli-
gible (Socha et al., 2004). However, the extraordinary mobilization
of stored energy under the severe stress caused by EPN infection
cannot be excluded, and this might explain the fluctuations in tre-
halose levels. Nevertheless, the impact of this mobilization on total
nutrient level is apparently small because of relatively low level of
carbohydrates in the firebug haemolymph (Socha et al., 2005; this
study: see y-axis scales in Fig. 7A-C). The increased level of nutri-
ents (lipids) found during EPN infection might also explain the
increase of EPN-elicited mortality after the AKH treatment, as the
AKH-mobilized nutrients might enrich the haemolymph and pro-
vide high-quality substrate for the propagation of EPNs and their
bacteria, Similar reactions have been described by Goldsworthy
et al., 2005, and by Mullen and Goldsworthy (2006), who found
that injected AKH increased the mortality of the locust L. migrato-
ria, infected with the entomopathogenic fungus Metarhizium aniso-
pliae or with the living gram-positive bacterium Bacillus
megaterium.

Amounts of AKHs, which are usually measured in insect corpora
cardiaca, where the stress effect is rather variable, fluctuate under
stress conditions, and are probably species-specific and dependant
on the type of stressor. For example, application of hydrogen per-
oxide increased the AKH amount in the firebug CNS about 2.8
times (Bednafova et al.,, 2013c¢), while applying paraquat (an herbi-
cide deriving from 4,4'bipyridyl, which induces oxidative stress)
elicited no effect (Vecera et al., 2007). Nevertheless, the latter com-
pound doubled the AKH amount in the fruit fly D. melanogaster
CNS, although not affecting Akh gene expression (Zemanova
et al., 2016). Interestingly, a significant increase in Pyrap-Akh gene
expression after the nematode treatment was recorded in the pre-
sent study. In addition, the application of insecticides (Kodrik et al.,
2015b) and other toxins (Kodrik et al,, 2007) usually stimulated
AKH synthesis in insect CNS, although producing variable amounts
of the hormone. Furthermore, the above-mentioned stressors
always significantly up-regulated AKH in insect haemolymph.
These results support the assumption that AKH biosynthesis and
release coupling is weak or null (Diederen et al., 2002), which is
probably related to the large differences in AKH amounts between
the corpora cardiaca and the haemolymph: in P. apterus, for exam-
ple, these amounts differ about 200-folds (Kodrik et al., 2003).
Thus, AKH requirements in insect haemolymph are easily fulfilled
using AKH stocks without immediately affecting AKH synthesis. In

mechanisms, at the innate immune response or early-inducedqy the present study, infecting firebugs with S. carpocapsae increased
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the CNS AKH amount about 1.3 times and haemolymph AKH level
about 1.7 times, nevertheless, the absolute increase was much
higher in the CNS/corpora cardiaca (in pmols) than in haemolymph
(in fmols), regarding the above-mentioned relationships between
AKH level in CNS and haemolymph (Diederen et al., 2002; Kodrik
et al., 2003).

The important control exerted by AKHs in the general immunity
of insects was first described in L. migratoria (Goldsworthy et al.,
2002a), where injecting laminarin (p-1,3-glucan from fungal cell
walls) activated the prophenoloxidase cascade in the
haemolymph; this activation was even more intense when AKH
was co-applied with laminarin. Injecting a lipopolysaccharide from
Escherichia coli did not stimulate phenoloxidase activity in the
haemolymph, but elicited the formation of nodules; however, the
co-injection of the lipopolysaccharide and AKH resulted in the acti-
vation of the prophenoloxidase cascade and in the formation of a
higher number of nodules (Goldswaorthy et al,, 2003a,b), Still, it is
not known if the same responses occur when AKH is co-applied
with EPNs.

In summary, the present study demonstrated that the co-
application of S. carpocapsae and AKH significantly increased mor-
tality in the firebugs P. apterus, compared to the application of
nematodes alone, Although the mechanism underlying AKH action
is not known, results suggested that the increase in metabolism
and nutrient mobilization exerted by this hormone might play a
role. In addition, nematobacterial infection increased the amount
of AKH in the firebug CNS and haemolymph. Although we are far
from detailed understanding of AKH physiological or biochemical
mechanisms under stress situations at present, their intensive
study might bring interesting results potentially usable also in pest
management strategies.
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A‘iE“"SII“e Heterorhabditis bacteriophora). Three loss-of-function mutant larvae were tested: Akh', AdoR’ (adenosine re-
Drosophilu ceptor), and Akh' AdoR’'. Mortality decreased in all mutants post-EPN infection compared with the control
et oecid (w'11%), Additionally, co-application of external AKH with EPN significantly increased mortality beyond rates
Oxidative stress : : . i . %

I ocometion observed in EPN-only treatment, while also elevating carbon dioxide production, a measure of metabolism.

Furthermore trehalose levels increased in both w'''® and Akh’ larvae post-EPN infection, but the latter group
exhibited a lower increase and total trehalose levels. Interestingly, baseline trehalose was relatively high in
untreated AdoR! and Akh' AdoR! mutants, with levels remaining unaffected by infection. Infection also elevated
haemolymph lipid content overall, but the different mutations did not substantially influence this change. In
contrast, haemolymph protein content dropped after EPN infection in all tested groups, but this decline was
more intense among Akh’. In uninfected larvae mutations decreased antioxidative capacity in Akh' and in-
creased in AdoR’, however, its post-infection increases were similar in all mutants, suggesting that antioxidant
response in Drosophila involves mechanisms also beyond AKH and adenosine. Furthermore, AKH application in
w''¥ Jarvae significantly increased movement distance and percentage of larval activity, but reduced velocity.
Mutations of Akh and AdoR did not strongly affect locomotion.

1. Introduction 2005) or Akh mutations (Sajwan et al., 2015) significantly decrease
circulating carbohydrate levels. Likewise, in the firebug Pyrrhocoris
apterus, AKH injection significantly increases haemolymph lipid levels
(Kodrik et al.,, 2000). These hormones also stimulate heartbeat
(Scarborough et al., 1984), general locomotion (Kodrik et al., 2000),
food intake (Kodrik et al., 2012), gut digestion (Bil et al., 2014;
Bodldkovd et al,, 2017, 2018) and feeding behaviour (Lee and Park,

In insects, unfavourable stressors that disrupt physiological home-
ostasis activate defense responses, predominantly under the control of
adipokinetic hormones (AKHs). Part of the AKH/RPCH neuropeptide
family (Gide et al., 1997), AKH is approximately 8-10 amino acids in
size and its signal transduction pathway is well documented in the fat

body (Gide and Auerswald, 2003). Synthesis, storage, and secretion of
AKHs occur either in neurosecretory cells from the corpora cardiaca, a
neuroendocrine gland connected to the brain, or in corresponding
corpora cardiaca cells of dipteran ring gland. In some insect species,
AKHs have been found in the brain itself, suggesting a role in neuronal
signalling there (Milde et al., 1995; Kodrik et al., 2003, 2015a), al-
though unequivocal evidence remains lacking.

Although AKH function is pleiotropic, they are generally involved in
energy metabolism (Kodrik, 2008), specifically in catabolic reactions
that mobilize lipids, carbohydrates, and proline (Gade et al., 1997). In
Drosophila melanogaster, ablation of AKH-secreting cells (Isabel et al.,
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2004). Under certain conditions, AKH interaction with humoral and
cellular immune systems involves activating the prophenocloxidase
cascade and nodule formation (Goldsworthy et al, 2002, 2003).
Moreover, AKHs are involved in defense against oxidative stress
(Kodrik et al., 2007). Experiments have shown that AKHs restore an-
tioxidative stress reactions in insect tissues and in vifro organ cultures
that were experimentally stressed (reviewed by Krishnan and Kodrik,
2012; Kodrik et al., 2015b).

As mentioned above AKH plays a significant role in control of insect
skeletal and visceral muscles, and in general locomotion (Kodrik, 2008;
Lorenz and Gade, 2009). The first pioneer studies revealed that AKH
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injection stimulates frequency of spontaneous contractions of isolated
leg muscles in a locust, and frequency of heartbeat in the cockroach
Periplaneta americana (O'Shea et al., 1984; Scarborough et al., 1984;
Witten et al., 1984). Later on, the stimulatory effect of AKH on insect
locomotor activity has been documented in several insect species as P.
apterus (Socha et al., 1999; Kodrik et al,, 2000), Gryllus bimaculatus
(Lorenz et al., 2004) or P. americana (Wicher et al., 2006). In Drosophila
ablation of AKH producing cells by specifically expressed apoptosis
transgene, resulted in hypoactive adults (Isabel et al., 2005). Similarly,
flies without AKH-producing neurons, did not exhibit the increase of
locomotor activity recorded in starved control flies prior to their death
(Lee and Park, 2004); this suggests an AKH positive role in induction of
a foraging behaviour under the shortage of energy reserves.

Also important to insect stress response is the purine nucleoside
adenosine, a paracrine and systemic signalling molecule of metabolic
imbalance. Adenosine accumulates extracellularly in response to cell
damage, hypoxia, parasitization, or metabolic stress (Csoka and Haskd,
2011). Like AKH, adenosine is involved in regulating energy metabo-
lism, antioxidation, immune response, adipose tissue formation, and
neural functions (Jacobson and Gao, 2009; Kodrik, 2008; Zemanova
et al., 2016). Unsurprisingly given their overlap in function, adenosine
and AKH signalling pathways also overlap in composition. For example,
G-protein coupled receptors (GPCRs) mediate both pathways through
modulating cAMP production (Park et al., 2002; Jacobson and Gao,
2009).

Entomopathogenic nematodes (EPN) are parasites that form highly
pathogenic complexes with mutualistic bacteria. Upon infection, EPNs
release their associated bacteria into the insect body cavity, and both
components of the complex produce multiple toxins (Simoes et al.,
2000; Duchaud et al., 2003; Lu et al., 2017). These EPNs are thus a
useful stressor for examining insect defense response. Previously, we
identified several key regulators and effectors of response to nemato-
bacterial infection (Wang et al., 2010; Hyr3l et al., 2011; Arefin et al.,
2014; Jancafikova et al., 2017), but little is known about how these
factors interact with the insect endocrine system. Intriguingly, some
hints are available from data on insecticide efficacy. Topical application
(Kodrik et al., 2002) or injection of AKHs enhances insecticidal effects
(Kodrik et al., 2010; Velki et al., 2011; Plav$in et al., 2015; reviewed by
Kodrik et al., 2015c), possibly because AKHs accelerate metabolite
exchange that then causes faster insecticide penetration into tissues. A
lead-up study to this current work demonstrated in the firebug, P. ap-
terus that EPN infection increases AKH and modulates some biochem-
ical characteristics, such as a level of lipids, trehalose or free carbo-
hydrates (Ibrahim et al., 2017). Thus, if AKHs are overproduced in
response to highly stressful EPN attack, insects may actually experience
greater mortality.

The fruit fly model D. melanogaster is ideal for research on insect
defence mechanisms under EPN attack; the Drosophila AKH amino-acid
sequence is available (pGlu-Leu-Thr-Phe-Ser-Pro-Asp-Trp-NHa; Schaffer
et al., 1990) and suitable loss-of-function mutants are readily prepared.
Here, we used the fruit fly to verify our earlier findings (Ibrahim et al.,
2017), as well as expand our existing understanding of AKH and ade-
nosine function in defense against EPN. Furthermore, we studied how
AKH and adenosine affect Drosophila locomotion and whether there is
any overlap between these two signalling systems which remains un-
known so far.

2. Material and methods
2.1 Experimental flies

The fruit flies D. melanogaster were maintained in glass vials with
standard corn meal/yeast/sucrose/agar diet at 25°C and 12:12 L:D
cycles. All assays were carried out on larvae of the 3rd instar, 3-day
after the larval hatching at same temperature and light conditions. The
fly strains used in this study were as followings: (1) the controls w!!'#

45

Journal of Insect Phystology 107 (2018) 167-174

(Bloomington Centre); (2) Akh' mutant with a three bases deletion in
the Akh gene on the chromosome Il resulting in lack of the third amino
acid in AKH octapeptide (Sajwan et al., 2015); (3) AdoR’ mutant car-
rying the insertion of mini-white, w*™, in AdoR gene (Dole#al et al.,
2005); and (4) Akh' AdoR" double mutant carrying both the deletion in
the Akh gene and the w* ™ insertion in AdoR gene, which was prepared
by crossing of homozygous strains of mutants in the adenosine receptor
(AdoR?) and adipokinetic hormone (Akh’) and making a recombinant
(Zemanova et al., 2016).

2.2 Entomopathogenic nematodes

Two nematode species Steinernema carpocapsae and Heterorhabditis
bacteriophora with symbiotic bacteria Xenorhabdus nematophila and
Photorhabdus lurninescens, respectively, were used in the study.

The nematodes S. carpocapsae originating from Russia (strain NCR),
St. Petersburg and H. bacteriophora (strain H222) collected in
Pouzdiany, Czech Republic were kindly provided by Dr. Z. Mraicek
(Institute of Entomology, Ceské Budéjovice). They were reared under
laboratory conditions using the last larval instar of Galleria mellonella
(Lepidoptera, Insecta) as a host. The emerging infective juveniles of S.
carpocapsae were harvested and subsequently stored in autoclaved
water at 4 °C for 30 days in the dark. H. bacteriophora was kept at la-
boratory temperature and used 30 days after harvesting. Viability of
both nematode species was confirmed under a microscope before ex-
periments.

2.3 Nematode and hormone treatments

Application of D. melanogaster AKH (Drome-AKH): the hormone
(Vidia, Praha, Czech Republic) was applied by dipping of the experi-
mental larvae in Drome-AKH solution in 20% methanol (3 pmol per pl)
for a few seconds. The effect was evaluated 24 h after the treatment.

Application of nematodes: Drosophila larvae were infected with
entomopathogenic nematodes as described previously (Dobes et al.,
2012, Arefin et al., 2014). Briefly, nematodes were diluted by auto-
claved water to the concentration 100 and 25 infective juveniles (sui-
table sub-lethal doses) per 10yl for S. carpocapsae and H. bacteriophora,
respectively, and 10 pl of this suspension was soaked to the piece of
paper placed in wells of microtiter plate (96-well, flat bottom). In-
dividual Drosophila larvae were transferred to the wells where they
stayed in contact with nematodes, and the plate was covered by Par-
afilm®. Infection was conducted at 25 °C in the dark. Infected larvae
were scored after 24 h based on their specific coloration (yellowish or
reddish when infected with S. carpocapsae or H. bacteriophora, respec-
tively) and not responding to the prodding by forceps. Each experi-
mental group consisted of 48 Drosophila larvae and all experiment were
done in 3-8 repetitions which means at least 144 larvae per infected
group. Survived larvae were used for further evaluation of metabolic
changes.

2.4 Metabolic rate measuring

A flow-through respirometry system LI-7000 CO./H,0 analyser (LI-
COR Biosciences, Lincoln, NE, USA) was used to determine the carbon
dioxide production rate by the experimental larvae (Kodrik et al.,
2010). The measurement was based on the differences of CO, content
between the air sample passing through the reference, and the air
sample in each chamber containing experimental insects. The reference
chamber is used for the acquisition of baseline signal and for neu-
tralization of any possible variations in the system. The air was pushed
through the experimental chamber (volume 8 mL) at the flow rate of
~B80mL-min "', The larvae (five individuals per chamber, 4-8 cham-
bers per group) were examined for a period of 40 min. The data was
analysed by data acquisition software (ExpeData Software, Sable
Systemn, Las Vegas, Nevada, USA). The carbon dioxide production
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(Vepz) was calculated from fractional concentrations of carbon dioxide
going into (FI) and coming out of (FE) of the respirometry chamber
using an equation according to Withers (1977) and expressed in pL per
min ' mg ! units:

Veos = (FEgoz — Fleoes) f, where f is the flow rate in pL h~L

2.5 AKH extraction and level determination by ELISA

The larval heads containing central nervous system with the ring
gland attached were cut off and extracted in 80% methanol; the extract
was used for the determination of the AKH level using a competitive
ELISA as described in our previous paper (Zemanova et al., 2016).
Briefly, the 96-well microtiter plates (high binding Costar, Corning
Incorporated, Corning, New York) were pre-coated overnight with IgG
(anti Drome-AKH polyclonal antibody; a kind gift of Jan Veenstra,
Bordeaux University, France), dilution 1:10,000 in coating buffer. After
blocking with 3% BSA solution (bovine serum albumin) in dH,0, the
samples were added to specific wells, followed by the biotinylated
probe prepared from Drome-AKH using Biotin Long Arm Maleimide
(BLAM, Gln-Leu-Thr-Phe-Ser-Pro-Asp-Trp-Lys(Bio)-Gly-NH,;  Vidia,
Praha, Czech Republic), diluted in 1 mM PBS (phosphate-buffered
saline, pH = 7.5). After the competition for the binding sites on the IgG
bound to the plates a streptavidin conjugated with horseradish perox-
idase solution (Vector Laboratories, CA, USA), diluted 1:500 in PBS-
Tween was added to each well. Finally, the ELISA substrate (3,3',5,5"-
tetramethylbenzidine, Sigma Aldrich) was added and after the visuali-
zation the reaction was stopped by 0.5M sulphuric acid. The absor-
bance values were determined in a microtiter plate reader at 450 nm.
The known concentration of Drome-AKH was used as a standard which
allowed construction of a competition curve and estimation of the AKH
content in analysed samples. The detection limit of this ELISA test was
estimated from the standard curve to be about 15 fmol Drome-AKH per
well (data not shown).

2.6 Spectrophotometric determination of nutrients

The level of trehalose, lipids and proteins was determined in the
larval haemolymph 24 h after the S. carpocapsae treatment. For this, the
larvae were pierced by forceps, and haemolymph was taken from them
by gentle centrifugation. The haemolymph was diluted 3 times in po-
tassium phosphate buffer (50mM, pH 7.0), centrifuged (10,000g,
10min, 4°C) and 1 pl of supernatant per sample was used for de-
termination of the nutrients.

— Trehalose determination — for trehalose quantification, the reducing
sugars were removed from the samples, and then trehalose itself was
determined using the Trehalose assay kit, (Megazyme) according to
the manufacturer’s instructions. Briefly, 10 ul samples (1 pl haemo-
lymph supernatant and 9 ul water) were mixed with an equivalent
volume of alkaline borohydrate solution (10 mg/ml sodium bor-
ohydrate in 50 mM sodium hydroxide) and incubated for 30 min at
40°C. Then, the excess of borohydride was removed with 25 ul of
200 mM acetic acid; 5 min later, 10 pl of 2M imidazole buffer (pH
7.0) was added to adjust the pH level in the sample to the neutral.
The trehalose level was determined in 27.5pl samples using the
anthrone method (Carrol et al., 1956) that was modified by Socha
et al. (2004).
Lipid determination — was done by sulpho-phosho-vanillin method
according to Zollner and Kirsch (1962), as modified by Kodrik et al.
(2000). The optical densities at 546 nm, measured in a spectro-
photometer (UV 1601 Shimadzu, Japan), were converted to pg li-
pids per pl haemolymph with the aid of a calibration curve based on
known amounts of oleic acid.
— Protein determination — was done by Bicinchoninic Acid Protein
Assay Kit (Sigma Aldrich) (Stoscheck, 1990). One pl of haemolymph
supernatant was added to 400 pl of Ringer saline, and 10 pl sample
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was mixed with 300pl of bicinchoninic acid containing Cu-
S045H;0. The bovine serum albumin standard curve was used to
convert the optical densities of the samples measured at 562 nm to
g proteins.

2.7 Total anti-oxidative activity

This oxidative stress marker was determined in the whole body
extracts. The extracts were prepared by homogenization of the larval
bodies in potassium phosphate buffer (S0mM, pH 7.0) in ratio 3 pl
buffer per 1 mg fresh body weight. The homogenate was centrifuged for
10 min at 10,000g at 4 °C, supernatant diluted 10 times and used im-
mediately for the assay. The Antioxidant Assay Kit (Sigma Aldrich,
CS0790) with appropriate manufacturer protocols was employed.

2.8 Locomotor activity

Locomotor characteristics were monitored using the FIMTrack
method, which allows simultaneous tracking of Drosophila larvae. This
method is based on frustrated total internal reflection of infrared light.
The infrared light emitted by FIMTrack table travels through aecrylic
glass until it strikes Drosophila larvae and is reflected to camera with
infrared filter (Risse et al., 2017).

The activity of fly larvae was observed in round arena surrounded
with salt barrier, and with food in the middle according to Kunc et al.
(2017). Typically 8 parallel measurements, with 15 larvae per each,
were done for each larval group. Images were captured by Basler ace
acA2040-90uc camera in a dark room without any additional light
source except the built-in infrared light generated by the FIMTrack.
Images were captured with a frequency of 2 frames per second for 720 s
in the size of 1200 x 1200 pixels and processed in FIMTrack v2 Win-
dows software (downloaded from https://www,uni-muenster.de,/PRIA/
en/FIM/). All the fly tracks were at first processed automatically and
then manually verified. Measured characteristics included (1) the dis-
tance crawled by larvae in 720s, (2) the velocity of larval movement
and (3) the percentage of larval activity (go phase).

2.9 Data presentation and statistical analyses

The results were plotted using the graphic software Prism (Graph
Pad Software, version 6.0, San Diego, CA, USA). The bar graphs re-
present mean =+ SD, the numbers of replicates (n) are depicted in the
figure legends. The statistical differences were evaluated by one-way
ANOVA with Tukey’s post-hoc test (Figs. 1, 3-8) and by Student’s t-test
(Figs. 1, 2, 4 and 8) using the Prism software.

3. Results
3.1 Mortality and metabolism under nematobacterial infection

Infection with the EPN S. carpocapsae resulted in significantly lower
mortality among the three loss-of-function mutants compared with
w8 (Fig. 1). Mortality those mutants was also lower after EPN and
AKH co-application, although the difference was not significant among
AdoR' mutants. Further, EPN + AKH significantly increased mortality
by 1.3-1.8 fold in larvae compared with EPN application alone, with
highest increase among AdoR’. Infection with H. bacteriophora yielded
nearly identical results (Fig. 51), except that AdoR' mutants did not
experience a significant increase in mortality under EPN + AKH com-
pared with EPN-only treatment or w''’®, while Akh" AdoR’ double
mutants were the most strongly affected by H. bacteriophora and AKH
co-application.

Overall similarities in the above data led to the use of S. carpocapsae
for all subsequent experiments. ELISA results revealed that EPN only
negligibly increased AKH in w''’® larvae but significantly increased
AKH by 1.6 fold in AdoR’ (Fig. 2). As expected, the non-functional AKH
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Fig. 1. The effect of entomopathogenic nematode (EPN) S. carpocapsae and
Drome-AKH (AKH) on mortality of various D. melanogaster mutants 24 h after
the treatment. Statistically significant differences among the mutants at the 5%
level evaluated by one-way ANOVA with Tukey’s post-hoc test are indicated by
different letters (effect of mutation); differences between the experimental
groups (EPN vs. EPN + AKH) within the mutant (effect of treatment) at the 5%
level evaluated by Student’s t-test are indicated by asterisks. The numbers
above the columns represent fold-difference of mortality after treatments by
EPN with Drome-AKH as compared with the nematode infection only (effect of
AKH); n = 4-5, 48 larvae per group.
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Fig. 2. The effect of entomopathogenic nematode (EPN) S. carpocapsae on
Drome-AKH level in CNS (including the ring gland) of various D, melanogaster
mutants 24 h after the treatment. The levels of AKH in the mutants producing
deficient AKH — not recognised by used antibody against normal AKH — were
under the ELISA detection limit (15 fmol) therefore they were not included into
the statistics. Statistically significant differences between the EPN treatment
and corresponding untreated controls at the 5% level evaluated by Student’s t-
test are indicated by asterisks (effect of treatment); no significant differences
were recorded between the AdoR' mutant and w''"® control (both for treated
and untreated couples; again using Student’s t-test). The numbers above the
columns represent fold-difference of AKH level after treatments by S. carpo-
capsae as compared with untreated controls; n = 5-8.

of both Akh' mutants was undetectable with the ELISA antibody.

We next examined how EPN-only and EPN + AKH treatments in-
fluenced carbon dioxide production as a measure of total metabolism
(Fig. 2). (We did not test AKH-only treatments because we have already
demonstrated that this effect is not significant (Kodrik et al., 2010). We
found that EPN significantly decreased carbon dioxide production in all
larvae except AdoR’, whereas EPN + AKH significantly increased pro-
duction, This latter increase was higher in AKH loss-of-function mutants
(Akh': 3.4 fold, Akh' AdoR’: 4.8 fold), moderate in w''?® (2.6 fold) and
lowest in AdeR’ larvae (1.5 fold).

We also found that Akh' mutants had significantly lower, and AdoR’
and Akh' AdoR’ mutants significantly higher trehalose (main carbo-
hydrate in haemelymph) than w'!!® (Fig, 4), suggesting both AKH and
adenosine involvement in modulating trehalose content. After EPN in-
fection, w'’*® and Akh' larvae experienced a 1.9-fold and 1.6-fold sig-
nificant increase in trehalose, whereas AdoR' and Akh! AdoR' mutants

showed no such increase. Moreover, haemolymph lipids increased
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Fig. 3. The effect of entomopathogenic nematode (EPN) S. carpocapsae and
Drome-AKH (AKH) treatments on carbon dioxide production in the body of
various D. melanogaster mutants 24 h after the treatment. Statistically sig-
nificant differences among the mutants at the 5% level evaluated by one-way
ANOVA with Tukey’s post-hoc test are indicated by different letters according
to the following scheme: a — significance within the fly group (i.e. control vs.
EPN vs. EPN + AKH), a - significance within controls, A — SIGNIFICANCE
WITHIN EPN, A - SIGNIFICANCE WITHIN EPN + AKH; n = 4-8.
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Fig. 4. The effect of entomopathogenic nematode (EPN) S. carpocapsae on
trehalose level in haemolymph of various D. melanogaster mutants 24 h after the
treatment. Statistically significant differences among the mutants at the 5%
level evaluated by one-way ANOVA with Tukey’s posi-test are indicated by
different letters (effect of mutation); differences between the experimental
groups within the mutant (effect of treatment) at the 5% level evaluated by
Student’s t-test are indicated by asterisks. The numbers above the columns re-
present fold-difference of trehalose level after the treatment by S. carpocapsae as
compared with the controls; n = 3-8.
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Fig. 5. The effect of entomopathogenic nematode (EPN) S. carpocapsae on lipid
level in haemolymph of various D. melanogaster mutants 24 h after the treat-
ment, Statistically significant differences among the mutants at the 5% level
evaluated by one-way ANOVA with Tukey’s post-test are indicated by different
letters (effect of mutation); differences between the experimental groups within
the mutant (effect of treatment) at the 5% level evaluated by Student’s t-test are
indicated by asterisks. The numbers above the columns represent fold-differ-
ence of lipid level after treatments by S. carpocapsae as compared with the
controls; n = 4-5.
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Fig. 6. The effect of entomopathogenic nematode (EPN) S. carpocapsae on
protein level in haemolymph of various D. melanogaster mutants 24 h after the
treatment. Statistically significant differences among the mutants at the 5%
level evaluated by one-way ANOVA with Tukey’s post-test are indicated by
different letters (effect of mutation); differences between the experimental
groups within the mutant (effect of treatment) at the 5% level evaluated by
Student’s t-test are indicated by asterisks. The numbers above the columns re-
present fold-difference of protein level after treatments by 5. carpocapsae as
compared with the controls; n = 5.
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Fig. 7. The effect of entomopathogenic nematode (EPN) S. carpocapsae on total
anti-oxidant activity in body of various D. melanogaster mutants 24 h after the
treatment. Statistically significant differences among the mutants at the 5%
level evaluated by one-way ANOVA with Tukey’s post-test are indicated by
different letters (effect of mutation); differences between the experimental
groups within the mutant (effect of treatment) at the 5% level evaluated by
Student’s t-test are indicated by asterisks. The numbers above the columns re-
present fold-difference of total anti-oxidant activity after treatments by S. car-
pocapsae as compared with the controls; n = 5.

significantly post-EPN infection in all groups (Fig. 5). However, infected
and uninfected loss-of-function mutants differed only slightly from in-
fected or uninfected w'!® larvae in haemolymph lipid levels.

In contrast to haemolymph lipids, EPN infection significantly
dropped haemolymph protein levels, with the highest decline in Akh®
and Akh' AdoR’ (2.9- and 2.3-fold, respectively) (Fig. 6). Further, in un-
infected groups, Akh' had significantly higher haemolymph proteins,
while AdoR! haemolymph protein levels were significantly lower,
Among the infected groups the highest level was recorded in w!!8
larvae,

Both AKH and adenosine appear to be involved in EPN-induced
antioxidative stress response (Fig. 7). Prior to infection, Akh' and AdoR’!
had significantly lower and higher total antioxidative activity than
control, respectively, whereas Akh’ AdoR” did not differ from control.
After EPN infection, total antioxidative activity increased significantly
and similarly from un-infected levels across all groups.

3.2 Locomotion

We found that AKH treatment of w''?® larvae significantly increased
movement distance by 1.6-fold (Fig. 8A), despite a significant reduction
in movement velocity by 1.8-fold (Fig. 8B) because their go phase lasted
2.0 times longer than untreated w''*® (Fig. 8C). Similarly, AKH-treated
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Fig. 8. The effect of Drome-AKH (AKH) on locomotor characteristics of various
D. melanogaster mutants: movement distance (A), velocity (B) and go phase (C).
Statistically significant differences among the mutants at the 5% level evaluated
by one-way ANOVA with Tukey's post-test are indicated by different letters
(effect of mutation); differences between the experimental groups within the
mutant {effect of treatment) at the 5% level evaluated by Student's t-test are
indicated by asterisks. The numbers above the columns represent fold-differ-
ence of the locomotor characteristics after treatments by AKH as compared with
the controls. Each column represents 8 parallel measurements with 15 larvae
per each.

wf'f‘.'&

AdoR! mutants showed significant increase in movement distance and
go phase (1.3 and 1.5-fold, respectively), whereas velocity did not
change. Surprisingly, AKH treatment did not influence movement dis-
tance or velocity of Akh’ mutants; go phase duration was significantly
inhibited, but the decrease was relatively small, by only 1.3-fold. Fi-
nally, AKH treatment significantly reduced velocity and increased go
phase in Akh' AdoR' mutants, yielding the same movement distance. A
comparison of fruit flies untreated with AKH revealed that movement
distance was longer by 1.5 times in Akh' larvae than in w'''®, a dif-
ference accompanied by significant increase in go-phase duration and
reduction in velocity (1.4- and 1.3-fold respectively; Fig. 8).
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4, Discussion
4,1 Metabolic aspects

Infection by nematobacterial complexes represents a severe stressor
for the attacked host insect. Although AKHs are released as part of an
insect’s generalized defense response to pathogen attack (including
EPNs), the hormone’s function in activating energy-rich metabolic
substrates may occasionally do more harm than good. Our results in the
current study support this possibility; we demonstrated that AKH
treatment of EPN-infected Drosophila larvae exhibited significantly
higher mortality than infected larvae not subjected to AKH.
Additionally, Akh’ mutants experienced the lowest mortality post-EPN
infection among all fly groups. The current data are in line with our
previous study on P. apterus, showing that EPN and Pyrap-AKH co-ap-
plication increased mortality by 2.5-fold compared with mortality from
EPN infection alone; likewise, mortality was lower in AKH loss-of-
function firebug mutants (Ibrahim et al., 2017). Research from other
groups further corroborate these results: AKH treatment increased
mortality in Locusta migratoria infected with entomopathogenic Me-
tarhizium anisopliae or Bacillus megaterium (Goldsworthy et al., 2005).

Two factors provide a possible explanation for this phenomenon.
Firstly, EPN + AKH treatment increased total metabolism in fly larvae
as compared with the EPN alone treated larvae (documented by the
carbon dioxide production - see Fig. 3). In turn, this elevated metabo-
lism may intensify metabolite turnover, including EPN-released toxins.
Thus, these toxins can penetrate cells faster, increasing their negative
influence on insect physiological and biochemical functions. And those
might be even faster than any defense reactions of the body. Indeed, co-
application of AKH and insecticides actually increased the latter’s effi-
cacy in multiple insects (Kodrik et al., 2010; Kodrik et al., 2015¢; Velki
et al, 2011; Plavéin et al.,, 2015). The second way in which AKH ap-
plication may increase mortality is through the hormone’s ability to
mobilize nutrients (Mullen and Goldsworthy, 2006). Nutrient increase
in the haemolymph can spur pathogen proliferation, thereby increasing
virulence. Supporting this hypothesis, we observed that trehalose was
lowest in both infected and uninfected Akh' mutants, correlating with
their low mortality. Correspondingly, w’’'® exhibited the highest in-
crease in trehalose post-EPN treatment. These results accord with AKH’s
reported control of trehalose concentrations in Drosophila haemolymph
(Kim and Rulifson, 2004; Lee and Park 2004; Isabel et al., 2005).

However, the effect of EPN infection on haemolymph nutrients
beside trehalose appears to be more complicated. Lipid concentrations
increased uniformly post-EPN treatments in all mutants, suggesting that
AKH and adenosine likely do not play a critical role in lipid mobiliza-
tion. Several previous studies have also reported that AKH has little
effect on lipid levels in Drosophila haemolymph (Isabel et al. (2005;
Gélikova et al., 2015).

Interestingly, uninfected Akh’ mutants had the highest haemolymph
protein concentration, probably due to the known role of AKH in in-
hibition of protein synthesis (Carlisle and Loughton, 1986; Kodrik and
Goldsworthy, 1995). Upon EPN infection, protein content decreased
significantly in all tested flies, likely for three non-mutually exclusive
reasons. First, EPN-secreted products have high proteolytic activity to
allow digestion and subsequent use of host proteins (Toubarro et al.,
2009; Jing et al. 2010; Rougon-Cardoso et al., 2016). Second, low
haemolymph protein levels may reflect a massive anti-stress response
that employs numerous defense proteins. Finally, mutualistic bacteria
associated with nematodes establish their population quickly in an in-
fected host and eventually colonize all tissues (Ffrench-Constant et al.,
2003). Their presence and metabolism likely contributes to further
protein depletion in the haemolymph. Further studies are necessary to
provide empirical evidence of these possible explanations.

Despite similarities in function and signalling pathways (Park et al.,
2002; Jacobson and Gao, 2009; Zuberova et al., 2010), AKH and ade-
nosine do not appear to cooperate (Zuberova et al., 2010; Zemanovi
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et al., 2016), instead operating in parallel. Our results here confirm the
lack of interaction between AKH and adenocsine. Moreover, AKH’s role
in the various processes examined in this study appears to reflect the
hormone’s primary function, whereas effect of adenosine appears in-
direct, possibly derived from other functions related to biochemical and
physiological homeostasis.

4.2 Oxidative stress

Here, we demonstrated that AKH and, to a lesser extent, adenosine,
modulates antioxidative stress responses in EPN-infected Drosophila.
Our results are thus in line with the existing body of work showing that
AKHs in insects (including Drosophila) contribute to defense against
several reactive oxygen species that cause oxidative stress (paraquat,
hydrogen peroxide, tannic acid, Cry 3A toxin, insecticides) (Krishnan
and Kodrik, 2012; Kodrik et al., 2015b; Galikova et al., 2015; Zemanova
et al., 2016). Some evidence also exists to show that adenosine is in-
volved in the antioxidative stress response (Zemanova et al., 2016).
However, while Akh' and Akh’ AdoR’ mutants have the lowest level of
total antioxidant activity (before EPN infection), we also observed
slightly higher antioxidant activity in AdoR' mutant, suggesting an
ambiguous role of adenosine in anti-oxidative stress response. We also
found indirect evidence that more mechanisms beyond AKH and ade-
nosine must be involved in antioxidant defense because all experi-
mental groups experienced the same pattern of increase in total anti-
oxidant activity after EPN infection. This conclusion is in line with
previous work with the same mutants, suggesting complex systems
controlling antioxidative stress response in Drosophila (Zemanova et al.,
2016), including the involvement of glutathione S-transferase DI
(GstD1). In addition, reactive oxygen species (ROS) treatment increased
GstD1 expression in the following order:
w8 = AdoR! = Akh' = Akh' AdoR'. Thus, while both adenosine
and AKH are important for increasing antioxidant-related gene ex-
pression, the latter probably plays a more important role; this conclu-
sion is similar to our current findings. Surprisingly, actual GST enzyme
activity was unaffected by mutation (in Akh and AdoR) or ROS treat-
ment. Further, the antioxidant glutathione was significantly lower in
untreated Akh', AdoR’, and Akh' AdoR' mutant larvae than in un-
treated w'''® controls (Zemanovd et al., 2016).

4.3 Locomotor activities

Although AKH control of Dresophila locomotion has been previously
recorded (Lee and Park 2004; Isabel et al., 2005), in line with numerous
data on similar roles (muscle contraction, general locomotion) in other
species (O'Shea et al., 1984; Scarborough et al., 1984; Witten et al.,
1984; Socha et al., 1999; Kodrik et al., 2000; Lorenz et al., 2004), our
current data suggest that this function is less straightforward than
previously thought. We showed that AKH application does affect lo-
comotion (especially go phase duration) in w'!'® Drosophila larvae, but
when done to Akh! mutants, the effect on locomotion was negligible.
The possibility that AKH’s involvement in locomotion may be more
complex has also been suggested in several previous studies. For in-
stance, experiments that ablated AKH-producing cells in the corpora
cardiaca of Drosophila resulted in significant hypoactivity (Isabel et al.,
2005). Furthermore, starved flies without AKH-producing neurons did
not exhibit the increased locomotor activity of starved control flies (Lee
and Park. 2004). The data suggest that AKH's role in locomotion is to
induce foraging behaviour during energy shortage, other studies that
did not entirely ablate corpora cardiaca cells, but instead removed AKH
production, did not observe changes to Drosophila locomotion (Gélikova
et al., 2015). Further, no clear effect of adenosine on any of the loco-
motor activity has been recorded. We recommend that future studies
examine in more detail the various players of AKH (and/or adenosine)
signalling pathways controlling Drosophila locomotion, to obtain a
clearer understanding of a complex mechanism.
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In conclusion, our study demonstrated involvement of both AKH
and adenosine in Drosophila anti-stress responses against EPN infection.
Drosophila larvae experienced significantly higher mortality when AKH
was applied with EPN compared with the application of EPN alone. This
phenomenon is likely due to the AKH-triggered increase in metabolism
and energy rich metabolite levels. The decrease in haemolymph pro-
teins after EPN infection may have occurred due to EPN-associated
proteases or might reflect massive involvement of defense proteins in
anti-stress response. Moreover, while EPN infection caused oxidative
stress, the resultant antioxidative functions involved more mechanisms
than AKH and adenosine. Finally, while AKH application affected lo-
comotion, its exact role is not completely clear because AKH loss-of-
function did not alter locomotion accordingly. Likewise, adenosine
exerted very little influence on locomotion. To summarize, AKH exerts
an active influence on EPN-induced stress responses, whereas the role
of adenosine is smaller and somewhat unclear. Furthermore, the two
compounds act separately in Drosophila body. All these findings are
academically interesting but also contribute data that might be poten-
tially usable in pest management strategies in future: any natural agent
able to intensify toxicity of both entomopathogenic organisms and
classical insecticides would be undoubtedly interesting for the insect
pest control and protection of the environment.
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Summary statement
This study revealed changes in mRNA and protein expression levels of insect
vitellogenin caused by nematodal and fungal infections. Vitellogenin inhibited

growth of entomotoxic bacteria from the nematode Steinernema carpocapsae.

Abstract

This study examined the expression and role of vitellogenin (Vg) in the body of the
firebug Pyrrhocoris apterus (Heteroptera, Insecta) during the infection elicited by
two entomopathogenic organisms, the nematode Steinernema carpocapsae and the

fungus Isaria fumosorosea. Infection by S. carpocapsae significantly up-regulated
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Vg mRNA expression in the male body. The corresponding increase in Vg protein
expression was also confirmed by electrophoretic and immunoblotting analyses.
Remarkably, in females, the tendency was opposite. Nematodal infection
significantly reduced both Fg mRNA and Vg protein expression levels in fat body
and hemolymph, respectively. We speculate that infection of reproductive females
reduces Vg expression to the level, which is still sufficient for defense, but
insufficient for reproduction. This circumstance reduces energy expenditure and
helps the individual to cope with the infection. Importantly, purified Vg
significantly inhibited growth of Xenorhabdus spp., an entomotoxic bacteria
isolated from S. carpocapsae. However, the effect of Vg against 1. fumosorosea
was not so obvious. The fungus significantly stimulated Vg gene expression in
males, however, a similar increase was not recapitulated on the protein level.
Nevertheless, in females, both mRNA and protein Vg levels were significantly
reduced after the fungal infection. The obtained data demonstrate that Vg is likely
an important defense protein, possibly with a specific activity. This considerably
expands the known spectrum of Vg functions, as its primary role was thought to be

limited to regulating egg development in the female body.

Key words: insect, vitellogenin, infection, entomopathogenic nematode,

entomopathogenic fungus, antimicrobial activity

INTRODUCTION

Vitellogenins (Vgs), glycolipophosphoproteins mostly known and well-
characterized as precursors of yolk proteins, are involved in the reproduction in the
majority of oviparous animals. In insects, Vgs are typically synthesized in the fat
body, from where they are transported via hemolymph into growing oocytes. After
they enter the oocyte by endocytosis via specific receptors, Vgs usually undergo
some modifications, transforming into vitellins. Most insects produce only one or
two types of Vgs that comprise several subunits with the total molecular weight
ranging from 150 to 650 kDa. Vg production is hormonally controlled. It is known
for decades that juvenile hormone stimulates Vg synthesis in most insect species
(see Chapman, 1998). Furthermore, the termination of Vg synthesis is controlled

by adipokinetic hormone that inhibits the synthesis of the protein part of the Vg
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molecule directly in the fat body (Carlisle and Loughton, 1986). Besides this, Vg
production is controlled by the nutrient levels and mating status (Chapman, 1998).

Vgs are typically present in egg-laying females. However, low levels of Vgs
have been identified in males of several insect species, including the firebug
Pyrrhocoris apterus (Némec et al., 1993). Several recent studies suggested that V gs
play an important role not only in the reproduction, but also in other aspects of
insect biology, such as caste differentiation process in social insects, wound
healing, protection against oxidative stress, immunity, and life span regulation
(Havukainen et al., 2013; Singh et al., 2013; Salmela et al., 2015; Salmela and
Sundstrom, 2017; Park et al., 2018). Studies in the silkworm and honeybees
reported strong antibacterial activity of Vg against gram-positive and gram-
negative bacteria (Singh et al., 2013), showing that Vg bound to bacterial cells and
destroyed them. Vg was active even against Paenibacilus larvae, a gram-positive
bacterium infesting young honeybee larvae and causing a disease called the
American foulbrood, probably the deadliest bee brood disease worldwide (Salmela
etal., 2015). In addition, it has been reported that infection of honey bee larvae by
the spores of the microsporidium Nosema ceranae significantly up-regulated Vg
expression in workers (BenVau and Nieh, 2017; Sinpoo et al., 2018), and that bee
Vg interacted with the cell wall of the entomopathogenic fungus Beauveria
bassiana, eliciting membrane disruption and permeabilization. Furthermore, Vg
appears to induce trans-generational immune priming in bee queens, enhancing
immunity in their offspring by transporting pathogen-associated pattern molecules,
which are attached to Vg, into the eggs within queen ovaries (Sadd et al., 2005;
Salmela et al., 2015).

Oxidative stress is caused by the accumulation of reactive oxygen species
primarily produced within mitochondria as unavoidable aerobic metabolism by-
products (Beckman and Ames, 1998). The anti-oxidative response has evolved a
suite of defense mechanisms. involving both enzymatic and non-enzymatic
components (Fridovich, 1978) controlled by adipokinetic hormones in insects
(Krishnan et al.. 2007 Bednarova et al. 2013; Kodrik et al.. 2015). Vg plays an
important role in this process as it has been shown to elicit anti-oxidative protection
against oxidative stressors such as paraquat or hydrogen peroxide (Seehuus et al.,
2006; Park et al., 2018). It was proposed that anti-oxidative effect of Vg might be

a crucial mechanism that extends the life span of honey bee long-lived winter
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workers and queens, in which Vg is synthesized in high levels. However, exact
mechanisms of the anti-oxidative effects of Vg and hormones in insect body remain
unclear.

In the present study. we sought to examine Vg role in the defense against two
different entomopathogens: the nematode Steinernema carpocapsae and the fungus
Isaria fumosorosea. The nematode S. carpocapsae carries symbiotic Xenorhabdus
spp. bacteria that are toxic for insects (Simdes et al., 2000; Duchaud et al., 2003),
and the nematobacterial complex represents an efficient tool for insect killing
commonly used for insect pest control (Ehlers, 2003; Inman et al., 2012). Similarly,
the fungus I. fumosorosea, harbored by the horse chestnut leaf miner Cameraria
ohridella, plays a significant role in the biological control of many insect species
(Zimmermann, 2008).The main aim of the present study was (1) to examine
changes in Vg gene and protein expression upon the infection with
entomopathogenic nematode (EPN) and entomopathogenic fungus (EPF); (2) to
elucidate the role of Vg in insect body infected by EPN. and (3) to determine
whether Vg-mediated defense reaction in response to EPF, similar to that observed
in honey bees or silkworms (see above), is a common defense mechanism in

insects. In addition (4), we sought to explain the role of Vg in insect males.

MATERIAL AND METHODS

Experimental insects

A stock culture of the firebug P. apterus (L.) (Heteroptera), established from wild
populations collected at Ceské Budgjovice (Czech Republic, 49 <N). was used for
the present study. Larvae and adults of the reproductive (brachypterous) morph
were kept in 500 ml glass jars in a mass culture and reared at constant temperature
of 26 = 1°C under long-day conditions (18 : 6 h light : dark). They were supplied
with linden seeds and water ad libitum, which were replenished twice weekly.

Female and male adults were kept separately (Socha and Kodrik, 1999).

Entomopathogenic nematode Steinernema carpocapsae and the insect
treatment

The nematodes S. carpocapsae originating from Russia (strain NCR)., St
Petersburg were obtained by courtesy of Dr. Z. Mracek (Institute of Entomology,

Ceské Budégjovice). They were reared under laboratory conditions using the last
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larval instar of Galleria mellonella (Lepidoptera, Insecta) as a host. The emerging
infective juveniles were harvested and subsequently stored in water at 4°C for 30
days. Their viability was confirmed under a microscope before experiments.

For vitellogenin (Vg) experiments 7-day old males and 1 - 4-day old females
were treated individually with S. carpocapsae by injection into the hemocoel with
10 nematodes in 2 ul autoclaved water per individual; controls were injected by
autoclaved water only. The firebugs were transferred into the glass jars and kept
under the same condition as for the stock culture. Hemolymph of surviving
individuals was collected in 1 day after their infection and stored at -20°C until

used.

Entomopathogenic fungus Isaria fumosorosea and the insect treatment

The fungus /. fumosorosea isolate originating from the horse chestnut leaf miner,
Cameraria ohridella, Decka and Dimic (Lepidoptera, Gracillariidae) was obtained
by courtesy of Dr. A. Bohata (Agricultural Faculty, South Bohemian University,
Ceské Budgjovice). The strain is deposited under the number CCM 8367 as a patent
culture in the Czech Collection of Microorganisms in Brno (Prenerova et al., 2009).
The spore suspensions was prepared by scraping of 14-day old conidiospores into
the sterile solution of 0.05% (v/v) Tween®80 (Sigma-Aldrich). Suspension was
filtered through sterile gauze to separate the mycelium and clusters of spores. In
uniform suspension, the number of spores was counted with a Neubauer improved
chamber and subsequently the suspension was adjusted to concentration
1x107spores per ml. Conidial suspension (5 ml) was added to 100 ml potato
dextrose broth in 250 ml Erlenmeyer flask. After inoculation, Erlenmeyer flask was
placed on a shaker and incubated at 25°C under a shaking (200 rpm) and constant
light. In 4 days the blastospores were harvested and injected into 7-day old males
and 1-day old females in a dose of 30,000 blastospores/bug; controls were injected
by the Ringer saline only. The firebugs were transferred into the glass jars and kept
under the same condition as for the stock culture. Hemolymph of the surviving
individuals was collected in 1-3days after their infection and stored at -20°C until

used.
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RNA and cDNA preparation, primers

- The fat body preparation. P. apterus males treated by injection of S. carpocapsae
or I. fumosorosea were collected and stored at -80°C prior processing. To monitor
expression profile of the Vg gene. the fat body was dissected under a
stereomicroscope on sterilized glass Petri dishes placed on crushed ice and in
sterile, ice-cold RNAase-free Ringer solution. Fat bodies of four P. apterus
individuals were pooled as one replicate, and four biological replicates per tissue
of control and nematode treated P. apterus males were generated. Immediately
after dissection the fat bodies were transferred to microcentrifuge tubes with 200
ul of TRI Reagent® (Sigma-Aldrich) on crushed ice and then stored at —80 °C until
RNA i1solation,

- RNA isolation and ¢DNA synthesis. The total RNA was extracted using TRI
Reagent® (Sigma-Aldrich) following the manufacturer's protocol. RNA isolates
were treated with RQ1 RNase-Free DNase (Promega) to remove traces of
contaminant DNA. The cDNA template was prepared using the SuperScript® III
First-Strand Synthesis System for RT-PCR (Invitrogen by Life Technologies) on 2

ug of the corresponding total RNA with random hexamers.

Quantification of Vg gene expression

Quantitative real-time PCR (qReal-time PCR) was performed to evaluate Vg
transcript levels in the fat bodies of the experimental firebugs. For those studies the
same experimental designs (age of male and female firebugs, schedule of infection
by the nematode and fungus, time table etc.) as for analysis of Vg protein in
hemolymph were used (see above). The experiments were accomplished on a Light
Cycler CFX96 BioRad real-time PCR system using Xceed qPCR SG 2x Mix Lo-
ROX (Institute of Applied Biotechnologies), and relative levels of Vg transcripts
were determined using the threshold cycle and normalized to Rp49 (Ribosomal

protein  49). Primers used for gReal-time PCR were: Vg (forward)

CCCGACAAGTCCACAGTTATT, Vg (reverse)
GCGCATTCTGTTCATGTAAGC, Rp49 (forward)
CCGATATGTAAAACTGAGAAAC, and Rp49 (reverse)

GGAGCATGTGCCTGGTCTTTT.
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Gel electrophoresis and vitellogenin quantification

Electrophoresis under denaturing conditions using sodium dodecylsulphate
polyacrylamide (SDS-PAGE) commercial gels (Bio-Rad, 5-20%) was performed
according to Laemmli (1970) as modified by Socha et al. (1991). Typically.
hemolymph samples were diluted in a sample buffer by 10-fold and 25-fold in the
male samples and female samples, respectively, and 10 pl each used for the
analysis. The proteins separated on gels were stained with Coomassie Brilliant Blue
R-250, and the Vg bands determined according to the molecular weight standards
(10 - 250 kDa, Thermo Fishers Scientific) and according to a reaction with a
specific antibody (see below); their quantities were evaluated on the GS-800

Calibrated Densitometer using Quantity One (Version 4.6) software (Bio-Rad).

Western blotting

After SDS-PAGE the separated proteins were blotted onto nitrocellulose
membrane according to Towbin et al. (1979). Specific antibody against P. apterus
Vg (1: 1000; Socha et al., 1991) was used in the procedure including the secondary
antibody Goat/HRP (1:1000; goat anti rabbit labelled with horse radish peroxidase;
Sigma-Aldrich). For visualization the Novex® ECL HRP chemiluminescent
substrate reagent kit (Invitrogen) in A and B solutions 1:1 was used. The developed

color was documented using Intelligent Dark Box (LAS 3000, Fujifilm),

Vg isolation and its antimicrobial activity

The crude Vg was isolated from hemolymph of 3 - 4-day old P. apterus females to
test its antimicrobiological activity. The hemolymph samples were separated by
polyacrylamide electrophoresis using 10 % gel according to Laemmli (1970)
similarly as mentioned above. After that the gel was stained with a low
concentration of Coomassie Brilliant Blue R-250 (0.05 %) as recommended by
Harlow and Lane (1988). After de-staining, visualized Vg bands were excised from
the gel by scissors (1.5 mm gel, 10 wells) and electroeluted overnight using Electro-
Eluter (Bio-Rad) in a volatile ammonium bicarbonate buffer. Simultaneously, a gel
strip containing no Vg was processed as control. The samples were evaporated to
dryness, solved in a Ringer saline. and their protein content quantified by the
Bicinchoninic Acid Protein Assay Kit (Sigma-Aldrich) (Stoscheck 1990). The

bovine serum albumin standard curve was used to convert the optical densities of
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the samples measured at 562 nm to pg proteins. Thereafter the samples were stored
at -20° C until needed.

For the Vg antimicrobial tests the disc diffusion method using Xenorhabdus
spp bacterium was employed; this entomotoxic organism is symbiotically
associated with the nematode S. carpocapsae. The bacteria were 1solated from the
larvae of the greater wax moth, Galleria mellonella infected with infective
Juveniles of S. carpocapsae according to Mahar et al. (2005). The dead G.
mellonella larvae were surface-sterilized in 75% alcohol for 10 min and opened
with sterile needles and scissors. Then, a drop of the leaking hemolymph was
streaked with a needle onto MacConkey Agar plates. The plates were incubated at
30 °C in the dark for 24 h, and then a single bacterial colony was selected and
streaked onto new plate of MacConkey Agar and finally used for inoculation of 2%
LB broth (Lennox) solution. The inoculated solution was shaken at 150 rpm for 1
day at 30 °C. Next day the density of bacterial suspension was adjusted to be 0.8
McF (McFarland bacterial density), and 0.2 ml were swabbed onto the agar plates.
Vg (about 40 pg) was applied onto a sterile paper discs (Sigma-Aldrich) dried in a
laminar airflow cabinet, and placed on the bacterial lawns. By the same way also
the gel extract (without Vg - see above) and diluting buffer (Ringer saline) were
applied as controls. The plates were incubated at 30 °C overnight, zones of growth

inhibition around the paper discs were measured and their area calculated.

Mortality test
Mortality test with S. carpocapsae, using an assay described previously by Ibrahim
et al. (2017) with some modifications, was employed to evaluate possible
differences between the firebug males and females. Briefly, we used 7-day old
males and 4-day old females, and each of the tested individual was infected by
injection of 10 nematodes in 2 pl autoclaved water into the hemocoel; controls were
injected by the Ringer saline only. To determine mortality, five groups (each
consisting of 20 firebugs) for each experimental treatments as well as for controls,
were inspected 24 hours post treatment.

Similarly, the effect of I. fumosorosea on mortality of the firebug males and
females was examined. The firebugs were injected by a dose of 30,000
blastospores/bug; controls were injected by the Ringer saline only. The mortality

was monitored in 1-3-day post infection.
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Data presentation and statistical analysis

The results were plotted using the graphic software Prism (Graph Pad Software,
version 6.0, San Diego, CA, USA). The bar graphs represent mean + SD, the
numbers of replicates (n) are depicted in the figure legends. The statistical
differences were evaluated by Student’s t-test (Figs. 1,2, 5, 6, 8 and 10), and two-
way ANOVA (Figs. 3, 4, 7 and 9) using the Prism software.

RESULTS
Steinernema carpocapsae infection
The first series of experiments focused on measuring Vg transcript levels during
nematobacterial infection of the fat body of male P. apterus. Infection of males
with the EPN 8. carpocapsae resulted in a 7.7-fold increase of g transcript level
on the next day post infection (Fig. 1). Vg protein level in hemolymph was also
increased 1.4-fold, as visualized by PAGE (Fig. 2A, C). These observations were
then verified using western blot with an anti-Vg antibody (Fig. 2B). Interestingly,
the anti-Vg antibody used in western blot positively recognized not only the main
Vg band (about 180 kDa), but also two smaller bands of 65 and 24 kDa, which
might be degradation products of EPN toxic actions in the body of P. apterus males.

As expected, Vg gene expression level was substantially higher in the fat bodies
of females than in those of males (Fig. 3). Vg transcript levels in females
continuously increased during the first 5 days of development (Fig. 3), i.e., the
critical period for egg formation. Application of EPN radically reduced the level of
Vg transcripts in 2-5-day old females on the next day (Fig. 3); the extent of
inhibition ranged from about 9- (in 4-day-old) to about 150-fold (in 3-day-old
females). A similar trend was observed with Vg protein levels in hemolymph,
although the differences were not so profound (Fig. 4): 12-fold change (in 3-day
old females) was recorded as the maximal one (Fig. 4C). These results were
confirmed by immunoanalysis using western blotting (Fig. 4B). In contrast to the
reaction observed in males, the antibody recognized only the 180 kDa Vg band in
female hemolymph. This suggests that male and female bodies reacted differently
to EPN infection.

S. carpocapsae elicited mortality in the treated firebugs (Fig. 5A). The
mortality rate was about 2.9 times lower in females than in males in 1 day after the

treatment. In corresponding controls, no mortality was recorded (data not shown),
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maybe due to a higher level of Vg in the female body. Further, using the disc
diffusion method, we tested the antimicrobial effect of Vg on growth of the
bacterium Xenorhabdus spp. isolated from S. carpocapsae body (Fig. SB). We
found that Vg inhibited Xenorhabdus growth; the inhibition was 2.5-fold more

effective than in controls.

Isaria fumosorosea infection

Due to slower development of the EPF [ fumosorosea in the fire bug body, Vg
levels were monitored daily for 2-3 days after the infection in the tested individuals.
In the male fat body, Vg transcript level nominally increased 1.6-fold on the next
day after infection, although this change did not reach the level of statistical
significance (Fig. 6). However, on day 2 after the infection, the 2-fold increase in
Vg transcript level was significant. Nevertheless, the infection had no impact on Vg
level in hemolymph (Fig. 7), as PAGE and western blotting results were not
significantly different between EPF infection and control groups.

Females exhibited a more pronounced response to EPF infection. Strong
reductions of Vg transcript level in the fat body was recorded on both the first and
second days after the infection (Fig. 8). Similar significant changes in Vg protein
level were detected in hemolymph during the whole monitored period according to
PAGE analysis (Fig. 9A, C). Identical results were obtained also using
immunoblotting (Fig. 9B). Surprisingly, no differences between male and female
firebugs were recorded when mortality was monitored for 1-3 days after the

treatment with . fumosorosea (Fig. 10).

DISCUSSION

Pathogenic organisms elicit severe stress in the host body, which results in the
disruption of functional homeostasis (Ivanovi¢ and Jankovi¢-Hladni, 1991) and
activation of characteristic defense response to eliminate or at least to reduce the
impact of the stress on the organism. This response occurs at both organismal and
cellular levels (Hightower, 1991). and may include both humoral and cellular
defenses. The humoral response includes production of various compounds, such
as eicosanoids, phenoloxidases, proteinases, proteinase inhibitors, and a wide
selection of antimicrobial peptides and proteins (Jiang, 2008; Beckage, 2008). The

list of the protective compounds includes also Vgs. whose involvement into insect
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defense system has recently been described in several insect species (Havukainen
etal., 2013; Singh et al., 2013; Salmela et al., 2015; Salmela and Sundstrom, 2017,
Park et al., 2018). We have found in this study that in the firebug P. apterus, Vg is
probably also involved into the defense reaction against the entomopathogenic
nematode S. carpocapsae and, partially, against the fungus /. fumosorosea.

To invade their hosts, EPNs usually use oral and anal openings, or spiracles.
To speed the infection up, we injected S. carpocapsae into hemocoel. Once the
nematodes are inside the insect body, the infection develops quite quickly,
therefore we monitored the effect of the EPN just in 1 day post infection: on the
next day after that, the mortality reached almost 100% (data not shown). During
the development in the host body, EPNs produce various venoms and toxins, which
are generated by nematodes themselves and also by symbiotic bacteria (Simdes et
al., 2000; Duchaud et al., 2003). In the first step of the nematobacterial infection,
the toxins protect EPNs against the defense system of their insect host, and
afterwards, they kill the host, whose organs are then utilized as a source of nutrients
for EPN growth and development. The insects protect themselves by clotting
cascades, production of reactive oxygen species, and other fast-reacting immune
factors (Wang et al., 2010; Hyrsl et al., 2011; Arefin et al., 2014; Kodrik et al.,
2015).

We have found in this study that the nematobacterial complex of S.
carpocapsae and Xenorhabdus spp. affected Vg characteristics in both male and
female P. apterus. In males, a significant stimulatory effect of the infection was
noted on both Vg transcript level in the fat body and on Vg protein level in
hemolymph. To the best of our knowledge, this is the first report about a
stimulatory effect of the nematobacterial complex on Vg production in infected
insects. However, at this point, we cannot state, based on our results, whether the
effect was primarily elicited by the nematode, its symbiotic bacteria Xenorhabdus
spp.. or by the combined effect of the exposure to both of them. However, it is
known that both organisms are insect pathogens (Herbert and Goodrich-Blarr,
2007; Waterfield et al., 2009). Further, it looks that interaction of male Vg with
EPN results not only in the stimulation of Vg synthesis, but also in the degradation
of Vg molecules. Inmunoblotting results clearly showed at least two products that
positively reacted with the anti-Vg antibody with molecular weights (24 and 65

kDa) well below the molecular mass of 180 kDa of the intact protein. Thus, the real
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increase of the Vg level in infected male hemolymph might be higher than that
actually measured, and could be closer to the results obtained for Vg transcripts.
All these results suggest an active role of Vg against EPN infection in the male
body. It is obvious that Vg plays a key role as an irreplaceable component of yolk
in eggs developing in the female body, however Vg role in immunity, perhaps
secondary, seems to be important as well. Evidence about the presence of Vg in
male body has been rather scarce, but Vgs have been identified in P. apterus
(Némec et al., 1993), Apis mellifera (Vilar and Grozinger, 2017), and Bombus
terrestris (Jedlicka et al., 2016) males. Nevertheless, a comprehensive
understanding of Vg role in male insects is missing.

Furthermore, the multi-faceted role of Vg in insect female body is apparently
more complicated: EPN infection significantly decreased both /’g mRNA and Vg
protein levels. Although it is surprising that EPN infection caused opposite effects
in male and female P. apterus, on the other hand, this fact does not need to be so
incomprehensible: one can speculate that Vg level sufficient for effective defense
against pathogens might be much lower than that required for nutritional supply of
developing eggs. Thus, during the infection, the female body simply shuts down
less important processes to save energy for more significant activities. This trade-
off strategy is not so exceptional in insects facing various stress situations. For
example, the resistance of females of the corn earworm Helicoverpa armigera
against Bacillus thuringiensis toxin CrylAc was accompanied by the inhibition of
reproduction caused by a decrease in /g gene expression (Zhang etal., 2014; 2015).
Similarly, in females of the rice stem borer Chilo suppessalis, application of
sublethal doses of the insecticide chlorantraniliprole reduced Vg mRNA expression
(Huang et al., 2016). Additionally, adipokinetic hormone, responsible for energy
mobilization at the time of its increased consumption, suppresses less important
processes when the organism is under stress and, in certain conditions, even draws
on the mobilized energy (Kodrik, 2008). Moreover, in Locusta migratoria,
adipokinetic hormone inhibits Vg production in the end of female reproductive
cycle (Moshitzky and Applebaum, 1990). This process is independent of nutrient
mobilization because Vg inhibition occurs at hormone titers about one tenth of
those necessary for nutrient mobilization from the fat body: thus, the two activities
stimulated by adipokinetic hormone are not overlapping (Carlisle and Loughton,

1986). Anyway, the mechanism of Vg functions during infection is unclear, and
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perhaps different in males and females — for example, no Vg degradation products
were observed by immunoblotting in female hemolymph during infection.

We have demonstrated a bactericidal effect of Vg on the bacterium
Xenorhabdus spp. isolated from S. carpocapsae. This clearly suggests that Vg has
a certain protective role against the nematobacterial complex, because Vg likely
kills entomotoxic bacteria. It has not been established whether Vg affects EPNs,
therefore, we cannot definitely exclude this. An antibacterial effect of Vg had
already been described in several studies. Singh et al. (2013) showed that Vg of the
silkworm Bombyx mori had antibacterial activity against the gram-positive
bacterium Bacillus subtilis and the gram-negative bacterium Escherichia coli.
Furthermore, Vg of Apis cerana was active against E. coli, and also against the
gram-positive bacterium B. thuringiensis (Park et al., 2018). In the latter example,
Vg bound to bacterial surface, inducing structural damage in the cell wall, which
resulted in membrane disruption and permeabilization. Thus, all those data suggest
that Vg is an antibacterial agent with wide spectrum of action.

EPFs, such as /. fumosorosea used in this study, usually start their infection by
breaking the host cuticle and physically penetrating into the host body. For that,
they use various enzymes, such lipases, proteases, chitosanases, and chitinases
(Hajek and Leger, 1994; Alietal., 2010). In the host body, EPFs use these enzymes
to dissolve tissues and organs, and the resulting matter is then utilized as a source
of nutrition for EPF growth. In I. fumosorosea, the process is facilitated by the
production of beauvericin, a toxic depsipeptide that kills the infected cell (Luangsa-
Ard et al., 2009). Despite those effective mechanisms, the whole process of EPF
infection is rather slow — to speed it up, we used the injection of blastospores,
which was a similar approach to the injection of EPNs (see above). Nevertheless,
the EPF infection developed more slowly than the EPN one. However, this
circumstance enabled monitoring EPF etfect for 2-3 days after the injection. The
response of P. apterus male body to EPF infection differed from that to the
infection with EPN. The first significant up-regulation of Vg transcription in the fat
body was observed in 2 days post infection, however, surprisingly, g mRNA
levels in hemolymph did not show the same trend, as similar ¥’g mRNA expression
was recorded in infected and control males. Additionally, the pattern of Vg protein
level changes in male hemolymph, as determined by immunoblotting, was

apparently different from the results obtained after EPN infection (compare Figs.
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2B and 7B), because products of Vg degradation observed following EPN infection
were completely absent after the exposure to EPF. This suggests different responses
of the male body to these infections: the involvement of Vg in the defense reaction
is apparently less intensive in the case of EPF infection. It remains to be determined
whether any other defense systems are involved into responses to infections with
EPN and EPF. In contrast, the response of firebug females to the EPF infection was
quite similar to that elicited by EPN: both mRNA and protein Vg levels were
significantly down-regulated. Similar reaction was recorded in the whitefly
Bemisia tabaci, in which both 1. fumosorosea mycelium (in vivo) and fungal
extracts (in vitro) showed a decrease in Vg level, and corresponding damage of the
ovaries (Gao et al., 2017). Possible reasons for this phenomenon have already been
discussed in the previous paragraph. In addition, active involvement of Vg into the
defense reaction of A. mellifera against the entomopathogenic fungus B. basiana
was recently described by Park et al. (2018). who demonstrated that Vg behaves as
a typical anti-microbial peptide. A. mellifera Vg bound to B. basiana cells and
induced structural damage of the cell wall leading to anti-microbial activity against
the fungus. Interestingly, Vg is also present in the venom of the honey bee and
some other hymenopterans (Blank et al., 2013; Park et al., 2018), where it probably
serves as an allergen that intensifies venom efficacy by causing allergic reaction in
the stung tissue. Vg is also expressed in the brain of several hymenopteran species,
where it controls various processes, including aging (Munch et al., 2015; Lockett
et al., 2016; Gospocic et al., 2017). Furthermore, in bees, drone reproductive
behavior is modulated by Vg, the expression of which is stimulated by queen
pheromones (Villar and Gronzier, 2017).

In conclusion, our findings expand the growing list of Vg functions in insects,
which are more complex than previously thought. It is obvious that Vg proteins
play an important role in the defense against various types of infections, including
those caused by EPN and EPF. Furthermore. Vg transcription and protein synthesis
are modulated depending on the type of the infection and the sex of infected insect.
Vg acts directly against Xenorhabdus spp. bacteria isolated from the
entomopathogenic complex of S. carpocapsae. Other mechanisms of Vg described
activities are not known at present, but they might differ depending on the type of
infection, as documented by different Vg characteristics (in males) and different

mortality response (in both sexes) to the two studied pathogens.

66



Acknowledgements
The authors thank Mrs. H. Stérbova and Miss D. Hlavkova for their technical
assistance. The English grammar and stylistics were checked by the Editage Author

Services.

Competing interests

The authors declare no competing or financial interests.

Author contributions

Conceptualization: D K.; Methodology: E.I., UK.G., V.K,, P.J; Validation: D.K_,
R.C.F.; Formal analysis: D.K., A.B., R.C.F.; Investigation: D.K.,R.C.F.,AB..P.J;
Writing — original draft: D.K.; Supervision: D.K.; Project administration: D.K_;
Funding acquisition: D K.

Funding

This study was supported by grant No. 17-03253S (DK) from the Czech Science
Foundation, and by projects RVO 60077344 of the Institute of Entomology. AB
acknowledges Fellowship No. L200961701 from the Program of Support of

Promising Human Resources, awarded by The Czech Academy of Sciences.

References

Arefin, B., Kuéerova, L., Dobes, P., Markus, R., Strnad, H., Wang, Z., Hyrsl,
P., Zurovee, M. and Theopold, U. (2014). Genome-wide transcriptional
analysis of Drosophila larvae infected by entomopathogenic nematodes shows
involvement of complement, recognition and extracellular matrix proteins. J.

Inn. Immun. 6, 192-204.

Ali, S., Huang, Z. and Ren, S. (2010). Production of cuticle degrading enzymes
by Isaria fumosorosea and their evaluation as a biocontrol agent against
diamondback moth. J. Pest. Sci. 83, 361-370.

Beckage, N. E. (2008). Insect Immunology. San Diego, USA: Academic Press
Elsevier,

Beckman, K.B. and Ames, B.N. (1998). The free radical theory of aging matures.
Physiol. Rev. 78, 547-581.

67



Bednafova A., Kodrik D., Krishnan N. (2013) Adipokinetic hormone exerts its
anti-oxidative effects using a conserved signal- transduction mechanism
mvolving both PKC and cAMP by mobilizing extra- and intracellular Ca*”
stores. Comp. Biochem. Physiol. C 158, 142-149.

BenVau, L.R. and Nieh, J. C. (2017). Larval honey bees infected with Nosema
ceranae have increased vitellogenin titers as young adults. Sci. Rep. 7, article
number 14144,

Blank, S., Seismann, H., McIntyre, M., Ollert, M., Wolf, S., Bantleon, F.I. and
Spillner, E. (2013). Vitellogenins are new high molecular weight components
and allergens (Api m 12 and Ves v. 6) of Apis mellifera and Vespula vulgaris
venom. PLoS One 8, ¢62009.

Carlisle, J. and Loughton, B.G. (1986). The inhibition of protein synthesis in
Locusta migratoria by adipokinetic hormone. J. Insect Physiol. 32, 573-578.

Chapman, R.F. (1998). The Insects, Structure and Function. Cambridge, UK:
Cambridge University Press.

Duchaud, E., Rusniok, C., Frangeul, L., Buchrieser, C., Givaudan, A.,
Taourit, S., Bocs, S., Boursaux-Eude, C., Chandler M. and Charles,
J.F. et al. (2003). The genome sequence of the entomopathogenic
bacterium Photorhabdus luminescens. Nat. Biotechnol. 21, 1307-1313.

Ehlers, R.U. (2003). Entomopathogenic nematodes in the European biocontrol
market. Commun. Agric. Appl. Biol. Sci. 68, 3-16.

Fridovich, 1. (1978). The biology of oxygen radicals. Science 201, 875-880.

Gao, T.N., Wang, Z.L., Huang, Y., Keyhani, N.O. and Huang, Z. (2017). Lack
of resistance development in Bemisia tabaci to Isaria fumosorosea after
multiple generations of selection. Sci. Rep. 7, article number 42727,

Gospocic, J., Shields, E.J., Glastad, K.M., Lin, Y., Penick, C.C., Hua Yan, H.,
Mikheyev, A.S., Linksvayer, T.A., Garcia, B.A., Berger, S.L., Liebig, J.,
Reinberg, D. and Bonasio, R. (2017). The neuropeptide corazonin controls
social behavior and caste 1dentity in ants. Cell 170, 748-759.

Hajek, A.E. and Leger, R.J.S. (1994). Interactions between fungal pathogens and
insect hosts. In Annual Review of Entomology (ed. T.E. Mittler, F.J. Radovsky
and V.H. Resh). pp. 293-322. Palo Alto, USA: Annual Reviews, Inc.

Harlow, E. and Lane, D. (1988). Antibodies. A laboratory manual. Cold Spring
Harbor, USA: Cold Spring Harbor Laboratory.

68



Havukainen, H., Miinch, D., Baumann, A., Zhong, S., Halskau, 0.,
Krogsgaard, M. and Amdam, G.V. (2013). Vitellogenin recognizes cell
damage through membrane binding and shields living cells from reactive
oxygen species. J. Biol. Chem. 288, 28369-28381.

Herbert, E.E. and Goodrich-Blair, H. (2007). Friend and foe: the two faces of
Xenorhabdus nematophila. Nat. Rev. Microbiol. 5, 634-646.

Hightower, L.E. (1991). Heat-shock, stress proteins, chaperones, and
proteotoxicity. Cell 66, 191-197.

Huang, L., Lu, M., Han, G., Dua, Z. and Wang, K. (2016). Sublethal effects of
chlorantraniliprole on development, reproduction and vitellogenin gene
(CsVg) expression in the rice stem borer, Chilo suppressalis. Pest Manag. Sci.
72,2280-2286

Hyrsl, P., Dobes, P., Wang, Z., Hauling, T., Wilhelmsson, C. and Theopold,
U. (2011). Clotting factors and eicosanoids protect against nematode
infections. J. Innate Immun. 2. 65-70.

Ibrahim, E., Hejnikova, M., Shaik, H.A., DoleZel, D. and Kodrik, D. (2017).
Adipokinetic hormone activities in insect body infected by entomopathogenic
nematode. J. Insect Physiol. 98, 347-355.

Inman F.L., Singh S. and Holmes, L.D. (2012). Mass production of the beneficial
nematode Heterorhabditis bacteriophora and 1its bacterial symbiont
Photorhabdus luminescens. Indian J. Microbiol. 52, 316-324.

Ivanovi¢, J. and Jankovic-Hladni, M. (1991). Hormones and Metabolism in
Insect Stress. Boca Raton, USA: CRC Press.

Jedli¢ka, P., Ernst, U.R., Votavova, A., Hanus, R. and Valterova, 1. (2016).
Gene expression dynamics in major endocrine regulatory pathways along the
transition from solitary to social life in a bumblebee, Bombus terrestris. Front.
Physiol. 7, Article Number: 574

Jiang, H. (2008). The biochemical basis of antimicrobial responses in Manduca
sexta. Insect Sci. 15, 53—-66.

Kodrik, D. (2008). Adipokinetic hormone functions that are not associated with
insect flight. Physiol. Entomol. 33, 171-180

Kodrik, D., Bednafova, A., Zemanova, M. and Krishnan, N. (2015). Hormonal
regulation of response to oxidative stress in insects - an update. /nt. J. Mol. Sci.
16, 25788-25816.

69



Krishnan, N., Vedera, J., Kodrik, D. and Sehnal F. (2007). 20-hydroxyecdysone
prevents oxidative stress damage in adult Pyrrhocoris apterus. Arch. Insect
Biochem. Physiol. 65, 114-124.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227, 680-685.

Lockett, G.A., Almond, E.J., Huggins, T.J., Parker, J.D. and Bourke, A.F.G.
(2016). Gene expression differences in relation to age and social environment
in queen and worker bumble bees. Exp. Gerontol. 77, 52-61.

Luangsa-Ard, J.J., Berkaew, P., Ridkaew, R., Hywel-Jones, N.L. and Isaka,
M. (2009). A beauvericin hot spot in the genus Isaria. Mycol. Res. 113, 1389—
1395.

Mahar, AN., Munir, M., Elawad, S., Gowen, S.R., Hague, N.G.M. (2005).
Pathogenicity of bacterium, Xenorhabdus nematophila isolated from
entomopathogenic nematode (Steinernema carpocapsae) and its secretion
against Galleria mellonella larvae. J. Zhejiang Univ.-Sci. B. 6. 457-463.

Moshitzky, P. and Applebaum, S.W. (1990). The role of adipokinetic hormone
in the control of vitellogenin in locusts. Insect Biochem. 20, 319-323.

Munch, D., Ihle, K.E., Salmela, H. and Amdam, G.V. (2015). Vitellogenin in the
honey bee brain: Atypical localization of a reproductive protein that promotes
longevity. Exp. Gerontol. 71, 103-108.

Némec, V., Kodrik, D., Matolin, S. and Laufer H. (1993). Juvenile hormone
effects of retinoic acid in insect metamorphosis, embryogenesis and
reproduction. J. Insect Physiol. 39, 1083-1093.

Park, H.G., Lee, S.K., Kim, B.Y., Yoon, H.J., Choi, Y.S., Lee, K.Y., Wan, H.,
Li, J. and Jin, B.R. (2018). Honeybee (A4pis cerana) vitellogenin acts as
antimicrobial and antioxidant agent in the body and venom. Dev. Comp.
Immunol. 85, 51-60.

Prenerova, E., Zemek, R., Weyda, F. and Volter L. (2009). Strain of
entomopathogenic fungus Isaria fumosorosea CCM 8367 (CCEFO.011.PFR)
and the method of controlling insect and mite pests. Patent No. 300701. UPV
2008-394,

Sadd, B.M., Kleinlogel, Y., Schmid-Hempel, R. and Schmid-Hempel, P. (2005).

Trans-generational immune priming in a social insect. Biol. Lett. 1, 386-388.

70



Salmela, H. and Sundstrom, L. (2017). Vitellogenin in inflammation and
immunity in social insects. Inflamm. Cell Signal. 4. ¢1506.

Salmela, H.,, Amdam, G.V. and Freitak, D. (2015). Transfer of immunity from
mother to offspring is mediated via egg-yolk protein vitellogenin. PLoS
Pathog. 11, €1005015.

Seehuus, S.C., Norberg, K., Gimsa, U., Krekling, T. and Amdam, G.V. (20006)
Reproductive protein protects functionally sterile honey bee workers from
oxidative stress. Proc. Natl. Acad. Sci. USA 103, 962-967.

Simées, N., Caldas, C., Rosa, J.S., Bonifassi, E. and Laumond, C. (2000).
Pathogenicity caused by high virulent and low virulent strains of Sieinernema
carpocapsae to Galleria mellonella. J. Invertebr. Pathol. 75, 47-54.

Singh, N.K., Pakkianathan, B.C., Kumar, M., Prasad, T., Kannan, M., Konig,
S. and Krishnan, M. (2013). Vitellogenin from the silkworm, Bombyx mori:
an effective anti-bacterial agent. PLoS One 8, e73005.

Sinpoo, C., Paxton, R.J., Disayathanoowat, T., Krongdang, S. and
Chantawannakul, P. (2018). Impact of Nosema ceranae and Nosema apis on
individual worker bees of the two host species (Apis cerana and Apis mellifera)
and regulation of host immune response. J. Insect Physiol. 105, 1-8.

Socha, R. and Kodrik, D. (1999). Differences in adipokinetic response of
Pyrrhocoris apterus (Heteroptera) in relation to wing dimorphism and
diapause. Physiol. Entomol. 24, 278-284.

Socha, R., Sula, J., Kodrik, D. and Gelbi, I. (1991). Hormonal control of
vitellogenin synthesis in Pyrrhocoris apterus. J. Insect Physiol. 37, 805-816.

Stoscheck, C.M. (1990). Quantitation of proteins. In Methods in Enzymology (ed.
M.P. Deutscher), pp. 50-68. London, UK: Academic Press.

Towbin, H., Staehelin, T. and Gordon, J. (1979). Electrophoretic transfer of
protein from polyacrylamide gel to nitrocellulose. Proc. Natl. Acad. Sci. USA
76.4350-4354.

Villar, G. and Grozinger, C.M. (2017). Primer effects of the honeybee, Apis
mellifera, queen pheromone 9-ODA on drones. Anim. Behav. 127, 271-279.

Wang, Z., Wilhelmsson, C., Hyr3l, P., Loof, T.G., Dobe§, P., Klupp, M.,
Loseva, O., Morgelin, M., Iklé, J., Cripps, R.M. et al. (2010). Pathogen
entrapment by transglutaminase-A conserved early innate immune mechanism.
PLoS. Pathog. 6, 1-9.

71



Waterfield, N.R., Ciche, T. and Clarke, D. (2009). Photorhabdus and a host
of hosts. Annu. Rev. Microbiol. 63, 557-74.

Zhang, W.N., Xiao, H.J., Liang, G.M., Guo, Y.Y. and Wu, K.M. (2014),
Tradeoff between reproduction and resistance evolution to Bt-toxin in
Helicoverpa armigera: Regulated by vitellogenin gene expression. Bull
Entomol. Res. 104, 444-452.

Zhang, W.N., Ma, L., Zhong, F., Wang, Y.N., Guo, Y.Y,, Lu, Y.H. and Liang,
G.M. (2015). Fitness costs of reproductive capacity and ovarian development
in a Bt resistant strain of the cotton bollworm, Helicoverpa armigera (Hubner)
(Lepidoptera: Noctuidae). Pest Manage. Sci. 71, 870-877.

Zimmermann, G. (2008). The entomopathogenic fungi Isaria farinosa (formerly
Paecilomyces farinosus) and the Isaria fumosorosea species complex
(formerly Paecilomyces fumosoroseus): biology, ecology and use in biological

control. Biocontrol Sci. Technol. 18, 865-901.

Figure legends:

Fig. 1. Relative levels of vitellogenin transcripts in the fat body of 8-day old P.
apterus males 1 day after the S. carpocapsae (EPN) or control treatments.
Statistically significant difference between infected and control males at 0.1% level
evaluated by Student’s t-test is indicated by *** (n=3). The number above the bar
represents fold-difference of the vitellogenin transcript levels between the EPN

group and control.

Fig. 2. (A) SDS-PAGE of hemolymph proteins of P. apterus: St - MW standards;
| - control 4-day old females (served for the vitellogenin identification); 2 - 8-day
old males 1 day after the control treatment; 3 - 8-day old males | day after the S.
carpocapsae treatment. Vitellogenin (Vg) bands are indicated by the arrow. (B)
Western blotting of hemolymph proteins of P. apterus. For legends (1-3) see (A).
Bands positively reacted with anti-Vg-antibody are indicated by the arrows;
estimated MW: a - 180 kDa, b - 65 kDa and C - 24 kDa. (C) Relative level of
vitellogenin bands (quantified from corresponding gels that are not shown) in
hemolymph of 8-day old P. apterus males 1 day after the S. carpocapsae (EPN) or

control treatments. Statistically significant difference between infected and control
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groups at 1% level evaluated by Student’s t-test is indicated by ** (n=4). The
number above the bar represents fold-difference of the relative vitellogenin

quantities between EPN group and control.

Fig. 3. Relative levels of vitellogenin transcripts in the fat body of 2-, 3-, 4- and 5-
day old P. apterus females 1 day after the S. carpocapsae (EPN) and control
treatments. Two-way ANOVA test proved statistically significant difference at
0.1% level between the EPN groups and controls (n=3). The numbers above the
bars represent fold-differences of the vitellogenin transcript levels between the

EPN group and corresponding control.

Fig. 4. (A) SDS-PAGE of hemolymph proteins of P. apterus females: St - MW
standards; 1 + 2 - two-day old females (1 - control, 2 - S. carpocapsae treated); 3 +
4 - three-day old females (3 - control, 4 - S. carpocapsae treated); 5 + 6 - four-day
old females (5 - control, 6 - S. carpocapsae treated). 7 + 8 - five-day old females
(7 - control, 8 - S. carpocapsae treated), all used females were 1 day after the S.
carpocapsae or control treatments. Vitellogenin (Vg) bands are indicated by the
arrow. (B) Western blotting of hemolymph proteins of P. apterus females. For
legends (1-8) see (A). Bands positively reacted with anti-Vg-antibody are indicated
by the arrow. (C) Relative levels of vitellogenin bands (quantified from
corresponding gels that are not shown) in hemolymph of 2-5-day old P. apterus
females 1 day after the S. carpocapsae (EPN) or control treatments. Two-way
ANOVA test proved statistically significant difference at 0.1% level between the
EPN groups and controls (n=4). The numbers above the bars represent fold-
difference of the relative vitellogenin quantities between EPN groups and

corresponding controls.

Fig. 5. (A) The effect of S. carpocapsae on mortality of P. apterus males (7-day
old) and females (4-day old) 1 day after the treatment; mortality in controls is not
shown being null or negligible. (B) Inhibiting effect of vitellogenin on the growth
of the Xenorhabdus spp. bacteria tested by the disc diffusion method. Results
evaluated 1 day after the vitellogenin application are expressed in areas of
inhibiting zones (for details see Material and Methods). Statistically significant

differences between the relevant groups at 5% level (A, n=5 groups with 20 adults
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per each) and 1% level (B, n=4-5) evaluated by Student’s t-test are indicated by *
and **_ respectively. The numbers above the bars represent fold-difference between

the relevant groups.

Fig. 6. Relative levels of vitellogenin transcripts in the fat body of P. apterus 8-
and 9-day old males 1- and 2-day, respectively, after the /. fumosorosea (EPF) or
control treatments. Statistically significant difference between infected and control
males at 1% level evaluated by Student’s t-test is indicated by ** (n=3). The
number above the bar represents fold-difference of the vitellogenin transcript levels

between the EPF group and control.

Fig. 7. (A) SDS-PAGE of hemolymph proteins of P. apterus: St - MW standards;
1 - control 4-day old females (served for the vitellogenin identification); 2 + 3 -
control and /1. fumosorosea-infected 8-day old males, 1-day after the treatment; 4 +
5 - control and /. fumosorosea-treated 9-day old males, 2-day after the treatment; 6
+ 7 - control and 1. fumosorosea-treated 10-day old males, 3-day after the treatment.
Vitellogenin (Vg) bands are indicated by the arrow. (B) Western blotting of
hemolymph proteins of P. apterus. For legends (1-7) see (A). Bands positively
reacted with anti-Vg-antibody are indicated by the arrow. (C) Relative levels of
vitellogenin bands (quantified from corresponding gels that are not shown) in
hemolymph of 8-, 9- and 10-day old P. apterus males 1-, 2- and 3-day, respectively,
after the 1. fumosorosea (EPF) or control treatments. No statistically significant
difference between infected and control groups evaluated by two-way ANOVA at
5% were recorded (n=4-8).

Fig. 8. Relative levels of vitellogenin transcripts in the fat body of 2- and 3-day old
P. apterus females 1- and 2-day, respectively, after the /. fumosorosea (EPF) or
control treatments. Statistically significant differences between infected and
control females at 1% and 0.1% levels evaluated by Student’s t-test are indicated
by ** and by ***, respectively (n=3). The numbers above the bars represent fold-

difference of the vitellogenin transcript levels between the EPF group and control.

Fig. 9. (A) SDS-PAGE of hemolymph proteins of P. apterus females: St - MW

standards; 1 + 2 - control and /. fumosorosea- infected 2-day old females, 1-day
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after the treatment;, 3 + 4 - control and /. fumosorosea- infected 3-day old females,
2-day after the treatment; 5 + 6 - control and /. fumosorosea- infected 4-day old
females, 3-day after the treatment. Vitellogenin (Vg) bands are indicated by the
arrow. (B) Western blotting of hemolymph proteins of P. apferus females. For
legends (1-6) see (A). Bands positively reacted with anti-Vg-antibody are indicated
by the arrow. (C) Relative levels of vitellogenin bands (quantified from
corresponding gels that are not shown) in hemolymph of 2-, 3- and 4-day old P.
apterus females 1-, 2- and 3-day, respectively, after the /. fumosorosea (EPF) or
control treatments. Two-way ANOVA test proved statistically significant
difference at 0.1% level between the EPN groups and controls (n=4). The numbers
above the bars represent fold-difference of the relative vitellogenin quantities

between EPN groups and corresponding controls.

Fig. 10. The effect of 1. fumosorosea on mortality of P. apterus males (7-day old
treated) and females (4-day old treated) 1-3-day after the infection; mortality in
controls is not shown being null or negligible. No statistically significant difference
between males and females evaluated by two-way ANOVA at 5% were recorded
(n=10-15).
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Fig. 3

™

ﬁ
i

N\

=
el

— H._s

C Control
EPN
151.2

!
1
o

0

o0 OO0 O w
OO0 WO -
o M~

syduosuel)
uiuabo|a)A Jo |9A8] aAje|9Y

Age of adult females (days)

78



Fig. 4

kDa St 1 2 3 4 5 6

250 .

Relative quantity of vitellogenin
band (optical density * area)

lig, 35 8

3 Control
EPN

- =2 NN

12.0

1.3

onNnNbROODOOIOWOGI O

2 3

4

79

Age of adult females (days)

1

2 3 4 56 7 8




Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 10
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6. Appendix

6.1. List of abbreviations
AdoR — Adenosine receptor

AdoR'- Mutation in AdoR gene

ADP — Adenosine diphosphate

AHK 'AdoR'- Mutation in AKH & AdoR genes
AICAR - 5-aminoimidazole-4 carboxamide ribonucleotide
AKH — Adipokinetic hormone

AKH'- Mutation in AKH gene

AKHR — AKH receptor

AMP — Adenosine monophosphate

AMP — Antimicrobial peptide

AST — Allatostatin

AT — Allatotropin

ATP — Adenosine triphosphate

CA — Corpora allata

cAMP — Cyclic adenosine monophosphate

CAT — Catalase

CC — Corpora cardiaca

CNS — Central nervous system

Cry 3Aa — Cry 3Aa-Bacillus thuringiensis toxin
DAG — Diacylglycerol

DOPA — Dihydroxyphenyl alanine

Ec — Ecdysteroids;

Ecto-5'NTase — Ecto-5"-nucleotidase

Entl — Extracellular nucleoside transporter
EPN- Entomopathogenic nematode

FAICAR - Formyl 5-aminoimidazole-4 carboxamide ribonucleotide
GDP — Guanosine diphosphate

GNA — Galanthus nivalis agglutinin toxins
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GPCR — G protein coupled receptor

GSH - Reduced glutathione

GST — Glutathione S-transferase

GTP — Guanosine triphosphate

Gq— Alpha subunit of G-protein

Gpy— Beta-gamma subunits of G-protein
HTH — Hypertrehalosemic hormone

1J — Infective juvenile

ILPs — Insulin-like peptides

IMP — Inosine monophosphate

IP3— Inositol 1.4,5-trisphosphate

JH — Juvenile hormone

LPS — Lipopolysaccharide

OEH - Ovarian ecdysteroidogenic hormone
OS — Oxidative stress

PIP> — Phosphatidylinositol 4.5, bisphosphate
PKC- Protein kinase C

ProPO — Prophenoloxidase

RNS — Reactive nitrogen species

ROS — Reactive oxygen species

SOD — Superoxide dismutase

TMOF — Tripsin-modulating oostatic factor
Vg — Vitellogenin

w'! ¥ _ white control flies
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