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to infection of the entomopathogenic nematode Steinernema carpocapsae (Weiser, 1955)
(Rhabditida: Steinernematidae). The findings show that nematode presence doubles the amount
of AKH in the central nervous system of L. decemlineata, indicating mobilization of anti-stress
reactions in the body. Moreover, the external co-application of Peram-CAH-II with the nematode
signiﬁcantl)y increased beetle mortality. Therefore, the paper investigates possible mechanisms
underlying these phenomena and suggests that the nematodes may benefit from the observed
mobilization of metabolites from the fat body into the Peram-CAH-I1-induced hemolymph, which
provides them with a more nutrient-dense substrate for propagation. These findings could serve

in the development suitable insect pest control methods in the future.
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ARTICLE INFO ABSTRACT

Edited by Martin Grosell The effects of the entomopathogenic nematode Steinernema carpocapsae on the Colorado potato beetle (CPB)

Leptinotarsa decemlineata and the involvement of adipokinetic hormone (AKH) in the responsive reactions were

Keywords: examined in this study. It was observed that nematode application doubled the amount of AKH (Peram-CAH-I
AKH ) and Peram-CAH-II) in the central nervous system of L. decemlineata, indicating mobilization of anti-stress re-
Metab(?hsm actions in the body. Furthermore, the external co-application of Peram-CAH-II with the nematode significantly
Mortality . . . o . .

Nutrients increased beetle mortality (5.6 and 1.8 times, 1 and 2 days after application, respectively). The mechanism
Vitellogenin underlying this phenomenon was investigated. As the effect on gut characteristics was equivocal, it was assumed

that the nematodes profited from the observed mobilization of metabolites from the fat body into the Peram-
CAH-II-induced hemolymph. This phenomenon supplied nematodes with a more nutrient-dense substrate on
which they propagated. Furthermore, Peram-CAH-II lowered vitellogenin expression in the fat body, particularly
in males, thus limiting the anti-pathogen defense capacity of the protein. However, there could be other possible
mechanisms underpinning this chain of events. The findings could be theoretically intriguing but could also aid
in developing real insect pest control methods in the future.

1. Introduction

The Colorado potato beetle (CPB), Leptinotarsa decemlineata Say
(Chrysomelidae), is a notable agricultural pest in numerous regions of
the world (Jolivet, 1991). CPB larvae and adults feed on potatoes,
eggplants, and a few other crops, and this species produces one to three
generations per season. CPB overwinters as non-reproducing diapausing
adults. Although there is marked amount of information on its devel-
opment, reproduction, and other biological aspects, numerous other
questions remain unresolved. Therefore, general information on CPB is
welcome, especially that potentially important for developing novel
strategies to control pest populations. In this study, we focused on
monitoring several physiological functions in CPB infected with the
entomopathogenic nematode Steinernema carpocapsae.

Entomopathogenic nematodes (EPNs) are multicellular parasites
that form highly pathogenic nematobacterial complexes with specific
symbiotic entomopathogenic bacteria species. These complexes release

several toxins that kill infected insects during an EPN attack (Simoes
et al., 2000; Duchaud et al., 2003). Despite using strategies similar to
related human pathogens (Castillo et al., 2011; Chaston et al., 2011),
these complexes are not harmful to humans. They have recently become
popular for the biological control of various insect pests (coleopterans,
lepidopterans, and dipterans; Ehlers, 2001, 2003; Inman et al., 2012).
Extensive research in the last few decades has suggested that EPNs could
be effectively used in controlling CPB larvae and adults (e.g., Trdan
et al., 2009; Hussein et al., 2016; Cacija et al., 2021; Piza et al., 2021).

Any entomopathogenic infection causes severe stress in insects. In-
sects must activate their defense reactions to eliminate or at least
minimize the harmful impact of pathogens and their toxins on
biochemical and physiological processes in their body. The defense
response is controlled by nervous and hormonal defense systems;
nevertheless, adipokinetic hormones (AKHs) play a crucial role in this
process. In general, AKHs are pleiotropic neurohormones (neuropep-
tides) that maintain homeostasis in the insect body. They primarily
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trigger the mobilization of energy reserves (Gade et al., 1997; Gade and
Goldsworthy, 2003), but also control several associated processes, such
as immune response (Goldsworthy et al., 2002, 2005), neuronal
signaling (Milde et al., 1995; Wicher et al., 2006), locomotion (Socha
et al.,, 1999; Kodrik et al., 2000), food intake together with digestive
processes in the insect gut (Kodrik et al., 2012; Bil et al., 2014, Bod-
lakova et al., 2017), and anti-oxidative defense reactions (Kodrik, 2008;
Kodrik et al., 2015a; Krishnan et al., 2007). Two different adipokinetic
hormones, Peram-CAH-I (Periplaneta americana Cardioaccelerating
Hormone-I: pGlu-Val-Thr-Phe-Thr-Pro-Asn-Trp-NH,) and Peram-CAH-II
(pGlu-Leu-Thr-Phe-Thr-Pro-Asn-Trp-NH;), have been isolated from the
corpora cardiaca of CPB (Gade and Kellner, 1989).

Insect body intoxication by toxins, venoms, and pathogens usually
increases AKH expression or peptide synthesis (Kodrik and Socha, 2005;
Kodrik et al., 2015a, 2015b). Interestingly, the experimental co-
application of toxins (Kodrik et al., 2015b) and pathogens (Ibrahim
et al.,, 2017, 2018; Gautam et al., 2020a, 2020b) with synthetic AKH
enhances the efficacy of both agents in the insect body. AKHs enhance
the impact of toxins by stimulating metabolite exchange rates, especially
in the early defense response stages (documented by enhancing carbon
dioxide production) (Kodrik et al., 2015b), which may accelerate toxin
penetration into tissues. The defensive reaction intensity is, therefore,
quite intense and counterproductive, and consequently, kills the insects.

This study aimed to examine the effect of the nematode
S. carpocapsae infection on selected metabolic activities of CPB to
expand current knowledge about their interactions. The findings may be
theoretically interesting but may also contribute to developing practical
methods for insect pest management in the future.

2. Material and methods
2.1. Experimental insect

A stock culture of the Colorado potato beetle (CPB) L. decemlineata
(Say) selected from wild populations collected from the organic farm
(48.7091231N; 14.5788889E; elevation 675 m) in the vicinity of Ceské
Budéjovice (South Bohemia, Czech Republic), was used in this study.
Collected adults from the wild population were kept in a greenhouse at a
constant temperature of 25 + 1 °C and under long-day conditions (LD
16:8 h). They were fed on the leaves of the potato cultivar Magda. This
cultivar was obtained from the Potato Research Institute, Havlickav
Brod, Czech Republic, as a tiny plant, propagated as plant explants in
agar cultures. Rooted explants were transferred to soil in the seedling
plate and later replanted to 2 1 containers.

2.2. Entomopathogenic nematodes

A total of 10 selected nematode species/strains from the collection of
Laboratory of Entomopathogenic Nematodes (Institute of Entomology)
were tested in a pilot (mortality) experiment to select the most suitable
one for our study: Steinernema feltiae (KLEN, JAK, BEL, 37 Ca and 626),
Steinernema carpocapsae (MG 604, EGY 4 and 1343), Steinernema are-
narium (SLOV) and Heterorhabditis bacteriophora (HB 221) (Table S1).
For the following physiological experiments, just S. carpocapsae 1343
was used. Before the experiments, all nematodes were propagated using
Galleria mellonella larvae, and 2-3 weeks old infective juveniles were
used for the experiments. In the majority of experiments, the effect was
determined 1-day after the treatment.

2.3. Nematode treatment and mortality determination

The suspension of S. carpocapsae juveniles was diluted in water and
injected (through thoracic-abdominal intersegmental membrane) into
bodies of both sexes of CPB adults in a volume 3 pl containing 25, 50,
and 100 infective juveniles. The injection was employed because of the
faster course of infection compared to natural infection (data not
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shown). Controls were injected by Ringer saline only. To determine
mortality, 5-10 groups (each containing 25-33 insects) for each
experimental group were monitored for 7-day post-treatment. A dose of
50 infective juveniles per CPB was chosen for physiological experiments
(for reasons see Results).

2.4. Hormonal treatment

In some experiments, the effect of Peram-CAH-II injection (40 pmol;
for reasons and other details see Kodrik et al., 2007) on infected CPBs
was monitored. This peptide was prepared in the Polypeptide Labora-
tories, Praha, Czech Republic. To monitor the effect of both agents
(S. carpocapsae and Peram-CAH-II), the tests were set up as follows: (a)
control — Ringer saline, (b) Peram-CAH-II, (c) S. carpocapsae, and (d)
S. carpocapsae + Peram-CAH-II together; the hormonal and nematodal
injections were separated by 90 min to give the insects time to recover
from the first injection. The effect was evaluated one day after treatment
in all physiological experiments.

2.5. Extraction of AKHs and their quantification by ELISA

To extract the AKHs (Peram-CAH-I and -II together), the central
nervous system (CNS) containing the brain with corpora cardiaca and
corpora allata attached was dissected from the CPB head cut off from the
rest of body under the Ringer saline. The AKHs were then extracted with
80 % methanol, the solution was evaporated in a vacuum centrifuge and
the resulting pellet stored at —20 °C until needed.

The AKH content was determined using a competitive ELISA ac-
cording to our protocol published earlier (Goldsworthy et al., 2002;
Kodrik et al., 2007). The used antibody raised originally against Pyrap-
AKH from the firebug Pyrrhocoris apterus (Kodrik et al., 2000, 2002)
recognises well also both CPB AKHs (Peram-CAH-I and -II) (see Gold-
sworthy et al., 2002). In the ELISA test the equivalent of one CPB CNS
per a well was used, with the first antibody diluted to 1:5000 (for more
information see our earlier papers Goldsworthy et al. (2002) and Ibra-
him et al. (2017)).

2.6. Metabolic rate measurement

The Li-7000 CO3/H20 analyser (Li-COR Biosciences, Lincoln, NE,
USA) was used to measure the rate of carbon dioxide production by CPB
individuals as described in our earlier paper (Kodrik et al., 2010). Seven
individual CPB adults were measured separately in seven measuring
chambers 1-day after the treatment for a period of 90 min, with 45 min
serving as an accustoming phase and another 45 min as real measure-
ment. Results were analysed by data acquisition software (Sable System,
Las Vegas, Nevada, USA). The carbon dioxide production (VCO3) was
estimated from fractional carbon dioxide concentrations going in (FI)
and coming out (FE) the chamber using the following equation (Withers,
1977) and expressed in pl min~! mg insect ! units: VCO, = (FECOy —
FICO») f; where f is the flow rate in pl h L

2.7. Activity of digestive enzymes in the midgut

The activities of glucosidases, lipases and proteases were determined
in the CPB midgut. The organ was weighted, homogenized in appro-
priate buffer, centrifuged, and enzyme activity was determined.

- Glucosidase assay — the activity of a-glucosidase was performed with
4-methylumbelliferyl (MU) a-D-glucopyranoside as a substrate. The
activity was expressed in pmol of 4-MU/min/mg of fresh gut (Kodrik
et al., 2012).

- Lipase assay - the lipase activity was assessed with 4-methylumbelli-
feryl butyrate (4-MU butyrate) according to Roberts (1985) as
modified by Kodrik et al. (2012). The activity was expressed in pmol
of 4-MU/min/mg of fresh gut.
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- Protease assay - the protease activity was assessed with the resorufin-
casein kit (Roche) according to the manufacturer's instructions. The
activity was expressed in units of proteolytic activity per mg of a
fresh gut; this unit (U) was defined as the amount of enzyme (mg)
which caused an increase in an optical density by 0.1 per min in 1 ml
of the reaction mixture (Elpidina et al., 2001).

2.8. Spectrophotometric determination of nutrients

The levels of carbohydrates, glycogen, lipids, and proteins were
determined in the CPB fat body and/or hemolymph 1-day after the
nematode and/or hormonal treatments.

- Fat body - the tissue was homogenized in 70 % ethanol and the
extract was used to determine carbohydrate (supernatant) and
glycogen (sediment). Further, the lipids were extracted from the fat
bodies by chloroform: methanol mixture, and proteins by 0.2 M tris
HCI buffer, pH 7.8. For details of all tests see Mochanova et al.
(2018).

Hemolymph — the hemocytes were removed from hemolymph by
centrifugation at 1000g for 2 min at 4 °C, and resulting serum was
used for determination of the nutrients (carbohydrates, lipids,
proteins).

Free carbohydrate determination — the anthrone method (Carroll et al.,
1956) as modified by Socha et al. (2004) was used for carbohydrate
determination. The glucose standard curve was used for the final
quantification.

Glycogen determination — was done as described by Socha et al. (2004)
employing the anthrone method for final quantification (see above).
Lipid determination — was done by sulpho-phospho-vanillin method
according to Zollner and Kirsch (1962), as modified by Kodrik et al.
(2000). The optical densities measured in a spectrophotometer were
converted to lipids with the aid of a calibration curve based on
known amounts of oleic acid.

Protein determination — was done by the Bicinchoninic Acid Protein
Assay Kit (Sigma-Aldrich) (Stoscheck, 1990). The bovine serum al-
bumin standard curve was used for the quantification.

2.9. Quantification of vitellogenin gene expression

- Tissue sample preparation - the CPB fat bodies were dissected and
separately placed into RNAase-free micro-centrifuge tubes (10 bio-
logical replicates from each group) with 200 pl of TRI Reagent®
(Sigma-Aldrich Co., St. Louis, MO, the USA) and stored at —80 °C
until further use.

- RNA isolation and cDNA synthesis - following the TRI Reagent®
(Sigma-Aldrich) manufacturer's instructions, the fat bodies were
homogenized, and the total RNA was extracted. After that, using the
TURBO DNA-free™ Kit (Invitrogen, Thermo Fisher Scientific Baltics
UAB, Vilnius, Lithuania) according to the manufacturer's protocol,
the genomic DNA contamination in samples was eliminated. The
cDNA templates were prepared using the RevertAid RT Reverse
Transcription Kit (Thermo Fisher Scientific Baltics UAB, Vilnius,
Lithuania) from 100 ng of previously obtained purified RNA samples
using a random hexamer primers in Eppendorf MasterCycler Nexus
(Eppendorf AG, Hamburg, Germany) according to the manufacturer's
protocol. The vitellogenin (Vg) specific primers were designed based

Table 1
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on L. decemlineata Vg sequences available in GenBank
(GEEF01135093.1). The suitable reference gene (ribosomal protein
18, rp18) to normalize the expression data was chosen based on
previous results (Shi et al., 2013). The effectivity of all primer pairs
was verified before performing the q-RT-PCR. Selected primer se-
quences for performing q-RT-PCR are listed in the Table 1.
q-RT-PCR analysis - the q-RT-PCR was performed using the CFX
Connect™ Real-Time System (Bio-Rad Laboratories, Hercules, Cali-
fornia, USA) with SYBR® Premix Ex Taq™ II (TIi RNaseH Plus)
(TAKARA BIO INC., Shiga, Japan) and 40 nM of each primer. The 3-
steps program was set: initial phase - 3 min at 95 °C; second step - 5 s
at 95 °C, 30 s at 60 °C, 40 cycles. The final part - ramping from 65 °C
to 95 °C by 0.5 °C every 5 s - served as a control to validate the
amplification specificity. The primer effectivity was calculated from
the constructed standard curve (5 serial dilutions). Then the gener-
ated Cq's values were used to obtain the relative expression of the
targeted gene.

2.10. Data presentation and statistical analyses

The results were plotted using the graphic software Prism (GraphPad
Software 6, San Diego, California). The points on the line graphs and the
bar graphs represent the mean values + SD. The number of repetitions is
depicted in the figure legends. The statistical significance of the results
was evaluated by (1) two-way ANOVA followed by Tukey's multiple
comparison test (Fig. 1), (2) one-way ANOVA followed by Tukey's
multiple comparison test (Figs. 2, 4-8), and (3) Student's t-test (Fig. 3).

3. Results
3.1. Effect of S. carpocapsae on CPB mortality

In the preliminary studies, we examined the influence of numerous
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Fig. 1. The effect of injection of various doses of S. carpocapsae (EPN) on
mortality of L. decemlineata adults 1-7-day after the treatment. Statistically
significant differences among the doses (=the curves) at the 5 % level were
evaluated using two-way ANOVA with Tukey's comparison test and are indi-
cated by different letters (a, b, c, d, e); points on curves = mean =+ SD, n = 5-6
groups with 25-33 individuals in each.

Sequences of specific vitellogenin (Vg) and house-keeping genes, ribosomal protein 18 (rp18) primers (5'-3' direction) used in g-RT-PCR.

Gene name Primer sequence (5'-3') Amplicon size (bp) Reference

Vg Forward AACCAGCAGAACGTGAACAG 157

Vg Reverse ATCCTGTCAAAGTGCATGCC

rp 18 Forward ACTTCGTGTCACTGAAACTGC 252 Shi et al., 2013
rp 18 Reverse TATCCGCACGACTTCCTGC
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Fig. 2. The effect of injection of 50 individuals of S. carpocapsae (EPN) and 40
pmol Peram-CAH-II treatments on mortality of L. decemlineata 1st and 2nd day
after the treatments. Statistically significant differences among the treatments
at 5 % level evaluated by one-way ANOVA with the Tukey's post-test are
indicated by different letters (a, b, ¢ within 1-day; A,B,C within 2-day); bars =
mean + SD, n = 5-8 groups with 25-33 individuals in each. The numbers above
the columns represent fold differences of mortality between the EPN and EPN
+ Peram-CAH-II treated groups.

1501
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Fig. 3. The effect of injection of 50 individuals of S. carpocapsae (EPN) on AKH
(Peram-CAH-I and -II) amount in L. decemlineata CNS 1st day after the treat-
ment. Statistically significant difference between the groups at 5 % level eval-
uated by Student's t-test is indicated by *; bars = mean + SD, n = 5-7. The
number above the column represents the fold difference of AKH amount be-
tween the EPN and control groups.

entomopathogenic nematode species and strains on CPB mortality
(Table S1) to select the best strain for our study. We chose S. carpocapsae
strain 1343, owing to its consistent pathogenicity, for subsequent
studies. According to the dosage response test, 50 nematodes per CPB
individual were the most appropriate dose (Fig. 1). This dose was suf-
ficiently high to induce stress (22.4 % mortality on the second day after
infestation), but it left enough CPBs alive to conduct biochemical and
physiological studies. Furthermore, co-application of 50 nematodes with
40 pmol Peram-CAH-II resulted in a significant increase in mortality,
which was 5.6 and 1.8 times higher 1 and 2 days after application,
respectively, than the mortality following the nematode treatment alone
(Fig. 2). The injection of Ringer saline (control) or the hormone alone
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resulted in a less than 10 % mortality rate on both days studied.

3.2. Effect of S. carpocapsae on AKH level in CNS

As a result of S. carpocapsae treatment, infected insects are assumed
to experience severe stress, followed by an increase in AKH synthesis.
The AKH levels (Peram-CAH-I and -CAH-II) in the CNS were used to
confirm this hypothesis. The results revealed that infected CPBs had a
large, 2-fold increase in AKH levels (Fig. 3). Interestingly, there was no
significant increase in AKH levels following the sham injection (intact
insects vs. injury caused by the injection needle) (Fig. S1).

3.3. Effect of S. carpocapsae on metabolic characteristics

We intended to determine whether the application of S. carpocapsae
and/or Peram-CAH-II affected overall metabolism. However, the results
revealed that the differences in carbon dioxide production (as a marker
of metabolic intensity) among our CPB experimental groups treated with
the agents were minor and not significant (Fig. 4).

Furthermore, the impact of nematode and Peram-CAH-II on gut
characteristics was not very dramatic (Fig. 5). The effect on gut mass was
minimal and there were no significant changes among the groups
(Fig. 5A). After treatment, digestive enzyme activity was disorganized.
Glucosidase activity was curbed after hormonal treatment but not by
nematodes (Fig. 5B), while the lipase activity significantly reduced after
co-treatment with nematode and hormone (Fig. 5C), and protease ac-
tivity was inhibited by Peram-CAH-II rather than by nematodes
(Fig. 5D). Additionally, fat body mass did not change following nema-
tode and hormonal treatments (Fig. 6A). However, the free carbohy-
drate levels increased following S. carpocapsae infection, but there was
no stimulatory effect after co-treatment with S. carpocapsae and Peram-
CAH-II, implying that the hormone counteracted the nematode-induced
effects (Fig. 6B). Similarly, nematode treatment significantly increased
fat body glycogen levels, whereas Peram-CAH-II had a minor and
insignificant effect (Fig. 6C). Co-treatment only affected or reduced the
level of fat body lipids (Fig. 6D), but not the level of proteins (Fig. 6E).

The levels of nutrients in the CPB hemolymph were changed simi-
larly during the experimental treatment protocols. Nematodes signifi-
cantly increased the level of free carbohydrates, as did Peram-CAH-II, to

The differences in the results are
not statistically significant
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Fig. 4. The effect of injection of 50 individuals of S. carpocapsae (EPN) and 40
pmol Peram-CAH-II treatments on carbon dioxide production in L. decemlineata
1st day after the treatments. Statistical evaluation by one-way ANOVA with
Tukey's post-test showed no significant differences among the results on 5 %
level; bars = mean + SD, n = 7.
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Fig. 5. The effect of injection of 50 individuals of S. carpocapsae (EPN) and 40 pmol Peram-CAH-II treatments on gut mass (A), and activity of gut a-glucosidases (B),
lipases (C), and proteases (D) of L. decemlineata 1st day after the treatments. Statistically significant differences among the treatments at 5 % level evaluated by one-
way ANOVA with Tukey's post-test are indicated by different letters (a, b, c); bars = mean + SD, n = 10-15.

a lesser extent while still being significant. In the Peram-CAH-II +
nematode co-treatment, the hormone partially eliminated the
nematode-induced effect while maintaining the carbohydrate level at
the same level as that after the hormonal treatment (Fig. 7A). Lipid
levels significantly increased after S. carpocapsae infection, and it ap-
pears that AKH presence did not affect lipid levels in the hemolymph of
both infected and uninfected CPBs (Fig. 7B). Only nematode infection
significantly increased the hemolymph protein level, whereas the co-
treatment of nematodes with Peram-CAH-II decreased the protein
level to the same level as the control (Fig. 7C).

3.4. Effect of S. carpocapsae on vitellogenin expression

Using S. carpocapsae and/or Peram-CAH-II influenced vitellogenin
(Vg) expression in both male and female CPB fat bodies. The Vg tran-
script increased about 3-fold in the male fat body after nematode
treatment when compared to the level in control (Fig. 8A), but hormonal
co-treatment stabilized the level back to the control level. Naturally,
control females had a higher Vg transcription rate than control males
(Fig. 8B); however, nematode infection resulted in an over 5-fold
decrease; however, the difference due to high variability in controls
was not significant. Hormonal treatment had no significant effects.

4. Discussion
4.1. Mortality and its hormonal enhancement

The effect of injecting different entomopathogenic nematode strains
from the genera Steinernema and Heterorhabditis into CPB was examined

in the pilot experiments of this study, and the mortality test revealed
that S. carpocapsae 1343 was the most pathogenic. This strain was
originally isolated in northern Bohemia, Czech Republic in 2014. The
efficacy of 1343 strain in the CBP was recently established in a study by
Piiza et al. (2021), where it was found to be one of the most lethal strains
against CPB adults via Petri dish infection experiments, and it also
proved to be efficient against pupating beetles in pot experiments. We
used a dose of 50 nematodes per beetle in all physiological experiments.
This dose was close to the LDy, which left a sufficient number of living
individuals for the experiments.

The invasion of entomopathogenic nematodes into the insect body
elicits a strong immune response at the humoral and cellular levels. This
includes encapsulation by hemocytes and melanization (Dunphy and
Thurston, 1990; Wang et al., 1994). Among other insects, Colorado
potato beetles are more resistant to entomopathogenic nematodes
(Armer et al., 2004) and capable of effective encapsulation of pene-
trating nematodes (Thurston et al., 1994). Generally, insect defense
reactions against pathogens and toxins are controlled by neural and
hormonal (neurohormonal) systems led by AKHs. Infection and intoxi-
cation of the insect body are accompanied by AKH gene activation and
an increase in AKH levels in the CNS (Fig. 3) and/or hemolymph.
Numerous examples of this phenomenon have been reported in the
literature. For instance, S. carpocapsae infection resulted in a large in-
crease in Pyrap-AKH and Peram-CAH-II gene expression as well as
increased levels of these adipokinetic peptides in the CNS and hemo-
lymph of the firebug Pyrrhocoris apterus (Ibrahim et al., 2017). A similar
effect was observed in the fruit fly Drosophila melanogaster (Ibrahim
et al.,, 2018). In the firebug P. apterus, aphid Acyrthosiphon pisum,
American cockroach Periplaneta americana, and larvae of lepidopteran
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Fig. 6. The effect of injection of 50 individuals of S. carpocapsae (EPN) and 40 pmol Peram-CAH-II treatments on fat body mass (A), and level of fat body carbo-
hydrates (B), glycogen (C), lipids (D), and proteins (E) of L. decemlineata 1st day after the treatments. Statistically significant differences among the treatments at 5 %
level evaluated by one-way ANOVA with Tukey's post-test are indicated by different letters (a, b); bars = mean + SD, n = 8-10.

species Spodoptera littoralis, an infection caused by the entomopatho-
genic fungus Isaria fumosorosea enhanced AKH characteristics (Gautam
et al., 2020a, 2020b). In several pest and non-pest species, modulations
in the insect body AKH levels were observed after insecticide treatment
(see Kodrik et al., 2015b).

The co-application of S. carpocapsae with Peram-CAH-II caused an
increase in L. decemlineata mortality compared with the application of
the nematode alone (see Fig. 2). This theoretically and practically
intriguing ability of AKHs has been observed in various insect species
infected with bacteria (Goldsworthy et al., 2005), fungi (Goldsworthy

et al., 2005; Mullen and Goldsworthy, 2006; Gautam et al., 2020a), and
nematodes (Ibrahim et al., 2017, 2018). Theoretically, there are three
possible explanations for this phenomenon:

(A) When AKH is present with an infection, it stimulates general
metabolism, which accelerates the turnover of toxins produced
by the infection, increasing toxin efficacy. The increasing carbon
dioxide production can be used to monitor the rise in metabolism
(Ibrahim et al., 2017, 2018; Gautam et al., 2020a, 2020b);



D. Hlavkova et al.

A

12+
10+
84

6
4-
2
0

Free carbohydrates in haemolymph
(ngfnl)

= b —b—
o 4
g a a il Ii
z ] T K
€ =
¢ =
= g’_ 21
= =
5 1
-} :
4 X0
N N N 2
() 2 )
S A S
s & o
@@ «"’@
Q¢ 2°
X
C &
S 80 b
£ a a
O - a “e"e
g 60{ a
s =
< O 40-
!
2 20
2
o
a 0 XX
3 N N N
&° Q& Q ol
s K ¢ ¥
S &
Q L
Qg\*

Fig. 7. The effect of injection of 50 individuals of S. carpocapsae (EPN) and 40
pmol Peram-CAH-II treatments on level of hemolymph carbohydrates (A), lipids
(B), and proteins (C) of L. decemlineata 1st day after the treatments. Statistically
significant differences among the treatments at 5 % level evaluated by one-way
ANOVA with Tukey's post-test are indicated by different letters (a, b, c); bars =
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pmol Peram-CAH-II treatments on relative transcription of vitellogenin (Vg)
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treatments. Statistically significant differences among the treatments at 5 %
level evaluated by one-way ANOVA with Tukey's post-test are indicated by
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(B) AKH mobilizes nutrients into the hemolymph, particularly car-
bohydrates and lipids (Gade et al., 1997), and supplies energy-
rich substrates for pathogen growth (Mullen and Goldsworthy,
2006); and

(C) As AKH has been shown to inhibit RNA (Kodrik and Goldsworthy,
1995) and protein (Carlisle and Loughton, 1979; Moshitzky and
Applebaum, 1990; Lorenz, 2003) syntheses, an inhibition of
antimicrobial defense proteins (including vitellogenins — see
below) in the insect body cannot be ruled out.

4.2. Effect on metabolism

In most studies where a pathogen/toxin was combined with AKH,
which resulted in a significant increase in mortality, a corresponding
increase in metabolism, as measured by carbon dioxide production, was
also observed (Kodrik et al., 2010; Velki et al., 2011; Plavsin et al., 2015;
Ibrahim et al., 2017, 2018; Gautam et al., 2020a, 2020b). These findings
suggest that the mechanism (indicated in Section 4.1 — (A)) of faster
toxin turnover could be involved. Surprisingly, when L. decemlineata was
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treated with S. carpocapsae and Peram-CAH-II (in the present study), no
such effect was observed. This finding suggests the employment of a
different mechanism, most likely the mobilization of metabolites in the
insect body for nematode growth (refer to Section 4.1 — (B)). However,
the mechanism is not entirely clear, which implies that other factors may
be involved. For example, nematode treatment increased the amount of
carbohydrates in the fat body; however, when combined with Peram-
CAH-II, the level reduced to that in the control. Nevertheless, this phe-
nomenon was not accompanied by carbohydrate release into the he-
molymph, since their levels following the nematode+Peram-CAH-II
treatment were lower than those in nematode-treated beetles (Figs. 6
and 7). However, it cannot be completely ruled out that this decline
could probably be due to more extensive carbohydrate use by rapidly
growing nematodes. On comparing the nematode-alone treatment with
nematode+Peram-CAH-II treatment, a similar drop in fat body lipid
levels was observed, without any drop in the hemolymph. Further, the
protein levels in the fat body and hemolymph fluctuated slightly.

In the midgut of L. decemlineata, nematode treatment caused no or
insignificant changes in digestive enzyme activity. However, after co-
application with Peram-CAH-II, a slight decrease in the activity (sig-
nificant for glucosidases) of enzymes was observed. In general, the role
of hormones in the midgut characteristics of L. decemlineata, if any, is
unclear, although the stimulatory influence on midgut function has been
documented in various insect species (Kodrik et al., 2012; Bil et al.,
2014; Bodlakova et al., 2018).

4.3. Effect on vitellogenin transcription

Vitellogenins (Vgs) are a complex group of proteins that play
important roles as yolk protein precursors in egg-laying females. Vgs
have also been detected in several insect males (Villar and Grozinger,
2017; Kodrik et al., 2019; Bodlakova et al., 2022). This is not surprising,
given that Vgs also play roles in other aspects of insect biology, including
defense against various entomopathogens (Singh et al., 2013; Salmela
and Sundstrom, 2017; Park et al., 2018) or toxins (Bodlakova et al.,
2022). This phenomenon was also demonstrated in the present study
(see Fig. 8), where nematode treatment resulted in a significant increase
in Vg transcription in the male CPB fat body. When the firebug Pyr-
rhocoris apterus males were treated with the same nematode, and/or
entomopathogenic fungus Isaria fumosorosea, a significant increase in Vg
transcription was observed (Kodrik et al., 2019). However, the effect of
nematodes on Vg transcription in female fat bodies was not significant in
the present study. The decreasing trend in infected females was
consistent with the effect of the aforementioned pathogens on Vg tran-
scription in P. apterus female fat bodies (Kodrik et al., 2019). Although
the different effects of nematode infection in male and female fat bodies
are startling, this fact need not be perplexing. One might infer that the
Vg level required for successful pathogen defense is significantly lower
than that required for the nutritional supply of developing eggs. As a
result, the female body shuts down less vital processes during infection
to save energy for more important tasks. This trade-off strategy is
common in insects encountering various stressful situations (Kodrik,
2008; Zhang et al., 2014; Huang et al., 2016).

Peram-CAH-II had a moderate influence on Vg transcription, with
except for a significant reduction in the high Vg transcription level
triggered by nematodes (see Fig. 8A — EPN vs. ENP + Peram-CAH-II) in
CPB males (item C in Section 4.1). This Vg restriction in the defense
system against nematodes could be one reason for the increased CPB
mortality caused by Peram-CAH-II; however, this cannot be reliably
determined in females. Nonetheless, one of the well-known functions of
AKHs is to suppress Vg production (Carlisle and Loughton, 1979;
Moshitzky and Applebaum, 1990).

In conclusion, our study demonstrates that the entomopathogenic
nematode S. carpocapsae causes significant stress in infected adults of the
Colorado potato beetle L. decemlineata, as evidenced by a rise in AKH
level in the body. Furthermore, external co-application of Peram-CAH-II
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with nematodes considerably increased beetle mortality. The mecha-
nism of action of this phenomenon appears to be complicated and not
entirely clear. Increased nematode toxin turnover as a result of increased
metabolism in the host body does not appear to be possible. The nem-
atobacterial complex most likely benefits from AKH nutrient mobiliza-
tion and Vg production, although other unknown components could be
involved, complicating the understanding of the mechanism. All these
findings are intriguing and could be crucial in developing future pest
control strategies, although a complete understanding of the mechanism
of action requires further research.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cbpc.2022.109466.
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