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Tachykinin-related peptides
modulate immune-gene expression
in the mealworm beetle Tenebrio
molitor L.

Arkadiusz Urbanski*?*, Paul Johnston®*, Elisa Bittermann?, Maryam Keshavarz?,
Véronique Paris®®, Karolina Walkowiak-Nowicka?’, Natalia Konopiniska®, Pawet Marciniak® &
Jens Rolff%¢

Tachykinins (TKs) are a group of conserved neuropeptides. In insects, tachykinin-related peptides
(TRPs) are important modulators of several functions such as nociception and lipid metabolism.
Recently, it has become clear that TRPs also play a role in regulating the insect immune system. Here,
we report a transcriptomic analysis of changes in the expression levels of immune-related genes in
the storage pest Tenebrio molitor after treatment with Tenmo-TRP-7. We tested two concentrations
(102 and 107 M) at two time points, 6 and 24 h post-injection. We found significant changes in the
transcript levels of a wide spectrum of immune-related genes. Some changes were observed 6 h after
the injection of Tenmo-TRP-7, especially in relation to its putative anti-apoptotic action. Interestingly,
24 h after the injection of 10~ M Tenmo-TRP-7, most changes were related to the regulation of the
cellular response. Applying 10 M Tenmo-TRP-7 resulted in the downregulation of genes associated
with humoral responses. Injecting Tenmo-TRP-7 did not affect beetle survival but led to a reduction

in haemolymph lysozyme-like antibacterial activity, consistent with the transcriptomic data. The
results confirmed the immunomodulatory role of TRP and shed new light on the functional homology
between TRPs and TKs.

Tachykinins (TKs) are one of the largest neuropeptide families that is conserved across the animal kingdom, from
Cnidaria to vertebrates'. In insects, neuropeptides with similar structural properties are classified as tachykinin-
related peptides (TRPs). TRPs, like TKs, participate in the regulation of many processes. TRPs can, inter alia,
modulate the contractile activity of visceral muscles, nociception, and lipid metabolism’?. Recent results also
indicate that TRPs are a very important part of the hormonal axis, which is crucial for fast reactions by insects
to stress conditions®™. This importance is indicated by the close interplay between TRPs, insulin-like peptides
(ILPs) and adipokinetic hormones (AKHs), a functional homologue of vertebrate glucagon. The regulatory role
of these hormones is mostly based on the adjustment of insect metabolism to the current physiological state
and to the direct or indirect regulation of insect immune system activity’=. Despite the well-known immuno-
tropic properties of AKHs and ILPs, our knowledge about the role of TRPs in the activity of different immune
mechanisms is very limited.

Our previous research provided the first evidence for the possible role of TRPs in regulating the insect immune
system in the mealworm beetle Tenebrio molitor®, a storage pest species. The application of Tenmo-TRP-7 (one of
the TRPs identified in T. molitor) elicited many physiological effects, resulting in an increase in the total number
of circulating haemocytes, a decrease in the number of phagocytic immune cells, and altered haemocyte adhe-
sion. Moreover, Tenmo-TRP-7 enhanced the activity of phenoloxidase (PO) in T. molitor haemolymph®, which
is one of the main components of the insect immune system'”. The injection of Tenmo-TRP-7 also reduced the
DNA damage observed in haemocytes®. We also identified and predicted the sequence and structure of the TRP
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receptor (TRPR) and confirmed the presence of gene expression encoding TRPR in Tenebrio haemocytes. This
result supports the notion that TRPs directly influence the activity of insect haemocytes’. In addition, research
conducted by Kamareddine et al.!! showed that the innate immune deficiency (IMD) pathway can regulate TRP
transcription in the Drosophila melanogaster gut. However, the regulatory mechanisms of TRPs are still unknown.
Based on research conducted in other model organisms, especially vertebrates, one can hypothesize that the
application of TRPs could induce changes in the expression level of a wide spectrum of immune-related genes.
Current research clearly indicates that in vertebrates, the application of substance P (SP, one of the vertebrate TKs)
affects the expression level of genes encoding various cytokines'2. Here, we report the transcriptomic changes in
immune-related tissues (fat body and haemocytes) of T. molitor after Tenmo-TRP-7 application using RNA-seq.
In addition, we investigated insect survival after applying TRP, and we tracked the lysozyme-like antimicrobial
activities of T. molitor haemolymph.

Materials and methods

Insects. To control for age- and sex-specific differences in immune system functioning, only 7-day-old adult
males of T. molitor were used. The beetles were reared at the Institute of Zoology, Freie Universitit Berlin and
at the Department of Animal Physiology and Developmental Biology, Adam Mickiewicz University in Poznan
according to a method described by El-Shazely et al.’* and Urbanski et al.’. Adult males were kept in an incuba-
tor under stable conditions (dark, 28 °C). Beetles were kept in sterile, compartmentalized square plastic dishes
with oatmeal and apple pieces.

Neuropeptide and tissue collections. Similar to previous research, the neuropeptide Tenmo-TRP-7
(MPRQSGFFGMRa) was used for all the experiments’. Tenmo-TRP-7 was synthesized by Creative Peptides
(Shirley, NY, USA; purity > 95% HPLC). Tenmo-TRP-7 was used because of its structural similarity to SP, which
possesses immunomodulatory activity in vertebrates®’.

The neuropeptide solution in physiological saline (2 uL; 274 mM NaCl, 19 mM KCl, 9 mM CaCl,) was injected
under the coxa of the third pair of legs 6 or 24 h before tissue collection. In the experiment, two concentrations
of Tenmo-TRP-7 were used, 107 and 10~> M (for final concentrations in the Tenebrio haemocoel of 1078 and
107% M, respectively)*'*. In the “Results and discussion” section, the results are related to the final concentration
of Tenmo-TRP-7 in the insect haemocoel. The neuropeptide concentrations are based on previous research on
TRPs in the Tenebrio immune system activity and on other studies in insects®!>!6.

Before neuropeptide injection or haemolymph and fat body collection, the beetles were anaesthetized with
CO,. Haemolymph samples (depending on the experiment, 2 or 5 uL) were collected by cutting the tibia of the
first pair of legs. The fat body was collected under sterile conditions just after beetle decapitation using micro-
surgical tools and a dissecting microscope (Zeiss Stemi 508, Carl Zeiss, Jena, Germany). For the transcriptomic
analyses, the fat body and haemolymph were pooled. The collected samples were placed directly in RNA Lysis
buffer (Zymo, Irvine, USA). For each experimental condition, at least three biological replicates were collected.
One biological replicate contained tissues pooled from 5 individuals. Haemolymph samples were also used for
spectrophotometric analysis of their lysozyme-like activity.

Survival. The survival study was modified according to the method described previously by El-Shazely
et al.'’. Ten male T. molitor individuals that were injected with physiological saline or a Tenmo-TRP-7 solution
at concentrations of 10”7 and 10> M were kept in a plastic box for 21 days. This box of 10 was considered one bio-
logical replicate. The number of individuals was checked every day at the time of the experiment. Each research
variant (control, 10~® and 107 M) was repeated at least 5 times (5 replications x 10 individuals =50 individuals
per treatment).

Sequencing, transcriptome assembly and analysis. We used RNA-seq to study the expression of
immune-related genes in T. molitor after neuropeptide administration. The fat body and haemolymph were
suspended in RNA Lysis buffer (Zymo Research, Irvine, USA) and homogenized using TissueLyser II (Qiagen,
Hilden, Germany). RNA isolation was performed using the Zymo Quick RNA MiniPrep kit according to the
manufacturer’s protocol, including sample incubation with DNase (Zymo Research, Irvine, USA). The quantity
and quality of the RNA were determined with a NanoDrop (Thermo Fisher Scientific, Waltham, USA) and BIO-
ANALYZER 2100 (Agilent, Santa Clara, USA). The mRNA library was prepared using a NEXTflexTM Rapid
Directional mRNA-seq Kit (Bio Scientific, Austin, USA). To sequence the prepared library, the Illumina Next-
Seq500/550 platform was used (Illumina, San Diego, USA).

The raw data processing was based on methods described by Johnston et al.'” and He et al.'®. First, Trimmo-
matic, part of Trinity (v. 2.2.0), was used for data trimming and filtering. During this step, barcodes, adapters,
short reads (<25 bp) and reads of low quality were removed. Trinity was used to assemble pair-end reads. The
quality of the assembly was assessed by BUSCO v. 2 with the Arthropod BUSCO set from OrthoDB (version 9).
The transcriptome was annotated in accordance with the Trinotate annotation suite guidelines. Trimmed reads
were mapped to the reference assembly using RSEM and Bowtie. The difference in gene expression was analysed
using the R Bioconductor package DESeq. Transcripts with a minimum of fourfold change in expression at
P <0.05 were extracted and clustered using the R package DIRECT'”**. GO PANTHER (http://pantherdb.org)
was used for Gene Ontology (GO) analyses. Based on the resulting transcriptomic data, GO term enrichment
analyses on different sets of differentially expressed genes were performed using Goseq®. Further analysis was
conducted based on the method described by Bonnot et al.?'. The identification of the most representative GO
terms from the list of enriched terms using REVIGO (http://revigo.irb.hr) was performed®. The lists of GO
terms were prepared by applying a stringent dispensability cut-off (< 0.05). For the graphical presentation of the
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obtained data, ggplot2 (https://ggplot2.tidyverse.org) for RStudio was used (http://www.rstudio.com)**>?*, The
GO enrichment analyses for GO terms classified as “cellular components” are presented in the Supplementary
Materials (Figs. $3-56). The analysis was performed at the Institute of Biology, Freie Universitit Berlin and Berlin
Centre for Genomics in Biodiversity Research (BeGenDiv).

Expression level of selected immune-related genes-quantitative PCR assay. The transcriptomic
data were verified by analysing the expression levels of selected immune-related genes. Immune-related tissues
(fat body and haemocytes) were transferred to 200 pL of RNA lysis buffer (Zymo Research, Irvine, USA) and
homogenized for 2 min using a pellet homogenizer (Kimble Chase, USA). For each biological replicate, the
tissues collected from 5 individuals were pooled. The homogenized tissues were immediately frozen in liquid
nitrogen and stored at—80 °C. For RNA isolation, a Quick-RNA" Mini-Prep kit (Zymo Research, Irvine, USA)
was used. After RNA isolation, DNase treatment of samples with a Turbo DNase Kit (Thermo-Fisher Scientific,
Waltham, USA) was performed. Quantification and verification of isolated RNA were performed using a Syn-
ergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, Winooski, USA). Reverse transcription of the same
amount of isolated RNA (200 ng) to cDNA was accomplished using the RevertAid’ First Strand cDNA Synthesis
Kit (Thermo-Fisher Scientific, Waltham, USA) according to the manufacturer’s protocol.

The primers for PCR were based on primer sequences previously published by Jacobs et al.>* (Supplementary
Materials, Table S1) and were synthesized by Institute of Biochemistry and Biophysics of Polish Academy of
Science in Warsaw. Based on the transcriptomic data, genes encoding attacin 2, tenecin 3 and the Toll receptor
were selected for the analysis. Reverse transcription quantitative PCR (RT-qPCR) was performed on a Corbett
Research RG-6000 Real-Time PCR Thermocycler (Qiagen, Hilden, Germany) with Fast SYBR Green Master
Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s protocol.
The expression level of the gene encoding T. molitor ribosomal protein L13a (TmRpL13a) was used as an inter-
nal control to normalize differences in template concentrations between samples (Jacobs et al.?®). To check for
potential foreign contamination of samples, “no template control” (DNA/RNA free water) and “no RT control”
reactions were also included in the analysis (Supplementary Materials, Figs. S1, S2). To confirm our results, the
amplicons were sequenced by the Molecular Biology Techniques Laboratory (Faculty of Biology, Adam Mickie-
wicz University) and compared with data available in a public database (NCBI). For each treatment, 3 biological
replicates were used, and 3 technical repetitions were performed. The relative expression was calculated using
the 2744 method®.

Lysozyme-like antimicrobial activity of haemolymph from T. molitor. The lysozyme-like antimi-
crobial activity of haemolymph from T. molitor was tested on the basis of the method described by Arce et al.?’.
The tested individuals were injected with 2 uL of physiological saline or a solution of physiological saline and
Tenmo-TRP-7 at concentrations of 1077 or 10> M. To activate the T. molitor imnmune system, 2 h after injec-
tion, the beetles were injected with 2 uL of a 10% physiological saline solution and attenuated Staphylococcus
aureus (Sigma S2014, Saint Louis, Missouri, USA). Twenty-four hours after the physiological saline or neuro-
peptide injection, haemolymph samples (2 uL) were collected and transferred to 90 pL of ice-cold physiological
saline and Micrococcus luteus solution (3 mg/10 mL; ODgy,=0.4, Sigma M3770-5G). Then, the samples were
mixed and incubated at 37 °C for 30 min using a Thermomixer comfort 5355 (Eppendorf, Hamburg, Germany).
After incubation, the samples were immediately chilled on ice, and the absorbance was checked (A =600 nm)
using a BioSpectrometer kinetic (Eppendorf, Hamburg, Germany). The sample absorbance was compared to
the absorbance of a physiological saline and M. luteus solution (blank; 0). The level of the absorbance reduction,
i.e., the reduction in M. luteus content was used to indicate the lysozyme-like activity of the haemolymph. As a
positive control, the antimicrobial activity of a physiological saline and lysozyme solution (Sigma L-7651, Saint
Louis, Missouri, USA) was tested (0.1 mg/mL). At least 13 individuals were used in each of the treatments, and
three independent replications were conducted.

Statistical analysis. For the statistical analysis of physiological experiments, GraphPad Prism software
was used (Adam Mickiewicz University licence, version 9.0.0 for Windows, GraphPad Software, San Diego,
California USA, www.graphpad.com). Survival was analysed using the log-rank (Mantel-Cox) test. The outliers
were defined using the ROUT method (Q=1). The normality of the distribution was determined using the Sha-
piro-Wilk test. To check the homogeneity of variance, the Brown-Forsythe test and the Levene test were used.
Normally distributed data were analysed with one-way ANOVA and a Student’s t test with Welch’s correction.
Data with a non-normal distribution were analysed using the Mann-Whitney U test.

Results and discussion

Survival. Over 21 days, we did not find any statistically significant differences between the control individu-
als and beetles treated with Tenmo-TRP-7 at concentrations of 10-® and 10" M, which suggests that a single
injection does not influence the lifespan of T. molitor. This result suggests a low cytotoxicity from the tested
neuropeptide, even at the high concentration of 10-° M (Fig. 1).

General transcriptome information from T. molitor. We assembled the transcriptome from 20 librar-
ies, each consisting of pooled samples from the fat body and haemocytes of T. molitor, after the injection of
physiological saline or Tenmo-TRP-7 treatment at concentrations of 10~ and 10° M. During the transcriptomic
assay, 20.852.370-29.416.364 raw reads per library (average: 2.4814.596) were obtained. The average overall
alignment rate was 80%. A total of 74-85% of reads uniquely mapped to the reference of the transcriptome
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Figure 1. Survival curve of T. molitor males after the injection of physiological saline (control) and Tenmo-
TRP-7 at concentrations of 10”7 and 10~> M (final concentrations in insect bodies of 10~® and 10° M,
respectively). The values are given as the means+ SEM.

assembly for T. molitor, as published by Johnston et al.'”. The full transcriptome was submitted to the NCBI
database (BioProject: PRJNA781435).

General functional annotation of the transcriptome from T. molitor. The results of a gene ontol-
ogy analysis on molecular functions and biological processes are shown in Fig. 2. In the case of biological func-
tions, the most abundant GO terms were related to cellular processes (GO:0009987; 35%), metabolic processes
(GO:0008152; 23.9%) and biological regulation (GO:0065007; 14.5%). The GO analysis associated with the
molecular processes showed that the dominant GO terms were catalytic activity (GO:0003824; 38.7%), ligand
binding (GO:0005488; 35.4%) and molecular function regulator (GO:0098772, 11.3%) (Fig. 2).

Differences in the expression levels of genes 6 h after Tenmo-TRP-7 injection. GO enrichment
analysis.  The GO enrichment analysis showed that Tenmo-TRP-7 injection induced changes in the expression
levels of various sets of genes after 6 h. Differences were observed for biological processes, molecular functions,
and cellular components (Figs. 3, 4, Figs. S3, S4). GO term enrichment analysis indicated that Tenmo-TRP-7
participates in the regulation of metabolic processes. This regulation is associated with changes in the expres-
sion of genes classified to generally metabolic process (GO:0008152), digestion (GO:0007586) or carbohydrate
transport (GO:1901505 and GO:0008643) (Figs. 3, 4). These results support previous research concerning the
physiological role of TRPs in insects?. The results also suggest that Tenmo-TRP-7 may elicit effects directly
and indirectly related to immune processes and cell death. These effects are observed after the application of
both concentrations used here. In the case of the 10 M Tenmo-TRP-7 concentration, a differential expression
of genes classified as serine-type peptidase activity terms (GO:0008236, molecular function) was noted, likely
connected with the immune-regulatory role of Tenmo-TRP-7% (Fig. 3). Six hours after Tenmo-TRP-7 treatment
at a concentration of 10-° M, GO enrichment analysis confirmed the participation of TRPs in the regulation of
immune response and cell death, which was especially visible in the case of GO terms associated with biological
processes and molecular functions. At this concentration, the most representative GO terms were positive regu-
lation of Ikappa-B phosphorylation (GO:1903721), programmed necrotic cell death (GO:0097300) or serpins
family protein binding (GO:0097655) (Fig. 4).

Differences in the expression levels of immune-related genes. 'The GO enrichment analysis was enriched by a
detailed analysis of differentially expressed genes in the fat body and haemocytes 6 h after Tenmo-TRP-7 injec-
tion (Table 1). The presence of the neuropeptide at a concentration of 10-* M led to a reduction in the expres-
sion levels of genes regulating the haemocyte activity. One of these genes is the gene encoding saccharopine
dehydrogenase-like oxidoreductase, the overexpression of which is characteristic of the times before and after
haemocyte spreading and encapsulation®’. Moreover, the gene for a putative serine proteinase, one of the media-
tors of insect immune responses®’, was also downregulated (Table 1).

For the samples collected 6 h after injection, Tenmo-TRP-7 at a 10 M concentration also caused a significant
downregulation of the putative serine proteinase gene. In addition, a reduction in the expression level of TNF
receptor-associated factor 6, which is also involved in the regulation of the insect immune system as a signal
transducer of the Toll/Toll-like receptor®, was found (Table 1). In beetles treated with 10 M Tenmo-TRP-7, the
downregulation of the lysosomal alpha-mannosidase-like precursor gene was shown (Table 1). This precursor
is involved in neutrophil degranulation in vertebrates®. In insects, lysosomal alpha-mannosidase, a component
of Bracon nigricans venom, can be involved in the regulation of host immunity, especially for the recruitment
of haemocytes for wound healing®. Additionally, the gene encoding methyltransferase 2, which inhibits NF-«xB
function, was strongly overexpressed*!. Despite the changes that may indicate the inhibition of immune system
functioning, the overexpression of a gene encoding a corepressor that interacts with the recombination signal
binding protein for immunoglobulin kappa J 1 (RBPJ 1) was detected. This protein is a part of Notch signalling,
which regulates insect development, but crosstalk with immune-related genes was also confirmed*~’.

These results are consistent with the results on haemocyte activity obtained by Urbanski et al.?, which showed
that the injection of Tenmo-TRP-7 led to decreasing numbers of haemocytes participating in phagocytosis.
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Figure 2. Gene ontology (GO) analysis based on the transcriptomic data of fat body and haemocytes from
Tenebrio molitor was performed using the PANTHER database, and it included biological processes and

molecular functions (https://www.pantherdb.org/).
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Figure 3. GO enrichment dot plot presenting changes in the expression level of different sets of genes observed
6 h after Tenmo-TRP-7 treatment at a concentration of 10-® M. The identification of the most representative

GO terms representing biological process and molecular function using REVIGO (http://revigo.irb.hr/) was
performed (cut off < 0.05). The size of the dots represents the number of genes in the significantly differentially
expressed genes (DEGs). Gene ratio’ is the percentage of total DEGs in the given GO term. For the graphical
presentation of the obtained data, ggplot2 (https://ggplot2.tidyverse.org) for RStudio was used (http://www.rstud
i0.com)223:24,

positive regulation of I-kappaB phosphorylation (GO:1903721) . serpin family protein binding (GO:0097655) .

GO biological process

ultradian rhythm (GO:0007624) 2-hydroxyglutarate dehydrogenase activity (GO:0047545)

sphingolipid binding (GO:0046625)

programmed necrotic cell death (GO:0097300)

toxin activity (GO:0090729)

ll tion (GO:0098743; DEG
cell aggregatian { ) . quaterary ammonium group binding (G0:0050997) DEG
c L3 1
wax biosynthetic process (G0:0010025) : § % peptidase activator activity (GO:0016504) : 2
5
c
10 I i -
transposition, RNA-mediated (GO:0032197) : “E de transmembrane activity (G0:0042947)  ® @
25 T
S odorant binding (GO:0005549) . 25
carbohydrate transport (GO:0008643) | @ g
-log10(p value) < ion bindi "
o ammonium ion binding (GO:0070405) -log10(p value)
ribosomal large subunit assembly (GO:0000027) ' 3 £ . 3
2 8 UDP-glucosyltransferase activity (G0:0035251) . >
1
digestion (G0:0007586) o serine-type peptidase activity (G0:0008236) @ !
0
glycoprotein metabolic process (GO:0009100) carbohydrate binding (G0:0030246)
transporter activity (GO:0005215)
metabolic process (GO:0008152) |
catalytic activity (30:0003824) |
biological process (GO:0008150) \
molecular function (GO:0003674) |
000 025 050 075 100 000 025 050 075 100
Gene ratio : " Gene ratio

Figure 4. GO enrichment dot plot presenting changes in the expression level of different sets of genes observed
6 h after Tenmo-TRP-7 treatment at a concentration of 10~ M. The identification of the most representative GO
terms of biological process and molecular function using REVIGO (http://revigo.irb.hr/) was performed (cut
off <0.05). The size of the dots represents the number of genes in the significantly differentially expressed genes
(DEGS). Gene ratio’ is the percentage of total DEGs in the given GO term. For the graphical presentation of the
obtained data, ggplot2 (https://ggplot2.tidyverse.org) for RStudio was used (http://www.rstudio.com)*"*>2,

Additionally, a similar effect was observed in an in vitro experiment when neuropeptide was added to the physi-
ological saline during haemocyte incubation on microscopic slides. Previously, we showed that 6 h after Tenmo-
TRP-7 injection, the adhesion ability of haemocytes significantly decreased, which aligns with the differences
in the expression of saccharopine dehydrogenase-like oxidoreductase®®*. The downregulation of a putative
serine proteinase gene that mediates the immune response was also reported. The members of this superfamily
participate in many immune processes, such as haemolymph clotting, melanotic encapsulation, antimicrobial
peptide (AMP) induction, and cytokine activation®.

The differences between the two Tenmo-TRP-7 concentrations in the modulation of the expression levels of
the different sets of immune-related genes observed here can be explained in a number of ways. In immunological
studies, our knowledge is based only on data collected in research conducted on vertebrates after the application
of SP, TKs homological to Tenmo-TRP-7. Many examples of dose-dependent SP actions on immune mechanisms
in vertebrates have been reported®. For example, this neuropeptide might affect different regulatory cytokines®.
Additionally, a similar dose-dependent SP activity was observed in the modulation of macrophage and mast cell
functions®*!. These results are likely related to the fact that the effects of SP can be mediated by the C-terminal
and N-terminal ends*-*. Recent studies on SP also connect dose-dependent actions of TKs with the regula-
tion of the de/re-sensitization process. As suggested by Roosterman et al.** and Vigna®, the phosphorylation of
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BAG30998.1 methyltransferase 2 [Tribolium castaneum ] 6153 1,09€-05 6,1E-65 fnhibition o pr';m:t'; fon; apoptosis 34

Table 1. Differential expression of selected immune-related transcripts in the fat body and haemocytes of T.
molitor 6 h after Tenmo-TRP-7 treatment at concentrations of 10~ and 10~ M. Gradient from red to green: Fold
change values represent the increased (green) or decreased (red) abundance of transcripts (adjusted p value
0f<0.05) compared to the control individuals that were injected with physiological saline.

neurokinin 1 receptor (NK1R, receptor for SP) is strongly dependent on the concentration of SP. Research con-
ducted on Drosophila TRPs seems to confirm this phenomenon in insects**. Research by Birse et al.** and Poels
et al.*¢ showed that TRPs can increase the intracellular calcium and cyclic AMP levels differently depending on
the concentration. In addition, research conducted on, for example, the fly Bactrocera dorsalis, showed that the
EC,, value for TRP oscillated at approximately 10 M, but the maximal response was observed at approximately
107> M¥". We did not exclude the possibility that the effects observed at the highest concentration used here may
also be related to the release of other neuropeptides in response to high concentrations of Tenmo-TRP-7 in the
insect body. For example, Locmi-TRP-1, identified in Locusta migratoria, may modulate the release of AKH from
the locust corpora cardiaca. This effect is known to be dose-dependent*®*.

Differences in the expression levels of genes involved in DNA repair and apoptosis. 'The GO enrichment analysis
showed that Tenmo-TRP-7 injection not only influenced the expression levels of immune-related genes after
6 h but also changed the transcript levels of genes directly/indirectly related to DNA repair and apoptosis. After
neuropeptide treatment at a concentration of 10~ M, the overexpression of the protein downstream neighbour
of son homolog gene was visible (Table 1). In humans, this protein is crucial to maintaining genome stability
by protecting stalled or damaged replication forks*™. At a concentration of 10-® M, more changes related to the
genes participating in DNA repair were reported. Under these conditions, DNA ligase 3-like protein and poly
[ADP-ribose] polymerase were overexpressed, and they are involved in the activation and modulation of DNA
repair machinery®"*? (Table 1). The results related to DNA repair are consistent with the results presented by
Urbanski et al.’: administering Tenmo-TRP-7 led to a significant decrease in DNA damage in Tenebrio haemo-
cytes after 6 h, but only at a concentration of 10" M. These results also indicate functional homology in TK
signalling in vertebrates and insects because SP can delay neutrophil and macrophage apoptosis®**. In contrast,
we previously reported that 6 h post-injection, Tenmo-TRP-7 at a 10® M concentration decreased the level of
DNA integrity in Tenebrio haemocytes compared to control individuals. This finding may be a result of the over-
expression of the previously mentioned methyltransferase 2, which is also a promoter of apoptosis* (Table 1).

RT-qPCR analysis. The expression levels of genes encoding attacin 2, tenecin 3 and the Toll receptor did not
change significantly 6 h after the application of Tenmo-TRP-7 (Fig. 5). The results of the RT-qPCR assay are
consistent with the transcriptomic data, which did not show changes in the expression levels of these selected
immune-related genes.

Differences in the expression of genes 24 h after Tenmo-TRP-7 injection. GO enrichment analy-
sis.  Similar to the differences observed 6 h after the application of Tenmo-TRP-7, the GO enrichment analysis
clearly showed that after 24 h, the tested neuropeptide elicited numerous changes in the expression levels of dif-
ferent sets of genes closely related to metabolic processes (Figs. 6, 7). Twenty-four hours after the application of
Tenmo-TRP-7, other processes started to become more pronounced, such as biological processes and molecular
functions related to energy metabolism (for example, at a concentration of 108 M: oxidative phosphorylation,
GO:0006119; at a concentration of 10°° M, ATP metabolic process, GO:0046034), and response to different
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Figure 5. Reverse transcription quantitative PCR (RT-qPCR) analysis of the expression level of genes encoding
selected antimicrobial peptides ((A) attacin 2; (B) tenecin 3) and the Toll receptor (C) in immune-related tissues
(pooled fat body and haemocytes) 6 h after Tenmo-TRP-7 application at concentrations of 10~ and 10° M. The
values are the means + SEM.
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Figure 6. GO enrichment dot plot presenting a comparison of transcriptomic data between control individuals
injected with physiological saline and 24 h after Tenmo-TRP-7 treatment at a concentration of 10 M. The
identification of the most representative GO terms of biological process and molecular function using REVIGO
(http://revigo.irb.hr/) was performed (cut off <0.05). The size of the dots represents the number of genes in the
significantly differentially expressed genes (DEGs). Gene ratio’ is the percentage of total DEGs in the given GO
term. For the graphical presentation of the obtained data, ggplot2 (https://ggplot2.tidyverse.org) for RStudio was
used (http://www.rstudio.com)?232,

stimuli, including stress responses (for example, differences in the expression of genes associated with catalytic
activity (GO:0003824) at both tested concentrations or the tyrosine metabolic process (GO:0006570) at a con-
centration of 1076 M)>>%,

Despite these changes, GO enrichment analysis clearly showed that 24 h after the application of Tenmo-
TRP-7, the immunomodulatory impact increased (Figs. 6, 7). At a concentration of 1078 M, one of the most
representative GO terms was cytokine activity (GO:0005125, molecular function) (Fig. 6). In the 10-° M Tenmo-
TRP-7 treatment, the increasing number of GO terms related to immune system functioning was clear (Fig. 7).
Under this treatment, the enhanced significance of immune processes was connected to the increasing number
of differentially expressed genes classified, for example, as immune response (GO:0006955, biological process),
immune system process (GO:0002376, biological process), coagulation (GO:0050817, biological process), pigmen
biosynthesis process (GO:0046148), pigment metabolic process (GO:0042440, biological process), cell adhesion
(0007155, biological process) or serine-type peptidase activity (GO:0008236, molecular function) (Fig. 7).

Differences in the expression levels of immune-related genes. 'The detailed bioinformatic analysis of transcrip-
tomic data from immune-related tissues 24 h after Tenmo-TRP-7 injection showed statistically significant
changes in the expression of a wide spectrum of immune-related genes (Table 2).

A detailed transcriptomic analysis showed that 10® M Tenmo-TRP-7 significantly changed the expression
level of genes mostly involved in the regulation of the cellular response (Table 2). Under this treatment, compared
to the control individuals, we observed an overexpression of genes encoding cathepsin L-like proteinase (the
degradation of internalized material in phagocytic cells), E cadherin (limitation of pro-haemocyte differentia-
tion) and glass bottom boat protein precursor (a cytokine of the TGFp superfamily)*’~>° (Table 2). A slight but
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Figure 7. GO enrichment dot plot presenting changes in the expression levels of different sets of genes
observed 24 h after Tenmo-TRP-7 treatment at a concentration of 10 M compared to the control. The
identification of the most representative GO terms for biological process and molecular function using REVIGO
(http://revigo.irb.hr/) was performed (cut off <0.05). The size of the dots represents the number of genes in the
significantly differentially expressed genes (DEGs). Gene ratio’ is the percentage of total DEGs in the given GO
term. For the graphical presentation of the obtained data, ggplot2 (https://ggplot2.tidyverse.org) for RStudio was
used (http://www.rstudio.com)?!2324,

significant increase in the expression levels of a gene that participates in the generation of damage-causing reac-
tive oxygen species (ROS), xanthine dehydrogenase, was observed®. Additionally, the gene encoding glucose
dehydrogenase [FAD, quinone] was downregulated, and it is a marker of the initial activation of the cellular
immune response® (Table 2). The regulation of the previously mentioned different set of immune-related genes
confirms our previous findings concerning dose- and time-dependent effects elicited by TRPs but also by other
neuropeptides, such as AKHs*%2-%* (Table 2).

Tenmo-TRP-7 treatment at a concentration of 10 M led to significant changes in the expression levels of
many genes related to immune system functioning, including genes encoding AMPs and genes related to the
activity of PO system (Table 2). Compared to the control individuals, Tenmo-TRP-7 at a 10 M concentration
caused a downregulation of genes encoding the AMPs attacins (1a, 1b and 2), tenecins (precursors for tenecins
1 and 3, tenecin 4) and coleoptericins (C and D) (Table 2). Not only did the expression levels of AMP genes
decrease, but other genes encoding proteins connected with AMP synthesis, such as beta-1,3-glucan-binding
protein 2, Toll-like protein, and serine protease easter-like protein'”®, were also repressed. Interestingly, the
gene for the serine protease Persephone (which participate in Toll activation) was overexpressed®. Also, research
conducted by Issa et al.”” showed that Persephone belongs to a danger pathway activated by elevated proteolytic
activities that can lead to the activation of Toll signalling. Additionally, other important components of the
humoral, but also the cellular response were inhibited. For example, the expression levels of genes encoding
lysozyme precursors and genes involved in the melanization process, including PO system activity (melani-
zation-related protein, tyrosine hydroxylase, masquerade-like serine proteinase homologue, serpin 40)38.68-71
were reduced. The expression level of the apolipophorin-III precursor gene, which is involved in the regulation
of cellular responses and PO system activity, was significantly decreased’>”*. The transcriptomic analysis also
showed a decrease in the expression of other genes involved in the regulation of immune system activity, such
as genes for grainyhead-like protein (regulation of wound healing), WASH complex subunit 7 (regulation of
cytoskeleton arrangement during cell migration), delta and Notch-like epidermal growth factor-related receptor
and galactose-binding lectin (involved in immuno-recognition) or lysosomal alpha-mannosidase-like precursor
(haemocyte recruitment)®**>747¢ (Table 2). There are other genes that contribute to immune system regulation,
but their immunomodulatory role has not been confirmed in insects, and they were also downregulated. For
example, the mast cell tryptase-like gene, which is involved in vertebrates, is involved in regulating inflamma-
tion, peroxiredoxin 6, which modulates Toll signalling in red swamp crayfish, and cyclic GMP-AMP synthase,
the endogenous second messenger in innate immune signalling by cytosolic DNA, were all downregulated®>””-"
(Table 2).

All these changes in the expression level of genes associated with the T. molitor immune response indicate
a strong inhibition of immune system activity by TRPs during extended stress conditions, consistent with the
overexcitation hypothesis®**#!. This hypothesis assumes that the high concentration of hormones, characteristic
of prolonged stress conditions, should result in a reduction in the activity of the immune system. This mechanism
has been suggested to be crucial for the protection of host tissues against autoimmunological injuries®>%-52, Tt
should also be noted that some of the genes involved in the regulation of insect immune system activity were
upregulated. Compared to the control group, the slight overexpression of the peptidoglycan-recognition protein
LE gene was observed (Table 2). Genes involved in the integration of signals from pattern recognition recep-
tors (genes encoding modular serine protease zymogen and CLIP-associating protein)® were overexpressed.
Interestingly, the upregulation of some genes related to the melanization process and PO system activity was
also found (Table 2). Twenty-four hours after the application of 10-° M Tenmo-TRP-7, the expression levels of
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Sequence ID Annotation (Predicted) log2FoldChange  p value  evalue Physiological action References
26h-10°M
XP_971744.1 nucleoside 3 (Tribolium ] -4,330 288E04 38611 DNA, and RNA synthesis %
ke dicati itial activati f the

XP_008191359.1 glucose dehydrogenase [FAD, quinone] [Tribolium castaneum ] 4175 346609  19E-147 markerincicating initial activation of the 61

cellular immune response

XP_008197647.1  xanthine dehydrogenase isoform X2 [Tribolium castaneum 1,004 4,22E-05 0 ROS generation 60
XP_967374.1  DNA mismatch repair protein Msh2 [Tribolium castaneum | 1,038 331605 126-275 DNA repair 97

inositol hexakisphosphate and diphosphoinositol-

XP_015837393.1 inositolhexakisphosphate and cipnosphoinosito 1,587 386E-04  2,8E-104 mediator of cell death 95

pentakisphosphate kinase isoform X1 [Tribolium castaneum |
Cytokines of the TGF superfamily, JH
NP_001107813.1  glass bottom boat protein precursor [Tribolium castaneum ] 1,757 2,92E-04 5,36-189 thedts 58,113
synthesi
ABL86001.2 € cadherin [Tenebrio molitor] 2,079 S92E08  16E-276 prohaemocytes differentiation 57
XP_023028226.1 caspase-like (L ineata] 2,109 190E-04  38E-63 mediator of apoptosis 9
ABC88769.1 putative cathepsin L-like proteinase [Tenebrio molitor] 3,049 9,28-05 7,56-175 modulation of phagocytosis 59
24h-10°M
) ) melanization, phenoloxidase activity and
BAB03250.1 melanization-related protein [Tenebrio molitor ] 20,618 123605 18E-64 7
KYB29831.1 Protein grainyhead-like protein [Tribolium castaneum 19,137 8,73E-04 9,76-179 wound healing 75
vy — T—
KYB29329.1 CCRA-NOT transcription complex subunit &-like Protein -3,900 8,11E-04 3,5E-135 DNA damage response 101
Tribolium ]

NP_001159495.1 Iysozyme precursor [Tribolium castaneum ] 3,854 5,56E-04 26-59 humoral response 70
AXG21619.1 attacin 1b [Tenebrio molitor] 3,310 315E05 39682 humoral response, antimicrobial peptide 17
AXG21617.1 attacin 2 [Tenebrio molitor] 3,191 1,67E-04 3,4E-87 humoral response, antimicrobial peptide 17

Q272701 Tenecin-3; Precursor [Tenebrio molitor] -3,068 152603 0000053  humoral response, antimicrobial peptide 17
AII26033.1 coleoptericin C [Tenebrio molitor ] 2,788 S79E06 17629 humoral response, antimicrobial peptide 17
) Cellular response, activation of

CDF77373.1 apolipophorin-lil precursor [Tenebrio molitor | 2,685 1,48E-03 6,8E-65 oo 72,73
Ccves019.1 galactose-binding lectin (plasmid) [Tenebrio molitor ] 2,457 105E05 22676 immuno-recognition, cellular response 74
Q27023.1 Tenecin-1; Precursor (Tenebrio molitor ] -2,369 956E-07  3,56-39  humoral response, antimicrobial peptide 17
XP_971680.1 beta-1,3-glucan-binding protein 2 [Tribolium castaneum ] 2111 2,95€-07 3.96-72 pattern recognition receptor 17
ACU77882.2 tyrosine hydroxylase [Tenebrio molitor ] 2,084 3,67E-05 1,26-127 phenoloxidase activity 69
X600sz007574_etone-arainine methylransferase CARMER isoform X1 o0z wsit0n 2stie | Ccovsonerinduced expression of cell death 0

Tribolium castaneum] genes.

AlI26032.1 coleoptericin B [Tenebrio molitor | 1,924 188E-05  83E-60  humoral response, antimicrobial peptide 17

XP_008199002.1 WASH complex subunit 7 [Tribolium castaneum ] 1,858 7,79€-04 3,1E-283 regulation of cytoskeleton arrangement 76
AXG21618.1 attacin 1a [Tenebrio molitor ] -1,816 1,18E-03 2,5E-82 humoral response, antimicrobial peptide 17

XP_008190339.1  mast cell tryptase-like isoform X2 [Tribolium castaneum -1,809 2,90-09 1E71 inflammation regulator in vertebrates 78

) ) ) activation and the production of antimicrobial
KYB29267.1 serine protease easter-like Protein [Tribolium castaneum | -1,760 1,05E-04 1,8€-37 peptides 65
i
Tike serine p [Tenebrio —
BAC15605.1 -1,681 638E-08  2,26-132 phenoloxidase activity 68
molitor]
ysosomal alpha-mannosidase-like precursor |Tribolium

NP 0011537271 V' P P [Triboliu 1,29 8,76E-04 0 regulation of the host immunity 33

delta and Notch-like epidermal growth factor-related cellular response and hemopoiesis; Notch

XP_008190882.1 o -1,281 9,03E-05 2,6E-180 . 35,36

receptor isoform X2 [Tribolium ] singaling
XP_968419.1 peroxiredoxin-6 [Tribolium castaneum ] 1,249 1,87E-06 3,8E-82 modulates Toll signaling pathway 77
£E299323.1 Toll-like protein [Tribolium castaneum] 1,221 SA4E06 36667 main component of Toll pathway 17
XP_9694611  E3 UFML-protein ligase 1 homolog [Tribolium castaneum ] -1,200 121604  330E-142 DNA damage response 100
BAL04117.1 tenecin 4 [Tenebrio molitor ] 1,144 3,63E-05 1,86-33 humoral response, antimicrobial peptide 17
BAI59106.1 serpind0 [Tenebrio molitor | -1,126 7,34E-14 2,5E-108 phenoloxidase activity, Toll activation 38
d d ininnat
XP_969398.1 cyclic GMP-AMP synthase [Tribolium castaneum ] 1,039 4,88E-05 1€-35 €ncogenous second messenger in innate 79
immune signaling

XP_008192547.1  peptidoglycan-recognition protein LE [Tribolium castaneum ] 1,266 8,99E-06 1652 pattern recognition receptor 17

XP_008196209.2 serine protease Persephone isoform XL [Tribolium 1318 3,48E-06 3,9E-27 modulation of Toll activation 66,67

regulation of basic cellular processes,
XP_974858.1 265 protease regulatory subunit 4 [Tribolium castaneum | 1,694 290E04  2,96-111 gulation ot ba P 9%

including apoptosis
totic chi ti 'l ti dl the i
XP_008193653.1 - PoProtic chromatin condensationinducerin the nucleus 1,722 7,526-04 2,8E-44 regulation of apoptosis 98
Tribolium castaneum

- cP— -

BAG14264.1 modular serine protease zymogen [Tenebrio molitor | 1,735 1,09E-03 26e71  megrationof signa m{" pattern recognition 83
receptors

NP_001164245.1 hexamerin 4 precursor [Tribolium castaneum) 2,059 81304 4211 phenoloxidase activity 84

inte ti f sif | fi tte iti

XP_008196426.1  CLIP-associating protein isoform X5 [Tribolium castaneum ] 2,066 1,74€-03 0 Integration o S‘E"fe::;grza €rn recognition 83
XP_969900.1 serpin B12 [Tribolium castaneum 2,151 4,89E-05 3,1E-104 inflammatory mediator in human 88
XP_972226.3 merlin [Tribolium castaneum) 2,642 174604 6,6€-203 Notch signaling 86

NP_001164204.1 hexamerin 5 precursor [Tribolium castaneum 3,207 656E-04  4,36-305 phenoloxidase activity 84

XP_023310339.1  E3 ubiquitin-p ligase MIB1 [ 1 3,750 6,13€-08 1,26-72 Notch signaling 87

NP_001161919.1 yellow-y precursor [Tribolium castaneum ] 9,448 9,13€-09 23618 melanization, phenoloxidase activity 85

Table 2. Differential expression of selected immune-related transcripts in the fat body and haemocytes of T.
molitor 24 h after Tenmo-TRP-7 treatment at concentrations of 10~ and 10~ M. Gradient from red to green:
Fold change values represent the increased (green) or decreased (red) abundance of transcripts (adjusted p value

0f<0.05) compared to the control individuals injected with physiological saline.
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Figure 8. Reverse transcription quantitative PCR (RT-qPCR) analysis on the expression levels of genes
encoding selected antimicrobial peptides ((A) attacin 2; (B) tenecin 3) and the Toll receptor (C) in immune-
related tissues (pooled fat body and haemocytes) 24 h after applying Tenmo-TRP-7 at concentrations of 10~ and
107° M. Values are the means 1= SEM. *p<0.05; **p<0.01.

yellow-y precursor and hexamerin precursors (4 and 5) significantly increased®*®. Additionally, overexpression
of the Notch pathway (E3 ubiquitin-protein ligase, merlin) and serpin B12 (which plays an important role as an
inflammatory regulator in humans) was observed®-%. The potential simultaneous inhibition and stimulation
of some of the immune system components support previous research concerning the possible role of TRPs in
the modulation of the Tenebrio immune system as well as other research on the influence of hormones on insect
physiology®. According to the hypothesis proposed by Adamo®, this situation may be explained by the adaptive
reconfiguration of the immune system. It is manifested by switching the function of some elements participating
in immune process regulation, which causes the inhibition of specific immune mechanisms to be compensated
by the stimulation of other parts of this system®.

The differences in transcription 24 h after applying Tenmo-TRP-7 at different concentrations may be explained
in a similar way as the presence of the dose-dependent changes observed 6 h after neuropeptide application. The
dose-dependent modulation of the expression level of immune-related genes is almost certainly associated with
the different activation of the TRP receptor and/or the influence of other neuropeptides, which can be released
in response to the presence of TRPs. Moreover, the time-dependent action of Tenmo-TRP-7 can be explained
by a general mode of action of neuropeptides. Based on the research by Diniz et al.* conducted on the TRPs
identified in Triatoma infestans, the time to the full degradation of TRPs oscillated at approximately 120 min.
The results in vertebrate TKs, especially SP, are comparable to those obtained in research on insects®. However,
neuropeptides usually bind to GPCRs (G protein-coupled receptors) and elicit second messenger cascades to
modulate cell activity on longer timescales® 2. Research conducted on vertebrate SP found time-dependent
activity®. For example, research by Scicchitano et al.”> showed that the time of incubation is crucial in deter-
mining the effects of SP on human lymphocytic responses. The inhibitory response was observed after 24 h of
incubation with SP, but no effect was found after 48 h of treatment®>.

Differences in the expression levels of genes involved in DNA repair and apoptosis. We also found significant
changes in the expression of genes involved in DNA repair and apoptosis 24 h post-treatment (Table 2). In
the 10"* M Tenmo-TRP-7 treatment, primarily differences related to apoptosis were observed (Table 2). This
observation is linked to the overexpression of caspase-like protein in addition to inositol hexakisphosphate and
diphosphoinositol-pentakisphosphate kinase, which are the physiological mediators of cell death®*®. The down-
regulation of the gene encoding equilibrative nucleoside transporter 3, which is crucial for DNA and RNA syn-
thesis, was also noted”®. However, slight overexpression of the DNA mismatch repair protein Msh2 was found®”’
(Table 2). In the 10° M Tenmo-TRP-7 treatment, we observed the overexpression of 26S protease regulatory
subunit 4 and an apoptotic chromatin condensation inducer in the nucleus, which are likely involved in regu-
lating apoptosis?®®. The genes for CCR4-NOT transcription complex subunit 6-like protein and E3 UFM1-
protein ligase 1 homolog, which is related to the DNA damage response!®*'%!, were downregulated. The gene for
histone-arginine methyltransferase CARMER was also downregulated. This methyltransferase is important for
the modulation of the ecdysone-induced expression of cell death genes'®2. In addition, peroxiredoxin 6, which
protects DNA against damage associated with oxidative stress’”’, was downregulated (Table 2). In accordance
with our previously published results®, 24 h after Tenmo-TRP-7 injection, changes were observed in the expres-
sion levels of genes involved in regulating apoptosis. Our previous research clearly demonstrated that 24 h after
testing neuropeptide application, compared to the control, a higher level of DNA damage in Tenebrio haemo-
cytes was observed’. This finding was especially visible in the case of Tenmo-TRP-7 treatment at a concentration
of 10 M, in which, as current research showed, the overexpression of the gene encoding caspase-like protein
was reported’.

RT-qPCR analysis. 'The RT-qPCR analysis supports the transcriptomic data. Applying Tenmo-TRP-7 led to
significant changes in the expression levels of the genes encoding attacin 2, tenecin 3 and Toll receptor (Fig. 8).
Similar to the transcriptomic data, the neuropeptide caused a decrease in the expression levels of selected
immune genes 24 h after its application at a concentration of 10-°* M (Mann Whitney U test; attacin 2, U=4.00;
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Pp<0.05; t test with Welch’s correction; tenecin 3, t=3.70; p<0.01; and Toll, t=2.24; p<0.05). However, signifi-
cant downregulation of the tenecin 3 and Toll receptor genes was also observed after Tenmo-TRP-7 treatment at
a concentration of 10® M (t test with Welch’s correction; tenecin 3, t=4.19; p<0.01; and Toll, t=3.28; p<0.01)
(Fig. 8B,C). The observed variances between the RT-qPCR assay and transcriptomic data may be related to the
different accuracies of these two methods'®.

Differences in the expression levels of genes that may indirectly influence T. molitor immune
system activity. The comparative transcriptomic analysis of Tenebrio immune-related tissue revealed genes
that are directly involved in regulating immune system functioning. We now report the differential expression of
genes that are likely to indirectly influence the immune system. The candidates are genes involved in regulating
stress responses (including detoxification and nociception), metabolism, circadian clock, and hormone biosyn-
thesis. All this information is summarized in Table 3.

The changes in the expression level of metabolism-related genes were visible in genes involved in regulating
lipid and sugar metabolism (Figs. 3, 4, 6, 7). Some changes were also visible in the expression of genes participat-
ing in energy metabolism, protein synthesis and degradation (Figs. 3, 4, 6, 7). The current literature shows that
some of these genes can be indirectly involved in modulating immune system functioning'*-'%. A gene encoding
glucose-6-phosphate isomerase was downregulated 24 h after applying Tenmo-TRP-7 at a concentration of 10-° M
(Table 3). This protein participates in glycolysis and glyconeogenesis but also immunoglobulin secretion from
T-lymphocytes in humans'”. Under this concentration, genes for 3-ketodihydrosphingosine reductase (sphin-
golipid metabolism may be important for immune functioning), transferrin and Malvolio protein (crucial for the
regulation of iron homeostasis and immune system activity)'%-1% were also significantly upregulated (Table 3).

Hormone biosynthesis was also affected by our treatments. Across all treatments, we observed differences
in the expression levels of genes associated with juvenile hormones (JHs) biosynthesis and/or JH signalling. In
addition to their regulatory role in development and reproduction, JHs may also act as immune suppressors!®-11°,
However, some of the published data may also suggest an immunostimulatory role for JH'!!. Tenmo-TRP-7 at a
concentration of 10~ M led to the upregulation of genes participating in JH biosynthesis (farnesol dehydrogenase
and the previously mentioned glass bottom boat protein precursor)**!'%!!? (Tables 2, 3). Twenty-four hours after
Tenmo-TRP-7 treatment at a concentration of 10-° M, a decreasing level of expression of the Tenebrin gene (a
protein likely involved in JHs and ecdysone signalling) and ornithine decarboxylase (its activity is stimulated
by JH) were observed!!*!'> (Table 3).

Angiotensin converting enzyme (ACE), which is closely associated with the regulation of reproduction,
development and hormone biosynthesis''®, was overexpressed. Interestingly, research conducted by Macours
et al.'’” showed that ACE can be important for haemocyte activity because bacterial infection led to the increased
expression of a gene for ACE in the haemocytes of desert locust. Wang et al.!'® supported these results experi-
mentally and showed elevated transcript levels of the ACE gene in the fat body during viral infection. Addi-
tionally, the application of 10 M Tenmo-TRP-7 after 24 h caused an increase in the expression levels of genes
encoding ACE and ACE2 (Table 3). However, this finding may be related to the fact that ACE is required for
TRP degradation in insects!®.

An interesting finding is that in tissues collected 24 h after neuropeptide application at a concentration
of 10°° M, the gene encoding insulin-related peptides (LIPR-IGF_insulin_bombyxin_like domain-containing
protein) was significantly downregulated (Table 3). This result supports the hypothesis about a close connec-
tion between TRPs and ILP signalling®'®. The inhibition of ILP signalling can cause multiple changes in insect
physiology ranging from sugar and lipid metabolism to the direct and indirect modulation of immune system
functioning®*®. We also found the downregulation of the gene encoding the insulin-like growth factor-binding
protein complex acid labile subunit (Table 3). Insulin-like growth factor-binding proteins are a group of secreted
proteins that serve as transport proteins for insulin-like growth factors (IGFs) that also influence the immune
system'?*121, Notably, the gene for tyrosine decarboxylase (TDC) was also downregulated (Table 3). Tyrosine
decarboxylase, an enzyme catalysing the first decarboxylation step in the biosynthesis of tyramine and octopa-
mine, is extremely important in the modulation of insect homeostasis during the stress response, including the
modulation of insect metabolism and immune system functioning®®!?%. The decreased expression level of the
TDC gene may lead to the inhibition of the immune response after Tenmo-TRP-7 administration because octo-
pamine can enhance phagocytosis and AMP synthesis'*>'?%. The importance of this observation is highlighted
by the fact that one of the most representative GO terms was tyrosine metabolism process (Fig. 7). Interestingly,
24 h post-injection, 10® M Tenmo-TRP-7 modulated other hormonal signalling related to stress because the
overexpression of the neuromedin U/CAPA-PVK receptor gene was observed (Table 3). CAPA-PVK signalling
is primarily involved in the regulation of ion homeostasis, but our current research suggests that this group of
neuropeptides could be involved in regulating the cellular response and haemocyte adhesion ability'*.

Under all Tenmo-TRP-7 treatments, differences in the expression of other genes involved in the stress
response were reported (Table 3). In particular, differences in the expression levels of genes participating in the
detoxification and/or metabolism of endogenous substances were observed. This participation included genes
for cytochrome P450 or the multidrug resistance-associated protein lethal and genes related to oxidative stress
responses (for example, genes for G-protein coupled receptor Mth-like 1, alpha-tocopherol transfer protein or
apolipoprotein D)*>!26-132 (Table 3). Moreover, 10" M Tenmo-TRP-7 caused the overexpression of heat shock
70 kDa protein (Hsp70) 24 h after its administration. Research conducted by Tang et al.'**, for example, confirmed
that Hsp70 also plays an essential role in regulating insect immune system activity.

Nociception is closely associated with the functioning of transient receptor potential channels (TRP chan-
nels). Tachykinins are a key component of nociception via the modulation of TRP channel activity'**. Current
research clearly shows that the activity of these channels is also required to modulate pathogen recognition and
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including reproduction

Sequence ID Annotation (Predicted) log2FoldChange  p value evalue Physiological action References
6h10°M
AKZ17674.1 carboxylesterase CXE14 [Tenebrio molitor ] - 750607 16E-103 lipid metabolism and detoxification 126
f
XP_015839255.1 cytochrome P450 4C1-like [Tribolium castaneum | 1,793 140606 15E-92 ° 128
and exogenous substrates
- - - -
b otsgasaasy | UDPECuonosyitransferase 243 soform X1 [Trkollum 220 Losor | seere of -
staneum) and substrates
& otsasor1a CProtein coupled receptor Nith2 isoform X2 [Tribofium 1om2 33705 aapgs  eSsAncetostress inluding heat stanation,
- and oxidative damage
26h10° M
f
XP_968884.1 cytochrome P450 4C1-like [Tribolium castaneum | -3,960 177605 65E-56 ° 128
and exogenous substrates
XP_870890.1 farnesol dehydrogenase (Tribolium castaneum 1,928 420605 11641 regulation of juvenile hormone synthesis 12
ABB79834.1 antifreeze protein isoform Tq precursor [Tenebrio molitor | -1,324 0,000171931 3,8E-12 thermal stress response 145
probable multidrug resistance-associated protein
XP_968748.1 o 1,108 7,12€-07 0 detoxification 131
lethal(2)03659 Tribolium
NP oo1t078a71  CViochTome Pas0 morooxigenase CYPAQS Tribalum - L1905 saris of e
and substrates
NP_oo1t07ssr1  CYiochTome PAs0 moooxigenase CYPAQL [Tribalm 1303 Jss | iaen of s
castaneum ] and exogenous substrates
XP_872082.1 myrosinase 1-like [Tribolium castaneum | 1313 430605 45697 oxidative stress 132
f
XP_968370.1 cytochrome P4S0 6a2 [Tribolium castaneum | 1,948 2,99E-05 2,4E-90 © 128
and substrates
probable multidrug resistance-associated protein o
XP_971802.2 2,267 2,15E-04 0 detoxificati 131
- lethal(2)03659 [Tribolium g etoxification
din-U receptor 2-like isoform X1 [Tribol
XP_008198650.1 neuromedin-U receptor 2-like isoform X1 [Tribolium 2,446 3,206-04 4E-115 CAPA-PVK signaling, stress response 125
castaneum )
probable multidrug resistance-associated protein o
XP_973693.2 2,723 133608 22698 detoxificat 131
- lethal(2)03659 [Tribolium castaneum etoxtication
24h10°M
& otsasasan  UDP-Elucuronosyltransferase 287 isoform XL [Tribolium . Lo0s | istis of -
- ) and substrates
transient receptor potential cation channel protein painl
XP_008193992.1  Tonsient receptor potential cation channel protein painiess 4611 9,43E-05 8£-99 nociception and stress response 138
[Tribolium castaneum |
Ipha-tocopherol transfer protein isoform X2 [Triboll
Xp_015839737.1 2 Pha-tocopherol transfer protein isoform X2 [Tribolium 4,093 4,206-04 8,5E-86 metabolism o vitamin E, antioxidation 129
castaneum )
XP_008194065.1 regucalcin (Tribolium castaneum] -4,089 768E-04  67E-156  calcium signaling, circadian clock regulator 141
— —
XP_971031.1 apolipoprotein D [Tribolium castaneum ] -3,687 6,66E-04 7,1E-57 regulation o pmte:m’" against oxidation 127
stress
AKZ17670.1 carboxylesterase CXE10 [Tenebrio molitor] 3,528 5,37E-06 1,6€-47 lipid metabolism and detoxification 126
<6 00a191917.1 MU ke growth actor-binding protein complex acid laile . La0s | 26100 transport proteins for insulin-like growth o1
subunit (Tribolium castaneum factors (1GFs)
CrAOToE72 glucose-6-phosphate isomerase-like Protein [Tribolium 2565 L3608 3at.301 VBT metabolism, immunoglobulin secretion |
castaneum] from lymphocytes T in humans
- -
XP_966544.1 cytochrome bS [Tribolium castaneum | 2,59 SO7E06 32630 ° 128
- and substrates
regulation of sugar and lipid metabolism,
XP_001814181.1 LIRP [Tribolium castaneum | -2,582 3,24E-04 19E-16 B N 4
regulation of immune system activity
lati f ty i d oct i
XP_972728.2 tyrosine decarboxylase [Tribolium castaneum ] 2,380 2,78E-04 3,76-303 regulation of tyramine and octopamine 56
biosynthesis, stress response
EFA05095.1 takeout-like Protein [Tribolium castaneum 2,308 232608 35695 regulation of circadian clock 140
Xbotsgasaas | UDP Elcuonosyitransferase 243 soform X1 [Trbollum 2205 sareor  soere of -
istaneum | and substrates
) protein probably related to the juvenile
AAR97872.1 tenebrin [Tenebrio molitor ] -2,220 8,44E-04 1,76-196 115
hormone signaling
EFA09957.2 GDAP2 homolog-like Protein [Tribolium castaneum ] 2,059 3,51E-05 3,4E-71 response to oxidative stress 146
ircadian clock-controlled protein-like Protein [Triboll
EFA05636.1 circadian clock-controlled protein-like Protein [Tribolium 2,037 6,24E-05 8,76-41 regulation of circadian clock 139
castaneum )
AKZ17671.1 carboxylesterase CXE11 [Tenebrio molitor ] 1672 382604 65E-104 lipid metabolism and detoxification 126
XP_871451.1  cytosolic non-specific dipeptidase [Tribolium castaneum] 1511 13303 166113 glutathione biosynthesis, detoxification 147
probable G-protein coupled receptor Mth-like 1 [Tribolium resistance to stress, including heat, starvation,
XP_966506.1 -1,321 1,11E-05 1,1E-69 130
- and oxidative damage
U cytochrome PA50 monooxygenase CYP12HS [Tenebrio . 203603 216286 of 18
molitor] and substrates
[ biosynthesis stimulated by juvenil
XP_968571.3 ornithine decarboxylase 1 [Tribolium castaneum | 1,091 219604 29E-128  Povaminebiosyn h:::;r:re“" ated by juvenile 149
ism of
XP_968884.1 cytochrome P450 4C1-like [Tribolium castaneum ] 1,022 664E05 2235 ° 128
and substrates
- ; —
XP_015838610.1 transferrin isoform X1 [Tribolium castaneum] 1,379 1,16E-03 7E-18 fron metabolism, mediates nutritional 105
- immunity
XP_975210.1 heat shock 70 kDa protein [Tribolium castaneum | 1,587 9,00E-04 1,9€-97 stress response 133
XP_872119.1  3-ketodihydrosphingosine reductase [Tribolium castaneum 2,075 2606 31E-85 sphingolipid metabolism 104
icotinate phosphoribosyltransferase-like Protein [Triboli
Eratogs7.p  Meotinate phosphoribosyltransferase-like Protein [Tribolium 2419 5,376-05 1,1E-196  prevent cellular oxidative stress in vertebrates 150
castaneum ]
lation of hysiological .
XP_015838245.1  angiotensin-converting enzyme 2 [Tribolium castaneum ] 3,132 2,036-06 1,2E-124  reguiationofmanyphysiological processes, 116
including reproduction
tivate f the 1te ted st
XP_008193563.1  elF-2-alpha kinase GCN2 isoform X2 [Tribolium castaneum ] 3,192 1,776-03 gsE-11p  ocnvatorotthe integrated stress response in 151
vertebrates
XP_967521.1 protein Malvolio isoform X1 [Tribolium castaneum | 3,652 245603 116149 iron metabolism 106
lation of hysiological ,
XP_008194579.1  angiotensin-converting enzyme [Tribolium castaneum ] 4,838 386E-06 226185 cevlation of many physiological processes, 116

Table 3. Statistically significant differences in the expression levels of selected metabolic- and stress-related
genes in the immune-related tissue of T. molitor collected 6 and 24 h after Tenmo-TRP-7 treatment at
concentrations of 107 and 10~° M. Gradient from red to green: Fold change values represent the increased
(green) or decreased (red) abundance of transcripts (adjusted p value of <0.05) compared to the control

individuals injected with physiological saline.
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Figure 9. Lysozyme-like antimicrobial activity of T. molitor haemolymph against Micrococcus luteus when
collected from control individuals injected with physiological saline (Control) or a solution of physiological
saline and Tenmo-TRP-7 at concentrations of 10”7 and 10~ M (for final concentrations of 10~ and 107¢ M,
respectively). L 0.1 mg, positive control, solution of physiological saline and lysozyme at a concentration of

0.1 mg/mL. To activate the immune system, beetles were injected with attenuated Staphylococcus aureus 2 h after
Tenmo-TRP-7 administration. For better visualization of the observed differences, the obtained values were
reversed. Asterisks indicate statistically significant differences compared to the control individuals; *p <0.05;
****p<0.0001; values are given as the means+ SEM.

inflammation!*>"3. TRP channels are evolutionarily conserved structures that are involved in nociception and
the modulation of different physiological processes in insects'®’”. We found a decrease in the expression level of
the gene encoding the TRP channel protein painless'* 24 h after Tenmo-TRP-7 treatment at a concentration of
107 M (Table 3). TRP channels are also strongly involved in regulating the circadian cycle, consistent with the
finding that other genes involved in the modulation of this process were downregulated 24 h after the application
of Tenmo-TRP-7 (see also Wolfgang et al.'*”). Our comparative transcriptomic analysis showed that the tested
neuropeptide injection at the highest concentration led to a decrease in the expression level of genes encoding
regucalcin, takeout-like protein, and circadian clock-controlled protein-like protein'*-'*!. Recent studies have
shown that genes related to the control of circadian clock genes are required to modulate immune system activity,
including cellular and humoral responses'**'*>. In addition, research conducted on the Pacific oyster Crassostrea
gigas showed that regucalcin can suppress the apoptosis of haemocytes by regulating caspase-3 activity and nitric
oxide (NO) production'*,

Lysozyme-like antimicrobial activity of T. molitor haemolymph. To confirm that the reported
changes in the expression level of immune-related genes have a significant impact on the activity of T. molitor
immune mechanisms, the lysozyme-like antimicrobial activity of the haemolymph was analysed. The results
showed statistically significant differences in the antimicrobial activity of T. molitor haemolymph after Tenmo-
TRP-7 injection (one-way ANOVA, df=3, 49; F=16.03; p<0.0001) (Fig. 9): neuropeptide application led to a
decrease in the lytic activity of T. molitor haemolymph against M. luteus. Despite the differences between the
positive control (lysozyme 0.1 mg/mL), the inhibition of lysozyme-like antimicrobial activity in haemolymph
was observed only in the comparison of the control group to the individuals treated with Tenmo-TRP-7 at
a concentration of 10 M (t test with Welch’s correction, t=2.30; p<0.05). These results are consistent with
the previously mentioned overexcitation hypothesis and our previously published data’. Moreover, the antimi-
crobial assay also supports the presented transcriptomic analysis, which suggests that the observed changes in
immune system functioning might be a result of the downregulation of immune-related genes, especially genes
for lysozyme precursor and antimicrobial peptides as well as changes associated with genes participating in the
regulation of metabolism and stress response (Tables 1, 2, 3). The lack of a significant inhibition of lysozyme-
like activity after injecting 10-* M Tenmo-TRP-7 does not indicate a lack of immunomodulatory properties for
TRP at lower concentrations. Our previous research clearly showed that 10 M Tenmo-TRP-7 can modulate the
haemocyte adhesion ability, which can also affect the activity of the T. molitor immune system9. Moreover, the
transcriptomic data also confirmed that 10® M Tenmo-TRP-7 mostly modulated the cellular response.

Conclusions

Our results shed new light on the regulation of the insect immune system by neuropeptides such as Tenmo-TRP-7
and the functional homology of TK signalling across different animal phyla. The comparative transcriptomic
analysis confirmed previously published results and hypotheses on the time- and dose-dependent action of TRPs
on insect immune system activity. The immunomodulatory effect was also observed in the analysis of lysozyme-
like antimicrobial properties of Tenebrio haemolymph after the injection of Tenmo-TRP-7.
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Knowledge about the hormonal regulation of basic physiological processes and factors that lead to immune
deficiency in T. molitor, one of the storage pests, may be useful for developing new, specific and biosafe methods
of pest control. In addition, due to confirmed structural and functional homology between TKs and TRPs, the
presented results may be helpful for searching new alternative models in biomedical research for the study of
hormonal regulation in innate immune function.

Data availability

The transcriptomic data were submitted to the NCBI database (BioProject: PRINA781435; https://www.ncbi.
nlm.nih.gov/bioproject/PRJNA781435). The rest of the datasets used during the current study are available from
the corresponding author on reasonable request.
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