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Abstract: Insects rely only on their innate immune system to protect themselves from pathogens.
Antimicrobial peptide (AMP) production is the main immune reaction in insects. In Drosophila mel-
anogaster, the reaction is regulated mainly by the Toll and immune deficiency (IMD) pathways.
Spaetzle proteins, activated by immune signals from upstream components, bind to Toll proteins,
thus activating the Toll pathway, which in turn induces AMP genes. Previous studies have shown
the difference immune ststems related to Toll and IMD pathways between D. melanogaster and
Tribolium castaneum. In T. castaneum, 9 Toll and 7 spaetzle genes have been identified. To extend our
understanding of AMP production by T. castaneum, we conducted functional assays of Toll and
spaetzle genes related to Toll pathway-dependent AMP gene expression in T. castaneum under chal-
lenge with bacteria or budding yeast using RNA interference and qRT-PCR. The results revealed
that Toll3 and Toll4 double-knockdown and spz7 knockdown strongly and moderately reduced the
Toll pathway-dependent expression of AMP genes, respectively. Moreover, Toll3 and Toll4 double-
knockdown pupae more rapidly succumbed to entomopathogenic bacteria than the control pupae,
but spz7 knockdown pupae did not. The results suggest that Toll3 and Toll4 play a large role in Toll
pathway-dependent immune reactions, whereas spz7 plays a small part.
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1. Introduction

Insects possess only innate immune systems, which are divided into cellular immun-
ity and humoral immunity [1]. One of the main aspects of humoral immunity is antimi-
crobial peptide (AMP) production. The mechanisms of AMP production at genetic and
molecular levels have been investigated in Drosophila melanogaster as a model insect [2].
Induction of AMP genes by microbial infection is regulated by two signaling pathways,
namely the Toll and immune deficiency (IMD) pathways [3,4]. In D. melanogaster, fungi,
or yeasts are recognized by Gram-negative binding protein (GNBP) 3, whereas Gram-pos-
itive bacteria are recognized by GNBP1 and peptidoglycan recognition protein (PGRP)-
SA. Through this recognition, immune signals are triggered [5-7]. After the signals are
transduced via the serin protease cascade, spaetzle processing enzyme (SPE), which is
located at the end of the serin protease cascade, is activated to cleave pro-spaetzle into
activated spaetzle (spz) [8,9]. The cleaved spz binds to Toll proteins (transmembrane re-
ceptors) and activates the Toll pathway [10,11]. Consequently, Dorsal or Dif (NF-xB
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transcription factors), which is located at the end of the Toll pathway, is activated and
induces the expression of Toll pathway-dependent AMP genes (e.g., drosomycin) [12].
Gram-negative bacteria are mainly recognized by PGRP-LC and LE, leading to the activa-
tion of the IMD pathway. The immune signals stimulated by this recognition are trans-
duced through intracellular components of the IMD pathway, such as IMD, DREDD, and
IAP2. The signals activate Relish, a NF-«xB transcription factor located at the end of the
IMD pathway, which in turn induces several AMP genes (e.g., diptericin)[13].

In our previous study, to compare AMP gene induction systems between D. melano-
gaster and non-Drosophila species, we investigated the AMP gene induction system of the
red flour beetle Tribolium castaneum using T. castaneum genome data and RNA interference
(RNAIi), which has good knockdown effect against T. castaneum. Our results revealed that
18 AMPs of T. castaneum were classified into four types according to the gene induction
profiles by microbes [14]. Furthermore, whether the four types of AMP are regulated by
the Toll or IMD pathway or both were determined using IMD or MyD88 (representative
genes of the IMD and Toll pathways, respectively) knockdown pupae. The results showed
that the AMPs were classified into IMD pathway-dependent AMP, Toll pathway-depend-
ent AMP, AMP dependent of both pathways, or AMP independent of either pathway.
Cecropin2 (Cec2) and Cec3 are Toll-dependent AMPs, with slow and sustained induction
that was moderate or weak compared to IMD-dependent AMPs or AMPs dependent of
both IMD and Toll pathways [15]. Furthermore, to elucidate the mechanism of the Toll
and IMD pathways in T. castaneum, we determined whether orthologues of Toll and IMD
pathway genes were involved in Toll- or IMD-dependent signaling. The results showed
that canonical signal transductions via intracellular Toll and IMD pathway components
were conserved, and both pathways were activated by both Gram-negative and -positive
bacteria and yeast because PGRP-LA was mainly involved in AMP induction by both
types of bacteria, which was the most distinctive difference from the AMP production
system of D. melanogaster [16-18].

The molecular mechanisms of Toll and spz interactions during immune signaling in
D. melanogaster are well understood, and they play key roles in Toll pathway-mediated
immune reactions. Toll proteins possess an ectodomain mainly composed of leucine-rich
repeats and a cytosolic homology domain called the Toll/IL-1R (TIR) domain, which in-
teracts with adaptor molecules [19,20]. Spz proteins are normally inactivated owing to the
masking of the predominantly hydrophobic C-terminal spz region [8,21,22]. When im-
mune signals are transduced, spz proteins are proteolytically cleaved by SPE and acti-
vated [9]. The activated C-terminal region of spz formed cystine knot motifs and dimers,
which act as ligands of Toll. Complexes of spz and Toll proteins arrange hetero-trimers
consisting of MyD88, Tube, and Pelle, which are intracellular components of the Toll path-
way, leading to the expression of Toll pathway-dependent AMPs (e.g., drosomy-
cin).[10,11,23,24] These involvements of Toll and spz in AMP production have been re-
ported in Bombyx. Mori, Tenebrio. molitor, and Manduca sexta [25-29].

In T. castaneum, nine Toll-related genes have been identified. Four of 10 Toll genes
form a clade next to D. melanogaster Toll1 (T1) and are involved in Toll-dependent AMP
production. Moreover, seven spz genes have been identified in T. castaneum [30].

In the present study, to expand our understanding of the immune system related to
the Toll pathway in T. castaneum, we assessed the function of the Toll and spz genes of T.
castaneum in AMP production. We firstly performed sequencing analysis, which are the
phylogenetic analysis and sequence aliments (only spz genes). Changes in the gene ex-
pression of T. castaneum pupae after microbe challenges were measured. Furthermore, the
Toll or spz genes involved in Toll pathway-dependent AMP production due to microbe
challenge were determined using RNAi and quantitative reverse transcript PCR (qRT-
PCR). Finally, we tested whether the Toll and spz genes were involved in immune reac-
tions against two entomopathogenic bacteria.
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2. Results 98
2.1. Functional assay of Toll genes 99
2.1.1 Phylogenetic analysis of Toll genes 100
To screen for functional T. castaneum Toll genes, phylogenetic analysis was per- 101
formed using amino acid sequences of Toll genes in T. castaneum, D. melanogaster, and 102

Aedes aegypti. As shown in Figure 1, T. castaneum Toll1-4 (TcToll1-4) formed a clade next 103
to the clade including DmToll1, AaToll1A, and Aa Toll1B, which is consistent with a pre- 104

vious finding [30]. These results suggest that Tc-Toll1-4 is involved in Toll-pathway- 105
dependent AMP production, similar to DmTolll. Therefore, Toll1-4 were selected for 106
further analysis. 107
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Figure 1. Phylogenetic analysis of T. castaneum Toll (TcToll), D. melanogaster Toll (DmToll), and A.
aegypti Toll (AaToll). The accession IDs of the Toll sequences used in the tree are shown in Supple-
mental Table 1. Numbers on branches indicates bootstrap values. Purple and green objects indicate

Dm-Tolll and Tc-Toll1-4, respectively.

2.1.2 Toll gene induction by microbial challenge

Several immune-related genes, such as AMP genes, are induced by microbial infec-
tion. Therefore, we examined whether Toll1-4 genes were induced by heat-killed Esche-
richia coli (Gram-negative bacteria; Ec), Micrococcus luteus (Gram-negative bacteria; Ml),

and Saccharomyces cerevisiae (Eukaryote; Sc) at 6 and 24 h after injection of the microbes

(the expression of AMP genes peaked at 6 or 24 h post-injection). Only Toll3 was signifi-

cantly induced by Ec and Sc at 6 h post-injection.
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Figure 2. mRNA expression levels of Toll1 (A), Toll2 (B), Toll3 (C), and Toll4 (D) after challenge with
three types of microbe. Day-3 pupae were challenged with heat-killed E. coli (Ec), M. luteus (ML), or
S. cerevisiae (Sc). The relative mRNA levels of Toll1 (A), Toll2 (B), Toll3 (C), and Toll4 (D) in the pupae
were measured at 6 and 24 h post-injection. Unchallenged (Uc) and Phosphate-buffered saline (PBS)
injected pupae were used as negative controls. The mRNA amounts of the two genes are shown as
relative values to ribosomal protein L32 (RPL32) levels in the same samples. Experiments with three
animals were independently repeated three times, and each column represents the mean + S.D. As-
terisks and double-asterisks indicate P <0.05 and P <0.01 of Student’s ¢-test compared to Uc samples,

respectively.
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2.1.3. Determination of whether Toll1-4 are involved in Toll pathway-dependent AMP gene ex- 128

pression 129

To determine whether Toll1-4 contribute to Toll pathway-dependent AMP gene 130
(Cec2 and Cec3) expression, pupae with single or multiple knockdown of Toll1-4 were 131
prepared by RNAI. In the pupae injected with one or two Toll gene dsRNAs, the Cec2 132
and Cec3 mRNA levels were significantly lower than those in the control (injected with 133
maltose binding protein E (malE) dsRNA) (Supplemental Figure 1). 134

Pupae with Toll1, Toll2, Toll3, or Toll4 knockdown were challenged with either heat- 135
killed Ec, M, or Sc to elucidate the role of the four Toll genes in Cec2 induction (Figure 136

3). Cec2 mRNA levels in Toll4 knockdown pupae at 6 and 24 h post-challenge with Ec 137
were significantly lower than those in the control (malE dsRNA-treated pupae); moreo- 138
ver, the decrease in Cec2 expression in Toll4 knockdown pupae at 24 h post-challenge 139
was greater than that at 6 h post-challenge (Figure 3A). However, the expression levels 140
of Cec2 in other Toll knockdown pupae were not significantly lower than those in the 141
control. After Ml challenge, Cec2 mRNA levels in Toll4 knockdown pupae at 24 h post- 142
challenge were significantly lower than those in the control, whereas those in the other 143
knockdown pupae or Toll4 knockdown pupae at 6 h post-challenge were not signifi- 144
cantly different than those in the control (Figure 3B). After Sc challenge, Cec2 mRNA 145
levels in either Toll1-4 knockdown pupae at 6 or 24 h post-challenge were not signifi- 146
cantly lower than those in the control (Figure 3C). 147

Moreover, the effect of Toll1-4 knockdown on Cec3 induction was investigated (Fig- 148
ure 4). Cec3 mRNA levels in Toll4 knockdown pupae at 6 or 24 h post-challenge with Ec 149
were significantly lower than those in the control, and the decrease in Cec3 expression at 150
24 h post-challenge was greater than that at 6 h post-challenge, similar to the findingon 151
Cec2 expression (Figure 4A). The induction of Cec3 at 6 and 24 h after Ml challenge was 152
significantly altered by either Toll1 or Toll4 knockdown (Figure 4B); the greatest decrease 153
in Cec3 expression was observed in Toll4 knockdown pupae at 24 h post-challenge. After 154
Sc challenge, a significant reduction in Cec3 expression was observed in Toll4 knock- 155
down pupae at 24 h post-challenge (Figure 4C). These results suggest that Toll4 is in- 156
volved in Toll-dependent AMP gene expression at 24 h post-challenge with Ec or Ml 157
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Figure 3. Effect of Toll knockdown on Cec2 induction. mRNA amount of Cec2 in pupae transfected
with either malE dsRNA (open bars, control) or Tolll, Toll2, Toll3, or Toll4 dsRNA (shaded bars)
after challenge with either E. coli (Ec), M. luteus (M1), or S. cerevisiae (Sc). Day-3 pupae were chal-
lenged with heat-killed Ec, Ml, or Sc. The relative mRNA levels of Toll1 (A), Toli2 (B), Toll3 (C), and
Toll4 (D) in the pupae at 6 or 24 h post injection were measured. The mRNA levels of the genes are
shown as relative values to RPL32 levels in the same samples. Experiments involving three animals
were independently repeated three times, and each column represents the mean + S.D. Asterisks
and double-asterisks indicate P < 0.05 and P < 0.01 compared to Uc samples, respectively, according

to Student’s t-test.
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Figure 4. Effect of Toll gene knockdown on Cec3 induction. mRNA level of Cec3 in pupae treated 172
with either malE dsRNA (open bars, control) or Toll1, Toll2, Toll3, or Toll4 dsRNA (shaded bars) 173
after challenge with either Ec (A), Ml (B), or Sc (C). The methods of sample preparation and 174
mRNA level measurement were the same as those described in Figure 3. Experiments with three 175
animals were independently repeated three times, and each column represents the mean + S.D. 176
Asterisks and double-asterisks indicate P < 0.05 and P < 0.01 compared to Uc samples, respec- 177
tively, according to student ¢-test. 178
179
As described in the Introduction, the Toll protein forms dimers when immune sig- 180
nals are transduced. Therefore, we examined whether Toll genes acted redundantly or 181

synergistically in Toll pathway-dependent AMP gene expression. For this purpose, we 182
prepared pupae in which two out of the four Toll genes were knocked down. Firstly, we 183
examined whether the double-knockdown of Toll genes affected Cec2 induction by Ec, 184
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M1, or Sc challenge (Figure 5). After Ec challenge, the mRNA levels of Cec2 in Toll3+Toll4 185
double-knockdown pupae at 6 and 24 h post-challenge were strongly decreased com- 186
pared with those in the control pupae; in contrast, Cec2 mRNA levels in Toll3+Toll4 dou- 187
ble-knockdown pupae at 24 h post-challenge were only moderately lower than those in 188

the control (Figure 5A). After Ml challenge, the expression levels of Cec2 in Toll3+Toll4 189
double-knockdown pupae at 6 and 24 h post-challenge were much lower than those in 190
the control; on the contrary, Cec2 expression levels in Toll1+Toll4 or Toll3+Toll4 knock- 191
down pupae at 24 h post-challenge were only moderately lower than those in the control 192
(Figure 5B). After Sc challenge, the mRNA levels of Cec2 in Toll3+Toll4 double-knock- 193
down pupae at 6 and 24 h post-challenge were much lower than those in the control 194
(Figure 5C); in addition, Cec2 level in Toll2+Toll4 double-knockdown pupae at 24 h post- 195
challenge was dramatically lower than that in the control, whereas that in either 196
Toll1+Toll2, Toll1+TolI3, or Toll1+Toll4 double-knockdown pupae was mildly but signifi- 197
cantly lower than that in the control. Secondly, we investigated the effect of double- 198

knockdown of two Toll genes on Cec3 induction (Figure 6). After Ec challenge, over 50% 199
reductions in Cec3 mRNA level were observed in Toll3+Toll4 double-knockdown pupae 200
at 6 and 24 h post-challenge compared to that in the controls, and approximately 20-30% 201

reductions were observed in Toll2+Toll4 double-knockdown pupae at 6 and 24 h post- 202
challenge compared to that in the control (Figure 6A). After Ml challenge, over 70% re- 203
ductions in Cec3 expression levels were observed in Toll3+Toll4 double-knockdown pu- 204
pae at 6 and 24 h post-challenge compared to that in the control, and approximately 50% 205
reductions were observed in either Toll1+Toll4 or Toll2+Toll4 double-knockdown pupae 206
at 24 h post-challenge compared to that in the control (Figure 6B). After Sc challenge, 207
approximately over 70% reductions in Cec3 mRINA level were observed in Toll3+Toll4 208

double-knockdown pupae at 6 and 24 h post-challenge and in Toll2+Toll4 double-knock- 209
down pupae at 24 h post-challenge compared to those in the control, and approximately 210
20-40% reductions were observed in either Toll1+Toll2, Toll1+Toll3, or Toll1+Toll4 double- 211
knockdown pupae compared to those in the control (Figure 6C). These results suggest 212
that Toll3 and Toll4 redundantly play central roles of the induction of Cec2 or Cec3 by 213
microbial challenge. 214
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Figure 5. Effect of double knockdown of two Toll genes on Cec2 induction. mRNA levels of Cec2 in
pupae treated with malE dsRNA (open bars, control) and pupae with double knockdown (check
marked) of Toll1-4 genes (shaded bars) after challenge with either Ec (A), MI (B), or Sc (C). The
methods of sample preparation and mRNA level measurement were the same as those described
in Figure 3. Experiments with three animals were independently repeated three times, and each
column represents the mean + S.D. Asterisks and double-asterisks indicate P <0.05 and P <0.01
compared to Uc samples, respectively, according to student t-test.
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Figure 6. Effect of double knockdown of Toll genes on Cec3 induction. mRNA levels of Cec3 in
pupae treated with malE dsRNA (open bars, control) and pupae with double knockdown (check
marked) of Toll1-4 genes (shaded bars) after challenge with either Ec (A), MI (B), or Sc (C). The

methods of sample preparation and mRNA level measurement were the same as those described

in Figure 3. Experiments with three animals were independently repeated three times, and each
column represents the mean + S.D. Asterisks and double-asterisks indicate P <0.05 and P <0.01
compared to Uc samples, respectively, according to Student’s t-test.

226
227
228
229
230
231
232

233
234


https://doi.org/10.1101/2022.12.28.522147
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.28.522147; this version posted December 29, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

2.1.4. Survival assay to determine the role of Toll3 and Toll4 in the immune response against the
two entomopathogenic bacteria

As described in the previous section, Toll3 and Toll4 were involved in the induction

of Cec2 and Cec3 (Toll pathway-dependent AMP genes). To investigate whether these
genes participate in the immune response, Toll3 and Toll4 double-knockdown pupae,
malE dsRNA-treated pupae (control), and IMD knockdown pupae (positive control)

were injected with two entomopathogenic bacteria, Enterobacter cloacae (Gram-negative
bacteria with meso-diaminopimelic acid (DAP)-type peptidoglycan) and Bacillus subtilis

(Gram-positive bacteria with DAP-type peptidoglycan). The number of living pupae

was counted every 24 h. After E. cloacae challenge, no significant differences in survival

curves were observed between the control and Toll3+Toll4 double-knockdown pupae,
whereas the survival curve of IMD knockdown pupae (positive control) was signifi-

cantly different from that of the control (Figure 7A). After B. subtilis challenge, the num-
ber of dead pupae was significantly higher in the Toll3+Toll4 double-knockdown group

than in the control group. However, P value of control vs Toll3 and Toll4 knocdown

pupae were not lower than that of control vs IMD knockdown, suggeting that Toll3 and

Toll4 contributed to immnune defenses against B. subtilis, but the degree of Toll3 and
Toll4 contributions to the defenses was not same as that of the IMD contributions.

Figure 7. Effects of Toll3 and Toll4 double knockdown on host defenses against two model bacte-
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rial pathogens. On day 0, day-3 pupae pre-injected with the respective dsRNAs (malE-treated pu-

pae and IMD-treated pupae were used as controls) were challenged with E. cloacae (A) or B. subtilis

(B), and the survival of the pupae was monitored and recorded every 24 h. Results are shown in

Kaplan-Meier plots. Asterisks and double-asterisks indicate P < 0.05 and P < 0.01, respectively.

2.2. Functional assay of spz genes
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2.2.1 Phylogenetic and sequence analyses of the spz gene

To identify the T. castaneum spz genes (Tc-spz) involved in Toll pathway-depend-
ent AMP gene expression, we performed phylogenetic analysis using spz sequences of
various insect species, D. melanogaster (Dm-spz), Anopheles gambiae (Ag-spz), A. aegypti
(Aa-spz), and M. sexta (Ms-spz) (Supplemental Table 1), because Spz sequences are not
similar to each other. The phylogenetic tree constructed showed that spz1 genes of used
species were scattered in the tree (Figure 8A). Furthermore, the sequence analysis of C-
terminal 106 amino acid residues of the spz protein, which plays a key roles for function-
ing as the signal transducers were performed [21]. One hundred twenty amino acid se-
quences of Tc-spz1-7 and spz1 of the non-T. castaneum species from C-terminal (Supple-
mental Data 1), were aligned to search the arginine residues and seven cysteine residues
which are predicted proteolytic cleavage sites and amino acid residue and forming the
cysteine knot, respectively (Figure 8B) [21,27]. The results showed that Tc-spz6 did not
possess the arginine residues of proteolytic cleavage site, and Tc-spz2, 4, 6, and 7 did not
completely possess seven cysteine residues required for the cysteine knot. In conclusion,
from the both in silico analysis, we did not determine candidate T. castaneum spz genes
involved in the immune reactions.
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Figure 8. Phylogenetic analysis of spz protein and sequence alignments of spz C terminal se-
quences. (A) A phylogenetic tree was constructed Using spz protein sequences of T. castaneum (Tc-
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spz), D. melanogaster (Dm-spz), A. gambiae (Ag-spz), A. aegypti (Aa-spz), and M. sexta (Ms-spz) (the 280
accession IDs are listed in Supplemental Table 1). Numbers on branches indicate bootstrap values. 281

(B) Sequence alignment results of 120 amino acid sequences from spz C-terminal (Supplemental 282
Data 1) are shown using BoxShade. White letters in black and gray indicate completely matched or 283
similar residues among the sequences, respectively. Dashed squares indicate proteolytic cleavage 284
sites of arginine residues. The numbers 1, 2, and 3 (bold boxes) above cysteine residues indicate 285
the residues predicted to form the disulfide bond essential for cysteine binding, whereas the num- 286
ber 4 indicates the residue predicted to form dimers of spz proteins. 287
288

2.2.2 Spz gene induction by microbial challenge 289
We also examined whether Spz gene expression is induced by either Ec, Ml, or Sc 290
challenges (Figure 9). Although spz4 mRNA amounts in pupae Ec or Sc post 24 h chal- 291

lenge were lower than Uc controls (Figure 9D), the expression levels of spz7 in pupae Ml 292
or Sc at 6 h post-challenge and Phosphate-buffered saline (PBS), Ec, M1, or Sc at 24 h post 293
challenge were significantly higher than those of spz7 in Uc controls. These results 294
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suggested that spz7 can be a candidate gene involved in immune reactions against the 295
microbes (Figure 9G). 296
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Figure 9. mRNA levels of spzl1 (A), spz2 (B), spz3 (C), spz4 (D), spz5 (E), spz6 (F), and spz7 (G) after 297
challenge with three microbial species. The mRNA levels of the genes are shown as relative values 298
to RPL32 mRNA levels in the same samples. Experiments with three animals were independently 299
repeated three times, and each column represents the mean + S.D. Asterisks and double-asterisks 300
indicate P <0.05 and P < 0.01 compared to Uc samples, respectively, according to student t-test. 301

2.2.3. Determination of spz genes involvoed in Toll pathway-dependent AMP gene expression 302
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We determined whether spz genes were involved in Cec2 and Cec3 induction, as
the candidate spz genes were not determined from sequencing analysis results. The
mRNA levels of Cec2 and Cec3 in all spz knockdown pupae in which the expression of all
seven spz genes were significantly reduced, were compared with those in the control
(Supplemental Figure 1) at 24 h post-challenge with Ec, M1, and Sc (Figure 10). This was
based on previous reports that Cec2 and Cec3 induction peaked at 24 h post-challenge
[15]. Cec3 mRNA levels in all spz knockdown pupae were lower than those in the con-
trol, and both Cec2 and Cec3 mRNA levels in all spz knockdown pupae were signifi-
cantly lower than those in the control, suggesting that spz genes play a role in the Toll
pathway-dependent induction of AMP genes (Cec2 and Cec3).
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Figure 10. Effect of knockdown of all seven spz genes on Cec2 (A) and Cec3 (B) induction by Ec, Ml
nd, Sc. mRNA levels of Cec2 (A) and Cec3 (B) in pupae pretreated with malE dsRNA (control) and
all seven spz dsRNAs (spz All) at 24 h post-challenge with Ec, M1, or Sc. The mRNA levels of the
genes are shown as relative values to RPL32 mRNA levels in the same samples. Experiments with
three animals were independently repeated three times, and each column represents the mean +S.D.
Asterisks and double-asterisks indicate P < 0.05 compared to malE dsRNA-treated control samples,
according to student t-test.

To determine the spz gene involved in the induction of AMP genes by Ml, we gen-
erated pupae in which six spz genes were knocked down (e.g., spz(All-3) indicates
knockdown of spzl, 2, 4, 5, 6, and 7), and the pupae were then challenged with MI. At 24
h post-challenge, the mRNA levels of Cec2 and Cec3 in the six spz gene knockdown pu-
pae and the control were compared (Figure 11).
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At 24 h post-Ml challenge, the level of Cec2 mRNA in the pupae possessing only the
spz7 gene was significantly different from that in the pupae with knockdown of all spz
genes , but not different from that in the control pupae. In contrast, the mRNA level of
Cec2 in the pupae possessing only the spz1, 2, 3, 4, 5, or 6 gene was significantly different
from that in the control pupae, but not different from that in the pupae with knockdown
of all spz genes (Figure 11A and B). The level of Cec3 mRNA in the pupae possessing
only the spz7 gene was significantly different from that in the pupae with knockdown of
all spz genes and the control pupae. Moreover, Cec3 mRNA level in the pupae pos-
sessing only the spz1, 2, 3, 4, 5, or 6 gene was significantly different from that in the con-
trol pupae, but not different from that in the pupae with knockdown of all spz genes

(Figure 11C and D). These results indicate that spz7 is involved in the Cec2 and Cec3 gene
induction.
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Figure 11. Effect of knockdown of six spz genes on Cec2 (A) and Cec3 (B) induction by M. luteus
(M1). The mRNA levels of Cec2 (A, B) and Cec3 (C, D) were measured in pupae pretreated with
malE dsRNA (control), all seven spz dsRNAs (spz All, control), or six spz dsRNAs (e.g., spz(All-3)
indicates knockdown of spz1, 2, 4, 5, 6, and 7) at 24 h after Ml challenge. The mRNA levels of the
genes are shown as relative values to RPL32 mRNA levels in the same samples. Experiments with
three animals were independently repeated three times, and each column represents the mean +
S.D. Asterisks and double-asterisks indicate P < 0.05 and P < 0.01 (simultaneous confidence
interval) compared to malE dsRNA-treated samples (P (vs malE)) or spzAll samples (P (vs spzl-
7)), respectively, according to Tukey’s honestly significant difference test. The P (vs spz1-7) row
was omitted in (A) and (C) because the Cec2 or Cec3 mRNA level in spz(All-1) and spz(All-2)

pupae was not significantly different from that in spz All pupae.
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To further confirm this finding, Cec2 and Cec3 mRNA levels in spz7 knockdown 348
pupae and control pupae at 24 h post-challenge with Ec, M1, or Sc were compared (Fig- 349
ure 12). The results showed a significant reduction of approximately 65% in Cec2 mRNA 350
level in spz7 knockdown pupae challenged with Ml, compared with the control pupae. A 351
significant reduction of 50% in Cec3 mRNA levels induced by Ml challenge was also ob- 352

served in spz7 knockdown pupae compared to those in control pupae (Figure 12A and 353
B). A significant and relatively moderate reduction (compared to Cec2 mRNA reduc- 354
tion.) in Cec3 mRNA level was observed in spz7 knockdown pupae challenged with Sc, 355
compared with the control pupae (Figure 12B). These results suggest that spz7 plays a 356
role in the induction of Toll pathway-dependent AMP genes by ML 357
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Figure 12. Effect of Spz7 knockdown on Cec2 (A) and Cec3 (B) induction at 24 h post- 359
challenge. The mRNA levels of Cec2 (A) and Cec3 (B) in spz7 knockdown or control 360
(malE dsRNA-treated) pupae were measured. The detailed procedure was the same as 361
that described in Figure 10. Experiments with three animals were independently re- 362
peated three times, and each column represents the mean + S.D. Asterisks and double- 363
asterisks indicate P < 0.05 compared to malE dsRNA-treated control samples, according 364
to student t-test. 365
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2.2.4. Survival assay to determine the role of Spz7 in the immune response against entomopatho-
genic bacteria

In the previous experiment, spz7 was shown to be involved in Cec2 and Cec3 induc-
tion by ML For further functional analysis of spz7, survival assay using spz7 knockdown
pupae was conducted as described in Section 2.1.4 (Figure 13). There was no difference
in survival curves between control and spz7 knockdown pupae infected with E. cloacae
(Figure 13A). In contrast, spz7 knockdown pupae infected with B. subtilis died earlier
than the control pupae, but the difference was not significant (Figure 13B).
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Figure 13. Effects of spz7 knockdown on host defense against two model bacterial pathogens, E.
cloacae (A) or B. subtilis (B). The survival of pupae was monitored and recorded every 24 h. The
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procedure of the assay was the same as that presented in Figure 7. There was no significant differ- 377
ence in survival between control (malE dsRNA-treated) and spz7 knockdown pupae. 378
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3. Discussion 379

In this study, to enhance our understanding of the mechanisms of immune responses 380
in T. castaneum, especially AMP production mediated by the Toll pathway, we determined 381
the Toll and spz genes involved in the induction of Cec2 and Cec3, which are Toll pathway- 382
dependent AMP genes. Through phylogenetic analysis, four candidate Toll genes were 383
screened from seven Toll genes. Gene expression analysis showed that TolI3 and spz7 were 384
induced by challenge with Ec, M, or Sc, suggesting their involvement in the immune 385
function. Experiments in pupae subjected to RNAi revealed that Toll4 was involved in 386
Cec2 and Cec3 induction by Ec, M1, or Sc, whereas Toll3 acted synergistically with Toll4 in 387
immune reactions against B. subtilis. In addition, spz7 was involved in Cec2 and Cec3 in- 388
duction by Ml only, and the reduction in Cec2 and Cec3 expression was weaker in spz7 389
knockdown pupae than in TolI3 and Toll4 double-knockdown pupae, compared to thatin 390
the control. Furthermore, survival assay showed that spz7 knockdown pupae succumbed 391
to B. subtilis earlier than the control, but the difference was not significant. 392

Although Toll4 expression was not induced by microbial challenge, Toll4 knockdown 393
significantly altered Cec2 and Cec3 expression levels at 24 h post-challenge with Ec, Ml, or ~ 394
Sc. Moreover, at 6 h post-challenge, Toll knockdown significantly reduced Cec2 induction 395
by Ec and Cec3 induction by Ec and MI. The reduction at 24 h post-challenge was approx- 39
imately 30-70% to the control level. In addition, Toll3 and Toll4 double-knockdown se- 397
verely reduced Cec2 and Cec3 induction at 6 and 24 h post-challenge with Ec, Ml, or Sc. 398
These results suggest that Toll3 and Toll4 are mainly involved in the expression of Toll 399
pathway-dependent AMP genes and that the two genes work redundantly. Structural 400
analysis revealed that Toll proteins formed dimers, which in turn function as signal trans- 401
ducers of Toll pathway signals [10,11,24]. We presumed that, in T. castaneum, Toll3 and 402
Toll4 homodimers redundantly participated in the signal transduction of Toll-pathway 403
immune signals, leading to Cec2 and Cec3 induction, with Toll4 homodimers having a 404
greater contribution than Toll3 homodimers. Survival assay showed that Toll3 and Toll4 405
double-knockdown pupae succumbed earlier to B. subtills, but the degree was not as se- 406
vere as that in IMD knockdown pupae. Difl and Dif2 double-knockdown pupae also suc- 407
cumbed earlier to B. subtills, showing the same degree as that in Toll3 and Toll4 knock- 408
down pupae, but this phenomenon was not observed in insects with knockdown of 409
MyD88, Tule, or Pelle, which are intracellular components of the Toll pathway [15,16]. The 410
reason may be the crosstalk between the intracellular components of the IMD and Toll 411
pathways, which has been reported in D. melanogaster and other insects [31,32]. 412

Among the seven spz genes of T. castaneum, only spz7 was involved in Cec2 and Cec3 413
induction at 24 h after MI challenge. Phylogenetic analysis showed that spz7 (Tc-spz7) 414
was located in a clade next to Dm-spz1, which is related to Toll pathway-dependent AMP 415
gene expression [8]. However, the bootstrap values of the spz phylogenetic tree were 416
lower than those of the Toll tree, suggesting that the sequences of spz genes varied. Se- 417
quence alignment results showed that the spz7 protein did not possess the cysteine residue 418
used for the dimerization of spz proteins. A structural report of D. melanogaster spz 419
showed that the forming cysteine-knot structure and dimerization of spz protein were 420
indispensable for the interactions with Toll proteins to transduce immune signaling 421
[21,22]. Considering these findings, we presumed that T. castaneum spz could function 422
without dimerization, or there is a nucleotide sequence error in spz7, as the correct se- 423
quence should contain the cysteine residue required for dimerization. 424

As described above, Toll3 and Toll4 double-knockdown dramatically reduced Cec2 425
and Cec3 induction (over 90% reduction compared to that in the controls) at 24 h after 426
microbial challenge (Ec, Ml, and Sc). Toll3 and Toll4 were shown to contribute to immune 427
reactions against the two entomopathogenic bacteria to some extent. In addition, spz7 428
knockdown moderately reduced Cec2 and Cec3 expression (at most approximately 60% 429
compared to that in the controls), which was induced by MI only. Further, survival assay 430
showed that spz7 did not contribute to immune reaction against the two entomopatho- 431
genic bacteria. The Cec2 and Cec3 expression reduction ratio was different between Toll 432
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and spz genes. We presumed two hypothesis. One is that Toll functions as a direct recog- 433
nition protein, such as the Toll-like receptor (TLR) protein [33]. TLR proteins in mammals 434
directly bind to pathogen-derived structures, such as Gram-negative bacterial lipopoly- 435
saccaride (LPS) and viral DNA, and activate the innate immune reactions. Therefore, T. 436
castaneum dimers consisting of Toll3 and Toll4 might function as a TLR while canonical 437
immune signals aroused from PGRP and GNBP are transduced via spz and Toll com- 438
plexes. Functional analysis of immune genes upstream of Toll and spz, such PGRP-SA or 439
serine proteases, could be a key for determining whether the hypothesis is true. If the 440
upstream genes, in fact, do not function, the “Toll direct-recognition system” will function. 441
The other hypothesis is that there are unidentified T. castaneum spz genes acting as an spz 442
gene in D. melanogaster. As revealed by sequence analysis of spz proteins in the present 443
study, spz sequences might vary across species. In previous reports, seven spz genes were 444
identified in the T. castaneum genome [30]. However, we presumed that there might be 445
more spz genes in the T. castaneum genome. Owing to advances in sequencing devices, 446
more accurate genome data can be constructed [34] . For example, the first genome se- 447
quence data of Apis mellifera were published in 2006, and after several updates, the latest 448
version of the A. mellifera genome is at chromosome level, with very high continuity [35- 449
37]. In comparison, the gene set data used in this study was released in 2007, and the latest 450
version of T. castaneum gene set was released in 2020 [30,38,39]. However, using only 2007 451
version gene set data, the gene set analysis focused on immune-related genes were per- 452
formed [30]. Screening and functional analysis of new spz genes in the new gene set can 453
be conducted in future research to improve our knowledge of the immune system of T. 454
castaneum. 455

In conclusion, we revealed that among nine Toll genes and seven spz genes, Toll3, 456
Toll4, and spz7 were involved in Toll-dependent AMP gene induction by microbial chal- 457
lenge. Our findings also demonstrated differences in their degree of contribution to Cec2 458
and Cec3 induction and immune reactions against entomopathogenic bacteria. These find- 459
ings improve our understanding of the immune system of non-Drosophila insect species 460

and provide a new possible mechanism of AMP production reaction in insects. 461
4. Materials and Methods 462
4.1 Insect rearing 463
Tribolium castaneum was reared on whole wheat flour at 30°C in the dark. For usein 464
experiments, the pupae were staged as described in [14]. 465
466

4.2 Microbes and injections 467

Heat-killed E. coli DH5a, M. luteus ATCC4698, and S. cerevisiae S288C, which are rep- 468
resentative microbes of gram-negative bacteria, gram-positive bacteria, and eukaryotes, 469
respectively, were prepared as described in our previous paper [15]. Fifty nanoliters of Ec, 470
M1, or Sc suspension equivalent to 2.9 x 108, 2.9 x 107, and 6.3 x 106 cells/ml in PBS, respec- 471
tively, was injected using Nanoject II (Drummond Scientific Company, Broomall, 472
PA, .USA) into day-3 pupae pretreated with dsRNA or naive day-3 pupae. For survival 473
assay, living E. cloacae and B. subtilis were prepared as described in our previous paper 474
[14]. S. cerevisiae S288C was kindly gifted from Dr. T. Ushimaru of Shizuoka University. 475

M. luteus ATCC4698 was supplied by the RIKEN Bioresource Center in Japan 476
477
4.3 Gene sequence analysis 478

Tribolium castaneum gene sequences used in the present study were retrieved from 479
Tcas2.0/annotation/TCGleanPrediction data of reference genome version Tcas2.0 (URL: 480
ftp://ftp.hgsc.bcm.edu/Tcastaneum/) available at “BCM-HGSC data” in the “Red Flour 481
Beetle Genome Project” site (URL: https://www.hgsc.bcm.edu/arthropods/red-flour-bee- 482
tle-genome-project) [30,38]. The accession IDs of the gene sequences used in the study are 483
listed in Supplemental Table 1. Non-T. castaneum gene sequences were also retrieved from 484
public databases using the accession IDs shown in Supplemental Table 1. Sequence 485
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alignments and phylogenetic tree construction were performed using ClustalW version 486
2.1 in the DNA Data Bank of Japan server (URL: https://www.ddbj.nig.ac.jp/services/clus- 487
talw-e.html; temporally halted at 2022 Dec 27) [40]. Alignment results of C-terminal spz 488
were visualized using BOXSHADE with default settings (URL: http://ar- 489

ete.ibb.waw.pl/PL/html/boxshade.html) [41]. 490
491
4.4 RNA extraction and quantitative RT-PCR (qRT-PCR) 492

The total RNA extraction method was described in [14,15]. Briefly, 0.5 pg of quality 493
checked total RNA was converted into first-strand cDNA using a PrimeScript RT Reagent 494
Kit with gDNA Eraser (TaKaRa Bio Inc, Shiga, Japan), according to manufacturer’s in- 495
structions. qRT-PCR was performed using first-strand cDNA and a primer pair designed 496
for target genes using the SYBR Premix Ex Taq Perfect Real Time Kit Tli RNAaseH Plus 497
(TAKARA) and Thermal Cycler Dice Real Time System (Model TP800; TaKaRa Bio Inc). 498
The sequences of the primers for qRT-PCR are shown in Supplemental Table 1. The qRT- 499
PCR conditions and the calculation method of mRNA levels of target genes are described 500

in [14]. 501
502
4.5 RNAi 503

RNAIi was performed as described in our previous study [15]. Briefly, cONA with T7 504
RNA polymerase promoter sequence, which was generated by conventional PCR, was 505
used as a template for dsRNA synthesis using a MEGAscript RNAi Kit (Ambion, Waltham, 506
MA, USA). Next, 100 ng of dsRNA for each target gene was used for experiments. The 507
dsRNA was injected using Nanoject II into day-0 pupae, followed by incubation for 72 h. 508
The incubated pupae were then examined for knockdown efficiency or challenged with 509
microbes. dsSRNA with a partial maltose binding protein E (malE) sequence was used as 510
a negative control. The sequences of primer pairs used in the synthesis of cDONA template 511

are shown in Supplemental Table 1. 512
513
4.6 Survival assay 514

Survival assays were performed as described in our previous paper [15]. The incu- 515
bated pupae pretreated with dsRNA were injected with live E. cloacae (50 nl, A600 =0.1) 516
or B. subtilis (100 nl, A600 = 3.0). The number of surviving pupae was counted every 24 h. 517
Data are shown in Kaplan-Meier plots, and statistical analysis (the Gehan-Breslow-Wil- 518
coxon test) was performed using a software package, Ekuseru-Toukei 2010 (Social Survey 519
Research Information Co., Ltd., Tokyo Japan). E. cloacae and B. subtilis were generous gifts 520
from Dr. Y. Yagi of Nagoya University. 521

by the RIKEN Bioresource Center in Japan 522

Supplementary Materials: All Supplemental materials are available in figshare. DOIL 523
10.6084/m9.figshare.c.6342602. 524

Supplemental Table 1. List of Accession IDs of the sequence data used in this study. DOIL: 525
10.6084/m9.figshare.21716093 526

Supplemental Figure 1. Knockdown effect of Toll and spz genes. Effects of knockdown of the Toll 527
(A)-(E) and spz (F) genes by RNAi were examined by qRT-PCR. On day 0, pupae were injected with 528
100 ng of dsRNA (malE, Toll1-4, or spz1-7) or two Toll dsRNAs (100 ng each), or a mixture of spz1-7 529
dsRNA (spzAll; 100 ng each), followed by incubation for 3 days. The mRNA levels of Toll or spz 530
genes in the samples were measured by qRT-PCR. (A) Samples injected with a single Toll dsRNA. 531
(B) Samples injected with Toll1 dsRNA and another Toll gene dsRNA. (C) Samples injected with 532
Toll2 dsRNA and another Toll gene dsRNA. (D) Samples injected with Toll3 dsRNA and another Toll ~ 533
gene dsRNA. (E) Samples injected with Toll4 dsRNA and another Toll gene dsRNA. (F) Samples 534
injected with seven spz gene dsRNAs. Experiments with three animals were independently re- 535
peated three times, and each column represents the mean + S.D. Asterisks and double-asterisks in- 536
dicate P < 0.05 and P < 0.01 compared to control (malE dsRNA-treated) samples, respectively, ac- 537
cording to student ¢-test. DOI: 10.6084/m9.figshare.21716099 538

Supplemental Data 1. Sequences of C-terminal Spz proteins. DOI: 10.6084/m9.figshare.21716240 539
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Supplemental Table 2. List of primer sequences for qRT-PCR and the cDNA template with T7 RNA 540
polymerase promoter for synthesis of dsSRNAs. DOI: 10.6084/m9.figshare.21724637 541
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