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Abstract 16 

The insect cuticle is a composite structure that can further be divided into a few sub-structural layers. 17 

Its large moiety comprises a lattice of chitin fibrils and structural proteins, both of which are stabilized 18 

by covalent bonding among them.  The cuticle covers the whole surface of insect body, and thus has 19 

long been suggested for the involvement in defense against entomopathogens, especially 20 

entomopathogenic fungi that infect percutaneously. We have been addressing this issue in the past few 21 

years and have so far demonstrated experimentally that chitin synthase 1, laccase2 as well as 22 

benzoquinone synthesis-related genes of Tribolium castaneum have indispensable roles in the 23 

antifungal host defense.  In the present study we focused on another major component of the insect 24 

cuticular integument, structural cuticular proteins. We chose three genes coding for adult-specific 25 

cuticular proteins, namely CPR4, CPR18 and CPR27, and examined their roles in forming 26 

immunologically sound adult cuticular integuments. Analyses of developmental expression revealed 27 

that the three genes showed high level expression in the pupal stage. These results are consistent with 28 

their proposed roles in constructing cuticle of adult beetles. The RNA interference-mediated gene 29 

knockdown was employed to silence these genes, and the administration of double strand RNAs in 30 

pupae resulted in the adults with malformed elytra. The single knockdown of the three genes attenuated 31 

somewhat the defense of the resulting adult beetles against Beauveria bassiana and Metarhizium 32 

anisopliae, but statistical analyses indicated no significant differences from controls.  In contrast, the 33 

double or triple knockdown mutant beetles displayed a drastic disruption of the host defense against 34 

the two entomopathogenic fungal species irrespective of the combination of targeted cuticular protein 35 

genes, demonstrating the important roles of the three cuticular protein genes in conferring robust 36 

antifungal properties on the adult cuticle. Scanning electron microscopic observation revealed that the 37 

germination of conidia attached on the adult body surface was still suppressed after the gene 38 

knockdown as in the case of wild-type beetles, suggesting that the weakened antifungal phenotypes 39 

resulted from the combined knockdown of the adult-specific cuticular protein genes could not be 40 



accounted for by the disfunction of secretion/retention of fungistatic benzoquinone derivatives.  41 

  42 



1. Introduction 43 

Insects are the quite successful taxonomic group that account for more than three-quarters of all known 44 

animal species on earth. Insects possess a tough as well as lightweight cuticular integument made 45 

mainly of microfibrils of a polysaccharide chitin and structural cuticular proteins (Moussian, 2010). 46 

This composite integument layer protects and provides insects with a physical and physiological 47 

barrier to survive under a wide variety of harsh environmental and biotic stresses that include the 48 

infection of entomopathogenic microbes (Cloudsley-Thompson, 1988). Insects are threatened by 49 

various microbial pathogens including viruses, bacteria and fungi (Lacey et al., 2015), and thus they 50 

have developed a well-suited immune defense system to combat against microbial infection (Hultmark, 51 

1993, Hultmark, 2003). Insects utilize a battery of antimicrobial immune responses especially when 52 

the barriers are breached. Infection is defined as ‘local’ when it occurs at the epithelial level, and as 53 

‘systemic’ when the epithelial barrier has broken by injury or infection and microbes get into the body 54 

cavities and open blood-vascular system of host insects (Uvell & Engström, 2007). In this context, the 55 

cuticular integuments of insects have been considered as one of the first line of immune defense 56 

responses (Lu & St Leger, 2016, Butt et al., 2016, Pedrini et al., 2015). Upon the breakdown of such 57 

an epithelial barrier, while the repairing mechanisms that involve the hemolymph aggregation, 58 

melanisation reaction and epithelial cell migration are induced (Parle et al., 2017), the invading 59 

microbes are subjected to the attack of immune responses of the host. The insect innate immune 60 

responses rely solely on germline-encoded receptors for non-self-recognition and are conveniently 61 

divided into humoral and cellular reactions (Ferrandon et al., 2007). These two processes of ‘internal 62 

immunity’ work in a coordinated manner to eliminate pathogens that have breached ‘external 63 

immunity’ provided by the epithelial barriers. The insect immune defense system is in this way 64 

multilayered and serves to protect host insects from infection of various origins. The innate immune 65 

processes have been extensively studied in the Drosophila melanogaster model system and other insect 66 

species and are known to include mainly the induction of antimicrobial peptides, hemolymph 67 



coagulation, melanisation, as well as blood cell-based reactions like phagocytosis or encapsulation 68 

(Lemaitre & Hoffmann, 2007, Strand, 2008, Cerenius et al., 2008).  69 

The insect cuticle can be subdivided into a few structurally distinct layers (Andersen, 2010, 70 

Moussian, 2010). Chitin microfibrils and cuticular proteins are the primary structural components of 71 

the exocuticle and endocuticle layers, which in concert compose the thickest procuticle layer. The 72 

outermost, much thinner epicuticle layer lacks chitin microfibrils but is rich in lipids and is usually 73 

covered by a water-resistant wax layer or envelope (Mitov et al., 2018). Chitin is a linear homopolymer 74 

of N-acetylglucosamine, connected by β-1,4-linkages (Arakane & Muthukrishnan, 2010), and the final 75 

step of its biosynthesis and extracellular secretion is known to catalyzed by the membrane-bound chitin 76 

synthase I (CHS1) (Arakane et al., 2008). Another major structural cuticular component, the cuticular 77 

proteins are important in constructing both procuticle and epicuticle layers (Noh et al., 2014). 78 

Hundreds of cuticular proteins have been identified to date, and this superfamily is classified into 79 

several families respectively defined by the presence of specific sequence motifs. The largest among 80 

these is the CPR family, which includes proteins bearing conserved amino acid sequences known as 81 

the Rebers and Riddiford (R&R) motifs. The R&R motif contains a putative chitin-binding region that 82 

may help to coordinate the interactions between chitin microfibrils and proteinaceous matrices 83 

(Arakane et al., 2012). Based on the amino acid sequence alignment, CPR family members have been 84 

further divided into three groups, RR-1, RR-2 and RR-3 (Cornman et al., 2008, Willis, 2010). The 85 

grouping often tends to correlate with the types of cuticles, soft or hard, where the group member 86 

proteins occur. CPR proteins with the RR-1 motif have been often, but with some exceptions, found 87 

in relatively soft and flexible cuticle, while many cuticular proteins identified in rigid cuticle have a 88 

sequence referred to as RR-2 or extended RR-2 motif (Willis, 2010).  89 

Insects utilize tanning reaction for the maturation and stabilization of the cuticular layers 90 

(Arakane et al., 2005), which leads to the sclerotization and pigmentation of both procuticle and 91 

epicuticle layers. During sclerotization/pigmentation process, covalent links form between adjacent 92 



polypeptide chains of cuticular proteins as well as between chitin and cuticular proteins, resulting in 93 

the hardening of the cuticles through close packing of their constituents and dehydration. This cross-94 

linking reaction occurs as a result of nucleophilic reactions between highly reactive cross-linking 95 

agents derived from catechols via oxidative reactions catalyzed by the product of laccase2 (Lac2) gene 96 

(Arakane et al., 2005) with the nucleophilic side-chain groups of proteins/chitin, eventually leading to 97 

the cuticle maturation (Andersen, 2010). The insect cuticle is thus a complex extracellular bio-98 

composite consisting of a few distinct layers, and it is considered to play important roles in repelling 99 

the invasion of entomopathogenic fungi (Butt et al., 2016, St Leger et al., 1991, Ortiz-Urquiza & 100 

Keyhani, 2013).  101 

 Entomopathogenic fungi have been developed as biological control agents for insects pests and 102 

are ecosystem-friendly alternatives/complimentary to chemical control means (Lacey et al., 2015). We 103 

have been investigating the host insect genes that could have roles in ‘external immunity’ at the level 104 

of the cuticular integument in the past few years using the red flour beetle, Tribolium castaneum and 105 

two entomopathogenic fungal species. T. castaneum represents a good and useful model system for 106 

physiological studies of insect, such as immunology, evolution genomics and pest science (Altincicek 107 

et al., 2008). Its curated genome information and RNA interference (RNAi)-amenable nature provide 108 

an experimental system for several of such studies. The two fungal species used in this study, 109 

Beauveria bassiana and Metarhizium anisopliae, have well-annotated publicity available genomes, 110 

are relatively wide host range pathogens and are the most widely used entomopathogenic fungi in field 111 

applications and laboratory research works (Butt et al., 2016, Ortiz-Urquiza & Keyhani, 2016). During 112 

the fungal infection process, insects counteract against invading pathogens in many different ways, 113 

including behavioral changes, physical barriers such as cuticular integuments and innate immune 114 

defense reactions inside the body (Ortiz-Urquiza & Keyhani, 2013).  115 

As regards the genes upholding the cuticular barrier functions, we have recently demonstrated 116 

that adequate levels of expression of CHS1 or Lac2 genes are prerequisite to the establishment of 117 



cuticular integuments with antifungal properties (Hayakawa et al., 2017, Hayakawa et al., 2018). 118 

During the course of these studies, we have found that the adult beetles of T. castaneum are far more 119 

refractory to fungal infection than the pupae. In this connection, we have reported that three 120 

benzoquinone synthesis-related genes of T. castaneum contribute to the robust antifungal properties of 121 

the adult beetles (Sawada et al., 2020). In the present study, we investigated the following three adult-122 

specific cuticular protein genes encoding CPR family members as another class of candidate genes 123 

that may also support the robust antifungal nature of the adult beetles. The CPR27 protein that 124 

possesses the RR-2 motif is one of the most abundant cuticular proteins and is present in both the 125 

horizontal laminae and vertical pore canals in the procuticle of rigid moiety of the elytron (forewing) 126 

of T. castaneum adults. Knockdown of CPR27 by RNAi causes both unorganized laminae and pore 127 

canals, leading to the malformation of the elytron with a physical fragility (Noh et al., 2014). Another 128 

RR-2 group member, the CPR18 protein is extremely abundant and is found in the rigid cuticle but not 129 

present in the soft cuticle, and this is also true for another RR-2 group member, the CPR27 protein 130 

(Noh et al., 2014, Dittmer et al., 2012). The CPR18 knockdown beetles show elytra with an irregular 131 

shape and rough surfaces compared to negative control animals (Noh et al., 2014). The CPR4 protein, 132 

which contains the RR-1 motif but occurs in rigid adult cuticles, is considered to be crucial to the pore 133 

canal formation (Noh et al., 2015b). We chose the CPR4, CPR18 and CPR27 adult-specific cuticular 134 

protein genes as potential candidates for those conferring robust antifungal properties to the cuticle of 135 

adult beetles based on the information reported in these previous studies: the three CPR genes exhibit 136 

high-level expression prior to adult cuticle deposition; CPR4, CPR18 and CPR27 knockdown mutants 137 

displays less organized cuticular ultrastructure. Here, we examined transcriptional changes of CPR4, 138 

CPR18 and CPR27 genes from day 0 prepupae to day 21of adulthood, morphological phenotypes upon 139 

single and combined CPR gene knockdown, and the fungal resistance of knockdown mutant beetles. 140 

In addition, the observation of conidial germination on the adult body surface by scanning electron 141 

microscopy (SEM) was performed. The results showed positive involvement of all the three CPR genes 142 



in preventing fungal infection.   143 

 144 

2. Materials and Methods 145 

2.1. Insect and fungal species 146 

The wild-type strain of the red flour beetle T. castaneum was provided by the National Food 147 

Research Institute, Japan. T. castaneum was reared in whole wheat flour in the dark at 30oC. To obtain 148 

staged animals, prepupae were pooled every day, and newly pupated animals were collected the 149 

following day (defined as day 0 pupae, and this day 0 definition also applies to prepupae or adults).  150 

For more details, refer to our previous paper (Koyama et al., 2015). 151 

The B. bassiana and M. anisopliae strains used for bioassays in this study were isolated by 152 

Katsumi Kamiya in the field in Fukui and Saitama prefectures, Japan, respectively.  153 

2.2. RNA extraction and quantitative real-time RT-PCR (qRT-PCR) 154 

Total RNA was extracted from the whole body of T. castaneum using the TRIZOL reagent 155 

(Invitrogen) according to the manufacturer’s instruction. The quantity and quality of isolated RNA 156 

was confirmed spectrophotometrically, and a half microgram of total RNA was used for cDNA 157 

synthesis. First strand cDNA was synthesized by a Prime Script RT Reagent Kit with gDNA Eraser 158 

(TAKARA) and was used as a template for the qRT-PCR-based determination of transcript levels. The 159 

real-time detection and determination of mRNAs were done based on SYBR green dye chemistry using 160 

a SYBR Premix Ex Taq Perfect Real Time Kit Tli RNaseH Plus (TAKARA) and a Thermal Cycler 161 

Dice Real Time System (modelTP800, TAKARA). Relative quantity of each mRNA was calculated 162 

based on the threshold cycle numbers determined using the second derivatives for the primary 163 

amplification curves while using ribosomal protein L32 (RPL32) mRNA as a normalizer. The 164 

sequences of primer pairs used for the qRT-PCR analyses are listed in Table 1. Accession numbers for 165 



CPR4, CPR18, CPR27and PRL32 mRNA sequences are Tc004500, HQ634479, HQ634478 and 166 

XM_964471, respectively. More detailed procedure appears in our previous paper (Koyama et al., 167 

2015).    168 

2.3. RNAi 169 

RNAi-based gene silencing was performed. T7 RNA polymerase promoter sequences were 170 

introduced into both ends of double strand cDNA fragment of target genes, CPR4, CPR18 and CPR27, 171 

by conventional PCR. The respective T7 promoter-double-tagged cDNA fragments were purified 172 

using a QIAquick PCR Purification Kit (QIAGEN) and subsequently used as templates for dsRNA 173 

synthesis with a MEGA script RNAi Kit (Ambion). The purified dsRNA was ethanol-precipitated, 174 

redissolved in 10 mM Tris-HCl, pH 8.0 at a concentration of 3 µg/µl and stored at -20oC until use. A 175 

dsRNA fragment possessing a partial maltose binding protein E (malE) sequence as a negative control 176 

was also prepared in the same fashion using the mal-c2x plasmid (New England Biolabs, with a 177 

GenBank accession number AX377531.1) as a template. The primer sequences used for preparing the 178 

templates for dsRNA synthesis are listed in Table 2.  179 

Ten or one hundred nanograms each of dsRNAs were injected into day 1 pupae, either singly 180 

or in combination of two or three dsRNA molecular species, using a Nanoject II micro-injector 181 

(Drummond Scientific Company). The pupae were kept at 30oC until adult emergence, and the 182 

resulting knockdown mutant beetles one day after emergence (age day 1) were used for fungal 183 

infection or morphological observation experiments at 25oC along with malE dsRNA-treated negative 184 

controls. To estimate the gene knockdown efficiency dsRNA-injected day 1 pupae were subjected to 185 

qRT-PCR analyses 48 h later (day 3 pupae).  186 

2.4. Morphological observations by light microscopy 187 

Morphological changes resulted from the single or combined gene knockdown by dsCPR4, 188 

dsCPR18 or dsCPR27 were assessed by observing the appearance of knockdown beetles under a 189 



stereoscopic microscope (Olympus model SZX12 or SZX16), especially focusing on the elytra, in 190 

which recognizable changes frequently appear.  191 

2.5. Survival assay and SEM observation 192 

The single or multiple (double and triple) CPR knockdown mutant adults of T. castaneum were 193 

infected experimentally with B. bassiana or M. anisopliae. The conidia of B. bassiana and M. 194 

anisopliae were collected from fully-grown, dried culture plates of SDYA and PDA, respectively, and 195 

stored at 4 °C for up to three months. We usually renew these conidial stocks every two or three months 196 

whereas the B. bassiana stock usually has a longer shelf life. The stored conidia were suspended in 197 

0.1% Tween 80 just prior to use, filtered through absorbent cotton, counted on a hemocytometer and 198 

diluted to 1.0×109 cell/ml for B. bassiana or 3.0×108 cell/ml for M. anisopliae. Adult beetles were 199 

immersed in the conidial suspensions for 1 min, put on filter papers to remove excessive liquid, and 200 

placed in 12-well culture plates, in each well of which wet filter paper was put. The experimental 201 

infection procedure (the immersion method) mimics the natural way of percutaneous fungal infection. 202 

The 12-well culture plates were put in an airtight plastic container saturated with water vapor and kept 203 

in an incubator set at 25 °C, and the survival of beetles observed and recorded every 24 h for up to 240 204 

h post challenge. During this period, test beetles were fed daily with pieces of spaghetti dried noodles 205 

instead of whole wheat flour. Life and death decisions of test beetles were performed by observing the 206 

responses when they were stimulated by a thin and flexible plastic rod under a stereoscopic microscope 207 

as described previously (Hayakawa et al., 2017). Around 20 to 30 beetles were used for respective 208 

gene knockdown categories or malE dsRNA-treated negative controls. To estimate the survival under 209 

uninfected conditions knockdown mutant and malE dsRNA-injected beetles were treated similarly but 210 

with a conidium-free 0.1% Tween 80 solution, and the survival was recorded. Data were drawn in a 211 

Kaplan-Meier plot, and P-values were calculated by Gehan-Breslow-Wilcoxson test using a 212 

commercial software (Ekuseru-Toukei 2010, Social Survey Research Information Co., Ltd.). 213 

Independently, the conidia on the body surface of adult beetles were observed periodically after the 214 



fungal challenge by the immersion method using a SEM system (HITACHI, model-TM3030). The 215 

beetles were observed directly without sputter deposition under a low vacuum status.    216 

 217 

3. Results 218 

3.1. Developmental expression profile of CPR4, CPR18 and CPR27 219 

We first examined the developmental expression profile of the cuticular protein genes, CPR4, 220 

CPR18 and CPR27 from day 0 prepupa to day 21 adult (Fig. 1). The transcript levels of all the three 221 

CPR genes were quite low and did not show a clear peak during prepupal and early pupal stages. The 222 

CPR18 mRNA levels started to rise in day 2 pupae, then showed an extremely high but broad 223 

expression peak in the latter half of the pupal stage. This was followed by very low expression levels 224 

in early adulthood, which persisted up to around day 10. Afterward, the CPR18 mRNA amount started 225 

to rise again and showed appreciable levels until day 21. The broad expression peak of CPR18 found 226 

in mid to late pupae was likely to arise from the differences among individual animals in terms of the 227 

timing and degrees of its extraordinary high peak levels. The considerable variation in the expression 228 

of CPR18 found in day 2 to 5 across individual pupae might support this idea.  229 

The expression of CPR4 also started to rise in day 2 pupae and increased rapidly in day 3 pupae, 230 

and the pupal peak was narrower and lower compared to CPR18. The expression of CPR4 thereafter 231 

declined quickly and showed very low expression levels during the rest of pupal life. After emergence, 232 

CPR4 did not show significant expression until day 21 of adulthood. As for CPR27, it showed a broad 233 

expression peak in mid and late pupae like CPR18 but did not show any appreciable expression in the 234 

adult stage like CPR4.  Thus, the three CPR genes were demonstrated to share high-level pupal 235 

expression to some extent, and the appreciable expression in the adult beetles was only found for 236 

CPR18 after day 10.  237 

3.2.  RNAi-mediated knockdown of CPR genes and external appearances of resulting adults 238 



After obtaining the developmental expression patterns for the three CPR genes, we silenced 239 

these genes by targeting their mid to late pupal expression peaks. For this purpose, pupae were injected 240 

with all possible combinations of CPR dsRNAs on day 1 (one day after pupation). The gene 241 

knockdown efficiency was assessed 48 h later in day 3 pupae, and the results are presented in Fig. 2 242 

along with those for the negative control, malE dsRNA-treated animals. We used 10 or 100 ng of 243 

dsRNA for single gene knockdown or mixtures of 10 or 100 ng each of respective dsRNAs for 244 

combined gene knockdown and found that significant levels of knockdown of targeted genes were 245 

basically achieved with 10 ng of dsRNA except for a few cases of the knockdown combinations 246 

including CPR4 knockdown with relatively low knockdown efficiencies. Based on these results, we 247 

used 10 ng each of dsRNA per animal in the subsequent experiments except for the observation of 248 

external morphology of single CPR gene knockdown adults, where 100 ng of dsRNA was used.    249 

The morphology of the knockdown adults under a light microscope is shown in Fig. 3. The 250 

single knockdown of CPR4, CPR18 or CPR27 consistently resulted in the malformation of elytra with 251 

different extents, and the most conspicuous phenotypic shift was found for single CPR27 knockdown, 252 

in which the elytra were wrinkled, dimpled, and severely warped. This phenotype is consistent with a 253 

previous report (Noh et al., 2014). The outcome of single knockdown of CPR4 or CPR18 was less 254 

severe than the case of CPR27, but the elytra of the CPR4 or CPR18 knockdown mutant adults were 255 

wrinkled and dimpled in comparison with malE dsRNA-treated control beetles.  256 

The elytral phenotypes after combined CPR gene knockdown were also examined (Fig. 3). The 257 

resulting adults of respective knockdown categories shared a slight degree of elytral defects, in which 258 

wrinkled and dimpled cuticular surfaces were apparent. Of interest is consistently less severe 259 

phenotypes resulted from knockdown combinations targeting CPR27, namely CPR4+27, CPR18+27 260 

and CPR4+18+27 in the present study when compared to that of single CPR27 knockdown. While the 261 

mitigated elytral detects after double CPR4+27 knockdown compared to single CPR27 knockdown 262 

have been reported (Noh et al., 2015b), such a mitigation was not reported for double CPR18+27 263 



knockdown in a previous paper (Noh et al., 2014).  264 

3.3. Survival of adult beetles after CPR gene knockdown under mock-infected conditions   265 

 It is known that the silencing of some cuticular function-related genes causes lethality of adult 266 

beetles through dehydration (Arakane et al., 2012, Noh et al., 2015a). Here, to exclude the possibility 267 

that CPR gene knockdown used in the present study might impair resistance of test beetles to 268 

environmental stresses such as desiccation and increase their mortality independently of fungal 269 

infection, we examined the survival of single to triple CPR gene knockdown mutant adults along with 270 

malE dsRNA-treated controls after the treatment with conidium-free 0.1% Tween 80 (mock infection). 271 

The results are presented in Fig. 4. As in evident here, most of the adult beetles obtained by all possible 272 

combinations of CPR gene knockdown or the control knockdown survived until 240 h post treatment, 273 

and there were no statistical differences in control malE knockdown versus any of single or combined 274 

CPR gene knockdown.  275 

3.4.  Antifungal defense phenotypes of adult beetles after single CPR gene knockdown  276 

The day 1 adults after single CPR gene knockdown were examined in terms of the defense 277 

phenotype against B. bassiana and M. Anisopliae. Experimental fungal infection was carried out using 278 

the immersion method, and the survival of test beetles was recorded up to 240 h post fungal challenge. 279 

The results are shown in Fig. 5 for B. bassiana infection and Fig. 6 for M. anisopliae infection. The 280 

negative control adult beetles treated with malE dsRNA were highly resistant to both fungal species, 281 

and around 90% survived until 240 h post infection of both B. bassiana and M. anisopliae. As for the 282 

single knockdown beetles of the three CPR genes, they seemingly showed overall trends of slightly 283 

compromised antifungal defense phenotypes. However, statistical analyses revealed that the difference 284 

between the knockdown and control beetles were not significant for both fungal species, with the 285 

lowest P-value of 0.094 for the CPR4 knockdown beetles challenged by B. bassiana (Fig. 5).  286 

3.5. Antifungal defense phenotypes of adult beetles after multiple CPR gene knockdown 287 



Here we tested the effects of combined CPR gene knockdown on the antifungal phenotypes of 288 

the adult beetles. We used a mixture of 10 ng each of two or three dsRNAs per pupa for respective 289 

target gene combinations, and the resulting day 1 knockdown mutant adults were subjected to fungal 290 

infection and survival assays (Fig. 7 and Fig. 8). The results of fungal challenge were contrasting to 291 

the cases of single CPR gene knockdown, and the combinational administration of two or three dsRNA 292 

of CPR genes efficiently disrupted the host defense against both fungal species. As shown in Fig. 7, 293 

the CPR4+18 and CPR4+27 knockdown adults totally succumbed to B. bassiana infection by 192 h 294 

post challenge. The CPR18+27 and CPR4+18+27 knockdown adults displayed slower death curves 295 

compared to the CPR4+18 and CPR4+27 knockdown adults, and almost all of them died by 240 h 296 

post challenge, with only a few surviving in the triple CPR4+18+27 knockdown category (Fig. 7).  297 

The combined CPR gene knockdown as well impaired the defense of beetles against another 298 

fungal species M. anisopliae, but the degree of impairment looked somewhat milder in some cases 299 

(Fig. 8). The knockdown beetles started to die 96 h post fungal challenge.  After that, the CPR18+27 300 

knockdown beetles totally succumbed to M. anisopliae by 192 h post challenge. The CPR4+18 301 

knockdown beetles displayed a shallower death curve, but most of them died by 240 h post challenge. 302 

Meanwhile, around 35% of beetles survived until 240 h post M. anisopliae challenge in the cases of 303 

CPR4+27 and CPR4+18+27 knockdown. The relatively low knockdown efficiencies of CPR4 in 304 

CPR4+27 and CPR4+18+27 combinations with 10 ng each of dsRNA (Fig. 2) may account for the 305 

relatively high survival rates upon M. anisopliae infection (Fig. 8).  306 

3.6. SEM observation of fungal conidia on the body surface of knockdown beetles 307 

 Since benzoquinone derivatives are secreted and spread over the whole body surface of adult 308 

beetles of T. castaneum (Pedrini et al., 2015, Li et al., 2013), the conidial germination on the wild-type 309 

adult cuticle is hardly detectable (Sawada et al., 2020). We investigated conidial germination on the 310 

body surface of the double- and triple-knockdown mutants by SEM to determine whether combined 311 



knockdown of CPR genes make adult beetles susceptible to fungal infection by allowing fungal conidia 312 

to germinate on the beetle cuticle.  313 

 The double or triple knockdown mutant beetles were subjected to fungal infection by B. 314 

bassiana (Fig. 9) or M. anisopliae (Fig. 10), and the body surface of test beetles was thereafter 315 

observed by SEM. At 24 h and 96 h post challenge three surviving adults were observed by SEM at 316 

several different locations of both dorsal and ventral cuticle. No conidial germination was recognized 317 

on the cuticle of knockdown or negative control beetles for both fungal species, and randomly selected 318 

images are presented in Fig. 9 and Fig. 10. On the other hand, at 216 h post challenge when most 319 

knockdown beetles already succumbed to the fungal infection, germination was observed on 320 

knockdown beetles within one day after the death, except for CPR18+27 knockdown, in both cases of 321 

B. bassiana and M. anisopliae challenge, albeit with a low frequency.  322 

 323 

4. Discussion 324 

Our research group has been interested in the roles of the insect cuticle against the invasion of 325 

entomopathogenic fungi that infect percutaneously. The insect cuticle is made up mainly of a 326 

composite consisting of a lattice of chitin fibrils and structural proteins filling the lattice gaps.  Besides 327 

these structural components, specific oxidative enzymes and their substrates are also secreted 328 

outwardly by the epidermal cell layers during the process of cuticular deposition and maturation, and 329 

they produce cross-linking agents responsible for cuticular sclerotization/pigmentation (Arakane et al., 330 

2005). Thus, chitin fibrils, cuticular proteins and the sclerotization/pigmentation machinery are 331 

indispensable to the establishment of structurally sound insect cuticle. Among the three important 332 

components of cuticular formation, we have so far reported that CHS1 and Lac2 genes are crucial in 333 

preventing fungal infection (Hayakawa et al., 2017, Hayakawa et al., 2018).  In addition, we have 334 

recently demonstrated that benzoquinone synthesis-related genes of T. castaneum play important roles 335 



to confer the robust antifungal properties to the adult beetles (Sawada et al., 2020). In the present study, 336 

we focused on the three adult-specific cuticular protein genes that have been characterized by other 337 

researchers as structural cuticular components of T. castaneum adults (Dittmer et al., 2012, Noh et al., 338 

2014, Noh et al., 2015b), and investigated their function, which could also contribute to the robust 339 

antifungal phenotypes displayed by the adult beetles.  340 

We first examined the developmental expression profiles of the three CPR genes CPR4, CPR18 341 

and CPR27, and confirmed that they showed high-level expression in the latter half of pupal stage, 342 

indicating that the accumulation of the mRNAs in pupae is prerequisite to the formation of adult 343 

cuticles. In addition, we note here the high-level CPR18 expression in day 10 and older adults. This 344 

suggests the unknown function of its product in the adult stage. It might be interesting to knock down 345 

CPR18 in the adults and to investigate the resulting phenotypes. The developmental expression profiles 346 

of the three CPR genes determined in this research were basically like those reported previously 347 

(Arakane et al., 2012, Noh et al., 2015b), although those authors presented the data only up to day 7 348 

of the adult stage.  349 

After obtaining the developmental expression patterns of these CPR genes, we conducted gene-350 

silencing experiments by injecting dsRNA into day 1 pupae. We tried all possible knockdown 351 

combinations among the three CPR genes, from single to triple knockdown, and found that silencing 352 

efficiencies were high enough except a few cases of combined knockdown including CPR4 353 

knockdown. However, even in such cases with relatively low gene knockdown efficiencies our 354 

experimental procedure resulted in clear phenotypic shifts in terms of antifungal properties of the 355 

adults. Therefore, we did not investigate this point further.  356 

The dsRNA treatment in pupae affected the appearances of the adult beetles, which mainly 357 

involved distorted shapes or surfaces of elytra, and were easily recognizable by microscopic 358 

observation at a low magnification. These phenotypes associated with the elytral morphology were 359 



basically consistent with the published results by Arakane and co-workers with some exception 360 

(Arakane et al., 2012, Noh et al., 2014, Noh et al., 2015b). Indeed, the elytral phenotype of single 361 

CPR4 knockdown beetle that we obtained is different from a normal elytral appearance reported for 362 

CPR4 knockdown in a previous paper (Noh et al., 2015b). As for the single CPR18 knockdown, the 363 

beetle showed some morphological defects that were like those of CPR4 knockdown beetles when we 364 

examined in the present study. Noh et al. (2014) reported slightly shortened elytra for CPR18 365 

knockdown, but we did not find such a phenotype. In addition, our results of double CPR18+27 366 

knockdown were also different from those by Noh et al. (2014). These inconsistencies might arise 367 

from the different RNAi conditions: for example, we used day 1 pupae for dsRNA injection while Noh 368 

et al. (2014, 2015b) used a mixture of penultimate and last instar larvae.  369 

Then, we conducted the fungal infection-survival assays using single CPR gene knockdown 370 

beetles.  Despite the clearly recognizable elytral malformations that implicated latent structural defects 371 

in other areas of the adult cuticle, the single knockdown of any of CPR genes did not lead to the 372 

statistically significant impairment of antifungal defense, while the tendencies of slightly compromised 373 

defense were found for all the three CPR single knockdown. Interestingly, the single CPR27 374 

knockdown mutant adults, which had the most severe elytral abnormality and could not close the elytra 375 

properly, were still able to prevent the infection of B. bassiana or M. anisopliae, suggesting that close-376 

fitting elytra are not important for antifungal defense of Tribolium adults.  377 

After obtaining the results of single CPR gene knockdown, we proceeded to the assays with 378 

double and triple CPR gene knockdown beetles. After the combined CPR gene knockdown, the adults 379 

consistently exhibited milder degrees of morphological abnormalities in elytra in comparison with that 380 

found with single CPR27 knockdown. Nonetheless, any of combined CPR knockdown resulted in 381 

nearly total disruption of the host defense against B. bassiana. This was also true for M. anisopliae 382 

infection while the degree of host defense impairment by the combined CPR gene knockdown seemed 383 

milder in some cases. Based on these results, we concluded that these CPR genes have crucial roles in 384 



establishing robust antifungal immunity of the adult beetles. In addition, these results indicate that the 385 

apparent magnitude of morphological defects of elytra that are easily recognizable by low-386 

magnification light microscopy after CPR gene knockdown do not always represent the overall 387 

antifungal properties of the adult cuticles.  388 

Noh et al. (2014, 2015b) reported the ultrastructural features of the adult beetle cuticles after 389 

CPR gene knockdown by using transmission electron microscopy (TEM). They presented in these 390 

studies the TEM images of ultrathin sections of elytral cuticles collected from pharate adults after 391 

single CPR4, CPR18 and CPR27 knockdown as well as combined CPR4+27 and CPR18+27 392 

knockdown. According to their TEM observation, the two combinations of double CPR knockdown 393 

result in more unorganized and blurred/loose ultrastructure of the endocuticle of rigid elytra, especially 394 

in horizontal chitinous lamina as well as pore canals compared to the three cases of single CPR 395 

knockdown. Whereas their observation was on the elytral cuticle from pharate adults (day 5 pupae), it 396 

might be reasonable to infer that similar ultrastructural defects as well occur in other areas of rigid 397 

cuticle of CPR4+27 and CPR18+27 knockdown mutant beetles. This inference may be applicable to 398 

CPR4+18 and CPR4+18+27 knockdown mutants examined in the present study. We propose here 399 

that significant ultrastructural abnormalities of the cuticles of adult Tribolium caused by the combined 400 

knockdown of CPR genes tolerate easier hyphal invasion.    401 

The robust antifungal phenotype displayed by adult Tribolium beetles depends largely on the 402 

fungistatic benzoquinone derivatives that are secreted to the adult body surface and inhibit the conidial 403 

germination. The knockdown of benzoquinone synthesis/secretion-related genes (Li et al., 2013) 404 

allows fungal conidia to germinate and thereby significantly impairs the antifungal defense of the adult 405 

beetles (Sawada et al., 2020). Adult Tribolium beetles bear two pairs of secretory glands referred to as 406 

odoriferous glands or stink glands for this purpose, one of which occurs in the prothorax and the other 407 

in the posterior abdomen (Roth, 1943). The benzoquinone derivatives synthesized and stored in the 408 

glands are gradually secreted externally and supposed to spread over the beetle’s body surface and to 409 



be retained/protected by the outermost envelope or wax layer with the help of lipophilic compounds 410 

occurring in these layers. These surface lipids are considered to be transported, on the basis of specific 411 

vesicles generated from the apical surfaces of epithelial cells, to the cuticle surface by way of lipid-412 

transporting nanotubes, the pore canals (Zuber et al., 2018). These authors have reported the 413 

involvement of an ABC transporter and an extracellular protein in this process (Zuber et al., 2018). 414 

Since the ultrastructure of the pore canals and the vicinity are significantly damaged by the combined 415 

knockdown of CPR genres (Noh et al., 2014, Noh et al., 2015b), there was a possibility that the 416 

weakened antifungal phenotypes of CPR gene knockdown beetles observed in the present study might 417 

be due to the depletion of cuticular surface lipids, which would cause an insufficient retention or 418 

protection of secreted benzoquinone derivatives. To explore this possibility, we performed SEM 419 

observation in terms of the germination of fungal conidia attaching on the beetle’s body surface. The 420 

SEM results clearly revealed that the cuticle surface of the living adult beetles still maintains the ability 421 

to suppress conidial germination after the combined CPR gene knockdown. Based on these results, we 422 

concluded that combined knockdown of CPR genes compromises the host defense against the two 423 

fungal species, but it does not influence the rate of conidial germination. Meanwhile, although no 424 

conidial germination was observed in the regions of the body surface of beetles that we examined by 425 

SEM, a large fraction of the test beetles undergone combined CPR gene knockdown eventually died 426 

from fungal infection. This may be due to the germination of conidia in hidden areas such as 427 

intersegmental spaces or mouthparts. We recognized conidial germination on the body surface of CPR 428 

knockdown beetles at 216 h post fungal challenge when we observed them within one day after the 429 

death. This is probably due to the decline of the benzoquinone concentration on the beetle cuticle 430 

below the threshold, which arose from the cessation of benzoquinone replenishment due to the death 431 

of test beetles. A similar phenomenon, delayed germination has been reported for prolonged in vitro 432 

culture of B. bassiana conidia in the presence of benzoquinone (Pedrini et al., 2015).   433 

 In summary, we investigated in the present study antifungal roles of the three genes of T. 434 



castaneum that encode adult-specific cuticular proteins belonging to the CPR family. We demonstrated 435 

that the combined knockdown among the three CPR genes largely impaired the robust antifungal 436 

phenotype typical of Tribolium adults, while the single CPR gene knockdown did not significantly 437 

alter the defense phenotype. We also observed using SEM that the conidial germination on the body 438 

surface of the adult beetles that underwent the combined CPR gene knockdown was suppressed as in 439 

wild-type beetle. This indicates that the observed susceptibility to fungal infection after the gene 440 

knockdown was not due to dysfunction of benzoquinone secretion/retention on the body surface. Based 441 

on these results, we concluded that the three adult-specific cuticular protein genes contributed 442 

significantly to the robust cuticular antifungal defenses of adult Tribolium beetles. We hope that 443 

knowledge derived from the present and previous studies by us will shed light into the possible 444 

development of fungal biopesticide resistance by pest insects.  445 
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Legends to figures 547 

Fig. 1. Developmental expression profiles of CPR genes from prepupae to adults. The transcript 548 

abundances of CPR4 (top panel), CPR18 (middle panel) and CPR27 (bottom panel) genes were 549 

determined by qRT-PCR from day 0 prepupa to day 21 adult. Determination was performed using a 550 

pool of at least three animals, and independently repeated three times for each time point, and the 551 

values normalized to the levels of RPL32 transcript in the same sample. Bars represent mean ± SD 552 

from three biological replicates.  553 

Fig. 2. Knockdown efficiencies of CPR4, CPR18 and CPR27 genes after the treatment with dsRNA 554 

either singularly or in combination. Gene knockdown efficiencies of animals treated with dsRNA of 555 

CPR genes in all possible combinations were estimated by qRT-PCR analyses. Respective dsRNAs 556 

were microinjected into day 1 pupae, and the abundance of targeted mRNA was measured 48 h later 557 

in day 3 pupae.  The administered doses of dsRNA were either 10 ng each (left columns, from 10 to 558 

30 ng in total) or 100 ng each (right columns, from 100 to 300 ng in total).  The results for CPR4 559 

knockdown are shown in the top two panels, where all possible dsRNA combinations that include 560 

dsCPR4 were tested, and the targeted CPR4 mRNA levels are shown relative to those for the 561 

normalizer gene RPL32.  Similarly, the results of CPR18 knockdown and CPR27 knockdown are 562 

shown in the middle two and bottom two panels, respectively. The mRNA determination was done 563 

using a pool of three animals and repeated independently three times. Bars represent mean ± SD from 564 

three biological replicates. dsmalE was used as a negative control, and the amount used was 10 ng (left 565 

columns) or 100 ng (right columns) throughout.  566 

Fig. 3. Appearances of dsRNA-treated adults. Day 1 pupae were injected with dsRNA of CPR genes 567 

or malE, and resulting adults were photographed on day 1 under a microscope. Amounts of dsRNA 568 

injected into pupae were 100 ng for the single administration of the three CPR genes and control 569 

dsmalE, while in the combined administrations 10 ng each for respective dsRNAs were mixed and 570 



injected. Around 10 animals were used for the respective gene knockdown categories, and they were 571 

kept at 30oC until day 1 of adulthood. A typical dorsal appearance is shown for each gene knockdown 572 

category. A scale bar represents 1 mm.  573 

Fig. 4. Survival of mock-infected CPR gene knockdown adults. Survival of mock-infected gene 574 

knockdown adults were examined for all possible knockdown combinations of the three CPR genes. 575 

malE dsRNA-treated beetles served as negative controls.  Thirty beetles of age day 1 from each 576 

knockdown category were mock-treated with a conidium-free 0.1% Tween 80 solution, and the 577 

survival was recorded every 24 h up to 240 h post treatment in the same way as the experimental fungal 578 

infection procedure.  Results are shown in Kaplan-Meier plots with calculated P-values.  579 

Fig. 5. Survival curves of single CPR gene knockdown beetles after B. bassiana challenge. Day 1 580 

pupae were injected with 10 ng dsRNA of one of CPR genes or malE negative control, and 581 

subsequently kept at 30oC until day 1 of adulthood. Then, day 1 adults were subjected to fungal 582 

infection and survival assays at 25oC. The conidial concentration of B. bassiana was 1.0×109 cell/ml, 583 

and around 20-30 adults were used for respective knockdown categories. The survival of animals was 584 

recorded every 24 h up to 240 h post fungal challenge. Results are shown in Kaplan-Meier plots with 585 

calculated P-values.    586 

Fig. 6. Survival curves of single CPR gene knockdown beetles after M. anisopliae challenge. The 587 

details of experimental fungal infection are the same as in Fig. 5 except that M. anisopliae conidia 588 

were used for infection at a concentration of 3.0 x 108 cell/ml.  589 

Fig. 7. Survival curves of double or triple CPR gene knockdown beetles after B. bassiana challenge. 590 

Preparation of gene knockdown adults and the following fungal infection-survival assays were 591 

performed as in Fig. 5 except that the gene knockdown was done using a mixed dsRNA solution of 592 

two or three CPR genes. Calculated P-value ranges are shown.   593 

Fig. 8. Survival curves of double or triple CPR gene knockdown beetles after M. anisopliae challenge. 594 



Preparation of gene knockdown adults and the following fungal infection-survival assays were 595 

performed as in Fig. 7 except that M. anisopliae conidia were used for infection at a concentration of 596 

3 x 108 cell/ml.  The other details are the same as in Fig. 5., and the calculated P-value ranges are 597 

shown.   598 

Fig. 9. SEM images of B. bassiana conidia on the body surface of CPR gene knockdown adult beetles. 599 

Day 1 adults knocked down for two or three CPR genes were infected with B. bassiana by the 600 

immersion in conidial suspensions as in Fig 7. The conidial concentration used was 1×109 cell/ml. The 601 

body surface of test adults was thereafter observed by SEM and photographed at 24 h (top five panels), 602 

96 h (middle five panels) and 216 h (bottom five panels) post fungal challenge. Three surviving adults 603 

in each category were subjected to SEM observation at 24 h and 96 h post challenge. As for beetles at 604 

216 h post challenge, when most knockdown beetles had already succumbed to infection, knockdown 605 

beetles within one day after the death were observed along with surviving control beetles. The 606 

magnification was ×1000 throughout, and the scale bars represent 30 μm. Conidial germination is 607 

indicated by arrow heads on the picture of 216 h post challenge.   608 

Fig. 10. SEM images of M. anisopliae conidia on the body surface of knockdown adult beetles. Day 1 609 

adults knocked down for two or three CPR genes were infected with M. anisopliae by the immersion 610 

in conidial suspensions as in Fig 8. The density of conidia was 3.0 ×108 cell/ml. The other details are 611 

the same as in Fig. 9.  612 
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Target gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

CPR4 GAAGCCGACCATTTGCCCAA ATAGGGCTGCGGTTTGGTGTA

CPR18 CGTGACCACAAAACCAAGGATT GACGAATCCTCGCTTCTTGTC

CPR27 GCCCAAGGGGGAGAAGGTTA CTCCCATTGGTGGTGGAAGTC

RPL32 ACCGTTATGGCAAACTCAAACG TGTGCTTCGTTTTGGCATTGGA

Table 1. The sequences of primer pairs used for qRT-PCR analyses.

Table

https://www.editorialmanager.com/jipa/download.aspx?id=37015&guid=1fd0d448-cd14-48df-96dc-fbdad522442c&scheme=1
https://www.editorialmanager.com/jipa/download.aspx?id=37015&guid=1fd0d448-cd14-48df-96dc-fbdad522442c&scheme=1


Target gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

CPR4 TAATACGACTCACTATAGGG- TAATACGACTCACTATAGGG-

-TCGCCCTCCTTGTGCCAATA -CTTCTTTCCCTGCTGTGTACTT

CPR18 TAATACGACTCACTATAGGG- TAATACGACTCACTATAGGG-

-GAAGTCGGACGTGGCCACTA -CTGTAGGTTCCCTTTACTTTGTA

CPR27 TAATACGACTCACTATAGGG- TAATACGACTCACTATAGGG-

-ACTTGGAGGAGTACATCGACTA -CCTTCGTACTTTATCCTGTAGTC

malE TAATACGACTCACTATAGGGG- TAATACGACTCACTATAGGGG-

-ATTGCTGCTGACGGGGGTTAT -ATGTTCGGCATGATTTCACCTTT

Table 2. The sequences of primer pairs used for the preparation of cDNA templates for dsRNA synthesis. 

T7 promoter sequences are shown in italic. 


