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 23 

Abstract 24 

Melanin and cuticular proteins are vital cuticle components in insects. Cuticular defects 25 

caused by mutations in cuticular protein-encoding genes can obstruct melanin deposition. The 26 

effects of changes in melanin on the expression of cuticular protein-encoding genes, the 27 

cuticular and morphological traits, and the origins of these effects are unknown. We found 28 

that the cuticular physical characteristics and the expression patterns of larval cuticular 29 

protein-encoding genes markedly differed between the melanic and non-melanic integument 30 

regions. By using four p multiple-allele color pattern mutants with increasing degrees of 31 

melanism (+p, pM, pS, and pB), we found that the degree of melanism and the expression of 32 

four RR1-type larval cuticular protein-encoding genes (BmCPR2, BmLcp18, BmLcp22, and 33 

BmLcp30) were positively correlated. By modulating the content of melanin precursors and 34 

the expression of cuticular protein-encoding genes in cells in tissues and in vivo, we showed 35 

that this positive correlation was due to the induction of melanin precursors. More importantly, 36 

the melanism trait introduced into the BmCPR2 deletion strain Dazao-stony induced 37 

up-regulation of three other similar chitin-binding characteristic larval cuticular 38 

protein-encoding genes, thus rescuing the cuticular, morphological and adaptability defects of 39 

the Dazao-stony strain. This rescue ability increased with increasing melanism levels. This is 40 

the first study reporting the induction of cuticular protein-encoding genes by melanin and the 41 

biological importance of this induction in affecting the physiological characteristics of the 42 

cuticle. 43 

Keywords: Melanic coloring; Cuticle features; Cuticular protein-encoding genes; Induction; 44 
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Bombyx mori 45 

 46 

1. Introduction 47 

Melanic color patterns play important roles in many adaptive processes in insects, such 48 

as mimicry, mating preference, and the ability to resist pathogens and UV thermoregulation 49 

(Hu et al., 2013; Liu et al., 2015a; Mallet and Hoekstra, 2016; True, 2003; Wilson et al., 2001; 50 

Wittkopp et al., 2003).  51 

The roles of melanism in insects rely on not only the integrity of melanin biosynthesis and 52 

regulatory pathways (Futahashi and Fujiwara, 2005; Wittkopp and Beldade, 2009; Wittkopp 53 

et al., 2003) but also the presence of the ‘platform’ on which melanin relies (Andersen, 2010; 54 

Moussian, 2010; Van Belleghem et al., 2017; Wittkopp and Beldade, 2009; Wittkopp et al., 55 

2003). In insects, the cuticle is the most important platform for the formation of the melanic 56 

color pattern (Andersen, 2010; Hopkins and Kramer, 1992; Moussian, 2010). During the 57 

shaping of the cuticle, the maintenance of the cuticle’s features depends on cuticular proteins 58 

and their interactions with other components (Andersen, 2010; Chaudhari et al., 2011; Guan 59 

et al., 2006; Hopkins and Kramer, 1992; Moussian, 2010; Noh et al., 2016; Suderman et al., 60 

2006).  61 

Because of the critical roles of cuticular proteins in cuticle development, if the genes 62 

including these proteins lose their functions, the defective cuticle affects the deposition and 63 

attachment of melanin, thereby influencing the formation of the melanic color pattern 64 

(Arakane et al., 2012; Kanekatsu et al., 1988; Noh et al., 2015; Oota and Kanekatsu, 1993; 65 

Xiong et al., 2017). Little is known about how cuticular protein-encoding genes respond to 66 
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alterations in melanin biosynthesis or regulatory pathways.  67 

Recently, several reports have shown that the abundance of cuticular protein-encoding 68 

genes in different colored integuments varies in insect species, and that these genes are 69 

up-regulated in the melanic cuticle regions (Futahashi et al., 2012; He et al., 2016; Jan et al., 70 

2017; Wu et al., 2016). Some of those cuticular protein-encoding genes have similar 71 

expression patterns and functions (Liang et al., 2010; Nakato et al., 1994; Nakato et al., 1997; 72 

Okamoto et al., 2008; Qiao et al., 2014; Shofuda et al., 1999; Tang et al., 2010). These studies 73 

suggest a likely relationship between the promotion of melanism and the expression of 74 

cuticular protein-encoding genes. Prior to this study, the potential relationships among 75 

cuticular protein-encoding genes were unclear. Additionally, when melanism signaling and 76 

defects in cuticle proteins occur simultaneously, the net effects on the morphological and 77 

physiological traits are also unclear.  78 

In the Lepidoptera model Bombyx mori, an intriguing phenomenon has been reported in 79 

which the larval melanic mutant Striped (pS, 2-0.0) reverses the malformed body shape and 80 

the adaptability defects of the stony mutant (st, 8-0.0) (Dai et al., 2000; Xiang, 1995). A recent 81 

study has reported that the transcription factor Apontic-like, which increases the expression of 82 

melanin synthesis genes in epidermal cells, is responsible for the pS mutant phenotype (Yoda 83 

et al., 2014). Multiple alleles exist with different degrees of melanism at the p locus, including 84 

pB and pM (Banno et al., 2005; Xiang, 1995; Yoda et al., 2014). The stony mutant (st, 8-0.0) is 85 

caused by a deletion of a portion of a RR1-type larval cuticular protein-encoding gene 86 

BmCPR2 (BmLcp17). The stony mutant has is hard and tight to the touch, and has imbalanced 87 

ratios of the lengths of the internodes (I) and the intersegment folds (IF) (I/IF of 88 
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approximately 1.6 in the stony mutation and approximately 4 in the wild-type strain), bulges 89 

at the intersegment folds, and severely altered locomotion and behavioral activities in the 90 

larval stage (Qiao et al., 2014). The similarities in the gene expression patterns (Fig. S1) and 91 

functional characteristics of the other RR1-type larval cuticular protein-encoding genes (Lcps), 92 

BmLcp18, BmLcp22, and BmLcp30 also suggest that they may play very similar roles to those 93 

of BmorCPR2 in shaping the larvae cuticle (Dong et al., 2016; Liang et al., 2010; Nakato et 94 

al., 1994; Nakato et al., 1997; Okamoto et al., 2008; Qiao et al., 2014; Shofuda et al., 1999; 95 

Tang et al., 2010). These findings can be linked through the epistasis of pS to stony (Dai et al., 96 

2000), and provide highly useful genetic resources for exploring the interactions between 97 

melanin and cuticular protein-encoding genes.  98 

In the present study, we found that the transcript levels of BmorCPR2, BmLcp18, BmLcp22, 99 

and BmLcp30 were positively correlated with the degree of melanism of the larval cuticle. 100 

This positive correlation was due to the simultaneous induction of these genes by melanin 101 

precursors. Moreover, after melanism induction in the stony mutant, the cuticle deficiency 102 

was rescued through functionally similar compensation by up-regulated BmLcp18, BmLcp22, 103 

and BmLcp30. These findings provide new evidence indicating that melanism is a beneficial 104 

trait and also deepen understanding of the interactions among the genetic factors shaping 105 

morphological features in Lepidopterans.  106 

 107 

2. Materials and Methods  108 

2.1. Silkworm strains 109 

The wild-type strain Dazao (+p) and melanic mutant strains pM, pS, and pB (Banno et al., 110 
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2005; Xiang, 1995; Yoda et al., 2014) were used in this study. The pigment intensity was 111 

measured as the mean OD value in Image J (https://imagej.nih.gov/ij/). In terms of the degree 112 

of melanism, the body color of an individual homozygous at the pM or pS loci is darker than 113 

that of a heterozygous individual (Banno et al., 2005; Xiang, 1995). The albinism mutant 114 

albino (al) (Banno et al., 2005; Fujii et al., 2013), the non-diapause wild-type strain N4 (used 115 

for melanin inhibition treatment), the BmCPR2 deletion strain, and the Dazao-stony strain (a 116 

near isogeneic line of Dazao, which has been backcrossed with Dazao for more than 26 117 

generations) were supplied by the Silkworm Gene Bank at Southwest University. The N4 118 

strain and al mutant were fed an artificial diet at 28 �. All other strains were fed fresh 119 

mulberry leaves under a 12 h/12 h light/dark photoperiod at 24 °C. 120 

2.2. Chemicals and cell lines 121 

L-Dopa, dopamine, tetrahydrofolic acid (BH4, a cofactor for the synthesis of melanin), and 122 

2,4-diamino-6-hydroxypyrimidine (DAHP, an inhibitor of guanylate cyclase hydrolase 123 

(GTPCHI), an important rate-limiting enzyme in the synthesis of BH4 (Delgado-Esteban et al., 124 

2002; Mitchell et al., 2003) in melanin metabolism) were purchased from Sigma-Aldrich (St. 125 

Louis, MO, USA). The Bombyx mori embryonic (BmE) cell line was established in our 126 

laboratory more than 10 years ago and was used for the basal expression analysis of BmCPR2, 127 

BmLcp18, BmLcp22, BmLcp30, and BmCPH24 (Fig. S2). 128 

2.3. Chitin content determination 129 

Melanic and non-melanic larval cuticles were dissected, and the attached tissues were also 130 

removed; samples were then washed with double distilled H2O and dried at 60 �. Dried 131 

cuticles were weighted with an analytical balance (METTLER-MS105DU, Germany). The 132 
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extraction and determination of chitin content were conducted as described by Kunyan Zhu et 133 

al (Zhang and Zhu, 2006) with slight modifications. Three or four biological replicates for 134 

each sample were examined. 135 

2.4. Scanning electron microscopic analysis 136 

Melanic and non-melanic larval cuticles were dissected, and the attached tissues were also 137 

removed; samples were then washed with double distilled H2O and gradually dehydrated 138 

according to Hu’s method (Hu et al., 2009). Samples were sputter-coated with gold with a 139 

Hitachi E-1010 high-resolution sputter coater (Hitachi, Japan) and observed under a Hitachi 140 

S-3000N scanning electron microscope (Hitachi, Tokyo, Japan). 141 

2.5. Mating combinations and progeny phenotype identification  142 

The pS and pM strains were crossed with the Dazao-stony strain to generate the F1 143 

generation. The F2 generation was produced by F1 self-crossing F1. Individuals at day 5 of the 144 

5th instar (the larval stage is approximately 8 days in the experimental conditions of our 145 

laboratory) of F2 were collected for further use. The pB strain was crossed with the 146 

Dazao-stony strain to generate F1 progeny, which were then mated with the Dazao-stony strain 147 

to generate the BC1 generation. The BC1 generation was fed until day 5 of the 5th instar.  148 

Individuals of the F2 or BC1 generations were separated according to cuticle pigmentation. 149 

Subsequently, phenotypes were classified by morphological characteristics, and I/IF ratios in 150 

the second, third, and fourth abdominal segments, according to a previously described method 151 

(Qiao et al., 2014). 152 

2.6. Genotyping 153 

Because the pS, pM, and pB mutations are alleles at the p locus, they should be located in 154 
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proximity on chromosome 2 (Banno et al., 2005; Xiang, 1995; Yoda et al., 2014). According 155 

to the gene sequence of the pS allele, 11 PCR primer pairs in a 12.4 kb genomic region (from 3.9 156 

kb upstream of the translation initiation site (ATG) of apt-like to 8.5 kb downstream of the initial 157 

codon) were used. PCR screening was performed for pM, pS, pB, and the Dazao-stony strain to 158 

obtain molecular markers of polymorphism for the p locus. We found a molecular marker at 159 

1.47 kb (within the intron region) downstream of the initial codon. Similarly, a PCR-based 160 

molecular marker was also designed within genomic region of BmCPR2 to screen for 161 

polymorphism at the stony locus, and the primers were used to analyze CDS sequence 162 

differences between stony and wild-type as in our previous study (Qiao et al., 2014). The primers 163 

used in this study are listed in Table S1. 164 

2.7. Analysis of phenotype, genotype, and gene expression 165 

Day 5 5th instar larvae of the Dazao and Dazao-stony strains (the larval stage is 166 

approximately 8 days in the experimental conditions of our laboratory) were selected for 167 

cuticle dissection. The cuticles of the semi-lunar marking region and the non-melanic portion 168 

between the paired semi-lunar markings were dissected. Gene expression levels of BmCPR2 169 

(KF672849.1), BmLcp18 (NW_004582021.1), BmLcp22 (NW_004582025.1), BmLcp30 170 

(NW_004582025.1), BmCPR68 (NM_001173219), BmCPR3 (NM_001173273), BmCPR129 171 

(NM_001173170), BmCPG13 (NM_001173319), BmCPH25 (NM_001173281), Bmyellow 172 

(DQ358085.2), BmDDC (NW_004582031.1), and Bmlaccase 2 (NW_004582017.1) in these 173 

regions were compared. Gene expression patterns were determined for the dorsal epidermis of 174 

abdominal segments (from semi-lunar marking to star marking) from day 5 5th instar larvae of 175 

Dazao, pS/+ , pM/+ , and pB/+  strains. The 2nd instar larvae at day 1 were also analyzed in the al 176 
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and Dazao strains. The dorsal epidermis regions (from the semi-lunar marking to the star 177 

marking) were collected from the BC1 and F2-generation of the pB/+pB, +st/st, pB/+pB, st/st, 178 

pS/pS, st/st, pS/+pS, st/st, pM/pM, st/st and pM/+  pM, and st/st genotypes for gene expression 179 

analysis. For all genotyped individuals, the I/IF ratios were also analyzed in Image J 180 

(https://imagej.en.softonic.com/). 181 

2.8. Confocal microscopy analysis 182 

The cuticles of day 5 5th instar larvae (strains: pS, Dazao, Dazao-stony, and pB/+pB,+st/st, 183 

pB/+pB, st/st, pS/pS, st/st, pS/+pS, st/st, pM/pM, st/st, pM/+pM, st/st, +p/+p, and st/st in BC1 and 184 

cross F2 progeny) were dissected. After removal of attached tissues, such as the dermis and 185 

muscles, the cuticle was washed for 5 min in 1× PBS buffer and fixed in 4% 186 

paraformaldehyde for 1 h at 4 �. After being washed three times in 1× PBS (5 min each time), 187 

the cuticles were air-dried and embedded in embedding agent (SAKURA Tissue-Tek O.C.T 188 

compound, USA) for 30 minutes at -20 �. Then 4 µm slices were prepared on a HM525 NX 189 

freezing microtome (Thermo Scientific, USA). Confocal imaging was performed with a 190 

FV3000 (OLYMPUS, Japan) confocal microscope (objective lens: 60×, zoom: 1.67×) and 191 

then merged in Z-Dimension mode. The cuticle thickness was measured with Image J 192 

(https://imagej.en.softonic.com/). Three biological replicates were examined for each sample, 193 

and more than three observations were made for repeat samples. 194 

2.9. Melanin precursor promoting and inhibiting treatments 195 

L-Dopa and dopamine solutions were prepared according to Futahashi, with slight 196 

modifications (Futahashi and Fujiwara, 2005). L-Dopa and dopamine solutions were filtered 197 

with 0.22 µm membranes before use. BmE cells were washed three times with Grace medium 198 
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without melanin precursors to remove metabolites and other contaminants on the cell surfaces. 199 

Medium (0.8 mL) containing L-Dopa or dopamine was added separately into each well of a 200 

24-well plate. Medium without melanin precursors was used as a control for gene expression 201 

analysis. Culture plates were sealed with tape, wrapped with foil, and incubated at 28 � for 202 

24 h for gene expression analysis. For BH4 feeding assays, a 30 mM working solution was 203 

prepared by dissolving tetrahydrofolic acid into double distilled H2O and spreading it on an 204 

artificial diet for the al mutant strain. As a control, the al mutant strain (with albinism and a 205 

porous cuticle, owing to a mutation in the sepiapterin reductase gene, which leads to 206 

insufficient synthesis of the cofactor BH4 during the synthesis of melanin precursors (Banno 207 

et al., 2005; Fujii et al., 2013)), fed with an artificial diet treated only with double distilled 208 

H2O, was used. Phenotypes were recorded from the 2nd instar stage, and expression of 209 

cuticular protein-encoding genes was analyzed.    210 

To perform the melanism-inhibition experiments, we used the wild-type strain N4 (melanic 211 

body color at 2nd instar stage). Newly hatched larvae were divided into treatment and control 212 

groups. Individuals in the treatment group were fed an artificial diet containing DAHP 213 

(dissolved in 0.1 M NaOH), and individuals in the control group were fed an artificial diet 214 

containing 0.1 M NaOH.  215 

To prepare artificial diets with or without DAHP, the following procedures were performed: 216 

for the treatment group, 2.5 g DAHP was dissolved in 0.1 M NaOH (with a total volume of 217 

150 mL); then 50 g artificial food was added and mixed in, and the diet was further treated at 218 

98 � for 25 min. For the control group, although no DAHP was added, the other treatment 219 

procedures were the same. The larvae were separately fed artificial feed once daily for three 220 
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consecutive days. The day 1 2nd instar larvae were selected for phenotype and expression 221 

analysis. 222 

2.10．Integument culture 223 

The procedures for integument cultures were carried out according to Futahashi and 224 

Fujiwara (Futahashi and Fujiwara, 2006) with minor modifications. The Dazao strain at day 5 225 

5th instar was selected to dissect the non-melanic integuments on the dorsal side of the 3rd–226 

4th abdominal segments. After removal of the muscle, trachea, and fat body, the tissues were 227 

cut into rectangles (4 mm × 4 mm), washed five times in 1× PBS, and dried on sterile filter 228 

paper. Three to six pieces of integuments were placed in 1.5 ml microcentrifuge tubes, and 229 

600 µl Grace medium (GIBCO BRL) was added, including 6 µg/ml phenylthiourea (to 230 

prevent phenol oxidase activity), penicillin-streptomycin (100 U/ml), streptomycin (0.1 231 

mg/ml ), and 5 mM L-Dopa or dopamine. The mixture was gently stirred to disperse the 232 

integuments, sealed to avoid light, and then placed on a shaker and incubated at 24  for 24 h ℃233 

at a speed of 80 rpm/min (with the angle not exceeding 30 degrees during incubation). Grace 234 

medium without L-Dopa and dopamine was used as the control. After incubation, the dermal 235 

cell layers on the integuments were gently scraped off and washed with 1× PBS. The degree 236 

of melanism in the cuticle was determined under a stereomicroscope (OLYMPUS, Japan). 237 

Gene expression patterns were detected by quantitative reverse transcription-PCR (qRT-PCR). 238 

Phenotypic observations and gene expression detection in the treatment group and control 239 

group were performed on at least three biological replicates.   240 

2.11. Overexpression of BmCPH24 241 

Overexpression vectors for BmCHP24 (larval cuticular protein-encoding genes) and 242 
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piggyBac (A3-EGFP, IE1-BmCPH24-SV40) were constructed in our laboratory by Xiong et al 243 

(Xiong et al., 2017). The empty vector without BmCPH24 was used as a control. One 244 

microgram of overexpression vector and control vector were transfected into BmE cells with 245 

X-tremeGENE HP (Roche, Basel, Switzerland). Two days post-transfection, transfected cells 246 

were observed, and cells with high fluorescence intensity were collected for RNA extraction. 247 

The expression of cuticular protein genes in overexpression cells and controls was determined 248 

with qRT-PCR. Primers are listed in Table S1.  249 

2.12. Quantitative RT–PCR   250 

Total RNA extraction, reverse transcription, and qRT-PCR were performed as described 251 

previously (Qiao et al., 2014). Three biological replicates were prepared for each condition, 252 

and the house-keeping gene BmRPL3 was used as the internal control. Primers used are listed 253 

in Table S1. 254 

 255 

3. Results 256 

3.1. Cuticle physical characteristics are entirely distinct between melanic and non-melanic 257 

cuticular regions 258 

The cuticle section slices showed that the melanin protrusions were deposited in the 259 

epicuticle of the pS strain and the lunar marking of the Dazao strain (Figure 1A). The 260 

thickness of the melanic cuticle was also greater than that of the non-melanic cuticle (Figure 261 

1B). Moreover, the surface nanostructures were much denser in the melanic regions than in 262 

the non-melanic regions, regardless of strain (Fig. S3A), owing to the deposition of melanin 263 

in the epicuticle. The content of chitin (a major component for cuticle construction, which is 264 
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closely related to cuticle pigmentation (Moussian et al., 2005; Moussian et al., 2006)) was 265 

correspondingly increased in the melanic cuticle (Fig. S3B). In non-melanic regions of the 266 

stony mutant, the arrangement of the procuticle was disordered, and damage to the exocuticle 267 

was observed (Figure 1A). The intersegments cuticle of the stony mutant was the thinnest 268 

relative to that in the intersegments cuticles of pS, Dazao, and the semi-lunar marking 269 

cuticular region of Dazao and Dazao-stony (Figure 1B). However, the disordered arrangement 270 

of the procuticle in the melanic semi-lunar marking region of the stony mutant was not 271 

observed (Figure 1A). The cuticle was also thicker than that in the non-melanic region of the 272 

Dazao-stony strain (Figure 1B).    273 

3.2. Correlation of larval cuticular protein-encoding gene expression with cuticle melanism 274 

The expression levels of BmCPR2, BmLcp18, BmLcp22, and BmLcp30 were higher in the 275 

melanic regions than the non-melanic regions (Figure 2). We further investigated the 276 

expression patterns of those genes by using four alleles of the p locus (Dazao (+p), pM, pS, and 277 

pB) with greater melanin accumulation than that in the Dazao strain (Figure 3A). Expression 278 

levels of BmorCPR2, BmLcp18, BmLcp22, and BmLcp30 were gradually and up-regulated 279 

with increasing melanism in the cuticle (Figure 3B, Fig. S4). These results showed that the 280 

expression of BmorCPR2, BmLcp18, BmLcp22, and BmLcp30 correlated positively with the 281 

degree of melanism (Figure 3, Fig. S4).  282 

3.3. Effects of melanin precursors on the expression of cuticular protein-encoding genes  283 

 The basal expression of four larval cuticular protein-encoding genes was analyzed in BmE 284 

cells (Fig. S2), thus indicating that regulatory pathways controlling the expression of these 285 

cuticular protein-coding genes were present in this cell line. After incubation of BmE cells 286 
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with melanin precursors, the expression of cuticular protein-encoding genes was higher in 287 

cells treated with either L-Dopa or dopamine than in the control cells (Figure 4A). In addition, 288 

when the 2nd instar al mutant was treated with BH4, the larvae had a normal melanic body 289 

color (Fujii et al., 2013), and the expression of four RR1-type BmLcps was higher than in the 290 

control group (Figure 4B). Moreover, in the wild-type 2nd instar larvae treated with DAHP, the 291 

cuticles lost their original melanic body color (Tong et al., 2018), and the expression of four 292 

RR1-type Bm Lcps was lower than that in the control group (Figure 4C). Furthermore, 293 

regarding the unchanged melanin precursor content, the expression of BmLcp18, BmLcp22, 294 

and BmLcp30 was not affected by the deletion of BmLcp17 (Fig. S5). The larval cuticular 295 

protein-encoding gene BmCPH24 (with a similar expression pattern to those of the four 296 

RR1-type BmLcps. Loss of function of BmCPH24 also produced a stony-like phenotype, but 297 

with more pronounced defects (Xiong et al., 2017)) was overexpressed, yet had no effect on 298 

the expression of the four RR1-type BmLcp genes (Fig. S6). 299 

3.4. Phenotypic observation and expression of cuticular protein-encoding genes after L-Dopa 300 

and dopamine treatment  301 

After incubation with 5 mM melanin precursors for 24 h, the cuticles of larvae showed 302 

melanism, whereas the control group did not (Figure 5A). Simultaneously, the expression of 303 

BmCPR2, BmLcp18, BmLcp22, and BmLcp30 in the melanin precursor treatment groups was 304 

higher than that in the control group (Figure. 5B). 305 

3.5. Complete masking of stony phenotypes by the pB locus  306 

We assessed the effects of modulating the melanic background on the phenotypic defects 307 

caused by the deletion of BmorCPR2. After mating of the pB and stony parental strains (553 308 



 

15 
 

BC1 individuals), the percentage of BC1 individuals with melanism and a normal body shape 309 

in the backcrossed population was 52% (ratio 290:553 = 2.098:4; χ2 = 304.8, df = 1, p < 0.01) 310 

but theoretically should have been 25% (ratio 1:4) (Table 1). No individuals with the melanic 311 

cuticle and stony-type body shape were found (ratio 0:553, χ2 = 304.8, df = 1, p < 0.01), but 312 

theoretically these individuals should have been present at 25% (ratio 1:4), equivalent to the 313 

number of individuals with melanic cuticle and normal body shape (Table 1). Genotyping 314 

results showed that approximately 25.68% (ratio 142:553 = 1.027:4) of the individuals 315 

showing a melanic color and normal body shape in the BC1 population from the pB×stony 316 

cross had the pB/+pB, st/st genotypes (Figure 6A, Table 4). The I/IF ratio was 4, which was 317 

similar to that in pB/+pB, +st/st individuals (26.94%, ratio 149:553 = 1.070:4) and was also not 318 

significantly different from that in the wild-type individuals (Figure 6B) (Qiao et al., 2014). 319 

Together, these results suggested that defective phenotypes were masked when the pB locus 320 

was induced into the stony mutant. 321 

3.6 No typical stony-type phenotype was observed in st/st genotyped progeny containing pS or 322 

pM loci  323 

In the cross of pS×stony (331 F2 individuals), 64.3% of F2 progeny showed a pS-type color 324 

pattern and normal body shape (ratio 213:331 = 10.296:16; theoretical ratio, 9:16) (Table 2). 325 

We did not find individuals with a typical stony-type body shape and defective adaptability 326 

under the melanism background (theoretical ratio, 3:16) (χ2 = 65.9, df = 1, p < 0.01, see Table 327 

2). Genotyping analysis indicated that 57.7% (ratio 191:331 = 9.233:16) of individuals with 328 

the pS/_, +st/_ genotype (Table 4, Fig. S7A), 6.04% (ratio 20:331 = 0.967:16) of individuals 329 

with the pS/pS, st/st genotype (Figure 6A, Table 4), and only 0.604% (ratio 2:331 = 0.097:16) 330 
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of individuals with the pS/+pS, st/st genotype had melanic color and a normal body shape 331 

(Table 4). In individuals genotyped as pS/pS, st/st, the I/IF ratio was 3.3 (Figure 6B). The I/IF 332 

ratio was lower than that of pS/_, +st/_ individuals (Figure 6B) but higher than that reported 333 

for the stony mutant (1.6) (Qiao et al., 2014). Despite the slightly smaller body size of the 334 

pS/pS,st/st individuals, their body shape was essentially normal (Figure 6A). However, we 335 

found that 10.88% of F2 progeny (ratio = 1.740:16) had a lighter melanic color and smaller 336 

body size (Figure 6A, Table 2). Their intersegment folds were slightly bulged, and the 337 

intersegment fold length was much shorter than that of the internodes (Figure 6). 338 

Correspondingly, their phenotypes slightly resembled the morphological features of the stony 339 

mutant (Figure 6, Table 2). The genotype of these individuals was pS/+pS, st/st, and their I/IF 340 

ratio was approximately 2.7 (Figures 6, Table 4), a value much higher than that of the stony 341 

mutant.  342 

In the pM×stony cross (437 F2 individuals), 62.9% of F2 progeny exhibited a pM-type color 343 

pattern, and normal body shape or some other subtle stony features (very slight bulges) (ratio 344 

275:437 = 10.068:16, the theoretical ratio is 9:16) (Table 3). In these progeny, the number of 345 

pM/_, and +st/_genotyped individuals was 244 (55.8% ≈ 9:16, Table 4, Fig. S7B), and the I/IF 346 

ratio was approximately 3.9 (Figure 6B). The genotypes for individuals with subtle stony 347 

features (very slight bulges) were mainly pM/pM, st/st (6.63%, ratio 29:437 = 1.062:16), with a 348 

small amount of pM/+pM, st/st (0.458%, ratio 2:437 = 0.073:16). The I/IF ratio of pM/pM, st/st 349 

progeny was approximately 2.8, in agreement with their phenotypes (Figure 6A and 6B). In 350 

addition, 11.7% (ratio 51:437 = 1.86:16) of individuals in the F2 population were much lighter 351 

but exhibited unusual morphological features (Table 3). Their intersegment folds were more 352 
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bulged and had longer length proportions. Their genotypes were identified as pM/+pM, st/st, 353 

and the I/IF ratio was 1.8 (Figures 6A and 6B, Table 4), a value close to that of the stony 354 

mutant. Their body features resembled the phenotype of the stony mutant (Table 3). However, 355 

individuals with the pM-type color pattern with the typical stony morphologic features and 356 

defective adaptability were not present among progeny from the pM × stony cross (theoretical 357 

ratio, 3:16) (χ2 = 85.4, df = 1, p < 0.01, see Table 3). 358 

3.7 Cuticle slices and gene expression analysis of melanic progeny from BC1 and F2 crosses 359 

involving stony and p locus alleles  360 

In BC1 and F2 progeny of the genotype st/st with melanic cuticle, we found that the 361 

epicuticle of pB/+pB, +st/st, and pB/+pB, st/st individuals densely covered the melanin 362 

protrusions. The structures of their procuticles were well organized. In contrast, the procuticle 363 

structures of +p+p, st/st individuals were not well organized, and some damage was observed 364 

in the exocuticle. In addition, the cuticle thickness of the pB/+pB, +st/st, and pB/+pB, st/st 365 

individuals was greater than that of the +p+p, st/st individuals (Figure 7A-7B). Although the 366 

melanin protrusions were less in pS/pS, st/st individuals than pB/+pB, +st/st and pB/+pB, st/st 367 

individuals, no disordered procuticles were observed (Figure 7A). The cuticle thickness was 368 

slightly less than that of the pB/+pB, +st/st and pB/+pB, st/st individuals. The cuticular melanin 369 

protrusions in the pS/+pS, st/st individuals were less than those in the pS/pS, st/st individuals, 370 

and the procuticles were normally arranged. Compared with those in pS/pS, st/st individuals, 371 

the exocuticles of pS/+pS, st/st individuals were not evenly distributed (Figure 7A). Moreover, 372 

the cuticle thickness was slightly thicker than those of +p+p, st/st individuals. (Figure 7B). For 373 

the pM/pM, st/st individuals, the degree of melanism, density of melanin protrusions, and chitin 374 
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fiber arrangement was all similar to those of pS/+pS, st/st individuals (Figure 7A-7B). 375 

However, in pM/+pM, st/st individuals, the density of cuticle melanization and melanin 376 

protrusions was much less than that in the previously examined melanic individuals (Figure 377 

7A). The exocuticle was damaged to some extent, but to a lower degree than that in +p+p, st/st 378 

individuals, and the cuticle thickness was close to that in the +p+p, st/st individuals (Figure 379 

7A-7B). 380 

Gene expression analysis indicated that the transcript levels of BmCPR2 in pB/+pB, st/st 381 

individuals were lower than those in pB/+pB, +st/st individuals (owing to the effects non-sense 382 

mediated decay), whereas the expression levels of other three BmLcps did not differ between 383 

pB/+pB, +st/st and pB/+pB, st/st individuals (Figure 7C). However, the darker body color and the 384 

expression of cuticular protein-encoding genes in pS/pS, st/st individuals was higher than that 385 

in pS/+pS, st/st individuals (Figure. 7C). A similar result was also obtained from the pM/pM, st/st 386 

and pM/+pM, st/st individuals (Figure 7C). In comparison with pM/pM, st/st and pS/+pS, st/st 387 

genotyped individuals, which had similar body shape characteristics, BmCPR2 and BmLcp18 388 

were expressed at higher levels in pM/pM, st/st individuals than in pS/+pS, st/st individuals. 389 

BmLcp22 and BmLcp30 were expressed at higher levels in pS/+pS, st/st individuals than in 390 

pM/pM, st/st individuals (Figure 7C).  391 

4. Discussion 392 

In the 4th molting stage of Bombyx mori, the new cuticle layer forms approximately 16 h 393 

during the 4th molting period, and melanin deposition in the stripe begins 24 h during the 4th 394 

molting period (Tao-Jun-Feng et al., 2014). In Papilio larvae, the melanin in the stripe is 395 

also deposited at the late molting stage (Futahashi et al., 2010; Futahashi and Fujiwara). In 396 
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our results, the cuticular sections showed that melanin was deposited primarily in the 397 

epicuticle region, which is involved in the melanic region of stony mutants and WT or other 398 

melanic mutant strains. The surface physical characteristics of the melanic cuticle regions 399 

(Fig. S3A) were similar to those previously reported (Futahashi et al., 2012; He et al., 2016; 400 

Jan et al., 2017; Tan et al., 2016). Variations in chitin content (Fig. S3B) have also been 401 

shown to be associated with cuticle melanism and expression patterns of cuticular 402 

protein-encoding genes (Balabanidou et al., 2019; Moussian et al., 2005; Moussian et al., 403 

2006). Deposition of melanin was accompanied by thickening of the procuticle, which 404 

contained large amounts of chitin (Figure 1, Figure 5A). Regardless of the genotypes of the 405 

melanic mutants or the melanic markings in the non-melanic strains, excessive 406 

accumulation of melanin in the cuticle was tightly associated with particular cuticular 407 

physical characteristics. We speculate that this phenomenon may be beneficial in 408 

maintaining the physiological function of the melanic cuticle. The significant differences in 409 

cuticular physical features between melanic and non-melanic integument regions provide 410 

clear evidence of the effects of melanism on cuticle characteristics.  411 

Excessive accumulation of melanin was tightly associated with significantly up-regulated 412 

expression of melanin synthase genes (Fig. S8). The up-regulation of these four genes 413 

encoding larval cuticular proteins in melanic integuments was independent of genetic 414 

background (Figure 2 and 3, Fig. S4) (Futahashi et al., 2012; He et al., 2016; Jan et al., 2017; 415 

Wu et al., 2016). For other cuticular protein-encoding genes, even some predominantly 416 

expressed in non-larval stages (Such as BmCPG13 and BmCPR68) (Xia et al., 2007), their 417 

expression was still up-regulated in the melanic integument regions (Fig. S8). These results 418 
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suggested that this correlation is universal. In contrast, the up-regulation of cuticular 419 

protein-encoding genes did not affect cuticle melanism (Tajiri, 2017; Xiong et al., 2017). The 420 

degree of melanism in stripes in the stony mutant was less than that in the WT (Fig. S9). The 421 

comparison of stripes between pS/+pS, +st/+st and pS/+pS, st/st individuals also showed similar 422 

results (Figure 3A, Figure 6A). Thus, we speculate that BmCPR2 is also involved in 423 

maintaining the cuticular coloring pattern. Previous studies have also reported the importance 424 

of larval cuticular protein-encoding genes in maintaining the melanic body color of larvae 425 

(Xiong et al., 2017). Additionally, structural characteristics of different cuticular layers are not 426 

produced independently: mutations affecting one protein located in a certain cuticular layer 427 

also affect the structures of other cuticular layers (Mun et al., 2019; Sobala and Adler, 2016). 428 

Therefore, we considered that during cuticle development, when the melanism-promoting 429 

signals occur, the up-regulation of BmCPR2, BmLcp18, BmLcp22, and BmLcp30 may be a 430 

necessary adaptation enabling the dynamic process of excess melanin deposition, and the 431 

maintenance and stability of the structural characteristics and physical properties of melanic 432 

cuticles. In further research, detecting the dynamic changes in melanin deposition and the 433 

distribution of cuticular proteins in detail would contribute to exploration of the interactions 434 

among major cuticle components.  435 

The variations in expression of certain cuticular protein-encoding genes did not affect other 436 

members (Fig. S5 and S6), in agreement with findings in other reports (Arakane et al., 2012; 437 

Noh et al., 2015; Xiong et al., 2017). These results indicate that there is no direct regulation of 438 

expression between larval cuticular protein-encoding genes with similar expression and 439 

function. Moreover, to our knowledge, there is no evidence suggesting that cuticular proteins 440 
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can enter the nucleus and regulate gene expression by acting as transcription factors. 441 

Extensive accumulation of melanin precursors in epidermal cells is essential for cuticle 442 

melanization; thus, melanism promotes the expression of cuticular protein-encoding genes, a 443 

process driven by coordination between the accumulation of melanin precursors and the 444 

expression of cuticular protein-encoding genes. Our results demonstrated that changes in 445 

intracellular melanin precursors are important for regulating the expression of cuticular 446 

protein-encoding genes (Figure 4, Figure 5). Some evidence also supports that melanin 447 

precursors can regulate gene expression through the receptors of melanin precursors (Berke et 448 

al., 1998; Konradi et al., 1996; Westin et al., 2001). Furthermore, BH4 and DAHP affect the 449 

synthesis of melanin precursors, thus leading to coordinated variations in the expression of 450 

cuticular proteins; however, these two chemicals do not directly impair the extracellular 451 

accumulation of melanin or protein-protein interactions in the cuticle. More importantly, 452 

treatment introducing melanin precursor into non-melanic integuments results in a melanic 453 

cuticular phenotype and up-regulated expression of four larval cuticular protein-encoding 454 

genes (Figure 5); these results establish a direct relationship between melanin precursors and 455 

larval cuticular protein-encoding genes. We believe that up-regulation of BmCPR2, BmLcp18, 456 

BmLcp22, and BmLcp30 may have occurred simultaneously, owing to excessive amounts of 457 

melanin precursors, but these four RR1-type BmLcps are not expected to be mutually 458 

regulated. Notably, several studies have found that mutations in genes affecting melanin 459 

synthesis or regulation influence not only the pigmentation but also the morphology and 460 

structure of the cuticle (Concha et al., 2019; Massey et al., 2019; Matsuoka and Monteiro, 461 

2017; Mun et al., 2019). These genes are directly or indirectly involved in the synthesis and 462 



 

22 
 

accumulation of melanin precursors. From the perspective of the effects on cuticle 463 

characteristics, variations in melanin precursor content should be closely associated with 464 

changes in cuticular structure. Thus, we suggest that the regulation of cuticular protein-genes 465 

by melanin precursors may lie at the core of this association. Further analyses will be 466 

performed to explore the response elements in the regulatory sequences of BmLcp genes and 467 

to determine the detailed molecular mechanisms of melanin precursors. 468 

Although there are 148 RR-type cuticular proteins in the silkworm genome (Futahashi et al., 469 

2008), RR1-type BmLcp genes were chosen on the basis of their similar expression patterns 470 

(Fig. S1) and chitin-binding characteristics during larval development (Dong et al., 2016; 471 

Liang et al., 2010; Nakato et al., 1994; Nakato et al., 1997; Okamoto et al., 2008; Qiao et al., 472 

2014; Tang et al., 2010; Xiong et al., 2017). Additionally, the near isogenic line Dazao-stony 473 

was almost genetically and phenotypically identical to the wild-type Dazao strain with 474 

BmCPR2 knockout (Qiao et al., 2014). We cannot exclude the possibility that other cuticular 475 

protein-encoding genes (up-regulated under melanic cuticle regions) might participate in 476 

maintaining the structure of the melanic cuticle. We focused on these four RR1-type BmLcps 477 

as typical representatives, to enable specific analysis of the compensatory effects and the 478 

relevant phenotypic cuticular characteristics under the larval developmental stages and 479 

conditions. In follow-up research, we will introduce a melanism background into lines with 480 

knockout of the other three cuticular protein-encoding genes (BmLcp18, BmLcp22, and 481 

BmLcp30) to verify the complementarity effect hypothesis.  482 

Because homozygous pB mutations are lethal (Banno et al., 2005; Xiang, 1995), we were 483 

unable to obtain F2 progeny with the pB/pB, st/st genotype. However, individuals with the 484 
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pB/+pB, +st/st and pB/+pB, st/st genotypes had almost the same body shape and degree of 485 

melanism (Figure 6A). In the back-cross progeny of pB×stony, the observed number of 486 

individuals with pB-type melanism and normal body shape was twice that expected (Figure 6A 487 

and 6B, Table 1, Table 4). Among these individuals, 25% of pB/+pB, st/st individuals were 488 

suspected to have pB-type melanic cuticles and a stony-type body shape, but this phenotype 489 

was not observed (Figure 6A and 6B, Table 1, Table 4). This result may be explained by the 490 

epistatic effect of excessive melanism on the stony-type body shape phenotype. Similarly, in 491 

the progeny of pS×stony, an additional 1/16 of individuals had a pS-type color pattern and 492 

normal body shape, a proportion greater than expected (theoretical ratio, 9:16); moreover, 493 

approximately 1/16 of individuals had the pS/pS, st/st genotype (theoretically, they should have 494 

had a pS-type color pattern with a typical stony-type body shape) (Figure 6A and 6B, Table 2, 495 

Table 4). In addition, 1.740/16 of pS/+pS, st/st individuals (close to 2/16) with light melanic 496 

color were practically masked cuticular defects, and therefore most of them exhibited the 497 

ambiguous stony-like body shape (approximately 0.097/16 individuals with the genotype 498 

pS/+pS, st/st had normal body shape and therefore were not included in the calculation) 499 

(Figure 6A and 6B, Table 2, Table 4). The sum of the proportions of pS/pS, st/st individuals to 500 

pS/+pS, st/st individuals (2.804/16) was very close to the expected value of 3/16 for pS/_, st/st 501 

individuals (Table 2, Table 4). Moreover, the ratio deviation of the genotype and phenotype of 502 

pM×stony progeny was similar to that of pS×stony progeny (Figure 6A and 6B, Table 3, Table 503 

4). The proportion of pB/+pB, st/st (ratio = 1.027:4), ps/+pS, st/st (ratio = 1.837:16), and pM/+pM, 504 

st/st (ratio = 1.940:16) genotyped individuals was close to the expected value (1:4, 2:16, and 505 

2:16, respectively) (Tables 1–4). The different degrees of melanism with a homozygous or 506 
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heterozygous p locus led to different levels of epistatic effects (Figure 6, Figure 7, Tables 1–4). 507 

These phenotypes were completely or partially masked by melanism (Figure 6; Tables 1–4). 508 

These characteristics further validate the masking effect of melanism on defective body shape 509 

at the molecular level. Considering the phenotypic characteristics, cuticular section structure, 510 

and expression of cuticular protein-encoding genes in the progeny with melanic color and the 511 

st/st genotype, we suggest that the epistatic effect may be due to up-regulation of cuticular 512 

protein-encoding genes under a melanism background, thereby resulting in accumulation of 513 

more cuticular proteins with similar functions in the cuticle and masking the cuticular defects 514 

in st/st individuals. The degree of compensation was in the order pB/+pB, st/st > pS/pS, st/st > 515 

(pM/pM, st/st or pS/+pS, st/st) > pM/+pM, st/st, which corresponds well to the gradual decrease in 516 

the degree of melanism (Figure 6, Figure 7, Tables 1–4). The compensatory effects of melanic 517 

body color on defective cuticular features also provided new evidence explaining how 518 

melanism can be a beneficial trait (Liu et al., 2015b; Mallet and Hoekstra, 2016; True, 2003; 519 

Wilson et al., 2001; Wittkopp and Beldade, 2009; Wittkopp et al., 2003).  520 

On the basis of our results, we propose the following model to explain our findings: 1) the 521 

larval cuticular protein-encoding genes BmCPR2, BmLcp18, BmLcp22, and BmLcp30 are 522 

up-regulated by the induction of accumulated melanin precursors, and their expression levels 523 

are positively correlated with the degree of melanism; this induction pattern ensures the 524 

formation of normal structural features of the melanic cuticle; 2) if a melanism background is 525 

introduced into BmCPR2 deleted individuals through a genetic cross, other cuticular protein 526 

genes with similar functions, BmLcp18, BmLcp22, and BmLcp30 (induced by melanin 527 

precursors), can compensate for the morphological and adaptive defects caused by 528 
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dysfunctional BmCPR2; the degree of compensation increases with the accumulation of 529 

melanin (Figure 8). Because excess melanin and cuticular proteins commonly occur together 530 

in other insects (Andersen, 2010; Cohen and Moussian, 2016; Moussian, 2010), and 531 

homologues of the four RR1-type BmLcps are widely distributed in Lepidoptera (Table S2), 532 

we presume that the induction phenomenon, as well as its corresponding biological 533 

importance might be conserved in Lepidoptera.  534 
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 715 

Figure legends 716 

Figure 1. Comparison of the physical structure between melanic and non-melanic cuticle. A. 717 

Cross-section of cuticle from the same integument areas in Dazao, Dazao-stony, and pS. Scale 718 

bar = 10 µm. Epi: epicuticle, exo: exocuticle, endo: endocuticle, pro: procuticle. The 719 
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disordered arrangements in the procuticle of Dazao-stony are boxed in red. Red arrows 720 

indicate damage to the exocuticle in Dazao-stony. B. Thickness of cuticles in Figure A. 721 

One-way ANOVA test, n = 3, F = 47.36, n = 3, p < 0.05. 722 

 723 

Figure 2. Expression of BmCPR2, BmLcp18, BmLcp22, and BmLcp30 in melanic and 724 

non-melanic integuments. A and B show relative gene expression levels in the semi-lunar 725 

marking (black box) and the non-melanic region (between the semi-lunar marking, red box) 726 

in Dazao and Dazao-stony strains. Scale bar is 2 mm. C shows a comparative analysis of 727 

relative gene expression levels at the dorsal side of abdominal segments (from the third to the 728 

fourth segment, red box) in pS and Dazao strains. Scale bar is 1 cm. D shows a comparison of 729 

relative gene expression levels between the 2nd instar al mutant and the Dazao strain (melanic). 730 

The red hash tag symbol indicates that the Fig. 1 D shown here is from a previous study from 731 

our group (Min et al., 2016) with modifications. Scale bar is 2 mm. n = 3, t-test, asterisks 732 

denote statistical significance, * p < 0.05; ** p < 0.01; *** p < 0.001. 733 

 734 

Figure 3. Expression of cuticular protein-encoding genes in integuments with different 735 

degrees of melanism. A. Comparison of melanism degree. One-way ANOVA test, n = 6, F = 736 

290.6, p < 0.0001. B. Gene expression levels of cuticular protein-encoding genes among four 737 

strains with mutant alleles at the p locus (+p, pM, pS, and pB). Scale bar is 1 cm. Ratios 738 

represent the ratios of gene expression levels between two strains. Symbols (−, +, ++, and 739 

+++) represent the degree of melanism. Stars represent melanin-associated cuticular 740 

protein-encoding genes. t-test, n = 3, asterisks denote statistical significance, * p < 0.05; ** p < 741 
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0.01.     742 

 743 

Figure 4. Effects of melanin precursors (Figure 6A, in BmE cells) and BH4 (Figure 6B and 6C, 744 

in vivo) on the expression of cuticular protein-encoding genes. t-test, n = 3, asterisks denote 745 

statistical significance, * p < 0.05; ** p < 0.01. 746 

 747 

Figure 5. Effects of treatment with melanin precursors on cuticle pigmentation and expression 748 

of cuticular protein-encoding genes. A. Cuticle pigmentation in the melanin precursor treated 749 

group and control group. Scale bar = 2 mm. The melanic regions are marked with arrows and 750 

rectangles. B. Gene expression analysis in L-Dopa and dopamine treated groups and the 751 

control group. t-test, n = 3, asterisks denote statistical significance, ** p < 0.01. 752 

 753 

Figure 6. Association analysis of the genotypes and phenotypes in segregated progeny from 754 

different crosses. A. Correlation analysis between the genotypes and phenotypes in 755 

self-crossed or backcrossed progeny. Scale bar is 1 cm. White and red stars represent 756 

polymorphic bands at the +p and melanic p locus (pM, pS, pB), respectively. Red and white hash 757 

tags represent polymorphic bands at the st and +st allele, respectively. Solid and dotted red 758 

arrows indicate the relative degree of bulging (solid red arrows represent a higher degree of 759 

bulging than that represented by the dotted red arrows). B. Ratios of the lengths of internodes 760 

and intersegmental folds in the second, third, and fourth abdominal segments of individuals 761 

with different genotypes for melanic body color, in the self-crossed or backcrossed progeny. n 762 

≥ 3, t-test, asterisks denote statistical significance, ** p < 0.01.  763 
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 764 

Figure 7. Features of the cuticle cross-section and gene expression patterns in st/st individuals 765 

(progeny of BC1 and F2) under different melanic backgrounds. A. Features of the cuticle 766 

cross-section in BC1 and F2 progeny with different degrees of melanism. Scale bar = 10 µm. 767 

Epi: epicuticle, exo: exocuticle, endo: endocuticle, pro: procuticle. The disordered 768 

arrangement in the procuticle is boxed in red. Red arrow represents damage to the exocuticle. 769 

B. Cuticle thicknesses for all genotypes listed in Figure A. One-way ANOVA test, n = 3, F = 770 

95.80, n = 3, p < 0.05. C. Expression analysis of cuticular protein-encoding genes in 771 

heterozygotic individuals at the p locus from back-crossed progeny of pB × stony and 772 

expression analysis of cuticular protein-encoding genes in homozygotic and heterozygotic 773 

individuals at the p locus from self-crossed progeny of pS × stony, and pM × stony, only if the 774 

cuticle was melanic and the genotype was homozygous recessive at the stony locus. t-test, n = 775 

3, asterisks denote statistical significance, * p < 0.05; ** p ≤ 0.01. 776 

 777 

Figure 8. Schematic overview of the effects of melanin precursors on the expression of 778 

cuticular protein-encoding genes as well as larval body shape. Scale bar = 1 cm. In epidermal 779 

cells, vertical black arrows indicate the increase in melanin precursor content, and the red 780 

arrow indicates increased expression of larval cuticular protein-encoding genes (Lcps). 781 

Asterisks represent similar expression patterns and functions of the Lcps. At the individual 782 

level, the red backslash indicates partial deletion of the BmCPR2 CDS sequence and 783 

BmCPR2 dysfunction. Genes with similar expression patterns and functions to those of 784 

BmCPR2 are boxed; the red dotted arrow with red backslash indicates that the expression of 785 
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larval cuticular protein-encoding genes in the box was not up-regulated. The blue dotted 786 

arrow indicates that the boxed genes could not compensate for the deficiency caused by the 787 

function loss of BmCPR2. The red solid arrow indicates that the boxed genes were 788 

up-regulated under a melanism background. The blue solid arrow indicates that the boxed 789 

genes were able to compensate for the deficiency caused by the loss of BmCPR2 function.  790 

 791 

Table 1. Segregation patterns of the phenotypes in the progeny from the (pB×Dazao-stony) × 792 

Dazao-stony cross. 793 

Phenotype 
Expected 

Ratio 

Possible 

Genotype 

Observed 

Number 

Observed 

Ratio 

pB-type color pattern, normal body shape 1:4 
pB/+pB, 

+st/st 
290** 

2.098:

4† 

pB-type color pattern, typical stony-type 

body shape 
1:4 

pB/+pB, 

st/st 
0** 0:4† 

non-melanic color pattern, normal body 

shape 
1:4 

+pB/+pB

, 

+st/st 

138 
0.998:

4 

non-melanic color pattern, typical 

stony-type body shape 
1:4 

+pB/+pB

, 

st/st 

125 
0.904:

4 

** p < 0.01, chi-square test (χ2 = 304.8, df = 1); † Represents the actual modified Mendelian 794 

ratio. 795 

 796 

Table 2. Segregation patterns of the phenotypes in the progeny from the pS×Dazao-stony 797 

self-cross. 798 

Phenotype 
Expected 

Ratio 

Possible 

Genotype 

Observed 

Number 

Observed 

Ratio 

pS-type color pattern, normal body shape 9:16 
pS/_, 

+st/_ 
213** 10.296:16† 

pS-type color pattern, typical stony-type 

body shape 
3:16 

pS/_, 

st/st 
0** 0:16† 

non-melanic color pattern, normal body 

shape 
3:16 

+pS/+pS, 

+st/_ 
61 2.949:16 

non-melanic color pattern, typical 

stony-type body shape 
1:16 

+pS/+pS, 

st/st 
21 1.015:16 

light pS-type color pattern, ambiguous 

stony-like body shape+ 
0:16 

pS/+pS, 

st/sta 
36 1.740:16 

** p < 0.01, chi-square test (χ2 = 65.9, df = 1), numbers of “+” symbols represent the degree 799 
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of similarity of body shape to the stony-type body shape. † Represents the actual modified 800 

Mendelian ratio. Unexpected phenotypes in the observations are underlined. a Represents 801 

suspected pS/+pS,st/st genotype of individuals with a light pS-type color pattern and an 802 

ambiguous stony-like body shape+. 803 

 804 

Table 3. Segregation patterns of the phenotypes in the progeny from pM×Dazao-stony 805 

self-cross. 806 

Phenotype 
Expected 

Ratio 

Possible 

Genotype 

Observed 

Number 

Observed 

Ratio 

pM-type color pattern, normal body shape 9:16 
pM/_, 

+st/_ 
275** 10.068:16† 

pM-type color pattern, typical stony-type 

body shape 
3:16 

pM/_, 

st/st 
0** 0:16† 

non-melanic color pattern, normal body 

shape 
3:16 

+pM/+pM, 

+st/_ 
84 3.076:16 

non-melanic color pattern, typical 

stony-type body shape 
1:16 

+pM/+pM, 

st/st 
27 0.989:16 

very light pM-type color pattern, 

ambiguous stony-like body shape+++ 
0:16 

pM/+pM, 

st/sta 
51 1.867:16† 

** p < 0.01, chi-square test (χ2 = 85.4, df = 1, p < 0.01), numbers of “+” symbols represent 807 

the degree of similarity body shape to the stony-type body shape. † Represents the actual 808 

modified Mendelian ratio. Unexpected observed phenotypes are underlined. a Represents 809 

suspected pM/+pM,st/st genotype of individuals with a very light pM-type color pattern and an 810 

ambiguous stony-like body shape+++. 811 

 812 

Table 4. Actual genotyping of the melanic progeny from BC1 and F2 crosses involving stony 813 

and p locus alleles 814 

 Genotypes 

Phenotypes 

pB/+pB, 

+st/st 

pB/+pB, 

st/st 

pS/_, 

+st/_ 

pS/pS, 

st/st 

pS/+pS, 

st/st 

pM/_, 

+st/_ 

pM/pM, 

st/st 

pM/+pM, 

st/st 

pB-type color 
pattern, normal 

body shape 

148 
(148/55
3≈1.07

0:4) 

142a 
(142/55
3≈1.02

7:4) 

- - - - - - 

pB-type color 
pattern, typical 
stony-type body 

shape 

- - - - - - - - 

pS-type color 
pattern, normal 

body shape 
- - 

191 
( 191/
331 
≈9.23
3/16) 

20b1 
(20/3
31≈0.
967/1

6) 

2b2  
(0.097/

16) 
- - - 

pS-type color 
pattern, typical 
stony-type body 

shape 

- - - - - - - - 
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light pS-type 
color pattern, 
ambiguous 

stony-like body 
shape+ 

- - - - 

36b3  
(36/33
1≈1.74

/16) 

- - - 

pM-type color 
pattern, normal 

body shape 
 

- - - - - 

244 
(244/
437≈
8.934
/16) 

29c1 
(29/437
≈1.062/

16) 

2c2 

(2/437≈0
.073) 

pM-type color 
pattern, typical 
stony-type body 

shape 

- - - - - - - - 

very light pM-type 
color pattern, 
ambiguous 

stony-like body 
shape+++ 

- - - - - - - 

51c3 
(51/437
≈1.867/

16) 
a Indicates that the actual phenotype and expected phenotype of individuals with a pB/+pB, st/st 815 

genotype do not match, thus making the Mendelian separation ratio of the actual phenotype 816 

deviate significantly (see Table 1). The dotted arrow points to the expected phenotypic 817 

characteristics of this part of the genotype. b1 b2 Indicate that among the individuals with a 818 

pS-type color pattern and a normal body shape phenotype, there were approximately 0.967/16 819 

pS/pS,st/st individuals and 0.097/16 pS/+pS,st/st individuals that did not have the expected 820 

phenotype, thus making the Mendelian segregation ratio of the actual phenotype significantly 821 

deviate from the expected phenotype (see Table 2). The dotted arrow points to the expected 822 

phenotypic characteristics of this part of the genotype. b3 Indicates that the defective body 823 

shape of pS/+pS, st/st individuals (1.740/16) was partially masked by a light melanic body 824 

color. The dotted arrow points to the expected phenotypic characteristics of this part of the 825 

genotype. Individual aggregation, indicated by b1, b2, and b3, is the individual pS/_, st/st 826 

genotype, accounting for approximately 3/16 of the F2 population. c1 c2 Indicate that among the 827 

individuals with a pM-type color pattern and a normal body shape phenotype, there were 828 

approximately 1.062/16 pM/pM,st/st individuals and 0.073/16 pM/+pM,st/st individuals that did 829 

not have the expected phenotype, thus making the Mendelian segregation ratio of the actual 830 

phenotype significantly deviate from the expected phenotype (see Table 3). The dotted arrow 831 

points to the expected phenotypic characteristics of this part of the genotype. c3 Indicates that 832 

the defective body shape of pM/+pM, st/st genotyped individuals (1.867/16) was slightly 833 

masked by a very light melanic body color. Individual aggregation, indicated by c1, c2, and 834 

c3, is the individual pM/_, st/st genotype, accounting for approximately 3/16 of the F2 835 

population. 836 
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Figure 7

*

p = 0.236 p = 0.163 p = 0.421
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Highlights 
· The physical structure of melanic and non-melanic cuticle are quite different. 
 
· The degree of melanism positively correlates with the expression of RR1-type larval 
cuticular protein genes. 
 
·Melanin precursors induce the expression of RR1-type larval cuticular protein genes.  
 
· RR1-type larval cuticular proteins with expression and chitin-binding similarity 
rescue cuticle defects under melanism background. 
 
· The effect of melanin on cuticular proteins is beneficial to maintain normal larval 
morphological traits in Bombyx mori. 
 




