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Abstract

Melanin and cuticular proteins are vital cuticlemgonents in insects. Cuticular defects
caused by mutations in cuticular protein-encodieges can obstruct melanin deposition. The
effects of changes in melanin on the expressiorubicular protein-encoding genes, the
cuticular and morphological traits, and the origoisthese effects are unknown. We found
that the cuticular physical characteristics and éxpression patterns of larval cuticular
protein-encoding genes markedly differed betweenntielanic and non-melanic integument
regions. By using foup multiple-allele color pattern mutants with incries degrees of
melanism (% p", p°, andp®), we found that the degree of melanism and theesson of
four RR1-type larval cuticular protein-encoding genBmCPR2 BmLcpl8 BmLcp22 and
BmLcp30 were positively correlated. By modulating the teot of melanin precursors and
the expression of cuticular protein-encoding gene=ells in tissues anoh vivo, we showed
that this positive correlation was due to the inisiucof melanin precursors. More importantly,
the melanism trait introduced into thBmCPR2 deletion strain Dazastony induced
up-regulation of three other similar chitin-bindingharacteristic larval cuticular
protein-encoding genes, thus rescuing the cuticoiarphological and adaptability defects of
the Dazacstonystrain. This rescue ability increased with incnegsnelanism levels. This is
the first study reporting the induction of cutiauaotein-encoding genes by melanin and the
biological importance of this induction in affedirthe physiological characteristics of the
cuticle.

Keywor ds: Melanic coloring; Cuticle features; Cuticular prim-encoding genes; Induction;
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Bombyx mori

1. Introduction

Melanic color patterns play important roles in madaptive processes in insects, such
as mimicry, mating preference, and the abilityasist pathogens and UV thermoregulation
(Hu et al., 2013; Liu et al., 2015a; Mallet and Kstea, 2016; True, 2003; Wilson et al., 2001;
Wittkopp et al., 2003)

The roles of melanism in insects rely on not ohly integrity of melanin biosynthesis and
regulatory pathways (Futahashi and Fujiwara, 20Uitkopp and Beldade, 2009; Wittkopp
et al., 2003) but also the presence of the ‘platf@n which melanin relies (Andersen, 2010;
Moussian, 2010; Van Belleghem et al., 2017; Witikgmd Beldade, 2009; Wittkopp et al.,
2003). In insects, the cuticle is the most impdrfalatform for the formation of the melanic
color pattern (Andersen, 2010; Hopkins and Krami®92; Moussian, 2010). During the
shaping of the cuticle, the maintenance of thectaisi features depends on cuticular proteins
and their interactions with other components (Asder 2010; Chaudhari et al., 2011; Guan
et al., 2006; Hopkins and Kramer, 1992; Moussi@&1,02 Noh et al., 2016; Suderman et al.,
2006).

Because of the critical roles of cuticular proteinscuticle development, if the genes
including these proteins lose their functions, dedective cuticle affects the deposition and
attachment of melanin, thereby influencing the fation of the melanic color pattern
(Arakane et al., 2012; Kanekatsu et al., 1988; Bbhl., 2015; Oota and Kanekatsu, 1993;

Xiong et al., 2017). Little is known about how cufiar protein-encoding genes respond to
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alterations in melanin biosynthesis or regulatathp/ays.

Recently, several reports have shown that the amasd of cuticular protein-encoding
genes in different colored integuments varies iseat species, and that these genes are
up-regulated in the melanic cuticle regions (Fusahat al., 2012; He et al., 2016; Jan et al.,
2017; Wu et al.,, 2016). Some of those cuticulartggnreencoding genes have similar
expression patterns and functions (Liang et allp20lakato et al., 1994; Nakato et al., 1997;
Okamoto et al., 2008; Qiao et al., 2014; Shofuda.e999; Tang et al., 2010). These studies
suggest a likely relationship between the promotxdnmelanism and the expression of
cuticular protein-encoding genes. Prior to thisdgtuthe potential relationships among
cuticular protein-encoding genes were unclear. #altilly, when melanism signaling and
defects in cuticle proteins occur simultaneoudhg et effects on the morphological and
physiological traits are also unclear.

In the Lepidoptera modéombyx mori an intriguing phenomenon has been reported in
which the larval melanic mutatriped (p°, 2-0.0) reverses the malformed body shape and
the adaptability defects of tisgonymutant ét, 8-0.0) (Dai et al., 2000; Xiang, 1995). A recent
study has reported that the transcription faggpontic-like which increases the expression of
melanin synthesis genes in epidermal cells, isorsiple for thep® mutant phenotype (Yoda
et al., 2014). Multiple alleles exist with diffettethegrees of melanism at thdocus, including
p® andp™ (Banno et al., 2005; Xiang, 1995; Yoda et al.,£0Thestonymutant ét, 8-0.0) is
caused by a deletion of a portion of a RR1-typevdarcuticular protein-encoding gene
BmCPR2BmLcpl7. Thestonymutant has is hard and tight to the touch, andrhbalanced

ratios of the lengths of the internodes (I) and ih&ersegment folds (IF) (I/IF of
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approximately 1.6 in thetonymutation and approximately 4 in the wild-type styabulges

at the intersegment folds, and severely alterednhmtion and behavioral activities in the
larval stage (Qiao et al., 2014). The similariiieshe gene expression patterns (Fig. S1) and
functional characteristics of the other RR1-typgadhcuticular protein-encoding genésps,
BmLcpl8BmLcp22 andBmLcp30also suggest that they may play very similar rabethose

of BmorCPR2in shaping the larvae cuticle (Dong et al., 201&ng et al., 2010; Nakato et
al., 1994; Nakato et al., 1997; Okamoto et al.,8@Diao et al., 2014; Shofuda et al., 1999;
Tang et al., 2010). These findings can be linkedutgh the epistasis @f to stony(Dai et al.,
2000), and provide highly useful genetic resourmesexploring the interactions between
melanin and cuticular protein-encoding genes.

In the present study, we found that the transteigls ofBmorCPR2BmLcpl8BmLcp22
and BmLcp30were positively correlated with the degree of meda of the larval cuticle.
This positive correlation was due to the simultarsemduction of these genes by melanin
precursors. Moreover, after melanism inductionha dtony mutant, the cuticle deficiency
was rescued through functionally similar compeisaby up-regulate@mLcpl8 BmLcp22
andBmLcp30 These findings provide new evidence indicatingf tmelanism is a beneficial
trait and also deepen understanding of the interestamong the genetic factors shaping

morphological features in Lepidopterans.

2. Materialsand Methods
2.1. Silkworm strains

The wild-type strain Dazao+) and melanic mutant straigd', p°, andp® (Banno et al.,
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2005; Xiang, 1995; Yoda et al., 2014) were usedhis study. The pigment intensity was
measured as the mean OD value in Image J (httpad#j.nih.gov/ij/). In terms of the degree
of melanism, the body color of an individual homgays at the" or p° loci is darker than
that of a heterozygous individual (Banno et al.0®20Xiang, 1995). The albinism mutant
albino (al) (Banno et al., 2005; Fuijii et al., 2013), the wbapause wild-type strain N4 (used
for melanin inhibition treatment), tfBmCPR2deletion strain, and the Dazatpnystrain (a
near isogeneic line of Dazao, which has been basked with Dazao for more than 26
generations) were supplied by the Silkworm GenekBainSouthwest University. The N4
strain andal mutant were fed an artificial diet at 28. All other strains were fed fresh
mulberry leaves under a h212h light/dark photoperiod at Z2€.
2.2. Chemicals and cell lines

L-Dopa, dopamine, tetrahydrofolic acid (Bld cofactor for the synthesis of melanin), and
2,4-diamino-6-hydroxypyrimidine (DAHP, an inhibitoof guanylate cyclase hydrolase
(GTPCHI), an important rate-limiting enzyme in snthesis of Bi(Delgado-Esteban et al.,
2002; Mitchell et al., 2003) in melanin metaboliswvgre purchased from Sigma-Aldrich (St.
Louis, MO, USA). TheBombyx moriembryonic (BmE cell line was established in our
laboratory more than 10 years ago and was usdtiddrasal expression analysisBmhCPR2
BmLcpl8BmLcp22BmLcp30 andBmCPH24(Fig. S2).
2.3. Chitin content determination

Melanic and non-melanic larval cuticles were dissgcand the attached tissues were also
removed; samples were then washed with doublelleiistH,O and dried at 607. Dried

cuticles were weighted with an analytical balangEETTLER-MS105DU, Germany). The
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extraction and determination of chitin content wesaducted as described by Kunyan 2hu
al (Zhang and Zhu, 2006) with slight modificationsirde or four biological replicates for
each sample were examined.
2.4. Scanning electron microscopic analysis

Melanic and non-melanic larval cuticles were dissgcand the attached tissues were also
removed; samples were then washed with doublellelistH,O and gradually dehydrated
according to Hu's method (Hu et al., 2009). Samplese sputter-coated with gold with a
Hitachi E-1010 high-resolution sputter coater (Efitia Japan) and observed under a Hitachi
S-3000N scanning electron microscope (Hitachi, ©okiapan).
2.5. Mating combinations and progeny phenotypetifiestion

The p®> and p" strains were crossed with the Daztony strain to generate the; F
generation. The fgeneration was produced by $elf-crossing E Individuals at day 5 of the
5" instar (the larval stage is approximately 8 dayshe experimental conditions of our
laboratory) of F were collected for further use. Th# strain was crossed with the
Dazaostonystrain to generate; progeny, which were then mated with the Dagtmystrain
to generate the B@eneration. The B@eneration was fed until day 5 of tH&iBstar.

Individuals of the For BC, generations were separated according to cutigkeagmtation.
Subsequently, phenotypes were classified by moggidl characteristics, and I/IF ratios in
the second, third, and fourth abdominal segmentsrding to a previously described method
(Qiao et al., 2014).
2.6. Genotyping

Because the®, p¥, and p® mutations are alleles at tipelocus, they should be located in
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proximity on chromosome 2 (Banno et al., 2005; ¥iah995; Yoda et al., 2014). According
to the gene sequence of thieallele,11 PCR primer pairs in a 12.4 kb genomic regioon(f3.9
kb upstream of the translation initiation site (A)T@ apt-like to 8.5 kb downstream of the initial
codon) were used®CR screening was performed f}; p°, p°, and the Dazastonystrain to
obtain molecular markers of polymorphism for fhéocus. We found a molecular markasr
1.47 kb(within the intron region) downstream of the init@odon. Similarly, a PCR-based
molecular marker was also designed within genoreigion of BmCPR2to screen for
polymorphism at thestony locus, andthe primers were used to analyze CDS sequence
differences betweestonyand wild-type as in our previous study (Qiao et2014) The primers
used in this study are listed in Table S1.
2.7. Analysis of phenotypgenotype, and gene expression

Day 5 %" instar larvae of the Dazao and Daztony strains (the larval stage is
approximately 8 days in the experimental conditiofsour laboratory) were selected for
cuticle dissection. The cuticles of the semi-lumarking region and the non-melanic portion
between the paired semi-lunar markings were disdeene expression levelsBinCPR2
(KF672849.1), BmLcpl8 (NW_004582021.1),BmLcp22 (NW_004582025.1),BmLcp30
(NW_004582025.1)BmCPR68(NM_001173219)BmCPR3(NM_001173273)BmCPR129
(NM_001173170),BmCPG13(NM_001173319),BmCPH25 (NM_001173281),Bmyellow
(DQ358085.2) BMDDC (NW_004582031.1), anBmlaccase ZNW_004582017.1) in these
regions were compared. Gene expression patterresdeeermined for the dorsal epidermis of
abdominal segments (from semi-lunar marking to starking) from day 5 %instar larvae of

Dazaop¥+, p¥/+, andp®/+ strains. The ¥ instar larvae at day 1 were also analyzed irathe
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and Dazao strains. The dorsal epidermis regidmsn the semi-lunar marking to the star
marking) were collected from the BCand B-generation of the®/+P5, +%st, p?/+P®, st/st
pYp°, st/st p¥+PS st/st pY/p", st/stand p"/+ PV, and st/st genotypes for gene expression
analysis. For all genotyped individuals, the I/I&tios were also analyzed in Image J
(https://imagej.en.softonic.com/).
2.8. Confocal microscopy analysis
The cuticles of day 5"5instar larvae (straing®, Dazao, Dazastony and p®/+® +st/st,
p°/+p®, st/st pip°, st/st p¥+PS, st/st pM/p", stist pYi+P, st/st +P/+P, and st/stin BC, and
cross k progeny) were dissected. After removal of attactexlies, such as the dermis and
muscles, the cuticle was washed for 5 min in 1x PBS8fer and fixed in 4%
paraformaldehyde for 1 h at'4 After being washed three times in 1x PBS (5 naichetime),
the cuticles were air-dried and embedded in embpeddgent (SAKURA Tissue-Tek O.C.T
compound, USA) for 30 minutes at -20 Then4 um slices were prepared on a HM525 NX
freezing microtome (Thermo Scientific, USA). Cordbamaging was performed with a
FV3000 (OLYMPUS, Japanconfocal microscope (objective lens:>x6Qoom: 1.6%) and
then merged in Z-Dimension mode. The cuticle théder was measured with Image J
(https://imagej.en.softonic.com/). Three biologiogplicates were examined for each sample,
and more than three observations were made foarspenples.
2.9. Melanin precursor promoting and inhibitingdtenents

L-Dopa and dopamine solutions were prepared according to Fatahawith slight

modifications (Futahashi and Fujiwara, 2005). L-B@nd dopamine solutions were filtered

with 0.22um membranes before uggmEcells were washed three times with Grace medium



199  without melanin precursors to remove metaboliteb@ther contaminants on the cell surfaces.
200 Medium (0.8 mL) containing L-Dopa alopamine was added separately into each well of a
201 24-well plate. Medium without melanin precursorsswased as a control for gene expression
202  analysis. Culture plates were sealed with tapeppad with foil, and incubated at 28 for

203 24 h for gene expression analysis. For,Békding assays, a 30 mM working solution was
204  prepared by dissolving tetrahydrofolic acid intaubdie distilled HO and spreading it on an
205 artificial diet for theal mutant strain. As a control, tlea mutant strain (with albinism and a
206  porous cuticle, owing to a mutation in the sepiapteeductase gene, which leads to
207 insufficient synthesis of the cofactor Biduring the synthesis of melanin precursors (Banno
208 et al., 2005; Fujii et al., 2013)), fed with anifecial diet treated only with double distilled
209 H,O, was used. Phenotypes were recorded from fhéngtar stage, and expression of
210  cuticular protein-encoding genes was analyzed.

211 To perform the melanism-inhibition experiments, wged the wild-type strain N4 (melanic
212 body color at 2 instar stage). Newly hatched larvae were divided freatment and control
213 groups. Individuals in the treatment group were & artificial diet containing DAHP
214  (dissolved in 0.1 M NaOH), and individuals in thentrol group were fed an artificial diet
215  containing 0.1 M NaOH.

216 To prepare artificial diets with or without DAHRg following procedures were performed:
217  for the treatment group, 2.5 g DAHP was dissolve®.ii. M NaOH (with a total volume of
218 150 mL); then 50 g artificial food was added andediin, and the diet was further treated at
219 981 for 25 min. For the control group, although no DAM/ias added, the other treatment
220  procedures were the same. The larvae were sepafatedrtificial feed once daily for three
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consecutive days. The day I Instar larvae were selected for phenotype andessjon
analysis.
2.10. Integument culture

The procedures for integument cultures were cargat according to Futahashi and
Fujiwara (Futahashi and Fujiwara, 2006) with minaxdifications. The Dazao straaday 5
5™ instar was selected to dissect the non-melanéginhents on the dorsal side of the 3rd—
4th abdominal segments. After removal of the mydcdehea, and fat body, the tissues were
cut into rectangles (4 mm x 4 mm), washed five sirmelx PBS, and dried on sterile filter
paper. Three to six pieces of integuments wereeplae 1.5 ml microcentrifugaubes, and
600 pl Grace medium (GIBCO BRL) was added, includingu@ml phenylthiourea (to
prevent phenol oxidase activity), penicillin-str@ptycin (100 U/ml), streptomycin (0.1
mg/ml ), and 5 mM L-Dopa odopamine. The mixture was gently stirred to dispehse
integuments, sealed to avoid light, and then placed shaker and incubated at@4 for 24 h
at a speed of 80 rpm/min (with the angle not exitepd0 degrees during incubation). Grace
medium without L-Dopa and dopamine was used asah&ol. After incubation, the dermal
cell layers on the integuments were gently scraggeednd washed with 1x PBS. The degree
of melanism in the cuticle was determined undeteaesmicroscope (OLYMPUS, Japan).
Gene expression patterns were detected by quargitatverse transcription-PCR (qRT-PCR).
Phenotypic observations and gene expression dmteicti the treatment group and control

group were performed on at least three biologieglicates.
2.11. Overexpression of BmCPH24

Overexpression vectors foBmCHP24 (larval cuticular protein-encoding genes) and

11
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piggyBac(A3-EGFP,IE1-BmCPH24SV4( were constructed in our laboratory by Xiostgal
(Xiong et al.,, 2017). The empty vector withoBmMCPH24was used as a control. One
microgram of overexpression vector and control meatere transfected inBmEcells with
X-tremeGENE HP (Roche, Basel, Switzerland). Twosdagst-transfection, transfected cells
were observed, and cells with high fluorescencensity were collected for RNA extraction.
The expression of cuticular protein genes in ovaression cells and controls was determined
with gRT-PCR. Primers are listed in Table S1.
2.12. Quantitative RT-PCR

Total RNA extraction, reverse transcription, andlCR were performed as described
previously (Qiao et al., 2014). Three biologicablieates were prepared for each condition,
and the house-keeping geBmRPL3was used as the internal control. Primers usetistee

in Table S1.

3. Results
3.1. Cuticle physical characteristics are entirgigtinct between melanic and non-melanic
cuticular regions

The cuticle section slices showed that the melgistrusions were deposited in the
epicuticle of thep® strain and the lunar marking of the Dazao str&iigure 1A). The
thickness of the melanic cuticle was also gredten that of the non-melanic cuticle (Figure
1B). Moreover, the surface nanostructures were nageiser in the melanic regions than in
the non-melanic regions, regardless of strain (6BA), owing to the deposition of melanin
in the epicuticle. The content of chitin (a majonmgponent for cuticle construction, which is

12
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closely related to cuticle pigmentation (Moussidrale, 2005; Moussian et al., 2006)) was
correspondingly increased in the melanic cuticlig.(83B). In non-melanic regions of the
stonymutant, the arrangement of the procuticle wasrdesed, and damage to the exocuticle
was observed (Figure 1A). The intersegments cuti€lthe stony mutant was the thinnest
relative to that in the intersegments cuticlespdf Dazao, and the semi-lunar marking
cuticular region of Dazao and Dazsiony(Figure 1B). However, the disordered arrangement
of the procuticle in the melanic semi-lunar markirggion of thestony mutant was not
observed (Figure 1A). The cuticle was also thidkan that in the non-melanic region of the
Dazaostonystrain (Figure 1B).

3.2. Correlation of larval cuticular protein-encowj gene expression with cuticle melanism
The expression levels &MCPR2BmLcpl8 BmLcp22 andBmLcp30were higher in the
melanic regions than the non-melanic regions (fEgdj. We further investigated the

expression patterns of those genes by using fteleslof thep locus (Dazao (3, p", p°, and
p°) with greater melanin accumulation than that i@ Brazao strain (Figure 3A). Expression
levels of BmorCPR2 BmLcp18 BmLcp22 and BmLcp30were gradually and up-regulated
with increasing melanism in the cuticle (Figure ¥8y. S4). These results showed that the
expression oBmorCPR2 BmLcpl8 BmLcp22 and BmLcp30correlated positively with the
degree of melanism (Figure 3, Fig. S4).
3.3. Effects of melanin precursors on the expressia@uticular protein-encoding genes

The basal expression of four larval cuticular eimencoding genes was analyzedBimE
cells (Fig. S2), thus indicating that regulatorthveays controlling the expression of these
cuticular protein-coding genes were present in ¢ei$ line. After incubation oBmE cells
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with melanin precursors, the expression of cuticpi@tein-encoding genes was higher in
cells treated with either L-Dopa or dopamine thathe control cells (Figure 4A). In addition,
when the ¥ instaral mutant was treated with BHthe larvae had a normal melanic body
color (Fujii et al., 2013), and the expression@irfRR1-typeBmLcpswas higher than in the
control group (Figure 4B). Moreover, in the wildsty 2 instar larvae treated with DAHP, the
cuticles lost their original melanic body color (ipet al., 2018), and the expression of four
RR1-type Bm Lcpswas lower than that in the control group (Figui@).4Furthermore,
regarding the unchanged melanin precursor contieatexpression oBmLcpl8 BmLcp22
and BmLcp30was not affected by the deletion BmLcpl7(Fig. S5). The larval cuticular
protein-encoding genBmCPH24 (with a similar expression pattern to those of tber
RR1-typeBmLcps Loss of function oBmCPH24also produced atonylike phenotype, but
with more pronounced defects (Xiong et al., 201¥3F overexpressed, yet had no effect on
the expression of the four RR1-tyBenLcpgenes (Fig. S6).
3.4. Phenotypic observation and expression of glaigorotein-encoding genes after L-Dopa
and dopamine treatment

After incubation with 5 mM melanin precursors fot B, the cuticles of larvae showed
melanism, whereas the control group did not (FiguAg Simultaneously, the expression of
BmCPR2BmMLcpl18 BmLcp22 andBmLcp30in the melanin precursor treatment groups was
higher than that in the control group (Figure. 5B).
3.5. Complete masking of stony phenotypes by tleeps

We assessed the effects of modulating the melagkgoound on the phenotypic defects
caused by the deletion BimorCPR2 After mating of thep® andstonyparental strains (553
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BC, individuals), the percentage of Bdividuals with melanism and a normal body shape
in the backcrossed population was 52% (ratio 28:58.098:4x° = 304.8, df = 1p < 0.01)
but theoretically should have been 25% (ratio {Téple 1). No individuals with the melanic
cuticle andstonytype body shape were found (ratio 0:5%3= 304.8, df = 1p < 0.01), but
theoretically these individuals should have beas@nt at 25% (ratio 1:4), equivalent to the
number of individuals with melanic cuticle and nainbody shape (Table 1). Genotyping
results showed that approximately 25.68% (ratio:332 = 1.027:4) of the individuals
showing a melanic color and normal body shape éBf; population from the®xstony
cross had th@®/+", st/stgenotypes (Figure 6A, Table 4). The I/IF ratio wiasvhich was
similar to that inp®+"®, +*stindividuals (26.94%, ratio 149:553 = 1.070:4) avak also not
significantly different from that in the wild-typ&dividuals (Figure 6B) (Qiao et al., 2014).
Together, these results suggested that defectigagbypes were masked when fifelocus
was induced into thsetonymutant.
3.6 No typical stony-type phenotype was observetshgenotyped progeny containirijop
p loci

In the cross op®xstony(331 F; individuals), 64.3% of Fprogeny showed p>-type color
pattern and normal body shape (ratio 213:331 =98015; theoretical ratio, 9:16) (Table 2).
We did not find individuals with a typicatonytype body shape and defective adaptability
under the melanism background (theoretical ratib6B3(x>= 65.9, df = 1p < 0.01, see Table
2). Genotyping analysis indicated that 57.7% (ra8d.:331 = 9.233:16) of individuals with
the p%_, +°/_ genotype (Table 4, Fig. S7A), 6.04% (ratio 20:330.967:16) of individuals
with the p¥p®, st'st genotype (Figure 6A, Table 4), and only 0.604%ra:331 = 0.097:16)

15



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

of individuals with thep¥+° st/st genotype had melanic color and a normal body shape
(Table 4). In individuals genotyped p¥p°, st/st the I/IF ratio was 3.3 (Figure 6B). The I/IF
ratio was lower than that @fY_, +/_ individuals (Figure 6B) but higher than that aepd
for the stonymutant (1.6) (Qiao et al., 2014). Despite thetdligsmaller body size of the
pYp°st/stindividuals, their body shape was essentially radr@fFigure 6A). However, we
found that 10.88% of fprogeny (ratio = 1.740:16) had a lighter melanitocand smaller
body size (Figure 6A, Table 2). Their intersegmésitds were slightly bulged, and the
intersegment fold length was much shorter than tbitthe internodes (Figure 6).
Correspondingly, their phenotypes slightly resemitttee morphological features of thwny
mutant (Figure 6, Table 2). The genotype of thesividuals wag™+"°, stst, and their I/IF
ratio was approximately 2.7 (Figures 6, Table 4yalue much higher than that of teeny
mutant.

In the p“'xstonycross (437 Findividuals), 62.9% of Fprogeny exhibited @"-type color
pattern, and normal body shape or some other sstiothyfeatures (very slight bulges) (ratio
275:437 = 10.068:16, the theoretical ratio is 9:(M@ble 3). In these progeny, the number of
p"/_, and+°/_genotyped individuals was 244 (55.898:16, Table 4, Fig. S7B), and the I/IF
ratio was approximately 3.9 (Figure 6B). The gepegy for individuals with subtlstony
features (very slight bulges) were maipl{/p", st/st(6.63%, ratio 29:437 = 1.062:16), with a
small amount op“/+"", st/st(0.458%, ratio 2:437 = 0.073:16). The I/IF ratioplf/p", st/st
progeny was approximately 2.8, in agreement wigirtphenotypes (Figure 6A and 6B). In
addition, 11.7% (ratio 51:437 = 1.86:16) of indwads in the kpopulation were much lighter

but exhibited unusual morphological features (T@)leTheir intersegment folds were more
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353 bulged and had longer length proportions. Theiroyges were identified gs'/+*", st/st
354 and the I/IF ratio was 1.8 (Figures 6A and 6B, €ad), a value close to that of teeny
355  mutant. Their body features resembled the phenaif/piee stonymutant (Table 3). However,
356 individuals with thep-type color pattern with the typicatony morphologic features and
357  defective adaptability were not present among prpdeom thep" x stonycross (theoretical
358  ratio, 3:16) °= 85.4, df = 1p < 0.01, see Table 3).

359 3.7 Cuticle slices and gene expression analysisalanic progeny from BGand F, crosses
360 involving stony and p locus alleles

361 In BC, and F, progeny of the genotypst/st with melanic cuticle, we found that the
362  epicuticle of p/+P%, +%st, and p%+P®, st/st individuals densely covered the melanin
363  protrusions. The structures of their procuticlesengell organized. In contrast, the procuticle
364  structures of-P+P, st/stindividuals were not well organized, and some dgenaias observed
365 in the exocuticle. In addition, the cuticle thickseof thep®+®®, +%st, and p®/+"®, st/st
366 individuals was greater than that of the+P, st/stindividuals (Figure 7A-7B). Although the
367 melanin protrusions were less jiVp°, st/stindividuals thanp®+P"®, +%/st and p®/+"®, st/st
368 individuals, no disordered procuticles were obsgr{féigure 7A). The cuticle thickness was
369  slightly less than that of thg®/+"®, +%/st andp®+P"®, st/stindividuals. The cuticular melanin
370  protrusions in thg“+"S st/stindividuals were less than those in {itép>, st/stindividuals,
371 and the procuticles were normally arranged. Compavi¢h those inp¥p°, st/stindividuals,
372 the exocuticles of¥+"° st/stindividuals were not evenly distributed (Figure)7Moreover,
373  the cuticle thickness was slightly thicker thanstof+P+P, st/stindividuals. (Figure 7B). For
374 thep“/p", st/stindividuals, the degree of melanism, density ofamia protrusions, and chitin
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fiber arrangement was all similar to those @f+"S st/st individuals (Figure 7A-7B).
However, in pM/+pM, st/st individuals, the density of cuticle melanizationdamelanin
protrusions was much less than that in the preilyoeisamined melanic individuals (Figure
7A). The exocuticle was damaged to some extentobaifower degree than that-fi+?, st/st
individuals, and the cuticle thickness was clos¢ht in the+"+P, st/stindividuals (Figure
7A-7B).

Gene expression analysis indicated that the tritsevels of BMCPR2in p®/+°®, st/st
individuals were lower than those f/+°®, +%/st individuals (owing to the effects non-sense
mediated decay), whereas the expression levelthef threeBmLcpsdid not differ between
p®/+°8, +%st andp®/+°®, st/stindividuals (Figure 7C). However, the darker badjor and the
expression of cuticular protein-encoding genep’ip®, st/stindividuals was higher than that
in p+°S, st/stindividuals (Figure. 7C). A similar result wasaisbtained from the"/p", st/st
and p*/+°™, st/stindividuals (Figure 7C). In comparison wip/p", st/stand p¥+P"S st/st
genotyped individuals, which had similar body shaparacteristicsBmCPR2andBmLcpl18
were expressed at higher levelspfyp", stst individuals than inp%+P5, st/stindividuals.
BmLcp22and BmLcp30were expressed at higher levelspitt+PS, st/stindividuals than in
p"/p", stistindividuals (Figure 7C).

4. Discussion

In the 4" molting stage oBombyx morithe new cuticle layer forms approximately 16 h

during the 4 molting period, and melanin deposition in thepgtbegins 24 h during th&' 4

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

also deposited at the late molting stage (Futaretsili, 2010; Futahashi and Fujiwara). In
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our results, the cuticular sections showed thatamel was deposited primarily in the
epicuticle region, which is involved in the melanégion ofstonymutants and WT or other
melanic mutant strains. The surface physical cheriatics of the melanic cuticle regions
(Fig. S3A) were similar to those previously repdr(Eutahashi et al., 2012; He et al., 2016;
Jan et al., 2017; Tan et al., 2016). Variationghitin content (Fig. S3B) have also been
shown to be associated with cuticle melanism angdression patterns of cuticular
protein-encoding genes (Balabanidou et al., 2018uddian et al., 2005; Moussian et al.,
2006). Deposition of melanin was accompanied by thickermhighe procuticle, which
contained large amounts of chitin (Figure 1, Figewe. Regardless of the genotypes of the
melanic mutants or the melanic markings in the mabanic strains, excessive
accumulation of melanin in the cuticle was tigh#lgsociated with particular cuticular
physical characteristics. We speculate that thignpmenon may be beneficial in
maintaining the physiological function of the matacuticle. The significant differences in
cuticular physical features between melanic andmelanic integument regions provide
clear evidence of the effects of melanism on caitatiaracteristics.

Excessive accumulation of melanin was tightly asded with significantly up-regulated
expression of melanin synthase genes (Fig. S8). Upreegulation of these four genes
encoding larval cuticular proteins in melanic integents was independent of genetic
background (Figure 2 and 3, Fig. S4) (Futahashl.e2012; He et al., 2016; Jan et al., 2017;
Wu et al., 2016). For other cuticular protein-eringdgenes, even some predominantly
expressed in non-larval stages (SuclBBagCPG13and BmCPR63 (Xia et al., 2007), their
expression was still up-regulated in the melantegnment regions (Fig. S8). These results
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suggested that this correlation is universal. Imtast, the up-regulation of cuticular
protein-encoding genes did not affect cuticle mistan(Tajiri, 2017; Xiong et al., 2017). The
degree of melanism in stripes in $@nymutant was less than that in the WT (Fig. S9). The
comparison of stripes betweel+", +*7+° andp¥+°®, st'st individuals also showed similar
results (Figure 3A, Figure 6A). Thus, we specul#tat BmMCPR2is also involved in
maintaining the cuticular coloring pattern. Pre@a@iudies have also reported the importance
of larval cuticular protein-encoding genes in maiming the melanic body color of larvae
(Xiong et al., 2017). Additionally, structural claateristics of different cuticular layers are not
produced independently: mutations affecting ondegmmolocated in a certain cuticular layer
also affect the structures of other cuticular lay@iun et al., 2019; Sobala and Adler, 2016).
Therefore, we considered that during cuticle dgwalent, when the melanism-promoting
signals occur, the up-regulation BmCPR2 BmLcpl18 BmLcp22 and BmLcp30may be a
necessary adaptation enabling the dynamic procesxaess melanin deposition, and the
maintenance and stability of the structural chamstics and physical properties of melanic
cuticles. In further research, detecting the dymaaofianges in melanin deposition and the
distribution of cuticular proteins in detail woutmntribute to exploration of the interactions
among major cuticle components.

The variations in expression of certain cuticulat@in-encoding genes did not affect other
members (Fig. S5 and S6), in agreement with firglingother reports (Arakane et al., 2012;
Noh et al., 2015; Xiong et al., 2017). These rasldicate that there is no direct regulation of
expression between larval cuticular protein-encgdgenes with similar expression and
function. Moreover, to our knowledge, there is n@ence suggesting that cuticular proteins
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can enter the nucleus and regulate gene expre$sioacting as transcription factors.
Extensive accumulation of melanin precursors indeqnal cells is essential for cuticle
melanization; thus, melanism promotes the exprassicuticular protein-encoding genes, a
process driven by coordination between the accurounlaof melanin precursors and the
expression of cuticular protein-encoding genes. @sults demonstrated that changes in
intracellular melanin precursors are important fegulating the expression of cuticular
protein-encoding genes (Figure 4, Figure 5). Sowideace also supports that melanin
precursors can regulate gene expression througtedlegtors of melanin precursors (Berke et
al., 1998; Konradi et al., 1996; Westin et al., POGFurthermore, Bltand DAHP affecthe
synthesis of melanin precursors, thus leading twrdinated variations in the expression of
cuticular proteins; however, these two chemicalsndo directly impair the extracellular
accumulation of melanin or protein-protein interaes in the cuticle. More importantly,
treatment introducing melanin precursor into noramie integuments results in a melanic
cuticular phenotype and up-regulated expressiofoorf larval cuticular protein-encoding
genes (Figure 5); these results establish a diedationship between melanin precursors and
larval cuticular protein-encoding genes. We belithat up-regulation oBmCPR2BmLcpl18
BmLcp22 andBmLcp30may have occurred simultaneously, owing to exgesamounts of
melanin precursors, but these four RR1-typelcpsare not expected to be mutually
regulated. Notably, several studies have found thatations in genes affecting melanin
synthesis or regulation influence not only the pegmation but also the morphology and
structure of the cuticle (Concha et al., 2019; Mgsst al., 2019; Matsuoka and Monteiro,
2017; Mun et al., 2019). These genes are directindirectly involved in the synthesis and
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accumulation of melanin precursors. From the peispge of the effects on cuticle
characteristics, variations in melanin precursonteot should be closely associated with
changes in cuticular structure. Thus, we suggestttie regulation of cuticular protein-genes
by melanin precursors may lie at the core of thesoaiation. Further analyses will be
performed to explore the response elements indpelatory sequences BimLcpgenes and
to determine the detailed molecular mechanismsed&nin precursors.

Although there are 148 RR-type cuticular protem#he silkworm genome (Futahashi et al.,
2008), RR1-typeBmLcpgenes were chosen on the basis of their similpression patterns
(Fig. S1) and chitin-binding characteristics durilagval development (Dong et al., 2016;
Liang et al., 2010; Nakato et al., 1994; Nakatalgt1997; Okamoto et al., 2008; Qiao et al.,
2014; Tang et al., 2010; Xiong et al., 2017). Addially, the near isogenic line Dazatony
was almost genetically and phenotypically identitalthe wild-type Dazao strain with
BmCPR2knockout (Qiao et al., 2014). We cannot excludeghssibility that other cuticular
protein-encoding genes (up-regulated under melautizle regions) might participate in
maintaining the structure of the melanic cuticlee ¥Wcused on these four RR1-tyBmLcps
as typical representatives, to enable specificyaimlof the compensatory effects and the
relevant phenotypic cuticular characteristics unttez larval developmental stages and
conditions. In follow-up research, we will introdu@ melanism background into lines with
knockout of the other three cuticular protein-enogdgenes BmLcpl8 BmLcp22 and
BmLcp3() to verify the complementarity effect hypothesis.

Because homozygoys mutations are lethal (Banno et al., 2005; Xiar@95), we were
unable to obtain Fprogeny with thep®/p°®, st/st genotype. However, individuals with the
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p%/+°8, +Yst and p%/+°®, st/st genotypes had almost the same body shape andedefre
melanism (Figure 6A). In the back-cross progenypdfstony the observed number of
individuals withp®-type melanism and normal body shape was twiceetkagcted (Figure 6A
and 6B, Table 1, Table 4). Among these individuaB% of p?/+°®, stst individuals were
suspected to haye’-type melanic cuticles andsionytype body shape, but this phenotype
was not observed (Figure 6A and 6B, Table 1, Tdhl& his result may be explained by the
epistatic effect of excessive melanism on stenytype body shape phenotype. Similarly, in
the progeny ofp®xstony an additional 1/16 of individuals hadp&type color pattern and
normal body shape, a proportion greater than egdeftheoretical ratio, 9:16); moreover,
approximately 1/16 of individuals had th¥p®, st/'st genotype (theoretically, they should have
had ap®>type color pattern with a typicatonytype body shape) (Figure 6A and 6B, Table 2,
Table 4). In addition, 1.740/16 @f/+"S st'st individuals (close to 2/16) with light melanic
color were practically masked cuticular defects] #merefore most of them exhibited the
ambiguousstonylike body shape (approximately 0.097/16 individuadith the genotype
pY+p°, stst had normal body shape and therefore were not dedun the calculation)
(Figure 6A and 6B, Table 2, Table 4). The sum ef phoportions op”p®, st'st individuals to
pY+PS, st/stindividuals (2.804/16) was very close to the expewalue of 3/16 fop™_, st/st
individuals (Table 2, Table 4). Moreover, the rateviation of the genotype and phenotype of
p“'xstonyprogeny was similar to that pPxstonyprogeny (Figure 6A and 6B, Table 3, Table
4). The proportion op®/+", st/st(ratio = 1.027:4)ps/+*, st/st(ratio = 1.837:16), ang"/+"",
st/st(ratio = 1.940:16) genotyped individuals was clas¢he expected value (1:4, 2:16, and

2:16, respectively) (Tables 1-4). The differentrdeg of melanism with a homozygous or
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heterozygoup locus led to different levels of epistatic effe(fggure 6, Figure 7, Tables 1-4).
These phenotypes were completely or partially madskemelanism (Figure 6; Tables 1-4).
These characteristics further validate the maskifert of melanism on defective body shape
at the molecular level. Considering the phenotghiaracteristics, cuticular section structure,
and expression of cuticular protein-encoding gendke progeny with melanic color and the
st/stgenotype, we suggest that the epistatic effect beaglue to up-regulation of cuticular
protein-encoding genes under a melanism backgratedeby resulting in accumulation of
more cuticular proteins with similar functions hetcuticle and masking the cuticular defects
in st/stindividuals. The degree of compensation was inatfker p®/+°®, st/st> p%/p®, st/st>
(e"/pY, st/stor p¥+°S st/sh > pM/+™M, st/st which corresponds well to the gradual decrease in
the degree of melanism (Figure 6, Figure 7, Tabley. The compensatory effects of melanic
body color on defective cuticular features alsoviged new evidence explaining how
melanism can be a beneficial trait (Liu et al., 2®1Mallet and Hoekstra, 2016; True, 2003;
Wilson et al., 2001; Wittkopp and Beldade, 2009ttkdipp et al., 2003).

On the basis of our results, we propose the foligwnodel to explain our findings: 1) the
larval cuticular protein-encoding gen@nCPR2 BmLcpl8 BmLcp22 and BmLcp30are
up-regulated by the induction of accumulated melgmecursors, and their expression levels
are positively correlated with the degree of medamithis induction pattern ensures the
formation of normal structural features of the méacuticle; 2) if a melanism background is
introduced intoBmCPR2deleted individuals through a genetic cross, otiicular protein
genes with similar functionsBmLcp18 BmLcp22 and BmLcp30 (induced by melanin
precursors), can compensate for the morphological adaptive defects caused by
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dysfunctional BmCPR2 the degree of compensation increases with thenad@ation of

melanin (Figure 8). Because excess melanin andutatiproteins commonly occur together

in other insects (Andersen, 2010; Cohen and Monssk®16; Moussian, 2010), and

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

we presume that the induction phenomenon, as wellite corresponding biological

importance might be conserved in Lepidoptera.
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Figurelegends
Figure 1. Comparison of the physical structure letwmelanic and non-melanic cuticle. A.
Cross-section of cuticle from the same integumesasain Dazao, Dazateny andp®. Scale

bar = 10 um. Epi: epicuticle, exo: exocuticle, endo: endadsti pro: procuticle. The
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disordered arrangements in the procuticle of Datany are boxed in red. Red arrows
indicate damage to the exocuticle in Dastmny. B. Thickness of cuticles in Figure A.

One-way ANOVA test, n = 3, F = 47.36, n 73 0.05.

Figure 2. Expression oBmCPR2 BmLcpl8 BmLcp22 and BmLcp30 in melanic and
non-melanic integuments. A and B show relative gexgression levels in the semi-lunar
marking (black box) and the non-melanic regionween the semi-lunar marking, red box)
in Dazao and Dazastony strains. Scale bar is 2 mm. C shows a comparatnaysis of
relative gene expression levels at the dorsal&i@ddominal segments (from the third to the
fourth segment, red box) ji* and Dazao strains. Scale bar is 1 cm. D showsnpaxson of
relative gene expression levels between f@e&taral mutant and the Dazao strain (melanic).
The red hash tag symbol indicates that the Fig.sh@vn here is from a previous study from
our group (Min et al., 2016) with modifications.&be bar is 2 mm. n = 3;test, asterisks

denote statistical significancep < 0.05; **p < 0.01; *** p< 0.001.

Figure 3. Expression of cuticular protein-encodiggnes in integuments with different
degrees of melanism. A. Comparison of melanismeatkegdne-way ANOVA test, n = 6, F =
290.6,p < 0.0001. B. Gene expression levels of cuticutatgin-encoding genes among four
strains with mutant alleles at thelocus ¢, p", p° andp®). Scale bar is 1 cm. Ratios
represent the ratios of gene expression levelsdmtviwo strains. Symbols (-, +, ++, and
+++) represent the degree of melanism. Stars repremelanin-associated cuticular
protein-encoding genestest, n = 3asterisks denote statistical significante, < 0.05; **p <
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0.01.

Figure 4. Effects of melanin precursors (Figure B¥BmEcells) and BH (Figure 6B and 6C,
in vivo) on the expression of cuticular protein-encodieges t-test, n = 3asterisks denote

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

Figure 5. Effects of treatment with melanin preousson cuticle pigmentation and expression
of cuticular protein-encoding genes. A. Cuticlerpentation in the melanin precursor treated
group and control group. Scale bar = 2 mm. The melegions are marked with arrows and
rectangles. B. Gene expression analysis in L-Dapdh @dopamine treated groups and the

control groupt-test, n = 3, asterisks denote statistical sigaifee, **p < 0.01.

Figure 6. Association analysis of the genotypes @mehotypes in segregated progeny from
different crosses. A. Correlation analysis betwdde genotypes and phenotypes in

self-crossed or backcrossed progeny. Scale bar ¢snlWhite and red stars represent
polymorphic bands at the’ and melani@ locus 0", p°, p°), respectively. Red and white hash

tags represent polymorphic bands at shand + allele, respectively. Solid and dotted red

arrows indicate the relative degree of bulgingi¢soéd arrows represent a higher degree of
bulging than that represented by the dotted realegr B. Ratios of the lengths of internodes

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

with different genotypes for melanic body colortle self-crossed or backcrossed progeny. n
> 3, t-test,asterisks denote statistical significantep < 0.01.
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Figure 7. Features of the cuticle cross-sectiongam expression patternssifstindividuals
(progeny of B¢ and ) under different melanic backgrounds. A. Featuwkshe cuticle
cross-section in BCand F; progeny with different degrees of melanism. Séale= 10um.
Epi: epicuticle, exo: exocuticle, endo: endocuticlero: procuticle. The disordered
arrangement in the procuticle is boxed in red. Redw represents damage to the exocuticle.
B. Cuticle thicknesses for all genotypes listedrigure A. One-way ANOVA test, n = 3, F =
95.80, n = 3p < 0.05. C. Expression analysis of cuticular protncoding genes in
heterozygotic individuals at thp locus from back-crossed progeny pt x stony and
expression analysis of cuticular protein-encodieges in homozygotic and heterozygotic
individuals at thep locus from self-crossed progenywfx stony andp" x stony only if the
cuticle was melanic and the genotype was homozygmessive at thetonylocus.t-test, n =

3, asterisks denote statistical significant@ < 0.05; **p < 0.01.

Figure 8.Schematic overview of the effects of melanin preots on the expression of
cuticular protein-encoding genes as well as ldpealy shape. Scale bar = 1 cm. In epidermal
cells, vertical black arrows indicate the increasenelanin precursor content, and the red
arrow indicates increased expression of larvalcoldr protein-encoding gene&cps.
Asterisks represent similar expression patternsfandtions of theL.cps At the individual
level, the red backslash indicates partial deletainthe BmCPR2CDS sequence and
BmCPR2 dysfunction. Genes with similar expressiattgons and functions to those of
BmCPR2are boxed; the red dotted arrow with red backsiaditates that the expression of
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larval cuticular protein-encoding genes in the lveas not up-regulated. The blue dotted
arrow indicates that the boxed genes could not emsgte for the deficiency caused by the
function loss of BmCPR2. The red solid arrow intksathat the boxed genes were
up-regulated under a melanism background. The &dlid arrow indicates that the boxed

genes were able to compensate for the deficieneyechby the loss of BmCPR2 function.

Table 1. Segregation patterns of the phenotyp#iprogeny from thepfxDazaostony) x
Dazaostonycross.

Expected Possible Observed Observed
Phenotype

Ratio Genotype Number Ratio
B B
[+P%, 2.098:
p°-type color pattern, normal body shape 1:4 p+st/3t 290** 4t
p°-type color pattern, typicatonytype p®/+P8, :
1:4 0** 0:4
body shape st/st
+PBy4PB
non-melanic color pattern, normal body 14 138 0.998:
shape +SYt 4
+PBy4PB
non-melanic color pattern, typical 14 125 0.904:
stonytype body shape ' s’t st 4

** p < 0.01, chi-square tesgi= 304.8, df = 1); Represents the actual modified Mendelian
ratio.

Table 2. Segregation patterns of the phenotyp#seiprogeny from thp®xDazaostony
self-cross.
Expected Possible Observed Observed
Phenotype . .
Ratio  Genotype Number Ratio
S
/_,
p>-type color pattern, normal body shape 9:16 E:st/_ 213** 10.296:16
St | ttern, typi t 5,
p>-type color pattern, typicatonytype 316 p7_, - 0:16"
body shape st/st
-melanic color pattern, | bod +PY+PS
non-melanic color pattern, normal body 316 - 61 2.949:16
shape +77_
-melanic color pattern, typical +PY+PS,
non-melanic color pattern, typica 1:16 1+ 21 1.015:16
stonytype body shape st/st
light p*t | ttern, ambi +PS,
ight p>type go or pattern, ambiguous 0:16 p/ 36 1.740:16
stonylike body shape+ st/st

** p < 0.01, chi-square testl= 65.9, df = 1), numbers of “+” symbols represérw tlegree
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of similarity of body shape to thstonytype body shap€.Represents the actual modified
Mendelian ratio. Unexpected phenotypes in the obsiens are underlined. Represents
suspectedp+PSst/st genotype of individuals with a_lighp>type color pattern and an

ambiguousstonylike body shape+.

Table 3. Segregation patterns of the phenotyp#seiprogeny fronp"'xDazaostony

self-cross.

Expected Possible Observed Observed

Phenotype

Ratio  Genotype Number Ratio
M
/ ]
p“-type color pattern, normal body shape 9:16 E)rst/— 275** 10.068:16
M . M_
-t I ttern, t it { /,
p"-type color pattern, typicatonytype 316 P/ - 0:16"
body shape st/st
non-melanic color pattern, normal bod +PM/4PM
P Y 316 g 84 3.076:16
shape +71
-melanic col ttern, typical +PMy4PM
non-melanic color pattern, typica 116 97 0.989:16
stonytype body shape st/st
very lightp“-type color pattern, PM/4-PM.
SN D 0:16 51 1.867:16
ambiguousstonylike body shape+++ st/sf

** p < 0.01, chi-square tesgi= 85.4, df = 1p < 0.01), numbers of “+” symbols represent
the degree of similarity body shape to #tenytype body shape’ Represents the actual
modified Mendelian ratio. Unexpected observed phges are underlined. Represents
suspecteg"/+PV st/stgenotype of individuals with a very light'-type color pattern and an
ambiguousstonylike body shape+++.

Table 4. Actual genotyping of the melanic progemyrf BC, and E crosses involvingtony
andp locusalleles

enOtypeS pB/+ pB’ pB/+ pB, pS/_, pS/pS, pS/+ pS, pM/_, pM/pM, pM/+ pM,
Phenotype +%Yst  st/st  +%_ st/st  st/st  +%_  st/st st/st
p°-type color (1%1?;?55 (114?55
pattern, normal % g - - - - - -
body shape 3~1.07 3=1.02
0:4) 7:4)
p®-type color |
pattern, typical ) v ) i} . . - -
stonytype body
shape
191 2¢”
p>-type color (191/ (2013 2"
pattern, normal - - 331 31=0. (0.097/ - - -
body shape ~9.23 967/1  16)
3/16)  §) :
p™-type color v v

pattern, typical
stonytype body
shap
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815
816
817
818
819
820
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823
824
825
826
827
828
829
830
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832
833
834
835
836

: A
light p>type 3k

color pattern,
ambiguous - - - - g?:?/?;i - - -
stonylike body i
shape+ /16)
p"-type color éjj:/ 29 o2
pattern, normal i ) i ) i 437 (29/437 (2/437-0
body shape 8 9?:4 ~1.062/ 073;
ney ®
p"-type color ! v
pattern, typical v
stonytype body ) . ) ) ) ) ) )
shap A
very lightp"-type 513
color pattern,
ambiguous - - - - - - - (~511£346377/
stonylike body =
shape++ 16)

2 Indicates that the actual phenotype and expedtedqiype of individuals with pf/+°®, st/st
genotype do not match, thus making the Mendeligarsdion ratio of the actual phenotype
deviate significantly (see Table 1). The dottedowrpoints to the expected phenotypic
characteristics of this part of the genotyPlé’”” Indicate that among the individuals with a
p>-type color pattern and a normal body shape pheeotyere were approximately 0.967/16
pYp°stst individuals and 0.097/1§%+"stst individuals that did not have the expected
phenotype, thus making the Mendelian segregatitim of the actual phenotype significantly
deviate from the expected phenotype (see Tabl&H®.dotted arrow points to the expected
phenotypic characteristics of this part of the ggpe."® Indicates that the defective body
shape ofp™+"S st'st individuals (1.740/16) was partially masked byight melanic body
color. The dotted arrow points to the expected phgric characteristics of this part of the
genotype. Individual aggregation, indicated by b2, and b3, is the individugl”_, st/st
genotype, accounting for approximately 3/16 of Bhpopulation.®* “®Indicate that among the
individuals with ap"-type color pattern and a normal body shape pheeotthere were
approximately 1.062/16"/p" st'st individuals and 0.073/1p"/+" st'st individuals that did
not have the expected phenotype, thus making thed®Mian segregation ratio of the actual
phenotype significantly deviate from the expectbdmotype (see Table 3). The dotted arrow
points to the expected phenotypic characteristithis part of the genotypé&® Indicates that
the defective body shape @!/+*", st/st genotyped individuals (1.867/16) was slightly
masked by a very light melanic body color. Indivatlaggregation, indicated by c1, c2, and
c3, is the individualp"/_, st'st genotype, accounting for approximately 3/16 of fhe
population.
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Figure 6
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Figure 7
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Figure 8
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Highlights
- The physical structure of melanic and non-melanitcle are quite different.

- The degree of melanism positively correlates wWithexpression of RR1-type larval
cuticular protein genes.

‘Melanin precursors induce the expression of RR&-tgpval cuticular protein genes.

- RR1-type larval cuticular proteins with expressam chitin-binding similarity
rescue cuticle defects under melanism background.

- The effect of melanin on cuticular proteins is Hem& to maintain normal larval
morphological traits ifBombyx mori.





