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ARTICLE INFO ABSTRACT

Melanin and cuticular proteins are vital cuticle components in insects. Cuticular defects caused by mutations in
cuticular protein-encoding genes can obstruct melanin deposition. The effects of changes in melanin on the
expression of cuticular protein-encoding genes, the cuticular and morphological traits, and the origins of these
effects are unknown. We found that the cuticular physical characteristics and the expression patterns of larval
cuticular protein-encoding genes markedly differed between the melanic and non-melanic integument regions.
By using four p multiple-allele color pattern mutants with increasing degrees of melanism (+P?, p™, p’, and p®),
we found that the degree of melanism and the expression of four RR1-type larval cuticular protein-encoding
genes (BmCPR2, BmLcp18, BmLcp22, and BmLcp30) were positively correlated. By modulating the content of
melanin precursors and the expression of cuticular protein-encoding genes in cells in tissues and in vivo, we
showed that this positive correlation was due to the induction of melanin precursors. More importantly, the
melanism trait introduced into the BmCPR2 deletion strain Dazao-storty induced up-regulation of three other
similar chitin-binding characteristic larval cuticular protein-encoding genes, thus rescuing the cuticular, mor-
phological and adaptability defects of the Dazao-stony strain. This rescue ability increased with increasing
melanism levels. This is the first study reporting the induction of cuticular protein-encoding genes by melanin
and the biological importance of this induction in affecting the physiological characteristics of the cuticle.

Keywords:

Melanic coloring

Cuticle features

Cuticular protein-encoding genes
Induction

Bombyx mori

1. Introduction

Melanic color patterns play important roles in many adaptive pro-
cesses in insects, such as mimicry, mating preference, and the ability to
resist pathogens and UV thermoregulation (Hu et al., 2013; Liu et al.,
2015a; Mallet and Hoekstra, 2016; True, 2003; Wilson et al., 2001;
Wittkopp et al., 2003).

The roles of melanism in insects rely on not only the integrity of
melanin biosynthesis and regulatory pathways (Futahashi and

Fujiwara, 2005; Wittkopp and Beldade, 2009; Wittkopp et al., 2003)
but also the presence of the ‘platform’ on which melanin relies
(Andersen, 2010; Moussian, 2010; Van Belleghem et al., 2017;
Wittkopp and Beldade, 2009; Wittkopp et al., 2003). In insects, the
cuticle is the most important platform for the formation of the melanic
color pattern (Andersen, 2010; Hopkins and Kramer, 1992; Moussian,
2010). During the shaping of the cuticle, the maintenance of the cuti-
cle's features depends on cuticular proteins and their interactions with
other components (Andersen, 2010; Chaudhari et al., 2011; Guan et al.,
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2006; Hopkins and Kramer, 1992; Moussian, 2010; Noh et al., 2016;
Suderman et al., 2006).

Because of the critical roles of cuticular proteins in cuticle devel-
opment, if the genes including these proteins lose their functions, the
defective cuticle affects the deposition and attachment of melanin,
thereby influencing the formation of the melanic color pattern (Arakane
et al.,, 2012; Kanekatsu et al., 1988; Noh et al., 2015; Oota and
Kanekatsu, 1993; Xiong et al., 2017). Little is known about how cuti-
cular protein-encoding genes respond to alterations in melanin bio-
synthesis or regulatory pathways.

Recently, several reports have shown that the abundance of cuti-
cular protein-encoding genes in different colored integuments varies in
insect species, and that these genes are up-regulated in the melanic
cuticle regions (Futahashi et al., 2012; He et al., 2016; Jan et al., 2017;
Wu et al., 2016). Some of those cuticular protein-encoding genes have
similar expression patterns and functions (Liang et al., 2010; Nakato
et al., 1994, 1997; Okamoto et al., 2008; Qiao et al., 2014; Shofuda
et al.,, 1999; Tang et al.,, 2010). These studies suggest a likely re-
lationship between the promotion of melanism and the expression of
cuticular protein-encoding genes. Prior to this study, the potential re-
lationships among cuticular protein-encoding genes were unclear. Ad-
ditionally, when melanism signaling and defects in cuticle proteins
occur simultaneously, the net effects on the morphological and phy-
siological traits are also unclear.

In the Lepidoptera model Bombyx mori, an intriguing phenomenon
has been reported in which the larval melanic mutant Striped (p%, 2-0.0)
reverses the malformed body shape and the adaptability defects of the
stony mutant (st, 8-0.0) (Dai et al., 2000; Xiang, 1995). A recent study
has reported that the transcription factor Apontic-like, which increases
the expression of melanin synthesis genes in epidermal cells, is re-
sponsible for the p° mutant phenotype (Yoda et al., 2014). Multiple
alleles exist with different degrees of melanism at the p locus, including
p® and p™ (Banno et al., 2005; Xiang, 1995; Yoda et al., 2014). The stony
mutant (st, 8-0.0) is caused by a deletion of a portion of a RR1-type
larval cuticular protein-encoding gene BmCPR2 (BmLcp17). The stony
mutant has is hard and tight to the touch, and has imbalanced ratios of
the lengths of the internodes (I) and the intersegment folds (IF) (I/IF of
approximately 1.6 in the stony mutation and approximately 4 in the
wild-type strain), bulges at the intersegment folds, and severely altered
locomotion and behavioral activities in the larval stage (Qiao et al.,
2014). The similarities in the gene expression patterns (Fig. S1) and
functional characteristics of the other RR1-type larval cuticular protein-
encoding genes (Lcps), BmLcp18, BmLcp22, and BmLcp30 also suggest
that they may play very similar roles to those of BmorCPR2 in shaping
the larvae cuticle (Dong et al., 2016; Liang et al., 2010; Nakato et al.,
1994, 1997; Okamoto et al., 2008; Qiao et al., 2014; Shofuda et al.,
1999; Tang et al., 2010). These findings can be linked through the
epistasis of p° to stony (Dai et al., 2000), and provide highly useful
genetic resources for exploring the interactions between melanin and
cuticular protein-encoding genes.

In the present study, we found that the transcript levels of
BmorCPR2, BmLcp18, BmLcp22, and BmLcp30 were positively corre-
lated with the degree of melanism of the larval cuticle. This positive
correlation was due to the simultaneous induction of these genes by
melanin precursors. Moreover, after melanism induction in the stony
mutant, the cuticle deficiency was rescued through functionally similar
compensation by up-regulated BmLcp18, BmLcp22, and BmLcp30. These
findings provide new evidence indicating that melanism is a beneficial
trait and also deepen understanding of the interactions among the ge-
netic factors shaping morphological features in Lepidopterans.

2. Materials and methods
2.1. Silkworm strains

The wild-type strain Dazao (+P?) and melanic mutant strains p, p%,
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and p® (Banno et al., 2005; Xiang, 1995; Yoda et al., 2014) were used in
this study. The pigment intensity was measured as the mean OD value
in Image J (https://imagej.nih.gov/ij/). In terms of the degree of mel-
anism, the body color of an individual homozygous at the p™ or p® loci
is darker than that of a heterozygous individual (Banno et al., 2005;
Xiang, 1995). The albinism mutant albino (al) (Banno et al., 2005; Fujii
et al., 2013), the non-diapause wild-type strain N4 (used for melanin
inhibition treatment), the BnCPR2 deletion strain, and the Dazao-stony
strain (a near isogeneic line of Dazao, which has been backcrossed with
Dazao for more than 26 generations) were supplied by the Silkworm
Gene Bank at Southwest University. The N4 strain and al mutant were
fed an artificial diet at 28 °C. All other strains were fed fresh mulberry
leaves under a 12 h/12 h light/dark photoperiod at 24 °C.

2.2. Chemicals and cell lines

L-Dopa, dopamine, tetrahydrofolic acid (BH4, a cofactor for the
synthesis of melanin), and 2,4-diamino-6-hydroxypyrimidine (DAHP,
an inhibitor of guanylate cyclase hydrolase (GTPCHI), an important
rate-limiting enzyme in the synthesis of BH4 (Delgado-Esteban et al.,
2002; Mitchell et al., 2003) in melanin metabolism) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The Bombyx mori embryonic
(BmE) cell line was established in our laboratory more than 10 years
ago and was used for the basal expression analysis of BmCPR2,
BmLcp18, BmLcp22, BmLcp30, and BmCPH24 (Fig. S2).

2.3. Chitin content determination

Melanic and non-melanic larval cuticles were dissected, and the
attached tissues were also removed; samples were then washed with
double distilled H,O and dried at 60 °C. Dried cuticles were weighted
with an analytical balance (METTLER-MS105DU, Germany). The ex-
traction and determination of chitin content were conducted as de-
scribed by Kunyan Zhu et al. (Zhang and Zhu, 2006) with slight mod-
ifications. Three or four biological replicates for each sample were
examined.

2.4. Scanning electron microscopic analysis

Melanic and non-melanic larval cuticles were dissected, and the
attached tissues were also removed; samples were then washed with
double distilled H,O and gradually dehydrated according to Hu's
method (Hu et al., 2009). Samples were sputter-coated with gold with a
Hitachi E—1010 high-resolution sputter coater (Hitachi, Japan) and
observed under a Hitachi S-3000N scanning electron microscope (Hi-
tachi, Tokyo, Japan).

2.5. Mating combinations and progeny phenotype identification

The p° and p™ strains were crossed with the Dazao-stony strain to
generate the F; generation. The F, generation was produced by F; self-
crossing F;. Individuals at day 5 of the 5th instar (the larval stage is
approximately 8 days in the experimental conditions of our laboratory)
of F, were collected for further use. The p® strain was crossed with the
Dazao-stony strain to generate F; progeny, which were then mated with
the Dazao-stony strain to generate the BC; generation. The BC; gen-
eration was fed until day 5 of the 5th instar.

Individuals of the F, or BC; generations were separated according to
cuticle pigmentation. Subsequently, phenotypes were classified by
morphological characteristics, and I/IF ratios in the second, third, and
fourth abdominal segments, according to a previously described
method (Qiao et al., 2014).

2.6. Genotyping

Because the p°, p™, and p® mutations are alleles at the p locus, they
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should be located in proximity on chromosome 2 (Banno et al., 2005;
Xiang, 1995; Yoda et al., 2014). According to the gene sequence of the
p° allele, 11 PCR primer pairs in a 12.4 kb genomic region (from 3.9 kb
upstream of the translation initiation site (ATG) of apt-like to 8.5 kb
downstream of the initial codon) were used. PCR screening was per-
formed for p¥, p®, p®, and the Dazao-stony strain to obtain molecular
markers of polymorphism for the p locus. We found a molecular marker
at 1.47 kb (within the intron region) downstream of the initial codon.
Similarly, a PCR-based molecular marker was also designed within
genomic region of BnCPR2 to screen for polymorphism at the stony
locus, and the primers were used to analyze CDS sequence differences
between stony and wild-type as in our previous study (Qiao et al.,
2014). The primers used in this study are listed in Table S1.

2.7. Analysis of phenotype, genotype, and gene expression

Day 5 5" instar larvae of the Dazao and Dazao-stony strains (the
larval stage is approximately 8 days in the experimental conditions of
our laboratory) were selected for cuticle dissection. The cuticles of the
semi-lunar marking region and the non-melanic portion between the
paired semi-lunar markings were dissected. Gene expression levels of
BmCPR2 (KF672849.1), BmLcp18 (NW_004582021.1), BmLcp22 (NW_
004582025.1), BmLcp30 (NW_004582025.1), BmCPR68 (NM_
001173219), BnCPR3 (NM_001173273), BnCPR129 (NM_001173170),
BmCPG13 (NM_001173319), BmCPH25 (NM_001173281), Bmyellow
(DQ358085.2), BmDDC (NW_004582031.1), and Bmlaccase 2
(NW_004582017.1) in these regions were compared. Gene expression
patterns were determined for the dorsal epidermis of abdominal seg-
ments (from semi-lunar marking to star marking) from day 5 5% instar
larvae of Dazao, p°/+, pM/+, and p®/ + strains. The 2" instar larvae at
day 1 were also analyzed in the al and Dazao strains. The dorsal epi-
dermis regions (from the semi-lunar marking to the star marking) were
collected from the BC; and Fy-generation of the p?/ +75, +/st, p%/ +P5,
st/st, p5/p5, st/st, pS/+PS, st/st, pM/p™, st/st and pM/+ PM, and st/st
genotypes for gene expression analysis. For all genotyped individuals,
the I/IF ratios were also analyzed in Image J (https://imagej.en.
softonic.com/).

2.8. Confocal microscopy analysis

The cuticles of day 5 5" instar larvae (strains: p®, Dazao, Dazao-
stony, and p®/+P5, +st/st, pB/ +p®, st/st, p°/p°, st/st, p°/ +P5, st/st, pM/
p™, st/st, p™/+PM st/st, +P/+P, and st/st in BC; and cross F, progeny)
were dissected. After removal of attached tissues, such as the dermis
and muscles, the cuticle was washed for 5 min in 1 X PBS buffer and
fixed in 4% paraformaldehyde for 1 h at 4 °C. After being washed three
times in 1 X PBS (5 min each time), the cuticles were air-dried and
embedded in embedding agent (SAKURA Tissue-Tek O.C.T compound,
USA) for 30 min at —20 °C. Then 4 um slices were prepared on a
HM525 NX freezing microtome (Thermo Scientific, USA). Confocal
imaging was performed with a FV3000 (OLYMPUS, Japan) confocal
microscope (objective lens: 60 X , zoom: 1.67 x ) and then merged in
Z-Dimension mode. The cuticle thickness was measured with Image J
(https://imagej.en.softonic.com/). Three biological replicates were ex-
amined for each sample, and more than three observations were made
for repeat samples.

2.9. Melanin precursor promoting and inhibiting treatments

L-Dopa and dopamine solutions were prepared according to
Futahashi, with slight modifications (Futahashi and Fujiwara, 2005). L-
Dopa and dopamine solutions were filtered with 0.22 pm membranes
before use. BmE cells were washed three times with Grace medium
without melanin precursors to remove metabolites and other con-
taminants on the cell surfaces. Medium (0.8 mL) containing L-Dopa or
dopamine was added separately into each well of a 24-well plate.
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Medium without melanin precursors was used as a control for gene
expression analysis. Culture plates were sealed with tape, wrapped with
foil, and incubated at 28 °C for 24 h for gene expression analysis. For
BH, feeding assays, a 30 mM working solution was prepared by dis-
solving tetrahydrofolic acid into double distilled H,O and spreading it
on an artificial diet for the al mutant strain. As a control, the al mutant
strain (with albinism and a porous cuticle, owing to a mutation in the
sepiapterin reductase gene, which leads to insufficient synthesis of the
cofactor BH,4 during the synthesis of melanin precursors (Banno et al.,
2005; Fujii et al., 2013)), fed with an artificial diet treated only with
double distilled H,0, was used. Phenotypes were recorded from the 2"
instar stage, and expression of cuticular protein-encoding genes was
analyzed.

To perform the melanism-inhibition experiments, we used the wild-
type strain N4 (melanic body color at 2" instar stage). Newly hatched
larvae were divided into treatment and control groups. Individuals in
the treatment group were fed an artificial diet containing DAHP (dis-
solved in 0.1 M NaOH), and individuals in the control group were fed
an artificial diet containing 0.1 M NaOH.

To prepare artificial diets with or without DAHP, the following
procedures were performed: for the treatment group, 2.5 g DAHP was
dissolved in 0.1 M NaOH (with a total volume of 150 mL); then 50 g
artificial food was added and mixed in, and the diet was further treated
at 98 °C for 25 min. For the control group, although no DAHP was
added, the other treatment procedures were the same. The larvae were
separately fed artificial feed once daily for three consecutive days. The
day 1 2" instar larvae were selected for phenotype and expression
analysis.

2.10. Integument culture

The procedures for integument cultures were carried out according
to Futahashi and Fujiwara (2006) with minor modifications. The Dazao
strain at day 5 5% instar was selected to dissect the non-melanic in-
teguments on the dorsal side of the 374-4" abdominal segments. After
removal of the muscle, trachea, and fat body, the tissues were cut into
rectangles (4 mm X 4 mm), washed five times in 1 X PBS, and dried on
sterile filter paper. Three to six pieces of integuments were placed in
1.5 ml microcentrifuge tubes, and 600 ul Grace medium (GIBCO BRL)
was added, including 6 pg/ml phenylthiourea (to prevent phenol oxi-
dase activity), penicillin-streptomycin (100 U/ml), streptomycin
(0.1 mg/ml), and 5 mM L-Dopa or dopamine. The mixture was gently
stirred to disperse the integuments, sealed to avoid light, and then
placed on a shaker and incubated at 24 °C for 24 h at a speed of 80 rpm/
min (with the angle not exceeding 30° during incubation). Grace
medium without L-Dopa and dopamine was used as the control. After
incubation, the dermal cell layers on the integuments were gently
scraped off and washed with 1 X PBS. The degree of melanism in the
cuticle was determined under a stereomicroscope (OLYMPUS, Japan).
Gene expression patterns were detected by quantitative reverse tran-
scription-PCR (qRT-PCR). Phenotypic observations and gene expression
detection in the treatment group and control group were performed on
at least three biological replicates.

2.11. Overexpression of BnCPH24

Overexpression vectors for BnCHP24 (larval cuticular protein-en-
coding genes) and piggyBac (A3-EGFP, IE1-BmCPH24-SV40) were con-
structed in our laboratory by Xiong et al. (2017). The empty vector
without BnCPH24 was used as a control. One microgram of over-
expression vector and control vector were transfected into BmE cells
with X-tremeGENE HP (Roche, Basel, Switzerland). Two days post-
transfection, transfected cells were observed, and cells with high
fluorescence intensity were collected for RNA extraction. The expres-
sion of cuticular protein genes in overexpression cells and controls was
determined with qRT-PCR. Primers are listed in Table S1.
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Hic"
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Fig. 1. Comparison of the physical structure between melanic and non-melanic cuticle. A. Cross-section of cuticle from the same integument areas in Dazao, Dazao-
stony, and p°. Scale bar = 10 um. Epi: epicuticle, exo: exocuticle, endo: endocuticle, pro: procuticle. The disordered arrangements in the procuticle of Dazao-stony are
boxed in red. Red arrows indicate damage to the exocuticle in Dazao-stony. B. Thickness of cuticles in Figure A. One-way ANOVA test,n = 3, F = 47.36,n = 3,
p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2.12. Quantitative RT-PCR

Total RNA extraction, reverse transcription, and qRT-PCR were
performed as described previously (Qiao et al., 2014). Three biological
replicates were prepared for each condition, and the house-keeping
gene BmRPL3 was used as the internal control. Primers used are listed
in Table S1.

3. Results

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

The cuticle section slices showed that the melanin protrusions were
deposited in the epicuticle of the p® strain and the lunar marking of the
Dazao strain (Fig. 1A). The thickness of the melanic cuticle was also
greater than that of the non-melanic cuticle (Fig. 1B). Moreover, the
surface nanostructures were much denser in the melanic regions than in
the non-melanic regions, regardless of strain (Fig. S3A), owing to the
deposition of melanin in the epicuticle. The content of chitin (a major
component for cuticle construction, which is closely related to cuticle
pigmentation (Moussian et al., 2005; Moussian et al., 2006)) was cor-
respondingly increased in the melanic cuticle (Fig. S3B). In non-melanic
regions of the stony mutant, the arrangement of the procuticle was
disordered, and damage to the exocuticle was observed (Fig. 1A). The
intersegments cuticle of the stony mutant was the thinnest relative to
that in the intersegments cuticles of p°, Dazao, and the semi-lunar
marking cuticular region of Dazao and Dazao-stony (Fig. 1B). However,
the disordered arrangement of the procuticle in the melanic semi-lunar
marking region of the stony mutant was not observed (Fig. 1A). The

cuticle was also thicker than that in the non-melanic region of the
Dazao-stony strain (Fig. 1B).

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

The expression levels of BnCPR2, BmLcp18, BmLcp22, and BmLcp30
were higher in the melanic regions than the non-melanic regions
(Fig. 2). We further investigated the expression patterns of those genes
by using four alleles of the p locus (Dazao (+7), p", p°, and p®) with
greater melanin accumulation than that in the Dazao strain (Fig. 3A).
Expression levels of BmorCPR2, BmLcp18, BmLcp22, and BmLcp30 were
gradually and up-regulated with increasing melanism in the cuticle
(Fig. 3B, Fig. S4). These results showed that the expression of
BmorCPR2, BmLcp18, BmLcp22, and BmLcp30 correlated positively with
the degree of melanism (Fig. 3, Fig. S4).

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

The basal expression of four larval cuticular protein-encoding genes
was analyzed in BmE cells (Fig. S2), thus indicating that regulatory
pathways controlling the expression of these cuticular protein-coding
genes were present in this cell line. After incubation of BmE cells with
melanin precursors, the expression of cuticular protein-encoding genes
was higher in cells treated with either L-Dopa or dopamine than in the
control cells (Fig. 4A). In addition, when the 2nd instar al mutant was
treated with BH,, the larvae had a normal melanic body color (Fujii
et al., 2013), and the expression of four RR1-type BmLcps was higher
than in the control group (Fig. 4B). Moreover, in the wild-type 2nd



L. Qiao, et al.

54
(=1
1

pression levels

Relative ex

o
=)

Relative expression levels

0

N
T

—
=4
T

=
W
T

A

BmCPR2

sk

BmCPR2

— — N
=) %) =

pression levels

=
193

Relative ex
o

S

!

!

semi-lunar white

B ks

BmLcpl8

illtCI’SCgIllCllt

Relative expression levels

(=}

(=)}
1

E
T

53
T

N
=
1

pression levels

Relative ex

=
=)

)+
[ Dazao

ks

BmLcpl$

£

Relative expression levels
[

(=}

W
T

-
=3
T

=
[
T

B Dazao semi-lunar

[ Dazao white

BmLcp22

Dazao

2.0

o -
(=} W
T T

Relative expression levels
= ;
w
T

=
=)

intersegment

kok ok

BmLcp22

8_
2
3]
> 6
L
=
8
7 4F
9]
=
]
3]
o 2F
2
=
=
o
o~

sk

BmLcp30

sksksk

BmLcp30

Relative expression levels

o

—_ = =
=S

o0

o~

Relative expression levels
8] =)

N

—_

=

0p Kk
sk
0F
sk
0

BmCPR2
[ F %k

BmCPR2

Insect Biochemistry and Molecular Biology 119 (2020) 103315

Dazao-ston

e -

semi-lunar white

2
o
>
(]

)
=
)

=
172}
72
L
al0
I3
o
[
>

=
<
=
o
~

B 5/0ny semi-lunar
[ stony white

[
o
1
N
o
1
o
=3
1

—_
W
=
L
—_
w

Relative expression levels
=1

Relative expression levels
(=]

0.5 0.5 0.5
0.0 0.0 0.0
BmLcpl8 BmLcp22 BmLcp30
al Dazao
Bl Dazao-2" instar
[ al-2" instar
A iz A
] ) 5]
> > >
L 2 )
=} a =}
2 2 .2
% 28 %
Y T
5 3% 5 5
24 24 24w
S 2 o 2 S 2
~ ~ 2
BmLcpl8 BmLcp22 BmLcp30

Fig. 2. Expression of BnCPR2, BmLcp18, BmLcp22, and BmLcp30 in melanic and non-melanic integuments. A and B show relative gene expression levels in the semi-
lunar marking (black box) and the non-melanic region (between the semi-lunar marking, red box) in Dazao and Dazao-stony strains. Scale bar is 2 mm. C shows a
comparative analysis of relative gene expression levels at the dorsal side of abdominal segments (from the third to the fourth segment, red box) in p® and Dazao
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instar larvae treated with DAHP, the cuticles lost their original melanic
body color (Tong et al., 2018), and the expression of four RR1-type Bm
Lcps was lower than that in the control group (Fig. 4C). Furthermore,
regarding the unchanged melanin precursor content, the expression of
BmLcp18, BmLcp22, and BmLcp30 was not affected by the deletion of

BmLcpl7 (Fig. S5). The larval cuticular protein-encoding gene
BmCPH24 (with a similar expression pattern to those of the four RR1-
type BmLcps. Loss of function of BmCPH24 also produced a stony-like
phenotype, but with more pronounced defects (Xiong et al., 2017)) was
overexpressed, yet had no effect on the expression of the four RR1-type
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BmlLcp genes (Fig. S6).

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

After incubation with 5 mM melanin precursors for 24 h, the cu-
ticles of larvae showed melanism, whereas the control group did not

(Fig. 5A). Simultaneously, the expression of BmCPR2, BmLcpl8,
BmLcp22, and BmLcp30 in the melanin precursor treatment groups was
higher than that in the control group (Fig. 5B).

3.5. Complete masking of story phenotypes by the p® locus

We assessed the effects of modulating the melanic background on
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Table 1

Segregation patterns of the phenotypes in the progeny from the (p? x Dazao-stony) X Dazao-stony cross.

Phenotype Expected Ratio Possible Genotype Observed Number Observed Ratio
pP-type color pattern, normal body shape 1:4 pP/+P5, 290%* 2.098:4"
+%/st
pP-type color pattern, typical stony-type body shape 1:4 pP/+P5, 0%* 0:4"
st/st
non-melanic color pattern, normal body shape 1:4 +PB/4-PB, 138 0.998:4
+5t/st
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 (y*> = 304.8, df = 1).
@ Represents the actual modified Mendelian ratio.

the phenotypic defects caused by the deletion of BmorCPR2. After
mating of the p® and stony parental strains (553 BC; individuals), the
percentage of BC; individuals with melanism and a normal body shape
in the backcrossed population was 52% (ratio 290:553 = 2.098:4;
%2 = 304.8,df = 1,p < 0.01) but theoretically should have been 25%
(ratio 1:4) (Table 1). No individuals with the melanic cuticle and stony-
type body shape were found (ratio 0:553, x> = 304.8, df = 1,
p < 0.01), but theoretically these individuals should have been present
at 25% (ratio 1:4), equivalent to the number of individuals with
melanic cuticle and normal body shape (Table 1). Genotyping results
showed that approximately 25.68% (ratio 142:553 = 1.027:4) of the
individuals showing a melanic color and normal body shape in the BC;
population from the p? X stony cross had the p?/+F5, st/st genotypes
(Fig. 6A, Table 4). The I/IF ratio was 4, which was similar to that in p®/
+PB, 4+5t/st individuals (26.94%, ratio 149:553 = 1.070:4) and was
also not significantly different from that in the wild-type individuals
(Fig. 6B) (Qiao et al., 2014). Together, these results suggested that

defective phenotypes were masked when the p® locus was induced into
the stony mutant.

3.6. No typical stony-type phenotype was observed in st/st genotyped
progeny containing p° or p™ loci

In the cross of p° X stony (331 F, individuals), 64.3% of F, progeny
showed a p°-type color pattern and normal body shape (ratio
213:331 = 10.296:16; theoretical ratio, 9:16) (Table 2). We did not
find individuals with a typical stony-type body shape and defective
adaptability under the melanism background (theoretical ratio, 3:16)
(x? = 65.9,df = 1, p < 0.01, see Table 2). Genotyping analysis in-
dicated that 57.7% (ratio 191:331 = 9.233:16) of individuals with the
p%/, +%/_ genotype (Table 4, Fig. S7A), 6.04% (ratio
20:331 = 0.967:16) of individuals with the pS/p5, st/st genotype
(Fig. 6A, Table 4), and only 0.604% (ratio 2:331 = 0.097:16) of in-
dividuals with the pS/+P5, st/st genotype had melanic color and a
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normal body shape (Table 4). In individuals genotyped as p%/p®, st/st,
the I/IF ratio was 3.3 (Fig. 6B). The I/IF ratio was lower than that of ps/
_, +°/_individuals (Fig. 6B) but higher than that reported for the stony
mutant (1.6) (Qiao et al., 2014). Despite the slightly smaller body size
of the p%/p%,st/st individuals, their body shape was essentially normal
(Fig. 6A). However, we found that 10.88% of F, progeny
(ratio = 1.740:16) had a lighter melanic color and smaller body size
(Fig. 6A, Table 2). Their intersegment folds were slightly bulged, and
the intersegment fold length was much shorter than that of the inter-
nodes (Fig. 6). Correspondingly, their phenotypes slightly resembled
the morphological features of the stony mutant (Fig. 6, Table 2). The
genotype of these individuals was pS/ +P5, st/st, and their I/IF ratio was

approximately 2.7 (Fig. 6, Table 4), a value much higher than that of
the stony mutant.

In the p™ X stony cross (437 F, individuals), 62.9% of F, progeny
exhibited a p™-type color pattern, and normal body shape or some other
subtle stony features (very slight bulges) (ratio 275:437 = 10.068:16,
the theoretical ratio is 9:16) (Table 3). In these progeny, the number of
p™/_, and +°/_genotyped individuals was 244 (55.8% = 9:16, Table 4,
Fig. S7B), and the I/IF ratio was approximately 3.9 (Fig. 6B). The
genotypes for individuals with subtle stony features (very slight bulges)
were mainly p™/pM, st/st (6.63%, ratio 29:437 = 1.062:16), with a
small amount of p™/+PM, st/st (0.458%, ratio 2:437 = 0.073:16). The
1/1F ratio of pM/p™, st/st progeny was approximately 2.8, in agreement
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Table 2
Segregation patterns of the phenotypes in the progeny from the p®
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x Dazao-stony self-cross.

Possible Genotype Observed Number Observed Ratio

Phenotype Expected Ratio
pS-type color pattern, normal body shape 9:16
pS-type color pattern, typical stony-type body shape 3:16
non-melanic color pattern, normal body shape 3:16
non-melanic color pattern, typical stony-type body shape 1:16
light pS-type color pattern, ambiguous stony-like body shape + 0:16

P’/ 213%* 10.296:16°
+%/

°/, 0% 0:16"

st/st

+PS/4PS, 61 2.949:16
+St/_

+PS/4+PS st/st 21 1.015:16
5/ +P5, 36 1.740:16
st/st”

P

< 0.01, chi-square test (x> = 65.9, df = 1), numbers of “+” symbols represent the degree of similarity of body shape to the stony-type body shape.

& Represents the actual modified Mendelian ratio. Unexpected phenotypes in the observations are underlined.
b Represents suspected p%/ +P5,st/st genotype of individuals with a light pS-type color pattern and an ambiguous stony-like body shape +.

Table 3

Segregation patterns of the phenotypes in the progeny from p™ X Dazao-stony self-cross.

Expected Ratio

Possible Genotype Observed Number Observed Ratio

Phenotype

p™-type color pattern, normal body shape 9:16
pY-type color pattern, typical stony-type body shape 3:16
non-melanic color pattern, normal body shape 3:16
non-melanic color pattern, typical stony-type body shape 1:16
very light p™-type color pattern, ambiguous stony-like body shape + + + 0:16

™M, 275%* 10.068:16°
+St/_

/., 0%+ 0:16"

st/st

+PMy 4 PM, 84 3.076:16
+5/

+PM/ 4+ PM ) st/st 27 0.989:16
M | M 51 1.867:16"
st/st”

**p < 0.01, chi-square test (x*> = 85.4, df = 1,p < 0.01), numbers of “+” symbols represent the degree of similarity body shape to the stony-type body shape.
@ Represents the actual modified Mendelian ratio. Unexpected observed phenotypes are underlined.
b Represents suspected p*/+PM st/st genotype of individuals with a very light p™-type color pattern and an ambiguous stony-like body shape + + +.

with their phenotypes (Fig. 6A and B). In addition, 11.7% (ratio
51:437 1.86:16) of individuals in the F, population were much
lighter but exhibited unusual morphological features (Table 3). Their
intersegment folds were more bulged and had longer length propor-
tions. Their genotypes were identified as p™/+P, st/st, and the I/IF
ratio was 1.8 (Fig. 6A and B, Table 4), a value close to that of the stony
mutant. Their body features resembled the phenotype of the stony
mutant (Table 3). However, individuals with the pM-type color pattern
with the typical stony morphologic features and defective adaptability
were not present among progeny from the p™ x stony cross (theoretical
ratio, 3:16) (x> = 85.4,df = 1,p < 0.01, see Table 3).

3.7. Cuticle slices and gene expression analysis of melanic progeny from
BC; and F, crosses involving stony and p locus alleles

In BC; and F, progeny of the genotype st/st with melanic cuticle, we
found that the epicuticle of p®/+P5, +°/st, and p®/+PB, st/st in-
dividuals densely covered the melanin protrusions. The structures of
their procuticles were well organized. In contrast, the procuticle
structures of +P+ P, st/st individuals were not well organized, and
some damage was observed in the exocuticle. In addition, the cuticle
thickness of the p®/+PE +%/st, and p®/+PB, st/st individuals was
greater than that of the +?+ P, st/st individuals (Fig. 7A-B). Although
the melanin protrusions were less in p%/p°, st/st individuals than p®/
+PB +5t/st and pB/+PB, st/st individuals, no disordered procuticles
were observed (Fig. 7A). The cuticle thickness was slightly less than
that of the p®/+P2, +/st and p®/ +P%, st/st individuals. The cuticular
melanin protrusions in the pS/ +P5, st/st individuals were less than those
in the p%/p%, st/st individuals, and the procuticles were normally ar-
ranged. Compared with those in p/p®, st/st individuals, the exocuticles
of pS/+P5, st/st individuals were not evenly distributed (Fig. 7A).
Moreover, the cuticle thickness was slightly thicker than those of +7+
P st/stindividuals. (Fig. 7B). For the pM/p™, st/st individuals, the degree
of melanism, density of melanin protrusions, and chitin fiber
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arrangement was all similar to those of pS/+P5 st/st individuals
(Fig. 7A-B). However, in pM/+PM, st/st individuals, the density of cu-
ticle melanization and melanin protrusions was much less than that in
the previously examined melanic individuals (Fig. 7A). The exocuticle
was damaged to some extent, but to a lower degree than that in +°+ 7,
st/st individuals, and the cuticle thickness was close to that in the +”+
P, st/st individuals (Fig. 7A-B).

Gene expression analysis indicated that the transcript levels of
BmCPR2 in p®/ +PB, st/st individuals were lower than those in p®/ +P5,
+%/st individuals (owing to the effects non-sense mediated decay),
whereas the expression levels of other three BmLcps did not differ be-
tween pB/+PB, +5/st and pB/ +PB, st/st individuals (Fig. 7C). However,
the darker body color and the expression of cuticular protein-encoding
genes in p%/p%, st/st individuals was higher than that in pS/+75, st/st
individuals (Fig. 7C). A similar result was also obtained from the p™/p™,
st/stand pM/+PM, st/st individuals (Fig. 7C). In comparison with p™/p",
st/st and pS/+PS, st/st genotyped individuals, which had similar body
shape characteristics, BnCPR2 and BmLcp18 were expressed at higher
levels in p™/pM, st/st individuals than in pS/+P5, st/st individuals.
BmlLcp22 and BmLcp30 were expressed at higher levels in pS/ +75, st/st
individuals than in p™/p", st/st individuals (Fig. 7C).

4. Discussion

In the 4™ molting stage of Bombyx mori, the new cuticle layer forms
approximately 16 h during the 4th molting period, and melanin de-
position in the stripe begins 24 h during the 4™ molting period (Tao-
Jun-Feng et al., 2014). In Papilio larvae, the melanin in the stripe is also
deposited at the late molting stage (Futahashi et al., 2010; Futahashi
and Fujiwara). In our results, the cuticular sections showed that mel-
anin was deposited primarily in the epicuticle region, which is involved
in the melanic region of stony mutants and WT or other melanic mutant
strains. The surface physical characteristics of the melanic cuticle re-
gions (Fig. S3A) were similar to those previously reported (Futahashi
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Table 4
Actual genotyping of the melanic progeny from BC; and F; crosses involving stony and p locus alleles.

enotypes pB /4B, pB /4B pS / pS /ps’ pS /7S, pM "/, pM /pM’ pM /M,
Phenotypes +/st st/st + st/st st/st +Y/ st/st st/st
148 142*
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2 Indicates that the actual phenotype and expected phenotype of individuals with a p®/+P5, st/st
genotype do not match, thus making the Mendelian separation ratio of the actual phenotype deviate
significantly (see Table 1). The dotted arrow points to the expected phenotypic characteristics of this
part of the genotype. ! "2 Indicate that among the individuals with a p5-type color pattern and a
normal body shape phenotype, there were approximately 0.967/16 p*/p®,st/st individuals and 0.097/
16 pS/+PS st/st individuals that did not have the expected phenotype, thus making the Mendelian
segregation ratio of the actual phenotype significantly deviate from the expected phenotype (see
Table 2). The dotted arrow points to the expected phenotypic characteristics of this part of the
genotype. °® Indicates that the defective body shape of pS/+P5, st/st individuals (1.740/16) was
partially masked by a light melanic body color. The dotted arrow points to the expected phenotypic
characteristics of this part of the genotype. Individual aggregation, indicated by b1, b2, and b3, is the
individual p%/_, st/st genotype, accounting for approximately 3/16 of the F, population. ¢! “* Indicate
that among the individuals with a p™-type color pattern and a normal body shape phenotype, there
were approximately 1.062/16 p™/p¥,st/st individuals and 0.073/16 p™/+FM st/st individuals that
did not have the expected phenotype, thus making the Mendelian segregation ratio of the actual
phenotype significantly deviate from the expected phenotype (see Table 3). The dotted arrow points
to the expected phenotypic characteristics of this part of the genotype. * Indicates that the defective
body shape of p™/+P™, st/st genotyped individuals (1.867/16) was slightly masked by a very light
melanic body color. Individual aggregation, indicated by c1, c2, and ¢3, is the individual p™/_, st/st
genotype, accounting for approximately 3/16 of the F, population.

et al., 2012; He et al., 2016; Jan et al., 2017; Tan et al., 2016). Varia-
tions in chitin content (Fig. S3B) have also been shown to be associated
with cuticle melanism and expression patterns of cuticular protein-en-
coding genes (Balabanidou et al., 2019; Moussian et al., 2005, 2006).
Deposition of melanin was accompanied by thickening of the procu-
ticle, which contained large amounts of chitin (Figs. 1 and 5A). Re-
gardless of the genotypes of the melanic mutants or the melanic
markings in the non-melanic strains, excessive accumulation of melanin
in the cuticle was tightly associated with particular cuticular physical
characteristics. We speculate that this phenomenon may be beneficial
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in maintaining the physiological function of the melanic cuticle. The
significant differences in cuticular physical features between melanic
and non-melanic integument regions provide clear evidence of the ef-
fects of melanism on cuticle characteristics.

Excessive accumulation of melanin was tightly associated with
significantly up-regulated expression of melanin synthase genes (Fig.
S8). The up-regulation of these four genes encoding larval cuticular
proteins in melanic integuments was independent of genetic back-
ground (Figs. 2 and 3, Fig. S4) (Futahashi et al., 2012; He et al., 2016;
Jan et al., 2017; Wu et al., 2016). For other cuticular protein-encoding
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Fig. 7. Features of the cuticle cross-section and gene expression patterns in st/st individuals (progeny of BC; and F5) under different melanic backgrounds. A. Features

of the cuticle cross-section in BC; and F, progeny with different degrees of melanism. Scale bar

10 pm. Epi: epicuticle, exo: exocuticle, endo: endocuticle, pro:

procuticle. The disordered arrangement in the procuticle is boxed in red. Red arrow represents damage to the exocuticle. B. Cuticle thicknesses for all genotypes listed
in Figure A. One-way ANOVA test,n = 3, F = 95.80,n = 3,p < 0.05. C. Expression analysis of cuticular protein-encoding genes in heterozygotic individuals at the
p locus from back-crossed progeny of p? x stony and expression analysis of cuticular protein-encoding genes in homozygotic and heterozygotic individuals at the p
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genes, even some predominantly expressed in non-larval stages (Such as
BmCPG13 and BmCPR68) (Xia et al., 2007), their expression was still
up-regulated in the melanic integument regions (Fig. S8). These results
suggested that this correlation is universal. In contrast, the up-regula-
tion of cuticular protein-encoding genes did not affect cuticle melanism
(Tajiri, 2017; Xiong et al., 2017). The degree of melanism in stripes in
the stony mutant was less than that in the WT (Fig. S9). The comparison
of stripes between p°/+75, +%t/+° and pS/+P5, st/st individuals also
showed similar results (Figs. 3A and 6A). Thus, we speculate that
BmCPR2 is also involved in maintaining the cuticular coloring pattern.
Previous studies have also reported the importance of larval cuticular
protein-encoding genes in maintaining the melanic body color of larvae
(Xiong et al., 2017). Additionally, structural characteristics of different
cuticular layers are not produced independently: mutations affecting
one protein located in a certain cuticular layer also affect the structures
of other cuticular layers (Mun et al., 2019; Sobala and Adler, 2016).
Therefore, we considered that during cuticle development, when the
melanism-promoting signals occur, the up-regulation of BmCPR2,
BmLcp18, BmLcp22, and BmLcp30 may be a necessary adaptation en-
abling the dynamic process of excess melanin deposition, and the
maintenance and stability of the structural characteristics and physical
properties of melanic cuticles. In further research, detecting the dy-
namic changes in melanin deposition and the distribution of cuticular
proteins in detail would contribute to exploration of the interactions
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among major cuticle components.

The variations in expression of certain cuticular protein-encoding
genes did not affect other members (Fig. S5 and S6), in agreement with
findings in other reports (Arakane et al., 2012; Noh et al., 2015; Xiong
et al., 2017). These results indicate that there is no direct regulation of
expression between larval cuticular protein-encoding genes with si-
milar expression and function. Moreover, to our knowledge, there is no
evidence suggesting that cuticular proteins can enter the nucleus and
regulate gene expression by acting as transcription factors. Extensive
accumulation of melanin precursors in epidermal cells is essential for
cuticle melanization; thus, melanism promotes the expression of cuti-
cular protein-encoding genes, a process driven by coordination between
the accumulation of melanin precursors and the expression of cuticular
protein-encoding genes. Our results demonstrated that changes in in-
tracellular melanin precursors are important for regulating the ex-
pression of cuticular protein-encoding genes (Figs. 4 and 5). Some
evidence also supports that melanin precursors can regulate gene ex-
pression through the receptors of melanin precursors (Berke et al.,
1998; Konradi et al., 1996; Westin et al., 2001). Furthermore, BH, and
DAHP affect the synthesis of melanin precursors, thus leading to co-
ordinated variations in the expression of cuticular proteins; however,
these two chemicals do not directly impair the extracellular accumu-
lation of melanin or protein-protein interactions in the cuticle. More
importantly, treatment introducing melanin precursor into non-melanic
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Fig. 8. Schematic overview of the effects of melanin precursors on the expression of cuticular protein-encoding genes as well as larval body shape. Scale bar = 1 cm.
In epidermal cells, vertical black arrows indicate the increase in melanin precursor content, and the red arrow indicates increased expression of larval cuticular
protein-encoding genes (Lcps). Asterisks represent similar expression patterns and functions of the Lcps. At the individual level, the red backslash indicates partial
deletion of the BnCPR2 CDS sequence and BmCPR2 dysfunction. Genes with similar expression patterns and functions to those of BnCPR2 are boxed; the red dotted
arrow with red backslash indicates that the expression of larval cuticular protein-encoding genes in the box was not up-regulated. The blue dotted arrow indicates
that the boxed genes could not compensate for the deficiency caused by the function loss of BmCPR2. The red solid arrow indicates that the boxed genes were up-
regulated under a melanism background. The blue solid arrow indicates that the boxed genes were able to compensate for the deficiency caused by the loss of

BmCPR2 function.

integuments results in a melanic cuticular phenotype and up-regulated
expression of four larval cuticular protein-encoding genes (Fig. 5); these
results establish a direct relationship between melanin precursors and
larval cuticular protein-encoding genes. We believe that up-regulation
of BmCPR2, BmLcp18, BmLcp22, and BmLcp30 may have occurred si-
multaneously, owing to excessive amounts of melanin precursors, but
these four RR1-type BmLcps are not expected to be mutually regulated.
Notably, several studies have found that mutations in genes affecting
melanin synthesis or regulation influence not only the pigmentation but
also the morphology and structure of the cuticle (Concha et al., 2019;
Massey et al., 2019; Matsuoka and Monteiro, 2017; Mun et al., 2019).
These genes are directly or indirectly involved in the synthesis and
accumulation of melanin precursors. From the perspective of the effects
on cuticle characteristics, variations in melanin precursor content
should be closely associated with changes in cuticular structure. Thus,
we suggest that the regulation of cuticular protein-genes by melanin
precursors may lie at the core of this association. Further analyses will
be performed to explore the response elements in the regulatory se-
quences of BmLcp genes and to determine the detailed molecular me-
chanisms of melanin precursors.

Although there are 148 RR-type cuticular proteins in the silkworm
genome (Futahashi et al., 2008), RR1-type BmLcp genes were chosen on
the basis of their similar expression patterns (Fig. S1) and chitin-
binding characteristics during larval development (Dong et al., 2016;
Liang et al., 2010; Nakato et al., 1994, 1997; Okamoto et al., 2008; Qiao
etal., 2014; Tang et al., 2010; Xiong et al., 2017). Additionally, the near
isogenic line Dazao-stony was almost genetically and phenotypically
identical to the wild-type Dazao strain with BmCPR2 knockout (Qiao
et al.,, 2014). We cannot exclude the possibility that other cuticular
protein-encoding genes (up-regulated under melanic cuticle regions)
might participate in maintaining the structure of the melanic cuticle.
We focused on these four RR1-type BmLcps as typical representatives, to
enable specific analysis of the compensatory effects and the relevant
phenotypic cuticular characteristics under the larval developmental
stages and conditions. In follow-up research, we will introduce a mel-
anism background into lines with knockout of the other three cuticular
protein-encoding genes (BmLcp18, BmLcp22, and BmLcp30) to verify
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the complementarity effect hypothesis.

Because homozygous p® mutations are lethal (Banno et al., 2005;
Xiang, 1995), we were unable to obtain F, progeny with the p®/p®, st/st
genotype. However, individuals with the p®/+PE, +°/st and p®/+P5,
st/st genotypes had almost the same body shape and degree of mel-
anism (Fig. 6A). In the back-cross progeny of p® X stony, the observed
number of individuals with p®-type melanism and normal body shape
was twice that expected (Fig. 6A and B, Table 1, Table 4). Among these
individuals, 25% of p®/ +F5, st/st individuals were suspected to have p®-
type melanic cuticles and a stony-type body shape, but this phenotype
was not observed (Fig. 6A and B, Table 1, Table 4). This result may be
explained by the epistatic effect of excessive melanism on the stony-type
body shape phenotype. Similarly, in the progeny of p° X stony, an
additional 1/16 of individuals had a p®-type color pattern and normal
body shape, a proportion greater than expected (theoretical ratio,
9:16); moreover, approximately 1/16 of individuals had the p%/p5, st/st
genotype (theoretically, they should have had a p5-type color pattern
with a typical stony-type body shape) (Fig. 6A and B, Table 2, Table 4).
In addition, 1.740/16 of ps/ +PS_ st/st individuals (close to 2/16) with
light melanic color were practically masked cuticular defects, and
therefore most of them exhibited the ambiguous stony-like body shape
(approximately 0.097/16 individuals with the genotype p%/+p>, st/st
had normal body shape and therefore were not included in the calcu-
lation) (Fig. 6A and B, Table 2, Table 4). The sum of the proportions of
p%/p®, st/st individuals to pS/ +P5, st/st individuals (2.804/16) was very
close to the expected value of 3/16 for p/_, st/st individuals (Table 2,
Table 4). Moreover, the ratio deviation of the genotype and phenotype
of pM x stony progeny was similar to that of p° X stony progeny
(Fig. 6A and B, Table 3, Table 4). The proportion of P2/ +PB, st/st
(ratio = 1.027:4), ps/+P5, st/st (ratio = 1.837:16), and p™/+PM, st/st
(ratio = 1.940:16) genotyped individuals was close to the expected
value (1:4, 2:16, and 2:16, respectively) (Tables 1-4). The different
degrees of melanism with a homozygous or heterozygous p locus led to
different levels of epistatic effects (Figs. 6 and 7, Tables 1-4). These
phenotypes were completely or partially masked by melanism (Fig. 6;
Tables 1-4). These characteristics further validate the masking effect of
melanism on defective body shape at the molecular level. Considering
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the phenotypic characteristics, cuticular section structure, and expres-
sion of cuticular protein-encoding genes in the progeny with melanic
color and the st/st genotype, we suggest that the epistatic effect may be
due to up-regulation of cuticular protein-encoding genes under a mel-
anism background, thereby resulting in accumulation of more cuticular
proteins with similar functions in the cuticle and masking the cuticular
defects in st/st individuals. The degree of compensation was in the order
pB/+PE, st/st > pS/p°, st/st > (pM/p™, st/st or pS/+P5, st/st) > pM/
+PM st/st, which corresponds well to the gradual decrease in the de-
gree of melanism (Figs. 6 and 7, Tables 1-4). The compensatory effects
of melanic body color on defective cuticular features also provided new
evidence explaining how melanism can be a beneficial trait (Liu et al.,
2015b; Mallet and Hoekstra, 2016; True, 2003; Wilson et al., 2001;
Wittkopp and Beldade, 2009; Wittkopp et al., 2003).

On the basis of our results, we propose the following model to ex-
plain our findings: 1) the larval cuticular protein-encoding genes
BmCPR2, BmLcp18, BmLcp22, and BmLcp30 are up-regulated by the
induction of accumulated melanin precursors, and their expression le-
vels are positively correlated with the degree of melanism; this induc-
tion pattern ensures the formation of normal structural features of the
melanic cuticle; 2) if a melanism background is introduced into
BmCPR2 deleted individuals through a genetic cross, other cuticular
protein genes with similar functions, BmLcp18, BmLcp22, and BmLcp30
(induced by melanin precursors), can compensate for the morpholo-
gical and adaptive defects caused by dysfunctional BnCPR2; the degree
of compensation increases with the accumulation of melanin (Fig. 8).
Because excess melanin and cuticular proteins commonly occur to-
gether in other insects (Andersen, 2010; Cohen and Moussian, 2016;
Moussian, 2010), and homologues of the four RR1-type BmLcps are
widely distributed in Lepidoptera (Table S2), we presume that the in-
duction phenomenon, as well as its corresponding biological im-
portance might be conserved in Lepidoptera.
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