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ABSTRACT Cuticular proteins (CPs) are crucial components of the insect cuticle. Although numerous genes encoding cuticular proteins
have been identified in known insect genomes to date, their functions in maintaining insect body shape and adaptability remain largely
unknown. In the current study, positional cloning led to the identification of a gene encoding an RR1-type cuticular protein,
BmorCPR2, highly expressed in larval chitin-rich tissues and at the mulberry leaf-eating stages, which is responsible for the silkworm
stony mutant. In the Dazao-stony strain, the BmorCPR2 allele is a deletion mutation with significantly lower expression, compared to
the wild-type Dazao strain. Dysfunctional BmorCPR2 in the stony mutant lost chitin binding ability, leading to reduced chitin content in
larval cuticle, limitation of cuticle extension, abatement of cuticle tensile properties, and aberrant ratio between internodes and
intersegmental folds. These variations induce a significant decrease in cuticle capacity to hold the growing internal organs in the
larval development process, resulting in whole-body stiffness, tightness, and hardness, bulging intersegmental folds, and serious
defects in larval adaptability. To our knowledge, this is the first study to report the corresponding phenotype of stony in insects
caused by mutation of RR1-type cuticular protein. Our findings collectively shed light on the specific role of cuticular proteins in
maintaining normal larval body shape and will aid in the development of pest control strategies for the management of Lepidoptera.

THE cuticle covering the entire body surface of insects not
only participates in defense against pathogens and ad-

verse environmental factors, but is also indispensable for
constructing and maintaining external morphological char-
acteristics and locomotion during the entire developmental
process (Wigglesworth 1957; Delon and Payre 2004;
Moussian et al. 2005). Therefore, the cuticle greatly enhances
survival ability and adaptability of insects, ensuring its con-

tinued existence as one of the most successful life forms in
the animal kingdom.

The cuticle is a complex composite material mainly com-
prising chitin fibers and proteins (Andersen et al. 1995;
Moussian 2010). Chitin is the polymer of b-1,4-linked
N-acetyl-D-glucosamine (Gilbert 2011, Chap. 7). In procuticles,
chitin fibers are arranged in laminae in an antiparallel manner
and superimpose each other, forming sheets of fibrils that are
stacked in a helicoidal fashion, maintaining cuticle structure,
elasticity, and stability (Bouligand 1965; Neville and Luke
1969; Moussian 2010). In terrestrial insects, the chitin content
is positively correlated with body size, suggesting a close re-
lationship with cuticle extension and expansion (Merzendorfer
and Zimoch 2003; Lease and Wolf 2010).

Cuticular proteins (CPs), the principal structural constituents
of cuticle, are encoded bymore than 100 genes in known insect
genomes (Andersen et al. 1995; Willis et al. 2005; Weinstock
et al.2006;Karouzou et al.2007;Cornman et al.2008; Futahashi
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et al. 2008; Richards et al. 2008; Cornman and Willis 2009;
Gilbert 2011, Chap. 5) and formaproteinaceousmatrix inwhich
chitin fibers are embedded (Neville 1975; Papandreou et al.
2010). CP–chitin interactions are necessary for the normal struc-
ture and physical properties of cuticle (Andersen et al. 1995;
Rebers and Willis 2001; Karouzou et al. 2007; Cornman et al.
2008; Moussian 2010). Over half of the known cuticular pro-
teins contain chitin-binding domains, including the Rebers &
Riddiford (R&R) motif (two major groups, RR-1 and RR-2,
and a minor form, RR-3), Tweedle motif, and chtDB2 domain
(Rebers and Riddiford 1988; Magkrioti et al. 2004; Cornman
et al. 2008; Jasrapuria et al. 2010; Tang et al. 2010; Willis
2010; Andersen 2011; Gilbert 2011, Chap. 5). Chitin-binding
cuticular proteins are widely distributed at different develop-
ment stages and play roles in the physical properties of the
cuticle ( Rebers and Riddiford 1988; Guan et al. 2006; Soares
et al. 2007; Okamoto et al. 2008; Togawa et al. 2008; Charles
2010; Gilbert 2011, Chap. 5; Arakane et al. 2012; Jasrapuria
et al. 2012). These proteins often have crucial biological func-
tions, such as body-shape determination, cuticle integrity and
mechanical properties maintenance, movement ability,
and adaptability of the insect (Guan et al. 2006; Arakane
et al. 2012; Jasrapuria et al. 2012).

The soft, flexible cuticle of Lepidoptera larvae not only
bears pressure from the internal contents on the integument
to stabilize the long cylindrical body, but is also conducive to
movement and expanding feeding and survival areas (Carter
and Locke 1993; Brackenbury 1997; Lin et al. 2009). How-
ever, the mechanisms by which cuticular proteins participate
in body-shape stability and adaptability of Lepidoptera is
presently unclear. Here, we focus on the silkworm as a Lep-
idoptera model to investigate the above issues. Positional
cloning led to the identification of a gene encoding a RR1-
type cuticular protein, BmorCPR2, responsible for the silk-
worm stonymutant. In the mutant, dysfunctional BmorCPR2
induces significantly decreased cuticle chitin content, abnor-
mal distribution of internode and intersegmental fold, and
marked reduction in tensile property of the cuticle. Accord-
ingly, the conflict between growing body-cavity contents and
opposing lower cuticle capacity gradually increases, leading
to body hardness and tightness. The variant intersegmental
fold also bulges out due to enhanced internal pressure,
resulting in a malformed body shape. Additionally, the hard
body and bulges seriously affect the adaptability of the mu-
tant, such as crooking and shock-buffering abilities. There-
fore, characterization of this gene and its underlying effects
may contribute to our understanding of the role of cuticular
proteins in maintaining of external morphological character-
istics of Lepidoptera larvae and control of Lepidoptera pests.

Materials and Methods

Silkworm strains

Thewild-type strains—Dazao, 05-111, 06-072, 20-230, Xiafang,
01-070, 16-060, 05-050, 16-100, 16-105, C108, 06-920,

04-702—and stony mutant strains—Dazao-stony (near iso-
genic line of Dazao) and 12-220 (donor parent of stony lo-
cus)—used in this research were obtained from the silkworm
gene bank in Southwest University. The near isogenic lines
have been backcrossed with Dazao over 24 generations;
other wild-type and stony mutant strains inbred at least 20
generations. Silkworms were reared on freshmulberry leaves
under a 12 hr/12 hr light/dark photoperiod at 24�.

Phenotype analysis, physiology test,
and behavior assays

The phenotypes of Dazao and Dazao-stony individuals and
excrement appearance were recorded using a digital camera
(Canon EOS 5D Mark III). The cuticle was dissected, and
adhesive tissues were scraped off and cleaned with ddH2O.
Internode, anterior, and posterior parts of internode, inter-
segmental fold of treated cuticle were divided and measured
using a stereo microscope (Nikon SMZ1500), digital cam-
era, Adobe Photoshop CS3, and image J software. Based on
the principle of buoyancy, we surveyed the exact larval body
volume in a volumetric cylinder. Additionally, midgut con-
tents from these individuals were dislodged, lightly cleaned
with ddH2O, and torrified at 60�. The ratio of midgut con-
tents mass to individual volumes analyzed. For the physiol-
ogy tests (dropping experiment; the flexibility and nesting
ability of segments) and behavior assays, detailed operation
are listed in Supporting Information, File S1.

Positional cloning

Mapping of stony locus and bioinformatic analysis of candi-
date regions were performed, as described previously (Dai
et al. 2010). In Bm_nscaf2827 (chromosome 8), we identified
polymorphic PCR markers between the parents, Dazao-stony
and C108, and assessed these in BC1F individuals. In BC1M
progeny, individuals exhibiting stony phenotype (homozygosis
on stony locus) were genotyped. The primers used for map-
ping are listed in Table S1.

DNA sequence cloning

Total RNAs were extracted from the integuments of wild type
(Dazao and other WT strains) and stonymutant (Dazao-stony
and stony parent strain, 12-220) on day 4 of the fifth-instar
larvae using TRIzol (Invitrogen), according to the manufac-
turer’s instructions. The 59-UTR and 39-UTR of BmorCPR2
and BmorCPR3 were amplified using the GeneRacer Kit
(Invitrogen). We additionally amplified the genome se-
quence �2.78 and �0.83 kb upstream of BmorCPR2. PCR
products were cloned into the pMD19-T vector for sequenc-
ing. The primers used for cloning are listed in Table S1.

Expression profile of BmorCPR2

Semiquantitative RT–PCR was performed as described previ-
ously (Dai et al. 2010). The development stages include hatch-
ing to moth stage. Tissues of Dazao examined on day 4 of the
fifth-instar larvae included head, integument, trachea, malpigh-
ian tubes, midgut, gonads, fat body, anterior/middle/posterior
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silk gland, nerves, muscle, and hemocyte. Primers designed
for RT–PCR are shown in Table S1. The BmActin3 gene was
used as an internal control.

20-Hydroxyecdysone (20E) treatment

Day 4 of the fifth-instar larvae (wild type) were treated with
20E (dissolved in 10% ethanol, injected with 3 mg per in-
dividual) or 10% ethanol (control), and BmorCPR2 expres-
sion detected at 3 and 24 hr after injection.

Quantitative RT–PCR

Quantitative RT–PCR was performed as described previously
(Dai et al. 2010), using the StepOneTM real-time PCR xys-
tem (ABI). Primers used for qRT–PCR are listed in Table S1.

Quantification of chitin content

The larval segment cuticle of Dazao, Dazao-stony, internode,
and the intersegmental fold of Dazao and Dazao-stony lar-
vae, anterior and the posterior parts of the internode of
Dazao, and posterior parts plus intersegmental fold of Dazao
were dissected. After eliminating adherent tissue completely
and cleaning with ddH2O, materials were dried under 60� and
weighed with an analytical balance (METTLER-MS105DU).
Extraction and determination of chitin were performed ac-
cording to the protocol of Kunyan Zhu (Zhang and Zhu
2006) with slight modifications. All determinations were per-
formed on three or four biological replicates for each sample.

SDS–PAGE and chitin binding

The cuticles of day 5 of the fifth-instar Dazao and Dazao-stony
larvae were dissected, and adherent tissue were removed and
cleaned with nuclease-free and protease-free water. Total pro-
teins were extracted according to the method of Tang et al.
(2010) and detected using 15% SDS–PAGE. For the chitin
binding experiment, detailed operations are listed in File S1.

Liquid chromatography tandem mass
spectrometry analysis

Selected gel bands were excised and subjected to liquid
chromatography tandem mass spectrometry (LC–MS/MS)
analysis (LTQ VELOS, Thermo Finnigan, San Jose, CA). De-
tailed operation are listed in File S1.

RNA interference

dsBmorCPR2 and dsRed were synthetized using the Ribo-
MAX large-scale RNA production system-T7 (Promega)
based on the PCR templates according to the manufacturer’s
instructions. The injection time selected according to the
BmorCPR2 expression pattern was the eating-less period
of fourth instar (day 3 of the fourth instar to the period of
molting). dsRNA was diluted to 10 mg/ml, and a dose of
110 mg was administered to each individual. Larvae at 16 hr
of fourth molting and beginning of fifth instar were used to
detect BmorCPR2 and BmLcp22 expression. Individuals
from the dsBmorCPR2 group at the beginning of the fifth
instar were employed for counting interference efficiency.

Meanwhile, chitin contents of the interference and control
groups were determined. Primers for PCR are listed in Table S1.

Tensile property of larval cuticles

The cuticles of day 5 of the fifth instar Dazao and Dazao-
stony larvae were dissected and adherent tissue was re-
moved, followed by cleaning with ddH2O. The cuticle was
spread smooth and trimmed into a rectangle. Tensile prop-
erties were determined in the longitudinal direction (head
to tail), whereby the length of the rectangular pattern was
from semilunar to star marking, and the width was taken as
the distance between both sides of the spiracle on the dorsal
side (spread smooth). Tensile properties in the transversal
direction were determined as follows: the length of the rect-
angular pattern represents the distance between both sides
of the spiracle on the dorsal side (spread smooth), while the
width is from the start of the third abdominal segment to the
end of the fourth abdominal segment. The sample was in-
cubated for 30 min at room temperature and 80% relative
humidity and was rapidly fixed between two grips of the
DMA Q800 Dynamic Mechanical analyzer. Samples were
stretched according to the strain–stress mode (at ambient
temperature, stress varied linearly at a constant rate) to test
their mechanical properties. All determinations were per-
formed on three biological replicates for each sample.

Results and Discussion

Stony mutant larva displays altered morphologic
characteristics with deficiency in adaptability

The peculiar body shape of stony is mostly evident in the
post margins of every larval segment as distinct bulges, and
the mutant is more slender with a smaller body size
(Figure 1A). Dissection of stony mutant larvae revealed
a higher ratio of midgut content mass to body volume, com-
pared to wild type (Figure 1D). However, the ratio of inter-
nodes containing internal contents in every segment was
significantly lower than that of wild type (Figure 1, B and
C). Furthermore, the tails of the fifth-instar larvae usually
cocked up when satiated with mulberry leaf (Figure S1A).
The rectocele appeared easily upon defecation, and smaller
amounts of excrement were produced (Figure S1, B and C).
These phenotypic and physiological characteristics suggest
stronger pressure in the body of stony mutant corresponding
to hardness and tightness to touch. In the dropping experi-
ment, 90% stony individuals (with smaller gravitational po-
tential energy, GPE) breached the cuticle, accompanied by
outflow of internal tissues and hemolymph, while only one
wild-type individual displayed similar symptoms (Figure 1E,
Figure S1, D and E, File S1, and File S2). The data indicate
that the stiff, tight body of stony significantly lowers its abil-
ity to buffer shock. Air injection showed nestification (the
somite shortening, namely, the anterior part of the latter
segment shrinks to the posterior part of the former one)
between every two conjoint segments of wild type, leading
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to shorter larvae (Figure S1, F and G). However, nesting was
not observed for the stony mutant owing to the bulges pro-
duced by intersegmental fold of its abdominal segment, sig-
nifying deficiency in flexibility (Figure S1, H and I).

Based on these results and known kinematic character-
istics of caterpillars (Brackenbury 1997; Lin et al. 2009), we
designed a series of behavioral experiments to test the ath-
letic ability of stony mutant. The abdominal crooking test

revealed that .90% wild-type individuals easily crook to
abdomen within 30 sec, with a crooking angle of .90�;
however, �89% stony individuals were unable to perform
crooking within 30 sec, even over prolonged times, and the
remaining stony individuals with crooking ability performed
the activity over a longer time and could not crook to .60�,
and the stony mutants displayed a severe reverse angle
bending in the crooking test (Figure 1F, Figure S1, H and

Figure 1 Characterization of Dazao-stony
mutant. (A) Phenotype of the dorsal side of
Dazao (right) and Dazao-stony (left). Red
arrows indicate bulges. Scale bar, 2 cm.
(B) Dorsal cuticle anatomy characteristics
of Dazao and Dazao-stony. The blue and
red lines represent the length spanned by
internode and intersegmental fold, respec-
tively. (C) Ratios between the length of in-
ternode and intersegmental fold in the
second, third, and fourth abdomen seg-
ments of Dazao and Dazao-stony, respec-
tively (n = 5). (D) Ratio of the midgut
content mass and larval volume between
Dazao and Dazao-stony (n = 6). Data rep-
resent mean values6SD. Student’s t-test; *,
P , 0.05; **, P , 0.01 (C and D). (E) Sta-
tistics of breached Dazao and Dazao-stony
larvae in dropping experiment. (x2-test; **,
P , 0.01.). (F) Analysis of the larval abdom-
inal crooking test. Both red and blue lines
represent threshold time. The numbers in
the red box indicate individuals that can-
not crook to abdomen in 30 sec. (x2-test;
**, P , 0.01). The counterclockwise and
clockwise arrowheads represent the crook-
ing angles in Dazao and Dazao-stony, re-
spectively. Both black lines represent the
average time of abdomen bending be-
tween Dazao and Dazao-stony within the
threshold time. (Mann–Whitney U-test,
P , 0.0001). (G and H) Phenotypes of
grasping mallet of Dazao and Dazao-
stony, respectively. (I and J) Analysis of
grasping tests on the large and small di-
ameter mallets of Dazao and Dazao-stony,
respectively. Both the red and blue lines
signify threshold time. The numbers in
the red box represent individuals that
grasp for .30 sec. (x2-test; **, P ,
0.01). Both black lines represent the aver-
age time of grasping between Dazao and
Dazao-stony within the threshold time
(Mann–Whitney U-test, P , 0.0001). The
black solid circle represents the cross-section
of the mallet. Blue and yellow curves repre-
sent the ventral bending of Dazao and
Dazao-stony, respectively.
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I, and File S3). Since the crooking ability of the abdomen is
weak, irrespective of mallet diameter, it is difficult for the
stony mutant to grasp, and almost all individuals dropped
from the mallet within 30 sec due to loss of balance (Figure
1, G–J, File S4, and File S5). Moreover, within the threshold
time (30 sec), the average grasping time of dropped stony
individuals was significantly shorter than that of wild type
(Figure 1, I and J, File S4, and File S5). Subsequent inver-
sion and food inducement tests showed degeneration of
turning over and crawling abilities in the mutant (Figure
S1, J, and K, File S6, File S7, and File S8). In view of the
abnormal body shape and adaptability deficiency, we spec-

ulate that the gene responsible for the mutant phenotype is
associated with cuticle abnormality.

The stony locus encodes BmorCPR2

We mapped the stony locus within a �1.5-Mb region on
Bm_nscaf2827 using 208 BC1 individuals (stony phenotype)
(Figure 2A-i and Figure 2A-ii). Subsequently, we designated
the polymorphism marker, S0, at the �1544-kb position on
Bm_nscaf2827 (reference as 1 cM � 300 kb in silkworm
(Yamamoto et al. 2008) and the genetic distance between
stony and SAmy-d in the linkage map). Further linkage anal-
ysis showed that the S0 marker is tightly linked with the

Figure 2 Genetic basis of the stony mutant. (A)
Positional cloning of stony locus. (i) Preliminary
mapping of stony locus. (ii) Location of markers
on the physical map of chromosome 8. The
yellow and white regions represent scaffolds and
gaps, respectively. (iii) Fine mapping of stony lo-
cus. (iv v) Transcript analysis of BGIBMGA005277
and BGIBMGA005278 in Dazao and Dazao-
stony, respectively. (vi) Transcript analysis of
BGIBMGA005277 among different stony and
wild-type strains (a–c) stony mutant strains;
(a and b) Dazao-stony; (c) 12-220; (d–p) wild-type
strains (Dazao, 05-111, 06-072, 20-230, Xiafang,
01-070, 16-060, 05-050, 16-100, 16-105, C108,
06-920, 04-702)). (vii) The polymorphism marker
S2. (viii–ix) Genotyping analysis between S2 and
stony locus. (B) Scheme of BmorCPR2 transcripts
of Dazao and Dazao-stony. (i) Full-length
BmorCPR2 cDNA in Dazao and Dazao-stony. (ii)
Relative expression of BmorCPR2 between Dazao
and Dazao-stony in larval cuticles (mean values
6SD; Student’s t-test; **, P , 0.01, n = 3). (iii)
Transcripts of BmorCPR2 from Dazao and Dazao-
stony. (iv) Domain organization of BmorCPR2 in
Dazao and Dazao-stony.
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stony locus (Figure 2A-iii). We analyzed the upstream and
downstream sequences of S0 in the silkworm database.
Close to the S0 marker, we observed two predicted gene
models encoding RR1-type chitin-binding cuticular proteins
that play an important role in construction of the soft insect
cuticle (Andersen et al. 1995, 2011; Togawa et al. 2008;
Moussian 2010; Willis 2010) (Figure 2A-iii). Full-length
cDNA of BGIBMGA005278 (BmorCPR3) was not different
in wild type and stony, and the gene expression patterns
were relatively similar (Figure 2A-v, and Figure S2). How-
ever, cDNA of BGIBMGA005277, previously designated
BmorCPR2 or Larval cuticular protein 17 (Nakato et al.
1997; Futahashi et al. 2008), had an obvious deletion, and
its expression was significantly reduced in Dazao-stony (Fig-
ure 2A-iv). The amplified BGIBMGA005277 cDNA fragment
was assessed in two stony (Dazao-stony, 12-220) and 13
wild-type strains (Dazao, 05-111, 06-072, 20-230, Xiafang,
01-070, 16-060,119 05-050, 16-100, 16-105, C108, 06-920,
04-702) with different genetic backgrounds. The results in-
dicate that deletion occurs specifically in the stony mutants
(Figure 2A-vi). Simultaneously, we designed the polymor-
phism marker, S2, according to the genome sequence of
BmorCPR2 (Figure 2A-vii). Genotyping of the marker
revealed no recombination between S2 and the stony locus
(Figure 2, A-viii and -ix). Accordingly, we conclude that
BmorCPR2 is a candidate gene responsible for the stony
mutant. Full-length BmorCPR2 cDNA (accession no.
KF672849.1) is 547 bp encoding 143 amino acids residues
and contains a typical chitin-binding domain (Figure 2B-i, d,
and Figure S3). Orthologs of this gene are widely distributed
in different Lepidopterous insects (identities range from 40
to 75%), indicative of conservation (Figure S3B, and Table
S4). However, the BmorCPR2 transcript contains a 58-bp
deletion and 5-bp single-nucleotide substitution in the sec-
ond exon in Dazao-stony, resulting in a frameshift and pre-
mature stop codon (Figure 2, B-iii and C, and Figure S3A).
In the aberrant transcript (accession no. KF672850.1), the
entire chitin-binding domain was lost (Figure 2B-iv and Fig-
ure S3A). In addition, deletion of BM2A-like transposon lo-
cated �2.78 kb upstream and insertion of Ins11-like
transposon �0.83 kb upstream of BmorCPR2, combining
the premature termination codon, led to significantly re-
duced levels of BmorCPR2 in Dazao-stony (Figure 2B-ii
and Figure S4) (Chang et al. 2007; Feschotte 2008).

High expression of the BmorCPR2 gene during the inter-
val of larval molting is negatively correlated with the titer of
20E, indicating that the expression pattern of BmorCPR2 is
synchronized with the procuticle (the chitinous cuticle) de-
velopment during larval stages (Mizoguchi et al. 2001; Kiguchi
1981) (Figure 3, A, B, C, E, and F). Additionally, expression of
BmorCPR2 was reduced from the wandering stage to the
early stage of pupation, and in sequential development
stages, BmorCPR2 expression was reduced significantly
or to nearly undetectable levels (Figure 3C). These find-
ings coincide with the visible obvious phenotype in the
molting interval of stony larvae. In chitin-rich tissues, such

as head, integument, and trachea (Gilbert 2011, Chap. 5),
BmorCPR2 was also highly expressed, in keeping with the
chitin-binding domain (Figure 3D). However, the reason un-
derlying high expression of BmorCPR2 in fat body remains
unclear (Figure 3D).

BmorCPR2 affects cuticle chitin content and larval
molting via effects on chitin binding

Total proteins extracted from larval cuticle of Dazao and
Dazao-stony showed that the mutant protein is devoid of
a band at �15.3 kDa, compared with wild-type Dazao
(Figure 4A and Table S2). Mass spectrometry findings con-
firmed that this band represents BmorCPR2 protein (a major
component), which is absent at the corresponding position
in the gel in stony, indicative of defective BmorCPR2 protein
in the mutant (Figure 4A, C; Table S2). Chitin binding assay
of total proteins extracted from the wild-type cuticle
revealed �15.3-kDa protein bands in chitin bead deposits,
signifying binding of these proteins to chitin (Figure 4B).
Meanwhile, mass spectrometry results revealed that the
electrophoretic bands contain BmorCPR2, validating the ca-
pacity of BmorCPR2 to bind chitin (Figure 4, B and C, and
Table S2). These findings are consistent with the structural
characteristics of the protein and results of Tang et al.
(Rebers and Riddiford 1988; Futahashi et al. 2008; Tang
et al. 2010; Willis 2010; Andersen 2011). Subsequently,
we assayed the chitin content of Dazao and Dazao-stony
larval cuticles (day 5 of the fifth instar). Notably, the cuticle
chitin content in Dazao was �1.76 times that in Dazao-stony
(Figure 4D). Naked chitin fibers need to interact with chitin-
binding protein to stabilize the helicoidal layers of cuticle
(Rebers and Riddiford 1988; Rebers and Willis 2001;
Merzendorfer and Zimoch 2003; Moussian 2010). The larg-
est member of these chitin-binding proteins is the CPR fam-
ily, which may contribute to coordinating the interactions
between chitin and the proteinaceous matrix (Rebers and
Riddiford 1988; Rebers and Willis 2001; Togawa et al.
2004; Magkrioti et al. 2004; Tang et al. 2010; Willis 2010;
Andersen 2011), and RR-type chitin-binding protein, chitin,
and chitinase are colocalized in the procuticle (Moussian
et al. 2006; Chaudhari et al. 2011, 2013; Arakane et al.
2012). The recent study on Tribolium castaneum indicated
that the TcCPR4 (a RR1-type cuticular protein) distribute
the region nearby chitin laminae and can affect the chitin con-
tent (Arakane 2013). Based on these results, we hypothesized
that BmorCPR2 plays an important role in maintaining chitin
content of the cuticle. However, it remains to be established
whether BmorCPR2 protects chitin through combining and
packaging chitin fibers, similar to the chitin-binding protein,
knickkopf (Moussian et al. 2006; Chaudhari et al. 2011).
RNAi experiments were performed to specifically reduce
the expression levels of BmorCPR2 (Figure 4F and Figure
S5, A and B). Our results revealed that 42% of the individ-
uals in the dsBmorCPR2 group display molting difficulties at
the beginning of the fifth-instar larvae (dsRed as a control)
(Figure 4E; Table S3). Moreover, this phenotype occurred
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Figure 3 Expression profiles of BmorCPR2 in Dazao. BmActin3 was used as the internal control for RT–PCR. (A–C) Temporal expression profiles of
BmorCPR2 from the hatch to moth stage. I–II, larvae from first to third instar. (F) Feeding stage. M, molting stage. IV 1, day 1 of the fourth-instar larvae
(20 hr after third ecdysis). FD, feeding activity decline stage (about 64 hr after third ecdysis), HCS0-24h, hours after head capsule slippage (about 75–99
hr after third ecdysis). V 1–V 7, days 1–7 of the fifth-instar larvae. W0h–W60h, 0–60 hr of the wandering stage; P1–P10, days 1 to 10 of pupation. The
developmental changes in hemolymph ecdysteroid titer are based on the data as previously described (Mizoguchi et al. 2001; Kiguchi 1981). (D) Spatial
expression of BmorCPR2 on day 4 of the fifth-instar larvae in Dazao. ASG, MSG, and PSG: anterior, middle, and posterior silk gland, respectively. (E and F)
Expression patterns of BmorCPR2 after 20E treatment. Data are presented as mean values 6SD. Student’s t-test, **, P , 0.01, n = 3.

BmorCPR2 for Silkworm stony Mutant 1109



more frequently in the stony mutant, compared with wild
type (Figure S1L). Individuals injected with dsBmorCPR2
that displayed molting difficulty were hard to touch, had
smaller body size, and became dark owing to effusion of
blood (these individuals were still alive) (Figure 4E). After
peeling the old cuticle of individuals in the abnormal inter-
ference group, we observed that internal organs break new
cuticles and overflow (data not shown). The chitin content
in the new cuticle of dsBmorCPR2 individuals (with RNAi
phenotype) was significantly lower than that of the control

group (dsRed as a control) (Figure 4G). The process of cuti-
cle extension and increasing of body size require chitin as
crude material (Merzendorfer and Zimoch 2003; Lease and
Wolf 2010), and therefore simultaneously, larval molting
is a critical period for the formation and growth of new
cuticles. Accordingly, we propose that suppression of
BmorCPR2 decreases the chitin content and level of
BmorCPR2, resulting in limitation of remodeling and exten-
sion of the larval cuticle and weakened body cavity capacity.
Increasing internal pressure makes the body tight and hard

Figure 4 Biochemical function
of BmorCPR2. (A) SDS–PAGE
profiles of larval cuticle total pro-
teins extracted from Dazao and
Dazao-stony. The red arrow rep-
resents BmorCPR2, which was
absent in Dazao-stony. M, mo-
lecular mass markers; type, mid-
range protein molecular weight
markers (Shanghai Generay Bio-
tech). (B) Chitin-binding assay
with cuticle total proteins of
Dazao. S-incu, supernatant re-
moved via centrifuging after in-
cubation. W, second collected
eluent after centrifugation. B,
liquid obtained from centrifuged
chitin resin treated with denatur-
ant. Red boxes indicate the
gels used for LC–MS/MS anal-
ysis. Solid arrows represent
BmorCPR2 detected using LC–
MS/MS; dotted arrows indicate
BmorCPR2 that is not detectable
with LC–MS/MS. M, molecular
mass markers; type, midrange
protein molecular weight mark-
ers (Shanghai Generay Biotech).
(C) Corresponding LC–MS/MS
peptides of the identified protein
(BmorCPR2) in cuticle proteins
(red and purple) and chitin bind-
ing assay (purple). (D) Compari-
son of the cuticle chitin contents
between Dazao and Dazao-
stony. (n = 4). (E) Phenotypes of
larvae at the beginning of fifth
instar subjected to RNAi. Scale
bar, 1 cm. Lave and Wave, the av-
erage length and width (the third
abdomen segment), respectively,
of larvae. (n = 10). (F) Relative
expression levels of BmorCPR2
at the beginning of fifth-instar
larvae subjected to RNAi (n = 3;
dsRed as a control). (G) Compar-
ison of the cuticle chitin content
at the beginning of fifth-instar
larvae between dsBmorCPR2
and control groups (n = 4; dsRed
as a control). Data represent
means 6SD. Student’s t-test,
** P , 0.01 (D–G).
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to touch (Carter and Locke 1993; Merzendorfer and Zimoch
2003). In this case, when the larvae molt, abdominal con-
traction and powerful pressure within the body lead to elon-
gation-limited cuticle rupture, bleeding, and organ overflow.
Based on these results, we conclude that the BmorCPR2
gene plays important roles in the maintenance of chitin con-
tent of larval cuticle as well as extension of new cuticles and
increase of body size during the molting stage.

BmorCPR2 is involved in maintaining the tensile
property of the larval cuticle

The insect cuticle requires elongation and tensile properties
to accommodate the increasing body cavity content during
growth and development (Wigglesworth 1957; Locke 1970;
Richards and Davies 1977; Moussian 2010). The tensile
property of the cuticle in Dazao and Dazao-stony larvae were
examined (Figure S6). Compared to Dazao, Dazao-stony
needed more stress under the same strain conditions in
the longitudinal and transversal (Figure 5, A and B). Within
the strictly linear relationship between stress and strain,
when longitudinal tensile stress was 1.5 MPa, the strain of
Dazao-stony was only one-third that of wild type, and at 2.5-
MPa transverse stretch stress, strain of the mutant was also
far lower than that of wild type (Figure 5, C and D). In
insects, chitin content and chitin–cuticular protein interac-
tions are essential for maintaining the normal mechanical
properties of the cuticle. In Dazao-stony, dysfunctional
BmorCPR2 affects the chitin content as well as interactions
between chitin and BmorCPR2, in turn, significantly atten-

uating the tensile properties of the cuticle and further de-
creasing body cavity capacity. This was similar to the
phenotype characteristics of Manduca sexta when reducing
larval cuticle tensile property (via treatment with cyroma-
zine) (Reynolds and Blakey 1989; Kotze and Reynolds
1990). Under these situations, greater pressure in the body
cavity caused by reduced cuticle tensile properties may be
another vital factor for the hard body and defective athletic
ability of the stony mutant.

Dysfunction of BmorCPR2 may cause the appearance of
posterior internode similar to intersegmental fold in
stony mutant

To determine the reasons underlying the abnormal ratio
between internode and intersegmental folds in stony, we
investigated the expression patterns of the related cuticular
proteins and chitin content in different parts of the dorsal
segment cuticle in detail. The internode of Dazao is further
divided into anterior part (AP) and posterior part (PP)
(Figure 6A-i, -ii, -iii). BmorCPR2 displayed similar expression
patterns to BmLcp18, BmLcp22, and BmLcp30, three known
larval RR1-type chitin-binding cuticular protein genes
(Nakato et al. 1997; Togawa et al. 2004), in different
regions of Dazao larval cuticle. All genes were expressed
more highly in internodes than in intersegmental folds. They
also had higher expression in PP, specifically, in the posterior
part of the segment (including PP and intersegmental fold)
than in AP (Figure 6A-iv and Figure S7A-i, -ii, -iii). Analo-
gous patterns were additionally obtained with regard to

Figure 5 Effects of BmorCPR2 on mechanical properties of larval cuticle. (A) Relationship between stress and strain with transversal stretching. (B)
Relationship between stress and strain with longitudinal stretching. (C) Dazao and Dazao-stony cuticles at transversal stress of 2.5 MPa. (D) Dazao and
Dazao-stony cuticles at longitudinal stress of 1.5 MPa. Data represent mean values 6SD. Student’s t-test, *, P , 0.05, n = 3 (C–D).
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chitin content in these regions (Figure 6A-iv and Figure S7A-
iv, -v, -vi). Compared to the intersegmental fold, higher gene
expression and chitin levels are required in the internode to
fit growth (expanded circle area) and satisfy the increasing
demand to hold body-cavity contents. In particular, the
higher gene expression and chitin content in PP than in
AP corresponded well with its enhanced flexibility and ten-
sile property. Among the four cuticle genes examined, only
BmorCPR2 displayed sequence differences between Dazao
and Dazao-stony (Figure 2, Figure S3, and Figure S4). The
Dazao-stony strain was backcrossed with Dazao for .24
generations, suggesting that at least 99.99% (1 2 (1/2)24)
of the genetic composition is identical between Dazao and
Dazao-stony. Theoretically, the expression patterns of
BmLcp18, BmLcp22, and BmLcp30 and content distribution
of chitin should be similar in different cuticle positions be-
tween Dazao and Dazao-stony. However, the expression pat-
terns of the four genes and chitin content in Dazao-stony
internode and intersegmental fold are opposite to those in
Dazao (Figure 6B), similar to the cases in Figure 5A-iv [AP
vs. (PP + in-f), intersegmental fold (in-f)] and Figure S7A-iii
and -vi. Therefore, we speculate that the phenotypic appear-
ance of PP is converted to that of the intersegmental fold in
stony mutant (Figure 1, B and C, Figure 6A-iii and -iv, Figure
6B, and Figure S7). This finding signifies that the greater
part of intersegmental fold selected may be the posterior

margin of the corresponding internode, resulting from dys-
functional BmorCPR2 (Figure S7C). In stony mutant, con-
version from PP to the intersegmental fold reduces the circle
area of the cuticle significantly, leading to lower ability of
internodes to contain internal tissues and organs, and con-
sequently, it has a tighter larval body. Simultaneously, the
strong internal pressure extrapolates the abnormal interseg-
mental fold (enlarged) and generates bulges and, in turn,
abnormal body shape in the stony mutant (Figure 1, A–C).
Moreover, cuticle flexibility and larval athletic ability are
impeded (Figure 1, F–J, and Figure S1, F–K). In Manduca
sexta larvae, bulgy intersegmental membrane (via treatment
with cyromazine) also leads to larval movement and cuticle
flexibility impairment (Reynolds and Blakey 1989; Kotze
and Reynolds 1990, 1991). Further research is warranted
to determine the precise nature of interactions (localization
and possible crosslinking) between BmorCPR2 and chitin in
different parts of the segment at the ultrastructural level.

The model to explain the phenotype of the
stony mutant

Based on the data obtained, we proposed a model to explain
the phenotype of the stonymutant as follows: lack of normal
BmorCPR2 protein induces a reduction in the cuticle chitin
content, which limits growth and extension of the cuticle.
Meanwhile, disruption of the BmorCPR2 gene causes the

Figure 6 Gene expression pro-
files and chitin distribution in var-
ious parts of segmental cuticle in
Dazao and Dazao-stony. (A) Cu-
ticular gene expression profiles
and chitin distribution in different
parts of Dazao dorsal segment
cuticle. (i) Images of various parts
of the dorsal segment cuticle in
Dazao. Blue, yellow, and red
lines represent the AP and PP of
the internode (in), and the inter-
segmental fold (in-f), respec-
tively. (ii) Ratio of the AP and PP
lengths in the second, third, and
fourth abdomen segments of
Dazao (n = 5). (iii)Ratio of AP
length and remaining parts in
the second, third, and fourth ab-
domen segments of Dazao (n = 5).
(iv)Ratios of genes expression lev-
els and chitin content in different
parts of Dazao dorsal segment
cuticle. (B) Cuticular gene expres-
sion profiles and chitin distribution
in different parts of Dazao-stony
segment. (i) Images of various
parts of the dorsal segment cuti-
cle in Dazao-stony. The blue and
red lines represent the internode

(in) and intersegmental fold (in-f), respectively. (ii) Ratio of the internode and intersegmental fold lengths in the second, third, and fourth abdomen
segments of Dazao-stony (n = 5). (iii) ratios of genes expression levels and chitin content in different parts of Dazao dorsal segment cuticle. Further
details can be found in the Figure S7.
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posterior part of the internode to switch to intersegmental
fold in appearance, leading to reduced surrounding inter-
node area and cuticle tensile property. Accumulation of
these variations results in intense antagonism between the
gradual increase in internal contents and growth-limited
cuticle and consequently, an obvious increase in the internal
pressure of larval body cavity, causing the larval body to
become stiff, tight, and hard and reducing its ability to
buffer shock. Simultaneously, due to strong pressure in the
body cavity, the posterior of each segment is pushed out-
ward, causing abnormal body-shape and athletic ability
defects (Figure 7). In Manduca sexta, the levels and incor-
poration of glycine of cuticular protein in larvae treated with
cyromazine are reduced (Kotze and Reynolds 1991), and
the phenotype and physiological characteristics of treated
larvae similar to those of the stony mutant (Reynolds and
Blakey 1989; Kotze and Reynolds 1990) (Figure 1, Figure 4,
Figure 5, and Figure S1, E–K). Accordingly, we speculate

that the cyromazine target is associated with BmorCPR2 or
candidate genes of other body-shape mutants with simi-
lar phenotypic and physiological characteristics to stony in
silkworm. We aim to verify this hypothesis in subsequent
analyses.

Conclusion

The number of chitin-binding cuticular proteins in different
insect genomes varies significantly (Magkrioti et al. 2004;
Weinstock et al. 2006; Karouzou et al. 2007; Cornman et al.
2008; Futahashi et al. 2008; Richards et al. 2008; Willis
2010; Gilbert 2011, Chap. 5). Even within the same insect,
they are selectively switched on or off at different develop-
mental stages as well as in cuticles with different physical
properties. Therefore, the chitin-binding cuticular proteins
involved in modeling and maintaining body shape differ in
identity and function according to the insect and develop-
mental stage (Soares et al. 2007; Okamoto et al. 2008;
Togawa et al. 2008; Charles 2010), and our results show
that mutation of the BmorCPR2 gene alters the overall mor-
phology of larvae, validating its role in body-shape determi-
nation in silkworm. These findings suggest that the
number, expression patterns, and functional diversification
of chitin-binding cuticular proteins represent key factors in
understanding the diversity of insect body shape and pro-
vide a reference to analyze the molecular basis for other
body-shape mutants in silkworm. In addition, BmorCPR2
homologs are abundant in Lepidoptera insects, including ag-
ricultural pests. Unlike domesticated silkworm, wild Lepi-
doptera larvae lack human protection, and their survival
depends on normal differentiation, structure, and function
of the cuticle. If wild Lepidoptera larvae appear to have
a similar phenotype to stony, their adaptability will be seri-
ously affected, with lethal consequences. Determination of
the characteristics of BmorCPR2 may thus provide a refer-
ence for potential utilization of these cuticular protein types
in pest control strategies for Lepidoptera.
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Figure 7 Schematic overview of the phenotype of stony mutant. Dys-
functional BmorCPR2 leads to cuticle extend blockage, decrease in tensile
property, and abnormal differentiation of various parts in the segment
cuticle, resulting in significant increase of the internal pressure of the
body cavity and pushing out of the increscent and variant intersegmental
fold. These factors lead to tightness and hardness, abnormal body shape,
and marked decrease in adaptability of larvae. in, internode; im-f, inter-
segmental fold. The green region shows midgut content. Blue arrows
indicate internal pressure of the body cavity, and the solid purple arrow
represents telescopic movement between segments. The dotted purple
arrow represents the deficiency of telescopic movement between seg-
ments. Red solid and dotted circular arrows represent normal crooking
and deficiency of crooking capacity of the ventral side, respectively.
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Figure S1 Additional phenotype and behavior assays of stony mutant.  A. represents the phenotypes of the sides of Dazao 
and Dazao-stony, respectively. Scale bar: 2cm. B . Phenotypes of the excrement of Dazao and Dazao-stony. Scale bar: 2 
cm. C.. Rectocele phenomenon of Dazao-stony. Scale bar: 1 cm.   D. Average of the GPE (gravitational potential energy) 
of Dazao and Dazao-stony strains selected for the dropping experiment, h=2m, (n=20). Data represent mean values ± S.D. 
Student's t test, ** p<0.01.   E. Body rupture of Dazao-stony in the dropping experiment. Scale bar: 1 cm.   F and  H 
represent the phenotypes of Dazao and Dazao-stony injected with air, respectively. Scale bar: 1 cm.   G and  I  represent 
the phenotypes of stretched individuals in  F and H , respectively. Scale bar: 1 cm. The red box includes the abdomen 
segments (2nd to 5th) and the blue line represents length.   J. Comparative inversion tests on Dazao and Dazao-stony. Both 
red and blue lines represent threshold time. The numbers in the red box indicate individuals which cannot turn over in 30 s. 
The time of turning over in Dazao was significantly lower than that in Dazao-stony within the set time-frame (30 s). 
Mann-Whitney U-test. P<0.0001. K. crawling ability test under food inducement. The red line represents the threshold 
time. The numbers in the red box indicate individuals which cannot touch mulberry leaves in 15 min. ** represents p<0.01.
χ2-test. Compared to Dazao, Dazao-stony needed more time to touch mulberry leaves within the set time-frame (15 min). 
Mann-Whitney U-test. P<0.0001. Additionally, due to strong pressure in the body cavity, physical coordination of 
Dazao-stony was significantly poorer than that of Dazao during the crawling process (File S8). L. 
Phenotypes of stony mutants at the beginning of 5th instar with molting difficulties. Scale bar: 1 cm. 
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:
:

ACAGTCACACATCGTCCGTTAACACAGACACACTCGAAATGAGAACTTACATCTTCCTCGCTTTGGTCGC
ACAGTCACACATCGTCCGTTAACACAGACACACTCGAAATGAGAACTTACATCTTCCTCGCTTTGGTCGC
ACAGTCACACATCGTCCGTTAACACAGACACACTCGAAATGAGAACTTACATCTTCCTCGCTTTGGTCGC

: 70
: 70

:
:

GGTAGCCGTCGCTGACGTTTCTCACGTCGTGCGCACTGGTGAAGCTGATGCCCAAATTGTGTCGCAAGAT
GGTAGCCGTCGCTGACGTTTCTCACGTCGTGCGCACTGGTGAAGCTGATGCCCAAATTGTGTCGCAAGAT
GGTAGCCGTCGCTGACGTTTCTCACGTCGTGCGCACTGGTGAAGCTGATGCCCAAATTGTGTCGCAAGAT

: 140
: 140

:
:

GCTGACGTTTTCCCGGACAAATACCAGTACCAATATCAGACCAGCAACGGAATCAGTGGCCAGGAACAAG
GCTGACGTTTTCCCGGACAAATACCAGTACCAATATCAGACCAGCAACGGAATCAGTGGCCAGGAACAAG
GCTGACGTTTTCCCGGACAAATACCAGTACCAATATCAGACCAGCAACGGAATCAGTGGCCAGGAACAAG

: 210
: 210

:
:

GAGTGCTTGTAAACGAGGGCCGTGAGGATGCATCCATCGCCGTCCAAGGTTCAAGCGGCTACACTGCCCC
GAGTGCTTGTAAACGAGGGCCGTGAGGATGCATCCATCGCCGTCCAAGGTTCAAGCGGCTACACTGCCCC
GAGTGCTTGTAAACGAGGGCCGTGAGGATGCATCCATCGCCGTCCAAGGTTCAAGCGGCTACACTGCCCC

: 280
: 280

:
:

TGATGGTACTCCCATTCAGATCACTTACACTGCTGACGCCAACGGATACCAGCCTTCGGGTGCCCATCTG
TGATGGTACTCCCATTCAGATCACTTACACTGCTGACGCCAACGGATACCAGCCTTCGGGTGCCCATCTG
TGATGGTACTCCCATTCAGATCACTTACACTGCTGACGCCAACGGATACCAGCCTTCGGGTGCCCATCTG

: 350
: 350

:
:

CCCACTACCCCAGCCCCTGTCCCAATCCCAGATTACATCGCCCGGGCCATCGAGTACATCAGAACTCACC
CCCACTACCCCAGCCCCTGTCCCAATCCCAGATTACATCGCCCGGGCCATCGAGTACATCAGAACTCACC
CCCACTACCCCAGCCCCTGTCCCAATCCCAGATTACATCGCCCGGGCCATCGAGTACATCAGAACTCACC

: 420
: 420

:
:

CACCCAAGCCAGAGGTCGGCCAACGTATTTAAGTTATATGATAGTTGATAAGGACGACTATTGTTGAAAC
CACCCAAGCCAGAGGTCGGCCAACGTATTTAAGTTATATGATAGTTGATAAGGACGACTATTGTTGAAAC
CACCCAAGCCAGAGGTCGGCCAACGTATTTAAGTTATATGATAGTTGATAAGGACGACTATTGTTGAAAC

: 490
: 490

:
:

ATCGTAAGCCATAGCACTGCCTATCATTTATATGTCTAGTCTCGCAATATGTAAAATAAACTTCAATTAA
ATCGTAAGCCATAGCACTGCCTATCATTTATATGTCTAGTCTCGCAATATGTAAAATAAACTTCAATTAA
ATCGTAAGCCATAGCACTGCCTATCATTTATATGTCTAGTCTCGCAATATGTAAAATAAACTTCAATTAA

: 560
: 560

:
:

AGTTAAA
AGTTAAA
AGTTAAA

: 567
: 567
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Full-length cDNA of BmorCPR3

Figure S2 Full-length BmorCPR3 cDNA sequences of Dazao and Dazao-stony. 
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:
:

* 20 * 40 * 60 * 8
AGTCAGACAGTGTTGAAAATCACGTGAACATTACAAAAATGAAATTCCTGATTGTCCTCGCCGTCGCGGTCGCGTGCGC
AGTCAGACAGTGTTGAAAATCACGTGAACATTACAAAAATGAAATTCCTGATTGTCCTCGCCGTCGCGGTCGCGTGCGC
AGTCAGACAGTGTTGAAAATCACGTGAACATTACAAAAATGAAATTCCTGATTGTCCTCGCCGTCGCGGTCGCGTGCGC

: 79
: 79

:
:

0 * 100 * 120 * 140 * 1
AAGCGCCGACGTCTCCCACATCGCCAAGTCTGACGAGTACGCCGCCCCAGTGGTCAAATCCAGCTACGACATCACCCCT
AAGCGCCGACGTCTCCCACATCGCCAAGTCTGACGAGTACGCCGCCCCAGTGGTCAAATCCAGCTACGACATCACCCCT
AAGCGCCGACGTCTCCCACATCGCCAAGTCTGACGAGTACGCCGCCCCAGTGGTCAAATCCAGCTACGACATCACCCCT

: 158
: 158

:
:

60 * 180 * 200 * 220 *
GAAGGCCACTTCCAGTTCAACTACGAGACCGGCAACGGAATTTACGCCCAGGCTGAAGGTGCCGTCAAGAACGTCAACT
GAAGGCCA- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GTCCCGTGGAGGAAG- - - - - -
GAAGGCCA GT CCGT AG A G

: 237
: 181

:
:

240 * 260 * 280 * 300 *
CAGAATACCCCGCCATCGAAGTTAAGGGTGCCTACAAGTACACTTCCCCTGACGGACAACCCATCGACCTCGCCTACGT
- - GAATACCCCGCCATCGAAGTTAAGGGTGCCTACAAGTACACTTCCCCTGACGGACAACCCATCGACCTCGCCTACGT

GAATACCCCGCCATCGAAGTTAAGGGTGCCTACAAGTACACTTCCCCTGACGGACAACCCATCGACCTCGCCTACGT

: 316
: 258

:
:

320 * 340 * 360 * 380 *
CGCTGACGAGAACGGTTACCAACCCCAGGGAAGCCATCTGCCCACCCCTCACCCAATTCCCGAGGCGATCGCCCGCGCT
CGCTGACGAGAACGGTTACCAACCCCAGGGAAGCCATCTGCCCACCCCTCACCCAATTCCCGAGGCGATCGCCCGCGCT
CGCTGACGAGAACGGTTACCAACCCCAGGGAAGCCATCTGCCCACCCCTCACCCAATTCCCGAGGCGATCGCCCGCGCT

: 395
: 337

:
:

400 * 420 * 440 * 460 *
CTTGCCTACATCGAGGCCCACCCCCCCAGCCCCTCCGTCGTGGAAAGAAAAGTCGTCGCCAACTTGTTAGGATAAGTCA
CTTGCCTACATCGAGGCCCACCCCCCCAGCCCCTCCGTCGTGGAAAGAAAAGTCGTCGCCAACTTGTTAGGATAAGTCA
CTTGCCTACATCGAGGCCCACCCCCCCAGCCCCTCCGTCGTGGAAAGAAAAGTCGTCGCCAACTTGTTAGGATAAGTCA

: 474
: 416

:
:

480 * 500 * 520 * 540
AGACAACAACATACCGCCACTAGTACAAACGAAACTGACATAATGTAGGAAATAAACTGTTGGATTTAATTTT
AGACAACAACATACCGCCACTAGTACAAACGAAACTGACATAATGTAGGAAATAAACTGTTGGATTTAATTTT
AGACAACAACATACCGCCACTAGTACAAACGAAACTGACATAATGTAGGAAATAAACTGTTGGATTTAATTTT

: 547
: 489
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:
:
:
:
:
:
:
:
:

MKTI I MLALVAVAFAAPQA- - - - - PTEPI PI LRQESEI SPDGS- YSWAYETGNGI SADEKGSLKNI GAEEPALEVQGQF
MKFLVVLTVAVACASADVSHVVK- DDFHAPI ESSSFDI EPQGD- FKYSFKTGNGI YAEESGVLKNANSDYPSLDVSGGF
MKFLVVLAVAVACASADVSHVVRQDEYVAPI VKSSYDI TPEGN- FQYNFETGNGI YAAADGVVKDFNSEYPSLEI KGAY
MKFLI VLAVAVACASADVSHI AKSDEYAAPVVKSSYDI TPEGH- FQFNYETGNGI YAQAEGAVKNVNSEYPAI EVKGAY
MKFLVVLAVAVACASADVSHI VK- DEASAPVLKSSYDI SPEGN- FQYLYETGNGI VAQADGSVKNVNSEYPAVGI VGGY
MKFLVLFAV- VALASADVAHI VRTDEYQAPI I KSSYDADPVGN- FQYEYETGNGI AAQAQGVVKNPNSEAATLEVKGSV
MKFLVLFA- AVALASADVSHI VRSDESQAPI LKSAYESSPEGN- YQYVYETGNGI SAQAEGI VKNANSESATLEVKGSV
MKFLVLLAVVAYVSAEGVKY- - - - DESAASI VKSSFDSSPEGNSFSYGFESNNGI I SQAEGVVKNPSGENPALEVKGSV
MKFLVVLAVAVACAAADVAHI VRSDESQAPI VKSAYEI SPEGHSFQYAYETANGI YSEADGVLKNSNSDYPALEVKGSV
MKf 666l a va a adv h de ap6 s P G 5 5 5e3gNGI a a G 6K1 nse p 6e6 G

: 73
: 77
: 78
: 78
: 77
: 77
: 77
: 75
: 79

:
:
:
:
:
:
:
:
:

AYPSEDGGNI QLTYI ANENGFQPQGAHLPTPPPI PEAI QRALAYLATAPPQPESRR
KYTSPEGQAI ELSYVADENGYRPQGSHLPVGPEI PAAI I RSLEYI AAHPSPAEVVR
KYTAPDGTPVETTYVAXENGYQASGSHLPVGPEI PEYI ARSLAYI AAHTPQVAPEV
KYTSPDGQPI DLAYVADENGYQPQGSHLPTPHPI PEAI ARALAYI EAHPPSPSVVE
KYTAPDGQVI DVVYKADENGYQPQGSHLPVAPPTPEPI LRALAWI AAHPPAVEKVA
RYTSPDGTPVETTYVADENGYQAQGSHI PVPPEI PELI LRSLQYI AEHPPPAEYI K
RYTAPDGTPVETTYI ADENGYQAQGSHI PVPPPI PELI LRSLQYI ADHPPPAEYI K
KYNAPDGTPVELVYVANENGYQASGSHI PVPPPI PELI LRSLQYI AEHPAPVERVV
KYNAPDGTPVSLQWVANENGYQASGSHI PQPPPI PELI LRSLQYI ESHPPAVERVV

Y pdG 6 5 A ENG5q GsH6P p i Pe I R L 56a hpp e

: 129
: 133
: 134
: 134
: 133
: 133
: 133
: 131
: 135

 P. xyllostella

          B. mori

P. xuthus
P. polytes
M. sexta

         D. plexippus
H. melpomene

 S. frugiperda
   S. cynthia ricini

 P. xyllostella

Figure S3 Sequence characteristics of BmorCPR2 between Dazao and Dazao-stony. A. Full-length cDNA sequences of 
BmorCPR2 between Dazao and Dazao-stony. B. Alignment of BmorCPR2 and orthologs among nine Lepidopera species. 
The orthologs were identified using BLAST (blastp and tblastn), known genomes or EST databases of selected Lepidopera 
insects, NCBI, CuticleDB (http://bioinformatics.biol.uoa.gr/cuticleDB and OrhtoDB (http://cegg.unige.ch/orthodb6). 
Sequence alignment using Muscle program (http://www.ebi.ac.uk/Tools/msa/muscle/), is listed as follows: Bombyx mori 
BmorCPR2, Papilio polytes CPR2, BAM18876.1, Papilio xuthus CPR2, BAG30800.1, Danaus plexippus EHJ77392.1, 
Manduca sexta Msex000162-RB, (Manduca base), Heliconius melpomene HMEL002550-PA, (Heliconius Genome Project), 
Samia cynthia ricini I10A02NGRL0007_H08 (SilkBase), Plutella xylostella Px003256.1 (Diamondback moth Genome 
Database), Spodoptera frugiperda Sf1P23819-5-1, (SPODOBASE). The black line represents the RR1 motif. 
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:
:

* 20 * 40 * 60 * 80
TGTTATTTTACGATTATTTTTTACTGGTGGCAGGACCTCTTTAGTCCGAACGGGTCACGTCATCTCGGATCCTCCCGATCCACT
TGTTATTTTACGATTATTTTTTACTGGTGGCAGGATCCCTTGAGTCTGCACGGGT- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
TGTTATTTTACGATTATTTTTTACTGGTGGCAGGA C CTT AGTC G ACGGGT

: 84
: 55

:
:

* 100 * 120 * 140 * 160
AACGGTGCTTTTAGGTACTTCAAGCACCGGTCACCGTTCTCGTCGAACCCGTCGCTTGCGACGAAGGGCTCGACGAGTAAATTA
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

: 168
: -

:
:

* 180 * 200 * 220 * 240 *
ACCCTCAGACACAGCCCACTGAGTTTCTCGCCGGATCTTCTCAGTGGGTCGCGTTTCCGATCCGGTGGTAGATTCTGCGAAGCA
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

: 252
: -

:
:

260 * 280 * 300 * 320 *
CGGCTCTTGCTAGGGTTCGTGTTAGCAATGTCATCAGGTTAGAGCCCCGTGAGCTCACCTATAAACGTTAGGGTTACGCTGAAA
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

: 336
: -

:
:

340 * 360 * 380 * 400 * 420
TAGCCTCTCAAGGCTTCAGCTTAGGTAGGGGAAAAAAAAAAAAAAGCCGAACGGGTAGGTACCACCACCGTGCCTATTTCTGCC
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AGGTACCACCACCGTGCCTATTTCTGCC

AGGTACCACCACCGTGCCTATTTCTGCC

: 420
: 83

:
:

* 440 *
GTGAAGGAGTAATGCATTTCGGTTTGAAGGG
GTGAAGGAGTAATGCATTTCGGTTTGAAGGG
GTGAAGGAGTAATGCATTTCGGTTTGAAGGG

: 451
: 114

Dazao
Dazao-stony

Dazao
Dazao-stony

Dazao
Dazao-stony

:
:

* 20 * 40 * 60 * 80
GGAACGTATTTAAAATGTTTTATTTATTTATT- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GGAATGTATTTAAAATGTTTTTTTTTTTTATTGCTTAGATGGGTGGACAAGTTCACAGCCCACCTGGTGTTAAGTGGTTACCGG
GGAA GTATTTAAAATGTTTT TTT TTTATT

: 32
: 84

:
:

* 100 * 120 * 140 * 160
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - TATTTA- - - - - - - - - - -
AGCCCATAGACATCCACAACGTAAATGCGCCAACCACCTTAAGATACAAGTTCTAAGGTCTCAAGTATAGTTACAACGGCTGCC

TA TTA

: 38
: 168

:
:

* 180 * 200 * 220 * 240 *
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CCACCCTTCAAACTGAAACGCATTACTGCTTCACGGCAGAAATAGGCAGGGTGGTGGTACCCACCCGCGCGGACTCACAAGAGG

: -
: 252

:
:

260 * 280 * 300
- - - - - - - ACCAAGGAAATCGAAAATACGTCGCTTGAATAAAAATCATAT
TCCTACCACCAAGGACATCGAAAATACGTCACTTGAATAAAAATCATAT

ACCAAGGA ATCGAAAATACGTC CTTGAATAAAAATCATAT

: 80
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Figure S4 Comparison of the ~2.78 kb (A) and ~0.83 kb (B) upstream genomic sequences of 
BmorCPR2 of Dazao and Dazao-stony. 
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Figure S5 Analysis of the effects of RNAi.  A . RT-PCR and qRT-PCR analysis. (i) and (ii) represent expression of BmorCPR2 
in larvae subjected to RNAi at 16 h of 4th molting. (iii) represent expression of BmorCPR2 in larvae subjected to RNAi at 
beginning of 5th instar.   B. Detection of RNAi off-target effects. (i) Nucleic acid alignment between BmLcp22 and 
dsBmorCPR2 template. (ii) Relative expression levels of BmLcp22. Data are presented as mean values ± S.D. N.S. indicates 
no significant differences in the BmLcp22 expression levels between dsBmorCPR2 and dsRed groups. 
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Figure S6 Schematic diagram of manipulation in the stretching test. Black arrowhead represents the stretching direction and 
red cross arrowhead indicates location. 
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Figure S7 Detailed data of Gene expression profiles and chitin distribution in various parts of segmental cuticle in Dazao and 
Dazao-stony.  A. Detailed data of cuticular gene expression profiles and chitin distribution in different parts of Dazao dorsal segment 
cuticle. (i) and (iv) represent gene expression profiles (n=3) and chitin content (n=4) of the internodes and intersegmental folds in 
Dazao, respectively. (ii) and (v) represent the gene expression profiles (n=3) and chitin content (n=3) of AP and PP in Dazao, 
respectively. (iii) and (vi) represent gene expression profiles (n=3) and chitin content (n=3) of the anterior and remaining parts 
(posterior parts and intersegmental folds) in Dazao, respectively. Data are presented as mean values ± S.D. Student’s t-test, *represent 
p<0.05, **represents p<0.01.   B. Detailed data of cuticular gene expression profiles and chitin quantification in different parts of 
Dazao-stony segment. (i) represents gene expression profiles (n=3) of internodes and intersegmental folds in Dazao-stony. Data are 
presented as mean values ± S.D. Student’s t-test, ** represents p<0.01. (ii) represents the chitin content (n=4) of the internodes and 
variant intersegmental folds in Dazao-stony. Data are presented as mean values ± S.D. Student’s t-test, *represents p<0.05.   C. Derived 
schematic diagram for formation of the abnormal intersegmental fold in stony mutant. The black line represents the boundary of 

internode and intersegmental fold in Dazao. The red line represent the boundary of AP and PP. The tip of symbol ‘∧’ and symbol ‘∨’ 
point to the parts with lower genes expression and chitin content.  
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File S1 

Supporting Methods 

(a) Detailed operation of physiology test and behavior assays 

In the dropping experiment, 20 Dazao-stony and Dazao individuals were subjected to a height of 2 m, followed 

by motion of a free falling body. The numbers of ruptured Dazao and Dazao-stony individuals were added up to 

compare their abilities to buffer the shock. To compare the flexibility and nesting ability of internode and 

intersegmental fold between Dazao and Dazao-stony, we injected 4 mL air into larvae, and stretch along the 

anterior-posterior axis of the body. To determine abdomen crooking ability, larvae were inverted to turn the 

dorsum down and the thorax pressed lightly to prevent writhing to the two sides. Subsequently, inversion 

towards the abdomen was observed. The number of individuals able to writhe to abdomen, time needed, and the 

angle between the dorsum and horizontal plane (performed using the digital camera, image J, and angle test 

software) were recorded. To determine grasping state and duration, larvae were placed on the middle of the 

mallet (diameter: ~0.9 and ~1.4 cm) in the larval grasping experiment. In the inversion assay analyzing dorsum 

crooking ability, we fixed the back of larvae on the plane carefully and unclamped them quickly to record the 

rolling state and time required. We additionally performed a food-inducing crawling experiment. Specifically, 5th 

instar day 5 larvae subjected to 10 h starvation were selected. Larvae were placed ~4 cm away from fresh 

mulberry leaves(DETHIER 1941; SLIFER 1955), and their crawling behavior and time to reach leaves recorded. In the 

phenotype analysis, physiology test and behavior assays, healthy Dazao and Dazao-stony larvae on day 5 of 5th 

instar glutted with mulberry leaf and subsequently starved for 4 h were selected, except for those used in the 

crawling experiment. 
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(b) Detailed operation of chitin binding 

The soluble proteins extracted from sediment were dialyzed to eliminate SDS using Tang’s method (TANG et al. 

2010). Ethanol in mixed chitin beads was discarded and chitin resuspended with binding buffer (20 mM HEPES, 15 

mM NaCl, pH 7.4). Next, ~100 μg cuticular protein of Dazao was mixed with chitin (volume ratio of 1:2, total 

volume 1 ml) in a 1.5 mL EP tube. The solution was incubated at 16°C for 4 h and shaken at 40 rpm. Following 

centrifugation (9000g, 4°C), the supernatant (S-incubation) was collected and added to 1.2 mL washing buffer (20 

mM HEPES, 1 M NaCl, pH 7.4). Next, the mixture was shaken for 40 s and centrifuged under set conditions (9000g, 

4°C). The supernatant was removed and the wash step repeated once. The final supernatant fraction (W2) and 

remaining chitin sediment were collected.  S-incubation, W2 and chitin sediment were mixed with Laemmli 

sample buffer and heated at 95°C for 10 min, and the supernatant collected and analyzed using 15% SDS-PAGE. 

 

(c) Detailed operation of LC-MS/MS 

The gel was suspended in 200-400 μL decolorizing agent (30% ACN/100 mM NH4HCO3) until transparent, the 

supernatant was removed and frozen to dryness. Next, 100 mM DTT was added and incubated for 30 min under 

56°C. After removal of the supernatant, 200 mM IAA was added, and the sample incubated in the dark for 20 min. 

The supernatant was removed and the sample treated with 100 mM NH4HCO3 at room temperature for 15 min. 

Following removal of the supernatant, ACN was added. After 5 min, the supernatant was blotted and frozen to 

dryness. Next, the dried sample was incubated overnight with 2.5-10 ng/μL Trypsin solution (37°C, about 20 h) 

and the enzymatic hydrolysate added to a new EP tube. We further added 100 μL extraction 

buffer（60%ACN/0.1%TFA）to the gel, followed by ultrasound for 15 min, combined with the enzymatic 

hydrolysate for freezing to dryness. The capillary performance liquid chromatography method was performed as 

follows: the chromatographic column was equilibrated with 95% solution A (0.1% formic acid), and the sample 
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loaded onto Trap column through an automatic sampler. Solution B (84% acetonitrile) flowthrough was as follows: 

0-30 min with a linear gradient of 4 to 50%, 30-34 min with a linear gradient of 50 to 100%, and 34-40 min 

whereby the solution was maintained at 100%. The mass-charge ratios of peptide and peptide fragments were 

collected using the method for collecting MS2 scans after each full scan. Using BIOWORKS and SEQUEST programs, 

the raw file was searched in the related database (NCBI, http://silkworm.swu.edu.cn/silkdb/doc/download.html). 

Search steps were referenced to the procedure of Tang et al. (TANG et al. 2010). 
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Files S2-S8 

Available for download as AVI files at 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158766/-/DC1 

 

File S2  Video of dropping experiment 

File S3  Video of abdominal crooking test 

File S4  Video of grasping test on the large diameter mallets 

File S5  Video of grasping test on the small diameter mallets 

File S6  Video of inversion test with non hand-touch 

File S7  Video of inversion test with hand-touch 

File S8  Video of crawling ability test 
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Table S1  Primers used in this study 

Available for download as an Excel file at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158766/-/DC1 

 

Table S2  LC-MS/MS identification in analysis of BmorCPR2 in target gels 
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Gel at  

~15.3 kD 

Protein requiring 

 to be focused on  

MW 

Charge 

PI 

Rank 
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Peptide 
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     1837.0688  R.ALAYIEAHPPSPSVVER.K  
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Table S3  Statistic of RNAi 

Treatment Injected No.  
No. of successful 

ecdysis 

living and exhibiting 

RNAi phenotype 

No. of Death 

during the 

molting stage 

dsBmorCPR2 55 30 22 3 

dsRed 43 41 0 2 
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Table S4  Amino acid identity of BmorCPR2 with its orthologs. 

 
B. 

mori 

P. 

polytes 

P. 

xuthus 

D. 

plexippus 

M. 

sexta 

H. 

melpomene 

S. 

cynthia 

ricini 

P. 

xyllostella 

S. 

frugiperda 

B. mori 100% 59% 58% 57% 65% 55% 59% 54% 52% 

P. polytes  100% 75% 58% 54% 58% 64% 40% 50% 

P. xuthus   100% 60% 57% 64% 62% 47% 45% 

D. plexippus    100% 51% 66% 58% 40% 46% 

M. sexta     100% 58% 64% 50% 53% 

H. melpomene      100% 54% 43% 44% 

S. cynthia ricini       100% 45% 61% 

P. xyllostella        100% 47% 

S. frugiperda         100% 


