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Progress in functions and underlying signal transduction mechanisms of

neuropeptides and their receptors in the silkworm Bombyx mori
LI Xiao-Tong SHI Lian-Gen" ( College of Animal Sciences Zhejiang University Hangzhou 310058 China)

Abstract: As a class of neuronal signal molecules neuropeptides are secreted by the neurosecretory cells
and play an important role during the communications of different cells. The specific receptor molecules

which are located on the cell surface are responsible for the localization of neuropeptide molecules and
the activation of corresponding intracellular messengers and eventually trigger a series of cascade
reactions. Neuropeptides also have crucial effects on the growth and development of insects and regulate
almost all life activities. As a model species of the Lepidoptera the silkworm ( Bombyx mori) is an
important research model for insect development and physiology. Following the completion of the silkworm
genome sequencing more and more neuropeptides and their receptors in this moth have been identified.
They were found to deeply influence lots of physiological activities such as the growth and development

feeding and digestion molting diapause reproduction and cocooning. In this article we reviewed
crucial neuropeptides in the silkworm and their regulation roles in feeding and digestion molting and
metamorphosis reproduction and development and other physiological processes. We also discussed the
molecular mechanisms that neuropeptides activate the downstream signal transduction pathways such as
ERK and TOR by binding to their specific receptors. It is expected to provide insights and references for
the research of neuropeptides and their receptors in insects so to advance the research of functional genes
of the silkworm and promote the development of silk industry.

Key words: Bombyx mori; neuropeptides; G protein coupled receptors; molecular mechanism;

signal transduction

(31272375 31572462 31072090)
1991 1 E-mail: lixiaotong@ zju. edu. cn
Corresponding author E-mail: slgsilk@ zju. edu. cn

Received: 2016-03-08; Accepted: 2016-06-05



760

Acta Entomologica Sinica

59

( neuropeptides)



7 761
G ( G-protein coupled receptors
GPCRs) o ( ) o myosuppressin C
18 ( allostatin FMRF
receptor ASTR) . ( allatotropin o
receptor ATR) . / / Bommyosuppressin ( BMS)

( follicle-stimulating  hormone/thyroid BMS
stimulating hormone /luteotropic hormonedike FSH/ BMS-=2 ( Nagata
TSH/LHHike) « sulfakinin -~ myosuppressin et al. 2011) , BMS  BMS=2 -

N ( diapause hormone receptor) .
AKH/corazonin/ACP NPY ( NPY receptor o AT AT
NPYR) . F ( neuropeptide F receptor
NPFR) . ( tachykinin—related ( Nagata et al. 2012a) o ( tachykinin
peptides receptor TKRPR) . CAPA TK) 5
N ( crustacean cardioactive TK
peptide CCAP) N ( Nagata et al. 2011) . sNPF
(pheromone  biosynthesis  activating  neuropeptide 3  sNPF
receptor PBANR) . ( ecdysis sNPF
triggering hormone receptor ETHR) SIFamide N sNPF sNPF
FMRFamide ( Fan et al. 2010) , ; sNPF ( BNGR-A10)
( \ ) (
) sNPF ( Nagata et al.
3 2012b) . Deng (2014) RNAi NPFR
( short NPF receptor sNPFR) sNPF NPFR NPF
1 . He (2014) RNAi
3 ( BNGR-AT Al10 TKRPR NPF
All); ACP AKH ( AKH TKRP
receptor AKHR)  corazonin ( corazonin receptor TKRPR o
CrzR) RYamide
( BNGR-A28 .
BNGR-A29) ; myosuppression
CG13229 BNGR-A19  BNGR-A22
( Fan et al. 2010) . ( Roller et al. 2016)
2.2
2
ETH. ( ecdysone) \EH
( juvenile hormone JH) « PTTH
. N N N PTTH
2.1 ( Halloween) ( Ishizaki and Suzuki 1994)
N o Yamanaka (2011) -
orcokinins ecdysone



762 Acta Entomologica Sinica 59

o —FXPRL
( pyrokinin/PBAN) 5
ecdysone ( Watanabe
et al. 2007) . Iga  (2014)
( next—generation sequencing NGS) BNGR-
B2 ecdysone
( pigment dispersing factor PDF)
BNGR-B2 PTTH
ecdysone o RNAi
TKRPR
TKRPR TKRP
( He et al.
2014) . PG PG
(Gu et al. 2015) , PTTH
( reactive
oxygen species ROS) ROS
PTTH
ROS PTTH
( Hsieh et al. 2013) . ecdysone
Hua ( 1999)
AWQDLNSAW PTTH
ecdysone
ecdysone

PTSP) . Yamanaka

( prothoracicostatic peptide

(2005) BMS
BMSR
ecdysone o
eth 1-2d
pre-ETH  ETH
ETH  ( ETHR)
( Zittian et al. 2007) ETHR
ETHR-A ETHRB ETHR-A
()
ETH ETHR-B
( corpora cardiac CC)
( Yamanaka et al. 2008) . ETH
corazonin
corazonin ETH
ETH
( Tanaka et al. 2002) .
JH ( corpora allata CA)

EH

o JH AST  sNPF JH
JH
( Kaneko and Hiruma 2014) .
AT JH
JH AT cC
sNPF JH
( Kaneko and Hiruma
2014) . 5 JH
sNPF
AT AST-C JH

( Kaneko and
Hiruma 2014) .
2.3
PBAN 33
C

( pheromone gland)
( Rafaeli 2009) , PBAN

Helicoverpa armigera PBAN
A ;
PBAN
( bombyxin)
( IGFdike peptide ILP)
o Okamoto ~ ( 2011)
ecdysone ILP
ILpP o

bombyxin  ILP
( Orikasa et al. 1993; Swevers and

Iatrou 2003) .

( Homma et al. 2006)
( diapause hormone-PBAN )
FXPRLamide
diapsuse hormone PBAN a~B- vy-

( subesophageal ganglion neuropeptides



763

SGNPs)

diapsuse hormone
( Hagino et al.
(2015) TALEN
diapause hormone-PBAN

2010) , Shiomi

Pyrokinins ( PKs)

( Nachman et al. 1993) .

2.4
corazonin CrzR
( Tanaka et al. 2002;
Yang et al. 2013) . lkeda (1993)
AKH AKH

(Oda et al. 2000) .
RYLPT-NH,

( proctolin)

( Fiandra et al. 2010) .

( bursicon)

(2007)
RNAi

Huang

G ( small GTPases) Rab
(Uno et al. 2012) ,

GPCRs (A
) corazonin
o corazonin
CrzZR( BNGR-A21) Gas
Gaq
cAMP Ca’* . cAMP
PKA Ca’*
PKC PKA  PKC Ca’"
MEK
ERK ERK
N o PKA PKC

Kurts B-Arrestin corazonin
CrzR 5 —10 min
30 min

( Yang et al. 2013) .

corazonin

AKH AKHR ERK B-
Arrestin ( Huang et al.
2010) ; NPFR NPF
Gai cAMP
Ca’" MEK1/2  phosphoinositide 3-kinase
(PI3K) PKC ERK
o NPFR NPF
NPFR
( Deng et al.
2014) . ( ion transport peptide
ITP)
—BNGR-A2  BNGR-A34
G PKA
( Nagai et al. 2014) .
PTTH GPCRs
o Torso
5
Rewitz  (2009) PTTH ERK
Torso . PTTH

cAMP  Ca®* PKC



764 Acta Entomologica Sinica

59

ERK Halloween
(Guetal. 1996 1998 2010) .
ERK H3  Serl0
PTTH ( Gu and Hsieh 2015) .
PTTH ERK
PI3K/Akt . PI3K o
PTTH TOR 4E

(4E-binding protein 4E-BP)  p70
S6 ( p70 ribosomal protein S6 kinase S6K)
ecdysone TOR

( rapamycin) PTTH
4EBP  S6K ( Gu et al. 2011

2012) . TOR ecdysone

PI3K TOR o
ecdysone

. ( References)
Chang JC Yang RB  Adams ME Lu KH 2009. Receptor guanylyl
4 cyclases in Inka cells targeted by eclosion hormone. Proc. Natl.
Acad. Sci.
« wo Deng X YangH He X LiaoY ZhengC Zhou Q Zhu C Zhang G

Gao J Zhou N 2014. Activation of Bombyx neuropeptide G

protein—coupled receptor A4 via a Galphai-dependent signaling

pathway by direct interaction with neuropeptide F from silkworm

Bombyx mori. Insect Biochem. Mol. Biol. 45: 77 —88.

(Takasu et al. 2010; Ma et al. 2012 2014; Xia et Fan Y SunP WangY He X Deng X Chen X Zhang G Chen X

al. 2014; Xu and OBrochta 2015) .

Zhou N 2010. The G protein—coupled receptors in the silkworm

Bombyx mori. Insect Biochem. Mol. Biol. 40(8): 581 -591.

Fiandra I. Casartelli M Diamante B Giordana B 2010. Proctolin

and mature peptide prediction in the silkworm Bombyx mori. Acta
Entomologica Sinica 53(1): 9 - 19.
2010.
53(1):9-19
Goldsmith MR Shimada T Abe H 2005. The genetics and genomics of

affects gut functions in lepidopteran larvae. J. Appl. Entomol. 134
° ~ (9-10): 745 -753.
Gan L. Liang JB Liu XL He NJ 2010. Neuropeptide gene screening

the silkworm Bombyx mori. Annu. Rev. Entomol. 50: 71 —100.

Gu SH Chen CH Hsieh YC Lin PL  Young SC 2015. Modulatory
effects of bombyxin

prothoracic glands. J. Insect Physiol. 72: 61 —69.

(2010) Gu SH
31 44

193

ecdysteroidogenesis

in  Bombyx mori



765

Gu SH Hsieh YC 2015. Regulation of histone H3 phosphorylation at
serine 10 in PTTH-stimulated prothoracic glands of the silkworm
Bombyx mori. Insect Biochem. Mol. Biol. 57: 27 —33.

Gu SH Lin JL Lin PL 2010. PTTH-stimulated ERK phosphorylation
in prothoracic glands of the silkworm Bombyx mori: role of Ca®* /
calmodulin and receptor tyrosine kinase. J. Insect Physiol. 56( 1) :
93 -101.

Gu SH Yeh WL Young SC Lin PL Li S 2012. TOR signaling is
involved in PTTH-stimulated ecdysteroidogenesis by prothoracic
glands in the silkworm Bombyx mori. Insect Biochem. Mol. Biol.
42(4): 296 -303.

Gu SH Young SC Lin JL Lin PL 2011. Involvement of PI3K/Akt
signaling in PTTH-stimulated ecdysteroidogenesis by prothoracic
glands of the silkworm Bombyx mori. Insect Biochem. Mol. Biol.
41(3): 197 -202.

Hagino A Kitagawa N Imai K Yamashita O Shiomi K 2010.
Immunoreactive intensity of FXPRL amide neuropeptides in response
to environmental conditions in the silkworm Bombyx mori. Cell
Tissue Res. 342(3): 459 -469.

Hansen KK = Stafflinger E  Schneider M Hauser F  Cazzamali G
Williamson M Kollmann M Schachtner ]  Grimmelikhuijzen CJ
2010. Discovery of a novel insect neuropeptide signaling system
closely related to the insect adipokinetic hormone and corazonin
hormonal systems. J. Biol. Chem. 285( 14): 10736 —10747.

He XB Zang JS Li XM Shao JJ Yang HP Yang JW Huang HS
Chen LJ Shi LG Zhu CG Zhang GZ Zhou NM 2014.
Activation of BNGR-A24 by direct interaction with tachykinin—
related peptides from the silkworm Bombyx mori leads to the Gq—and

Gs-coupled  signaling cascades.  Biochemistry 53 ( 42 ):

6667 —6678.

Hokfelt T Broberger C Xu ZD Sergeyev V. Ubink R Diez M 2000.
Neuropeptides — an overview. Neuropharmacology 39 ( 8):
1337 - 1356.

Homma T Watanabe K Tsurumaru S Kataoka H Imai K Kamba M
Niimi T Yamashita O Yaginuma T 2006. G protein-coupled
receptor for diapause hormone an inducer of Bombyx embryonic
diapause. Biochem. Biophys. Res. Commun. 344(1): 386 —393.

Hsieh YC Hsu S Gu SH 2013. Involvement of reactive oxygen
species in PTTH-stimulated ecdysteroidogenesis in prothoracic glands
of the silkworm Bombyx mori. Insect Biochem. Mol. Biol. 43(9):
859 - 866.

Hua YJ Tanaka Y Nakamura K Sakakibara M Nagata S Kataoka H
1999. Identification of a prothoracicostatic peptide in the larval brain
of the silkworm Bombyx mori. J. Biol. Chem. 274(44): 31169 -
31173.

Huang H He X Deng X LiG YingG SunY Shi LG Benovic JL
Zhou N 2010. Bombyx adipokinetic hormone receptor activates
extracellular signal—regulated kinase 1 and 2 via G protein-dependent
PKA and PKC but B-arrestin-independent pathways. Biochemistry
49(51) : 10862 - 10872.

Huang ] ZhangY LiM Wang S Liu W Couble P Zhao G Huang

Y 2007. RNA interference-mediated silencing of the bursicon gene

induces defects in wing expansion of silkworm. FEBS Lett. 581
(4): 697 -701.

Iga M Nakaoka T Suzuki Y Kataoka H 2014. Pigment dispersing
factor regulates ecdysone biosynthesis via Bombyx neuropeptide G
protein coupled receptor-B2 in the prothoracic glands of Bombyx
mori. PLoS ONE 9(7): e103239.

Iza M Smagghe G  2011. Relationship between larval-pupal

metamorphosis and transcript expression of insulindike peptide and

insulin receptor in Spodoptera littoralis. Peptides 32 ( 3):
531 -538.

lkeda M Su ZH Saito H Imai K Sato Y Isobe M Yamashita O
1993. Induction of embryonic diapause and stimulation of ovary
trehalase activity in the silkworm  Bombyx mori by synthetic
diapause hormone. J. Insect Physiol. 39( 10) : 889 —895.

Ishizaki H Suzuki A 1994. The brain secretory peptides that control
moulting and metamorphosis of the silkmoth  Bombyx mori. Int. J.
Dev. Biol. 38(2): 301 -310.

Kaneko Y Hiruma K 2014. Short neuropeptide F ( sNPF) is a stage—
specific suppressor for juvenile hormone biosynthesis by corpora
allata and a critical factor for the initiation of insect metamorphosis.
Dev. Biol. 393(2): 312 -319.

Li XJ Wolfgang W Wu Y North R Forte M 1991. Cloning heterologous
expression and developmental regulation of a Drosophila receptor for
tachykinin-ike peptides. EMBO J. 10( 11) : 3221 -3229.

Li XJ Wu YN North RA  Forte M 1992. Cloning functional

expression and developmental regulation of a neuropeptide Y
receptor from Drosophila melanogaster. J. Biol. Chem. 267(1):
9 -12.

MaS Chang ] Wang X LiuY ZhangJ Lu W Gao]J Shi R Zhao
P Xia Q 2014. CRISPR/Cas9 mediated multiplex genome editing
and heritable mutagenesis of BmKu70 in Bombyx mori. Sci. Rep.
4: 528.

Ma S ZhangS WangF LiuY LiuY XuH LiuC LinY ZhaoP
Xia Q 2012. Highly efficient and specific genome editing in
silkworm using custom TALENs. PLoS ONE 7(9): e45035.

Moreira IS 2014. Structural features of the G-protein/GPCR
interactions. Biochim. Biophys. Acta 1840(1): 16 —33.

Nachman R] Holman GM Schoofs L. Yamashita O 1993. Silkworm
diapause induction activity of myotropic pyrokinin ( FXPRLamide)
insect neuropeptides. Peptides 14(5): 1043 —1048.

Nagai C  Mabashi-Asazuma H  Nagasawa H  Nagata S 2014.
Identification and characterization of receptors for ion transport
peptide ( ITP) and ITPdike ( ITPL) in the silkworm Bombyx mori.
J. Biol. Chem. 289(46) : 32166 —32177.

Nagasawa H Kataoka H Isogai A Tamura S Suzuki A Mizoguchi A
Fujiwara Y Suzuki A Takahashi SY Ishizaki H 1986. Amino
acid sequence of a prothoracicotropic hormone of the silkworm Bombyx
mori. Proc. Natl. Acad. Sci. USA 83(16): 5840 —5843.

Nagata S Matsumoto S Mizoguchi A  Nagasawa H  2012a.

Identification of ¢DNAs encoding allatotropin and allatotropindike

peptides from the silkworm Bombyx mori. Peptides 34 (1):

98 - 105.



766 Acta Entomologica Sinica 59

Nagata S Matsumoto S Nakane T Ohara A Morooka N Konuma T
Nagai C Nagasawa H 2012b. Effects of starvation on brain short
neuropeptide F4 2 and 3 levels and short neuropeptide F
receptor expression levels of the silkworm  Bombyx mori. Front.
Endocrinol. ( Lausanne) 3: 3.

Nagata S Morooka N Matsumoto S Kawai T Nagasawa H 2011.
Effects of neuropeptides on feeding initiation in larvae of the
silkworm Bombyx mori. Gen. Comp. Endocrinol. 172(1) : 90 —95.

Oda Y Ueuma M Iwami M Sakurai S 2000. Involvement of
adipokinetic hormone in the homeostatic control of hemolymph
trehalose concentration in the larvae of Bombyx mori. Arch. Insect
Biochem. Physiol. 45(4): 156 —165.

Okamoto N Yamanaka N Endo Y Kataoka H Mizoguchi A 2011.
Spatiotemporal patterns of IGFdike peptide expression in the
silkmoth Bombyx mori predict its pleiotropic actions. Gen. Comp.
Endocrinol. 173(1) : 171 -182.

Orikasa C Yamauchi H Nagasawa H Suzuki A Nagata M 1993.
Induction of oocyte-nurse cell differentiation in the ovary by the brain
during the initial stage of oogenesis in the silkworm Bombyx mori
( Lepidoptera: Bombycidae) . Appl. Entomol. Zool. 28(3): 303 —
311.

Rafaeli A 2009. Pheromone biosynthesis activating neuropeptide
( PBAN) : regulatory role and mode of action. Gen. Comp.
Endocrinol. 162(1) : 69 -78.

Reagan JD 1994. Expression cloning of an insect diuretic hormone
receptor a member of the calcitonin/secretin receptor family. J.
Biol. Chem. 269(1): 9 -12.

Reagan JD 1996. Molecular cloning and function expression of a diuretic
hormone receptor from the house cricket Acheta domesticus. Insect
Biochem. Mol. Biol. 26(1): 1-6.

Rewitz KF Yamanaka N Gilbert LI O“Connor MB  2009. The insect
neuropeptide PTTH activates receptor tyrosine kinase torso to initiate
metamorphosis. Science 326( 5958) : 1403 - 1405.

Roller L Cizmar D Bednar B Zititan D 2016. Expression of RYamide
in the nervous and endocrine system of Bombyx mori. Peptides 80:
72 -79.

Roller I, Yamanaka N Watanabe K Daubnerova T Zititan D Kataoka
H Tanaka Y 2008. The unique evolution of neuropeptide genes in
the silkworm Bombyx mori. Insect Biochem. Mol. Biol. 38( 12):
1147 - 1157.

Shiomi K Takasu Y Kunii M Tsuchiya R Mukaida M Kobayashi M
Sezutsu H Ichida M Mizoguchi A 2015. Disruption of diapause
induction by TALEN-based gene mutagenesis in relation to a unique
neuropeptide signaling pathway in Bombyx. Sci. Rep. 5. 15566.

Stafflinger E Hansen KK Hauser F Schneider M Cazzamali G
Williamson M Grimmelikhuijzen CJ  2008. Cloning and
identification of an oxytocin/vasopressinike receptor and its ligand
from insects. Proc. Natl. Acad. Sci. USA 105(9): 3262 -3267.

Swevers L Tatrou K 2003. The ecdysone regulatory cascade and ovarian

development in lepidopteran insects: insights from the silkmoth

paradigm. Insect Biochem. Mol. Biol. 33(12): 1285 -1297.

Takasu Y Kobayashi I Beumer K Uchino K Sezutsu H Sajwan S
Carroll D Tamura T Zurovec M 2010. Targeted mutagenesis in
the silkworm Bombyx mori using zinc finger nuclease mRNA
injection. Insect Biochem. Mol. Biol. 40( 10) : 759 —765.

Tanaka Y Hua Y] Roller L Tanaka S 2002. Corazonin reduces the
spinning rate in the silkworm Bombyx mori. J. Insect Physiol. 48
(7): 707 -714.

Uno T Sakamoto K Isoyama Y Hiragaki S Uno Y Kanamaru K
Yamagata H Takagi M Mizoguchi A  Takeda M  2012.
Relationship between the expression of Rab family GTPases and
neuropeptide hormones in the brain of Bombyx mori. Histochem. Cell
Biol. 139(2) : 299 -308.

Watanabe K Hull JJ Niimi T Imai K Matsumoto S Yaginuma T
Kataoka H 2007. FXPRL-amide peptides induce
ecdysteroidogenesis through a G-protein coupled receptor expressed
in the prothoracic gland of Bombyx mori. Mol. Cell Endocrinol. 273
(1-2):51-58.

Willis JH Wilkins AS  Goldsmith MR 1995. A brief history of
Lepidoptera as model systems. In: Goldsmith MR Wilkins AS eds.
Molecular Model Systems in the Lepidoptera. Cambridge University
Press Cambridge. 1 —20.

Xia Q Li S Feng Q 2014. Advances in silkworm studies accelerated
by the genome sequencing of Bombyx mori. Annu. Rev. Entomol.
59: 513 -536.

Xu H O"Brochta DA 2015. Advanced technologies for genetically
manipulating the silkworm Bombyx mori a model lepidopteran
insect. Proc. Biol. Sci. 282( 1810) : 20150487.

Yamanaka N Hua YJ Mizoguchi A Watanabe K Niwa R Tanaka Y
Kataoka H  2005. Identification of a novel prothoracicostatic
hormone and its receptor in the silkworm Bombyx mori. J. Biol.
Chem. 280( 15) : 14684 —14690.

Yamanaka N Roller L Zittian D Satake H Mizoguchi A Kataoka H
Tanaka Y 2011. Bombyx orcokinins are brain-gut peptides involved
in the neuronal regulation of ecdysteroidogenesis. J. Comp. Neurol.
519(2): 238 —246.

Yamanaka N Yamamoto S Zitnan D Watanabe K Kawada T Satake
H Kaneko Y Hiruma K Tanaka Y Shinoda T Kataoka H
2008. Neuropeptide receptor transcriptome reveals unidentified
neuroendocrine pathways. PLoS ONE 3(8): e3048.

Yang J] Huang H Yang H He X Jiang X Shi Y Alatangaole D Shi
L Zhou N 2013. Specific activation of the G protein-coupled
receptor  BNGR-A21 by the neuropeptide corazonin from the
silkworm Bombyx mori dually couples to the G( q) and G( s)
signaling cascades. J. Biol. Chem. 288(17): 11662 —11675.

Zitian D Kim YJ Zitnanova I



