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Abstract:

Bemisia tabaci is a very important pest in China. Destruxin A (DA) is an insecticidal
antibiotic isolated from the entomopathogenic fungi, Metarhizium spp. DA has substantial
bioactivity to Bemisia tabaci and better insecticidal effects to Lepidopteran. However,
the action mechanisms of DA to insects have not been elucidated yet. In this proposal, we
intend to research the comparative toxicology of DA against Bemisia tabaci and Bombyx
mori, which includes five experiments: (1) screening of high DA-affinity proteins by
means of bio—layer light interferometry (BLI) after expression and purification of 71
potential DA-binding proteins identified from the previous experiments. (2) confirmation
of the DA target organism/tissue by evaluating the poisoning symptoms and
histopathological changes of insects with different DA dose treatments, and analyzing in
vivo distribution of DA with HPLC-MS technology. (3) identification and validation of the
DA-target protein through testing the expression in organs/tissues and the subcellular
localization of the higher DA-affinity proteins by situ hybridization, surveying the
relationship between the insect’s susceptibility to DA and the higher DA-affinity
proteins genes knocked—down, and investigating the influences of DA on the functions of
higher DA-affinity proteins by means of bimolecular fluorescence complementation (BiFC)
systems, etc.. (4) exploration of the binding mode between DA and its target protein
through detecting the key amino acids and elucidating the 3D structure of DA-target
proteins by means of gene point mutation, protein crystallization, and X-ray diffraction
analysis. (5) optimization of molecular structure of the target protein inhibitors and
select higher bioactive compounds based on the pharmacophore analysis through MOE
software, chemical sythesis and bioassay technology. The results of this research will
broaden the control technology of Bemisia tabaci, strengthen the basic researches of the
myco—insecticides, as well as promote the innovation of noval insecticides in China.

Keywords (FH4r54FF) : destruxin; Bemisia tabaci; Bombyx mori; action
target; identification
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MEWRAP G

CEHR (EXa AR FELTEHTARRFA LA FHEXER, FETLHNETEREMNER S,

BRI F 2. EN2107 TR EFEN B HTLERA)

AIE EME L 52550 76, TEXHAHALT:

1 REFH6F T, ATHE:

PCRIX1E, 40F t; HARIGBEEELNLE, 205 T

2. BAL%66.0% T, EEATHELTHZRAHM:

(D 2 FEU¥RANER T AR ATA4HRGNLE. EENEERSE, MH22077T.
DNAR BUK & (2009k K BL/AS): 150070 >204=3.07 TG .
RNAR BUR A & (2005k K BL/IAN): #9200070 041N =4.07 T
R TR & (100K KRLIAN): 150075204 =3.0% TG
AR & 300070/1mLX101M=3.0F Tt
EEEHERAE: 49100070/ 204=2.00F T .

BB E YR A & (2500 KRLIAN): £94000 70/ & >6M=2.0% TT

Real Time PCR¥ # X 7| & (TaKaRa) (1005k//): #7150055>x104=1.55 TG
EaRRTRA S 450070201 =1.0F T,

¥ifEtaqBs (5mL): 5007T>x10=0.5% TG

£ EtagBF (5mL): 10007C><10=1.0% JC.

A AP PR MR 78 (Xbal, Xhol. Kpnl, Pstl, ...%): 25070/% >20=0.57 TG,
H B (T4ADNA %#8 ., DNAR A %): 50070/% x<10=0.5% T.

() ATEERBEMELHELSNRMN, MT18.07 To
HARFAL: 10007T>20=2.05 JT-

SDS-PAGE#| fx X /il #:: 25070/%:>%0=0.5% JT .
A A (50uL): 5007020=1.0F TC.
WB % £ (100mL): 20007T><10=2.0% JT.
PVDFf: 200070/ 4 %10=2.05 7T

& @GR (100mL): 200070 X10=2.05 TG .
CM57 F: 2000/ /5 <10=2.0% JT.
EESNT R A E W 1250708 >20=2.57 TT.
BERN AR RBRESEH): 10K TT.
BiFCk A #k: 1.0 .

B R A 400070/1 61 =2.0F Tt.

(3) AMERELL, ATHEY. BRANERSE, MBOFT.
WG4 & : 75007C/#>20=15% TG
x4 (GibcoFrhyclone): 50070/#>20=1.07 7T .

B ## (Nunc): 75075/48 >%20=1.5% TG
#H oA (5005 /#1): 15070100=1.5% JT;
B sEt: 100070/#>25 #=257% Ji;
() £MEREMRA . FERE. FAEFXS, MTB0FT.
B ek 50070/1mL>20=1.0% JT.
A, MMAE KRR AN e 200070/ 3 >6=1.0F T.
BEEATELFE: #950070/1>01M=1.07 .
EHAFATES TE: 450070/ 204=1.0% Tt.
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AR¥HEEFR: 25070/7R0%=05% T;
WE%: 100070/% x103%=1.0% 7o;
#EZE (F#1007): 5007T/H# =10 #=0.57 7T;
(5) & Fh#EA, AINMT5.0F TTo
WA 3007T/# (357F) >6=0.15% 7;
967LEE A7 CInvitrogen): 5070/3>50=0.25% T ;
96FL4H AR S AR (4 3/ (lnvitrogen): 15070/4 %x10=0.157 7G;
LightCycler480 Multiwell plate 96 (Roche) (5x10 34K /46 ): 450070 146=0.457% JC;
¥ 1@ Eppendoff¥ . @M EH R EML: F#H257T/4>200=0.55 7;
HLIEF £ 50070/4 <10=0.57% 7T
PEF£: 20070/44>10=0.27 JT;
Parafilmf: 15070/% >20=0.37% 7T;
BE#I: 550/%&>000&=1.0F 7T;
H M A: 155 Tho

3. WiRWKeAn TH55.0% T, ZEAT TFITEXH:
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ZallF, 2004 F #><007C/ A Wi=4.0 T -
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BAREESMERFASWNESZM: 6 ARIFELET THER 50.677 T+ #5047 T+H M 50.2577 71)=16.57

TGo
WAF2 N RIS E F R 2N RN FL.2577 TT+E 1 $£0.2077 m+K & %0207 T+E M #0.107% 7T)=3.57
TGo
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1.2 MRS E /4B HIHEIE

PAANF]FH B DA AL B BRI B\ 5 52, FLEUE 7C DA £ & B T 2 iy o A
PAR SRR R EpiE IR 5 H AR EAR L, IR R DA S BURIN & B 14143, WIH) DA
RIREAR S B T

1.3 EiRERNEE

1.3.1 FsERE QRSB IAR ISR S WA E AL

BRI (I EAR AR B IS A S AN e A, W25 % DA #EFRER A
132 BRMEALE DA EHERE M

Sl BR B R B ARy Bl S K A DA SRS ARG, X HRiE AT R B DA
U A
1.3.3 DA Xt ERAE B EAETh BB M

Xf EEWFFUAE B LM b DA AN IR AR F0 DA s A2 E DI RE RS2

1.4 IFEALS DA &S 1ERMS

141 BiREARERRREXS DA RMMERIR

MRAE DA HEARER AR R I IR AL R Y, B R 5 DA BAF K IIRERIAL
W, KIEEAREE S DA GG KIS FE R AL A .
1.4.2 DA 83 E A KIS H 5 3D 4T A

2 dUhREE T, WRHTHL 3D 25K, WIWRECAREE 05 DA ai e,

15 $AREBIHRRSAM A Sk

T DA HEUrEAMGEHA, FHAGRBIEAR, B s s 1,
PEE G I O i H i P B i T AL S

2 MR E#R

i EEBE 7T DA X B RS B K A AR, AR ERAEIR . SR EAR L B 7
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FEARWTIT DA B BLEE, b B RrP A EIGIE SEIR AR, AR AT AT H

(1) B —FhE R DA AF RS bR s B/ LS B AL, BRSSP
s B d S i H B RO DA BURE AR 2% 7

(2) WIRf—FPEIEH DA BERRE A L HS B IR R, WRANRIBAER RS B3R
F1o>7 HAEBLE], et H AR dGRR R R SR, 3058 ik BE VBT iR 1% .

(3) Wi DA 5Bk A A SR, IUACEEhe B i 1 7> 7454, fikt 1-3
i EAG b DA BE s PR T BB AE R BT . DU R DI A 08 A 24570, Se ik
SHEGEIRY B DL, SR BARCR, BRZGH, WSS el A .

3 BIRRAIKXREMF BT

(1) it DA 7% B Rk Bl 5 X LB 5 B 00k, Rt 2R % H 1
FEbRAS E AL S AR o MR R A E R R DR A, T X e T
WHEGRE, " HNEY SRR ST IEERIRR, BaEs T 1R 5 7/KF B
IR DA X “H IR EEAA R A, R REWS BE 4[] 35 DA #) B JL A B MR LEE 17

(2) Bty DA SEUMREAMS S, WUt 2l E a5 DA MNE &R
LA EAF R, Bt DR he S MBI R A SR TSR R, R DU A s A
Y.

4 MRFEZE

4.1 Bf) DA 5EERS DA HIFEMAME

PR N HTHATRIE 1) 71 FhBEfl DA di &S A RN (R 1, HiC& el h
15 FhEE A ARSI AL TAE ), S BRARTI H A AT TAE 772 (=M Zhang H, Hu W, Xiao M,
Ou S, Hu Q: J Agri Food Chem 2017, 65(45):9850-9854) #% LA T 45 IR IT Jig SLIGHIF 5%
411 BEREAERR RS BEERAREHE

FEREERN T4 BCH bREEFE T, IR0 his Fr%8, @ PRI PEEF 147 55 Nde | F1 Hind
4 R AL P AER S pET30a ik L. X T FRERKNES (5T
>90 kDa), M LAZRIE, M LURYE MOE # 10l 2010 F2. 45 S IR B I 2 3k

45 Pst
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412 BrEESEHESHERE

KR I 05 B AR AR (55 R 1 JFORL A5 10 B BL21L(DE3) &S24, ML Ab -1
PPk R R, BAhE] 4 mL ¥ LB B gREkd, nlE T 15°C. 37 CHTRIE. R
H A 8 217 2 T I R IR 7 D A R A 3k . 4 H ARt AR IA AR TBOR & 3L #5
7%, WER. RA Ni-IDA SERUZHT4ifk HArtE . Bz AR SRS R IERES %
(AP EAR) (F3E, B2 H A, 1999)
4.1.3 BHEHS DA HEM W%

KHAMET AR (BLD Fortbio Octet® £ 45l i2 DA 5 HbriE A ) EAE SR A,
AT ZRFEAE 5 T A MU ATLAL) 56 B S50 A

4.2 $FRER B/ RIFEIE

4.2.1 BHEFFIERESHSRER A
(1) DA Ab# B ek 22
M RRE S TPRE B S 12 70 AN [F)57 & ) DA AR3E 5-10 =k B BYUMHHy Bl &
MRS ey, B 3-4 Y BN I, BERE — I TR I 2l s il B AR b 3 IR AR AL
5137 o A
(2) 43 B R RAGRE
W EiR 5% DA AP, BUR SURESHEAT R, B EAINED A HALE .
TREE, P2 R4 MM SE S B IAHL, BT S, i), VIR, St 5mT
B ME B R ARG E AL DA |5l EI AR . Z AR H W I7%
(Xia J, Huang Z, Hu Q. Advances in Entomology, 2013, 1(2):15-19) #4755,
4.2.2 AEISEIHLR T DA KIS
B3R T DA AP Y B AR, BEATRRR, e Ia k. THALIE ., fRBE, PR
ARG LM EELRFIHL, 43552 DA, 21 Hubert et al. (1999) (Hubert M, Cherton
J-C, ey A, Lange C. Rapid Communications in Mass Spectrometry, 1999, 13, 179-184) 1]
JiFA I DA FEAFIHLA G E TR SR B EUATIN, e, Siaxih
W TR R, AE 4.3.1 msR A ER 1 1) 70 A It 70 H R F R AT 2% A8 R BIE ARy EL e DA )
bR B IHLA
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4.3 IREBRREE

4.3.1 FFRMERRBRE/HR S5 40 e L
orA: BCEIRTTIR DA ACEE R, BEATHAR, eIk . JRpR. Wik

V MREE R R EIA, RAPOLERE PCR (qPCR) AillE DA iR Ald H
PRI A8 B Rk vl (SR UK, B TAEY) 2 HoR K SER 3T (R-15), 1k
b RickE, 2015). BEFIA DA SR M AR EDUA, R R A4 STt
7t DA s AE E LI E N, SXTREE A DA LbBRAH M 0 8 EE 7 R 2
M CHEE B U T AR D R A E A SR 5 0K ) (GEREAEANTZ/NGE, o [ AT LR 7
HiRA:, 20100,

WML EAL: DA EGRIE K DA ALBE 2 Bm12 41, —EME)E, KA EA KL
J7EAEFC DA SR AR E )40 e £ .
4.32 FRMERS DA BHRX AR

KF CRISPR/Cas9 J:H 4 iR 5 RNAI BRI K E S B B B DA =38
AR LR, 285 AN [RIGT B DA AR ER X 2, 25 %8 B U R B iE IR 5 AE TR AR AL,
XF EEIT FEUTER ok A i R R ) R R R HAE TS R % 5 . (Z75 Wei et al. Heritable
genome editing with CRISPR/Cas9 in the silkworm, Bombyx mori. Plos One, 2014, 9 (7), DOI:
10.1371/journal.pone.0101210; Zhang et al. RNAi knock-down of the Bemisia tabaci Toll gene

4k B (mf

N

°od

(BtToll) increases mortality after challenge with destruxin A. Mol immunol, 2017, 88:164-173).
4.3.3 DA X R RMEBA EAETRERIRE W

M STRING, BioGrid, IntAct 5 MINT &2 1 B R R A s SR A B & A,
FH BRI 3E% (insect two-hybrid, 12H) #FFAHRE A EAEThAE1L S DA HI5&E
X%, 2 Mon et al. (Mon H, Sugahara R, Hong SM, Lee JM, Kamachi Y, Kawaguchi Y,
Kusakabe T. Analytical Biochem, 2009, 392: 180-182); #|/ Gateway % Ziti % 12H 44k,
Synergy™ H1 (BioTek, Winooski, VT, USA) £ G A il F % GL 4t i (1) 5 J6 484k« R XU+
%% H AR (bimolecular fluorescence complementation, BiFC) =% 12H HE4T45 RIGUE. X HE
WH5E DA X sEsp M A AR DIRERISE N . 22 (IR TAEM FHOR Jese it ™y (HF
FO) (LK, e Tl ki, 2015).

st 4t
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4.4 IFEALS DA RS 1ERR

4.4.1 BAREBERE RREX S DA FMEREH

FEREFRER (I BE T3 LA, RS MOE2014 #{F#l DA S&E A4 1R, &
AR LG R R R AT EL 8D, & R H AR L RAR B A, P BLIVE ARSI
& DA 5RBEAREEMME (W 4.1.3), @i 12H & BiFC HARME 551F DA X R4
BEEAERAEM (I 43.2). 5% (EESTHEYFRBHEA (B 3 B4
(Z5Srp, NRPA KL, 2014),
4.4.2 DA BEAREE A4S W 5 3D SRR

A B R AL 1) DA SRR R (>10 mg/mL), AR ik AT 45 5 26 AR 1 07
i, ARG FHRENS S A PREAT AL, B IR AR BT RAT I B AT 1 d A, WLAE X 4R
TS B FE AT AL R 04T, AR SRR TR, ARNT ARG, EEST DA SRR B =4
LRI, 2% (EVIR T X M) (R, BRERE, 24650 Tk
HARAL, 20100, WS 45 5 SR RT A RE ROR, A28 IR FEAR ST LAY 5E o

4.5 $BAREBMFHNERR LS THE

FIH MOE B AFHE AL % 2 B AL R (QSARD. il EE (HTS) HE i
MG DIRERER, 3T DA SEEhr B A ZE S, 0 25 BRI
bR EARHIFIR A, Gl BiA 4.3.3 7k IR S iE v R S .
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Cipieka CiFiYaReS BT E AR

LA 71 FhEQL DA 254 E A A AR

5610l DA 45 & 1 S D DA SRETR L IBNIN gk LR DA
DA i3RI 7705 &0, RECGRIAFEALL, BL SRR
275 5E DA 5E AR
‘ DRI DA AR5, WiE Y
o hEERARAL, KRGS B R RS TS K
B ALY »|%2 DA Bl B K L5 5 21— 2 1 1) DA 15 51
L Y1AUFEIASAL, HPLC-MS 437 DA JRLE T S 1
F 55 5 L2 48 A E
! GPCR AUI5E fi 3 I 11 10414158 '
BT A, JELZ S 2 R
GV, CRISPR/Cas HiA R SSES
DA B2 11 =§R$f§§9ﬁ%ﬁﬁg%ﬁ§§ | DA R
HHURPE AL, BIFC 5 12H BT Rt A
DA X H A B AR 5
Y E M RARHEREEE, BLI 5 12H
. GG 55 DA R RIME BT RO 5
R DA AL, BIFC &5 12H Wi (4 T (| DA S A1 X8
A BABI Thil: - B ST U5 TR
X AR TSI P 4
v UM MOE i fHR G i R T e
_ N B, BT DA HHIFREE L SR ek 1-3 FhEA
R EARAINEE Lot 5 250 AR (MR 28 1 ] DA 2 ok
FpLAL S i SR ILE ), i BT T i R
PERIBT AL A
iR %2R K]

5 RS KR SHRIEHE

PAEDT T HARBIBE , BN R S0 AR S, DLW SO RS B FEBOR AR
AT 7 ALSERI AT AR, BMA L, ARIH AT TARAAAE SO IRAS T RIS, H
PR P o
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R 5 [ElEE: AT H B X AE T R REIN T DA SERRE . FA AR A AT BEdEA
Ko BN, —ZMEERA, 771 MrikER; fEEashhik, XEEAMES
B E BV, BAOREE 2 XU EREA, JFHRZYS DA o TR R0
R E; =R SRR AR, g A ELl - R T ABIET T, A
el ey DA BEFRE . 1B 20, mtA R R H R KDL DA mop APk H, AR
PECANRMAIEA S DA MBS 8, I Am Ve Bl Hr AT H B XS A il
FER/NEFN .

MRS : T4 DA VRIS as B /A LA AR WIHA, BKILHf 2 DA HIFE
PREE A EMEEE . ATH LRI I e #EAR A% B I T 5 DA SRR AR IT, £ U1
FEAbRES BRI AR b, LRG0T DA SEERISRANE & a8 B IR0 A0 5 T R IR
SGEE, JREALRE . AYBOCTI (BLD SEYEET5 S VR BT 5800
20 DA 5SEANEERAR. DRERALZN S X HEATH 08 DA 5EA M EAFR
o S RIDHINEANELIAE, Rl A IR DA SRR R H .

6 FEMFITXIR TR TSR

6.1 SFREERSRITR

2020.1-2020.12: JHEMLAEHYS DA WISERMURET: JTREFEAS &8 B 1AL 2\ IE AT
FTAE. FEAHIH DA VR 8 bRa8 B /4141

2021.1-2021.12: SEAMREAS DA KSR IREF: 58 RAENs & B 12 2B AfIE
T AEAREE A S e i 7 TP R AR 05 DA 48R0 7. I8 DA 1EH 1 #bx
BEIAY, AU DA FIREARE A L AR,

2022.1-2022.12: SEARELPREE S EN T RIS E A S DA Za R 7T
T FE SRR 2R (3 I SRS 0 i 7T . B DA MR A L L AR, Ak
LA GER AL B0 FEAR I PR SR AR A S

2023.1-2023.12: SERCAERAITIE LA, Sk 1-3 AN EEAR 8 AT BO0m i P e 1

T PAEEIR T
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Abstract:
Autophagy is essential for development and pivotal in disease occurrence in

eukaryon. Acetylation on autophagy related (ATG) protein is reported to
regulate autophagy occurrence. Previous work of the applicant showed that
acetylation of ATG proteins facilitated their nuclear exportation and thus
autophagy in Bombyx mori; moreover, deacetylase Rpd3 was revealed to be the
key enzyme in regulating the translocation of ATG proteins. In addition, the
molting hormone (20-hydroxyecdysone, 20E) signaling induced the transcription
of Rpd3 and its nuclear exportation. However, the homologs of Rpd3 oppositely
mediate autophagy in yeast and mammals, that the detailed different mechanism
is unclear. The applicant further found that overexpression of Rpd3 induced
most of all Atg genes expression and the occurrence of autophagy. Therefore,
in this project, immunoprecipitation associated with mass—spectrum will be
used to identify the post—translation modification types and sites of B. mori
Rpd3, which would be verified for their roles in the subcellular localization
of Rpd3 and autophagy. Protemics will be performed to identify the key
Rpd3—-deacetylated and interacted factors involved in the regulation of
autophagy, for illustrating the mechanism underlying autophagy manipulated by
20E-regulated Rpd3. These researches will not only help to illustrate the
molecular mechanism of autophagy during the species from intermediate
evolutionary—scale such as insects, but also provide references for studies of

autophagy in higher animals.

REHE (A5 2TD) : WE: ks, LMl MRan: 27yl

Keywords (FH4>r54FF) : Hormone; Development and

metamorphosis; Deacetylase; Autophagy; Molecular mechanism
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BmCalpains are involved in autophagy and apoptosis during
metamorphosis and after starvation in Bombyx mori

Hui-Yu Yi'2, Wan-Ying Yang', Wen-Mei Wu', Xing-Xia Li', Xiao-Juan Deng', Qing-Rong Li?,
Yang Cao', Yang-Jin Zhong' and Ya-Dong Huang?

1Guangdong Provincial Key Laboratory of Agro-animal Genomics and Molecular Breeding/ Guangdong Provincial Sericulture and Mulberry
Engineering Research Center, College of Animal Science, South China Agricultural University, Guangzhou, China; 2 College of Life Science
and Technology, Jinan University, Guangzhou, China and 3 The Sericultural and Agri-Food Research Institute of the Guangdong Academy
of Agricultural Sciences, Guangzhou, China

Abstract Apoptosis and autophagy play crucial roles during Bombyx mori metamorpho-
sis and in response to various adverse conditions, including starvation. Recently, calpain,
one of the major intracellular proteases, has been reported to be involved in apoptosis and
autophagy in mammals. BmATGS5 and BmATG6 have been identified to mediate apoptosis
following autophagy induced by 20-hydroxyecdysone and starvation in B. mori. However,
B. mori calpains and their functions remain unclear. In this study, phylogenetic analysis
of calpains from B. mori, Drosophila melanogaster and Homo sapiens were performed
and the results showed distinct close relationships of BmCalpain-A/B with DmCalpain-
A/B, BmCalpain-C with DmCalpain-C, and BmCalpain-7 with HsCalpain-7. Then, the
expression profiles of BmCalpains were analyzed by quantitative real-time polymerase
chain reaction, and results showed that expression of BmCalpain-A/B, BmCalpain-C and
BmCalpain-7 was significantly increased during B. mori metamorphosis and induced
in the fat body and midgut of starved larvae, which is consistent with the expression
profiles of BmAtg5, BmAtg6 and BmCaspase-1. Moreover, the apoptosis-associated cleav-
age of BmATG6 in Bm-12 cells was significantly enhanced when BmCalpain-A/B and
BmCalpain-7 were induced by starvation, and was partially inhibited by the inhibitor of
either calpain or caspase, but completely inhibited when both types of inhibitors were
applied together. Our results indicated that BmCalpains, including BmCalpain-A/B, -C
and -7, may be involved in autophagy and apoptosis during B. mori metamorphosis and
after starvation, and may also contribute to the apoptosis-associated cleavage of BmATGo6.

Key words apoptosis; autophagy; BmATG6; Bombyx mori; calpain; starvation
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N63ATG4D (47 kDa), tATG5 (24 kDa) and ATG6-C
(35 kDa or 37 kDa), respectively, and these cleavages
are accomplished by two kinds of cysteine proteases, cas-
pases and calpains (Yousefi et al., 2006; Betin & Lane,
2006; Djavaheri-Mergny et al., 2010; Wirawan et al.,
2010; Kang et al., 2011). Cleavage of ATG4 and ATG6
are mediated by caspases (Betin & Lane, 2009; Wirawan
et al., 2010) while calpains cleave ATGS5 (Yousefi ef al.,
2006). Caspases and calpains are hence considered as
important regulators in mediating the interconnection be-
tween autophagy and apoptosis. As key drivers in apopto-
sis and regulators in autophagy and autophagy-apoptosis
crosslink, caspases have been well studied (Nufiez ef al.,
1998; Riedl & Shi, 2004; Yu et al., 2004; Oral et al., 2012;
Wu et al., 2014). Calpains, a family of well-conserved
and calcium-dependent neutral cysteine proteases, also
play important diverse roles in many physiological pro-
cesses, including apoptosis and autophagy (Demarchi
et al., 2006; Croall & Ersfeld, 2007; Cheng et al., 2008;
Ono & Sorimachi, 2012; Smith & Schnellmann, 2012).

So far, calpains have been identified in prokaryotes and
nearly all eukaryotes including Drosophila melanogaster
(Theopold et al., 1995; Jekely & Friedrich, 1999; Goll
et al., 2003; Spadoni et al., 2003; Park & Emori, 2008;
Rawlings, 2015), but most studies were performed in
mammals, especially for Homo sapiens calpains. H.
sapiens calpain system includes 14 large subunits, two
small subunits and one endogenous inhibitor (calpastain)
(Croall & Ersfeld, 2007; Ono & Sorimachi, 2012; Smith
& Schnellmann, 2012). Human calpain-1 and calpain-2
are two well-studied classical calpains containing cat-
alytic protease domain (CysPc), C2-like domain (C2L)
and penta-EF-hand domain (PEF). They exist as het-
erodimers by binding to small subunits and are inhib-
ited by calpastain. Calpains (calpain-5, -6, -7, -10 and
-15) without PEF or/and C2L domains are referred to
as non-classical calpains. The conserved CysPc core do-
main is composed of PC1 and PC2 domains and contains
cysteine-asparagine-histidine (C-N-H) catalytic triad.

As a holometabolous invertebrate, silkworm Bombyx
mori has become a model for studying autophagy and
apoptosis. During metamorphosis, autophagy and apopto-
sis have been found in the fat body, midgut and silk gland
(Li et al., 2010; Sumithra et al., 2010; Franzetti et al.,
2012; Tian et al., 2012, 2013). Moreover, two autophagy-
related proteins, BmATGS5 and BmATG6, were confirmed
to play crucial roles in autophagy and inducing apopto-
sis following autophagy (Xie et al., 2016). So far, only
caspases have been identified in B. mori (Zhang et al.,
2010), and there has been no report about BmCalpains
and their functions. In this study, we performed phyloge-
netic analysis of calpains from B. mori, D. melanogaster

and H. sapiens, and then investigated the expression pro-
files of BmCalpains during B. mori metamorphosis and
after starvation in the fat body and midgut of larvae and
Bm-12 cells. In addition, we also examined the effects of
BmCalpains on cleavage of BmATG6. Our results indi-
cated that BmCalpains may be involved in the process of
autophagy and apoptosis in B. mori and in mediating the
apoptosis-associated cleavage of BmATG6.

Materials and methods
Insects and cells

Larvae of B. mori (strain Dazao) were provided by
Guangdong Sericulture Technology Promotion Center
and fed mulberry leaves at 25°C with 70% relative
humidity. DZNU-Bm-12 cells (abbreviated as Bm-12)
were kindly provided by professor Chuan-xi Zhang,
Zhejiang University, and cultured in TNM-FH medium
(Hyclone, Logan, UT, USA) supplemented with 10%
heat-inactivated fetal bovine serum (Hyclone) at 27°C.

Sequence analysis

Calpain sequences were obtained from a National Cen-
ter of Biotechnology Information (NCBI) search. Se-
quence alignments were completed using online soft-
ware Align (http://vega.igh.cnrs.fr/bin/align-guess.cgi)
(Pearson et al., 1997), and multiple sequence alignments
were performed using ClustalW software. A phylogenetic
tree of calpains from some species was constructed by
MEGA 7.0 software using the Neighbor-Joining method
(Kumar et al., 2016).

Tissue collection

To determine expression levels of BmCalpains during
B. mori metamorphosis, fat body was collected from day
3 fifth-instar larvae (5SL3d) to day 1 pupae (P1). To deter-
mine induced expression profiles of BmCalpains under
starvation, fifth-instar larvae were not fed from day 3 and
fat body and midgut were collected after starvation for
0, 12, 24 and 48 h. Samples were frozen immediately in
liquid nitrogen and stored at —80°C.

Amino acid starvation of Bm-12 cells

The Bm-12 cells in a mid-log phase were washed
twice with filtered insect balanced salt solution (IBSS,
75 mmol/L NaCl, 5 mmol/L CaCl,, 55 mmol/L KCI,

© 2016 Institute of Zoology, Chinese Academy of Sciences, 25, 379-388



2.6 mmol/L. MgCl,, 2.8 mmol/L MgSOy, 4.2 mmol/L
NaHCO3;, 7.5 mmol/L NaH, POy, pH 6.4) and then starved
by replacing medium with IBSS. At0, 6, 12,24, 36,48 and
72 h after starvation, cells were collected for the following
analysis.

Quantitative real-time PCR analysis

Total RNAs were extracted using RNAiso Plus Reagent
(TaKaRa, Otsu, Japan). The first strand complementary
DNA (cDNA) was synthesized using the PrimeScript™
RT reagent kit with genomic DNA Eraser (TaKaRa)
following the manufacturer’s instructions. Quantitative
real-time polymerase chain reaction (QRT-PCR) was per-
formed using SsoFast™ EvaGreen® Supermix (Bio-Rad,
Hercules, CA, USA) in a CFX96 machine (Bio-Rad).
BmTubulin was used as a reference control and primers
are listed in supplementary Table S1. Data from three
replicates of each sample were analyzed using a com-
parative method (2722¢T) and these experiments were
repeated with three different biological samples. Figures
were made with GraphPad Prism software (GraphPad,
San Diego, CA, USA) with one representative set of data.
Significance of difference was determined by an unpaired
t-test or by one-way analysis of variance (ANOVA) fol-
lowed by a Tukey’s multiple comparison test using the
same software (GraphPad).

Trypan blue staining

After washing with phosphate-buffered saline (PBS:
0.1 mol/L, pH 7.0), Bm-12 cells were stained with 0.4%
trypan blue (Sigma-Aldrich, St Louis, MO, USA) for
3 min at 25°C. Cells were observed under an LSM510
confocal microscope (Zeiss, Oberkochen, Germany) at
20x and 40x magnifications.

LysoTracker staining

Bm-12 cells were stained with 50 nmol/L LysoTracker
Red DND-99 (Invitrogen, Carlsbad, CA, USA) for 10 min
at 37°C. After washing with PBS three times, cells were
observed under a LSM510 confocal microscope (Zeiss)
at 40 x magnification.

Hoechst staining

Bm-12 cells were stained with 10 pwg/mL Hoechst
33258 dye (Beyotime Co. Ltd., Shanghai, China) for
5 min at 37°C. After washing with PBS three times, cells
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were observed under an AMF4302 florescence micro-
scope (Life Technologies Corp., Carlsbad, CA, USA) at
40x magnification.

Actinomycin D (AD) treatment of Bm-12 cells

Bm-12 cells in a mid-log phase were divided into six
groups and cultured in fresh medium or medium con-
taining AD (Sigma-Aldrich), AD plus MDL 28170 (N-
benzyloxycarbonyl-Val-Phe-aldehyde) (Enzo Life Sci-
ence, Farmingdale, NY, USA), AD plus Z-VAD-fmk
(Sigma-Aldrich), AD plus MDL 28170 and Z-VAD-fmk,
or AD plus 3-MA (Sigma-Aldrich, USA). The final con-
centration of AD was 1 pug/mL, while MDL 28170, Z-
VAD-fmk and 3-MA were used at final concentrations of
20, 20 and 10 umol/L, respectively. After incubation for
12 h, cells were collected for Western blotting analysis.

Western blotting

Total protein concentration of each sample was mea-
sured and adjusted to the same. The primary antibody
against BmATG6 (1 : 500) and monoclonal antibody
against tubulin (1 : 10 000; Beyotime) were used (Xie
et al., 2016). Western blotting signal was developed by
using Western Lightning ECL (PerkinElmer, Waltham,
MA, USA).

Results
Sequence analysis of B. mori calpains

Based on the conserved CysPc domain of calpains,
eight predicted B. mori calpains and isoforms were re-
ported in NCBI, including BmCalpain-A1, BmCalpain-
A2, BmCalpain-B3, BmCalpain-B4, BmCalpain-C,
BmCalpain-7, BmCalpain-11 and BmCalpain-D. Phylo-
genetic analysis of calpains from B. mori, D. melanogaster
and H. sapiens (Fig. 1) revealed distinct close re-
lationships of BmCalpain-A and BmCalpain-B with
DmCalpain-A and DmCalpain-B, BmCalpain-C with
DmCalpain-C, BmCalpain-7 with HsCalpain-7. How-
ever, BmCalpain-11 and BmCalpain-D formed separate
branches. BmCalpain-A and -B belonged to the classical
group but BmCalpain-C, -7, -11 and -D belonged to the
non-classical group. Four isoforms of BmCalpain-A and
-B, containing the same CysPc, C2L and PEF domains,
are highly identical (Fig. S1) and grouped together as
BmCalpain-A/B. Alignment of CysPc domains from Bm-
Calpains and their homologs (Figs. S2 and S3) showed that

© 2016 Institute of Zoology, Chinese Academy of Sciences, 25, 379-388
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Fig. 1 Phylogenetic analysis of BmCalpains, DmCalpains and HsCalpains. The phylogenetic tree was constructed by the MEGA7.0
software using the Neighbor-Joining method. Only values more than 50% are indicated. Sequence accession numbers of BmCalpains,
DmCalpains and HsCalpains are indicated in Table S2. Frames indicated BmCalpain-A/B, -C, -7 and their homologs from Drosophila

melanogaster and Homo sapiens.

BmCalpain-A/B and -7 contain standard catalytic sites
‘C-N-H’, BmCalpain-C and -11 have mutated catalytic
sites, and BmCalpain-D lacks the PC2 domain. In this
study, we focused on BmCalpain-A/B, -C and -7, and their
sequences have been confirmed by DNA sequencing.

Expression profiles of BmCalpains during larva-pupa
metamorphosis

Autophagy and apoptosis intensely occur in the fat
body during B. mori metamorphosis, and are character-
ized by increasing expression of autophagy-related genes

including BmAtg5 and BmAtg6 and a typical apoptosis-
related gene BmCaspase-1 (Tian et al., 2012, 2013).
BmATGS5 and BmATG6 serve as mediators for
autophagy-triggered apoptosis and may be cleaved by
BmCalpains (Xie et al., 2016). To determine the ex-
pression profiles of BmCalpains and their relationships
with autophagy and apoptosis, expression of BmCalpains,
BmAtg5, BmAtg6 and BmCaspase-1 in the fat body during
B. mori larva-pupa metamorphosis was analyzed (Fig. 2).
Expression of BmAtg5, BmAtg6 and BmCaspase-1 was
significantly increased during pupation, which is consis-
tent with the results previously reported (Tian et al., 2012,
2013). Expression of BmCalpain-A/B, BmCalpain-C

© 2016 Institute of Zoology, Chinese Academy of Sciences, 25, 379-388
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Fig. 2 Expression profiles of BmCalpains in the fat body during larva-pupa metamorphosis. Corresponding to autophagy-related genes
(BmAtg5 and BmAtg6) and apoptosis-related gene (BmCaspase-1), expression of BmCalpain-A/B, -C and -7 was increased in fat body
during pupation. Identical letters indicate no significant difference (P > 0.05), while different letters indicate significant difference
(P < 0.05) among different times. 5L3d, day 3 of fifth instar B. mori larvae; W, the wandering stage larvae; PP1, day 1 of the prepupal
stage; P1, day 1 of pupae.

and BmCalpain-7 was also significantly increased at the continued to increase in the midgut with prolonged star-
wandering stage, with the expression profiles similar to vation (Fig. 3B), which is consistent with expression of
BmAtg5, BmAtg6 and BmCaspase-1. Moreover, expres- BmAtg5, BmAtg6 and BmCaspase-1, but expression of
sion of all BmCalpains maintained at high levels, while BmCalpain-A/B, BmCalpain-C and BmCalpain-7 reached
expression of BmAtg5, BmAtg6 and BmCaspase-1 de- a peak at 24 h after starvation in the fat body (Fig. 3A).

creased when entering the pupal stage.

Induction of BmCalpains by starvation and inhibition

Expression profiles of BmCalpains triggered of BmATG6 cleavage by calpain and caspase inhibitors
by starvation in the Bm-12 cells

Both autophagy and apoptosis can be triggered by star- Amino acid starvation is commonly used to induce
vation. Therefore, induced expression of BmCalpains was both autophagy and apoptosis in vitro (Martinet et al.,
investigated in the fat body and midgut after B. mori lar- 2005; Wei et al., 2012). Functions of BmATGS and
vae were starved. Expression of BmAtg5, BmAtg6 and BmATG6 in autophagy-triggered apoptosis have been
BmCaspase-1 was significantly induced in both fat body demonstrated in Bm-12 cells (Xie et al., 2016). Therefore,
and midgut after larvae were starved for 12 h (Fig. 3), we first investigated expression of BmCalpains in Bm-12
suggesting that autophagy and apoptosis were induced by cells after starvation with IBSS. First, staining results
starvation in silkworm larvae. Corresponding to the ex- (Fig. 4) showed that the numbers of cells stained with try-
pression profiles of BmAtg5, BmAtg6 and BmCaspase- pan blue (to detect cell death) (Fig. 4A), LysoTracker Red
1, expression of BmCalpain-A/B, BmCalpain-C and (to detect autophagolysosome) (Fig. 4B), and Hoechst
BmCalpain-7 was significantly induced. Expression of (to detect chromatic condensation) (Fig. 4C) were all
BmCalpain-A/B and BmCalpain-C was significantly in- increased in starved cells, indicating that cell death,
duced after starvation for 24 h while BmCalpain-7 was autophagy and apoptosis were induced by amino acid
induced after 12 h starvation in both fat body and midgut, starvation in the Bm-12 cells. Blue-stained dead cells,
which is similar to BmAtg6 expression (Fig. 3). Expres- red-stained autophagolysosome and Hoechst-stained
sion of BmCalpain-A/B, BmCalpain-C and BmCalpain-7 chromatic condensation were gradually increased after
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Fig. 3 Induced expressions of BmCalpains by starvation. Similar to expression of BmAtg5, BmAtg6 and BmCaspase-1, expression
of BmCalpain-A/B, -C and -7 was induced by starvation in the fat body (A) and midgut (B). Relative expression at the beginning of
starvation (0 h) was set as 1. Identical letters indicate no significant difference (P > 0.05), while different letters indicate significant
difference (P < 0.05) among different times. *(P < 0.05) and **(P < 0.01) indicate significant differences between control and starved
groups.

starvation from 6 to 24 h, but red staining decreased starvation for 48 and 72 h. Expression of BmAtg5 and
slightly after 48 h starvation (data not show). Then BmAtg6 reached a peak at 48 h after starvation. Consistent
gRT-PCR analysis (Fig. 5A) showed that expression with expression of BmAtg5, BmAtg6 and BmCaspase-1,
of BmAtg5, BmAtg6 and BmCaspase-1 was induced expression of BmCalpain-A/B and BmCalpain-7 was
after starvation for 24 h and continued to increase after also significantly induced by starvation. BmCalpain-A/B
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Starvation 24 h

Control

Fig. 4 Cell death, autophagy and apoptosis induced by starva-
tion in Bm-12 cells. Cell death, autophagy and apoptosis were
induced by amino acid starvation in Bm-12 cells. Staining results
are shown after starvation for 24 h. (A) Cell death was detected
by trypan blue staining and observed at 20 x magnification. (B)
Autophagy was monitored by LysoTracker Red staining and
cells were observed at 40x magnification. (C) Apoptosis was
monitored by Hoechst 33258 staining and cells were observed
at 40x magnification. The arrows denote typical trypan blue-
stained dead cells, LysoTracker Red-stained autophagolysosome
and Hoechst-stained chromatic condensation cells, respectively.

displayed distinct induction starting from 24 h of
starvation and reached a peak at 48 h. BmCalpain-7 was
induced from 12 h after starvation and its expression
continued to increase after starvation for 24, 48 and 72 h,
which is similar to expression of BmCaspase-1. Western
blotting analysis of BmATG6 (Fig. 5B) showed that the
intensity of BmATG6 bands was increased along with
starvation times and two cleavage bands (37 and 35 kDa)
were detected after starvation for 36 h, indicating that
BmCalpains may be involved in the cleavage of BmATG6.
In order to further determine the effects of BmCalpains
on cleavage of BmATG6, we tested whether calpain in-
hibitors are able to inhibit the cleavage of BmATG6. Cells
were treated with AD alone, AD plus calpain inhibitor
MDL 28170, or AD plus caspase inhibitor Z-VAD-fmk

BmCalpains are involved in autophagy and apoptosis 385

(Fig. 5C). As an inducer of apoptosis, AD alone led
to cleavage of BmATG6 in Bm-12 cells as previously
reported (Xie et al., 2016). Autophagy inhibitor 3-MA
significantly increased the intensity of the two cleavage
bands (37 and 35 kDa), while calpain inhibitor MDL
28170 only inhibited the cleavage of the 37 kDa band but
not the 35 kDa band, and caspase inhibitor Z-VAD-fmk
inhibited cleavage of both the 37 kDa and 35 kDa bands.
Interestingly, when both MDL 28170 and Z-VAD-fmk
were applied, cleavage of both the 37 kDa and 35 kDa
bands was completely inhibited. These results suggest
that BmCalpains may work with BmCaspases to mediate
the apoptosis-associated cleavage of BmATG6.

Discussion

As major intracellular proteolytic enzymes ubiquitously
expressed in cells, calpains have multiple functions and
are related to various pathological diseases (Branca,
2004). However, the detailed functions and mechanisms
are still ambiguous and even becoming more complex be-
cause of their diverse isoforms and variants. In this study,
we first analyzed and verified all calpain isoforms of B.
mori, and then investigated their expression profiles and
functions.

Five calpains were identified in B. mori, including
BmCalpain-A/B, -C, -7, -D and -11. BmCalpain-A/B,
similar to DmCalpain-A and -B, has four isoforms and
is the only classical calpain of B. mori with typical cal-
pain domains as human calpain-1 and calpain-2. Unlike
human calpain-1 and calpain-2 (Smith & Schnellmann,
2012), BmCalpain-A/B may be active as monomers like
DmCalpain-B because of the absence of the small sub-
unit in B. mori. Similar to DmCalpain-C (Spadoni ef al.,
2003), BmCalpain-C contains mutated active sites and
may be catalytically inactive. BmCalpain-7 is the homolog
of HsCalpain-7, which belongs to the evolutionarily con-
served PalB atypical calpain superfamily with two tan-
dem C2L/C2 domains (Franz et al., 1999). BmCalpain-
A/B, -C and -7 were expressed in the fat body, midgut
and prothoracic gland of B. mori. BmCalpain-D, simi-
lar to DmCalpain-D and HsCalpain-15, is comprised of
several Zn>* fingers at N-terminus but lacks PC2 do-
main. BmCalpain-11 is an atypical calpain and also con-
tains mutated active sites. Functions of BmCalpain-D and
BmCalpain-11 need to be further confirmed.

The expression profiles of BmCalpains in the fat body
and midgut of B. mori larvae as well as in the Bm-12
cells were consistent with those of BmAtg5, BmAtg6
and BmCaspase-1, suggesting that BmCalpain-A/B,
-C and -7, may be involved in autophagy and
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Fig. 5 Cleavage of BmATG6 by BmCalpains in Bm-12 cells. (A) BmCalpains were induced by starvation. Relative expression at the
beginning of starvation (0 h) was set as 1. Identical letters indicate no significant difference (P > 0.05), while different letters indicate
significant difference (P < 0.05) among different times. *(P < 0.05) and **(P < 0.01) indicate significant differences between control
and starved groups. (B) Western blotting analysis of BmATG6 after starvation for 0, 12, 24, 36, 48 and 72 h. The apoptosis-associated
bands (35 and 37 kDa) of BmATG6 were significantly produced after starvation for 36 h. (C) Effects of calpain and caspase inhibitors on
the cleavage of BmATG6 induced by actinomycin D (AD) treatment. AD, apoptosis inducer; MDL 28170, calpain inhibitor; Z-VAD-fmk,

caspase inhibitor; 3-MA, autophagy inhibitor.

apoptosis in B. mori. As reported in mammalian cells (De-
marchi et al., 2006; Cheng et al., 2008), calpains function
as pro- or anti-apoptotic factors and show opposite func-
tions in apoptosis and autophagy. Interestingly, autophagy
and apoptosis occur simultaneously in the fat body (Tian
et al., 2012, 2013), but autophagy precedes apoptosis in
the midgut during B. mori metamorphosis (Franzetti et al.,
2012). We showed that the induced expression patterns of
BmCalpains in the fat body and midgut were different,
and BmCalpains were constantly induced by starvation in

the midgut but the induction in the fat body declined af-
ter 48 h starvation (Fig. 3). Thus, the interconnections of
autophagy and apoptosis in B. mori are different in the fat
body and midgut, and the detailed effects of BmCalpains
may be different and need to be further investigated.

One important finding in this study is that BmCal-
pains may work together with BmCaspases to medi-
ate apoptosis-associated cleavage of BmATGO6. First, the
apoptosis-associated cleavage forms (35 and 37 kDa)
of BmATG6 were significantly produced after BmAtg6,
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BmCaspase-1, BmCalpain-A/B and -7 were induced in the
Bm-12 cells after starvation for 24 h (Fig. 5A and 5B).
Second, the apoptosis-associated cleavage of BmATG6
was partially inhibited when an inhibitor of either cal-
pains or caspases was used separately, but completely
inhibited when both inhibitors were applied together
(Fig. 5C). In mammalian cells, calpain-1 can cleave ATG6
into 50 kDa fragment while caspase-3, -7 and -8 cleave
ATG®6 into apoptosis-associated forms (35 and 37 kDa) in
vitro (Wirawan et al., 2010). Interestingly, calpain-1 was
also confirmed to cleave and activate caspase-7 (Gafni
etal.,2009). Thus, we speculate that BmCalpains may me-
diate the apoptosis-associated cleavage of ATG6 through
activation of some BmCaspases. Calpains have been con-
firmed to mediate the apoptosis-associated cleavage of
ATGS5 in mammalian cells (Yousefi et al., 2006), and re-
combinant BmATGS can be cleaved by calpain (Xie et al.,
2016). But in our experiments, expression of BmAtg5
induced by starvation in both B. mori tissues and Bm-
12 cells was significantly lower than that of BmAg6
(Fig. 3 and 5A), and the truncated BmATGS5 (24 kDa)
was almost not detected by Western blot analysis (data
not shown). Future studies are required to confirm the
effects of BmCalpains on BmATGS cleavage and to elu-
cidate the detailed mechanism.

In conclusion, we showed that BmCalpain-A/B, -C
and -7 are involved in autophagy and apoptosis in B.
mori, and in mediating the apoptosis-associated cleav-
age of BmATG6. Although BmCalpain-7 was induced to
a higher level and at an earlier time than BmCalpain-A/B
and BmCalpain-C by starvation, whether it plays a leading
role or is in co-operation with other BmCalpains needs to
be further investigated.
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Introduction

Abstract During insect larval-pupal metamorphosis, proteins in the hemolymph are
absorbed by the fat body for the maintenance of intracellular homeostasis; however, the type
of proteins and how these proteins are internalized into the fat body are unclear. In Bombyx
mori, the developmental profiles of total proteins in the hemolymph and fat body showed
that hemolymph-decreased protein bands (55-100 kDa) were in accordance with those
protein bands that increased in the fat body. Inhibition of clathrin-dependent endocytosis
predominantly blocked the transportation of 55-100 kDa proteins from the hemolymph
into the fat body, which was further verified by RNA interference treatment of Bmclathrin.
Six hexamerins were shown to comprise ~90% of the total identified proteins in both
the hemolymph and fat body by mass spectrum (MS) analysis. In addition, hemolymph-
specific proteins were mainly involved in material transportation, while fat body-specific
proteins particularly participated in metabolism. In this paper, four hexamerins were found
for the first time, and potential proteins absorbed by the fat body from the hemolymph
through clathrin-dependent endocytosis were identified. This study sheds light on the
protein absorption mechanism during insect metamorphosis.

Key words Bombyx mori; clathrin-mediated endocytosis; fat body; hemolymph; uptake
of proteins

Moreover, they are both involved in innate immunity
against invading pathogens (Da Cruz-Landim ef al., 2013;

Hemolymph and fat body are the two key tissues for
material transportation, storage or utilization in insects.

Correspondence: Ling Tian and Hui-Yu Yi, College of Ani-
mal Science, South China Agricultural University, Wushan Road
483, Guangzhou 510642, China. Tel: 486 20 85284735; email:
tianling@scau.edu.cn; yihy@scau.edu.cn
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Li et al., 2019). Hemolymph, an open circulatory sys-
tem, is pivotal for nutrient storage and transportation and
acts as a site for phagocytosis nodulation and encapsu-
lation in addition to proteolytic activation of phenolox-
idase (PO) and antimicrobial proteins/peptides (AMPs)
released from the fat body (Kumar et al., 2018; Wang
et al., 2018; Wu et al., 2018). Fat body is analogous to
mammalian liver and adipose tissue and is mainly respon-
sible for energy, carbohydrates, protein metabolism and
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innate immunity in insects (Tian et al., 2010 a, b; Liet al.,
2019). Fat body senses multiple extracellular signals de-
rived from hormones, the environment and intracellular
conditions, and the exchange of materials between the fat
body and hemolymph is tightly controlled by cellular re-
quirements and homeostasis. In particular, the fat body
absorbs extracellular materials or signal molecules from
the hemolymph to meet the requirements of metamorpho-
sis (Geiser ef al., 2012; Da Cruz-Landim et al., 2013; Li
etal.,2019).

During the maintenance of homeostasis in fat body,
molecules communicate between the hemolymph and
fat body. Several proteins are transported between
the hemolymph and fat body, including hexamerins,
apolipoproteins and transferrins mediated by their recep-
tors (Ryan & van der Horst, 2000; Arif et al., 2008; Geiser
et al., 2012). Hexamerins (storage proteins) are the major
proteins in the hemolymph synthesized by the fat body
during feeding stage of larvae, which are absorbed by the
fat body to provide amino acid resources for the biosyn-
thesis of vitellogenin at later stages of larvae (Levenbook,
1985; Sakurai et al., 1988; Da Cruz-Landim et al., 2013).
In Bombyx mori, two storage proteins have been identified
as storage protein 1 (SP1) and storage protein 2 (SP2). SP1
is a major plasma protein that accumulates in female lar-
val hemolymph in a stage-specific manner (Sakurai et al.,
1988). SP2 is an arylphorin-type protein and belongs to
the same superfamily as arthropod PO, which also pos-
sesses anti-apoptotic functions similar to SP1 (Burmester,
2002; Rhee et al., 2013; Lee et al., 2017). Apolipopro-
teins are dispersed in the hemolymph, and function as
lipid shuttles (Ryan & van der Horst, 2000). In addition,
apolipoproteins have been shown to mediate immunity in
insects, including facilitating encapsulation and bacteri-
cidal activity and activating the prophenoloxidase (PPO)
system (Wen et al.,2017; Yuet al.,2018). Transferrins are
glycoproteins that permit effective passage of relatively
toxic or hydrated ferric ion through the vertebrate vascu-
lar system (Huebers & Finch, 1987; Geiser ef al., 2012).
Transferrins also have multiple functions together with
immune proteins and are involved in adaption to various
stresses (Geiser et al., 2012). Fat body is the synthetic or-
gan for hemolymph apolipoproteins and transferrin (Ryan
& van der Horst, 2000; Geiser et al., 2012). To date, there
are two isoforms of transferrin and three apolipoproteins
identified in Bombyx, which are more or less associated
with innate immunity (Tsuchida et al., 1997; Gopalapil-
lai et al., 2006; Yun et al., 2009; Geiser et al., 2012).
Storage proteins, apolipoproteins and transferrin can be
transported between the fat body and hemolymph under
specific conditions; however, the precise mechanism is
not well documented.

Endocytosis is the main pathway for cells sensing en-
vironmental changes and obtaining external nutrients and
even for the entry of invading pathogens into host cells
(Tooze et al., 2014; Pandey, 2015; Feng et al., 2018).
External materials are internalized by clathrin-dependent,
caveolin-dependent or clathrin- and caveolin-independent
pathways; subsequently, they are engulfed in a particular
vesicular body known as an endosome and finally deliv-
ered to the lysosome for degradation or dispersed into
other pathways, such as recycling (Dutta & Donaldson,
2012; Tooze et al., 2014). Clathrin-dependent internaliza-
tion is usually associated with receptor-mediated endocy-
tosis for the uptake of extracellular materials (Tooze et al.,
2014; Pandey, 2015). Moreover, endocytosis is required
for the entry of viral pathogens into host cells, including
BmNPV and BmCPV in B. mori (Chen et al., 2018; Feng
et al., 2018). Endocytosis is pivotal for the uptake of ex-
tracellular proteins by the fat body from the hemolymph;
however, what types of proteins are absorbed and how
they are internalized are unclear in B. mori.

In B. mori, the proteins located at 55-100 kDa were
significantly decreased in the hemolymph but increased
in fat body at day one of prepupa (PP1). Inhibition of
different pathways of endocytosis revealed that clathrin-
dependent internalization predominantly mediated the ab-
sorption of 55-100 kDa proteins by the fat body from
the hemolymph. In addition, four new hexamerins, sev-
eral transportation-related proteins and innate immunity-
related proteins were also identified in those proteins be-
tween 55 and 100 kDa, indicating that proteins absorbed
from the hemolymph are requisite for multiple functions
of the fat body during larval-pupal metamorphosis.

Materials and methods
Insects

The B. mori (Dazao) provided by the Sericultural and
Agri-Food Research Institute of the Guangdong Academy
of Agricultural Sciences (Guangzhou, China), were reared
on fresh mulberry leaves in the laboratory at 25 °C under
14 h light : 10 h dark cycles (Guo et al., 2018).

Chemicals

Chlorpromazine hydrochloride (CPZ) was purchased
from Medchem Express (Monmouth, NJ, USA, 16802).
Cytochalasin D (Cyto D) and genistein were purchased
from Meilunbio (Dalian, China, A0206A and MB0784).
Dimethyl sulfoxide (DMSO), Bicinchoninic acid (BCA)
protein quantitative kit, radioimmunoprecipitation assay

© 2019 Institute of Zoology, Chinese Academy of Sciences, 27, 675-686



(RIPA) lysis buffer and the protease inhibitor were pur-
chased from Beyotime Biotechnology Co., Ltd. (Shang-
hai, China, STO38, P0009-1 and P0013B). Protein marker
was purchased from Thermo Fisher Scientific (Grand Is-
land, NY, USA, 26616). Coomassie brilliant blue and bro-
mophenol blue were purchased from Guangzhou Xiangbo
Biotechnology Co., Ltd. (Guangzhou, China, 101916
and 121515). DL-dithiothreitol (DTT) and iodacetamide
(IAM) were purchased from Sigma-Aldrich (Darmstadt,
Germany, HZB0086 and 16125-5G). Trypsin was pur-
chased from Promega (Madison, WI, USA, V5113). Am-
monium bicarbonate acetonitrile (ACN) and formic acid
were purchased from Thermo Fisher Scientific (Grand
Island, NY, USA, A955-4 and A117-50).

RNA interference (RNAi) experiments

The template for double-stranded RNA (dsRNA) syn-
thesis was amplified by polymerase chain reaction from
fat body in B. mori, and the dsSRNA of egfp (F: GGATCC-
TAATACGACTCACTATAGGGAGAATGGTGAGCAA
GGGCG; R: GGATCCTAATACGACTCACTATAGGG
AGACTTGTACAGCTCGTCC) and Bmcalthrin (F:
GGATCCTAATACGACTCACTATAGGGAAGTGACG
GTAGAGGAAGAC; R: GGATCCTAATACGACTCAC
TATAGGGAGTTGGCACGAAGGTAAA) were gener-
ated using the T7 RiboMAX™ Express RNAi system
(Promega, P1700, Madison, WI, USA) according to the
manufacturer’s instructions. Each individual larva was
injected with dsRNA of Bmecalthrin (30 ng) at 12 h
before initiation of wandering, and egfp dsRNA (30 ng)
was injected as a control (Tian et al., 2013; Guo et al.,
2018).

Tissues collection for developmental profiles

Hemolymph and perivisceral fat body from female lar-
vae were collected separately from day 2 of the 5th instar
(5L-2) to day 2 of prepupa (PP2). Five larvae per group
and three independent biological replicates were used.

Inhibitors treatments

CPZ, Cyto D and genistein were dissolved in DMSO
solution, and different doses were designed according to
the references and injected into female larvae at the wan-
dering stage. The control larvae were injected with the
same volume of DMSO solution (Chen et al., 2018; Feng
et al., 2018). After treatment for 24 h, both hemolymph
and fat body were collected for further assays.

Clathrin mediates proteins absorption by fat body 677

Sodium dodecyl sulfate — polyacrylamide gel
electrophoresis (SDS-PAGE) separation and Coomassie
brilliant blue staining

The hemolymph was diluted with phosphate-buffered
saline (8 g/L NaCl, 0.2 g/L KCl, 1.42 g/LL Na,HPO,,
0.27 g/L KH,POy4, pH 7.0). Fat body was lysed in RIPA
lysis buffer supplied with phenylmethanesulfonyl fluo-
ride (PMSF) and then centrifuged to obtain the super-
natant. The protein concentration was detected by the
BCA method and adjusted to 5 pg/uL for further analysis.
Samples of hemolymph and fat body were separated in a
12% SDS-PAGE gels and further stained with Coomassie
brilliant blue solution. Subsequently, the gel was decol-
orized with destaining solution (ethanol : acetic acid:
H,;O = 5:10:85) until the elimination of background
and then submitted to analysis.

Western blotting

Primary antibody against clathrin heavy chain of B.
mori was generated and used to detect the protein level of
Bmclathrin (1:2000, ABclonal Biotechnology Co., Ltd,
Wuhan, China) according to the standard procedure of
Western blotting. Tubulin was used as a reference pro-
tein (1 : 5000, Beyotime Biotechnology Co., Ltd., AT819,
Shanghai, China).

Identification of proteins by mass spectrum (MS)

The gel-digestion mass-spectrum identification was
performed by the Shanghai Majorbio Medical and Tech-
nology Company (Shanghai, China). The gel containing
targeted protein bands was cut into 0.5 mm>—1 mm?, de-
colorized by buffer containing 5 mmol/L ammonium bi-
carbonate in 50% ACN at 37 °C, and then restored with
50 mmol/L DTT at 56 °C for 1 h. The mixture was further
treated with 100 mmol/L IAM in darkness for 40 min,
followed by trypsin enzymolysis overnight. After drying
under a vacuum, the zymolytic peptide was dissolved and
adjusted to pH 2-3 and then analyzed by the liquid-phase-
tandem MS (Triple TOF5600, AB SCIEX, Concord, ON,
Canada) or nano-LC (Eksigent 415, AB SCIEX, Dublin,
CA, USA) under standard procedures. Finally, the data
from the MS were analyzed on PEAKS studio 8.5 (BSI).
National Center for Biotechnology Information and Eu-
ropean Bioinformatics Institute databases were used to
identify the precise proteins.

Bioinformatics analysis of the identified proteins

Bioinformatics analyses of the identified proteins
were performed by online software, including signaling

© 2019 Institute of Zoology, Chinese Academy of Sciences, 27, 675-686
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peptides (http://www.cbs.dtu.dk/services/SignalP/), tran-
smembrane domains (http://www.cbs.dtu.dk/services/
TMHMM/), and metabolic and signal transduction path-
ways (https://www.genome.jp/kegg/). The proteins were
converted into UniProtKB forms and then submitted to
https://string-db.org for the predication of the interplay
between recognized proteins.

Statistical analysis

Experimental data were analyzed by Student’s #-test,
*P < 0.05; **P < 0.01; ***P < 0.001. Throughout the
paper, values are represented as the mean + standard
deviation of three independent experiments.

Results

Developmental profiles of total proteins in hemolymph
and fat body

During larval-pupal metamorphosis, extracellular com-
ponents, including proteins, are supposed to be absorbed
by fat body as amino acid resources; however, the pre-
cise types of absorbed proteins are not fully exploited
in B. mori. To reveal the potential proteins absorbed by
the fat body, the developmental profiles of total proteins
in the hemolymph were parallelly compared with fat the
body. An SDS-PAGE gel was used to separate total pro-
teins in the hemolymph and fat body from 5L-2 to PP2,
which were subsequently analyzed after Coomassie bril-
liant blue staining. As indicated, the proteins content in the
hemolymph was very low at early stages (5L-2 and 5L-3)
of the 5th instar, and ~40% of total proteins were located
at the molecular weights of 55-100 kDa, which could be
obviously subdivided into three bands and analyzed by
Image Studio Lite Ver 5.2. All three-band proteins grad-
ually increased, and peaked at the wandering stage, and
then notably declined at the prepupal stage, including PP1
and PP2. Typically, another group of proteins located at
25-35 kDa were also distinguished as three independent
bands, which gradually increased until the later stage of
prepupa (Fig. 1A). Quantification of proteins between 55
and 100 kDa in the hemolymph at wandering showed
that they reached more than four-fold of that at 5L-2
(~30% of total proteins) and then declined to near the
level of 5L-2 at PP1 and PP2, while the proteins between
25 and 35 kDa occupied ~50% of the total proteins at PP2
(Fig. 1B).

Notably, variation of total proteins in the fat body
showed that the three protein bands between 55 and 100
kDa remained at very low levels during the feeding stage

and strikingly increased to ~60% of the total proteins at
the PP1 stage, showing its correlation with the decreased
proteins in the hemolymph (Fig. 1C). In addition, the
abundance of proteins between 25 and 35 kDa in fat body
was maintained at low levels and slightly increased at the
end of the 5th instar in fat body (Fig. 1C). Quantifica-
tion showed that the 55—-100 kDa proteins in fat body at
wandering were almost the same as that at SL-2, while at
PP1 suddenly increased to more than 40-fold of that at
5L-2 (Fig. 1D). In contrast, the 25-35 kDa proteins grad-
ually increased from 5L-2 to wandering and then slightly
decreased at PP1 and PP2 in the fat body (Fig. 1D). Com-
parison of total proteins between hemolymph and fat body
showed that the variation of 55-100 kDa proteins was co-
incident with absorption of proteins by the fat body from
the hemolymph during the larval—pupal transition.

Inhibition of clathrin-dependent endocytosis mainly
blocks the uptake of proteins by fat body from the
hemolymph

Extracellular components are transported into cells
by endocytosis, through clathrin-dependent, caveolin-
dependent or clathrin- and caveolin-independent internal-
ization (Dutta & Donaldson, 2012; Tooze et al., 2014;
Pandey, 2015). CPZ, Cyto D and genistein are three
universal inhibitors of the clathrin-dependent pathway,
caveolin-dependent pathway and F-actin activity, respec-
tively (Guo et al., 2012; Kanlaya et al., 2013). CPZ was
previously used to detect the internalization of BmNPV
and did not affect the viability of cells at varied doses;
moreover, the optimal dose of genistein was also estab-
lished in Bombyx (Feng et al., 2018). To reveal the subtype
of internalization of proteins, different doses of CPZ (18,
36, 53,71 pg/larva), Cyto D (2.5, 5, 7.5, 10 png/larva) and
genistein (27, 54, 81, 108 ug/larva) were used according
to the doses used in the references and were first injected
into larvae at the initiation of wandering. After treatment
for 24 h, hemolymph and fat body were collected for fur-
ther assays. As detected, the proteins between 55 and 100
kDa gradually accumulated in the hemolymph, and were
accordingly reduced in the fat body after different doses
of CPZ treatments (Fig. 2A). Quantification of the pro-
tein bands also indicated their significant accumulation in
the hemolymph and decrease in the fat body (Fig. 2A”).
Different doses of Cyto D treatments slightly inhibited
the uptake of proteins between 55 and 100 kDa by the
fat body from the hemolymph (Fig. 2B—B’). Similarly,
after different doses of genistein, the proteins between 55
and 100 kDa also slightly accumulated in the hemolymph
(Fig. 2C-C).

© 2019 Institute of Zoology, Chinese Academy of Sciences, 27, 675-686
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Fig. 1 Developmental profiles of proteins in hemolymph and fat body. Detection of total proteins from 5L-2 to day two of prepupa
(PP2) separated by sodium dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-PAGE) gels combined with Coomassie brilliant
blue staining. (A) The developmental profiles of proteins in the hemolymph. (B) Quantification of proteins at 55-100 kDa and 25-35
kDa in (A), 55-100 kDa proteins from 5L-2 were set as a control. (C) The developmental profiles of proteins in the fat body. (D)
Quantification of proteins at 55-100 kDa and 25-35 kDa in (C), 55-100 kDa proteins from 5L-2 were set as a control.

In addition, the optimal doses of CPZ (36 ug/larva),
Cyto D (5 png/larva) and genistein (54 pg/larva) decided
by the aforementioned different-dose treatments were fur-
ther used to verify their regulation of the uptake of pro-
teins. The results showed that CPZ strikingly, while Cyto
D and genistein slightly, caused the accumulation of pro-
teins in the hemolymph and decreased proteins in the fat
body (Fig. 3A—A’). These results showed that clathrin-
dependent endocytosis mainly mediated the uptake of
proteins located between 55 and 100 kDa by the fat body
from the hemolymph.

To confirm the involvement of Bmclathrin in the uptake
of proteins, RNAi of Bmclathrin was further performed
at 12 h before the initiation of wandering, which caused
a significant decrease in the protein levels at 24 h post-
RNAI treatments (Fig. 3B). Moreover, the total proteins
post-Bmclathrin RNAi1 were separated by SDS-PAGE gels
and stained with Coomassie brilliant blue, and the re-
sults showed that the 55-100 kDa proteins were dramati-
cally accumulated in the hemolymph and accordingly re-
duced in the fat body compared to the egfp RNAI control
(Fig. 3C-C’). The results from Bmclathrin RNAi were

consistent with the inhibitory experiments, which veri-
fied the predominant involvement of Bmclathrin in the
uptake of 55—-100 kDa proteins by the fat body from the
hemolymph.

Identification of the absorbed proteins in both
hemolymph and fat body

Storage proteins are located at molecular weights of
55-100 kDa in insects and stored as amino acid resources
for vitellogenin synthesis (Lin et al., 2013); however,
the precise types of proteins are not well characterized.
According to the developmental profiles, three protein
bands from the hemolymph at wandering and three
protein bands from the fat body at PP1 between 55 and
100 kDa were all collected for MS identification (Fig.
S1). There were 120 proteins identified in the hemolymph
and 82 in the fat body, with 42 proteins presented in
both tissues (Fig. 4A). According to the protein area
identified by MS, SP2 (Q1HPP4, 53.09%), SP1 (P09179,
37.94%), basic juvenile hormone-suppressible protein 2

© 2019 Institute of Zoology, Chinese Academy of Sciences, 27, 675-686
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Fig. 2 Variations in proteins from hemolymph and fat body after endocytic inhibitor treatments. (A—A’) Proteins separated by SDS-
PAGE gel and stained with Coomassie brilliant blue after treatments with different doses of CPZ in both hemolymph and fat body
(A). Quantification of proteins between 55 and 100 kDa in A; dimethyl sulfoxide (DMSO) treatment was used as a control (A’). H:
hemolymph; FB: fat body; CPZ: chlorpromazine hydrochloride; Cyto D: cytochalasin D; G: genistein. (B—B”) Proteins separated by
SDS-PAGE gel and stained with Coomassie brilliant blue after treatment with different doses of Cyto D in both hemolymph and fat
body (B). Quantification of proteins at 55-100 kDa in B, DMSO treatment was used as a control (B”). (C—C’) Proteins separated by
SDS-PAGE gel and stained with Coomassie brilliant blue after different-dose genistain treatments in both hemolymph and fat body (C).
Quantification of the proteins between 55-100 kDa in C; DMSO treatment was used as control (C’).

(H9JH62, 4.00%), arylphorin (G916Y1, 2.19%, storage
protein 3), arylphorin subunit beta (H9JH63, 0.79%),
and heat shock protein 70-3 (F8UN44, 0.31%) were
most abundant in hemolymph-identified proteins (Table
S1). SP2 (Q1HPP4, 54.21%), SP1 (P09179, 36.10%),
arylphorin (G916Y1, 3.32%, storage protein 3), basic
juvenile hormone-suppressible protein 2 (H9JH62,
2.41%), arylphorin subunit beta (H9JH63, 0.78%),
ankyrin repeat domain-containing protein 12 (H9J6KS,
0.57%), atlastin (H9J236, 0.49%) and apolipophorins
isoform X2 (apolipophorin II/I, HOJUXS, 0.30%) were
the most abundant proteins in the fat body (Table S2).
Among the proteins presented in both the hemolymph and
fat body, SP2, SP1, basic juvenile hormone-suppressible
protein 2, arylphorin, arylphorin subunit beta and
heat shock cognate protein were the most abundant
proteins. Hexamerins occupied more than 90% of the
total identified proteins in both tissues. Moreover,
some low abundant proteins, including apolipophorins

(H9JUX8, GIUISS), transferrins (H9JPG9, 097158),
ankyrin repeat domain-containing protein 12 (H9J6KS),
and phenoloxidase variations (H9JTA1l, H9JTA2 and
Q27452), were found in both tissues (Table S3). In
general, the proteins identified in the hemolymph at
wandering and in the fat body from PP1 were mainly
hexamerins.

Hemolymph-specific identified proteins were mainly
involved in molecule transportation, including moesin/
ezrin/radixin homolog 1 isoform X2 (H91Z59),
ankyrin repeat and BTB/POZ domain-containing protein
BTBDI11 (H9IUZ2), mutant ABC transporter related-
protein (M1G4Y3), scarlet (FISZW3), protein transport
protein Sec23A isoform X2 (H9J5R2), transmembrane
protein 214 isoform (H9IX59) and polyadenylate-binding
protein (QON2S4). Interestingly, the hexamerin named
LOW QUALITY PROTEIN: acidic juvenile hormone-
suppressible protein 1 (H9JHMS8) was only identified in
wandering hemolymphs (Table S1).
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Fat body-specific identified proteins were mainly
involved in metabolism, including alpha amylase (D8K-
Y55), beta-galactosidase (H9JBCO), apyrase (H9JTTY),
inter-alpha-trypsin inhibitor heavy chain H4 isoform X2
(H9JDG1), serine protease inhibitor 3 isoform X1 (H9J-
L11), carboxylic ester hydrolase (B2ZDZ0) and glu-
cose dehydrogenase (H9JTYO6). Interestingly, propheno-
loxidase-2s (Q9BLG6), Pro-BAEEase (Q2VG86),
Toll-like receptor 6 (H9INC2) and Toll-like receptor 7
isoform X1 (H9ITG4) were specifically present in the fat
body. The results showed that the most abundant proteins
in both hemolymph and fat body were hexamerins. More-
over, hemolymph-specific proteins were mainly related
to molecule transportation, while the fat body-specific
proteins were involved in metabolism, implying distinct
functions between the hemolymph and fat body.

Pathways and interplay of identified proteins in
hemolymph and fat body

The 55-100 kDa identified proteins were further an-
alyzed by Kyoto Encyclopedia of Genes and Genomes
software online. Proteins identified in the hemolymph

were mainly involved in metabolic pathways, including
the endoplasmic reticulum pathway (protein numbers:
6), pentose phosphate pathway (4), starch and sucrose
metabolism (4), thyroid hormone synthesis (4), galac-
tose metabolism (3), lysine degradation (3), amino sugar
and nucleotide sugar metabolism (2), arachidonic acid
metabolism (2), beta-alanine metabolism (2), and purine,
RNA, tRNA metabolism and insulin-PI3K-Akt-mTOR
signaling pathways. Notably, some proteins were also in-
volved in endocytosis, lysosome, and the innate immu-
nity against multiple pathogens (Fig. 4B). In the fat body,
the identified proteins were predominantly distributed in
galactose metabolism (2), lysine degradation (2), protein
processing in endoplasmic reticulum (2), hippo signal-
ing pathway (2), endocytosis (2), lysosome (2), apoptosis
(2), longevity regulating pathway (2), and several path-
ways related to innate immunity (Fig. 4C). As indicated,
the proteins present in both hemolymph and fat body were
mainly involved in galactose metabolism (2), lysine degra-
dation (2), the hippo signaling pathway (2), apoptosis (2),
influenza A (2), endocytosis (1), lysosome (1), and some
immunity-related pathways (Fig. 4D). In general, the pro-
teins identified in both hemolymph and fat body were
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Fig. 4 Pathway analysis of the identified proteins in hemolymph and fat body. (A) Number of identified proteins specific to hemolymph
and fat body and common in both tissues. (B) Pathway analysis of identified proteins in the hemolymph. (C) Pathway analysis of identified
proteins in the fat body. (D) Pathway analysis of the proteins identified in both hemolymph and fat body.

mainly involved in carbohydrate, fatty acid and amino
acid metabolism. Moreover, innate immunity, endocytic-
lysosomal and cell death pathways were also essential in
the two tissues.

In addressing the functions of the identified proteins,
the interplay between them was further analyzed. The
relationship of proteins in the hemolymph was more
complicated than that in fat body. Peroxisomal multifunc-
tional enzyme type 2, cytosolic 10-formyltetrahydrofolate
dehydrogenase, ubiquitin and ribosomal protein S27a,
C-1-tetrahydrofolate synthase, Hsc70 (heat shock cog-
nate protein), Hsp70 (heat shock protein), transferrin,
adenosine triphosphate citrate synthase-like and
leukotriene A4 hydrolase had close linkages. These pro-
teins were mainly subdivided into two types: functional
enzymes and transportation-related proteins (Fig. 5A).
Serine protease inhibitor 3, leukotriene A4 hydrolase,
mucin-5AC-like and ribosomal protein L7A identified
in fat body had a close relationship. Similarly, the
transportation-related proteins apolipophorins, transfer-
rin, heat shock cognate proteins and heat shock proteins
had intimate bonds in the fat body (Fig. 5B). The closely
related proteins that existed in both the hemolymph and
fat body were mainly related to transportation (Fig. 5C).

The identified proteins existed in both hemolymph and
fat body were further predicted for their signaling peptides
or transmembrane domains. Among the 42 proteins, only
two proteins, SP1 and LOW QUALITY PROTEIN: pro-
tein piccolo, each had one transmembrane domain. The
five other hexamerins, including SP1, SP2, arylphorin,
basic juvenile hormone-suppressible protein 2 and
arylphorin subunit beta, all contained signaling peptides.
Moreover, apolipophorin and two melanization-related
proteins, including phenoloxidase subunit 1 and LOW
QUALITY PROTEIN: phenoloxidase subunit 1-like, also
possessed signaling peptides, suggesting that they might
be secreted from fat body into the hemolymph (Table S4).

Discussion

Six hexamerins are translationally identified in female
larvae of B. mori

Hexamerins in insects are mainly divided into four dis-
tinct groups: (1) lepidopteran methionine rich proteins; (2)
lepidopteran arylphorins; (3) certain lepidopteran juvenile
hormone-suppressible proteins; and (4) dipteran storage
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proteins (Levenbook, 1985; Haunerland, 1996). Bombyx at wandering and PP2 stages, implying that SP2 and SP1
SP1 and SP2 have been previously identified (Sakurai were simultaneously absorbed by the fat body from the
et al., 1988; Fujii et al., 1989). SP1 is a female-specific hemolymph (Table S1-S2). The uptake of these hexam-
protein characterized by a high proportion of methionine erins is mediated by their receptors and it seems that they
and is involved in anti-apoptotic or anti-oxidative pro- are unbiased in binding to clathrin, and then absorbed
cesses. SP2 is an arylphorin-type storage protein, and in- by the fat body; however, the precise mechanism of ab-
hibits apoptosis in a similar manner to SP1 in mammalian sorption needs to be addressed. The six hexamerins were
cells (Sakurai et al., 1988; Fujii ef al., 1989; Rhee ef al., detected in female larvae, and whether some of them also
2013; Lee et al., 2017). Here, in B. mori female larvae, six existed in male larvae is unknown. Moreover, the func-
hexamerins were identified as SP1, SP2, arylphorin, basic tions of the four new hexamerins are worthy of further
juvenile hormone-suppressible protein 2, LOW QUAL- study.

ITY PROTEIN: acidic juvenile hormone-suppressible
protein 1 and arylphorin subunit beta. All four newly iden-

tified hexamerins contain classical hemocyanin N/M/C Clathrin predominantly mediates the internalization of
functional domains. Interestingly, LOW QUALITY PRO- proteins located at 55—-100 kDa by fat body

TEIN: acidic juvenile hormone-suppressible protein 1

only existed in the hemolymph, while all the other five Endocytosis is the key pathway for cells to maintain
hexamerins were present in both hemolymph and fat body homeostasis in response to extra- or intracellular signals,
(Table S1-S3). SP1 and SP2 were the two major hexam- and internalization of extracellular materials is executed
erins in both hemolymph and fat body, which comprised in clathrin-dependent or clathrin-independent manners
~90% of the total identified proteins. Moreover, their (Tooze et al., 2014; Chen et al., 2018; Feng et al., 2018).
proportions in hemolymph and fat body were consistent Several key proteins are involved in clathrin-dependent
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internalization, including dynamin, adaptor protein, actin
and Hsc70 protein. Here, the truncated actin, Hsp70 and
heat shock cognate proteins were found to exist in both
the hemolymph and fat body, suggesting the progress
of clathrin-dependent internalization at PP1 stage in B.
mori. Several proteins are synthesized and released into
the hemolymph for storage during feeding-larval stage
(Burmester & Scheller, 1997; Ryan & van der Horst, 2000;
Geiser & Winzerling, 2012). Due to the reduction of food
consumption and high level of 20E, those proteins in the
hemolymph are reabsorbed by the fat body through endo-
cytosis for utilization during larval-pupal metamorphosis.
As expected, the proteins between 55 and 100 kDa where
hexamerins were also located in SDS-PAGE gels, were in
accordance with the potential proteins absorbed by the fat
body (Fig. 1). However, the internalization mechanisms
of these proteins had not been investigated. In addressing
this question, inhibition of clathrin-dependent, caveolin-
dependent, or F-actin activity was performed. The results
showed that only inhibition of clathrin-mediated endocy-
tosis or clathrin RNAi caused striking accumulation of
55-100 kDa proteins in the hemolymph, showing that
the absorption of these proteins was mainly mediated by
clathrin-dependent internalization. In addition, except for
the dominant hexamerins, there were ~40 types of pro-
teins at low quantities in both hemolymph and fat body
by MS analysis. Among these proteins, apolipophorins,
transferrin, fibrinogen and low molecular 30 kDa lipopro-
tein were previously reported to be transported into cells
more or less via clathrin-dependent endocytosis mediated
by their receptors (Dantuma et al., 1996; Hung et al.,
2012; Fruttero et al., 2014; Rodriguez-Vezquez et al.,
2015). Typically, phenoloxidases, which are presumed to
be secreted and released from the fat body, were also iden-
tified in both hemolymph and fat body; however, their pre-
cise regulatory mechanism is unclear (Chen ef al., 2018;
Kumar et al., 2018; Wang ef al., 2018).

Possible involvement of storage proteins in fat body
homeostasis maintenance during prepupal stage

During larval-pupal metamorphosis, the larval fat body
undergoes a series of physiological events to meet the
requirements of metamorphosis and maintain intracellu-
lar homeostasis (Tian ef al., 2013; Guo et al., 2018; Li
et al., 2019). Hexamerins and phenoloxidases both be-
long to the hemocyanin protein superfamily; however,
these two subtype have distinct functions and display
controversial interactions under specific conditions (Rhee
et al., 2013; Wang et al., 2018). Insect phenoloxidases
are type 3 copper-containing proteins, that can oxidize

substrates and cause melanization, while B. mori SP1 is
known to mediate anti-oxidative activity in mammalian
cell lines, suggesting the potential opposite function of
these two subtype proteins (Rhee et al., 2013; Lu et al.,
2014; Lee et al., 2017). However, in Circulifer haema-
toceps, phenoloxidase activity is induced by bacterial in-
fection, accompanied by the upregulation of hexamerin
transcription. Moreover, RNAi of hexamerin resulted in
a significant reduction in phenoloxidase activity, show-
ing the involvement of hexamerin in phenoloxidase ac-
tivity (Eliautout et al., 2016). Here, in fat body of B.
mori, phenoloxidases, including LOW QUALITY PRO-
TEIN: phenoloxidase subunit 1-like, phenoloxidase sub-
unit 1, prophenoloxidase-2s and phenoloxidase subunit
2, were all identified. Moreover, apolipophorins, which
activate the PPO system, were also identified at this
stage, showing the possibility of abnormal melanization
activation in the fat body during larval-pupal metamor-
phosis. Simultaneously, storage proteins, including SP2,
SP1, arylphorin, arylphorin subunit beta and basic juve-
nile hormone-suppressible protein 2, were all absorbed
by the fat body from the hemolymph, which might pre-
vent excessive oxidative conditions and maintain the fit-
ness of the fat body. Moreover, apoptosis-related genes
are strongly induced during larval-pupal metamorphosis;
however, the inhibitor of apoptosis is also upregulated at
the same time, showing the inhibition of premature de-
struction of fat body cells at these stages (Tian et al.,
2012). Thus, the absorbed storage proteins are also sup-
posed to inhibit apoptosis by preventing premature de-
struction and helping to maintain the homeostasis of fat
body. In addition to being stores for amino acids, stor-
age proteins are definitely involved in other physiological
events and have anti-oxidative and anti-apoptotic func-
tions, and the underlying mechanisms should be further
investigated. In conclusion, hexamerins were identified
for the first time, and were shown to be absorbed by
the fat body from the hemolymph via clathrin-mediated
endocytosis during larval-pupal transition, shedding
light on the protein-absorption mechanism during insect
metamorphosis.
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Table S1 Proteins identified in the hemolymph.

Table S2 Proteins identified in the fat body.

Table S3 Proteins identified in both hemolymph and
fat body.

Table S4 Signaling peptides and transmembrane do-
mains predicated in proteins present in both hemolymph
and fat body.

Fig. S1 Separation of proteins from hemolymph and fat
body for mass spectrum identification.

Total proteins of the hemolymph from wandering and
fat body from day one of prepupa (PP1) stages separated
by SDS-PAGE gels and stained with Coomassie brilliant
blue. The three protein bands between 55 and 100 kDa
were cut and submitted for mass spectrum identification.
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