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Application of the serial section 3D reconstruction techniqueto the
study of the midgut ultrastructure of Drosophila melanogaster
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Abstract [Objectives] To investigate the ultrastructure of the midgut of Drosophila melanogaster using scanning electron
microscopy and three-dimensional reconstruction, thereby improving understanding of its function. [Methods] Midguts were
removed from wild-type D. melanogaster, continuously sectioned and prepared for scanning electron microscopy using the
osmium tetroxide-thiocarbohydrazide-osmium tetroxide (OTO) method. The ultrastructure of midgut tissue was then observed
under a scanning electron microscope. Specific structures of the midgut were reconstructed in 3D with Amira software.
[Results] Midgut ultrastructure consisted of a serosal barrier, muscle layer, perinatal membrane, mucous layer, intestinal
microorganisms, tracheole, intestinal epithelial cells, intestinal stem cells and enteroendocrine cells. Intestinal epithelial cells
contain mitochondria, microvilli and basal labyrinths. A three-dimensional reconstruction of the intestinal microvilli,
mitochondria, luminal contents, microtrachea and basal labyrinths, was created. [Conclusion] 3D reconstruction was an
effective way to accurately and comprehensively visualize the ultrastructure of the D. melanogaster midgut.
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i B Drosophila melanogaster o 24
W ISCORI A8 TR DI RE , T B FIR AR SR &%
TLAE P ADLAR B2 — B B £% ( Shanbhag and
Tripathi, 2009 ). /45 HANE Sl a8 S i L
faj o, (HE R — S5 2 280140 T 3h B2 )
#E (Capoetal., 2019 ). Hmiddni Ll K N
B AT R ) B B SR RAE LS AE A, IF:
H BE7E SN R e A A A R e i, i T
PR S b ELA 2 TR AN A R 40 2k
AU, DL R SR SRR A 2L 3 W A 4 g s B AR
P KPR 5 T A5 538 B e AR ST, X AR
PR S PR 5 18 o EL AT (B R B A
45 (Wong et al., 2016 ). SFgh7iaE - 45 1
WER . PRGN, R s s S s
AR, b RHSRINEEE, N
TREM A, YR o
WA R4 ( Capo et al., 2019), W TR
g b iz RIS/ MBI RE AL, 2650 55 B YIH
AR, PR AR 58 e B A A 0 42
H AR R o TRl iE T4 | IsiE s
VLR 1B i A R RIS, AHOC TSR i gy 1 — 4k
SRR RIS (FHIBZREE, 20105 74§
FHOESE, 2013 ),

AR, BEE B AN AWK, A&
i 2 BRAVGE 2k 4k K] R SRR A ) A AU R A
T EA TR BRYE , ARV R £ BE R Fr R AT el
] — 25 e B AL AN TR A0, 40k 11 52 mie) 45 2R 1 1
Fl o XEAYIRE ST I R R4 T G R e S A 3
e — DA B R e 25 A =2 KR (Sugaetal.,
2018 ), Jf H =4 IR Be A2 T fin 2 WL 4 TH AR 21
AR N EE R . A Suga 55 (2018 ) E IS ESE
Y1 B4 e B R AR /N BRIV B2 23 PN Rz 4 |
o7 210 B K /0N S A AL 20 A A T — R A, 4k
MAGH L T = ERIE SN Z S ; Wacker 55
(2015 )il EZD R A BB HOR X B fa A
[l SR G R4 T T = 2 F A, AT SE 4 A 10 A
YRR AIIEZEAY; Jiang 45 (2021) Xf/MEL
JFWEZH Y = HETaAl, DN =20 F S IR 5T T
JHF 200 P 5 ) 5 A A i g 2 R S 2R, T
TSR] 7 9 H B R R AE AR W R SRR A A

FEP IR RAEH, AP0 DL J7 0 PRI R
i Rl A R R ) ) RS R AT
IR, BAE N B PR SR R M i 4 F 4R it —
E A HE LR

1 #MR5HE

1.1 SEHE

). B (Alfa Aesar ), U4 b8k
( TEDPELLA. INC ), Spon 812 ¥4 #fig ( SPI
CHEM ), Fri&R4: ( SPICHEM ), [t XU 4
( TED PELLA. INC ); g% ( E 254 Bk 2mik
FIARAT ), RAZEM (MACKLIN), #iftH
ik —F ( fai K TCH, damas-beta ).

12 {38

R SAREE (H, %5, SUsol0),
B RPL (3R, #1%5, EMUCT ),

1.3 #hiXEH

PG B S P4 A Oregon R &R, SKHAR
E M IR R SR AP IR B A h, BRI
FER 25 °C, FXTREE R 60%. fP4e 3 Hild
114 R SR e ke BBCHE P i T 52 4

14 EKEFH*E

141 bl HSSRH oTOo filk =, A
LBy s P A 2UE T 2.5%)%
W4 CCREEMRR, A 2% PUSEALERAT 1.5%%8k
FALER AW, JFE TR EEE 1 h, Z60R
PR R, 2 IOBFEKIZYE 10 min, fIIA 1%
BRACH IE —JF 40 °CHEE 30 min; P XNZEK
BUE, A 2% PRk R E 2 1 h, WK
Ve, FFIMA 1% BERRAVESN 4 Cligits; &
WEEAIR LIS, I Walton I57 (0.066 g HIAH
A% F 10 mL 0.03 mol-L ™' i R AR JF )
60 °CHFE 1 h; LREZEKIRZVE, 50%. 70%. 80%
1 90%Z B K, 4K 10 min, 100%Z EERR K
2 %, FIR 10 min, 100%A K 2 K, K
10 min, R J5 K AE i B TN ES Spon 812 B 54
3:1, 1 1ML : 3IRAWT TERT 25BE
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2, 2 M3 h, FE T4 Spon 812 WARBELK
5, RS E AR, A Spon 812 IR,
60 CE 4 48 h,

142 EZEVIRRAMBERG &Y
VIRCh a4, Yl JREEA 50 nm, KU1 Rk
SEEREA B, BT 60 °CFHYE 10 min, HaEH
MBS ERR s G L, & TR
ARG T MEIFREEUR  RESECIN#
JE 2 kV, TAEME N 4 mm, JETES T
55,

143 BEBRLBR=H#FH KRENTIII
R E RS A Amira 208, ilid Align BT ]
FibFrxt A, JEiE i extract subvolume HE B H
JEME S5 R H segmentation BHX &E5KAT]
A TR Ay (IR | SRR ) 50

PLr#E G B R s iE i generate surface Fll
surface view MIHLA: e I WIAK - 04T = 4k @ 7s
( Porrati et al., 2018 ).

2 HRESHMH

21 HFBREMR

PR SR i v gy ) TR AR AR BOR AR BT W] LA
ST HEAIERE . BELL R mIE NS (K 1: A),
Wl HARZY 100 pm, JiAiEEEEEAE 10-30 pm 2
(8] o SHE— 2 AR T i i Ji 7 B R f i A (81 1
B-E ). TEMIE febM )2 10 T R 25 40 A 3R 5 o s
(' Serosal barrier, SB ), M5 FE P A 1B WL
2, W2 EHAUZ ( Circular muscle, CM ) Fll
Z\ILZ (Longitudinal muscle, LM ), £ L

B 1 igBHEa
Fig. 1 Theultrastructure of midgut
A-E. REBREE TSN L Bk, MIC: f/EY); MUC: KilZ; CM: WILZ; LM:
PHUZE; MV: WEE; N: d0M0k; PM: IR, SB: MRS T: MURE; M: &Ailk; BEL:
R ISC: WiE T4/l EE: Jm/ribdii.
A-E. The ultrastructure under different magnification. L: Lumen; MIC: Microorganism; MUC: Mucus; CM:

Circular muscle; LM: Longitudinal muscle; MV: Microvilli; N: Nucleus; PM: Peritrophic membrane; SB: Serosal barrier;
T: Tracheole; M: Mitochondria; BEL: Basal extracellular labyrinth; ISC: Intestinal stem cells; EE: Enteroendocrine cell.
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2B, S A U ((Tracheole, T) Z5H),
M 7 J 38 5 J5E Ab A7 7 K & 2K #4549 ( Basal
extracellular labyrinth, BEL), ‘Ef1-5HAR K
WA K. WiE E R AN ( Epithelial cells, EC)

R RE ) B A, B b R A 2R AT HE S A
FH A IE T (Microvilli, MV ), LK B
FH LR (Mitochondria, M), /%01
T2 2 A A Wl b i e 2 e, HLAS T Rl ik
JRHR, BTGB . [FIREAE R b R 4 2 ) 47
TENG /b4 ( Enteroendocrine cells, EE), i%
AN B P IR AEAE R S 0 AE I B R 9 B
I AEN A & B ( Peritrophic membrane,

PM)ZEH4 , T N BAT R #Z ( Mucus, MUC ),

HLTH AT A B B A ) ( Microorganism,
MIC ) FIEHyam/ Nk .

22 WHBEH=4HEN

221 BERMAE=ZHRT WMHEMYERN
T LA R m g EREE R, B 2 (A) A
K2 (C) NmBEHLAFTFHIIF, B2 (B)
21 6 X R R E R B E, B 2 (D)
J B E =GR o R 2 ] DO —3
3 D35 PN ) T T 8 T i R A K
PEATIE R ISR, Hoh i Sk B th 140 A X
RN EE=S G N IR S shi0) 7= F REy A
0.5 um, TEKBHHAEL 5 pm,

2 MEMAEBRMEMRZ%RT
Fig. 2 Theultrastructure and three-dimensional display of intestinal microvilli

A, C. AFEFIIWIF; B, BRMAE (L60) 2HIKE; D. Mot =R,

A, C. Different serial slice; B. Show microvilli (red) segmentation region; D. Three-dimensional

display of intestinal microvilli.

222 BFBEBRMMENE=®RTR WKib K
YN R ARAR (K 3), HrZkiikIE
ARALHE BT SR Y 45, BEATLIE H L Kz 4H i 20 A
FE I (i R AR e AT = E A R (1 3: D),
SR B LA B 2R A ERIR S, A2
FARRIE SR AR —E 255, Hh K28k
R A K BE FEEAERTE 500 nm 2] 1200 nm 2],
223 BBRANBTH=H#RBT WMWENETER,
A O R DI A RS 2, S T AR TR
T omaysks (K 4. A), TTRRIZSMNE
— JZIMASAREE Y L5, L R R
XF s N T8 7 HE XSS A T = HE TG S JRR , 45 5%
FWABERE T B ARTE 5-8 um, W (ARG TR Z 58 240

SRAETRERE AR , T () B B I G FE RS T2
M,

224 WRE=HRR iR mNNE N
S RBERKRATE 3 pm 24723 B R G5 1,
WEESN R TEAR , MishREH el (B 5: A),
YRS R MRS B G A XA, R
PRAEURE P BE 55— Sk % b 0 PN BEAR TR

225 HEZ#HRET AN EIRAMEENE
KIBERZ54) (K 6: A, B), E 6 (D) Ak
BRI =2 JRR

3 wWig
I 25 L5 R F R DT 2 AT e v
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B3 Mt Mmgknidk=4gRR
Fig. 3 Three-dimensional display of mitochondrial and nuclear in intestinal epithelial cells
A, C. AP T Z 4t R B, RoRZRIR (Z06) FMAifur: (4 ) R, D, Zokiik AR =4 s .

A, C. Two-dimensional display of different serial slice; B. Show mitochondrial (red) and nuclear (green)
segmentation region; D. Three-dimensional display of mitochondrial and nuclear.

4 BENBY=HET
Fig.4 Three-dimensional display of intestinal contents

A, ENEY 4R B, BUEY =4ERR s C. UEY AR =48R s DACEY) . K2 AR = 2R .
A. Two-dimensional display of intestinal contents; B. Three-dimensional display of microorganisms;
C. Three-dimensional display of microorganisms and mucus; D. Three-dimensional display of
microorganisms, mucus layer and peritrophic membrane.
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5 WSE=HRET
Fig.5 Three-dimensional display of tracheole
A, RS T 4ER s B WUV S4B ROR
A. Two-dimensional display of tracheole; B. Three-dimensional display of tracheole.

6 EE=#RET
Fig. 6 Three-dimensional display of basal extracellular labyrinth

A, B. AFEFIUIR “ 4R ; C. RoRikis (206 ) XK D. R =4EnR .
A, B. Two-dimensional display of different serial slice; C. Show basal extracellular labyrinth (red)
segmentation region; D. Three-dimensional display of basal extracellular labyrinth.

RN TS/ SiMRTiBUE S Ei TR L Ve SEEE7L Ty ishl. 7))
R BT RS, AT AR BISLE S i B
BRI EIE , I ELil i 140 e Bt A7 R (SR AR B
T IRs =4 (HFLAE, 2020), PELAHT
FER HTE V) F 7130 LB ) T 1 0 R I SR g v
W EAT R TR A R W5 B 2 — A E ) o A
FEHR I OTO filAET5 kB H ML A B il A 072X
M, BOMIAR TCH REfE & L YRE i BT
P D T oRAR IR AT U 5 T DY A AL
T BB ST BE A RCOR 5 20 15 2 R 4 i Joit
BEAYZER s 351 OTO HilkEH BT IR A A
BHRIRE DT P RIS TR BHE B 18, A

TRMEHA R (TS, 2021 ),

A= W 2H SO IS ) O LSS T LT RE A T
ST BZ IR SCHOR, T = ZE R 5 — g o
TN WK 4TI ) S S A A A SR R i T
IFL AT 1 R A 5 T SR e I 2 ol o M 1 T 1
ZES DT MAARGE , P4E 3 H R p SRR i
EE AR, HiZBrBosi s e, WikA
WFFE PRI T Ak 3 H MR, xS b
LRI T LSS B RE o AR R PR R b i e
SN NI B B, A2 ) AT TR A A
T TE R NI 246 B R, ERERIE
Yy R N 4% T 25 AR E ) B I BE #5202 3 ( Felix,
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1996 ), WAMEANER KRG L BEASBH 1E 8 5E FI
AR AR YT H, A OIS T 1 A P
PR A A PE A HAA — 2 2 3 ( Vancamelbeke and
Vermeire, 2017 ). 7EHLEE T Al ML 2| piE L2
AL AR, HhRINZESEMANZE, BHA
W2 FNAE R g 1B VR, Ak 5 | i i K S AR
ik, E Y E R e E —A
3l MNJZEIERIRRNL, EA R ) e i 1 1)
YEH, dkmifie st o i R i ks, o ik
308 38 LD B 30 v > L L W 1) iR ) 5 1 % 80
1 X B LA PR R] TAE , B &9 DG s %
Z v, 8 T W WUZ S5 1) 53 A B 5 e v ml
FW5EMsh 11245 (Sandborn et al., 1967),
o T4 ] 4324 R i iE b A, T 4EREimiE
FaAS, Wil T 40 M R B 5 AT TR 58 H G 5 A 4
FEALHT CREBHOESE, 2013 ),

Jr B 8 2 b B A M b A /NGRS, T
Henan R AR, I EA M. s . ARG B
FMPLE 55388 ( Van Dussen et al., 2018 ),
MR EE T R RN E A 22, ZA i
HERAZOEEH) ( Mooseker and Tilney, 1975 ),
W 3 T 8 R VT i R S A A e T T
HLFEbR, P IOER N7 18 T8 B i 2 1 B LA S
WERKESFHA B it X AVREAE
&R BN A B T Bk (R 3
45002013 ). BARIGIE T HESE ) WLEE 5256 B
BHEESLZME, (B8 =i g5 H A — E L
PES R TP, TEAFFE T IRATAIE 1 (A)
Bl 1 (C) BIRHF—F&, SRMH T )2
PIANE, R B R AAER . 72/ 1 (A)
] LUWLEE 3 I T840 B R % 5 B RS, SRR
Bl 1 (C) Haf LUE R Xk Efe . A2k
FER WV AN TR R E R A, AN RER
)N BRUAEE g 38 R ) Bl ) I A 3 ot 1l L 5
B ERMEE CRECE RIS, 2011),
WX 22 U) 7 i AT R AR RS I AT — 4k
¥, AL e B T A5 R .

SRR AT ARG YT, S 5H
MBE R A7 AR, RS SR OG5 T aE .
T, Ga™' {55, AR RO (Dtess,
2021 ). WLANZRIATT 2 5 45l 18 T AR A

2R b7 A T BE B A5 T i R g 3 bR 9 & A A G
(Berger et al., 2016 ), fEZEbi{kz))Jjfth
LRI AR (k@G ) 5E65r 40 M)
[EISOSY i B R IR IES§ RENG I PERs & €5 TR LN B i
BYERRAL, PrE LB iigsR, ROS =4 R,
SRR R AT e A0 IR T /K- BRAIG, T 4ok
o245 A R AN ( Picard et al., 2013 ),
R L AT A2 o7 B BB X i R AEt
FELRL AT B 7 B4 5 >R ] Western blot J7
PTG B A3 M G RR R A T SR, s i
75 5 LB A T ORI S AR R LR R K
Be bl (Maetal., 2019 ), #Rifi i T2 F /B
FIE R0 B R, 2Rk — 2 MR R B S
A NP i e 2y O AW e A 2 5 TR N
25 T Ni0 RS

R N R S R E MR R
YIEURLAN , I AE AR B TH AR R T2 S &
i, BB R LT B R A4 TR 1 gl iy
B PR EE R , SR R A S Z
YIRRBERE . EREREBH IR IR RUE Y, LA E Y
SN 75 R 555 R A i Y R i o 4
PERIREIR, T 28 R R o AR 25 T 80 W B B AE 7K
SR ( Hayakawa et al., 2004; WhabdE 45,
2018 ), AHIFFE ISR N T8 P9 I S BORG VJZ I L
Bl BB R TR SRR, Bl & A7 fe 1 2
SERGERTRZE , TR Z A5 WA ([
4: A); “HEEAIEE R = H A R
SEMZRKEFR, FHIE T AT B4 52 5 1 A 58
(E4: D), Ph 3T W th 55 A Fn e
JEAFIRPRIIES, X THFoE MiE w i, WAibfe
PE KB B EA —E B

B MAE R TRRE RS, B A%
AAMIIEE, ME ARG H AN IE X0 Hi o %
e e WU ERSIEYN K= W S B2 | B TR T
2001 ), Feii A DR RS b F B &AL,
il A A BRI SR S R EUR R A,
B 2, DTSS0I T 40 0
( Tamamouna et al., 2021 ), ASHF%E i A W 2L F
Oy TS, 3T BB A R HOA {d R
A AR PR L | TR T UL X s ) Ry R i
BRIy SRR, (HIFE RS = g i xt
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T T EIESRSBBAHIRRA — 2 L. 1E
AHIF 5 A R A L o B S A AT T =Yk
) o A 6 R P 200 DX R P B R A S E I, Pl
U ST REE A PR T FIREL 08 4 M ) 5SS B I LA, 7
YT 2 B A B G A MU 2R AR ARG Rk
BEALFEHES A | Sy BRI R Zs A R Tk
2 SEUK PRI A58 ( Fukudome, 2001 ; Hayes
et al., 2019 ), J@iEXf % —4Edty, wLI#—
DN 7 A 5 R R AR TR, XK F 5 g 8 7K R A
HAE—-EB X,

AR AT — S O T R NE SR MR N A 4S5
F123 (8] ¢ 2R BAFSY o Wl o oL 2
SEACHCHTJo R A- 78 R 4 1 22 fk( Mattei et al.,
2015 ),3# i SBF-SEM #/ T R IE SR b0 & 2
iy 3D # kL ( Kawasaki et al., 2019), 2k
T G T SRS SR N 18— 2% 8 Tl ) 5 ) e A i3
B 20 T At B Y R TS A R B A
SETE AR R L g R 2 HUR R i S
4 [ RIS SRS, Qe ) BB A 4 o X T
1V T 2% T 540 W) 3 3 A7 AE T4 R R A s R FL
SiYpiE g, (BN PSR B RS R
B0 RN B A5 F0 70 At B o A G o A SO
EFRA NN Karenia caelatata i I 7 4040, &

AT IMEURE, By L Tenebrio molitor Linnaeus
InA oY o N By s i A K 2 NI D e
T Y5 TG 43 WA AE G , (BL7E RRE SR | Bz At rh )
KRB CPEIass, 2020 ), AH R BIE S A
149 F 4 D 240 L 5L AT 2 ARL 3 DA R, 5 22 YL AR 1) Ty
fiE, T 38 SR i 1 PN BRI rh £ Fh ) B Y AR b A
R, AR T R B A . HOC TR R
Nilaparvata lugens 345 1 75 N 1) N &8 — 4k 45
IR EREA , —HEE A~ e mE s
HIFERN T RE2iAe , Horb b it s & it i 240
BN, PN A BE NS E, Tt
HORERAENHFEX (Wang etal., 2021 ),

ZE LA, iR Y] R R A
FORXT BRI R b I gobidk . T . A
SALEESS I = YE o, X T H IR T o & L
K, XA A s Te k2. I Hix
7k BA e KR AP S, T A R LA S it

AR AEARE A5 o 1 TT X T 5 S e SRR R i e
MR 22 o B i 22 ] B 25 AN R S5 AT — 2 2 %
{FIRIERe
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