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The circadian eclosion rhythm of Spodoptera frugiperdain
response to photoperiod cues
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Abstract [Objectives] To determine the circadian eclosion rhythm of Spodoptera frugiperda in response to photoperiod
cues and establish an eclosion behavior-based assay to explore the endogenous circadian clock of this pest. [Methods] S
frugiperda were kept under a L14 : D10 (LD) photoperiod before being randomly subdivided into one of four treatment
groups; constant darkness (dark-dark, DD), constant light (light-light, LL), and two groups with an extra day of exposure to
either constant darkness (DD+1) or constant light (LL+1). The control group was kept under the original LD photoperiod for
an entire generation. Nine-day-old (for DD+1 and LL+1 groups) or 10-day-old (for LD, DD, and LL) pupae were transferred to
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a purpose built, chronobiology-based, full-time monitoring device for determining the biological rthythm phenotype of small
animals. Pupal duration, eclosion duration, and circadian eclosion rhythm were monitored and determined by combining
different photoperiod cues. [Results] Adult eclosion mainly occurred in the dark phase, or the corresponding phase of the
dark phase, during LD entrainment under the LD, DD, DD+1, and LL photoperiods. The adult emergence peak occurred at
Zeitgeber Time ZT15-16 (24%) under LD. Moreover, anticipation of the light-to-dark transition for eclosion was found during
the light phase under LD. Adult emergence peaks in the DD and DD+1 groups were delayed, occurring at Circadian Time
CT17-18 (24%) and CT21-22 (22%), respectively. Although poor eclosion rhythm was still evident under LL, an extra day of
exposure to LL (i.e., LL+1) completely disrupted the circadian eclosion rhythm of S. frugiperda. [Conclusion] A circadian
eclosion rhythm exists in S. frugiperda that is regulated by both light-dark cycle entrainment and an endogenous circadian
clock. The adult eclosion peak occurs during the dark phase of a long day photoperiod, and the free-running circadian period
underlying the circadian eclosion rhythm of S. frugiperda is longer than 24 hours. Overall, adult circadian eclosion rhythms
appear to be a reliable phenotype that can help reveal circadian clockwork mechanisms in S, frugiperda.

Key words Spodoptera frugiperda; migratory insect; photoperiod; eclosion behavior; circadian rhythm; circadian clock
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HuIRIY A 5% 5 A T R R R s
BHFEWHLE, REZAYCEN T iXF H PR
FRIGER, FIER T NIEEAED 17 ( Endogenous
biological rhythm ), FHr YRS 2 15 At i Ay
FEE 2 (R E g A Y8, Circadian clock ).
HEVFZ AT AT O TE SRR B B
57 (Bertossaetal., 2010; Groot, 2014; Pt
RN, 2015; ER, 2015; sKESFIAIT RS,
2015; SKRUEFIEELE, 2015; KATHEISE, 2017;
Zhang etal., 2021 ),

IR E R (At ) H a8 e
S (1) PHEMT MRS (Oscillation ) 7F
THEREE R (UNFFE2 RS ; Dark-Dark, DD )
TEEAFAER A iz tT CGRIUIFAAE T H R Z4ERF N
P BT ). (2) % B SRRy F (an
AR AE R T R ) KREMIRE 24 h EH—
o (3)IZ AR W HOCREIE ER (s R )
s RSN R R 5] (Entrain ), (4) 5
SR CHTERT IAH AL BB AR AL U, B

(tau, ) TEACTEIRBE ML AR e, BRI
JE #M SO ( Pittendrigh, 19545 Allada and
Chung, 2010), HET UL F4ebE, AWsh RS+
B B FRYERFI ] AR O A Bl RO A
5 AR e R W 0 i A GE AT E B AL
36 DATE I [A] RUBE b sl 2894547 S0 A0 A 3335 3 1Y
i L3 AN FROTA AL, A RO PR AN E
AR, SEEPERUE 2 . SRR R BT AL
il AR A (Allada and Chung, 2010; FR3C

BEAE, 2011 ), Hi, OB RBEAR TR
geny T, HEZAMN R A ERAT BT
5% - B P8 )it ol % ( Transcriptional-translational
feedback loop, TTFL ), i [m]#%5¢ pl *o M6 3
T AA L7290 24 h ( Patke et al., 2020; Ashton
et al., 2022), AEYBIAERSTA]RUE b a4 2500 5
HEWIAT AR, DAIE N AN FY ( Anticipate )
AR IR . BT S A O T P M PR
Ak TR, AR LS ORSF O AEAE T A T 3
HFLSIITE N R b, SOl HA e 4 R A W B
P A B J7 T i) <88 /E A ( Hurd and Ralph,
1998; Ouyang et al., 1998; Woelfle et al., 2004;
Takahashi et al., 2008 ),

ST A VR = LA TR & X DR AT et apr g Bl
B4 ( Bunning, 1935; Kalmus, 1935;
Rosbash, 2021 ), 5&4x78 35 B BUA) P A A T i
SHAS RS, AP o0 A 15 70 4E 0 T 42
B FET (EV BRI RGO ) RS
T 24 h AR, HAZO R IR MR

( Zimmerman et al., 1968 ), [t J& T UL
P57 154 ( Pittendrigh, 1954 Pittendrigh and
Skopik, 1970; Mark etal., 2021 ), PR
A0 R B 2 1 ) PP G 45 JR IR SR % Drosophila
melanogaster ( Konopka and Benzer, 1971; Mark
etal., 2021), ZHiFP# Delia antiqua ( Watari,
2002 ), Kr4%u% Rhodnius prolixus ( Ampleford
and Steel, 1982; Myers, 2003 ), ZX % Bombyx mori

( Shimizu and Matsui, 1983; Ikeda et al., 2019 ),
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k4 B Danaus plexippus ( Froy et al., 2003)
%o MFRERW, SEREER (ADERIMIZ R ) (Beer
etal.,2019). {5 EEFA( Tanaka and Watari, 2003 ;
Takahashi et al., 2020) Zk & PHFEATVERE
WP BT R I ( Zeitgeber ), MM
S| a AP R R R PR AT ( Watard
and Tanaka, 2010 ), AR AP HERBLH
AR S e S SR e R S Dk 4 SR A ] 3
LR T P im0 BT AR 4R B B ( Froy
et al., 2003; De et al., 2012), JlJE¥ Osmia
bicornis 7E G JE FAZEE T 1Y P Ak i e s 0T 5 1
( Morris and Takeda, 2008; Beeretal., 2019 ),
/NS Plutella xylostella 76 2 2 F i B4k
e U B F ORI iR A g R B (R R4
2022 ), £ [91% Hyphantria cunea iPI1k =
MO 5604 45 45 5<( Morris and Takeda, 2008 ).
{EAE B R RFEOE I (Light-Light, LL) AJ
T IR (Cryptochrome, CRY ) YRz
ARG, AR AP E R HE Rk,
X FZIE R TR IRARIE T CRY R
i, MM F2L Timeless ( TIM ) 75 I HRE2 1%,
T R SR A R K PR S LL R 3R
AL TET E#PE (Froy etal., 2003; Tataroglu and
Emery, 2014 ),

i S 15 Spodoptera frugiperda Sz — il
TIRUNPAT | M FR 1 DX A AR F KR )k
Fl, H 2019 FAEKREZEABEE R AR, b
Je AR T ] = e Sy, H R b A N RN
Al AR AL — AR A 13 44 5% WL
FEHRAE, 2019; BRMESE, 2020, 2021). HEIC
I 170 e, B B T R A DG ST L G AR
FEAH G M . RBCHERAAT N (R4,
2020; FRBMES, 2021), FEOIAT R (4IHSE,
2020) LI H &80T ( Locomotor activity )
% (Lepplaetal., 1979; Miranda-Anaya et al.,
2010 ), R RGEMPAT A BRI HRE -
AN, HS% Hanniger 45 (2017 ) Xf HAZ OB Ak
R Sk s AR IR TE IR THILARSE , (BB AT
FR G N TEAIL I AT W o

ARSI A HE AT T T R b 5 gk

X4, it [/ BN I TRHE A =R
ANy A A A R R A R T (LA
BRI e g ) (ST R AR
71.202120866706.1 ), SRR RE T4
Yeh RGP E R EIFRIE S, REA DG
JEAMZk% (L14 : D10, DD, LL /¥ DD 5 LL
WEAER | HAY DD+1 5 LL+1), 58 KAk
JEIZR R T B AP T A, Ik —2
NI TR TR IR BT A (AR ) HL
HAFSE i, A B AR U R Rl Gk R A A )
BRALE , JCHEAE S ALE R AT

1 RS

1.1 fghihiE

AHIE G Pl 2 b 5 130 0 S 0 e B Dy oL
K BT PR MY B A B S5 HE L (108.06'E
23.25'N), M S = J5 7 N TAER (RXZ-
500E; TURVLRIINAR) ) MARIRFE, R34
JPEJEW L14 - D10 (LD; WEIT 4]y 45 H
22:30), IR 26 °C, FHXRE 70%.

12 %HBpE%E

R KENAHRIR (R EE 67 mm, &
110 mm ), 5PN EA 3 B, AR
IR AR SARER N 2 mL 1) 10%848 5K o KB 1
W 2 e B N A TR KD A (IR AT )
SR e B35 1, 1o SRECX ], B H e
Fisk ) B 467 O AT 7 DR e 22 H DI B TS0 A 26
FOBTEEEOKRI R (ORBHET 1506 ) (ERNE £ &
(RIS 2021 ), B TRFMA T, £
VIl A RS R BB A e rh, i A
2 W4l i AR S E 2 ) P PR i ORI R,
IR PR 5 3 (] S 4 fif ROkt R 3 IR
B4l Ul K B Y SRR R R (AR
24 mm, & 95 mm L3k AS IR FE S EA L em®
AN TR (224, 2019), ARAEEE
THAEHUR E WG — 4 AN T ARDRL, L Sk 7
RIRA HURBIEM , & 5K B AFE L R4 2L
B O P A A 3 1 A o ke LA e 1 R B TR



6 1] BT TR RIS R 10 5 S R P L B R ST

< 1725 -

Ak
13 HARPAUERTHENENRE

AHIFGEAH 0 A e Xl e b B A ek
S HOPIAR S P B A T e BT I
R CE L A), ARBER S ARG (1) /D
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LSRG, SHETG . FHRESR . L8
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YA A B R G T Jr s LA B Bh ik S7
IR/ NRIZh Y, LD AMRAZ K e e T &
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AT AR RS Sk BT IR AR RIS . (3) IR P
FEHINEI RS, WG EA A VLB ISR . H o
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PAG S A B, TR ) ARl £ G s ol O i
BA UPS HLEIF R ) R BEAHE , LASEEL
BE 0 SRR FNAFA o AR UBIFFE v A i e A
RIS A WA ) o s e R P K2R
TR R [ N RS LA (K 1: B)
BT NTOERA %S (RXZ-500E; T IR
), IR OISR EADC R R AT
SRR AR
1.4 FEXEEZ R TR HE

HH 21:00 R A N TSGR 4 R
TR, W5 i) — K AR %) i 2 s S A T R K 4
PERRLE G, e SRR H 1, Jfaksite 5
4y R — B IR A TR 3R o ABIFGE G

RRVE FEAUFE L14 - D10 (LD; BUEse i
fRJE]); FF2kmE (Dark-Dark, DD; SN
10 d JFipabBE, Ab3HTH LD ); Rzt
( Light-Light, LL; %> 10 d JFIG4LBE, 403
HIh LD ); #2807 1 HIHFGRHFLERE (DD+1; i
A9 d FFERALEE, AbPERTA LD, R DD Ab#
JER 1 H s $EAT 1 HIFARRREEIE (LL+1; 4
%0 9 d FFARAL B, AbEERTN LD, R LL AbPRAE
K1 H). BT LD &8 5% 5 o7 i ke A
EI, AR AR A R, i
3 8d (LL+1 #l DD+1 4b¥ ) 5 9d (LL fl DD
AR FEOBT, PEHRRE I N EELE I & 2K 7 em,
PR 2 cm Pl T S T 1A 1385 BH B B84V A Al
SIYEFEAG, I FIHEE 10%86 % 7K AR 3R X B 7
BWsmE O, AN NI ERECET
PRI E EFEE R (F 1), #
PR RS B LA (B 1 B)
AN T AR N, 00 1 5 4 e B Bt
— 3, PR SR RE S W i A B DL, LA
BRI H OB, e SERHZEE LD, DD,
LL Frysgpis. sip e vl 28 DD 8¢ LL
R ST R R P AR R R A B
4t T ) 2] Ak R R B S

15 AEXEAPLRER TR RALHEE

FEIE S S B (O SCER AR BTG T ) WA
A5 1T A A T 2 v 3 P Y B A (BRI B
WS ) M DA R R P A R, SR AT
1-2 d S AL B AT LB i (& 2. A),
PUEHT 0.5 h A2 47 ] DLz Bt B B ARk, 2
I T R T M AR 1T LA R ik LA AT B, AR SR
rh L S S T A 5 B 1] A5 P4 D R
(ORI E] A (22 B), DUCHRURA S 5 i e
(R A R DT 4 R fal s (/& 2. C) LA
2P B o SPIARD Bsf R A A R R S
ST A s [ [ B e PRI S

16 ARXEAPEZRTHIANERTEUNE

P 1.4 oL RINA R B E SR AL BT
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Fig. 1 The chronobiology-based full-time monitoring device for biological rhythm phenotypein small animals
A BEERTTE R FEAM (1 260, 2. 506 3. AVBIEMA; 4. RIBELES; 5 MR R,
6: FRMZIYIRFRE; 7. ARG 8: MAA; 9. FHRESUE; 10: Jtamit; 11 MORBEsn; 12 WA
13: WFREIRE: 14: LMK 15 TRV 16 R AEE AR o 17: BoRB; 18: A

Mds 19: THEEIEME; 20 SUFUCEAIERS; 21 BIERS ) B. AW RN A SN RS2 O .

A. Device schematic and the main parts (1: Full spectrum light source; 2: Light diffuser; 3: Organic glass box;
4: Temperature and humidity sensor; 5: Feeding chamber holder; 6: Animal feeding chamber; 7: Infrared camera; 8: Angle

bracket; 9: Lifting arm; 10: Light intensity meter; 11: Fine tuning knob; 12: Coaxial transmitter; 13:Feeding chamber support

box; 14: Fnfrared light supplements; 15: Lifting platform; 16:Coaxial monitoring and data storage center; 17: Display;

18: Automatic humidifier; 19: Lifting base; 20: Light source setting processor; 21: Temperature control system);
B. Picture of the core components of the full-time automatic monitoring system for biological rhythm phenotypes.

D) M B gk R P AR I Ol o & W I
( Objective dark ) F1=EMAEH] ( Subjective dark )
¥ Uy iof [R] 387 Ry JE 5 IFE] 22:30 ( Zeitgeber time
(ZT) 14 B Circadian time (CT) 14), IR
TFUf A s B 18] s W2 SR fb AR 1 . LD
DD. LL, DD+1 K LL+1 FHBMLER T H N
3 0 DL O JR B 2 3R i IS BT A G
ZT14 5% CT14 FRUR WA 24 h PUETHE, M T

B2 Eheaimas R Bkitie I TE LR Wi S B S P B A A T A

Fig.2 Theadult emerggnceprocessof SEYeIR LL FTETEL, 4RRI%ER DD A1 LL i
Spodoptera frugiperda ., . o v

A R b s o) L] ORI, A T
SN . C. A5 A B ] HE AR DAL BB G 1 do 2, IR
A. One end of the pupa turns black before eclosion; JI S E A R W A S AR AT Rl SERT TR S (R
B. Before eclosion, the pupa expands in length and the 2), MEEFAHIRFEE A 2R 5 T 24 h

adult head breaks through the pupal case; C. The
adult just emerge from the pupal case completely. N P B TR T R
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1.7 BIELBSS T

BT A B 1k Microsoft Excel 2019 Zx{4uk
LB, P AR L 1 h AR,
ST B X U A%/ DR e d Y 24 h
P B H A 53 . SR IBM SPSS 26.0 Hff
HATEAR G, ARG R B E T W56 D)
1 B R BRI AE D B A R B Tukey HSD
Ja K5 ( Post-hoc Tukey HSD; P<0.05) 47
AT .

2 GRESH

21 ETARXERLERAIEHH

W B AN RO R e &R, 0 H R e 22 R i
(DD) FFRLEIR (LL) N B 900 ik 4 i
199, A1 DB P B T R AR AL A ) el R
PERFFE $E AL o 22 A AL B 0] 275 ni&] 3
/N, L14 : D10 (LD ), DD 1 LL FHiAYFY

s . a
£
s 9
3
=
g6
&
=
~ 3
=
R
L)
LD DD LL
6 Photoperiod

3 3WMAREEHLE TR M3 R A T 4 i 2
Fig. 3 Average pupal duration of Spodoptera
frugiperda over three photoperiod cues

AR (N): Np=76, Npp=75, Ny =65; LD, DD Fl
LL 735 3#7% L14 = D10, 58RI 5120 3 Mot
MR BRI -P bR DS A AR AR A 5
B RN ] b B340 )T 301 28 Post-hoc Tukey HSD K4
(P<0.05) JLRFZESR. K4,
Sample size (N): N p=76, Npp=75, N ;=65. LD, DD and
LL represent the photoperiod cues of L14 : D10, constant

darkness and constant light, respectively. Data are shown in
mean + SE. Histograms with same lowercase letters
indicate the average pupal duration is no significant
difference among different treatments at 0.05 level by the
Post-hoc Tukey HSD test. The same for Fig. 4.

55 3145 58 (10.92+0.04 ). ( 10.92+0.05 ) I
(11.08+ 0.03) d, AN[FEEFIMLR T2
[B] TG P27 (P>0.05 ),

22 BETFAREEHLRHRBPLHH

AHIE 5T P Ak D7 B e 38 A R P AR T
A W T2 T SR A AL SR A5 T TR AT 43 B 1) B
TR A S AR T s 5 B 5 4 I M 5 T
SEF ] o BRSP4 i s aT Sy LRIk ek 1 A
i AT B ARt E S nE 4 Fos,
LD. DD # LL &P 3 17 B 43501 oy
(68.9843.79 ). (80.84+4.18 ) F1 ( 79.06+2.83 ) s,
ARG FE I 2 R T HL Pk Dy B 22 () G db 2 7k 2
5 (P>0.05),

=100
g a a
| +
2757 a
8
& st
Q
m
Z 25t
E
R
N 0
= LD DD LL
J%JE#A Photoperiod
B4 SHARNEABMEETERE
TR T 4L A B

Fig.4 Average eclosion duration of Spodoptera
frugiperda over three photoperiod cuesL 14 : D10,
constant darkness (DD) and constant light (LL)

#Z'K% (N) NLD=42’ NDDZSO, NLL:320
Sample size (N): N p=42, Npp=50, Ny =32.

23 ETARAXAPEZRMORBFLERTE

mE s fis, LD (90%). DD (100% ) i
DD+1 (89% ) T i 57 4 i it e P AL B h 7E %
ML( Objective dark )z 3 WHE A ( Subjective dark;
RPFp 2 A A5 T ST LD OGN R T 5 2ok
PR B B ) A4, LD R H R A
FER LT ZT15-ZT16 (24%), HAEEABHE
1 6 W AE 7R R L 3P Ak I O I R 4
( Light-to-dark anticipation ) {4, HABGHERT
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Eclosion ratio (%)

DD
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SWnN O wn
T
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—
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14 24/0 14
if[E] (h) Time (h)
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S W
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Eclosion ratio (%)
S o
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—
(=R NNV
T

FUELLR (%) ©
Eclosion ratio (%)

—
N

24/0 14
iflEl (h) Time (h)

N
W
1

LL+1

14 24/0 14
iflE] (h) Time (h)

E5 AREEEAHEETEMAREHRRAPAUERTE
Fig.5 Thecircadian eclosion rhythm of Spodoptera
frugiperdain response to different photoperiod cues.

PR (%) =
Eclosion ratio (%)

—— N
SULownmo
T

A.L14: D10 (LD); B. ffZ:8I (DD ); C. ffZiR
WESER 1d (DD+1); D. 20 (LL); E. 7200
RRSEAC 1d (LL+1 ), B ARKR BT 75 S 432 5 PR I i)

( Zeitgeber time, ZT; A ) FER A [A] ( Circadian time,
CT; B-E); BAHET3RR 24 h WA/ T & P40
Ky HEARE (N): Np=93, Npp=92, Npp: =65,
NLr=69, NL; =91,

A.L14 : D10 (LD); B. Constant darkness (DD); C. An

extra day of exposure to DD (DD+1); D. Constant light
(LL); E. An extra day of exposure to LL (LL+1). The
x-axis shows zeitgeber time (ZT) for panel A, and circadian
time (CT) for panels B to E. A single column represents the
eclosion ratio per hour in 24 hours. Sample size (N):
NLD:93s NDD=92a NDD+1:65’ NLL:69a NLL+1:91.

BUAA DR PIfE (B 5 A). BEERRE: 2RI
DD ) DD+1 B 7EHRFT R I8 55 T H 5T
WA R, 5T % B DD R Pk R i AR 5K
F LD 5#, HELT CT17-CT18 (24% ) (& 5.
B), Ifii DD+1 APk i s g it — 20 5 %%,
T CT21-CT22 (22%) (Bl 5: C). EREDE
MLL M LL+1 B7ERFE R PR R AT 78
FEEOLIRI T O IR . 7€ LL T Pk An
I — A, HEWANEE, SRl
ZT17-ZT19 (12% ) } ZT23-ZT24 (10% ) XN
ARG, PR FE R A A S LD 5[ R b g
WXL ARSE (75% ) (Bl 5: D). K 1 H LL
ARBR, B LL+1 R ACHCPE R e g, £
STCHA B PA g, LD T | A i X
AR, B ZRAR 42%, 24 h N BIAEIZ I 4375
¥ (E 5. E),

3 itig

B i PeAT AR © A R iE , (HR1k
o P e TR R B T MM A B 2 I 1) F 5
F R IR T AR X R ORI R D B
2% ( Froy et al., 2003 ; Myers, 2003 ; Mark et al.,
2021 ). PAEAT AR B P T M D SR e AT
Y17 A ( Bunning, 1935; Kalmus, 1935),
B UL T AR W e 4 i P B T R
#Y ( Circadian rhythm ) #F557E28, LT H F 7
MY HCPAL B AT AR I B, IR RS T
B B M SO B R ERESY, IR T
TETIZRM NI BRI (R ) AL
W5 EIR R

F T 6 J 0 1 25 Ak AT BB S i 5 b 5 18 MK 1Y)
KBV (Heetal., 2021; #4745, 2022),
ARWEFEE SEARIE T A [FD'G ) B 2 38 15 1 0) i g
IR AERE I o 2 IR 58 2R S R T A Y i
EPRLERTEMRIERXL (Froy
etal., 2003; Tataroglu and Emery, 2014; Zhang
et al., 2022), L5EAHIGE B T M R TR
SRS L14 2 D10 FEYPIER KN
(10.92+0.04) d, PFMLTEERIAEE 10 Rzl s
DD Fl LL fHEMEE AL, KBUZERRTT 46
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DD Fil LL SR HHZR F 1 B A 235 e i g 1A 22
SET 1 d) (B 3), ik T RSPbE R
WA BT B[R] 26 M o HE—204R 5T T B DS
TR ZE A 72 B 1A 4 50 2 B Wi 5T 19 P AL Dy s
PPN 1 min, HFF LD, DD #1 LL
R E T IR EEZER (B 4), Bk, 78
LA 1 h e a] ] B B s e, PR
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