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2,4-DB . 2,4-dichlorophenoxybutyric acid
APEM . aberrant peroxisome morphology
APX . ascorbate peroxidase

ATG . autophagy-related

CAPS . cleaved amplified polymorphic sequences
CAT . catalase

CBB : Coomassie brilliant blue

Col . Columbia

COX2 . cytochrome c oxidase 2

DTT . dithiothreitol

GFP . green fluorescent protein

GO . glycolate oxidase

H202 hydrogen peroxide

HPR . hydroxypyruvate reductase
PAS . pre-autophagosomal structure
PED . peroxisome defective

PEUP . peroxisome unusual positioning
PEX . peroxin

ppt . precipitate

PTS . peroxisome tageting signal
RBCL . large subunit of RuBisCO
roGFP . redox-sensitive GFP

SD . standard deviation

SDS-PAGE : sodium dodecyl sulfate- polyacrylamide gel electrophoresis

SE standard error

SHM . serine hydroxymethyltransferase
SSLP . simple sequence length polymorphism
sup . supernatant

TAIR : The Arabidopsis Information Resource
THI . 3-ketoacyl-CoA thiolase
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FF o

ABFFETIX, ET UM TH DA XF X FZ2 AT, HIBEN/MMEED 1o
ThHINAF T —LOBEDINT 21T T, T O &8 L T, ~ULAdF v
V=Ll A — 77— L OFEP R ST, REIZBWNTEDOLAF Y
VL&A= T 7 V=IO T, BIEE TOHKR, 3 X OARED BB % Flib
T5,

1—1 RUFFOVY—-LER

AL F T Y — AF, BRI AT 2 —EEICH ENZER lum (&0
FNHTRT T D, HEWTIX, £ ORI OFEE-CR R B I L » ToHfk L
TR, 74X Y —A FESLAXF V=5 RV F XV Y — B LR

N5z &b d5(Kamada et al., 2003),

1—1—1 JUFFov—»L

7V ARV —NE, BEED BERLFR E 7Y A VRN DR SR & EHE
LIcri AR —LD—BETH L, ART P v XT AT DL )5
PHTERE FHEY) Tl B FICE X SN IEE 2 0 L, BEDO IO DT )L
XF—%ELHTOIZES L TWs (Figure 1) (Tolbert and Essner, 1981;
Goepfert and Poirier, 2007), € D7=, IREMRBFCEENH DA F Y —
L FERR T, I E 2 DR EO T FILX —EZFELE RN IR IR

TE W DA% (Hayashi et al., 1998; Graham, 2008),



1—1—2 ®ERLFXFIV—L
PRV T Y — A 7 A VIR ORER A HH LIV A Y
—LDHEMTH D, ARSI L Tl Z 2 R O — 2 #H > Tk
D HARHIICE T 5L AF VY — AT EICHRESNV AV Y —ATH D
(Figure 2) (Tolbert and Yamazaki, 1969; Hayashi and Nishimura, 2006), =
DI R DR DL < AF, BH ORKSEM T TR LY | BERAET
EZZT D, —F. @ COREFRMFTTAEFTIRLZLITE-oT, ZDOFEH

WAl &85 Z &3 TE 5 (Somerville, 2001; Foyer et al., 2009),

1—1—8 EANLFFLVY—L
RO FF Y=L, EO SRR DN TWRhoT=N AT I d
BACER TN TS Z EN, IEFELRTMICE VAL TWVS

(Kamada-Nobusada et al., 2008),

1—1—4 RLFFIV—LICHETEIHE

FRD XSz, A XY — NIEF AT — UM X o THEREN 31k
L. M ORHFRE bo—J7, il 58 bIFET 2, ZIUTEBRbKE 21X
L LT HiEMEmATEPEESNOMH L, TNERMRT LIS EIT> TS
ZEThD, BlzaiE, BELRTIET /v CoA MfkEEsR (acyl-CoA oxidases,
ACXs) (Kirsch et al., 1986)., 7'V a2 — LR CIX 7 ) o — LR bEESR
(glycolate oxidase, GO) (Nishimura etal., 1983), KU 7 I DA TIZHRY
7 2 U EE{rEEZE (Kamada-Nobusada et al., 2008)(Z & % filliim e Cilmfe bk &
WHEAET D, K2, C3THMDICE AN 5~V AF Y — AT,

IREOBPBKFENEES, I Far R 70258, HERIARD 50 =D



At /KB EESND & BFED DL T 5 (Foyer and Noctor, 2003),

=7 VA F LY — DB HIEVERFETR D SRIZ BV T, £ O FLEIK
Fzt o> DR 27— (CAT) Tho, CAT (Tt AkFEL R AL, HEE
DK & BRI 2 BUG % i3 % (Loew, 1900), CAT [F~LAF Y — A
BRI D 10~25%% 158 TH Y (Reumann et al., 2004), o~ L4 v
— LB R TERBEIRE AL A L ANLFoTWNWAEEZLNR TS
(Yanik and Donaldson, 2005), £7=. CAT X7 U AF TV —A #FELAF
VY BN T RTONA T Y = NI L CHEET D0, VLA T Y
— LD~ —h—WEHE (X 78) L LTHASRTWS, @b /KED I fifE
kit 9 2RI, I~V XU Y — ARIZRET 57 A )L e U EgRiERt
fi%3% (ascorbate peroxidase, APX) MNF(ET 528, HiLICIZH E W &FEH L T

W72 B X TV D (Narendra et al., 2006),

1—=1=5 RLFFIVY—LADE /) LS

PNNHF LY = DG RTINS AMla— S TeY, MilaE
THRS AL XY — A~ lk S D, " F Y — A~OEED
PEROXINs (PEXs) & 4 fHF bz ~v A%V — AR TR -> T\ D
(Hayashi and Nishimura, 2006; Hu et al., 2012), ~VA4F Y —2AD~< K
I AR URTEDEL DL, ~VA XY —LJR[IEY 7 F b (peroxisome
targeting signal, PTS) fid 4| & £ > T\ %, PTSHESIZ1Z C-terminal {f|® PTS1,
N-terminal | PTS2 & 2 ffH 5, b ORIV BT X —ThH % PEX5,
PEX7 ICENZFNR I N D, Y Tl PEX5 & PEXT 13k 3 2% /378
(cargo protein) & —fEICHEHAKRZEK L.~ A F 2 Y — LD T PEX13,

PEX14 TSN T LA F v Y — 2N~ EHD IAE N TV < (Hayashi and



Nishimura, 2006; Hu et al., 2012).

1—1—6 ARNNLFFLV—LOEE

PNNFH LY = DD Y R EEEEEOME R LT, ARV
—LEAGULT 5 Z E N TH D, HHFSEET TIE, LARTIC GFP & PTS1 %
MASEEZar AT 7 FEEALLVAF VY — L% AL L g aih s
nA XF A7) (GFP-PTS1 f#)) Z{EH L7z, £ LT, TOMEWZ W =T A
TAA=V U TRINC I, SAFR Y —DBT I F 74T A Mo
THEEL TN ZERBREAMICL > T UL F VY — ARZORELE(LS
HTWBHZ EEZHLMNZ L TE~(Manoetal, 2002), 52, GFP-PTS1 ¥ %
BIERE U CERFLB ATV, ~ LA F v Y — ADBREICHE H LI EEE S
77 a—FIZ XY aberrant peroxisome morphology (apem) & % £ ) 7275 Bikk
AHEEL T/, ZNETIZEN D DERKROMT 2@ L T, ~I A F Y — A
I bhar RY 7 os%znE 72 DYNAMIN-RELATED PROTEIN 3A
(DRP3A)RC, HE D~ A ¥ v Y — AR T %2 5232 LT & 7z(Mano et al.,
2004; Mano et al., 2006; Goto et al., 2011; Mano et al., 2011), ZiL 5 D3 At
GFP-PTS1 FRzBikk & L THWCAOBIEIC L D ERRO R 7 Y —= 0 ZIED
AN FF Y — AOBREICED 5 TR A S ICT 2 R ik TH L
LR LTWD,

1—2 #FA—br270—¢IE
F—hrT77O—%, TuT T V=L SN OSHFZD 1 >ThHDH,
W ORER AT Z e U VY — MZE A A THIRT 5 3 2T DO,
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F—=R 77 IV =L NIREEER L TR VY — A%k T 5 (<7
A — R 77 P, Y VY — DI RRE N EERAT D [ et —
77 U—]), MREDOZ NI E ey ~a oBESLTY Y Y —AROF v
RN EBESED [y X NEEA— 7 7 V— © 3 FERMOLITH
% (Figure3) (KB« &/ A—br77P—), ¥y Xu NEELS—F7 7
—H R A — N7 7 DT BEEEMIC AL RSN TEY . BB
ZHUDICHFERED DTV D, FTORBLITZ X720, Dl &b THE
B~k LT 5] W) ZERHLMNE 75T 5 (Inoue et al.,

2006).

1—2—1 ATGEAETH

Z I E TICEERE (Saccharomyces cerevisiae) % Wil A — 7 7 U — g%
AT ERROBEDT DI, ZI 0 DN 6 AuTophaGy-related (ATG) Eix
THREESNTE T, B, 36 D ATGEEFDNHESNTND, TDH HY
HARXFAFDT ) LTHERINTWD DL, ATG1, ATG2, ATG3, ATG4.
ATGS5, ATG6, ATG7, ATGS, ATGY. ATG10. ATG12. ATG13, ATG16, ATGIS
DUETHY, bbb~y et — 77 V=Bt — 7
7 UO—IHE L CRER TR EBEZONTWAL X RV Ehra— N 5H

5+ TdH 5 (Meijer et al., 2007),

1—2—-2 BRMA—FI75—
EWEA— N7 7 U I3IERIRA R IR THH EEBEZ DN TE N, BIfE
TIRBIRN A — N7 7 Vb FET D ERMBNT WD, FIVH R T 0

LT, ~A h77 Y= (R Far RUT), LT 4 Fanu77V— (ER),



FTLTRFY 77 V=L ENSAF Y — BRI HS L b
T 5 (Kraft et al., 2009; Johansen and Lamark, 2011), #E# Cix. EHEAD
A ha= X R 7 G H) RuBisCO-containing bodies (RCBs) & 4 £ iz 4 —
K77 V=R THREIN TS Z EnEE X T 5 (Ishida et al., 2008),
BRI A — b7 7 P —IZid, ATG8 ° ATG11 L HH L 25T ¥ 7% —H
FrR & b ~Te =T ATG 7 7 BISNA TR R F R ETH D Z &
M H AL TV % (Johansen and Lamark, 2011), L L7256, Z DR FI34EY
FEH T X b TRAFMEDME < (Meijer et al., 2007), i) TOWF AL 1T 72200,
Me—DEWERIE NBR1 &9 ATG8 EAHAAEMT 22 "7 HIZBET 260
T, 2O R BEITFIINIICIR AT CTHRAFE 41 TV 5 (Johansen and

Lamark, 2011),

1—2—8 RZYI7o—

NUF XY — DR — N7 7 V—ThHR Y T 7 V— DRI,
\Z Pichia pastris & Hansenula polymorpha £\ 9 2 FEHD A % ) — V&AL
PEEERE % W72 o T B 7u72(Dunn et al., 2005; Sakai et al., 2006;
Manjithaya et al., 2010), A ¥ / —/VEAIEEERED A % 7 — ARGHHT L A %
VY —LATRI D, B, IO OOV XY — ME RAEGIRIET
FELTWD, —F, AX ) —)VeMi—DRFIRETIHHEMTECLHE, ~ VLA
XY — AL LI O KM~ A% v Y — M EO 6 b1Z 81
125, AX ) =N TE Tl A Y ) — V&L Z 7V a—R HDH N E=
B ) =NV EEGTRRHMICET S, LRy Y — AL DAY ) = VEILERI
RELIRDN, O, ~LF X Y — AT A— b7 7 D=2 & 0 ECMIT R

&1 5 (Veenhuis et al., 1983; Tuttle et al., 1993),



NNF XV = DEREROCOET D200 T XH T =L LT, AX ) —)L
EALVEREREClX, -V A XV Y — AEX VX B TH D Pex3, Pexld, BIW
Atg8. Atgll EFEGT 5 Atg30 B S LTV 5 (Farre et al., 2008), L7 L,
Atg30 (T A Z J — )VEAMEREREZ LOMRAF SN TRV, £z, Pex3 B W
Atg8. Atgll LHEA T2 Atg36 2% S cerevisiae THRE S 7=28, 1LV ik D

Yo ha I ARTUNMEFEEINL T2 (Motley et al., 2012),

1—3 XHROHW

BWFZEETIER, A% v Y — AR (K GFP-PTS1 #R OB 418 L
T, A F VY — L OB REN RERAFIICEL L TWD Z &2 b5
IZ LT &7, AR TH D ERMAICB W T, E&FTid~vt v Y —
LMREERR L BEE LTV DR BIE S D — . BEFT CIEERRIC 22 o THERE
KINDBEN T~ A Y — L0 ElE S5 (Oikawa et al. unpublished
results), % T, HEMETF TRAUVAF T Y — MTERARM 2 IERICBET 5
BTSN, BEIEL FCll-vtd sy Yy — AT E A SR LTV
o T,

Z 2T AMTEE IR Bl o X ) RBREHKFRIICE(L T DA F v Y —
LMD D T HEE AL NCT 572010, SAAF Y —ADOREIZERL
TEBRD AT ) —= 2 7 iz, apem 75 Bk O BAS OB VT2 28 B F AL
H L7z GFP-PTS1 7D 7 — A6 FERMIAICE N TV AF Y — LD
TENE = PN AERRE TR ST ERKZ 8 L, peroxisome unusual
positioning (peup) Rk M4 LT, T L TEDO—>ThHD peupl EHik%
ABFTE THREHT L7z,
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EBRMM LEFE

2—1 EBMHELETEH

AWFFETIE, BER L LT Columbia (Col-0) /3y 7 77 02 RiZboim
A XF XF(Arabidopsis thaliana) %, 2 ba— gk s LT~V F Y
— LN L &7z GFP-PTS1 # (Mano et al., 2002) % iV 7=, peup 75 Ffk
I%. GFP-PTS1 #hA4#itke LT EMS A L TER N7 EBEKD T — 1
(Mano et al., 2004) 7>5 B X i7-, T-DNA ffi Ak (atg2-1 [SALK_076727].
cat2-1 [SALK_076998]. cat3-1 [SALK_092911]) % Arabidopsis Biological
Resource Center 265 AF L THH L7, T-DNAFIAKKDOY = /) Z A7
LT O%RD peupl Bl DL —7 2L V TICHWET T4 ~—I1TE£ 1 IR L
T %, Mt-GFP #(Feng et al., 200013 AFH 1+ (RURSF) . shmi-1 254k
IZE G - (The Australian National University) 76 fit5 LT 7=72 &
roGFP-PTS1 #RiFHAM £ (LK) &EAME (Institut National de la
Recherche Agronomiqu [INRA]D 2BERL7=4 D &G LT\ =72z,

OB, 72Ty ) — /L TREL LTt FFIRE# (0.02% Triton X-
100, 2% NaClO) T 5 7pMIRE L7z, ZD%, /KT 3 By L, FEEFEH

(1.53 mg ml'! Murashige and Skoog salts. 1%(w/v) sucrose, 100 pg ml'l myo-
inositol, 1 ug ml! thiamine-HCl, 0.5 pg ml?! pyridoxine-HCI, 0.5 pg ml?
nicotinic acid, 0.5 mg ml't MES-KOH, pH5.7. 0.8% agar) (Z#&fE L 7=, 4CKr
AT C 24 BKEfEl A v F 2 _X—F L, 7Lb— % 22°CE A4 (16h B, 8h HF )
THABSE, ¥R 2EMBET, X—IF=2T/4F:X=F (4 F=2:1T
BE LA LB L, RAKMETAET I,
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2—2 HERFEME

BAMEEBI22121% LSMb510 META (Carl Zeiss)# & O A1R (Nikon)4:£E fi 1 —

P—=2F v = VML HOTITo 72,

RIEZBET HEICIT, BEORNIEZ EHB THA L% A v F 2
L, AT RH T A ET 30~60 4zt Licd ozBlggic v

7o

2—3 PEUPIBEBEFDOREE peupl-1 DBEBBROHRH

peupl-1 BEMKEZBIKRTH D GFP-PTS1 #k& 3By 7 7 u R E{T> 714,
BipB7 7% v a L Thb Landsberg erecta & $hiT & 7=, A7t 302 ik
O F2 T peup1 R ORI % <9 ER %% L. CAPS, SSLP v—7
—(Konieczny and Ausubel, 1993; Bell and Ecker, 1994) % i\ CiEf{s % %
it L7=, CAPS, SSLP ~—#—I|Z Cereon Genomics database (http://www.
arabidopsis.org/Cereon/index.jsp) DIHFHIZIE SN TER L7z 0 & HKE L
BLOFEHEL (BRRERBFHEMKFRRT) 2ot E L TnkZne
NARAMAP ~— % —(Toyota et al., 2011) Z#H\W\\7z, v~ v I RXR—2R /7 pn—=1
72XV PEUPI #fs1#iX MVELL & MLD14 £\ 5 BAC 7 12— ORIZK
DIALTE, ZOMIZIE 18 HOBEFRFMEL, P —7 v 71Tk
At3g19190ATG2 \THEFEE WA Z 3 WL LT, peupl DJRINBAR T 7Y At3g19190 T
HDHZ L EHEGRT D0, peupl-l & atg2-1 % HNT S CTHREIET 2 %
1To7,

peupl-1 ZEFER LB (Col) & 2HT DY F2 N0, #ta bt

IRVERIZH LTCUL T DY = ) XA T HRTo T, peupl-1E %23 - T Kpnl

12



DORFEBSN FIZERNAET D78, BAKIL Kpnl TUIWr S 5703, peupl-113
Ukr v, ZNEFIH LT peupl-1 DY = ) # A ¥ 7 %17, GFP-PTS1
B2 L7220 (ULF XY Y — A0 GFP TRl E N TWneW) peupl-1
R AR L 72,

2—4 TJOFTSRMOBEBEERLAXDY—LBOGA

7a 7T A - OHEEX Tape-Arabidopsis Sandwich method(Wu et al.,
2009) & 2 L TITo T, 53tk 3 B OMMIIKDH 6 BEF /=135 7 RO KL W
YTV T L, EOREMIEE 2EEOT —7 (¥4 57— [Time med], *#
YT 47T —=78MD) ZMWTRIBEL 72, MIfAEEZHILT 272010, BERIR
(1%(w/v) Cellulase Onozuka R-10. 0.25%(w/v) Macerozyme R-10, 0.4 M
mannitol, 20 mM MES, pH5.7) (Zi2 L, 30 43RBT TR CIRZ L, 7'H
FNTTAMEEFE L, 70 b7 TR NEeEARERE 100 x g T 1 /0
DL, EFZID RV =, BEFHR (0.4 M mannitol, 20 mM MES, pH5.7) T 2
[V, EHICBEMEIBE 21T - 7,

7 7T A NOENBEITLER V=Y e v, 7e b7 T2
DEND FTETOEBERG L CZAY vy 7 EBEER L, TDZAX Y7
E[{21Z%f L T maximum intensity projection 17\, & DH{E%Z HW T~ A4

F Y=L BOFNEITo T,

2—5 EFEMBHE
I 3B OMMAENGE 6, b LITFETEEAY L TY L, EE

13



W (4%(w/v) paraformaldehyde. 1%(w/v) glutaraldehyde. 0.06 M sucrose,
0.05M cacodylate buffer, pH7.4) (232 L7z, Y O/ER, BMEIBILE, %

PR TS5 1% Hayashi et al. (1998) (21t~ 72,

2—6 AL/TOvY HEN

WA NI E e 3 HEmOWHOARLE 2~3 Krb SDS /Ny 77 (10 mM
HEPES-KOH, pH 8.0, 1% (w/v) SDS., EDTA-free protease inhibitor cocktail
[Rochel) HFTHETF A XL THiH L7z,

AIERMEE Sy & ANEEVERE Sy & D43 EIE, Asano et al. (2004) D FIEIZHE> TIT-
. 3 IO OALE 2~3 K&t v 7 7 (10 mM HEPES-KOH, pH 8.0,
EDTA-free protease inhibitor cocktail [Roche]) THEF A XL, 4°C. 20,000
X g T 10 piEO L, £0 RiEZ alistkmsy & Lic, RIEZIRY BRWzgo
W2t N > 7 7 T 2 B 21T - 7212, SDS Ny 77 TRE(L L., i
T NPy & LTz,

& 7 R EE Bradford ULTRA (Novexin) Z VW CTHlllER . SDS-PAGE
WCHE L2, = AZ Ty MENTO A7 L iE polyvinylidene difluoride
membrane (Millipore) Z f\ >, semidry electroblotting system (BioCraft) Cix
HBaiTo7=, 1 IRPUIKE LT, a-CAT (FHIR%E 1:6,000) (Yamaguchi et al., 1984),
a-GFP (1:5,000) Mitsuhashi et al., 2000), a-APX(1:5,000) (Arai et al., 2008).
a-RBCL (1:5,000) (Nishimura and Akazawa, 1974) . a-GO (1:3,000)
(Nishimura et al., 1983). a-PEX14 (1:3,000) (Hayashi et al., 2000), a-COX2
(1:1,000) (Agrisera). a-ATGS (1:500) (Abcam) & AV, 2 I HTIAIZIE horseradish

peroxidase—coupled antibodies against rabbit IgG (1:5,000) (ECL system; GE

14



Healthcare) Z V7=, M FEIZIEZ Chemi-Lumi One super (Nacalai Tesque)

Z Wz,

2—-7 SHEED

Sy D EREIX Yamada et al. (2008, 2013)D J5{EICfEVy, L FOFINETIT-
776

3 WD AELY T L, 3 fFEROHME Ny 77 (50 mM HEPES-
NaOH, pH7.5, 0.4 M sucrose, EDTA-free protease inhibitor cocktail [Roche])
ZMZ BTN ZBNTE Y R, 20K EZ I 7 7 v XA TALIi%, 4C,
1,000 x g T 10 iz L, B Z comikeE L E'ofhit Ny 7 7 THER
WL, PLEZYE Lz, BEIXH LWELFICE L, 4C, 8,000x g T 20 4yl
O Uz, BT E L RERICHi Ny 7 7 THERE L, P8EIyE Lz, LiF
1T LWiEOEIZE L, 4°C, 100,000 x g C 1 Wm0 L7z, thEIIh N
77 CHERE L, P100 HEH4yE L7z, RELF2—7ICEI L, S100 #sy& L
77

X L7= P1, P8, P100. S100 E4y D> 7 Mk LTCTA L/ 7 a v MEST

T 7,

2—8 CAT EEDRIE
15 ul @ 3% (v/v) Eefb/kFEAk E 3 pl OFEMERE Sy, b L <IZ i ERToAR
PRy 2. 1 ml @ 50 mM K-phosphate buffer, pH 5.7 (212 72, EHITIRK

iRt L. CAT IHMEZMIE L7, CAT IHMEIZs ST (U-2900, Hitachi) %

15



FAVNT 240 nm OWSEE DD % A0 10 PERIE T 5 Z Ll X » TR 7=,
CAT # /R BOEIIA L T ay hONV RBEZAIETHZ k> TR
Lo, WiEEEEH L,

2—9 roGFP2 #RAUL-BLETREBORIE

roGFP-PTS1 # & GFP-PTSI a1 % b 7=/ peupl-1 ZHEEE L ZHNT &
. roGFP-PTS1 peupl-1 78 FpEAERIL 7=,

fefbim ook aE I3 A1R LAELRBEMEE 2 W CTHIE L7z, MESMEE LT, 2Ex
1Em mode iy, roGFP2 % 405 nm & %\ E 488 nm O & Tkl L, 500-
550 nm /N2 RRAT 4 W H TENTNDOENLZRE LTz, ThENOEERIC
DNT 20 pum REDOERS O Z A% v 7 Efg % F5 L, maximum intensity

projection TH[{4 % EiaGHH 7=, Imaged (v. 1.461 http://imagej.nih.gov/ij) %

AV, 405 nm. 488 nm ZILENDEEN LNy 7 7T 7 REG|IWT-1, 405

/ 488 nm D L > A Eifg 2 ERL U7~

2—10 ATG8 O—iBHFRE

At4g21980 (ATG82)D cDNA X Table 1 ITRENTWAHT T ~—Fk v b &
PrimeSTAR® GXL DNA Polymerase (Takara Bio)# W CTHIE L7=, £D 7 Z
7' A MiE Gateway 7 1 —=127 (Invitrogen)% i\ >, £3 TOPO PCR 7
—=r 7L ) == BER L ROT LR SISIC LY pmCGW
EWH T Z—|ZE AL, mCherry & Dt GBI A2 ER L, /ERLI= v

A ~Z 7 M3 Agrobacterium tumefaciens strain C58C1RifR |23 A L, High-

16


http://imagej.nih.gov/ij

throughput transient transformation of Arabidopsis seedlings {% (Marion et

al., 2008) % F\»C GFP-PTS1 #£. peupl-1ZEMIZEAN LT,
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#RR

3—1 peupl ERFROERLEZTORTEE

peupl ERKIL, ~VA ¥y — ANAUL S o EERSUEY & GFP-PTS1
FRIZx L C EMS LB 21T W 15 N B BK T — L OF N~V A% — A
DJAENE — AR e mTERKE LRI,

Bk CTdH 5 GFP-PTS1 4 Tl, AIHUb S A7z~ A % oy — AT N IC B
Lo TSNS (Figure4A), —J5. peupl ZFikix GFP-PTS1 bk CHI%
ENDEIRAVLAF Y —AITMA T, A F Y — AORERDPBIE S
iz (Figure 4A KFN), E£7-, WMEERORBEIE LT, peupl 2 HIKITH
PR E i U CTAEBENIRE S, o bMEE S e (Figure 4B), i@, B4
PROARIEITFE % T EEFRERGE L TH DANIAD 525, peupl 5 BEROAIE

4 IFEE TR 7=,

3—2 peupl ZERIFRILAFLY—LOBREICIIKRECRELLZL

peupl EEIRIZBIT DN F XY — LAOBEIRTERN., ~VFF Y —A
DOERBIZEEZ KT L TWLENE I DEREE LT, ~AF Y —ADORER
ZpgRE & LT, BN I T D IR D3 AT 5 BIR(L & | LB RIS
AT 2 GRS BT B D,

£, BRI O SN IEFE AT TN D0 E ) a7, pedl 2 Fpk
ZII LD LT HIREORBNCRE 2 - ERKOZ X, BHihicy a 2R
MUZWEIEFIZREET L Z LN TE RV (Hayashiet al., 1998), £ Z T, ¥ =
PEr Gickih b B F s & CRIFRBR AT 72 & 2 A, peupl-1 ZHEERIT
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T aENe THIEFICRIFET HZ L TE 2 (Figure 5A),

F 72, 2,4-dichlorophenoxybutyric acid (2,4-DB) (ZxId S it 2 #ER L7,
BN E gz 2,4-DB I, A~ AF v Y — A0 BEMLIC L > TAH—F D
1OTHD 2,4 D ~EMRFH S, ZOWRIRA—F 2 OFEIZ L VRO
Z L < [H%E & %5 (Hayashi et al., 1998; Zolman et al., 2000), —J7. pedl 2 #
D X 572 BERLR OB R TIX 2,4D ~ORHMNEZ 59, ZORER, RO
RIS S, peupl-1 Z5kk%E 2,4DB 25 LHITAEFT S L Z
A, peupl-17E I 2,4-DB itEE2 R & 2o 7= (Figure 5B), 216 OfER
L. peupl EHIRD BIALRIFIEFITHEEEL TWHZ 2 RLTWND,

RN T GRS DB DWW THRGE LTz, JEFFIGROZERERIT, & CO2
FETTEHEFIZAFTTELHDOD, BHORIEME T TIIAEENE LLF
&% (Hayashi and Nishimura, 2006), 72, @ O KKEM: T TIELARZD
FPMET L. ZOREE, 7R IO FIEE (Fv/Fm) OKTFE L TRBE
N2, ZZ T, GFP-PTS1 k3 L O peupl-1 2854k 0> Fv/Fm 6% g L7,
N R DR TH D shmi-1 ZERERIL, & CO2 Sefh:h» bl O KK ST HE
WikEKd & Fv/iFm flEIZ20RIZED LT o7z (Figure 5C), L LR 5,
GFP-PTS1 kB L peupl-1 RERTIZCO L D RDITR o7

(Figure 5C), Z OFERIX. peupl ZEHIKIZENT, KRR S IER ICHERE L

TWLHZERLTND,

3—3 peupl ERKEDRAREFDRE
VYT R=RA7n—= U TVEIZE Y | peupl DJRINERT DIRE 2l ATz &

Z A, At3g19190 DIBILT I — I EW L Z FE WL LTz (Figure 6A)., At3219190
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FuA XFRXFOF— 77 V—FEER T 2 (Arabidopsis Autophagy-
related 2, AtATG2) Z=2— KL T\W5, ZHAETIZ, peupl \IZBHL T2 >D7
UV (peupl-1, peupl-DNHEESINLTHY, EH 6 H-ULAF Y — A0 EE
KEKRT 5 & v o) REAZIRT (Figure 6B), DNA OHEESING T 2 /5
BLS 2 HEE L7=fE S, peupl-113 1310 FHDO U 7 h 7 7 Ukl a R,
peupl-2 1% 1654 FEAD N F h 77 U NIEa R~ LB ERNAT T
W7z (Figure 6A),

peupl ZERIRDOIFIRELAN AtATG2 TH D = & R T 57202 AtATG2
@ T-DNA ffi A¥k(atg2-1; SALK_076727) % ANF- L. T D atg2-1 EERIZ GFP-
PTS1BIG %8 A LTz atg2-1 GFP-PTS1 kD ~L A% oY — LD REA Bl%E
L7z & Z A, atg2-1GFP-PTS1 ¥k peupl-1=° peupl-2 L [FkRIZ~VAF Y
— LNEEARIBlIE SN2 (Figure 6C), MZ T, peupl-1 & atg2-1 & OFEMT
A N&fTo72E Z A F1LERTUVAE R Y — A DOBERIEZE S 7= (Figure
6D), peupl-1ERIIHBERTHD DT, ZOERIT peupl-1 & atg2-137
INThdrbZlzRrLTWD, LEDOFRNE ., peupl OJRKIE R T I1X
At3g19190 F 720 b AtATG2 Th 5 & flimmftiT =,

BERFIC BT 2098 6. ATG2 1%, ATG18 B3 L UNATGY &AL, A— R~
7 3V — AFERRICARRAIRZ2K T D Z & BN B hE 785 T % 3 (Shintani
et al., 2001; Stromhaug et al., 2001; Wang et al., 2001; Obara et al., 2008).
BARBY 223 FIERBIIR E LTATH S, v rA X T X FITB W TIE, ATG2
TR EB A= N7 7 V—RIIVMEL SNDHRFTHDLZ L DAHHESINT
V% (Inoue et al., 2006),

F7o. AtATG2 D ¢cDNA #7 u—=27 1L, ZOEERINZHT- & 2 A,

v XFAFOTFT—ZX—2ZY A + TAIR (http://www.arabidopsis.org)lZ 3
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WTARENTWA LD EIFRRDAT TA L TNRE =P D T LR
7= (Figure 7), Wanget al. (2011) & AtATG2 D AT T A 2 T IRH—Z
DT, xR L7cBlS & F o 7o <R LRSI Z s LTWd, AT
TAIR EIZAB SN TWART T A L I RE — U R TE T, DAY
fiD ATG2 cDNA & Do 6, TAIR LOR T T4 20 7R — Pl

D TRV EHERE SN D,

3—4 peupl ERHMTRERILAZTIY—LOSBMNEETIATLS

F—= 77 VIANTRT OGRS L THR b TS, ATG2 134
— 77 VLRI HEDKFEZEZ HILTNDZ &0 D, peupl Tid~
VAR — AOGRBIH SN TND Z ER R Iz, b Lt F oy
— LDOGERIH SN D O THIUT, BEK T, ~AF Y — DED N
HETEIND, £ T, peupl ZEKENO 70 N 7T X MEHEEL, —Hilad
720 O~V AR — LA GFP-PTS1 £ &t L 7= (Figure 8A) , GFP-PTS1
HCIE—MiEsH7=0 ., K50 HO~v4x sy —anstill&ni, —J5. peupl-
175 BRR TR 80 D~V A F o Y — AFHAI S, PREY ~L A Fo Y —
LB L Tz (Figure 8B), & B2, peupl-1E B TBIZE SN ~v A
¥V —L%, GFP-PTS1 O X HIZ Ry MRIZFEEL TS b D L EREIK A1
FRLTWDHDE KB LT E T o7, ZO/RER. Ky MRIZFEET 201
XY — AT OB CHEZZ R D12, peupl-1 ERKETIX, Ky b
WITEET DN F F 2 Y — DM ABERIR AN T D~V A Y — L3 fF
FELTWAZ ENHLNE72 o572 (Figure 8B), ZORERMND . puepl 72 Fbk

TIE, A= 77— BT Y — DO BR M2 5 TS Z &N
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R I,

BERELEMMIE CIE, 2 har R T A — b7 7 Pl k> THMREND
ZEMHESNTWD, 2T peupl-1 ERKKOI s R 7% GFP TH{
b LT RER peup1-1 Mt-GFP #kZ/EHH L, X b= RU 72OV T H[EEED
T Z 1T o7z, 2 b —LTHDH Mt-GFP £k b= R U 7 —HMifud 7=
D 160 EREFEL T\ 2, —J7. peupl-1 Mt-GFP ZEERICEBVNTH 2> K
PR ERREOI 2y RY 7R a7z (Figure 9), ZO/ERENND
peupl EEIFTAD EH I bay R 7T oEEBICx L TUIREL X RN &
MR ST,

3—5 peupl ERKEICIIRLAFOV—LE NI BENEBRICERT D

7'u N T A RNEHWEENTNG . peupl BERETITNVAF T Y — LDy
PRI STV D Z e FRRENT, £ I T, peupl ZEMROAKRLEN Hig s
YRR U, peupl BRIZ X B X LRI EOFERE~OEBEEZFH T, CAT,
GO, hydroxypyruvate reductase (HPR) #~ VA%V —LD~< FJ v 7 R
2RI ED~—H—E LT, PEX14 BLO APX [T~V A F Y — LD H
YRIBEOv—N—E LT, ZDOF R BEEEFNRIER, AL ToOL
FX =L H LRI BIZBWT peupl ERED T H GFP-PTS1 #k X v 41
KL TW= (Figure 10A), Z OfERIT. peupl BEBRIKIZE TV F T Y —
DB L T2 & (Figure 8) & —H L TW5, /o, ZThHD~LAF
VY= LB N B a— RT LRI FOBERREER LAITEO b oT
DT (Figure 10C) . peupl & BFRIZEIT DA F Y — LB OEEN (Figure

8) BtV —aH o rEolmRE 2SR (Figure 10A) X, ~LA
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XY — LAOHFEMEE SN TCRERTIT RS~ A F 2 — LD DI
SNEMRTHD EfmOT b, —H. I har RITHEURNIETHS
cytochrome ¢ oxidase subunit 2 (COX2) RERMKEKEDO X RXITETHD
ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (RBCL){Z 1%
Bk L peupl BEEIRICBWTEBOEIIR OGN -7 (Figure 10A), Z®
FERIT. S Far RUTOBOEICEEN RSN/ ER (Figure9) &
—H L. peupl RN INFHL Y — DKL TORBS B L TWLI LA

R L TWA,

83—6 RILFFVY—LEEKIZEHZS—ENRBINATERLTLS
peupl ZERIRICBITH~LFF S Y —MEERE . L0 EEMICTHRD =01
BT L 0 Bl % 1T - 7=, GFP-PTS1 RO IERAL TIIHEM DL F %
T — ANIERAROUEIFE L T D onEi sz (Figure 11), —J.
peupl-1 ZEEROFERMI TIX, WCBAMEERIE LRI~V A F oY — L0
BHEARNBIZR SN (Figure 11), S 512, BEEKREZ#ERT L DUV AF
— A, NEICE FBEOS WS BRI, BIRENZ L, 2o
peupl R CBIER SN DB HEEOEOVEEN, BEREHERT 214 %
¥ — AETRIDONG - TIFET DS msE Cllgt S v/ (Figure 12), =
DETFHEDENEBIT, peupl-1 BRI THHMTHAEL TV LA F
V—AZHEE A EBEI N o7 (Figure 11), 2 b OFERIZ, B TEE
DE VIR~V A Y — WDOEE EBRAH D Z AR LTS,

FZ T, peupl BEKDNF XY — WHEET HEFEEDEL ol

T DO IERZ T~ D 72012, 0 FIRMEEBIE 217 > 72 (Figure 13), HiikiZ
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NNNFXRY =D~ N v 7 AZ U RTEH TS GO, HPR, CAT, £ L T4+
KBIETFEM ToH D GFP IZH T 25U E AWz, 2hbd 55, CAT 7213
NAF T Y — LAOBE OEBICNZ TEFEEOSWERICHFAET 5 2 &0
o EZ D (Figure 13C) . B 5 E O EWGEIKIZ X CAT 23 EHE S CTIFEE
LTWDZ ENRmBEi,

S Rhar RUTIZHOWTHEFBEMEEIC LV BIZE L2, GFP-PTS1 #E X
W peupl BEEKEOI har RU 7 L ORICHEREWVIZRD bveho Tz

(Figure 11),

3—7 RBRLEHEZS—EEFIRFEHELTWHS

PSR BI R OR R, peupl BEED VA X2 Y — LNEEKRIZIT CAT 23
g L CHIEL TWD Z EAVRENTe, ZHUXCAT 3 F7 R 7 HEE L T D
ZEARRBELTWD, 2O EaMEET 27292, GFP-PTS1 #k&B X O peupl-
IEFERN ORI Lo 7 N7 Bz, pIsPEE sy & Ry LIS L, 7
s AZ T ay M LTz, GFP-PTS1 #5 X O peupl-1 ERHEDO EH HICE
WTH~ M) w7 RZ LRI ETHD GO & GFP-PTS1 # v /X7 BT v At
bRt S, Y 7T D PEX14 & APX [ ARVAVERE 2720 S i &
iz (Figure 14A), L2»L, CAT 1B L Tix, GFP-PTS1 ko4 > 7 /LTt
£ & UTRETERE S 22 bR Sy, peupl-1 ZERIROY 2 7V TIE AT
BN R . ANEMEE O bR S 7z (Figure 14A), Z OFERIT. peupl
BHIETIL CAT BNEEX VNI B Lo TEBLTND Z AR LTEY,
CAT NNEFHE D@D Th D 2 L 2R RIEL TV D,

T, AIEETEE 53 3 K OVREEEE 53 O CAT 1EPEZHIE L7z (Figure 14B),
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JFonic CAT {EEE U = A2 7 my Mz L iR Sz CAT # 37
'E & (Figure 14C) THRHE L, MHXIAILLIEMEZ FH L7z (Figure 14D), mHWZ
SN, AAMEEI I BV TIE GFP-PTS1 # & peupl-1 Btk D CAT OFHRI
HAEMEIZRIRRE 72 o 72, — 5. peupl 22 SRR O RNEMER Sy 72 & #iH S #u7z CAT
L. ZOWIEEMET L TWAZ ERNbhoTe, ZORERIT CAT EHE S L)
o TREMIEL TV D Z & 2R LTV D,

3—8 peupl ERMDRILAFXLY—AIZBILMRREICIZ > TLVS

RIEMEAL L2 CAT 28 peupl EFRERO LA % Y — A OUERIZER LT
W/ Z Enb, CAT OEE Th 2L AKFENR VA F Y — HMTERHL TW
DI EMNTHEENT, % 2T, reduction-oxidation-sensitive green fluorescent
protein 2 (roGFP2) (Dooley et al., 2004; Hanson et al., 2004; Meyer et al.,
2007; Choi et al., 2012) ZHW\ T, ~LAF oY — AOBR{LRITCIRIEZ T~ T,
roGFP2 % 405nm & 488nm ¢ 2 FFHD BRI EIZ L - T, FaO® % o
2 WERE 1 BRI O®NY 7 EThDH, 405nm & 488nm Thjikd S
NT-RFIZHE DL D EERE D, BLIETIREBIIS U T T 5 2 L b,
405nm & 488nm TH LAV THIE L7208 g2 HIE L, TN b DR
FHT 52 & TETREEEZE=¥—75Z LN TX 5(Dooley et al., 2004),
Bz X, B LRYZRABTZ & | roGFP #Ot Dt (405/488 nm) [F¥INT 5, £ D
e, roGFP ZHERAELI har RU T ~AF Y — L EDWgky 75
NWEMMLTMEZ 7B LTRIASELZ LK FRANLTRT D
BefbiE ek igZ ) 7 v 2 A A THIET 2 2 & M ATRE & 72 5 (Schwarzlander et

al., 2008; Rosenwasser et al., 2010), <+ = C. roGFP2 |2 PTS1 > 7} /L& Af
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N U 7=l s 1 % B AERR IO B S 72K roGFP-PTS1 35 KON, GFP 40kt
ZFEo TR\ peupl-1 ZREMRITHBL S ST MWK peupl-1 roGFP-PTS1 %
R L, ~ A& oY — A DOBRGIRITIRRE DT 24T > 7,

WH OEFE LM T T.roGFP-PTS1 RO~V A3 o Y — ANIZEIT 5 405/488
nm OOEIX, VATV —A12H7-0 LT 0.822+0.266 72> 7=,
—Ji. peupl-1 roGFP-PTS1 ZBKKDEERELIEMT 5~V A F Y —ATiX
1.17+0.183 LW 95 fEi72 -7z, Figure 15A TIIER{LIE CIRREZ WG TR L,
Figure 15B (213 405/488 nm b & AR TR LTV 5, 26 OFERIZ, peupl
BRRONNVAF Y — DEERR 2 b — R L0 B REETH D
ZEERLTEBY WL ARENEE L TCNDH I EERBELTWD, —F, peupl
BERHRICBWTHEREZIER L T RNV AR Y —Ao—fidar hr
— Uik & [RIFRE Ofg iR ek BE 7S - 7= (Figure 16), L6 OfERIL. peupl 2
BRRCIE, BEREZERT 2V A% — NI EHRREIC s> TN D 2 &
FRLTCWD, £72, peupl BRED NV AF 2 — MEEERIT, A0S INz 72
MERAL K BB ) U CTHURIZR 2 I NS Z En sz (Figure 17), Z Ok
Bix. peupl EEIRIZEBIT DUV A%V — AEERIIF ORERER B2 b,

F LI~ A X =L DOEAGRTH L LR LTS,

8—9 BEEKROEBMINILAXFSY—LOBREREZFETD

ALY — NI, RIEME(L L7 CAT 23 ERE LI LI 7R EBIC 72 o
TN Z &b, A XY — LEHER & BRI KR I S OB B 5
TR NI, T & B EHZEMICIHANS 7201, GFP-PTS1 BRIk

KEBLWF L~V A X Y — b OFEFZELZ L=, 0.1 % (viv) mig{t/kFEKIZ
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GFP-PTS1 #RDO%E4A 10 /3R L, £ Ok, HENRBEME CHRE LI L 2 A,
WA Y = LAPHRTER L, —E TN S REEERZ TR LIED TV DR
B STz (Figure 18 W), Z OBIESRERIT. peupl ZRKIZH T H
NAF TV — DEEDOFRERNEBRKE THDH & 2R LT\ D,

e T, CAT 1EVEDIR TIZ X 2B KR OZEN~NF F Y — DGR D
JAR & 72> TND N E D DERGET D792, CAT IEPEDIKT LT 5 A HEE
EERUMT+ D2 L Uiz, CATOT A V¥ A LiZvaA XFXF47 ) A
32> (CATI. CAT2. CAT3) (#ET %, CATIIZFEITHE FOERZE CRILL
TRV, CAT2. CAT3IFZETHES FBLL T\ 5 (Frugoli et al., 1996; Mhamdi
etal., 2010), 7272 L, CAT3IIFHELL TW\5 b DD, FEIZFRD Hivd CAT iHME
IZFE L LT CAT2 IZHIEL TV % (Mhamdi et al., 2010) (Figure 19), T M7=
W, cat2 /) v 7TV MEZ CAT IEMER TR E L TUBROMITICHWS Z &2 L
776

F9. CAT2 85112 T-DNA 2 A S 7= Z Btk cat2-1(SALK_76998) % A
F L. T GFP-PTS1 &5 1T%E AN LWk (cat2-1GFP-PTS1) % {EH
L7ce £ LT, cat2-1 GFP-PTS1 ZRKDAKIED VA — L aBlIgE LIz
EZA, W ONDRII T LA F Y — AREEIRZ TERL L TV D87 038
a7z (Figure 18 £7), cat2 28 Bbk T3t E RICEEM LK FE N ERT 2 =
EDBEICHE SN TEH Y (Huetal, 2010), T OFERIL, cat2 28 5pE TIXNTER
IR K FEDOERIZ L > T LA TV Y — ADNEHEREZ AL Z & 2RIe L

TV,
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83—10 #A—+rI773VY—LI—h—THSATGFF*A—TERIT=RIL
AXOV—LICRBET S

F =R T 7 =R T K — DDGFRPNEIRA 7S DN E D 0EH
RHT=DIC, A— 77TV —b~v—I—L LTI HLND ATG8 DOl
NI Z g~ 7=, GFP-PTS1 #kiZH\ T mCherry-ATG8a IHIIE \[CHERL L .
—HAH L VWERRR DG A > TWe, ZOMEWIIRIA— K7 7 I — L%
R (PAS) LI DA — h 7 7 IV —ABEOKER TH D EE 2 HIL TN
% (Suzuki et al., 2001), W DHEMF FIZIBWNT, ATG8 DERRIEE &~/ A%
UV — AT IRE L v o 72 (Figure 20A FEY) . — 5T, ATGS8 O BRI E X
cat2 78 BMRE L O peupl BERIR DO~V 3 — KEEIR L 130372 0 OFHEE
THJFE L T2 (Figure 20A HEB I OTE), £72. peupl IZHBWTHEHEIR
EIZA L TOWRNULAF Y — AT ATG8 OERIRAEE & 13 3ERTE L TV e m
-7z,

EBIT, A= 77 IV —L LA VULEF T Y — AL OIFEE LI X
S>THiER L7z (Figure 20B), ~UVA X VY —A X U RI7ETHD CAT &
PEX14 3£ & LT PL BLO P BN LBRIBENT-Z Emb, bR~
FHTY —LHTHDEB R B, CAT 13 S100 Hiy 2~ b & H S 7273,
AU BREO B TEN- SV AF U Y — AICHEL TN D EE BN D,
A —hr77 IV —b~—h—L LTHW:= ATGS i, GFP-PTS1 #ko# > 7w
MBHIXFEE LT PI00 B8 XV S100 Eiy bt Sivic, —J7. peupl ZE 5K D
P27V TIE P100, S100 iy LV b Pl 35 KON P8 HisriZ ATGS gt & i
Too TIUD OFERIT ATG8 7Y peupl ZEIRIZIHBWNTULAF o Y — hEHER L
HFEL TS Z L& B L, Figure 20A OBIEMER 2 XHETHHLDOTH
Do

28



WNT, ATGS L ~vA v Y — AL OMAVER 2 BT 5 72912,
ATGS8 L HFET VLA 2 Y — A OFEIS 2 BASEE R 7> 53 H L 7= (Figure
21 BELON22), BEELTWARVAULEF T Y — MO0 T, ATGS DERIRAEE
DITFIZRTE L TW=DlX, GFP-PTS1 #£ Tld~17%. cat2 Z¥ikE L O peupl
BRI TIE~30%7" > 7= (Figure 22A), ~ULA4F T Y — AEHERIZ OV TIL,
90%LA b7y ATGS D ERiRAEE & 4L /TE L T iz (Figure 22B), 2415 OFEF I,
BRA=V a2 T e~ A F Y — LIk L TRIRICA — R 7 7 P —I2 X 550

EPMTON TS Z L 2R RIBL TV,

3—11 HERS—FDEEEXREIRILAZTLOY—LORICHEATIZEL
cat2 BERERIZBW TV AF LV Y — ADOEEERPBIE I L. ZIUTiEE

>

R

LRI L DTN A T, peupl EEREFERIZ, ~NAF Y — LD R
M STV D ATREMERE . bivic, b L CAT2 A — 7 7 V=R
TRNFTHDHR IR, A Xy Y — AGRRIRE SN LA Y — A0
B HIREICEET 200 ThD, €I T, cat2 BRR TV AF Y —
LML TWD 0 E S Ink it Uiz, cat2-1 GFP-PTS1 Z R TIZ~ LA F
UV = NEEENBE SN DD, S F XY Y — 2 HOAEHT GFP-PTS1
¥ (Figure8) &I1ZIFR U TH-7- (Figure23A), —J, A— 77 P—XK4A
CTHD atg2-1 EHITHEDYT- atg2-1 cat2-1 GFP-PTS1 2RI TlL. cat2-1
GFP-PTS1 #k L 0 HEHERE R L TS UL A K2 Y — A D572 OBIN
HML TWe, DF V., atg2 BIn FRFEIICVAF 2 Y — D JDEL L T
LT EBHBMNETRoT,

5T, cat2 BRI TN XL VY —LZ X7 ENBREINCER LT
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WRWINT 2 AZ Ty Mo TilRTe, cat2 BRARIZIZ, £72 CAT3 »
FAELTWD DT, cat2catd " EERKBIFEH L TV A XY —LF N
BOEMZEH T, Figure 23BIZRENTWDH L HIZ, WIh b ATG2 Ei5 T
EIFRNCASN A XV =D E N OFRB A B, CAT2 > CATS s
DRIBIX, ST XY=L F NI EOFERE LR o7, 2 b OfE R
M5, CAT O KBTIV AF Y — LD EEIT T, CAT BHFE LR TH

F— T 7 O—IC LB A T — ASRNE X TV ERERO T T,

83—12 HEF—EDEREZIRNLAFOY—LOBEREBEIZHLBATIE
g B
CHETOMIENS, WL AKEN L AT Y — L DEEAF R LT
WD ZERHLMNE RS, ~ULA XV Y — AR EE STV D EEN A
TAIEIRE LTAATH S, B rBmEi#l%E (Figure 11 3 L O Figure 12) T
X, A F Y = AOBEBTFEENE S 2o LB EWIZH WG - TUL
Fx Y= ADBEE L TW DT IBIE SN2 &b, B LTz CAT 23~
XY= AEEZIEDTVWHDOTIERWNEEZ X b, £Z2 T, CAT %5%
BICRE IV peupl EEKAAEH L, ~LA XY — ADREEERE KT 5
INE D G LTc, BIsFEZRMHEORS S0 6, peupl-1 TiE72< T-DNA
AR atg2-1 GFP-PTS1 %M\, atg2-1 cat2-1 cat3-1 GFP-PTS1 ¥k % 1E
L7, &EZAN, MABIELZIToT L 2 A, IRBIE O A L v 73R
IZE D00 GFP #AT A BETE T, LA F v Y — AOREKROH TN
HETERoTe, £ T, BFHEMBBIE 2TV, ~L A F oY — A DOEER

FET D E D Inai~Te b 2 A, atg2-1cat2-1 cat3-1 GFP-PTS1 fRiz~/L
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Fx Y — ADOEBEERNEZ SN (Figure 24), ~LA %2 Y — A DOEERN
B INDHET peupl-1 LRIETH -T2 LG, atg2 B RERIZEB VT CAT
DHEFFANA XY — AORERETERICK E B2 RIES 202 LR
MmETpoTlz, MA T, atg2-1cat2-1cat3-1GFP-PTS1 ¥k CHIER SN 7=~ 4%
VY= LDOEERIITEFEEOE S RoTCEBIIBIE TE R o To, T O
Rix, ETHEEOEL o T8 CAT OBE LT-EIRTHDHZ L 2L T
W5,
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ER

ARWFFETIX, ~ A F Y — L OBEKREZ D peupl 2B O 21T > 72,
LZINBELNLERMRICESNT, A= 77 V=l L2 A F Y — L0
fR DA E R L ZRRICB T 2 UV AF 2 Y — A OBEREERE IOV T
ET VK ZER L7z (Figure 25), ##iZ LU FOHEE T3 5,

4—1 RNULFFOV—LOKEERBIZETEA— 77 0—0KE

A BRI C BT D LA F T Y — ANTIE, & LTHRPRRICHKET S
W EAKRFEDRFAE L TWD, TOWBRLKFELHET 2 FEREEHEIT CAT Th
5705, CAT ITHEE TH 2Rt/ KRBT L > TREMEILT 22 ENH <o 6
T % (Williams, 1928), FEEEIZ, & 50 U ORI KELBEZIT 72 7
LD CAT {EMEIL, W LKBLILZAT > TWRW 7L & g U TR UT
IR T3 % (Figure 26), ABFEN G| peupl BERKIZE T H~NVFF Y — 4
DUFEMRIT, BREIZ2BBIEKRIZL > TH A=V EZT VATV Y — 20
EAERTHD ZERH LN E o7 (Figure 15-18), @ {L/KFEIX T v 7 T A
MfsE 7R E AL 7 F o1& L THEERT 5 D T(Alvarez et al., 1998;
Gechev and Hille, 2005), 1#f2{L/KFEZHEUNIHE TE 20 ~LAF o Y — A
DR, WY OLEBITEZEZ KIET L& TIRIN D, peupl ZEHERIZEBNT
ZDXIBAFRANVATF Y —LREFRL TN Z LT, BAEKRTIIAER
2 RN b & el N e e R CIEIRAVICHRLY BRI TV 5 &
WH ZEERELTWD, HFIEMIEICIW T, atg2 ZREOMAINIZITATE
IR BT 5 2 L Va5 T S (Velikkakath et al., 2012), & OR5E
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7 MREEREN 139 T2 ATGS NRTEL T\ 5, L7zh-> T, peupl ERERIZE
WT ATG8 MR UL Ao Y — AR D JEIERIC O ERE LTz & 9 3
(Figure 20) 1%, ~VA XY —LAOREERDA— N7 7 UV—IC X - TERW
ICREND Z EHBRBELTEBY, A= 7 7 V=X A=V 5% LA
XUV —LEDHRTHLICLE ST, AT FHT Y — 2D NEEHOKE & B

LTCWbEEZLEND,

4—2 puepl ERKRIZEFTBZRILAXS Y —LBREKEDORAHEIE

ABFFETIE, @BRIEOBBLAKE NI F Y — K DOEHERIER & 354
HZEEPABMT L (Figure 18) 23, Z ®FFLIL Sinclair et al. (2009)23#
HLlRa X o — R E OBMREREL TV D, b, v rA XFXF0
HEIRBLKEEZM T T2 L, AR Y —ARER L, X ¥ 2 —/L LT
NoHELEELE RS Z & 227 L= (Sinclair et al., 2009), FEE. peupl %
BERICBWTEREREZERT2-v A4y Yy —AiF, LidliEaxa—1o
LR LIZHEZ > TRV (K REOFERIT, ~nF2—LD L7k
iR L7aE 2R LA v Y — AOBERIERL 28 ) T < FIREM: 2 /RIE
LTW5%, peupl BEHERKTIIA— N7 7 V=T K D0MBNEZ B2 0T, #H
BALAKBIC L > THE A=V EZ T2~V ATV Y — ME, e lRKE REER
Lo TN DIEEBEZLND,

LI LBNG, BEBERICEDS VAR Y — AR LEZORE DD
ERRRAFIIRFEETH D, B HMEBIEETIE, B L7z CAT ¥ v X7 B R
AV H T — AOEEE I RET RS BE I N Z L6 (Figure 12) |
CAT N2 DEFRF TR E W IR Z LTz, LLZRR 5, #EIZ CAT
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B R T EDMFAE LR atg2catZeatd = BERFRIZBW T, BERMRIC~L
FEX Y — AOBERNMIEZ SN2 LD (Figure 24) , ~LAF 3 Y — LD
BEEATERRICBREE CAT & > R EIIMATIE W ER S L leotz, Lk
LR 6| il bk CAT DA 6T < D& R BRBIEE 2 Wb+ %
?T(Siddique et al., 2012), & 1-BEMEE CHILE SN T-E FEE O @O iEEk D JE
INZITRFR KRS K0 BV LTk x 7o 2 R 7 EONRE R HEE L T D ATRE
HEHEZX DD, LIci> T, @I b/KFEIZL > TEME LT CAT LISt D Z /3
7 BERNEE IRV AT — DAOBEIKIZRICE D> TV &b D,

4—3 F—FrI270—IKBRNFFIV—LOREER

peupl BEEETIX, XA -V HZT T2~V AF 2 Y —ANHFICERLTWD
2 b b, 7 AFT Y = LORIEAILA T — A DOFEEICH AR
KFIER N7z (Figure 5) Ziuld, peupl 22 BIRIZEB WO THEMHD H 5~
VAR — At BARR L RIRRICHEIE L TV 27272 L HEER S v D (Figure 8,
11, 16), —Ji T, peupl ZRKITEMEE S, EFHDOT N HIHHFS
LCWe (Figure 4B), Z OELOMRME L WS REVIM O atg ZFKTHEL
REN, WBEILKEZELERBL WD Z &ML STV 5 (Yoshimoto et al.,
2009), LL, EOANTRTIZHET H2BILKENARHATH 7=, peupl
IZBWTEHERZ BT 25~ A X Y — A%, BFT7—BNRIE LI
R, BERLKEEZZEE L TCWEOT (Figure 11, 14, 15), % b < IFmf&MIC
WL KFER VA XY — A BHIE~ SR L, Moy A—T %5
A TNDEEBEZDLID, S OHITITERL KBNS 7T+ L LTHREL, 7'r
77 MM A G EE I L TWD OGS Ly, g {bkFEDOFAP L LT
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T, A F Y — LOMICEERMEK L I Fa L RUTREZILND, LLRN
5. AL I by R TOHSHEEIZOWTIX, v he—Afke peupl
ERHEEOMICARRENE AHTZ N TE Do 2 £ D (Figure 9-11) .
INDDFNT X T OBEELAKE L VITEFICHEB I N THWA D EE X
N5, LTeno T, peupl BERIRITEIT HEBILORAEE L WO KRBT, F— 7
7 VAR L o TERE LRtk FE 2 filil T E v b~ Ao Yy — 4
WK D 1 DIZ72 o7 &EFE2 b5,

FEIZBER L7c K912, BEREMI CIEA— N7 7 U —I2 L 5 ~0v A%
VY= LGRRITREICE G TEY XX Y Ty U= AFIT RTINS, XX Y
TVl EE LTAZ = VEMEREREZ W T GE B . AT o T
NEX VY —DEGRTHRIEEEZ LN TV, LML, i A% 7 — V&AL
PWRERFCB W THE A=V 2T~ F X Y — L b A — 7 7 V=R THMR
ENTNDEWVIFERNRESI, AX ) — VBB THLF Y 7 7 U—0

AR L L CHLBEBE L TV D Z L VRIR X u7- (van Zutphen et al.,
2011), HEMTIZ, A F ) — VEAEMERERED £ 5 (T~ LA Y — L3RBT 7R

BRMIIZE A EHFELRVWO T, MBI 5 F Y 7 7 U—I3URIC
Role VT F Y — LRV ERSEEE VWO LI, kv XY — A
AR L TIRMED B WAL Y — W IET 4 &0 9 S R 3 1 72
EPRIBERE L B X b D,

NV F Y — AONEEBEMICED ST L LT, Lon Y rTr T —EH
MBI TW5,Lon 715 7 —¥ |3 Escherichia coli T¥ 7 & i(Charette et al.,
1981), Z DRI AR GFE SN TWDE X U RIETHDHZ ERnbhroTz, X
WX Y —NRIET S Lon a7 7 —8iET7 v b TROICER S

(Kikuchi et al., 2004), > 1A XF X F Tlx, FLENHERINZ 45D Lon 7
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BT 7 —EDH5H Lon2 BNV AF Y —AIRET DI ERHRES TN
(Ostersetzer et al., 2007), ATP {&1FH) Lon 7’127 7 —X X AAA(+) A —/R—7
7IV—IB L, BEICRSTANAF Y =D~ N v I AZ N
RIS 52707 7 —8 L LTRIET 2 LRIRFIC, X "7 HDOU 7
—NVT 4 T EMBT S v m L LTOMEED b o(Aksam et al., 2007
Bartoszewska et al., 2012), #iT. Penicillium chrysogenum Lon (Pln)73, [
fbEnTe & R R E E L TR LT 2 2 LI LD~ g
Y= ADMEERETo TN D ZEDRRINTZ, WHAWVZ LT, pln ZERRO
AUV XY — A, peupl EEMRTEBIRINT X5 REFEEO SO ERE
G ATz (Bartoszewska et al., 2012), ¥ 1A X+ X 2817 5 LON2 OiHRE
TELELLS Do TRV, Folt LON2 23, b L7lc~ v Ao Y —Lb~
MY w7 AZ NI EEGRL, InOd— 7 7 U— EHMRICHEEEL TV D
Z L 3RiE 7= (Lingard and Bartel, 2009; Farmer et al., 2013), F£7=. &
UT, BRI T~ A 2 Y — ARICIEBRICE R L e~ v Ao VY — A
74— (PEX7) 27077 YV —AZ Lo TREMICHMIND Z &2 b0
(2 L72(Cuietal.,2013), DL HIZ, A— 77—z T, LonX7 a7
T —=LDE DI VAR Y — A D SEE S D ERET D 72D, peupl
ERRIZBWNTH, A XY — AOBENBE ITIK T L7227 > 72 (Figure 5)
EHEESIND,

4—4 AIRA—FrIT7PO—FNLERLIXOY—LOBRITFILIN?
AKIFFRIZBNT, =" 77 V=DV F Y — LD SEEFME LS LT

BREL TWD Z e RENT, LLABRE, EO LS R THib LIz~ LA
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XY= APNEREN TN DODNINEIZICRBATH S,

MW, BEHEX L NTEH o7 CAT 34— N7 7 =TT 50y 7 v
ERoTNWD EB RN, cat BEKZ W Tf#YT (Figure 23) 725, CAT ©
FAEIZA VA XV ) — DO RICHETII RN ERA LN o7, LML, 2
UL CAT SME— DL 7 F A TIERWZ E AR LIZITRE R, e b B L
ek oz, BFHREDOES RoTHEK, TR0 0 %7 —EBDREDHE VT
CAT USNDZ A =V %2 TEEREE L TS Z LIRS TN D 5T
b, BEEY L X OB L > T L2 2 VRN, A— T 7
U—DORERNGIRILE L o TN D E 0 HED H U (Toyooka et al., 2006;
Xiong et al., 2007)., ZHNHDOWENRA— K7 7 V—IZX L TULAF Y — A
DRy 7 F e UTHRRE L TV D ATBEMEIXEE TE 220, 51415 CAT 250,
RS R BRI N LR E R ERRFEOME N Y T kT
S TV 5 ATREME B ARGE L 72 1FuE 72 5720,

FERHICBIT 5% Y 7 7 U—Tld, FE TR L 51T Atg30 X° Atg36 72 &
DRXNVFHXR Y=L F— T 7 V=0T T E—REFPBRINT
W5 (Farre et al., 2008; Motley et al., 2012), HEMIZE W THLZ DL HI R T X
B —KT 23, BT 5 Z LN, SBRONHSF Y 7 7 U— ORI T —
¥ ThdH, INETITHEY THE—RESNLTWDL 7 X7 ¥ —KF NBR1 %, ~
2AXFAFICBNT2EFTF AbINIEEE Y X7 HE ATG8 L 227 <
DT THDHZENHLMNE 2> TS (Zhou et al., 2013), ABFZENG ., peupl
EHEMETIL, CAT 1T UL R A T ) — W Z R BN L= 0 R
IBENTZVT D EPRBINTZDOT, 20O NBR1 ZZRH L LT~ AF
Vel F— " T =m0 T AT E—Rrb Ly, 51%I1F

NBR1(ZHEH L THFZEZED TV E 720,
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Figure 1. Metabolic Pathway of Storage Oil to Sucrose

Storage oils in oil bodies are converted to soluble sugars via peroxisomes and mitochondria

during germination.
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Figure 2. Photorespiratory Pathway and the Core Reactions in a Leaf Peroxisome

(A) The photorespiratory pathway is composed of chloroplast, peroxisome, and

mitochondrion. The organelles often stay in close physically to each other in photosynthetic

cells.
(B) The care pathway of photorespiration in a peroxisome. The red squares represent
enzymes for photorespiration in peroxisomes. GO, glycolate oxidase; CAT, catalase; GGAT,

glutamate-glyoxylate aminotransferase; serine-glyoxylate aminotransferase; HPR,

hydroxypyruvate resuctase.
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Figure 3. Schemes of Macro- and Micro- Autophagy

(A) Macroautophagy proceeds by the following steps; ATG proteins assemble at pre-
autophagosomal structure (PAS), and form isolation membrane. The newly synthesized
membrane engulfs the target proteins and/or organelles, and forms an autophagosome. The
autophagosome fuses with a vacuole and undergoes degradation with its cargo in the
vacuole.

(B) Microautophagy proceeds by the following steps; proteins and/or organelles directly
invaginate into vacuole and undergo the degradation. These steps are also supported by

same ATG proteins with macroautophagy.
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A GFP-PTS1

Figure 4. Phenotype of the peupl Mutant

(A) Confocal images of the mesophyll cells in a leaf of 3-week-old GFP-PTS1 plant (left) and
the peupl-1 mutant (right). GFP fluorescence from peroxisomes and autofluorescence from
chloroplasts are shown in green and magenta, respectively. Arrows indicate the peroxisome
aggregations. Bar = 10 um.

(B) Growth of 40-day-old GFP-PTS1 plant (left) and the peupl-1 mutant (right). Bar = 1 cm.
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Figure 5. Analyses of Peroxisomal Functions in the peupl Mutant

(A) Comparison of post-germinative growth among the parent plant GFP-PTS1, peupl-1,
and pedl. Seedlings were grown for 6 days under constant illumination, in 1% CO,, on
medium with or without sucrose. The photograph was taken after the seedlings were
removed from the medium and rearranged on an agar plate. pedl is a control for the -
oxidation-deficient mutant. Bar = 1 cm.

(B) Resistance to 2,4-D and 2,4-DB. Seedlings were grown for 13 days under constant
illumination, with 1% CO>, on medium supplemented with 2,4-DB (0.5 pg/ml) or 2,4-D (0.05
png/ml). Bar =1 cm.

(C) Effect of strong irradiation on maximal quantum yield of photosystem Il (Fv/Fm). Fv/Fm
was measured with PAM-2100 (WALZ) when the plants were transferred from mild conditions
(light intensity, 120 pmolsm-2; CO, concentration, 2000 ppm) to severe conditions (light
intensity, 600 umols™*m2; CO, concentration, 400 ppm). Sixth or seventh leaves of 3-week-
old plants were used for this experiment. The horizontal axis shows the time after transfer to
severe conditions. The results shown are mean values + SE of three independent

experiments.
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Figure 6. Identification of PEUP1 Gene

(A) Structure of At3g19190/ATG2 gene. The open and closed boxes indicate the untranslated
and coding regions, respectively. The asterisks indicate nucleotide substitutions in the
PEUP1 gene of peupl-1 and peupl-2. G4935A and G6830A mean that the 4,935th and
6,830th guanosine residues are substituted to adenosine, respectively (Nucleotide residue 1
corresponding to the adenosine of the first methionine codon). The triangle represents the
position of the T-DNA insertion in the atg2-1 mutant. The untranslated regions are based on
information obtained from the TAIR database (http://www.arabidopsis.org).

(B) to (D) Confocal images of leaf cells of the peupl-2 mutant (B), the atg2-1 mutant
harboring GFP-PTS1 (C), and F1 progeny obtained from crossing between peupl-1 and
atg2-1 mutants (D). GFP fluorescence from peroxisomes and autofluorescence from
chloroplasts are shown in green and magenta, respectively. Arrows indicate the peroxisome

aggregations. Bars = 10 um.
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TCGTGCCTTGAGCTGGAATTATCTGGGGTGCAGTTCCTGTATGARACCTTTCCAATTGGC

GARATATGTACCTCTRAAATTATCTCTCATGCGTCCAAGATTTTTATCTTTATGATAGAAGC

GAAATATGTACCTCTARATTATCTCTCATGGTCCAAGATTTTTATCTTTATGATAGAAGC

GACAATGCACCTTGGACATTG
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——————————————————— GTTACGGGTCGCTTTACTCCCTATACTGTTACATCTTCATC
ATGAACTGCTTCCTCCCAGGTTACGGGTCGCTTTACTCCCTATACTGTTACATCTTCATC

————————————————————————— CTTCTTTGGAGCTAACAGCCTAGARARGCCTGTTG
AAAGTCAGCTGGATTTTCTCATCAGCTTCTTTGGAGCTAACAGCCTAGAARAGCCTGTTG
ARAGTCAGCTGGATTTTCTCATCAGCTTCTTTGGAGCTAACAGCCTAGAARAGCCTGTTG

————— ATTATTTCTCCTTTCAGTCTTGATCCTGAACATARAAAGGAATCCATGGARARRAAT
—————————————————————— TCTTGATCCTGAACATAAAAAGGAATCCATGCAARRAT
TGTAGATTATTTCTCCTTTCAGTCTTGATCCTGAACATARARAGGAATCCATGGAAAAAT

Figure 7. Alignment of Partial Nucleotide Sequence of At3g19190/ATG2

(A)-(C) The cds-DB and genome indicate cDNA and genomic sequences, respectively, based
on the data from TAIR. The cds-seq indicates the cDNA sequence based on the cloned cDNA
of ATG2. The red and blue letters indicate exons and an intron, respectively, as determined

by sequencing by this study. The numbers indicate the position of the nucleic acid from the

start codon.
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Figure 8. Number of Peroxisomes in the peupl Protoplast

(A) Merged images of differential interference contrast and GFP fluorescence images of
protoplasts from leaves of GFP-PTS1, peupl-1, and atg2-1 GFP-PTS1 plants. Peroxisomes
are shown in green. Bar = 10 pm.

(B) The numbers of peroxisomes in a protoplast from the GFP-PTS1, peupl-1, and atg2-1
GFP-PTS1 plants. Open and striped bars indicate the numbers of dispersed and aggregated

peroxisomes, respectively. Error bars represent SE (n = 17).
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Figure 9. Morphology and Number of Mitochondria in the peupl Mutant

(A) Confocal images of mesophyll cells in 3-week-old wild-type plants expressing
mitochondria-targeted GFP (Mt-GFP) and peupl-1 expressing Mt-GFP (peupl-1 Mt-GFP).
Autofluorescence from chloroplasts and GFP fluorescence from mitochondria are shown in
magenta and green, respectively. Bar = 10 um.

(B) Merged images of differential interference contrast and GFP fluorescence images of
protoplasts from leaves in the Mt-GFP plant and the peupl-1 Mt-GFP mutant. The
photographs were taken by confocal microscopy, and maximum projection from top to bottom
of a protoplast was carried out. Mitochondria are shown in green. Bar = 10 um.

(C) The number of mitochondria in a protoplast from Mt-GFP and peupl-1 Mt-GFP plants.

Error bars represent SE (n = 22).
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Figure 10. Levels of Peroxisomal Proteins in the peupl Mutant

(A) Immunoblot analysis of proteins prepared from GFP-PTS1 and peupl-1 plants. Crude

protein extracts were prepared from the leaves of 3-week-old plants and subjected to SDS-

PAGE followed by immunoblot using the antibody indicated in left side of each panel. The

asterisk in a-APX indicates a nonspecific band.

(B) CBB staining image of the proteins loaded in this immunoblot. Numbers on the left

indicate the molecular mass.

(C) Expression of genes encoding peroxisomal proteins. The graph shows the relative gene

expression levels between GFP-PTS1 plant and peupl mutant. Error bars represent SD.
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GFP-PTS1

Figure 11. Electron Microscopic Observation of Mesophyll Cells in the peupl Mutant
Mesophyll cells in GFP-PTS1 (left) and in peupl-1 (three images on the right). Open and

solid arrowheads indicate normal peroxisomes and peroxisomes containing an electron-

dense region, respectively. Arrows indicate mitochondria. Bar = 1 um.
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Figure 12. Pattern of Electron-dense Regions in Aggregated Peroxisomes of the peupl-1

Mutant

Electron microscopic images of mesophyll cells in the peupl-1 mutant. The electron-dense

regions of the peroxisomes in the aggregation are frequently located face-to-face (arrows).

Bar =1 um.

61



(9]

Relative density [%]

300

200

0o

A b M o+

Normal Dark Normal Dark Normal Dark Normal Dark

a-GFP a-CAT

62

a-GO a-HPR




Figure 13. Immunoelectron Microscopic Analysis of Peroxisome aggregates in the peupl

Mutant

(A) Immuno-electron microscopic images of mesophyll cells in peupl-1 using antibodies
against GFP-PTS1 (a-GFP), glycolate oxidase (a-GO), hydroxypyruvate reductase (a-HPR),
and catalase (a-CAT). Black dots in the images are immunogold particles. Bar = 1 uym.

(B) A representative peroxisome from each experiment. Bar = 200 nm.

(C) The densities of immunogold particles in non-electron-dense (Normal) and electron-
dense (Dark) regions per peroxisome were calculated from the immunoelectron microscopic
images. The results are shown as relative values of density in each experiment using different
antibodies. Error bars represent sb. n = 12 (Normal of a-GFP), n = 7 (Dark of a-GFP), n =
24 (Normal of a-CAT), n = 14 (Dark of a-CAT), n = 23 (Normal of a-GO), n = 12 (Dark of a-
GO), n =18 (Normal of a-HPR), and n = 8 (Dark of a-HPR).
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Figure 14. Accumulation of Inactive CAT in the peupl Mutant

(A) Total proteins from the leaves of 3-week-old GFP-PTS1 and peupl-1 plants
were separated into supernatant (sup) and precipitate (ppt) fractions and
subjected to SDS-PAGE followed by immunoblotting using the antibody indicated.
The asterisk in a-APX indicates a nonspecific band.

(B) CAT activities in the supernatant and precipitate fractions of the GFP-PTS1
and peupl-1 plants.

(C) Amounts of CAT polypeptides. The values, which were calculated based on
the band intensity, were measured by ImageJ.

(D) Relative activity of CAT. The values of the activity of CAT in (B) were divided
by the corresponding values of the band intensity in (C). The results are shown
as relative values (the sup of GFP-PTS1 was set to 100%).

The results represent the mean values + SE of three independent experiments.
ND, not detected.
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Figure 15. Quantification of Redox State in the Peroxisomes of peupl Mutant Cells

(A) Fluorescent images of peroxisomes in roGFP-PTS1 and peupl-1 roGFP-PTS1 plants.
The left and middle panels show fluorescent images excited by 405 nm and 488 nm lasers,
respectively. The right panels show the ratiometric images calculated from the left and middle
images. Relationships between the ratio and color are shown in the color scale bar below
the panels. Blue represents a reduced state, whereas red represents an oxidized state.

(B) Frequency distribution of redox state in peroxisomes. The ratios (405 nm/488 nm) from
peroxisome aggregates in peupl-1 roGFP-PTS1 and dispersed peroxisomes in roGFP-
PTS1 were calculated. The histogram indicates the percentage of peroxisomal number, with

the ratio that matches the range shown below the graph.
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Figure 16. Redox Status in the Dispersed Peroxisomes of the peupl Mutant

Some dispersed peroxisomes in the peupl-1 roGFP-PTS1 showed similar redox status to

that of roGFP-PTS1. The pseudo-color indicates the ratio values using the same scale as in

Figure 14.
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Figure 17. Effect of Hydrogen Peroxide and DTT on Redox Status of Peroxisomes

Images of peroxisomes treated with 0.1% hydrogen peroxide or 20 mM DTT in the roGFP-
PTS1 and peupl-1 roGFP-PTS1 plants. Maximum projections were used for the calculation
of the ratio images. The pseudo-color indicates the ratio values using the same scale as in

Figure 14.



GFP-PTS1 GFP-PTS1 + H202 cat2-1 GFP-PTS1

Figure 18. Effect of Hydrogen Peroxide on the Induction of Peroxisome Aggregate Formation

Mesophyll cells in 3-week-old GFP-PTS1 plant before hydrogen peroxide treatment (left
panel); mesophyll cells after treatment with 0.1% (v/v) hydrogen peroxide for 1 hr (middle
panel). Mesophyll cells in the cat2-1 mutant expressing the GFP-PTS1 gene (cat2-1 GFP-

PTS1; right panel). Arrows indicate peroxisome aggregations. Bar = 10 um.
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Figure 19. CAT Activities in GFP-PTS1 Plants and Various Mutants

CAT activities were measured in 3-week-old plants. Error bars represent SE of four
independent experiments. ND, not detected. Lane 1, GFP-PTS1; lane 2, peupl-1, lane 3,
atg2-1 GFP-PTS1; lane 4, cat2-1 GFP-PTS1; lane 5, atg2-1 cat2-1 GFP-PTS1,; lane 6, cat3-
1 GFP-PTS1; lane 7, atg2-1 cat3-1 GFP-PTS1; lane 8, cat2-1 cat3-1 GFP-PTS1; lane 9 atg2-
1 cat2-1 cat3-1 GFP-PTS1.
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Figure 20. Subcellular Localization of ATG8

(A) Confocal images of leaf cells of a GFP-PTS1 plant and peupl-1 mutant transiently
expressing mCherry-ATG8a. Arrows indicate colocalization of peroxisomes and punctuate
structures of ATG8. Bar = 10 um.

(B) Immunoblot analysis of subcellular fractionation. Total proteins (Total) prepared from the
leaves of 3-week-old plants were fractionated into P1, P8, P100, and S100 fractions. The
samples were subjected to SDS-PAGE followed by immunoblot analysis using a-ATG8, o-
CAT, and a-PEX14 antibodies. ATG8 is an autophagosome marker, and PEX14 and CAT are

peroxisome markers.
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Figure 21. Interaction between Peroxisome Aggregations and ATG8
All four images show cells in the peupl-1 mutant expressing mCherry-ATG8a. Peroxisomes

and ATGS8 are shown in green and magenta, respectively. Arrows indicate colocalization of

peroxisomes and punctuate structures of ATG8 (the overlaps appear white). Bar = 10 um.
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Figure 22. Quantification of the Interaction between Peroxisomes and ATG8

(A) The number of peroxisomes that interact (magenta) or do not interact (blue) with
punctuate structures of mCherry-ATG8a was counted. The numerator and the denominator
in each bar show the number of classified peroxisomes and the total number of peroxisomes
examined, respectively.

(B) The number of peroxisome aggregations that interact (magenta) or do not interact (blue)
with punctuate structures of mCherry-ATG8a was counted. A mass of aggregated
peroxisomes was counted as a single aggregation. The numerator and the denominator in
each bar show the number of classified aggregations and the total number of aggregations
examined, respectively.

ND, not detected.
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Figure 23. Number of Peroxisomes and Levels of Peroxisome Proteins in cat Mutants

(A) Number of peroxisomes in protoplasts from cat2-1 GFP-PTS1 and atg2-1 cat2-1 GFP-
PTS1 plants. Open and striped bars indicate the number of dispersed and aggregated
peroxisomes, respectively. Error bars represent SE (n = 20).

(B) Protein extracts were prepared from leaves of 3-week-old GFP-PTS1 (lane 1), peupl-1
(lane 2), atg2-1 GFP-PTS1 (lane 3), cat2-1 GFP-PTS1 (lane 4), atg2-1 cat2-1 GFP-PTS1
(lane 5), cat3-1 GFP-PTS1 (lane 6), atg2-1 cat3-1 GFP-PTS1 (lane 7), cat2-1 cat3-1 GFP-
PTS1 (lane 8), and atg2-1 cat2-1 cat3-1 GFP-PTS1 (lane 9). The protein extracts were
subjected to SDS-PAGE, followed by immunoblotting using the antibody indicated in the left

side of each panel. The asterisk in a-APX indicates a nonspecific band.
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Figure 24. Electron Microscopic Observation of Mesophyll Cells in the atg2-1 cat2-1 cat3-1
Mutant

Electron microscopic observation was carried out using 3-week-old cat2-1 cat3-1 GFP-PTS1

and atg2-1 cat2-1 cat3-1 GFP-PTS1 plants. Arrowheads represent peroxisomes without

electron-dense regions. Bar = 1 um.
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Figure 25. Model of the Quality Control Mechanism for Peroxisomes via Autophagic

Degradation and Peroxisome Aggregate Formation in the peupl

() In a newly synthesized peroxisome, CAT degrades hydrogen peroxide generated by
peroxisomal metabolic processes such as photorespiration. (ii-a) CAT is gradually inactivated
by hydrogen peroxide, and the peroxisome becomes damaged by the accumulation of
hydrogen peroxide. (iii) In the wild-type plant, the damaged peroxisome is targeted by ATG8
and is degraded by an autophagic system involving ATG2. (ii-b) When excessive hydrogen
peroxide accumulates in a peroxisome due to such factors as exogenous hydrogen peroxide
treatment or the presence of the cat mutation, peroxisomes begin to form aggregates. The
peroxisome aggregate is eventually degraded by an autophagic system involving ATG2. (ii-
c, top) In the peupl (atg2) mutant, the highly damaged peroxisomes form large aggregates
and accumulate in the cytosol. The black regions in the peroxisome aggregate represent
condensed CAT. Since the formation of an isolation membrane is not completed in the atg2
mutant, ATGS8 targeting the peroxisome aggregate highly accumulates. (ii-c, bottom) On the
other hand, large peroxisome aggregates not containing condensed CAT appear in the atg2
cat mutant. The intensity of the red coloring in the peroxisomes represents the level of
hydrogen peroxide. Solid and dashed arrows indicate processes in the wild-type and mutants

or under artificial conditions, respectively.
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Figure 26. Self-inactivation of CAT

(A) Time course for the reduction of hydrogen peroxide after the addition of enzyme extract.
The labels of H2O, and control mean the sample with and without H>O»-treatment before
measuament of CAT activity, respectively.

(B) CAT activity was calculated from the decrease for the first 10 seconds after adding
hydrogen peroxide. The results shown are the mean values + SE of three independent

experiments.
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Table 1. Nucleotide Sequences of Primers Used in This Study

Primer name

Sequence

Note

AT3g19190-1-F
AT3g19190-1-1R
AT3g19190-1-2F
AT3g19190-1-2R
AT3g19190-1-3F
AT3g19190-1-R
AT3g19190-2-F
AT3g19190-2-1R
AT3g19190-2-2F
AT3g19190-2-2R
AT3g19190-2-3F
AT3g19190-2-R
AT3g19190-3-F
AT3g19190-3-2F
AT3g19190-3-R

5'"-CACCTACAGATTTGTGTAGTGG-3"
5'"-GGAGGTGCTGGCTTCATTTG-3"'

5"-TTGAGGTTGACGAGCTGGAG-3"
5"-GGCTTCCAGAAGCTGATTGG-3"
5'"-CTTCTTGTTTCCTACAGTGTGG-3"'
5"-CTAGCATCACCAACACTGAAGC-3"
5'"-CTGATAAGGAAAGGGCTAAGG-3"'
5'-CAGAAGTCGTGTCACTGCAAG-3"'
5'-GAAAATGGCCTTCTTTGGGAG-3"
5'-TTTTCCTCGAGTGGCGTCTC-3"
5'"-GATCACCCAAGAGACTCCTC-3"
5"-CATTTCCCCAGCCATAGATTCC-3"
5'"-GCTCATCACAGAAGAACAAATGC-3"
5"-GCCCTCTGACCATGATTAGG-3"
5'"-CTCTAGAAACAGATTGGGCACC-3"

For sequencing
For sequencing

For sequencing, For genotyping of atg2-1
For sequencing, For genotyping of atg2-1

For sequencing
For sequencing

For sequencing, For genotyping of peupl-1

For sequencing
For sequencing

For sequencing, For genotyping of peupl-1

For sequencing
For sequencing
For sequencing
For sequencing
For sequencing

sensCAT?2 5'-GGTACCTCTTCTTCTCCCATG-3" For genotyping of cat2-1 (Queval et al., 2007)
revbisCAT2 5'-TCAGGGAACTTCATCCCATC-3" For genotyping of cat2-1 (Queval et al., 2007)
CAT3-F 5'-AACGTTTAACCACTGCGTGAG-3"' For genotyping of cat3-1

CAT3-R 5'-CTCAAGAAGAACCGGACCTG-3" For genotyping of cat3-1

LBal 5'-TGGTTCACGTAGTGGGCCATCG-3" T-DNA specific primer

TOPO_ATGS8a_cds-F 5’ -CACCATGATCTTTGCTTGCTTGAAAT-3’
ATG8a_cds-R 5’ -TCAAGCAACGGTAAGAGATCC-3’

For cloning of ATG8a
For cloning of ATG8a
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Table 2. Nucleotide Sequences of Primers Used for Q-PCR

Primer name Sequence Note
qCAT1-F2 ATCTCTTCGTTCAGGTGATGG For gPCR analysis of CAT1 mRNA
qCAT1-R2 AGATCCGGGTCTGGAGTAGC For gPCR analysis of CAT1 mRNA
qCAT2-F2 TTCAAACCCGTGTCTTCTCC For gPCR analysis of CAT2 mRNA
qCAT2-R2 CAGGCGGAGTTGGATACTTC For gPCR analysis of CAT2 mRNA
qCAT3-F ATTTTCTCAGAGCCCCTGGT For gPCR analysis of CAT3 mRNA
gCAT3-R GTTTTCGGGTTAGGTTTCAACG For gPCR analysis of CAT3 mRNA
gGO-F4 CTTCGAAGGGTTGGATCTTG For gPCR analysis of GO mRNA
gGO-R4 CTGGTGCTGAAGATCAATGG For gPCR analysis of GO mRNA
gPEX14-F GCATTGCTCCCAAATCAAAG For gPCR analysis of PEX14mRNA
gPEX14-R CTCTGGAAAGCTGCTGGTTC For gPCR analysis of PEX14mRNA
gAPX-F GTGAGGGCGTGAAAGCTAAG For gPCR analysis of APX mRNA
gAPX-R CCCATGCGGTAGAAGACATC For gPCR analysis of APX mRNA
qGFP-F ATATCATGGCCGACAAGCAG For gPCR analysis of GFP mRNA
qGFP-R ACTGGGTGCTCAGGTAGTGG For gPCR analysis of GFPMRNA
UBQ10-F GAAGTGGAAAGCTCCGACAC For gPCR analysis of Ubiquitin 10 mRNA (Kanai et al., 2013)
UBQ10-R TTAGAAACCACCACGAAGACG For gPCR analysis of Ubiquitin 10 mRNA (Kanai et al., 2013)
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