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Dynamics of endoplasmic reticulum during freezing in living plant cells
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Many plants living under subzero temperatures in winter increase freezing tolerance by
exposure to non-freezing temperature, which is known as cold acclimation. In cold-acclimated
cells, unique cryobehaviors of the plasma membrane and endoplasmic reticulum (ER) have been
reported but their physiclogical meaning or mechanism is largely unknown. Allium fistulosumis
a cold-hardy Welshonion which survives winter of-40°C in Saskatchewan, Canada, andintact
cells inthe single epidermal layer, which is easily peeled from leaf sheath, were observed. The
cryobehavior of ER in these epidermal cells that were stained with ER-selective fluorescent dye
(ER-Tracker) was observed using a confocal fluorescent microscopelwith cryostage. According to
our observations, cold acclimation increased ER volume per cell and extracellular freezing
induced ER vesiculation through the breakdown of the ER network. Freeze-induced ER vesicles
in cold-acclimated cells were larger and more abundant than those in non-acclimated cells. ER
vesiculation may be associated with extracellular calcium because freeze-induced ER vesicles
tended to be more abundant in the presence of calcium than in the absence of calcium.
Furthermore, ER vesiculation also occurred in Arabidopsis root cells, suggesting a possibility
that ER vesiculationis conserved in monocotyledonous and dicotyledonous plants. After
thawing, the ER network was recovered only in cold-acclimated cells, suggesting that the

dynamics of ER during freeze/thaw cycles are associated with freezing tolerance.
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EEZLNTWS. MR & ORI TKED
RSN B L, KEKDILERT Y VDEIZK
D MR D DS~ KR BBEI L, MK R
MREZIFHEEZLNTVWS. SHIZREKT
W&o OKRIZEE L, MBI RS S,
A PV ABZIT B EBRTFRENTNS 2,
—7F, BATHEDE, KPLAXIHTTOR
BLEEOE(LERAL, HEMELZESTZZE
BHSNTERY, ZOBESGIIRESL L FEThTY
5 V. KRBT & o THAETE % 845 U 7=t
fRizBWTIE, MIRANERREDIRIZ X A F X v 7 72/
OB BEL D ZERHESh TS, K
BB L7z aAd X XFOENS, T v TTA
& BARE USRS S B EBRTIE, MRS RS ICTE-
TR DS AR P e A L/ Nk D& 2 TR 5
TEBNBEINTVWS. ZOBRBITKEEAIC LS
MR P LA LBEBRLTWA Z ERREINTE
v, HMBIEOREETFREHME CTh 2 IR RE &
nTna 2, £, 7UDKRBERMEIZEVTE,
BREIC Lo TMBEBEDZ ERBHEERER SND
TENEFIEMBEICLVEEINTRY, ZoEE
DEAEEEDRE & e 2 ERI L ORE ZERET 572

DITHKE 2 B L TWA AN E TS 2,

FZTCAME T, R/hREICERL, £
FZ BT 2/ NAEOHEBREBIET DD, ¥
DOHBEMENOERINDIEREANT, AIERRE
VAT LERLIRBRAT -V L E AL ——8
MEEIC X 2 HMBEELITV, BERR/MIE O
BEOBIELZRST.
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F¥(Allium fistulosum L)X, HF& « YR H5F
2TV TERLTWELDEYFAERERICE
T 23°C (light 24h) TR EZ 20em BEE TEF
SR %, BEROERS»SFE L -REMES

1.5 cmX1.0 cm BEORBIFESFBITE B,

/AR LYY, dimethyl sulfoxide % A &
9% ER-Tracker™ Green (Invitrogen) % 7K TH R
L7 #IRE 5 uM OFFIKE T 20 4B L CiTo 7=,

{EIRBI{i% 2°C(light 12h : dark 12h) T 4 BT >
7=. vuA X A F(Arabidopsis thaliana L)IZ,
/NIEARIZ GFP & U X BN RRCRTET D RE

- EEHR(ER-GFP) Y& VT, 7% 10 B H(light

16 h : dark 8 ) DR % Fediad> B 1.5 cm 8- TH
Wiz, (KIEEI{kiX 2°C(ight 12h : dark 12 h) T 1
BT, ZRELOVF T %, 18 mmX 24
mm DH3—H T ZAZOETH 100 pl OFHEHQ
mM2-(Amorpholilino)ethanesulfonic
acidMES)/KOH (pH 5.6), 0.0005%FM4-64
(Invitrogen), 1 mM CaClz & L < IZ ethylene
glycol-bis-(beta-aminoethylether)-N,N,N',N'-tetr
aacetic acid(EGTA))HIZE X, EVA XD I S—
T AEWETEHA LR, KBAT -V itk y
M7z, Z20%, R¥FRLMIEIT 0.08°C/min, ¥
A XF A F DX 0.05°C/min T 2°C 1 bIRE %
BTSRTH U INAE2HEESE, IFREMRIT
-15°C, Ve A XF AT ORIF-3°CITEETHET
D/NAEDOHEEEL B L. D% 1.0°C/min
TRELZBO) 2°C ¥ TERLUTRML, BIEL/H)
B L7-. XXREMITICE T 2 HEETERERIX, £
FREFERETOAMBOKE 100% & LTEEL
Tz, OB, BESEER 2°C IRV T FM4-64 12
Lo THRBABREEINTWEbD S L
CHI L7z, R XREMIRIC I DMk DR
A%, BEREET 2°C I2RBWT, B0 BN S
T E T3 um Z & OWiE % #&E L, Slidebook ver.
5.0 (Intelligent Imaging Innovations, Inc.)% >
7o 8 WItA A — Y U I X o THERAER L UV afk
DEBEHH L, MROBEE 100%E LTHEL
2. I b O\REITT N THRER L —F—BMENC
TiTo7z.

L R

1. *XREMBEDOIERELICL 2 EREMES LV
INBIRIZx T BB DORETE

7, KRFMEI X o THIfEIZc E D & 9 2B ks
ETDDEHEE LT, SRERAER D 2°C o) 54
JAOEFRERE LIz L 25, KRILE T, &fF
KRB LE 51%MEMNT 2 Z L BRI, TDEX
HEToHo7= (Tablel). - T, {KBAKkIZL->T
XX REMIBIZ BV CTHAEMES oI EF LT
5T ERHER I, Em, HE—HlePh oo
FREEZRE L L 25, KIRPHEZIZH 13%8EM3
BT ENFERINE. o C, EEBHEIZ Lo T/
BRI BN LT3 2 & BRI X 37z (Tablel).
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Table 1.Cell survival rates at -15°C and endoplasmic
reticulum (ER) volume rates per one cell of
epidermal cells from leaf sheath of Welsh onion
non-acclimated (NA) and cold-acclimated for
28 days (CA).

NA CA
ciiﬁgﬂ 482+ 25% | 99.2 % 0.3%

a Freezing tolerance tests with FM4-64 were
performed in MES buffer containing 1 mM CaCla.

PER volume rates per one cell in MES buffer at 2°C
were calculated by using an image analysis program.

2. INIRIADERFEBIEEDEIER

WIZ, FXREHIICEIT 2 HFERFO/NMalikog)
REABIR UL 25, £9-2°C THIBRAA S ERE+ 5 D
&b 7o T, TERICHIEN Z B L T o/ haf
NBBLEEELEZFig. 1). &6IT, 747X
FEIER L TV 2/NERIE, £0Fxy b U — 7 B
HoWrsi, oMb d 2 e BG0BES
e, RS I/Mako/ M Madix, BRECKT &
EBIT, TO—ENRELICHE, HEETIHILDD
Blgmank (Fig. 1 RED. 728, #EEATCITHE
ENERICHEE L CRY, —S T/ akE bz
ZEIEFEE L o272, Fig. 1 ClEEhNMEL Lz
BAEEZ DF1-2.0°C NS OEBEEZ R LTZ. Z D/
LB, KIERIMEX L EEHELRDO EH 5T
BlEasnk=n, KEIEX 0B S iviz/Mao
TA ANKEL, TOREHEELBEVEBICH 72

(Data not shown) .
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X5z, PABIRICHN T T LA T DFL— M
Th2d EGTA ZMMAx CRIHKOHEFEEREZITo72 &
A, INATT AR L AT, ANaRo Mk
NILE SN AERAICH - 7= (Fig. 2).

£z, Z O/ OEYIIZIB VTS
BEINDIBRTHINE ) DEHERT L0, £
FAENTH DA XFTXFOREFNT, [FEE
DEAEEREIT o 7. WHBEDOTZDIZ, /MAEIZ
GFP % v 7 ERFERIICRIET 2 E ik
(ER-GFP)? % /fl L7=. ER-GFP OROHICE
WTh, BAEATCI/MAEISMENZ RS LT\ b
DOVBEI NP, MBS &> TEORENL
BRLFELEL, AFREMETHEEINLZLOL
[EER D /IMEIR O/ BTERR S5 O BNBE Sz
(Fig.3).
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Fig. 2.Cryobehavior of ER in epidermal cells from leaf
sheath of Welsh onion cold-acclimated for 28
days (CA) under freezing at -15°C in MES
buffer containing either 1 mM CaClz or 1 mM
EGTA. Bars indicate 50 pm.

3. MNBAEDEEMBERBEORE
BENT, RXREMIICR T 2 B AAES O/ e
EDRRFFAYBIZE 21T - 7o AREARBIMEXIZ I\ T,

-3.6°C -3.8°C

Fig. 1.Dynamics of ER in epidermal cells from leaf sheath of Welsh onion cold-acclimated for 28 days (CA) during
cooling at 0.08°C/min. Extracellular freezing occurred at approximately -2.0°C. Arrows indicate fusion or

division of ER vesicles. Bar indicates 10 um.
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Fig.3.

Cryobehavior of ER inroot cellsfrom
non-acclimated (NA) and cold-acclimatedfor 7
days (CA) Arabidopsis under freezing at -3°C in
MES buffer containing 1 mM CaClz. Bars
indicate 10 pm.

RlfR% b EAET L IZIZFRROERBE MR L, mEld
BEIELEREDOEE THo7=DIiz% LT (Data not
shown), {KIEBIMLX Tix, %< O T, /Maik<T
oo To/MNAEBREEFEO/NMIER LRy B U
— 7 ZEBEL, MEABERT 2LV BENEE
SN, BAANTITHFERMAERTO K O 723 e
WNiREI & BRse L7- (Fig. 4).
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HIRRAMEAEIZ L o C, /MR OFREMEE L, *
v N —7 OGN X B/MafbBER SN2 &
5, /NEKOEBEIMT L DL THEA R L ADE
BEZITTWHEEBZLND. £z, KIREHEXIC
RS, KIERBEX T b imEE ki X OVNafk’
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FEMRPE DSR2 B b3 B L O F3EREY T
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EWTRBEND. &I, MM ET AN
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Fig. 4. Dynamics of ER in epidermal cells from leaf sheath of Welsh onion cold-acclimated for 28 days (CA) after
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thawing at 2°C. Bar indicates 50 pm.



4) Matsushima, R. Hayashi, Y. Kondo,

5)

M. Shimada, T. Nishimura, M. and
Hara-Nishimura, I: An  endoplasmic
reticulum-derived structure that is induced
under stress conditions in Arabidopsis. Plant
Physiol., 180, 1807-1814 (2002)

Hayashi, T. and Takagi, S.:Ca2?*-dependent
cessation of cytoplasmic streaming induced by
hypertonic treatment in Vallisneria
mesophyll cells: possible role of cell
wall-plasma membrane adhesion. Plant Cell
Physiol., 44, 1027-1036 (2003)

—115—

(115)





