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Abstract: A facultative halophyte ice plant, Mesembryanthemum crystallinum L., switchs over
from Cs photosynthesis to Crassulacean acid metabolism (CAM) under environmental stress,
such as water stress (osmotic stress or ionic stress). The ultrastructural changes of tissues and
cells during the metabolic switch were examined in common ice plants cultured hydroponically
with 400 mM NaCl. To define the stress-induced metabolic switch, the concentration of malate
was measured in well expanded green leaves kept in the light and dark. The concentration
was significantly higher in leaves kept in the dark than in the light, indicating CAM induction
by water stress in the ice plant. The leaves of stress-induced CAM plants and unstressed
plants were fixed chemically by conventional methods, and ultrathin sections were examined
with a light microscope and an electron microscope. In contrast with those found in unstressed
plants, in stress-induced CAM plants, epidermal bladder cells were well developed, mesophyll
cells changed to small and round in shape, and the intercellular spaces became remarkably
narrow. These changes may be caused directly by waterstress. Furthermore, in mesophyll
cells, the chloroplasts contained conspicuously swelled thylakoids and a few small starch grains.
These structural changes in chloroplasts may reflect the metabolic switch induced by water
stress.

Keywords: ice plant, water stress-induced ultrastructural change, Crassulacean acid
metabolism, epidermal bladder cell, mesophyll cell

FFa

FEWIE, EROFLREHORDEL /e & Cld, TEE LS
LCL % & P OEREN LR L, B&EE LRI
KON E OKGWINEME T T 5720, ek
~OKRGHEAGEMET L, K<HKETHZ LN TE
20, Ll ZOLIRAMLVATIZHS>TH,
Z OBREICHIG U TR TE ., ORI A Rk
WEREIETZHEHMLIH Y, bk CAM

(Crassulacean Acid Metabolism) HE#) & I’E T T
W5,

— 72 CAM A, KRS TS AR MK ALE
BIVT COe ZHWIAATY gl LCREEL 19,
BIRANICEZ TR E, BIRCHEL-ZBRREICKILE
PAC CRDOEBEMZ 72N, EZ A%
ik LT CO2 IT L, FHEE, WLE -y U]

BECEE L, FEOT v 7 U ITERT D 49, Lol
Z OIEE AR Tl RIS T, U TR A i
WCEZ TBLL DI ANV —2HETHDT, [FH
L&D COz ZHEICEMST DIF, IV EZ DT 3L
F—aMBE L, ZORRE, KpRn+m312d 5K
TTH, ZTOMREHEL CaMIZ R TEL 725,
Z O CAM BEE RO R S 2 B0k L BRJAVWEREEZS
Iz IS LT CaBDEA ak & CAM BB Rl D MU %
N DGR 2 R ofE s B v . AR
D7 A A7 b(common ice plant, Mesembr-
yanthemum crystallinum L)XZD—>Th 5,
TART T2 NI KGBTaIfEsnTung
% Cs AL B R ATV Fg e EDBREEA L A %
21T % & CAM ADEH A E LM 5 Z LB bR

©Research Institute for Integrated Science, Kanagawa University



56 Science Journal of Kanagawa University Vol 18, 2007

TWD O, ZDOT A AT T MTBT DA R
DI BEE U 7= BRI M O AL 0= B L i i (2 B
THEITEZ S a3 TWD 90, ZHUTHED
R EZ LA AL NC L L D & T3RAIIHEY
R ENTWRW, RIFETIR, TA AT T M ai
IR D NaCl iR CRBEE: T2 Z L2 X v iic
ANV REH 2, FHEEND CAM B ERUICHED
BEORRRA L & BRI ORI E 2 LIz oV T,
JEEREMEE & BT MBI K 5B T o T,

MELE ik

KA NV AZEGZHEBRIZIE, BE— hMEAX, N—13
X2 TA b, N=ATA ISR DTETESDDS
BIFEL, KE 4 BEBZOTA AT T v b
(Mesem-bryanthemum crystallinum L. )% i 7=,
10D7&EEKIZ, 0.606 g KNOs, 0.657 g Ca(NO3)s.
0.115 g NH4H2PO4, 0.241 g MgS04+ 7H20. 0.00286
g HsBOs. 0.00181 g MnCls + 4H20. 0.00008 g
CuSO04 - 5H20. 0.00022 g ZnSO4 - 7TH20. 0.005 g
FeCle #5222 L, £ Dk, pHN 8.012725 X

912 INNaOH # Mz TH—2 7 v ik Z & Uiz,
Z DR EAERED RN & LTRSS LA & %
L L, —FH. &2 7 FIRIZE 512 NaCl
EYENL, 400 mM (2 U7 @R AR 2 s L,
Z DR TS Lokt 2 KBt & Ui, Kk
B: 7 H1%1Z CAM BDEA R~ DO BB Z FER T 5728
ICENENORE A & I RS — 7 &2 AT,
il 2 REETIC L, 12 RRIZICEZ OV D | &8
KHFTHRE Y = A P —2% H N CTHEMIAD 2 il L |
ks v~ 727 +— (HPLC) THEND »
SERIREE A MIE Lz, £72. CAM BINEN DD
[BI1E Z sl D 7o Ol FEBREE O — ¥ 2 IR VEER R K
WL, 6T 7 BB LT, AKBERSE D
Md ., WROTT L—3 3 U &IV, BIEIkIL 2 A
(BT LW SHRIC AL LTz,

KRBEEE 7 BB O, I L OETEHIH % O
DEEFI L, ERFHNEL E 7255 1X4 mm?
DEFEER 2TV | KB KE ATk e
AN, KT AL —%—%H A L7z, &
BEDSRIEIZILA T2, R KEHREID . 0.1 M B
FafEER (pH7.2) THMRLTZ 6% 7 VZ LT LT
B R (LLF GA) #KICIZE L, =R T T 1R, 4C
TC 23 FEMATEE L2, GA R CHEE L72%.0.1M
B EIR (pH7.2) T L, ZEEKTHRLE
2%MEE kA AI T L (LT 0s04) HREAHL | =
BT C 1, 4°CF T 23 K], #%ET Lz, FEE
AEHE, 7 F U RIITHA L, EiZ Epoxy Bi5IZ
BHE L 40°C FC 24 K], 60°C T T 24 RpH1EE A

L7z, BB T oy 7 R EDLV ZHTITHY
ST LEEH. v T 27 a b—25 (Reichert
Ultracut-N) THHBEDOT-ODE X 90 m DY)
FAEEM L7z, YIFEATA4 RO 7 A2, Ik
WL, RLA DT — TNt LT, %
BEMEECRBIZE L7, — 4. FUBIERE T = v 7
5. LRG0 h—ATEXZ—T70 nm OBHEY)
RFEERL, avgVF UErsiE-7= Cu-150 A v
all#ie, FERY T Ly DU C B A
TV, FHWAEFBEMEE (JEOL JEM2000EX,
JEOL JEM1230) THIZ L7,

(S

KRN VATHEINIRBPEHREEND T8
BEELL

KBRS . HIREEEYIE, IR, HEDHERIC
gL < R L QW e, —, EBRBEDIEL, IR
IR CTAERBE N ELS . ZITM<, ErEb
INEDroTz, UL, EREOREIZMMAEEIC
720 KO ZEOZERBER SN T\, &l
TR RIE CARBIE S LIS, A L RICL D
CAM BN A RANEBR S NI E D E R T D720
(et FREER ) & EBREEEY & 2 2 B  T,
BIAT & BEATIC BN 212, D U o IR E ORIE %
1To70, EORER., XBEHEY TIT, EIZEEND
U v RO, BHATICE W TR & BERTICE D
7R TIFEZRE L ThoTz (F1), —FH, AL A
DMz - EBREEY I, BlcEEhs ) v
FRIREE TR CR&E < B2 0 | BEFTIZE W 72/ O
TEEEIIHPNCE W ORI 3 fEm W EEZ R L,
B AR DI HRDTRD BTz,

# 1. HREEs o~ 57 4 —HPLOWC L ST
AARTT LV FEDY v IAREORIERE R

ok HREE FEBRRE
CEN 12 mM 6 mM
A 13 mM 17 mM

BEDORARR & HIIE ORI S B 22

X 11%, SHRBEMEEC X D BRRE & EBREE O IEDORE
Witz Rk LT\ 5, i FREEY O FERMIE IR
=<, AEBTHY ., MENORERERIITED S
NTEY ., MBI > THVEZ 2T g S
PICZ < DIEREENSAMA LT (M 1A), £/, #
RN R E 2Bz bz, — 5., FEi
BEREA) OSERRIA T, RIECIERA O I N /4 C
KHRRE L RERFEEITR IR Mo ToN, FDFREN
SHREEHE Y OBER I LE TN E L IRITHEHE



L, R

m -

ML-/ e
.

b 3 F §
AT T b

L TA AT T MEORBIY SRS, b i
FoBs L BB O ZERNRSE.  B. 400 mM NaCl & demh

HEPFHAE. Scale: 100 um.

Tholz (K1B), F7=. MIEEEIEE L HMEhS
NTniz, ZoOZiX, MiaoELKxIoE (e
iz, EHRERRIC L KB OR I LD b
D EEbiLs,

TAARTZ NTlE, TOMNHROHRFKEIND T
7 v & —Hifd (epidermal bladder cell) & FM:ZiLD
HFEI N ESCEDORBCRICTFET D2 Z N bH
TW5 9, RIEEAEY CIE. 7T v ¥ —HIIR T
RORXOOEREMBE LTROONDINIX 1A
BB, 20T otz, LavL, EBREHEY
T, EOREME T, K&, BEIHDHKRE
SEHLIEZEOT T v X —HlanBigsniz, =
NoHOT Ty X —Hiflix, BEERTOARE T, R
WD X DTS ATV D OB IEEBEMEE T CHER T
TN, BEEZOREITIE, X 1B O X ) ICRER
Rz,

HERS SRR O FINIZ DWW T, RTERRESS K OVFEBR
FEDOR RN R E I EWTBIE SR o T,

X 21%, *HRREE EBREEOT A AT 7 FNEOH
HOI R B EZ R LT D, EFBIMERIC L D8RR
LREERIC, &b LMY OZERM L MRN DS E
PRI ED SN TE Y, HIKREEZH > CTHEVE &

-
—

KA NUVARFET LT A AT T MNEMBOBELEL 57

B

L EE, A, EER—2 5 FIRT T H A
25 UG T H KBS LT BB 0

‘F
B
L CHETET A AR E R E NI 2 E D IER A Bl EE X
iz, X CIXERMENICKRE o7 v 7 kNS
HEEN TR 20), EBREECIXZTOHE K&
JFELLBELLTEY, LIELET 7 ohie s
FRRWVEERAE D RO 72 (K 2D), FERERNIR R D28
L LTF T as NOMENRD b, miERE
BEAR R D O T SRR VRS AR IR IR L CORBRES L 7oA
WTix, BERANBRANOERKKIZN 2 C LREEOTF
a4 FPE L TORWAERZ R L, 2HOKE
BT RIEEGE TN, ZOZEND, EiERE
FEREFRR CRBIES Lo OIERMIEIZ A 6D
BERROHEEZALIT A A P L ADNER & 725 T &
Eoasnr-bn:Ez26N%,

I REENICIZS bar R 77 Eofila
W/NERE BBIZE SN2, 2o OMIBEN/NEE I
ITAKA PV RAIZ X DEEZGIT R b o Tz,

[ 3 1%, R AU TR RS U 7 SRR
MOBEORLZRIZAOND T T v ¥ —HId OB #Y)
FBAERLTWD, FEEECREE S 2 R G I
IHIREE AT B4 5 23 (K 3B), AMVRUCH L7 FK
ZITAMAREE D X 5 7o B 22 MRS BT & 5 58
MG IXFRD Do 7o, MlaWIZFA EIa T h o



58 Science Journal of Kanagawa University Vol. 18, 2007

9. T4 AT T MEOBEYI . BiER- T T T

H I ABERcRE L 7o FABERE A 0O 32 4 i (A) & 27 A4(C).

400 mM NaCl Z&Ted—27"7 > RIRT 7 A BKEEHES U7 BB O 3 iaB) & 35K (D).  Scale: 10 um (A,

B); 1 um (C. D).

4. Scale: 10 um (A); 1 um (B).

HNTEL ., NI E T, BEREEDIIRS
N oiz,

ERE ]
TA AT T NI EOBREE A L A THARK
LS CaTUMN D CAMBIAN L BHAT 2 Z L BB

X 3. 400 mM NaCl Z & deks—2"7 o R T 7 B F/KBEES Lo EREED O 7 F » 7 — i) & fiaEEB) o 8y

TWD O RIFIETIE, 74 A7 Z > MZ 400 mM
NaCl # & temMiR BRI CAPRE L, KX b
LAZTABYS 2% 2 LT Csns CAMADEA R
~OBEFEERL T, AL AEZ5Z TWARVE
Y CIIPFT R KOWE AT CREICE END U v TERE
DR EBENBRNDIIKI L, A b L RAE G XY



L, R

TiX., BATCH L, BETcB LZE 3fEomnY v
MR 2R L= 1), 202 &, KA LRI
LT ARTZ 2 MR HERRRIEEEH L, BT T
CO2: ZRIXR LTV > IENICEE L, V-ATPase I
£ % H* pump & malate? D ERABL CRIANIZE
L., BT CT v 7 ARG Y o S % i R 1
L., ThEHEELZ + FEREKBLIZb 0 L ED
noa,

KA N VA% 2 - R OZESLE ORI
WERELSIBE LT 7 v ¥ —filanglggsni, 7
T v A — R, RS L 72 2 DIA A THL
ST ERMBLILTEY 9, J8Y O
T 2B EZ R L TCWD EEXLNTWD,

IS OO K&y % 5D DI OWNENIE T,

BRI NBR SN2 e, A4
ft L7z Natd CloAzFRRINHRE TERHL T
WHRTREME B 5, YR TT 7 v & —Hiflad
FENREFRICER L TW=DIE, SiREOHEERT
O X 0 BFIZE < 2R o iR B2 E E IR DR
BIEL—H Lo EEZ NS,

KA N LR % B % 7= FEEREERY) O BE AR N D ZE
FHAIX, SBEROZN OISR, T RO
Wb T I as NEOEZR LT, ik L72XL 9
(2. CAM HimiZ., Vv afgaiiahicE 2 Tk
TEDICTZRXNF—ZHETHDT, T T UERD
HFRITELF LD EEXLND, 734 FIED
FABIL, KA N U AN SN TIER 5
RNZ EDD, ML FEEICLDT—T 4 77
7 h T2 < . CAM ADEARRA~DO B D ffiE
FTHHREMENEV, LL, 77 v & —#lfa
DI LT, KA MLRIZEY | EEEOMD
RBEDFEL 2o TWAHARERELH DL b, 2
NEPREIZT D701, BEERORE TR 25
[T 2 ME D I WA 72 LI X DB EEIC &
DI LERNSH D EEZBND,

KARNVAZBEZ 2T A AT Z 2 TR EDRE
NRR OGN, ZHUIEREA L AT CAM BDEE
RFREINTZT A AT T MIRENEL 2D L
VYD A 1005 EE D NaClf#E FCT A 2S5
MERMIL O RIEE RN T 5 Lo HE W
BL—%T%, KA ML RAEZF, CAM ADEA K
WCEB SN, 7T v X —HfiliN~? NaCl
DERERWIIN~D Y o TR D EFEI T R X —D
L EBET IO RENES Db Bbhd,

KA NUVARFET LT A AT T MNEMBOBELEL 59

T

KR ZATOITHIZY . MBI OT A 27 Z 2 b
DR % TR T S W E LIMSZATBAE N R¥EAE
W ZE AT A BRI IE 7 L — T B R E T — A
LB L SRR~ ST T 42K DY
 ARROREIETEENS Y £ L RER AL
EAHEE E AR TR B L £

SCHER

1) Kluge M and Ting IP (1978) Crassulacean acid
metabolism: analysis of ecological adaptation.
FEcological Studies Series. 30:595-622.

2) Neales TF (1975) The gas exchange patterns of
CAM plants. In: Environmental and Biological
Control of Photosythesis. Marcelle R ed. , W junk
The Hague. pp. 299-310.

3) Osmond CB (1978) Crassulacean acid metabolism:
a curiosity in context. Ann. Rev. Plant Physiol. 29:
379-414.

4) Luttge U, Smith JAC, Marigo G and Osmond CB
(1981) Energetics of malate accumulation in the
vacuoles of Kalanchoe tubiflora cells. FEBS Lett.
126: 81-84.

5) Ting IP (1985) Crassulacean acid metabolism. Ann.
Rev. Plant Physiol. 36:595-622.

6) Winter K and von Willert DJ (1972) NaCl-induzierter
Crassulaceen-Saurestoffwechsel bei Mesembryan-
themum crystallinum. Z. Pflanzenphysiol. 67: 166-
170.

7) Winter K (1985) Crassulacean acid metabo-lism.
In: Photosynthetic Mechanisms and the Environ-
ment. Barbar J and Baker NR. eds., Elsevier,
Amsterdam. pp.329-387.

8) Bohnert HJ, Ostrem JA, Cushman JC, Micha-
lowsky CB, Rickers J, Weyer R, De Rocher EJ,
Vernon DM, Krueger M, Vaszquez-Moreno L,
Velten J, Hofner R and Schmitt JM (1988)
Mesembryanthemum crystallinum, a higher plant
model for the study of environmental induced
changes in gene expression. Plant Mol Biol. Rep.
6: 10-28.

9) Adams P, Nelson DE, Yamada S, Chmara W,
Jenson RG, Bohnert HJ and Griffiths H (1998)
Growth and development of Mesembryan-themum
crystallinum (Aizoaceae). New Phytol 138;
171-190.

10) Cushman JC, Michalowski CB and Bohnert HJ
(1990) Developmental control of Crassu-lacean
acid metabolism inducibility by salt stress in the
common ice plant. Plant Physiol 94: 1137-1142.

11) Thomas JC, De Armond RL and Bohnert HJ
(1992) Influence of NaCl on growth, proline and
phosphoenolpyruvate carboxylase levels in
Mesembryanthemum  crystallinum suspension
cultures. Plant Physiol. 98: 626-631.





