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ABSTRACT

In the present study, ultrastructural features of the mesophyll tissue have been investigated in Crassulacean acid metabo-
lism (CAM)-performing succulent Orostachys. A large central vacuole and numerous small vacuoles in the periphera cyto-
plasm were characterized at the subcellular level in both developing and mature mesophyll cells. The most notable feature
was the invagination of vacuolar membranes into the secondary vacuoles or multivesicular bodies. In many cases, tens of
single, membrane-bound secondary vacuoles of various sizes were found to be formed within the central vacuole. multi-
vesicular bodies containing numerous small vesicles were also distributed in the cytoplasm but were better devel oped with-
in the central vacuole. Occasionally, electron-dense prevacuolar compartments, directly attached to structures appearing
to be small vacuoles, were also detected in the cytoplasm. One or more huge central vacuoles were frequently observed in
cells undergoing differentiation and maturation. Consistent with the known occurrence of morphologically distinct vacuoles
within different tissues, two types of vacuoles, one representing lytic vacuoles and the other, most likely protein storage
vacuoles, were noted frequently within Orostachys mesophyll. The two types coexisted in mature vegetative cells but did
not merge during the study. Nevertheless, the coexistence of two distinct vacuole types in maturing cells implies the pres-
ence of more than one mechanism for vacuolar solute sorting in these species. The vacuolar membrane is known to be
unigque among the intracellular compartments for having different channels and/or pumps to maintain its function. In CAM
plants, the vacuole is a very important organelle that regulates malic acid diurnal fluctuation to alarge extent. The membrane
invagination seen in Orostachys mesophyll likely plays a significant role in survival under the physiological drought con-
ditions in which these Orostachys occur; by increasing to such a large vacuolar volume, the mesophyll cells are able to
retain enormous amounts of acid when needed. Furthermore, the mesophyll cells are able to attain their large sizes with
less energy expenditure in order to regulate the large degree of diurnal fluctuation of organic acid that occurs within the
vacuoles of Orostachys.
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hs] 3k oA AlEA 2ol e A2 e
A 8= Az} whdsle, Zhzke] oz of £ (vacuole
membrane)el] =2#te] HIFHH e 7= 9 EAEz R
A - HoEoh dzells E, F7)o]2, §714k &4, W]
4, A4 5o gkt “ﬂ*W-—JJr Z2AA, =9 E Feo] &
frEe] A, o5 FU1H oz g AR A3 7]
zhe oy @ ol gute] F 3} 7|5 F9| dhtelth(Marty,
1999; Andreev, 2001). =3}, Nz o] ZE3t A= A 7|z}
= Az Z7] S7elA A d3E &, Jx2E Ax
Well 3 F7 o] W 5 gl (Paieet d., 1996).

514 (Orostachyy A1 271 % & 2] AR}
g o7 wdslel AEA W A=A Axrt A&EHE
cgo]—s—} §}7§oﬂ/\1 ;91% . /\3%_?‘;1—\:]._ \:]._E‘J‘gl/ﬂ /\l%o] olu]-zJ o]
T2A B4z AEA WA o] #4944 (high vol-
ume to surface ratio), %274 2] =2 o824 A4 (meso-
phyll succulence index), &4=2] 713, $8-*] &AM Z (water
storage cells) 1] <29 ke, f-3<:0] w3} Fo] odeiA
%E}(Gibson 1982; Kim et al., 19953, b; Kim, 1996). o|2]3t
SAL ulsle%o N E ekt QY FoME gzl
S2o] ozt FEE FEARAEZE YAl B4
S5 eh(Kim, 1996). o) F TH4AA gL 27
R AEE 3 T ATEAAE ol S gk
A}kl Crassulacean acid metabolism (CAM) 33-3¢
4=3) 3k} (Kluge & Bruelfert, 1996; Hartwell, 2005).
2 CAM A& A EA9] o =x £7] Fo] o5
Aoz At yhof| 93 7]g oz COE 3t 2
Ab(malic acid) s} 2§74k HA - AAsha, Yol )
T T A o]F Raste] Hi-(dach) o =y Sl
F714 Ak i gt (Crassulaceag) ol 43k
S AEe FH0R ste] dolube oleld el
Crassulacean acid metabolism (CAM) o], o]2|3t A= ZE 4
3= 2] ES CAM 2ot o} CAM 2]&2 3
717}eo] FRA oL} 7|5 o7 ESS) :9:]_7:!__,2_7—1011 sl
o] glo} CO% AT A7k} 47188 P A
Mz etz A vekde ool B4 55 CAM AE g%

22 A A= Y oA ) F2A - 7)5H 2o
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Hdo 1A He] AAHE Aae 30% acetones AlEto =
10% 35 SAER &deaAs AT o F ofF A
EMITECH K850 4] liquid CO,ol| 2]3t A1 Az (critical
point drying) S A& <F 20nme] Z<43]9} (Pt coating)< )
3 & 7|2 A A7 A FAE &A) Hitachi S-4200
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rotomeo 2 0.5~1.0um F8HAH (thick section)S T &
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9] 3] Yo TR % ofe] 27)9) dzEo] §
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= ol &3 B 27 Az Eol YAt ol v
S wheA) AREs o g3l ofs) g zate it o)
(smooth outling) & o] 27] A2 s}A}(undulated outling)2] 3
g2 2= o (Fig. 6). o=z ==} g4 (invagination)el]
2]3t 22} ol 3 (secondary vacuoles) 342 714 F=-3F T3l
Eolgt AAfoz Mz W of2] FledlA doju} f5A FH
(Figs. 6, 7), 53] #A|st= A=A W (Fig. 8) == M= A
wHE web(Fig 9) 4 N4 FAHAH 48 AZME =
71¢] Azl Aoz Y Y|dste] HzAL TtE
22w w27 E3}ste] Avst Foko] A xel viE 94
et (Fig. 10). =3k, Az ol = Nz} W3 ol os] ==
o2 =849l multivesicular bodies} whe] & o] =
Ax oz AwslA wd= plasmaemmasomes} 7H-2 2437
F-zTo] &3] Wsleloh(Fig. 10 Inset a, b). Multivesicular
bodies®] 739, Ml ZAM = B2}l ot T HIEE v wH
2 eyt
N FYT AZE el M= 8 F57 o)A} ddle] 9ol
= g8l o (Iytic vacuale) 2]ell 1~2um =7]2] 7
3 (storege vacuole) 2 H = qict. df B2 SalAd
A A EA Ze Aoz F7 sk A
o] 3% visl&S dSAZAME A FT)A ARt
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(Figs. 11, 12). Q1413 A2 7F AlEel= A3 Al 934
ATa} oo BAgt njz2 FPAsle] 2214l FYez F
A5 932 A FalE (secondary plasmodesmata) o] -3}
o] $1x]skd e} (Fig. 13).
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FIGURE LEGENDS

Orostachys malacophyllus: Figs. 1~ 6, 9~ 13, 10 Inset b, Orostachys sikokianus: Figs. 7~ 8, 10 Inset a, Orostachys japonicus. Fig. 13 Inset a, b
Fig. 1. Part of dense cytoplasm with seven small vacuoles(1~ 7) in ayoung mesophyll cell. An arrowhead indicates a prevacuolar compartment
that isjust beginning to initialize. C, chloroplast; CW, cell wall; m, mitochondria. Bar=0.5pum.

Fig. 2. Part of achloroplast exhibiting starch grains(S) and a crystal (CR). Bar=0.65um.

Fig. 3. A chloroplast with rudimentary thylakoids and traces of peripheral reticulum (arrowheads). Microtubule-like structures are indicated by
an arrow. Initial formation of a storage vacuole (SV) is shown in the cell to the left. CW, cell wall; L, plastoglobulus. Bar=0.3 um.

Fig. 4. A bundle of micorotubule-like structures(mt) found within peripheral stroma. G, grana; L, plastoglobulus; ST, stroma. Bar=1.5um.

Fig. 5. Membrane invagination (arrows) is shown among various expanding cells, while fusion of the vacuolar membranes to form a large centra
vacuole (V) is shown in the other cell (upper left, asterisk). N, nucleus. Bar=0.9um.

Fig. 6. Undulated vacuolar membranes(arrows) along the cell wall (CW). IS, intercellular space; mb, microbody; Vs, secondary vacuole (1~ 17).
Bar=0.85um.

Fig. 7. Mature mesophyll cells, either with a huge central vacuole (V) or numerous secondary vacuoles(arrows), around the chloroplasts(C). IS,
intercellular space. Bar=21.5pum.

Fig. 8. Numerous secondary vacuoles (1~ 27) formed within very thin cytoplasm along the cell wall (CW). SV, storage vacuole. Bar=0.5um.
Fig. 9. Continuous formation of numerous secondary vacuoles(V's, 1~ 88) along the surface of awall. V, vacuole. Bar=3.0um.

Fig. 10. Direct formation of the vacuole from the cell membrane (arrow number 1) passing through the cytoplasm to a large vacuole (V) in the
center. Arrows indicate either secondary vacuole formation or multivesicular formation from the vacuolar membrane. Bar=0.85um. Inset a, Con-
centric membrane configuration of the plasmalemmasome with dragging membranes (arrowhead) detected in the vacuole. Bar=3.5um. Inset b,
Multivesicular body found in the vacuole. Bar=2.0um.

Fig. 11. Coexistence of the two vacuole(V) types within a young mesophyll cell. Note the numerous lytic vacuoles(1~ 14) in various sizes. SV,
storage vacuole. Bar=0.33pum.

Fig. 12. Coexistence of the two vacuole types within amature cell. V, lytic vacuole, SV, storage vacuole. Arrows indicate plasmodesmata. Bar=
0.9um. Inset, Storage vacuoles(SV) surrounded by numerous lytic vacuoles. Bar=1.5um.

Fig. 13. Transverse section of the well-developed plasmodesmata(PD) in a cluster between neighboring cells. CW, cell wall; er, endoplasmic
reticulum; V, vacuole. Bar=70nm. I nset a, Plasmodesmata in transverse section (arrowheads). Bar=3.5um. Inset b, Plasmodesmata in longitudi-
nal section (an arrowhead). Bar=0.45um.
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