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ABSTRACT

Image processing by ultra high voltage electron microscopy (UHVEM) and tomography has offered major
contributions to research in the field of cellular ultrastructure. Furthermore, such advancements also have
enabled the improved analysis of three-dimensional cellular structures in botany. In the present study, using
UHVEM and tomography, we attempted to reconstruct the three-dimensional images of plastid inclusions that
probably differentiate during photosynthesis. The foliar tissues were studied primarily with the TEM and
further examined with UHVEM. The spatial relationship between tubular elements and the thylakoidal
membrane and/or starch grains within plastids mainly have been investigated in CAM-performing Sedum as
well as in C, Salsola species. The inclusion bodies were found to occur only in early development in the
former, while they were found only in mesophyll cells in the latter. The specimens were tilted every two
degrees to obtain two-dimensional images with UHVEM and subsequently comparison has been made between
the two types. Digital image processing was performed on the elements of the inclusion body using tilting,
tomography, and IMOD program to generate and reconstruct three-dimensional images on the cellular level. In
Sedum plastids, the inclusion bodies consisted of tubular elements exhibiting about 20 nm distance between
elements. However, in Salsola, plastid inclusion bodies demonstrated quite different element structure,
displaying pattern, and origin relative to those of the Sedum. The inclusion bodies had an integrative

relationship with the starch grains in both species.
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B4 9 oy BRG] HAdstE Hiz
(plastid)= A} A 2ol sl vi$ F2d AEs
ABoz Fz 9 71%%H A vl AL
(proplastid), 5= (chloroplast), f*A (chromoplast),
= F) (etioplast), AE-H) (amyloplast), WA (leu-
coplast) 2.2 E %} (Gunning & Steer, 1996). u
ah) ojupe] olgmtos Felsbel At Hubgol
Qohbe epmol= P Teh} HAASH Pl
Qoip= A T 717 (stroma) 2. E3H}od
(Ryberg et al., 1993; Sage & Monson, 1999; McDonald,
2003) 27e) 7158 SR

CAM 34 (Crassulacean acid metabolism)S 48]
8= Sedumss A1E &A=z MaA] 7|AdE A
A wm AF7|Ael wie} AMAke F27L A
=t} (Santos & Salemma, 1983; Kim, 1997; Kim,
2006a,b). o] & ARFZAE i A7EA= =
FzaA 9% AEe] A 27 H&ste CAM
i e o By 54s M FHFANF
= xelg} A5 v} (Salemma & Brandao, 1978;
Santos & Salemma, 1981; Santos & Salemma, 1983;
Ryberg et al., 1993; Kim, 2006b). <42 o}8-2Al CAM
Az &z A ey AAAHECl B
o] QA7 (Kim, 1997), o] & AAA 2 A2A) =
£ | T2EFHe A AeiME dAHem A
A3l A7) A ok w2t S CAM AE
dgzAe] dAH oz vehle ARAE o)F= T

=

Hod 2 dgshs emes wAAsh Sl
g 724 B4 ol 979 Bevt ek w3

Salsola%: 3} 7x-e- CAVEAME B3 AF2A o] #
AszAE 2 QeAE) ez Eose] FIA
A 77 e 182 715% 4o (Kim & Fisher,
1990; Sage & Monson, 1999; Pyankov et al.,, 2001;
Voznesenskaya et al., 2003). Salsola A& AW 2
A7ze B8 QAT Vol FRE2AZ
o AxAse o e FEH 54E Relt Ao
2 229 ¥l glv} (unpublished data). 2 Sedum
rotundifolium A=A ARA 3 ATl wek

&} section angleol] W} T4 e 4E0] wldoFite] A
ofahA) LjERt= ®Abe] B3 © B} 913 (Kim, 2006a,
b), S. komarovii®] QEZAANME FAEE FAlol
TEM Q7o 28t 13} 2AelAM FalFe] o] & o
3898 QA2 A7E oF AL AL 9
724 B4E A7shed idelet A=k ol

2 ATlAE SaRds 9g2Ae Ae
CAM 384 & 4831 S. rotundifolium=} C, FFA
& 285 S. komarovii 3874 A4A | W
zuM| 728 E44 TEM 2 UHVEME |83}
o] 1A sheleh

Mz o U

1. AE A=

Al BAAEE AARE AT F9AE (Lee,
1996)0l) AAl8= Sedum rotundifoliume A% 3kl A
A=z &7 T AsAE) Fsat of 10mm Aol
9le TEM ¥ UHVEM 935 93 A5z AM-3H
o}, 2alz ] wolsled ASF Salsola komaroviiel
Ax ¢ 10~15mm Zole) 27T Ao FAHH
(median area)& Al ol A1&3199t)

2. UHVEM A|2 | =

74 &aapAel AlZzaAyoes 42yl high pressure
freezing (HPF) ¥l (Gilky & Staehelin, 1986; Giddings,
2003)e.2 TAF A8 Auto freeze substitution
system Ax]el] o} E= 7)ol oJ3}ed A (substitu-
tion) — %) (embedding) — %3} (polymerization) ¥4
& 714 resin blocke 2 Zvj A}zt=glvl HPF v 2
87 2~4% glutaldehyde % 1% aqueous osmium te-
troxide & o] & sstmAe] o3 AR A=
Aae HPHget AA, 4~6 mm® FE=2AE AH
s} 30% dextran (non-penetrating cryoprotectant;
178,000 MW; Sigma, St Louis, MO)<ll 93 1% (in
pure chloroform) lecitin® 2 coating®}ed high pressure
freezer (BAL-TEC AG, Liechtenstein)® 143151t

HPF A4 & 24317 AAAe] A freezing
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substitution$ 4§83 1}, Freeze substitution< —80
T, —30%, 0=or] 2% osmium tetroxide (0sOy in
100% acetone)& Ztzh 8AIZHA AE|q F AlZoA
pure acetone 0 2. 33 WFE- M A3lgc) o] F Spurr
resin £ oz wujste] HAzr|dA F3H(60x, 72
A1zh) 228l =t

Azt A formvar coating (0.35% formvar
solution in chloroform)©. 2 2 X [ mm single hole cop-
per grids& ¥t xejsle] d&Hom Ay 2
3 (60~ 90 nm), semi-thin section (125~ 250 nm) ==
FulA H (thick sections, 0.5~ 1.0um)S £2}F o=
23k A AR grids @ A48l oF 10nm F
72} carbon coatingS wHA] Hz2sted grid Ae) AH
Eo] QHA3Ee] UHVEM ol& A 717] & Alar}
contamination¥ ] &= Fu|siHr) o] FE o
X, 2%, A7} (3~6% uranyl acetate in 70% methane,
60% warm plate =¥ ZAz7|] 24]ZhH o2 uranyl
acetate 9} lead citrated] 9]8} 0)2YA-L AlX)3)4.
A= gridst= XA} carbon coating® e} UHVEM=E
o5 w7bR] grid storage boxell o] desiccatorsl]
Mt

3. 3-D YHT=E TSI

Electron tomographyx= M| .9} Al Z47]3%e] 3-D ¢}
A72E TS Piez 9sgnesy U5
H s olgdh Wi tilted imageE o835
by o] gJc}(Reiner, 1996; Mastronarde, 1997, Frank et
al., 2002). @&HA L o] 43 WS A AE
& ol AF2E TR oz olnA F&
oAk A, 44 F2o AL B4 A=
= N EA7|He] F2E BoFEr} Tilted image2 5
B A FzE 7z EE o83 ME
A 4ol 9lo] ool Yibeel TEMa: ohe o
£ o] galof 3} dubg oz —60xoA +60Xx7t
A 2% ZHHoz 2 ANRE 7Y S HE5T
F AEE AA 3xdR oz A3 4T Als
o A AR 7Rl o8 ZAH=2,
o] mp & 9JsiM 7HEAIske] 1MV o]Arel UHVEM
o] ARLEC) o] ¥lHL A 2.9 JAFE weighted back-

R

® ol

projection algorithm$& 23} optical section® °3A-&

A& 4 9)A| B}, serial image reconstructions} |7
Hel g Al vdl gy T2 ¢ W kel 3
293 YAz Bo]Fo}(Gilbert, 2002). Z+7H] image
T © Microtek ArtixScan 4500to]] 2)8}ed vjx3} =
%= IMOD 2213 (Image Modelling of Display,
Kremer, 1996)& 74 2A =L

I

A=HE semi-thin A4H A} A4 FRHEHE TEM
3} UHVEM. =2 HF3}ed 2-D imageE
Z ZHsjol] 3-D electron tomography S AlA]3}53w. o]
2HE 353 CAM 9 C A AAA +A4 &0
AN 8.AE2] image data2 BE] FA 2459 HAA F-
z9} 71579 BAE Gtk CAM M4 23
A2 FAsle= wAA2RA 24 (tubular elements)2h
C, A4 AAA YA FAste 2258 542
o33t 2

553 % o

1. Sedum rotundifolium MAx ZAXK|

Sedum rotundifolium %A% MAA = #
pum Z7)e) o]z AAAE] PAFHA YA 24
9] & BES AN xuATEE TG o
B A LA e M 7)Ae] BAbE o] ol sfe] 22 Z
ATz PRV sgdont d5H8Y Q7 7
2 e B A= shie] Avlst AAA L dA
Hog Re|EAY Bx5 Aol FHA. o] &
20N F2E2 Alg AZHA] section angled] whe} =
= UHVEM AbollA) dAq zk== tilting gl wet
Aro)3t image®) F2E2 el o] 5E 2= +
5%, 6% F UAT A= tiltingdtH YT AA
A WelME o]& FAH8aEe] HAF= (paracrys-
talline structure)® o] &A1} 3 L& (paralleled
structure)S HAIs= A& 44 & & UohFig D.
AARAA el ¢ 20nm AAABE o] Folx] 4u)-
23 A 7ike o & dx wNASY 24T

(tubular elements)o] Fe|A|e] Wdsln], FAHo =z
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wjd=e] wl¢ Amg F2E o]FUt (Figs. 1, 2A-
2B). AaAl Wl ol2jdt AAAS} st o W
e AsE 8] BAFglort d4dH AT A 3-
D JAFE BAd 3 o= A= gei=] A
He] i ARAELS WS A5 FUshd sl 2
AAE o3& 7oz Yekw (Fig. 20). o1& w4
B4 225 oz Eeigelx| ¢hon), 53] £}
2719] o7 AaA AT AR} ek
#Aslo] Fxaigeh Q&EA ) A% s ¥
GsA DA olzd AAAE R 5WUAL A
BAAE e zoM 3 AleAln detzel=
g} A YA} BFe AaAz w8t

2. Salsola komarovii A A&

C, FAE Faste AlBAY A&zl 7
o| Salsola komarovii 3&ZANM = F&& EH 3=
2 7424 Z (bundle sheath cel)Z 35+ & (meso-
phyli cell)7} EARA 02 e IxT2 (Kranz
structure) & o] F3 Qlek Z47te] Al ol el 3
¥ o Fz7 WS BE P AAE (dimorphic
plastids)o] HE3ldct fRE2MEL J&A £}
AH Ay Qg = BFstn AaAu AR TFEE
dg AT FAHGoH, o]5 ZAAE CAM
DA S S8 Sedum rotundifolium®] A A 2=
Z2] lum wjRtoz wl@A 2HA 23515t Salsola
AMAE Ao e AsH 7)Ao FEx3he
Fol= AA W =UAlY AAEe] WA
(Figs. 3A-3B), o|21& AAA <} waqixtete] WA F
BAE 3-D YAF2AN = & Jeht sl (Fig. 30).
Wz dB AAR S FHo iz ALSHI|=
sh} ol% w3l d&4AM ez AFd shtel AA
Fzz FAAE A$z FAFch 19, AYAE
FAE QATL Sedum BAA NN G 2] A
3 detzel= wAlA el WAE A (spatial rela-
tionship)& Molm Wsldch (Fig 4). o1& 7= Y
o= ARAZ FAE neAEe) BlwA FHH
gl oFAHE o] Eltzol=9} Faysle WFoz )
st 2148t (Figs. 3A-3B).

AalE 60~90nm ZutAHAe] 23 2-D image 2

A AdxpH oz BAE F, olE x| g 100~
125nm semi-thick % 0.5~1pum&] F}AH o]=2
A ALARE Aztste] MRS olFE AA
A F2% UHVEME o|&3e] o] 22 delA
2218 02 d7a A}, mE A9 JAEHE A 2A
o AARAZY FAHeH, AL 2] W ExE
B3} 2719 A8z RE As 22T A8z
ol ol2717A & Hol7}t Wk BAAE FAE
u)A) @ 4Eo] section angleel] w2} ®3= UHVEM 4
M AR == dlting Foll wet Adeld 7=
patterng ¥ o| 5ol whdl tilting (+2%, +5%, £8
)8 AAs B AAA WelM e Azl wx= HY
Fz22 Bstdet o] AAA el dAT A=
2 $AEH= 44l A HAA 2aEe] FERMO=E
wjdshs AAA Aol Feste Aoz velten,
o] oF +60%7A tilting3led 459 AoelA e
23EY] 7]9¢ FAF 5 gl (Fig. 4). o5 2A
A w3 o]y FH Hdozw EEMelAe
o1} 7jAe) Hekzol= wEo] AAA Y AF F
M ARAE A4 Ak L Aol HAsks A
=2 FAHT =

o
fo M 2

I &

Aze] mAMFz= AFe]A UHVEMS o] &3
tomographysl] 23} image 22l A A8 Zu]A]
Fz 59 Ao Z WAL ojFal glow, oHT
71ee Az 34 A AAHd 4&E 3}
T 9t} o] B¢ 3xA el YA VeieH 4
23 He) 23 imaged) tiltingol] 238 imageES o]
f3}edob sldl, ASAAE o] 83l WHME &
Z+¢) image5-& £ F AT £HAE FE
ste] QAgstma she AlEv AlzEd 2713E QA
Fzz w33} (Koster et al., 1997; Frank et al., 2002).
Tiltinge] 2]& image A YellME LT As8E
+60%0] o]27)7HA] dAT AxR 71Er A&
Aog imaged Foste] At HA5FHA 4 A2
& AA 339 oz 2¥Ah ofuf A Aart F
AL4s Ax dE FRARES dojd $ jle==
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g es B4 Alg HU-E 53 £ 9e
UHVEME Ao} ek, |97 3t Ane =
23} image processing JA3-E& 7w optical section
o] AJ2-¢ serial imageE 4 o] 3x}H4A A+
zZ=2 AFAEE Aot} (Kremer et al., 1996; Koster et
al., 1997).

AzAE FPAE s AT F2 &)
Hoz ViAo g BAF L& (Waters & Pyke, 2005)
2} ohje} Rasld 24T 4 A 2oald 5
B 7)5% FEE e 9 Yz e 4 9
H%H 9l FFo|th(Ryberg et al., 1993; McDonald,
2003; Waters & Pyke, 2005). 3] CAM A& 4
Pohe U3 2 G4AZ AL 71de) A
F2A 7} A o] A1 9lo] (Salema & Brandao,
1978; Santos & Salema, 1981, 1983; Ryberg et al.,
1993; Kim 1997) o] F=of W&t fAlol FolAT
et H T el = Sedum rotundifolium 8 A~
A ARAE ZngAAEnFoR AT AA
AS ol FE FH2aE AT JYAH F27b B3
F]o] (Kim, 20062, b) A BAHE W M EL7| el 7
ATz A7t WAL A FHH e e
M o2l Y92 F8A4e] oln] AXH 54 4
EAE T A nA Tz Wi UHVEMY] o4
7} tomographyel] 2]gF image 2|¥ o= 344 <
A7z AF7F BPl AsdAz ok A o
2 297124 (Smith et al., 1997), 9 £ (Saito et al.,
2002; Katsuna et al., 2003), M| =2 (Otegui et al.,
2001; Otegui & Staehelin, 2004; Segui-Shimarro et al.,
2004), A £7te] 9%EA (Verma & Hong, 2005) 5-2]
EA MEAL7)He] 3249 YATEE dFH A
% 9l Az At 4oz £29 ok

£ 7% UHVEM ¥ tomography & o} 43} 7
4 F3gel wet SelshA sk CAME C, 4
E g523 AdaA ddste aoHTR2ES 35
47 gATzz oes 2o 24 vmsigs 274
AS Ak 2ulA 245 dsld 14He=s &
A= 2-D image Soll HRAH3}3} image?] 320 44
AF8A B4 IMODE A48, tilting 3
tomography 713 §¢] |42 imageE A3
o]2i3t A& ¥ UHVEM AA v oz e o

o
EX
—
T

]2 datacl| A ZmlH] AlZJAe] FRARE F28)
of M E5Fel A8 3-D YA T2 imageZR A FHEHA
ot CAM A& Sedum rotundifoliums\ M A A ol
F3lahe AAAU 2rHTRES] SA4L d7Eid
3, AZ5 we AelsiA wEde= C AR
Salsola komarovii A 2A A X ZAAA Al Fofs}
t Moz 249: FHLAEE ARG, S
rotundifolium) AZAW ARATE FRAEY ¥
3tz7] dAA 4 umell o]27|7kA] FA] WeEig
o BYH YHEAel FAEAL Y gaAE
238l C, A 8 S komaroviidl M A4
W AR T72E 538 GSAZA A sl 2A
A FAEE ZoHTR 2AEL section angled])
et AyA WA AATE we FAFEE oF
et Sedum MaA AAA L oF 20nme] AAAZ 2
ofolA 4 ) o)) WALBY 4o
FHdoz ad A F2Yel WA C, %
A& 481 8= Salsola komarovii aA| AR FZ2+=
A PA =Y, dFsE 7)) defze|=nte] AAY
A WY wAse Aee FALL. Sedum 3
Salsola A 2A) BAAEE 2% dYUAtel= dx3)
of gasht ozt Fedelr) ot B4 Pv
o}

o2&t AA A= Sedum B Salsola N EANA J5
Aqzel QA U BIUMNEY ASex Had
el WS Aoz 13 A7l ZAE w} 9]
o} (unpublished data). 121} o] Eo] FHA| = A4A
A xg}t zho] mMAMATA 42 FAFHA YA E
2 JdFEw e WA dAEe A, ofH
A3 o2 F23 A A9 23} dEeAe
Q5] QA ek ol S4E dobi 7] sl @
Al 4 9 tilting 7195 tomographye] S o]
£ E9Hz AaAle] 9% UHVEM 977 A% 21
B3 et

i
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<ZFEXE>

utebz2o) Sedum I Salsola®] §-8%2]-& chemical
fixation®} high pressure freezing (HPF) 522 TAE &,
20 o2 Fubdgio =z Az carbon coatingle] TEM
UHVEM e 2 @AW 98 2-D 9d A3 tilt image data
£ 230995 o) F zu FEEe dstel tltng 3
tomography 71", &l tlA|=2HgE image?] 3-D 1A
2z A 78] B4Ael IMOD Xz 19dg 483 image
Aelgg& AA UHVEM datacil A A zelAlvx

o) ARE FEstol AzpEM2) 3-D imaged $£H3}
Aok AzA 7)Aol T 9l Hehmel=ef QA st
o] F4HE CAM 2 C, A ¥ AaA AGAEL o™
wto 2w FE|MolR] = FE2A, Sedum rotundifolium
Az AAAE 4 umel o2t Ad 2= 94
ek 294 ol o 20nm ARz o] Fo12] 719
& o 4 g 2U-5 g VAR 25l B
= Az Aug F2g o). Hiel= o
Eapelzlel Q1A sle] whebaiglel. C, B3HA 4230 Salsola
komarovii®) 735, ARAA = AEAE AoA At U
slo] AAA A 71T vlwA FHH AzA
25 olFH 4 A wdshs T=E FAAA 53,
tilted image 2 3-D JAFE AN HAA HAA=
o] 53} QA whgsls Hepze|=e] HefFgE &
o} ¥ 4 gtk ol AfAMZ MaA = ARA S
Algo] sl B ¥ wet 47] g8 AL
&z FAHC] Sedum®) 799} o] W Fol J&H=
oM £33 AY Salsolad) A 2} ZEe] A f-3el nie}
ApolsiA sl oz FAH.

FIGURE LEGENDS

Fig. 1. Tilied images of the plastid crystalline inclusion (Cr) showing different tubular element in varying degrees. S. rotundifolium.

Bar=0.2 um.

Fig. 2. Two different images of the crystalline inclusion (Cr) viewed at 0° (A) and —20° (B) in S. rotundifolium. Notice the
disappearance of the crystalline pattern at —20°. Bar=0.2 um. C: 3-D reconstruction of the plastid (P) with a crystalline

inclusion (Cr) in S. rotundifolium. Side view.

Fig. 3. Two different images of the plastid inclusion in S. komarovii, exhibiting obvious spatial relationship between thylakoidal
membranes and the inclusion (Cr). A: +30°, B: —30°. S=starch grain. Direct involvement of the thylaoidal membranes are
clearly indicated by the arrows. Bar=0.15 um. C: 3-D reconstruction of the plastid (P) with the inclusion (Cr) and starch

grain(S) in S. komarovii.

Fig. 4. Tilted images of the plastid demonstrating close relationships among the crystalline inclusion (Cr), starch grains (S), and
thylakoidal membranes (arrows) in Salsola komarovii. Arrows indicate thylakoidal membranes that attached to the peripery

of the inclusion. Bar=0.2 um.
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