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Chloroplast Microtubules in Young Leaves of 
Sedum rotundifolium 

Kim, InSun* 
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Well-defined tubular inclusions were detected in mesophyll chloroplasts of young Sedum ro- 
tundifolium leaves. The size and distinctly uniform arrangement of tubular inclusions were 
the most noticeable features. The chloroplast usually contained a large inclusion, sometimes 
extending almost as hmg as the chloroplast. Such inclusions were built up from microtubules 
exhibiting aggregates of either large plate-like or paracrystalline structures depending on the 
section angles. These inclusions were often quite huge, measuring as much as 7.1 ~lm in 
length and 2.6 ~m in width. The diameter of the microtuhule was approximately 25 nm. The 
microtubule aggregates were non-membrane bounded structures enclosed partly by the thy~ 
lakoids. The microtubules in the aggregate were all displaying the same definite orientation. 
Cross-sectional views clearly demonstrated the characteristic hexagonal arrangement within 
paracrystalline structures. Longitudinal sections of the chloroplast micrutubules showed that 
they were in perpendicular orientation to the chloroplast envelope. They were not connected 
to these membranes  in any case. In general, one microtubular aggregate was seen in each 
chloroplast section. The role of tubular inclusions in the chloroplasts related to the pho- 
tosynthetic mode was discussed. 
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Microtubules in the chloroplasts were earlier re- 
ported in algal species (See Santos and Salema, 
1981). They were also described in various plastids 
of higher plant species. Proplastids of specialized tis- 
sues in Acacia (Rickson, 1975) and chromoplasts of 
reproductive tissues such as calyx (Sitte, 1974), pe- 
tals (Ljubesic, 1979), and fruits (Spurr and Harris, 
1968) have revealed such tubular structures. In an- 
giosperms, mature chloroplasts with microtubule st- 
ructures are not commonly known among (7-3 plants. 
Only a few species of C-4 succulents were recorded 
to have microtubules in their chloroplasts (Kim and 
Fisher, 1990), whereas they have been rather frequ- 
ently reported in plants performing Crassulacean acid 
metabolism (CAM) mode of photosynthesis. Microtu- 
bules in chloroplasts of a higher plant were first dis- 
covered in mesophyll cells of Sedam teleptffum, CAM 
species, where they formed huge paracrystalline in- 
clusions (Brandao and Salema, 1974). Hence, these 
chloroplast tubular structures have been described in 
various studies dealing with CAM species of Cras- 
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.sula (Kapil et al., 1975), Echinontastus (Rivera and 
Arnott, 1982), Kalanchoe (Kapil et al., 1975; Santos 
and Salema, 1981), Lithops (Santos and Salema, 1981), 
and Sedum (Brandao and Salema, 1978; Salema and 
Brandao. 1978: Santos and Salema, 1983). Since 
many (?AM plants exhibited microtubules in their ch- 
loroplasts, a possible relationship between microtu- 
bules and the ( 'AM pathway has been strongly spec- 
ulated (Santos and Salema, 19~'~3). 

During a series of electron microscopic studies on 
the loliar structural differentiation of several suc- 
culent species, well-defined tubular structures were 
detected in almost all of the mesophyll chloroplasts 
{~[ y~mng Sedum rotundtlfolium leaves. No studies 
have yet been performed with respect to the ultras- 
t~ucture ,ff this species. Thus, the current report is a 
description of such tubular inclusions found in their 
mesophyll chloroplasts. The study also attempted to 
o~mpare the amoun! of tubular inclusions and starch 
content in the chloroplasts by surveying materials 
fixed both in the morning and in the afternoon. How- 
ever, the present study mainly focused on tubular in- 
clusions in young leaves of Sedam rotundifolium in 
relation to the chloroplast ultrastructure of the meso- 
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phyll cells. 

M A T E R I A L S  A N D  M E T H O D S  

Young leaves, ca. 10 mm in length, were samplcd 
in the laboratory from the several plants of Sedum 
romndifolium collected from Mr. Juwang, Kyungpook 
in September 1996. Ca. 1-2 mm pieces wcrc dissect- 
ed and fixed with 3% glutaraldehyde for 3 hrs at 
room temperature and followed by 2% osmium tetr- 
oxide. They were buftered in each case with 0.1 M 
potassium phosphate at pH 6.8-7.4 as described pre- 
viously (Kim et al., 1995). Fixed malerials were 
dehydrated through a graded acetone series and the 
specimen were embedded in Spurr's resin (Spurr, 
1969). They were polymerized for 48; hrs at 68"C. 
For comparison of the tubular inclusion and starch 
content in the chloroplasts, samples were collected 
at both 08:00-08:30 and 14:00-14:30. Semi-thick sec- 
tions, ca. (,/.5-1 btm, and 60-9{) nm ultrathin sectimls 
were made with a Reichert 7000 ultramicrotome us- 
ing glass and diamond knives. Semi-thick sections 
were stained with toludine blue in 5% Na tetrabo- 
rate and examined with a Zeiss photomicroscope. UI- 
trathin sections were stained with 2g  aqueous uran- 
yl acetate and lead citrate tier 45 rain each and ex- 
amined with Philips EM201 operated at 60 kV. 

R E S U L T S  

The mesophyll in young leaves ot: Sedum rotundi- 
folium consisted of water-storing cells containing a 
somewhat large central vacuole bounded by a thin, 
peripheral layer of cytoplasm (Fig. 11. The presence 
of the chloroplasts and their mcsophyll index (Kluge 
and Ting, 1978; De Santo and Bartoli, 1996) in thcse 
mesophyll cells are characteristic of CAM plants. 
Their mesophyll cells present no unusual or distin- 
ctive features in the light microscopy, while tubular 
inclusion bodies in the chloroplasts were remarkably 
distinct by electron microscopy. The chloroplasts in- 
cluded well-defined tubular inclusion, abundant starch 
grains, little plastoglobuli, and rudimentary to mode- 
rately developed thylakoids. These chloroplasts were 
highly variable structure and their shape was often 
influenced by the presence and shape of the tubular 
inclusions and starch grains (Fig. 2). 

One of the most interesting features noticed in 
this study was the size and distinct arrangement of 
tubular inclusion in the chloroplasts. The chloroplas- 
ts usually had a large inclusion, extending through 
the stroma, sometimes from one side to the other (Fig. 

Fig. 1-3. Mesophyll cells showing thin peripheral layer of 
cytoplasm and large central vacm)les (V). IS=Intercellular 
space. Scale=t0 btm. 2. lamgitudinal section of chloroplasts 
containing paralleled tubular aggregates {arrow heads). ('W= 
Cell wall, mb=Microbody, M=Mitochondria, S=Starch grain. 
Scale=It.7 [,tin 3. A tubular inclusion (arrow heads) ex- 
residing from oae end to alm~sl the ~ther side ~f the 
chloroplast. Scale=l ~m. 

3). These were almost as long as the chloroplast and 
thylakoids partly enclosed the structures. The in- 
clusions were non-membrane bounded large struc- 
tures, often measuring as much as 7.1 ~,tm in length 
and 2.6 tim in width. The diameter of tubular ele- 
ments were found to be approximately 25 nm and 
appeared to be surrounded b) several subunits, al- 
though details of subunits in their wall was not ex- 
amined in this study. Frequently paracrystalline in- 
clusions as a huge aggregate consisting of several 
thousands, sometimes more than 10,01)0 elements, 
were encountered. These elements were not in direct 
contact with the neighboring ones. Arrays of tubular 
structures occupied a large w)lume of the chloro- 
plasts, roughly up to 15-20% in some chloroplasts. 
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same definite orientation. They appeared to be com- 
pressed against each other by the thylakoids located 
around them. In general, one microtubular aggregate 
was seen in each chloroplast section. Rarely more 
than one tubular inclusion was encountered in this 
S'edum species. Features described above were based 
on the materials fixed in the afternoon. However, no 
considerable variation of  tubular inclusion and starch 
content were detected between samples fixed in the 
morning and in the af ternoon 

D I S C U S S I O N  

Fig. 4-6. Cross-sectioned chloroplast with a paracrystalline 
aggregate. Scale=l lam. 5. The enlargement o f  i area from 
Fig, 4, demonstrating well-defined paracrystallinr structure. 
Scale=0.2 btm. 6. Higher magnification of Fig. 5 clearly 
showing hexagonal an-angemen~ of the micrombules (See 
dotted lines and a hexagon). Missing tubular elements are 
indicated bv arrows. Scale = 0.1 /am. 

Such inclusions were built up from microtubules, ag- 
gregated in large paracrystalline structures in cr~,ss 
sections (Figs. 4-6) or paralleled plate-like structures 
in longitudinal sections (Figs. 2-3). Missing ele- 
ments were also observed within the structure. The 
microtubules in the aggregate were set up in such a 
way that each one was surrounded bv six others 
(Fig. 6). Cross-sectional views clearly demonstrated 
the characteristic hexagonal arragemcnt. In the ag- 
gregate, even though there were several places where 
a microtubule was missing, the hexagonal arrange- 
ment of  the microtubules was still easily seen. In 
many cases, these microtubules appeared Io be at- 
tached to the inner chloroplast envelope at one side 
and to the thylakoids at the other side (Figs. 2-4). 
Longitudinal sections of the chloroplast microtubules 
showed that they were in perpendicular orientation 
to the chloroplast envelope, but they were not con- 
nected to these membranes in any case. Microtubu- 
les in the large aggregate were all displaying lhe 

Tubular inclusions in plastids have been described 
in various studies dealing with CAM plants and had 
been named as stromacenter in an earlier work (lime 
and Thompson, 1973). Later, these homogenously 
uniformed tubular structures have been considered 
as microtubules based on the nature of  preservation 
by certain fixatives, disassembly and reassembly of  
organization bv the special treatments, pronase sen- 
sitivity, average dimensions, presence of  subunits in 
lheir wall, and microlubular behavior (Salema and 
Brandao, 1978). The present :;tudy also agrees with 
lhc views of Salema and Brandao (1978) con- 
sidering the tubular inclusions in the chloroplasts as 
microtubules by their structural attributes. The numb- 
cr of  microtubules in the slroma of  plastids from 
xarious CAM species of higher plants witted greatly 
from one species to another. Some had huge ag- 
gregates of  microtubules, whereas others had smaller 
groups. Hugc aggregates were observed in the 
,~'edum rotundifi)lium, in some cases, the electron mi- 
crographs of  an inclusion found in chloroplasts of  
Kalanch,w, Umt~ilicus, and other Sedum species pub- 
lished bv Thompson et al. (1977) and Santos and 
Salema (1981, 1983) were remarkablely similar to 
the chloroplast inclusions examined in S. ro- 
tund(~dium. As in Sedum spectahilis where only one 
aggregalc was observed in each chloroplast section 
(Santos and Salema, 1981), the aggregate of S. ro- 
tundifidium also mostly exhibited one inclusion 
showing either a large plate or paracrystalline struc- 
lure depending on lhe seeti~m angles. According to 
Brandao and Salema (1974), the diameter of  mi- 
crotubules were flmnd to be 25{1 /k, the wall measur- 
ing 50 A in thickness, and the central light core 150 
~, with a centere-to-center 30{1 A spacing. The dis- 
t,mce from one side of  the hexagon to the other side 
is recorded to be about b; nm apart. The diameter 
and size of  the microtubule examined in S. ro- 
ttmdiJolmm were within the range revealed in other 



118 Kim, InSun J. Plant Biol. Vol. 40, No. 2 

CAM species. Their uniformity in appearance in all 
planes of section indicates that they were plates rath- 
er than other structures of rods and fibrils (Thomson 
and Journett, 1970). 

Microtubules in plastids may have a variety of 
functions depending on the plant and tissue. The 
structure of the microtubule containing plastids may 
be related to their physiology (Rivera and Amott, 
1982; Gunning and Steer, 1996). The role of plastid 
tubular inclusion in a plastid division and de- 
velopment has been proposed (Vaughan and Wilson, 
1981), but the most attractive hypothesis for the role 
of this structure is that the inclusion body stores en- 
zymes necessary for the operation of CAM 
(Thompson et al., 1977). Studies showed that mi- 
crotubules formed in CAM induced plants through 
NaCI treatment (Salema and Brandao, 1978) or disas- 
sembled by cold treatments (Brandao and Salema, 
1974). These results pointed to a possible link 
between the tubular inclusion of the plastids and 
CAM mode of photosynthesis (Salema and Brandao, 
1978). Accumulated data on the tubular aggregates 
of some chloroplasts seem to indicate that some 
kind of relationship may exist between them and the 
CAM-type photosynthesis. The structure-function re- 
lationship investigated by Santos and Salema (1983) 
by studying the behavior of chloroplast tubules over 
24 hr period indicated dramatic daily variation of 
the amount of microtubules. The variation of the 
amount of tubular inclusion in the chloroplasts of 
Sedum telephium was found to build up during the 
day followed by rapid disaggregation during the 
night. Up to 21% of the plastid volume occupied by 
the tubules were reported in this species (Santos and 
Salema, 1983). A study of various CAM plants in- 
cluding species of Umbilicus, Kalanchoe, Sedum, 
Lithops indicated that the protein from which chloro- 
plast microtubules are built up is very likely an en- 
zyme linked to the primary CO: fixation, possibly 
malic dehydrogenase (Santos and Salema, 1981). 
Thompson et al. (1977) also considered the in- 
clusion as made up from an enzyme of the CAM 
scheme and further the possibility of the prote- 
naceous nature of the tubular form as an enzyme of 
the PEP-cycle was suggested (Santos and Salema, 
1983). It is, however, interesting to note that mi- 
crotubules have been found so far only ira chloro- 
plasts of species belonging to the CAM NADP-mal- 
ic enzyme rich subgroup (Santos and Salema, 1981). 
It could be an enzyme by the fact that microtubule 
is protein in nature (Brandao and Salema, 1974; 
Thompson et al., 1977; Santos and Salema, 1983). 

Some specific structural proteins are known to be 
the essential plastid constituents (Emter et al., 1990; 
Fosket, 1994). It seems more plausible that certain 
CAM species have microtubules in their chloroplasts 
because their cellular and organelle characteristics 
set the right conditions for polymerization and de- 
polymerization of whatever protein is involved 
(Santos and Salema, 1983). Furlher microtubules as 
normal plastid constituents that are not distinguished 
in material due to the endogenous phenolic com- 
pounds, obscuring the tubule structures has been pro- 
posed by Vaughn and Wilson (1981). The con- 
sistency of these microtubules associated with the 
thylakoids and the inner envelope, and with struc- 
tural arrangements in the plastids strongly indicate 
that these microtubules may have a dynamic and 
structural role in the chloroplasts (Vaughn and Wil- 
son, 1981). 

It must be, however, stressed that the presence of 
microtubules in the chloroplasts is probably due to 
the cellular properties that arc, able to establish the 
right conditions for the assembly of microtubules 
v~ith proteins, yet unknown, inw)lved in the process 
as suggested by Santos and Salema (1983). Neces- 
sity to deepen the analysis of such process should 
be carried out before a definite conclusion can be 
drawn. It also needs to be investigated whether daily 
fluctuation of the tubular inclusions as revealed in S. 
tdephium takes place in mesophyll chloroplasts of S. 
rotundifolium by analyzing tissues with hourly in- 
tervals. Studies are underway to see if there is any 
correlation between leaf age and the differences tound 
in the amount of tubular inclusions in S. rotundifolium. 

A C K N O W L E D G E N M E N T S  

The present research has been conducted by the 
Bisa Research Grant of Keimyung University in 1996. 

L I T E R A T U R E  C I T E D  

Brandao, I. and R. Salema. 1974. Microtubules in chlo- 
roplasts of a higher plant (Sedum species). J. Submicr. 
Cytol. 6:381-390. 

De Santo, A.V. and G. Bartoli. 1996. Crassulacean meta- 
bolisnr in leaves and stems of Cissus quadrangularis. 
In: Crassulacean Acid Metabolism: Biochemistry, eco- 
physiology and evolution. (eds.) Winter, K. and J.A.C. 
Smith. Springer, Berlin. pp. 216-229. 

Emter, O., H. Falk and P. Sitte. 199(I. Specific caro- 
tenoids and proteins as prerequisites for chromoplast 
tubule formation. Protoplasma 157: 128-135. 

Fosket, D.E. 1994. Plant Growth and Development. Aca- 
demic Press. New York. pp. 210-218. 



June 1997 Chloroplast Micn)tubules in Sedum rotundifolium 11(4 

Gunning, B.E.S. and M.W. Steer. 1996. Plant Cell t3iol- 
ogy: Structure and Function. Jones and Bartlett Pub- 
lishers, Boston. pp. 1-60. 

Ka0il, R.N., T.D. Pugh and E.H. Neweomb. 1975. Mi 
crobodies and an anomalous 'microcylindel" in the ul- 
trastructure of plants with Crassulaccan acid metabo- 
l i sm Planta 124:231-244. 

Kim, I.S. and D.G. Fisher. 199(I. Structural aspecls of 
thc leaves of seven species of Portulaca growing in 
Hawaii. Can..I. Bot. 68:1803-181 I. 

Kim, I.S., J.lt. Pak, S.B. Seo and S.D. Song. 1995. 
Foliar ultrastructure of Korean Oro.stachvv species. 
Kor. .1. Electron Micros. 25: 457-48~. 

Kluge, M. and l.P. Tin T. 1978. (Trassulaccan Acid Meta- 
bolism. Springer-Verlag, 13crlin. pp. 5-44. 

Lee, R.E. and A. Thompson.  1973. The stromacentrt, of 
plastids of Kahmchoe pinmaa Persoon../. U#ra.s'lruct. 
Re.s. 42: 451-456. 

Ljubesic,  N. 1979. Chromoplasts in the petals of Ltrioden- 
dron tulipifi'ra l.. Zeit. Pflanzenphysiol. 91: 49-52. 

Rickson, F.R. 1075. The ultrastructure of Aca.sia corni~era 
L. Bchian body tissue. Am~,r..l. Bol. 62:913-922. 

Rivera, E.R. and H.J, Arnott. 1982. l 'ubular structurcs 
in the plastids of Echim)ma~tus mterlertu.~ Brit. & 
Rose (Cactaceae). New Ph)'tol. 911:551-5r 

Salema, R. and I. Brandao. 197,"r Devclopmcnl of mi- 
crotubules in chloroplasts of two halophytcs torced to 
follow Crassulacean acid metabol i sm. . f  Ultrastrm:t. 
Res. 62: 132-13e,. 

Santos, !. and R. Salema. 19,"e,l~ Chloroplast microtubules 
in s,)me (7AM plants. B~d..~o('. Brol. St'r. 53: I115- 
1122. 

Santos, I. and R. Salema. 1~83 Stereological study ()t" 
lhc variation of chloroplast tubules and volume in the 
( :AM plant .Sedum lelephium. Zeil P/Tan:~',tp/tyxio/. 
113: 29-37. 

Sitte, P. 1974 Plastid metamorphosis and chromoplasts in 
Chrvso.v~lcnium. Zcit. Pflanzcnphysiol. 73: 243-265. 

Spu,-r, A.R. 1089 A Iov~-viscositx resin cmhedding medi- 
um for electrum microscopy 1. {Z/DO,slI'ltCI. RC'~'. 26: 
z;I-4~,. 

Spurr, A.R. and Vq.M. Harris. 100N. Ultrastmcturc of 
chloroplasts and chTomopla~,ts in ('ap~icu/n a*lmmt 1. 
Thviakoid membrane chan~zcs during fruit ripening. 
Amc'r..l. Bol. 55:1210-1224 

I'homson, W.W., and R. de Journett. 1~,~70. Observations 
on iaclusion bodies in subsi~liarv cells of Olnmtia spe- 
cies..I. I_'ltraxtruct. Res. 31:439-443 

Fhempson ,  A., J. Vogel and R.E. l,ee. 1977. Carbon 
dioxide uptake in relation t,~ a plastid inclusion body 
in |he succulent Kalam'h~,c pim,ata Persoon. ,/. Evpt. 
Bot. 28:1(137-1()41 

Vaughn, K.C. and KA;. Wilson. lt.~NI. Improved visu- 
alization of plastJd fine structure: plaslid microtubules. 
l'rotopla.sma 108: 21-27. 

Received May 3(1, 1997 
Accepted Jul) 3, 1997 


