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Ultrastructure of Crystalline Inclusions in the Thylakoids 
of Dodder (Cuscuta japonica) Plastids 

Kyu Bae Lee"* 
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The plastids from seedlings of the parasitic angiosperm Cuscuta japonica were ultrastructurally investigated. In shoot subapical 
cells from 3-d-old seedlings grown in the dark, the etioplasts contained prolamellar bodies and amorphous and dense inclusions. 
In the shoot subapical cells obtained from 6-d-old seedlings grown under light conditions for the last 3 d, the underdeveloped 
chloroplasts contained phytoferritin within the stroma as well as amorphous and dense inclusions that were limited by the thyla- 
koid membranes. In the developing chloroplasts, electron-dense materials were detected within the transversely sectioned thyla- 
koid lumens. This dense material presented two different images, depending upon the sectional plane. When transversely 
prepared, the materials appeared as somewhat thick, linear structures, whereas longitudinally sectioned thylakoids revealed very 
large crystalline inclusions. In the developed chloroplasts, the amounts of electron-dense material or crystalline inclusions were 
remarkably reduced in the thylakoid lumens, which were electron-translucent. Far fewer crystalline inclusions were observed in the 
developed chloroplasts of seedlings than in the developing chloroplasts. These results suggest that the crystalline inclusions may 
be temporarily reserved within the thylakoid lumens of chloroplasts in the C. japonica seedlings. 
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Membrane-enclosed inclusions within plastids were ini- 
tially reported by Hohl (1961), who observed them in the 
hyperplastic tissues of Datura and tumor tissues of Nicoti- 
aria and 5olanum. Crystalline inclusions enclosed within 
membranes have also been found in the epidermal plastids 
of Beta leaves and stamens (Hoefert and Esau, 1975). They 
have postulated that these inclusions are composed of pro- 
teins that are stored under certain conditions in the epider- 
mal cells. Chloroplasts obtained from healthy and curly-top 
infected 5pinacia leaves harbor crystalline inclusions enclosed by 
dilated thylakoid membranes (Esau, 1975). Such inclusions 
completely enclosed by thylakoid membranes have been 
visualized using a tilting (goniometer) stage under an elec- 
tron microscope (Miller et al., 1976). They have also dem- 
onstrated that the periodicity of crystals also can be 
demonstrated via the tilting method. Although large crystal- 
line inclusions have been detected within the chloroplast 
stroma of well-watered 5alix leaves, their numbers decline 
with increasing water stress, and they are completely absent 
in severely stressed plants (Vapaavuori et al., 1984). 

Crystalline inclusions that are not enclosed by membranes 
have been found in the stroma of plastids from Echinochloa 
leaves (Vanderzee and Kennedy, 1982) as well as within the 
cytoplasm of chlorenchyma cells in Origanum leaves (Bosa- 
balidis and Papadopoulos, 1983). Intrathylakoidal crystal- 
line inclusions have been detected within the developing 
plastids of Coleus, whereas such inclusions are either absent 
or rare in mature or developed chloroplasts from that genus 
(Varkey and Nadakavukaren, 1982) as well as from Saint- 
paulia (Finer and Smith, 1983) and the leaves of Spinacia 
(Rascio et al., 1985). However, these intrathylakoidal inclu- 
sions have also been identified in fully developed chloro- 
plasts from Spinacia (Miller et al., 1976; Shojima et al., 
1987) and 5alix (Vapaavuori et al., 1984). 
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In contrast, Lyshede (1989) has detected plastids with a 
few electron-dense thylakoids and small vesicles within the 
young epidermal ceils of green apices from 7-d-old seed- 
lings of Cuscuta pedicellata. Sherman et al. (1999) have 
briefly described the membrane-enclosed crystalline inclu- 
sions in chloroplasts of dodder (Cuscuta pentagona) seed- 
lings grown for up to 10 d. 

Seedling tips in C. japonica also have been anatomically 
examined at various growth stages (Lee et al., 2000). For 
example, the shoot subapical cells of 3-d-old dark-grown 
seedlings and 6-d-old seedlings (grown under sunlight for 
last 3 d) have lots of starch-containing amyloplasts. The 
mature embryo cells from the C. japonica contain a reserve 
of numerous lipid and protein bodies, as well as proplastids 
with a few thylakoids and phytoferritin (Lee, 2006). Further- 
more, the shoot subapical cells of 3-d-old dark-grown seed- 
lings have etioplasts with prolamellar bodies, which develop 
into chloroplats with thylakoids that were well organized 
into grana from 6-d-old seedlings grown in the light for the 
last 3 d (Lee, 2007). He has also found that thylakoid 
lumens of the chloroplasts are filled with electron-dense 
materials. Herein, the ultrastructural features of membrane- 
enclosed crystalline inclusions are described from the chlo- 
roplasts of Cuscuta japonica seedlings. 

MATERIALS A N D  M E T H O D S  

Plant Materials 

Mature, dormant seeds of C. japonica Choisy were scari- 
fied for 45 min with concentrated sulfuric acid, then rinsed 
in tap water followed by distilled water. They were placed 
on moist filter paper in Petri dishes, and germinated in the 
dark in an incubator at 30'~C. The roots of some of these 3- 
d-old seedlings were then wrapped in wet cotton, placed in 
500-mL covered beakers, and exposed to sunlight from 
nearby windows for an additional 3 d. 
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Transmission Electron Microscopy 

For examination via electron microscopy, the shoot sub- 
apical portions from these 3- and 6-d-old seedlings were 
sliced into approximately 1 mm 3 segments and pre-fixed for 
2 to 3 h at room temperature in a mixture of 2.5% glutaral- 
dehyde and 2% paraformaldehyde in a 0.1 M sodium 
cacodylate buffer (pH 6.8). They were then exposed twice 
to microwave radiation for 10 and 20 s at 70% of the maxi- 

mum 800 Watts in a Pelco Model 3450 Laboratory Micro- 
wave Processor (Ted Pella, USA) equipped with a thermistor 
copper temperature probe and an auxiliary Pelco 3420 
Microwave Load Cooler (Ted Pella). Afterward, the tissues 
were post-fixed in 1% osmium tetroxide, buffered at pH 
6.8, and microwaved three times for 40 s each period. The 
pre- and post-fixation temperature of the oven was 45~ 
These fixed segments were washed in buffer and dehy- 
drated in a graded acetone series, for 40 s per step, in a 

Figure 1. Ele(In~n micrograph~ of pla~tki~ in subal)k at celi~ frnrn ~- IAI and {~-d-~)td IB-D) ~,eedling .-,h~ob ~f (. lap~ni(a. IAI Prulndemlat t ell_~ 
ha',e etiopla~,t.,, with prolamellar b(xlit'~ IPIbL a fe~ darklv _-,tained thvlakoid', larro~hea(h, .,tar( h grain,, IS~, and am~rphc~u', and den,,e in~ lu- 
.,,iun~ la~teri.,,k_,~L Bar = 0.25 p.m. (BI In underde',el~Jl)ed pla~tid_,,, ph',~tt~fc'rritin (Pfl parlit le~, art' d,KW~'gated ~ ilhin -,In ~ma, and ule~ In ~n-den,,e 
and amorphous inclusic~n~, (a~,terisks) are partially limiled by ,,ingle lhytakc Jid mumbrane d)lack arrowheads) that i', t Io~,ely a~,~,~ ~ iated with Iran~- 
ver~elv se(li~ned thylakoid (arrowsJ wilh densely stained malerial Ihat al)pear~, identical I~ am(~rl)h~u~, inclu,,i~n,,. S, ~,lar( h grain. Bar - 0.25 
i, tm. ICI De~el~l)ing chl~r~pla~,t with thvlakoid~ l~rming grana I(,;I, star(h graim, ~SI. and plast~gh ~huli iPI. lh~lak~id lumen', harb~r darkly 
~,tained material',. Bar = O.S I-u~. (D~ Enlarged regiun markud b,, ructangular Ix ~x in Figurt, 1C ,,h(~\~ ing densel~ ,,lamed malerial~, ent h),,t'd h~ 
thvlak~)id membranes. Bar = 0.1 I.m~. 
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microwave oven at 37~ The tissues were then infiltrated 
and embedded with Spurr's resin (Spurr, 1969). Thick sec- 
tions cut with an LKB-V ultramicrotome were stained with 
0.05% tohidine blue, then examined with a light micro- 
scope (BH2; Olympus, USA). Thin sections cut with an 
RMC MT-7000 ultramicrotome were mounted on grids, 
stained with uranyl acetate and lead citrate, then examined 
and photographed at 80 kV using either a JEM 100 CXII or a 
transmission electron microscope (H-7600; Hitachi, Japan). 

RESULTS 

The shoot tips from 3-d-old, dark-grown seedlings were 
hooked and yellowish. In their shoot subapical regions, the 
ground meristem cells showed proplastids with few thylakoids 
and starch grains. However, the protodermal cells contained 
etioplasts with prolamellar bodies, a few darkly stained thyla- 
koids, starch grains, and amorphous and dense inclusions 
(Fig. 1A). In contrast, the hooked shoot tips of 6-d-old seed- 
lings that had been exposed to light for the final 3 d of their 
treatment period were pale green. In their ground meristem 
cells, chloroplasts at early developmental stages had large 
aggregates of phytoferritin, starch grains, and amorphous and 
dense inclusions that were limited by the thylakoid mem- 
branes (Fig. 1 B). However, both the protodermal and ground 
meristem cells had developing chloroplasts with thylakoids 
that were well organized into grana, starch grains, and plasto- 
globuli (Fig. 1C). The chloroplasts found in the ground mer- 
istem cells contained more starch grains than did those 

observed in the protodermal cells. Grana from both tissue 
types consisted primarily of two to three thylakoids (Fig. 1C, 
2A, 3A, 4A), but stacks of four were occasionally visible. 
Although electron-dense material was evident in the lumens 
of the transversely sectioned thylakoids (Fig. 1C, D), large 
crystalline inclusions were observed in thylakoids that were 
paradermally sectioned (Fig. 3A, 4A). 

The thylakoid membrane in which these crystalline inclu- 
sions were enclosed was partially visible when the granum 
disc was obliquely sectioned (Fig. 2A, 3A). In this case, the 
membrane enclosing those inclusions was apparent at 
higher magnifications (Fig. 2B, 3B). Likewise, the mem- 
brane was evident when the median plane of the granum 
disc was sectioned longitudinally (Fig. 4A). These inclusions 
showed a lattice substructure of alternating electron-dense 
(dark) and electron-translucent (light) regions that occurred 
at regular intervals. 

For some chloroplasts, the transversely sectioned thyla- 
koid lumens at the edges of the thylakoid membranes in 
which the inclusions were enclosed revealed no darkly 
stained material (Fig. 4A). In the developed chloroplasts (Fig. 
4B), the thylakoids were well organized into grana, and the 
thylakoid lumens were far less electron-dense than those 
featured in Figure 1C-D, and 3A. 

DISCUSSION 

Etioplasts with prolamellar bodies and electron-dense 
inclusions were found in the shoot subapical cells of 3-d-old 

Figure 2. Electron micrographs of developing chloroplasts in subapical cells of 6-d-old seedling shoots from C. japonica. (A) Large triangular 
crystalline inclusion (Ci) is enclosed by thylakoid membrane (black arrowhead) that is in close contact with transversely sectioned thytakoid 
(arrow). G, granurn. Ci shows parallel substrudLure. White arrowhead indicates chloroplast envelope. Bar = 0.1 I.im. (B) Enlarged image of 
region marked by brackets in Figure 2A shows thylakoid membrane enclosing crystalline inclusion ICi/. Membrane appears as thin light line 
(two pairs of black arrowheadsL Bar = 0.1 I.tm. 
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Figure 3. Electron micrographs of developing chloroplasts in subapical cells of 6-d-old seedling shoot.~ from C. #~ponica. (A) Developing chloro- 
plast evidencing large c~/stalline inclusion (Ci) enclosed by a single thylakoid membrane (black arrowheads), which exhibits tw(~ sets of period- 
icities in lattice substructure. Transversely sectioned thylakoids (arrows) are closely associated with Ci. Lumens of several granal (Gt thylakoids 
around Ci are filled with eleclron-dense material A~terisk indicates region in which limiting membranes do not appear. White arrowhead 
shows plastid envelope. Bar = 0.1 i.u'n. (B) High-magnification micrograph of portion (black arrowheads) indicated by brackets in Figure 3A, 
which exhibits crystalline inclusion (Ci~ enclosed by single thylakoid membrane (two pairs o1" black arrowheads). Bar = 0.025 ~tm. 

C. japonica seedlings grown in the dark. When some of 
those seedlings were grown for an additional 3 d in the light, 
the chloroplasts from their shoot subapical cells revealed 
crystalline inclusions with a latticed substructure within their 
thylakoid lumens. These inclusions in the longitudinally sec- 
tioned thylakoids corresponded to the electron-dense mate- 
rial previously reported from the lumens of transversely 
sectioned thylakoids (Lee, 2007: personal communication 
with Dr. Brian E. S. Gunning, Australian National University). 

Therefore, this current study is the first to describe two different 
images of thylakoid content generated from the chloroplasts 
of C. japonica. Finer and Smith (1983; Fig. 1 B) have earlier 
noted transversely sectioned thylakoid lumens that have 
electron-dense materials in the mature chloroplasts of pali- 
sade cells from the leaves of Saintpaulia. However, no such 
observations had previously been published regarding the 
structure of such thylakoid lumens, even though other 
researchers had found relevant structures quite similar to 
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Figure 4. Electron micrographs of developing (A) and developed chloroptasLs (B) in subapical (:ells from 6-d-old seedling shoots of C japonk:a. 
IAI Thylakoid membrane (black arrowheads) enclosing crystalline inclusion (Ci) with clearly visible lattice substructure. White arrowhead indi- 
(:ates plastid envelope. Bar = 0.25 ~ml. (B) Developed chloroplast (Cpl has thylakoids organized into grana, and thylakoid lumens are electr.n- 
translucent. S, starch grain. Bar = 0.25 I.tm. 

those now presented here in Figure 1C-D, 2A, and 3A. Plas- 
rids containing a "few electron-dense thylakoids" have been 
described briefly by Lyshede (1989; Fig. 3, inset), in a study 
of epidermal cells from the green apices of 7-d-old C. pedi- 
cellata seedlings. Nevertheless, the structures of those crys- 
talline inclusions were not addressed in that earlier work. 
Moreover, Sherman et al. (1999) have detected crystalline 
inclusions surrounded by a distended thylakoid membrane 
in the chloroplasts of C. pentagona, but they are much 
smaller than the ones described herein, and also evidence 
far less clear latticework. This electron opacity of the granal 
thylakoids has also been noted in the youngest chloroplasts 
of the leaves of Gossypium hirsutum, whereas the devel- 
oped chloroplasts in that species have electron-translucent 
granal thylakoids (Pettigrew and Vaughn, 1998). Such a phe- 
nomenon might be attributed to the activity of polyphenol 
oxidase, which causes those thylakoids to appear quite elec- 
tron-dense. However, that previous research also did not 
investigate those crystalline inclusions within the thylakoids. 
In the current study, the thylakoid lumens of older, more 
developed chloroplasts were electron-translucent (Fig. 4A, 
B). This feature has also been noted in the most developed 
chloroplasts of pre-parasitic C. pentagona seedlings grown 
for up to 10 d (Sherman et al., 1999) as well as in those of 
post-parasitic stem cells of C. reflexa (van der Kooij et al., 
2000). 

Here, the dense materials or crystalline inclusions within 
the thylakoid lumens were frequently observed in underde- 
veloped chloroplasts, but these characteristics were mark- 
edly reduced in the fully developed organelles. These results 
are in agreement with those from earlier studies (Varkey and 

Nadakavukaren, 1982; Finer and Smith, 1983; Rascio et al., 
1985). Consequently, one might consider the plastids with 
thylakoid lumens forming electron-dense materials or crys- 
talline inclusions to be developing chloroplasts that would 
differentiate into mature or developed ones, as in Figure 4B. 
In the latter case, the thylakoid lumens possessed far less 
electron opacity than in the former (Fig. 1C, 2A, 3A) as a 
result of the light-induced conversion of etioplasts into chlo- 
roplasts. Therefore, one might suggest that the photosyn- 
thetic capability of these Cuscuta seedlings may ensure their 
survival until they can parasitize the host plant (Lee, 2007). 

The cause of such crystalline inclusion formation has not 
yet been clearly elucidated. Vapaavuori et al. (1984) have 
previously reported the existence of large, crystalline inclu- 
sions within the chloroplast stroma of well-watered 5a/ix 
leaves, with their numbers diminishing as water stress 
increases. In terms of their chemical natures, these mem- 
brane-enclosed inclusions in the plastids are generally con- 
sidered proteinaceous. Sprey (1976) has reported the 
presence of ribulose 1,5-diphosphate carboxylase (RuDP- 
Case) within the thylakoid lumens of spinach chloroplasts, 
and has presumed that enzyme segregation into those 
lumens renders them inactive as a result of crystallization. 
However, Shojima et al. (1987) have immunocytochemi- 
cally demonstrated, in spinach chloroplasts, that RuDPCase 
cannot be recognized in the intrathylakoidal crystalline 
inclusions. Recent studies have shown that the thylakoid 
lumens contain approximately 200 different photosynthetic 
proteins (Peltier et al., 2002; Schubert et al., 2002), some of 
which are transported into and across the thylakoid mem- 
brane (Robinson et al., 2000). Therefore, it is feasible that 
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the intrathylakoidal crystalline inclusions may be transitorily 
stored in the developing chloroplasts. 

In summary, visualization of the thylakoid lumens in 
developing chloroplasts from the subapical cells of 6-d-old 
C. japonica seedling tips has revealed electron-dense mate- 
rials as two distinctly different images, depending upon the 
sectional plane of those lumens. Specifically, those materi- 
als appear as thick linear structures in the transversely sec- 
tioned thylakoids, whereas large crystalline inclusions 
evidencing a lattice substructure can be observed in the lon- 
gitudinally sectioned ones. These inclusions are far fewer in 
developed chloroplasts than in the less mature organelles. In 
the former, the thylakoid lumens show considerably less 
electron opacity than is noted in the developing chloro- 
plasts. This suggests that crystalline inclusions within the thy- 
lakoids are associated with chloroplast development in the 
seedlings of C. japonica. 
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