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Ultrastructural study on the formation of sclereids in the
floating leaves ofNymphoidescoreanaand Nuphar schimadai
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Abstract. The formation of star-shaped sclereids in the floating leavidgraphoides corearendNuphar schimadai

was studied microscopically. These foliar sclereids were associated with the aerenchyma and found as the form of
idioblast. The outer surface of mature sclereids was smodtlynimphoidesput with many prismatic calcium

oxalate crystals ilNuphar However, the early morphogenesis of these two kinds of sclereids was similar. The
sclereid initials were distinguished from the neighboring cells by their distinctly large nucleus. The expanding sclereid
initials were constrained by the neighboring cells. Crystal formation in young scler@ideloér started near the
cessation of sclereid expansion. The crystals were bounded by crystal sheath and located in crystal chambers
between the primary cell wall and plasma membrane. Calcium antimonate precipitates were found, especially on
the crystal sheaths as well as between the plasma membrane and the primary cell walls. The crystal chambers have
a paracrystalline appearance connected with the crystal sheath and the plasma membrane. After formation of crystals,
the secondary wall was deposited and then the crystals became embedded between the primary and secondary
walls. The possible functions of the foliage sclereids and the plans for further investigation are discussed.
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Introduction 1997). Various types of sclereids are found among differ-
ent species, and sclereids in different tissues and organs
Sclereids can be found in many different parts of planthave been used for plant classification (Rao and Banerjee,
tissues and organs. They may serve various protective,979; Villaron-Franceschinelli and Yamamoto, 1993).

strengthening, and other functions. For example, sclere- The occurrence of sclereids in vascular plants has been
ids may form bands around seeds or cover roots or stemsy,died mostly in terrestrial species, and rarely in aquatic
possibly for strengthening purposes (Harris, 1983). IN-species (Chiang and Huang, 1984; Kuo-Huang, 1990). In
dividual sclereids, called idioblasts, may cause tissues tg preliminary study, we found many sclereids in the peti-
be coarse and gritty and less palatable to insects (Mousethjated leaves olNymphoidesoreana(Menyanthaceae)
1988). Such sclereids are frequently observed in t.he Me&indNupharschimadai(Nymphaeaceae). Both are mem-
sophyll of leaves of many plant genera, eBprinia  pers of the nymphaeid macrophytes (Smits et al., 1989).
(Foster, 1955)NymphaegGaudet, 1960; Kuo-Huang, \wnen comparing the foliar sclereids of these two aquatic
1992), and others (Rao and Das, 1979). The foliar scleréspecies we found that their outer surfaces were quite
ids of Oleaeuropaeamay also function as optical fibers  gifferent, which compelled us to investigate further. Re-

to improve the light microenvironment within the meso- gits of light and electron microscopy are presented in this
phyll (Karabourniotis et al., 1994). The formation of naper,

sclereids can be observed during normal development of
tissues and organs. However, differentiation of sclereid
also can be induced artificially. For example, sclereid

Q|fferent|ated in the pith oArabldqpsghaIlanafoIIow— The Nymphoidesoreana(L.) Hara (Menyanthaceae)
ing repeated cutting of developing inflorescences (Lev,

. . . ; nd NupharschimadaiHayata (Nymphaeaceae) plants
Yadun, 199.4)’ and a continuous pencycllc sclere|q banc\ijlvere grown in ponds located on the campus of National
developed in regenerated bark@hnamomuntassia

Taiwan University. Floating leaves in various stages were
three years after the bark was removed (Hong and Ton%ollected, and their petioles and laminae were cut into

small pieces. The specimens were routinely processed

2Corresponding author. Tel: (02) 2363-0231 ext. 2364; Faxthrough fixation (2.5-5% glutaraldehyde and 3-4%
(02) 2391-8940; E-mail: linglong@ccms.ntu.edu.tw paraformaldehyde in 0.1 M sodium cacodylate buffer),
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postfixation (1% Os(), and dehydration (acetone series). Specimens for SEM observation were dried with a

For subcellular localization of calcium, some specimengHitachi Critical Point Dryer (HCP-1), coated with IB-2

of Nupharschimadaiwere fixed in 2.5% glutaraldehyde- ion coater, and examined with the Hitachi S-550

4% paraformaldehyde in 0.1 M phosphate buffer (pHmicroscope. Specimens for X-ray microanalysis were

7.6) with 2% (w/v) potassium antimonate and 0.1% tannioquenched in freon 22 (cooled by lig,)Nor 20 sec. and

acid in the same buffer (Slocum and Roux, 1982). Allimmersed in lig. Nfor 1 h before being transferred into

treated specimens were then embedded in Spurr’s resimfreeze-dryer for two days. The freeze-dried specimens

under vacuum. One-micron sections were stained witlwere coated with carbon and the Jeol JXA-733 EPMA at

1% toluidine blue in borax buffer for light microscope 25kV was used for X-ray microanalysis.

observation. Thin sections for electron microscopy were

cut with the Ultracut E, using a diamond knife. The thin Results

sections were stained with uranyl acetate and lead citrate

and examined by TEM, using the Hitachi H-600  As with most other aquatic angiosperms, the amount

microscope at 75 kV. of vascular tissue in floating leaves Nymphoides
coreanaandNuphar schimadaivas limited while aeren-

Figures 1-6. Nymphoides
coreana 1: SEM photograph
of the cross section of petiole
showing the air-canals sur-
rounding vascular bundle and
many star-shaped sclereids
bordering the air-canals; 2, 3:
Longitudinal section of petiole
showing the air-canal sepa-
rated by the transverse dia-
phragm and the mature
sclereids with smooth outer
surface; 4: LM photograph of
the cross section of young peti-
ole showing the sclereid ini-
tials in the young lacunate
parenchyma; 5, 6: Cross sec-
tions of mature petiole show-
ing the sclereids with bending
or intercellular growth. Key to
lettering: A, Air canal; Di,
Diaphragm; E, Epidermis; Vb,
Vascular bundle; S, Sclereid;
Si, Sclereid initial.




Kuo-Huang et al. — Sclereids MymphoidesndNuphar 285

chyma tissue was well developed. In the petioles of these The sclereid initials were generally detected sporadi-
two species, 6-10 air-canals separated by the transversally in young, lacunate parenchyma. They were distin-
diaphragms were found (Figures 1-3). The foliar sclere-guished from the neighboring cells by their large nucleus
ids were mostly observed bordering the air-canals and ifFigure 7). Nevertheless, there were no predictable pat-
the highly lacunate spongy mesophyll of both species. terns of sclereid initials bordering the air-canals. In young
sclereids, large vacuoles and thin dense cytoplasm with
Sclereids in Nymphoides coreana numerous organelles were observed (Figures 7, 8). When
growth of the sclereids was hindered by surrounding cells,
were first found in the layer of cells bordering the air Ca_bending or intercellular growth of the_s_clereids were ob-
nals (Figures 4-6), especially at the petiole-rhizome and théerved (E|gures 4-6). Usually, the |n_|t|als WO.UId expand
Into an air-canal and sprawl into adjacent air-canals or

petiole-lamina junctions. In the lamina, the first laminar . : .
sclereid initials were found in the spongy mesophyl nearNto large intercellular spaces. Such expansions resulted

the midribs: however, the sclereid initials in the lamina ap-" Star-shaped sclereids. _
peared later than in the petiole, i.e., when initials in the Toward the end of growth and expansion, the second-
petiole had started developing into young sclereids.  ary cell wall started being laid down between the primary

In the petioles oNymphoidegoreana sclereid initials

Figures 7-10. Nymphoides
coreana 7-8: TEM photographs
of the sclereid initials showing
the large nucleus and dense cy-
toplasm with numerous
organelles; 9: TEM photograph
of the sclereids during the for-
mation of secondary cell wall
showing numerous vesicle-pro-
ducing dictyosomes in the
cytoplasm; 10: TEM photograph
of the mature leaf showing the
sclereid (right cell) containing
plastids with thylakoid mem-
branes and plastoglobuli,
however, smaller than those in
the neighboring parenchyma-
tous cell (left cell). Key to
lettering: D, Dictyosome; I, In-
tercellular space; M,
Mitochondrium; MI, Middle
lamella; N, Nucleus; P, Plastids;
Pg, Plastoglobulus; V, Vacuole;
W, Cell wall; Wp, Primary wall;
WSs, Secondary wall.
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wall and the plasma membrane. As the wall increased isurfaces of the mature sclereidsMiipharschimadaij
thickness, the cytoplasm was confined to a thin layemany prismatic crystals were found. These crystals were
around the cell periphery and formed numerous vesicledistributed densely, but irregularly, on all surfaces of the
producing dictyosomes (Figure 9). The plastids in ma-<cell wall (Figures 11, 12). They were found on the wall
ture sclereids were associated with thylakoid membranethat was in contact with neighboring cells (Figures 17,
and plastoglobuli (Figure 10); in general, they were22, 25) as well as on surfaces exposed to the air-canals.
smaller than those of neighboring parenchymatous cellsThe crystals contained substantial amounts of calcium
The outer surface of mature sclereid was smooth (Figuré-igures 13, 14). All crystals found Mupharwere in-

3). In the cell walls of sclereids, primary and secondarysoluble in acetic acid. But they were soluble in hydro-
wall layers were clearly observed in mature cell wallschloric acid, without forming bubbles, suggesting that they

(Figure 10). were composed of calcium oxalate.
S _ _ Ramifications of the initial cell of sclereids were similar
Sclereids in Nuphar schimadai to those observed Nymphoidegoreana(Figure 15). At

The sequence of formation and the early morphogencessation of apical intrusive growth of the sclereids, clus-
esis of foliar sclereids in petioles and laminadlophar  ters of crystal chambers formed sporadically, and almost
schimadaiwere similar to those of foliar sclereids of Simultaneously, between the primary cell wall and the
Nymphoide€oreana However, the formation of sclereid Plasma membrane (Figure 16). The young sclereid con-
cell walls of these two species was different. On outeftained a thin primary cell wall and an organelle-rich

Figures 11-16. Nuphar
schimadai 11: SEM photograph of
the cross section of petiole show-
ing an air-canal and many star-
shaped sclereids bordering the
air-canal; 12: A branch of the ma-
ture sclereid showing many pris-
matic crystals irregularly on the
outer surface; 13,14: SEM photo-
graph and X-ray map localizing the
calcium electron transition energy,
indicating the high calcium content
of crystals; 15: LM photograph of
the cross section of young leaf
lamena showing the sclereid ini-
tials in the young lacunate paren-
chyma with ramification and
intercellular growth; 16: TEM pho-
tograph of the sclereid initial
showing the organelle-rich cyto-
plasm and many crystal chambers
formed sporadically and almost si-
multaneously between the primary
cell wall and the plasma
membrane. Key to lettering: A, Air
canal; Cr, Crystal; E, Epidermis;
M, Mitochondrium; N, Nucleus; P,
Plastids; V, Vacuole; Vb, Vascu-
lar bundle; S, Sclereid; Si, Sclereid
initial.
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Figures 17-21. Nupharschimadai 17-18: TEM photographs of the crystal-forming sclereid showing the calcium antimonate pre-
cipitates accumulated on the crystal sheaths and between the plasma membrane and the primary cell walls; 19: TEM photograph
the crystal-forming sclereid showing crystals were bounded by crystal sheath that appeared to be connected with the ptassta memb
20, 21: TEM photographs of the crystal-forming sclereid in a paradermal sectioning plane showing an ordered substructure with a
paracrystalline appearance. Key to lettering: Cr, Crystal; D, Dictyosome; Er, Endoplasmic reticulum; M, Mitochondrium; s, Nucle

P, Plastids; PI, Plasmalemma; V, Vacuole; S, Sclereid; Si, Sclereid initial; T, Tannin; W, Cell wall.



288 Botanical Bulletin of Academia Sinica, \all, 2000

cytoplasm. The plastids were found to contain mostlytions during staining or sectioning. The crystals were
small starch grains and small laminar stacks (Figure 16)bounded by a crystal sheath that appeared to be con-
As an individual crystal developed, it underwent nected with the plasma membrane (Figures 17-19). Calcium
periclinal and anticlinal growth and formed a prismatic @htimonate precipitates were found especially on crystal
crystal, pressing the plasma membrane into the cytoplasn$heaths as well as between the plasma membrane and the
The shape of the developing crystals could be recognizeBrimary cell walls. In a different paradermal sectioning
in electron-transparent areas (Figure 16), where the crydlane, parts of crystal chambers were transversely
tals were dissolved or had dislodged from the thin secS€ctioned, and an ordered substructure with a

Figures 22-25. Nupharschimadai 22-24: TEM photographs of the sclereids during the formation of secondary cell wall showing
numerous vesicle-producing dictyosomes in the cytoplasm. The cytoplasm condensed and formed numerous vesicle-producing dic-
tyosomes and many a long and rough endoplasmic reticulum parallel to the plasma membrane; 25: TEM photograph of mature
sclereid showing the crystals embedded in the thick layered secondary wall. Key to lettering: Cr, Crystal; D, Dictyosome; Er,
Endoplasmic reticulum; M, Mitochondrium; N, Nucleus; O, Oil drop; P, Plastids; PI, Plasmalemma; MI, Middle lamella; V, Vacuole;
Wp, Primary wall; Ws, Secondary wall.
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paracrystalline appearance was discernible (Figures 20, 219pmental regulator (Borowitzka, 1984; Bush, 1993). Vari-
There appeared to be a close association between the aus functions have been attributed to the formation of its
dered substructure, the crystal sheath, and the plasnaystal idioblasts. The reversible biological calcification

membrane. with oxalic acid, an end product of metabolism, may also

After the formation of crystals, the secondary cell wall Imply an effort to maintain an ionic equilibrium in the cells
was deposited. As the wall thickened, the cytoplasm Cor](Frances.chl and Horner, 1980). The format_lon of calcium
densed and formed numerous vesicle-producing dictyoCtystals is a complex process. Factors which control ox-
somes and many a long and rough endoplasmic reticulun@late synthesis an_d ceIIu_Iar calcium uptake and mobility
parallel to the plasma membrane (Figures 22-24). Thénay affect crystal induction (Borchert, 1986). In leaves,
thickening secondary cell wall encroached on the crystafalcium oxalate crystals are generally present in the cen-
sheath and started growing around the crystals. Durin?_"a' vacuoles as crystal idioblasts, e.gPmmseolugKuo-
the process, the crystals on the wall exposed to interceHuang and Zindler-Frank, 1998Morus (Wu and
lular spaces became protruded and covered with thin priuo-Huang, 1997), antdemna(Franceschi, 1987). In
mary cell walls. Wall thickening continued until the PhaseollusandMorus, crystal growth is gccompamed by
stratified and thickened secondary wall of the sclereidghickening of secondary cell walls which make contact

was deposited around the Crysta|s (Figure 25) with the Cry-StaIS a.nd grow around them HOWeVer, in
Nuphar schimadaiand some species &fymphaea

Di . (Gandet, 1960; Kuo-Huang, 1992) the calcium crystals
ISCussIon are deposited between the primary and secondary cell

. N . walls of the sclereids. In plants, calcium is an essential
Sclereids are generally initiated in fundamental paren- P

chyma (Mauseth, 1988). damellig a terrestrial plant, a??hplasnlf nultlrleBnt %nisgévewlhs a Str|UCtl.J(;al corr?ponent
the foliar sclereids originate and develop simultaneouslyo dNece r\]/va a‘( us h ; )- | en Sﬁ ere|”s!\tnfﬁ arl
(Boyd et al., 1982). However, in tissues of petioles an ndiNymphaedorm t el crystals in the Cie wall, cal- "
laminae of floating leaves of aquatic specieblpfnphaea C|urtr;]ant|mct>nlatﬁ prth|p||t:§tes ar1e7§cKcum|£|J ated, esgiae(z:crlla y
(Gaudet, 1960; Chiang and Huang, 1984, Kuo-Huanggggg)e C'%Sea rsesiz?m:éf E#:)erde;edusou-bsliﬁ?c%uig in crer;-
1992),NupharandNymphoidesa different differentia- tal chémber (F:)onnected with the crystal sheath and Ias)r/na
tion pattern is found. In petioles of these aquatic plamsmembrane seems to be closel )allssociated with Er stal
sclereid initials are first observed at the petiole—rhizom(::dev(:)IO ment. However. the me)éhanism of calcium c)r/ S
and petiole-lamina junctions. Sclereid initials in the P ' ' y

lamina appeared later. The foliar sclereids of aquatic}al initiation in cell walls is still unknown.

plants may function by helping stiffening of air channels Smits et al. (1990, 1995) have compared seeds of spe-
in the petiole and strengthening the joints betweerfies ofNymphaeaNuphar andNumphoides Their ger-
rhizome, petiole, and lamina, while maintaining their flex- Mination experiments demonstrated that factors
ibility and air circulation in air channels in water influencing dormancy and germination of the seeds were
(Guertler, 1905; Mevi-Schutz and Grosse, 1988). similar for Nymphaeaand Nuphar, but different for

As observed in other studies (Gaudet, 1960; Harris'\lymphc.)'deS We founcj that, concerning the occurrence
1983; Kuo-Huang, 1992), distinguishable features amon f calcium crystals in the wal.l, foliar sclereids of
sclereid initial, large nucleus and prominent nucleolus ymphaeaandNupharare also different from those of

were found in bottNymphoidesoreanaand Nuphar Nymphoides The presence or absence of calcium crys-

. . . ; : tals in the plant body is an important character for un-
schimadai The enlarging sclereids are constrained byderstandin% evquti}(;nary relgtionships among plant

neighboring cells. Foliar sclereids with an angular trans- : . .
verse shape indicate that expansion and ramification ofPecies (Franceschi and Horner, 1980). Obviously, the

young sclereids depended on the amount of availablfg”(ferent morphology of foliar sclereids between

space. It has been thought that secondary cell walls a ymphoides coreanandNuphar schimadahas taxo-
deposited only after cells have attained their final size an(?uonrgl?:rl] 223I]celf/?)TS’[?(;:aor\;\/lei\%eprl,i(\:l\;etiéilgkalrf ee\fgaogr:g?é

shape; but, Juniper et al. (1981) reported that wall depo- ) L ;
sition can begin even while the cell is still elongating. important. Studies of the individuals or species that are

In our plants, secondary cell wall was begun laid downgrowing in calm water or moving water should provide

near the end of the expanding stage of the sclereid. I1;]urther information on the function of foliar sclereids of

general, lignification begins at the central parts of Ce”S’aquatlc plants. In progress are investigations of sclereid

in the region of the middle lamella or the primary wall and calcium crystal formation in germinating seeds of

which is the most heavily lignified area. The secondarythese taxa.

wall becomes lignified last. These findings also indicate
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