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Mizura, S.1987. Structure and generation of cell walls in cellulosic algae II. Microfibril formation
and regulation of orientation. Jap. J. Phycol. 35: 130-143.

The present review is concerned with the genesis of cellulosic microfibrils in algae. Cellulose
microfibrils are comprised of several aggregated elementary fibrils each consisting of a core of crystal-
line cellulose chains synthesized by cellulose synthesizing complexes (TCs) in the plasma membrane.
The structures of TCs so far reported are generally classified into two types on the basis of configura-
tion: (i) a structure consisting of hexagonal arrays of particles, “‘rosette” and (ii) a structure com-
prised of linearly arranged particles.

Structures of type (i) have been observed on the PF-face of freeze-fractured plasma membranes.
Zygnematalean algae, Micrasterias and Spirogyra belong to this type. Structures of type (ii) appear
either on the EF or on both the EF and the PF-faces of plasma membranes. Siphonocladalean
and cladophoralean algae of Boergesenia, Valonia, Boodlea and Chaetomorpha, and a chlorococcalean
alga, Oogystis, belong to this type. The mode of arrangement of the particles of type (ii) is considered
to be three rows in Oocystis, Valonia and Boergesenia but random in Boodlea and Chaetomorpha.

The structure of type (i) is formed in Golgi apparatus and carried to the plasma membrane by
the fusion of Golgi vesicles. However, type (ii) structures are assembled on the plasma membrane.
They actively participate in cellulose deposition after growing to about 100 zm in length and become
longer by the incorporation of the assembled particles.

There is no fixed theory on regulatory mechanisms of TC movement. In Boergesenia, Boodlea,
Valonia and Chaetomorpha, no correlation has been reported between the arrays of peripheral micro-
tubules and the direction of TC movement. Recently, evidence has been proposed for the idea that
membrane fluidity may play a key role in regulating the direction of TC movement.

Key Index Words: Calcofluior White; cellulose synthesizing complex; cellulosic algae; colchicine;
Sreeze fracture; microfibril deposition.
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Fig. 1. Scheme of a cellulose molecule and crystalline lattice in the unit cell and elementary

fibril (MUHLETHALER 1967).

a, “bent” chain conformation postulated by HErMANs (1949) showing

intramolecular hydrogen bonds; b, unit cell of native cellulose proposed by MARCHESSAULT and
Sarko (1967); ¢, cross section of a crystalline elementary fibril showing arrangement of cellulose

chains (FREI-WyssLING and MUHLETHALER 1963).
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Fig. 2. Diagramatic representation of the
structure of a cellulose microfibril in a transverse
view (PresTon 1974).
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Fig. 3. Diagramatic interpretation of cellulose synthesis in the plasma membrane of Qogystis

(Brown and MonTEZINOS 1976).
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Fig. 4. Model of microfibril deposition during primary wall formation in Micrasicrias (GIDDINGS
et al. 1980). Above, side view; below, surface view. Single rosettes give rise to randomly oriented

microfibrils.
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Fig. 5. Suggested model of assembly of a
microfibril by an organized TC in Valonia (ITon
and Brown 1984). The subunits particles span-
ning the plasma membrane contributes to the
polymerization of one or more glucan chains. The
forward movement of the TC in the fluid mem-
brane results from coupled polymerization and
crystallization.
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Fig. 6. TCs in the plasma membrane of a regenerated Boergesenia cell (Mizura 1985c). Cells

developed from the Boergesenia protoplasm were fractured after 24 hr of culture at 25°C.

Arrows, TCs. b, PS and EF-faces.
is present.
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Fig. 7. EF-face of the freeze-fractured plasma membrane of a regenerated Boodlea cell showing
many TCs (arrows) (Mizuta 1985a). The cell developed from a droplet of Boodlea protoplasm was
fractured after 3 hr of culture at 25°C.
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Fig.8. TCs (arrows) observed on the freeze-
fractured plasma membrane of a regenerated Chaeto-
morpha cell (Mizura and Oxupa 1987a). The cell
developed from a protoplasmic droplet of Ghaetomorpha
was fractured after 3 hr of culture at 25°C.
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Fig. 9. Relationship between length and
width of Chaetomorpha TCs observed on the EF-face
of a freeze-fractured plasma membrane (Mizura
and Oxupa 1987a). The new cells were fractured
after 10 hr of culture at 25°C and both the length

and width of about 80 T'Cs observed on the EF-
face were measured.
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Fig. 10. Relationship between the area
(length x width) of TCs and the width of microfibril
impressions attached to the TCs observed on the
EF-face of new Chaetomorpha cells (Mizura and
Okupa 1987a). The cells were fractured after 10
hr of culture at 25°C and the length and width
of about 80 TCs as well as the width of microfibril
impressions attached to them were measured.

s
P
A Boergesenia microfibril consisting of
several numbers of elementary fibrils, treated with
4N KOH for 24 hr at 60°C and negatively stained
with 49, uranium acetate (Mizura 1985c¢).
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new cells of Boodlea (Mizuta 1985a).

308, HThAva Tt -k 4+ (CW) 3F
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Effects of Calcofluor White (CGW) on protxudmg round structures (PRSs, small auows)
and TCs (large arrows or arrowheads) during the early stage of cell wall formation of the regenerated

a, EF-face of the plasma membrane before CW treatment.

The cell was fractured after 3 hr of culture at 25°C. b, EF-face of the plasma membrane showing

accumulation of PRSs following CW treatment.
treatment of CW (0.1 mg/ml) for 2 hr at 25°C.

covery from CW effects.

The cell was cultured for 3 hr and fractured after
¢, EF-face of the plasma membrane showing re-
The cells were cultured for 3 hr, treated with CW for 2 hr and fractured
after 6 hr of culture in CW-free medium at 25°C..
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Fig. 13. Changes in the number of PRSs and
TCs during the early stage of wall formation of
the new Boodlea cells in the presence and absence
of CW (Mizura 1985a). Cells were cultured in
the medium (Mizuta and Wapa 1981) for 3 hr at
25°C then transferred to the medium containing
CW (+CW) for 2 hr and transferred again to the
CW-free medium (—CW) for 1 to 6 hr. At in-
tervals cells were sampled, fractured and both PRSs
and TCs were counted in the total EF-face area of
100 um?.  Vertical bar, SD.
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Fig. 14. Effects of colchicine on shell-shape
modification of the Chaetomorpha thallus.
area of Chaetomorpha thallus showing both tip and in-
ternode growth. b, colchicine (3% 1073 M) treated
thallus cells showing expansion growth.

a, apical
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Fig. 15.  Orientation changes of TC on the PF-face and its complementary EF-face of the plasma
membrane of Boergesenia, and the unequal particle distribution on the two sides of TC (Mizura 1985b).
The regenerated new cell was fractured after 24 hr of culture at 25°C and shadowed with Pt. a
and b, A and A’ are the complementary halves of TC changing their orientation from the direction
indicated by arrows with dashed lines toward that indicated by larger open arrows. The short ar-
rows show the intramembranous particles (IMPS) adhered to the ridge of TC. ¢, The numbers
indicate the particle density obtained by counting the particles distributed in the half-circles, the
diameter of which are equal to the length of TC. Arrows outside the circles show the typical modi-
fied directions of the movement of the TC.
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Fig. 16. A model showing the modification
of the direction of the TC movement (Mizura
1985b). Arrow X, original direction of the TC
movement. Arrow Y, direction of flow of the
plasma membrane. Small arrows, movement
direction of the particles which flow with the
plasma membrane. TG, terminal complex. MF,
microfibril.



Formation of cellulose microfibrils in algae 141

¥/, TC Pz EIZEEL LML, W
ARICs % TC 2R 3 UNDBERZHAL 3
ETNSRBEICEHIZ S TS (Fig. 15¢) 2D
FEENH%ET 2 BN OERIEEO OB ITS 5
NIFRLIZZALCEDL S, BEOENSBELT
BE - EREZLIL V. YLD D, TOREENG
BFEEEBROBEIC X D EINT & 7 B\hi s TC
FOEXEDONIIDEL-DD LB I N B,
Singer and Nicorson (1972) ¢ & 2 & B B4
B3 VIREREHICEBTET, Ik, tro—
REERT 5 TC ZBRBO/OREBTEEL TS E
EZZoh307T, Z0BHAAREOCRENC XD A
INTHRTHH I LEZL LN, Fig 16 i3I EEE
FMLLIzbDTHB.TCIEI 707 4 7Y L(MF)
ERB LN XAAKBET 2, LHrLZOHRA
REREROREED AR (Y ~2 b)) OB
@A) KEEENS,

IFYSEPVASYERBICBYEI /T4 T
) v OECMZERR, TC OBHEHMOREMMBOMER
BEZOBHDBADRONBOPDTEILEN-TE
Vo RAIICHN L TC OBBEHAEERIE 2 FE
BREoREHOFAR—EAIC LD XEI N TS
D, COMEOREBINSOBBEDI /0747
) VORAEREEER RIS LBbh b,

#0ic, AROTERICA D BHOCTEEZED -
PR FEERRFIOEAEARIC, XELETH
ALT N HBIREORE—ERICEH OB E £
T

53l A X #&

BARNETT, J.R. and PrestoNn, R.D. 1970. Arrays
of granules associated with the plasmalemma
in swarmers of Cladophora. Ann. Bot. 34:
1011-1017.

Brown, R.M. 1985. Cellulose microfibril assembly
and orientation: Recent developments. J. Cell
Sci. Suppl. 2: 13-32.

BrowN, R.M. and Montezinos, D. 1976. Cel-
lulose microfibrils: visualization of biosyn-
thetic and orienting complexes in association
with the plasma membrane. Proc. Natl. Acad.
Sci. U.S.A. 73: 143-147.

FrREY-WyssLING, A. and MUHLETHALER, K. 1963.
Die Elementarfibrillen der Cellulose. Makro-
mol. Chemie 62: 25-30.

Gmpings, T.H., BRower, D.L. and STAEHELIN,

L.A. 1980. Visualization of particle com-
plexes in the plasma membrane of Micra-
sterias denticulata associated with the formation
of cellulose fibrils in the primary and secondary
cell walls. J. Cell Biol. 84: 327-339.

GunNING, B.E.S. and HarbpuaM, A.R. 1982. Mi-
crotubules. Ann. Rev. Plant Physiol. 33:
651-698.

Harpuam, A.R., Green, P.B. and Lang, J.M.
1980. Reorganization of cortical micro-
tubules and cellulose deposition during leaf
formation in Graptopetalum paraguayense. Planta
149: 181-185.

Herrer, P.K. and PaLEviTz, B.A. 1974. Micro-
tubules and microfilaments. Ann. Rev. Plant
Physiol. 25: 309-362.

HerMans, P.H. 1949. Physics and chemistry of
cellulose fibrils. Elsevier, ‘Amsterdam-London-
Brussels-New York.

HorcHkiss, A.T., Roserts, E.M., Iton, T. and
Brown, R.M. 1983. Microfibril assembly
among selected algae of the Zygnematales. J.
Cell Biol. 97: 415a.

ItoH, T. and BrowN, R.M. 1984, The assembly
of cellulose microfibrils in Valonia macrophysa
Kiitz. Planta 160: 372-381.

Iton, T., O’'New, R. and Brown, R.M. 1984.
Interference of cell wall regeneration of
Boergesenia  forbesii protoplasts by Tinopal
LPW, a fluorescent agent. Protoplasma 123:
174-183.

KiErMAYER, O. und DoBBERSTEIN, B. 1973. Mem-
brankomplexe dictyosomaler Herkunft als
“Matrizen” fiir die extraplasmatische Syn-
these und Orientierung von Mikrofibrillen.
Protoplasma 77: 437-451.

KierMAYER, O. and Srevtr, U.B. 1979. Hexa-
gonally ordered “rosettes” of particles in the
plasma membrane of Micrasterias denticulata
Bréb. and their significance for microfibril
formation and orientation. Protoplasma 101:
133-138.

Lroyp, C.W. 1984. Toward a dynamic helical
model for the influence of microtubules on
wall patterns in plants. Int. Rev. Cytol. 86:
1-51.

Maepa, H. and Isuipa, M. 1967. Specificity of
binding of hexopyranosyl polysaccharides
with fluorescent brightener. J. Biochem. 62:
276-278.

MARcHESSAULT, R.H. and Sarko, A. 1967. X-ray
structure of polysaccharides. Advan. Carbo-
hydrate Chem. 22: 421-482.

KH #1987, BEUCHT B v o — 2 EEMIIEEE.
L. W LR, HEs 35 @ 45-50.



142 Mizura, S.

Mizuta, S. 1985a. Assembly of cellulose syn-
thesizing complexes on the plasma membrane
of Boodlea coacta. Plant Cell Physiol. 26: 1443-
1453.

Mizura, S. 1985b. Evidence for the regulation
of the shift in cellulose microfibril orientation
in freeze-fractured plasma membrane of
Boergesenia forbesii. Plant Cell Physiol. 26:
53-62.

Mizura, S. 1985c. Structure of cellulose synthe-
sizing complexes and cellulose deposition on
the plasma membrane in Boergesenia forbesii.
Mem. Fac. Sci. Kochi Univ. (Ser. D) 6:
19-31.

MizTTa, S. and OkuDA, K. 1987a. A comparative
study of cellulose synthesizing complexes in
certain cladophoralean and siphonocladalean
algae. Bot. Mar. 30: (in press).

Mizura, S. and Oxupa, K. 1987b. Boodlea cell
wall microfibril orientation unrelated to cor-
tical microtuble arrangement. Bot. Gaz. 148:
(in press).

Mizura, S. and Mixi, F. 1985. Polar-dependent
polylamellation and microfibril shift in the
growing cell wall of Boodlea coacta. Mem.
Fac. Sci. Kochi Univ. (Ser. D) 6: 33-44.

Mizura, S. and Waba, S. 1981, Microfibrillar
structure of growing cell wall in a coenocytic
green alga, Boergesenia forbesii. Bot. Mag.
Tokyo 94: 343-353.

Mizuta, S. and Wapa, S. 1982, Effects of light
and inhibitors on polylamellation and shift
of microfibril orientation in Boergesenia cell
wall. Plant Cell Physiol. 23: 257-264.

Mizuta, S., Hacmvo, Y. and Oxupa, K. 1986.
A study on the growth and development of
protoplasts from a coenocytic green alga,
Chaetomorpha moniligera. Mem. Fac. Sci. Kochi
Univ. (Ser. D) 7: 51-62.

Mizura, S., Sawapa, K. and Okupa, K. 1985.
Cell wall regeneration of new spherical cells
developed from the protoplasm of a coeno-
cytic green alga, Boergesenia forbesii. Jap. J.
Phycol. 33: 32-44.

MUELLER, S.C. and BRown, R.M. 1980. Evidence
for an intramembrane component associated
with a cellulose microfibril-synthesizing com-
plex in higher plants. J. Cell Biol. 84: 315-
326.

MUHLETHALER, K. 1967. Ultrastructure and
formation of plant cell walls. Ann. Rev. Plant
Physiol. 18: 1-24.

NeviLLE, A.C. and Levy, S. 1985. The helicoidal
concept in plant cell wall ultrastructure and
morphogenesis. p. 99-124. In C.T. BrETT

and J.R. Himan [ed.] Biochemistry of
plant cell walls. Cambridge University Press,
Cambridge.

NeviLLe, A.C. and Levy, S. 1984. Helicoidal
orientation of cellulose microfibrils in Nitella
opaca internode cells: ultrastructure and com-
puted theoretical effects of strain reorientation
during wall growth. Planta 162: 370-384.

NeviLtg, A.C, Gues, D.C. and CRAWFORD,
P.M. 1976. A new model for cellulose archi-
tecture in some plant cell walls. Protoplasma
90: 307-317.

Newcoms, E.H. 1969. Plant microtubules. Ann.
Rev. Plant Physiol. 20: 253-288.

NortHcoTE, D.H. 1968. The organization of the
endoplasmic reticulum, the Golgi bodies and
microtubules during cell division and sub-
sequent growth. p. 179-197. In J.B. PRIDHAM
[ed.] Plant cell organelles. Academic Press,
London.

Osrien, T.P. 1972. The cytology of cell wall
formation in some eukaryotic cells. Bot. Rev.
38: 87-118.

Okupa, K. and Mizura, S. 1987. Modification
in cell shape unrclated to cellulose microfibril
orientation in growinp thallus cells of Chaeto-
morpha mioniligera. Plant Cell Physiol. 28: 461-
473.

Okupa, K. and Mizura, S. 1985. Analysis of
cellulose microfibril arrangement patterns in
the cell wall of new spherical cells developed
from Boodlca coacta (Chlorophyceae). Jap. J.
Phycol. 33: 301-311.

Preston, D.G. 1964. Structural and mechanical
aspects of plant cell walls with particular
reference to synthesis and growth. p. 169-188.
In M.H. ZmMmMErRMANN [ed.] Formation of
wood in forest trees. Academic Press, London.

PrestoN, D.G. 1974. The physical biology of
plant cell walls. Chapman and Hall, London.

Quaber, H., Rosmson, D.G. and Kemeen, R.
1983. Cell wall development in Oocystis
solitaria in the presence of polysaccharide
binding dyes. Planta 157: 317-323.

RoBeneEk, H. and Pevering, E. 1977. Ultra-
structure of the cell wall regeneration of
isolated protoplasts of Skimia japonica Thunb.
Planta 136: 135-145.

Rosinson, D.G. and PrestoN, R.D. 1971. Fine
structure of swarmers of Cladophora and
Chaetomorpha I. The plasmalemma and Golgi
apparatus in nakid swarmers. J. Cell Sci. 9:
581-601.

Roranp, J.C. 1973. The relationship between
the plasmalemma and plant cell wall. Int.



Formation of cellulose microfibrils in algae 143

Rev. Cytol. 36: 45-92. Zellwand und des Chloroplasten von Chlorel-
LEREARE 1981, MEFGRRE & HUME p. 240-259. 5 la. Z. Zellforsch 74: 325-350.

AHRYE, EDEERET [IRE]l. BIA®RE, Wapa, M. and StaeseLiN, L.A. 1981. Freeze-

B, fracture observations on the plasma mem-
SINGER, S.J. and Nicorson, G.L. 1972. The brane, the cell wall and the cuticle of growing

fluid mosaic model of the structure of cell protonemata of Adiantum capillus-veneris L.

membrane. Science 175: 720-731. Planta 151: 462-468.

StaerELIN, L.A, 1966. Die Ultrastruktur der

e

= = JbrEE R IR A 060 AL AR 47H 6 BHALBESEN
FIEBEEME R 085-04 b5 2R EY ] 2ERT 7 IR BARE
BR&H veos@s 260 FEREHI-12-9-103
AR AAE 160 HEMHFERHEI-29-8 HRBAARBEE VA
B L ERA I HTIRBER ARG MR v 4 —

100 HEATRAXKAFAL-6-1 KFM7 v

2EBEAEBREHRAAEASR 108 REMEBXER2-16-5
K. K. AEFRBPEMER - K BB 173 ERSREX KRR 32-17
ER&H EFEME 113 KB CEXAR5-25-18
B Y 2 v b BB 189 HRIEAEILTAER1769
WA BB 143 REHRKAXKHR-2-12
AREHIR R A AREBER 214 1T S BEX 4 [H8580-61
IS EBRM RS R MR 779-23 MBRETEE ARERT A 2 23
HiBEERNRH  742-15 (LIORABERY A7 HEMT BEF962-1
Hf &SRR E 985 BRRSERTEEN 2 TH 5 F605

SV NV S ¥ N SV SEEV SR o et






