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ABSTRACT

Freeze-fracture of rapidly frozen, untreated plant cells reveals terminal complexes
on E-fracture faces and intramembrane particle rosettes on P-fracture faces.
Terminal complexes and rosettes are associated with the ends of individual
microfibril impressions on the plasma membrane. In addition, terminal complexes
and rosettes are associated with the impressions of new orientations of microfibrils.
These structures are sparse within pit fields where few microfibril impressions are
observed, but are abundant over adjacent impressions of microfibrils. It is proposed
that intramembrane rosettes function in association with terminal complexes to
synthesize microfibrils. The presence of a cellulosic microfibril system in Zea mays
root segments is confirmed by degradation experiments with Trichoderma cellu-

lase.
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Cellulose synthesis is an integral process for the
regulation of growth and morphogenesis in higher
plants. Crystalline cellulosic microfibrils provide
the architectural framework of the cell wall, and,
together with noncellulosic matrix materials and
cytoskeletal components, they are determinants of
cell shape (9). In spite of the abundance of data
available on cellulose structure and fiber modifi-
cation in relation to industrial applications, very
little is known about the fundamental mechanisms
of microfibril assembly at the cellular level. At-
tempts to solubilize enzyme systems from the
plasma membrane and to synthesize cellulose in
vitro have met with little success (6).

Using improved freeze-fracture procedures, re-
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cent studies have reported the visualization of
presumptive cellulose-synthesizing complexes in
association with the plasma membrane (2). Unu-
sually ordered complex structures at the ends of
growing microfibrils have been observed in algae,
and the structural information gained has been
useful to the investigation of cellulose synthesis
(12, 25). Terminal complexes also have been ob-
served in higher plant cells (13, 24, 26), but to date
it has been considerably more difficult to obtain
evidence for their structure and function.

This paper presents new structural information
on the terminal complexes in higher plant cells.
Particle rosettes on P-fracture faces are located at
the ends of microfibril impressions, suggesting that
they are complementary to the E-fracture face
terminal complexes. Thus, the microfibril-synthe-
sizing complex may comprise a transmembrane
component. Additional evidence is presented
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which supports the interpretation that terminal
complexes synthesize cellulose microfibrils in as-
sociation with the plasma membrane.

MATERIALS AND METHODS

Corn (Zea mays, Burpee’s Snowcross) and mung bean (Phaseolus
aureus) seeds were surface sterilized in a 10% Clorox solution,
rinsed three or more times in deionized water, and soaked for ~6
h in deionized water. Seeds were germinated in the dark, 3 or 4
d for corn and 7 d for mung beans. Pine (Pinus taeda) seeds were
germinated and grown aseptically for ~1 mo before use.

Small segments of tissue were cut and placed immediately on
I-mm gold specimen holders (in water) and, without any prior
treatment with fixative or cryoprotectant, were quickly frozen in
liquid Freon 22 maintained at liquid nitrogen temperatures, then
transferred to liquid nitrogen for storage.

Alternatively, segments of tissue were cut and placed in the
center of a pair of single-hole (0.5 or 1.0 mm) gold carriers for
double-replica freeze-fracturing. The grids were manufactured
by Balzers Corp. (Nashua, N. H.). Liquid nitrogen was super-
cooled to a solid by placing the liquid into a specially designed
styrofoam container and pumping to 80 Torr in a Kinney vacuum
evaporator (Kinney Vacuum Co., Boston, Mass.). The container
of solid nitrogen was brought to atmosphere, and the sandwiched
grids were plunged into the solid nitrogen layer for 10 s. No
gaseous nitrogen was produced. Specimens were transferred to
the hinged double-replica device (Balzers Corp.) under liquid
nitrogen until transferred to the specimen stage.

A Balzers BA 360 M freeze-etch apparatus was used as
follows: For conventional freeze-etch, the tissue was fractured,
etched for 0.5 min at —106°C, shadowed with platinum-carbon,
and coated with carbon at 107 Torr. For double-replica freeze-
fracture, the fractured halves were replicated immediately as
described above. Replicas were cleaned in a 5% sodium dichro-
mate (wt/vol)-50% sulfuric acid mixture and mounted on un-
coated or Formvar-coated copper grids.

Fixations were carried out on small pieces of corn root tissue
by first fixing in 2% glutaraldehyde in 0.05 M cacodylate buffer,
pH 6.8, with 0.25% tannic acid at room temperature for 30-60
min in the dark followed by an additional 1.5-2.0 h in the cold
and dark. The tissue was washed in the same buffer and postfixed
in 2% osmium tetroxide in the same buffer for 2 h in the cold
and dark. Dehydration was done with an ethanol-acetone series.
The tissue was infiltrated and polymerized in Spurr’s resin (21).
Silver-gray sections were poststained in uranyl acetate and lead
citrate after mounting on uncoated grids. Thin-section and freeze-
fracture material was photographed with a Hitachi HU-11E-1
electron microscope.

Particle dimensions were measured in a minimum of 30
samples, and the mean particle dimensions along with the stan-
dard deviation are presented.

The presence of cellulose in Zea mays root segments was
determined using the complete cellulase system of Trichoderma
reesei. Root segments were frozen in liquid nitrogen, then ground
with a mortar and pestle. The wall fragments were treated with
4% NaOH in a boiling water bath for 10 min, after which they
were washed twice with deionized water. These fragments were
subsequently treated with the Trichoderma cellulase system (1
mg/ml) for 1, 2, 4, and 7 min. Wall fragments and microfibril
degradation were followed by electron microscopy using negative
staining. Glucose release from 3-d incubations was measured
using the Statzyme glucose test.
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RESULTS

Previously, we demonstrated the presence of ter-
minal complexes in higher plant tissue (13).
Impressions of complexes associated with the ends
of microfibril impressions were observed on E-
fracture faces of plasma membranes from cells of
corn root stelar tissue. The terminal complex at-
tached to a microfibril occasionally was torn back
through the exoplasmic leaflet of the membrane
during the fracture process, leaving behind an
enlarged hole in the membrane and an associated
tear. Thus, microfibril tears with terminal com-
plexes are continuous with impressions, demon-
strating that individual microfibrils and their com-
plexes are resolved on membrane fracture faces.

In the present study, supercooled liquid nitrogen
combined with double-replica freeze-fracture pro-
duced larger expanses of membrane with reduced
freezing and mechanical deformation, although
some poorly preserved areas were occasionally
observed. Increased quality of preservation was
also obtained with conventional freeze-fracture
when small samples of tissue were frozen in nearly
solidified Freon 22 and the tissue was fractured as
closely as possible to the gold grid.

The amount of shadowing metal and the angle
at which it is deposited affect the appearance of
membrane structures. When the longitudinal axis
of a corn root (and therefore of individual cells) is
placed parallel to the knife arc in a conventional
freeze-fracture run, the angle of shadow is perpen-
dicular to the cell axis. Thus, a concave E-fracture
face shows a gradient in the angle of metal depo-
sition (Fig. 1a). In the left and right regions of Fig.
1 @, membrane morphology is revealed by shallow-
and steep-shadowing angles, respectively (see Fig.
1 b and c). Because more details are revealed with
a shallow-shadowing angle, electron micrographs
were made of these membrane faces.

An awareness of artifact-inducing forces is very
important when analysis is made of membrane
structures postulated to be associated with micro-
fibril synthesis. We have judged membranes to be
well preserved by the following criteria: (a) The
presence of microfibril impressions on the plasma
membrane, suggesting that the cell was function-
ing normally and was turgid just before freezing;
(b) the absence of ice crystals between the wail
and the plasma membrane; (c) the absence of any
obvious plastic deformation of intramembrane
particles (see references 7 and 23); (4) the absence
of striations on smooth portions of the membrane;
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FIGURE | (a) Freeze-etch of a corn root cortex. An E-fracture face reveals microfibril impressions with
orientations approximately transverse to the cell axis. The cell wall is observed in cross fracture (left) and
in tangential fracture (right). Bar, 1 pm. X 67,500. (b and c) Note apparent differences in membrane
morphology which result from the deposition of shadowing metal on a concave surface. On the left (15)
the shadowing angle was shallow and on the right (¢) it was steep. More details of the membrane are
revealed with shallow angles of shadowing depicted in Fig. 1&. Circle (left) denotes a group of terminal
complexes. (b and c¢) X 140,400. For all figures, magnification bars are 0.1 um unless otherwise noted.
Arrows indicate direction of shadow unless otherwise noted.
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(e) the absence of knife marks on the membrane
accompanied by micromelting.

E-fracture faces of plasma membranes from
corn mesocotyl parenchyma reveal terminal com-
plexes in association with impressions of the most
recently synthesized microfibrils (Fig. 2). In con-
trast, impressions of older microfibrils lacking ter-
minal complex impressions are viewed adjacent to
the newer microfibril bands. Fig. 2 (inset) shows
three terminal complexes at high magnification.
These particular terminal complexes measure 24
nm and appear very well preserved. Terminal
complexes on less well-preserved membranes gen-
erally are smoother in appearance (13). Size meas-
urements are difficult to make because the termi-
nal complex is less clearly defined when viewed as
an impression upon the membrane. Although
well-preserved terminal complexes measure ~22-
24 nm in diameter, the average diameter of ter-
minal complexes including those from poorly pre-
served membranes is 28 + 3.0 nm.

P-fracture faces (Fig. 3) of corn mesocotyl
plasma membrane reveal intramembrane particle
rosettes over the impressions of newly deposited
microfibrils. Fig. 3 (inset) represents well-pre-
served rosettes consisting of six intramembrane
particles surrounding a central, non-shadowed re-
gion. The mean diameter of the rosette (measured
from the outer edge of particles on either side of
the depression) is 24 + 2.5 nm. The same criteria
for identification of a well-preserved membrane
are applied for P-fracture faces as for E-fracture
faces. Unlike the size variation of EF terminal
complexes, the rosette dimensions are constant in
membranes which reveal different states of pres-
ervation. The intramembrane particles of the ro-
sette, however, are indistinct on less well-preserved
plasma membranes (13; Fig. 5) and are hard to
identify.

Although the preservation of both terminal
complexes and rosettes may depend on the rate of
freezing, the visualization of terminal complexes
may be dependent upon the turgidity of the cell
before freezing (26). When small segments of corn
root tissue are exposed to 20% glycerol for 1 min
before freezing, the cells lose turgidity, and micro-
fibril impressions are no longer observed (22; Figs.
4 and 5). Whereas terminal complexes were not
observed on an E-fracture face, under these con-
ditions rosettes were present on a P-fracture face
from an adjacent cell. In contrast, Fig. 2 reveals a
cell that was apparently quite turgid before freez-
ing, and terminal complexes are easily seen.
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Many terminal complexes from well-preserved
membranes appear to contain a central particle
surrounded by a peripheral ring of material (Fig.
2, inset). The central particle remains attached to
the microfibril when they are both torn through
the outer leaflet of the membrane (Fig. 6). The
shadowed central particle measures 16 + 2.3 nm
when it is observed attached to an individual
microfibril (Fig. 6). The membrane tear reveals a
hole in the center of the terminal complex (Fig. 6).
It appears that the peripheral ring of material
remains behind on the surface of the membrane
after the central particle and terminal complex are
torn away (Fig. 6; see Figs. 3 and 4 in reference
13).

It is difficult to discern an association of termi-
nal complexes or rosettes with specific microfibril
termini in parallel orientations of microfibrils;
however, individual microfibrils occasionally have
orientations which differ from the predominant
axis of microfibril orientation. Terminal com-
plexes (Fig. 7) or rosettes (Fig. 8) associated with
the termini of these microfibrils are easily ob-
served. Confirmation of the complementarity of
rosettes and terminal complexes by the double-
replica technique was not obtained.

Although attempted, the recovery of intact,
complementary replicas was rendered extremely
difficult because of the disintegration of replicas
during tissue thawing. Although it is important to
test the relationship between rosettes and terminal
complexes by the double-replica technique, this
may better be accomplished with single-celled
plants using matched grid pairs. In thawing corn
tissue the replica frequently broke along the cell
walls. Thus, replicas of single files of cells resulted.
When these replicas were transferred to single-
holed grids, matched pairs could not be obtained.

The possibility that the rosette and terminal
complex structures are complementary is strongly
suggested by their distribution over the newest
impressions of microfibrils (Figs. 2 and 3) and by
their association with the termini of individual
microfibril impressions (Figs. 7 and 8). In addition,
few terminal complexes (Figs. 9 and 10) or rosettes
(Figs. 11 and 12) are observed on plasma mem-
branes amidst the plasmodesmata of primary pit
fields (regions generally lacking microfibrils),
whereas many are observed over adjacent impres-
sions of microfibrils. Terminal complexes and ro-
settes, therefore, appear to be associated with areas
of the plasma membrane overlying the newest
microfibrils.
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FiGures 2 and 3 Terminal complexes and rosettes are localized over impressions of new microfibrils.
(Double-replica technique). Fig. 2: Freeze-fracture of corn mesocotyl. In a parenchyma cell the E-fracture
face of the plasma membrane shows impressions of microfibrils from the longitudinal wall, Terminal
complexes (circles) are localized over the new microfibril impressions. Bar, 1 um. X 60,000. Inset: Detail
of a terminal complex on E-fracture face (not from Fig. 1). Note central subunit. X 244,000. Fig, 3: Freeze-
fracture of corn mesocotyl. In a parenchyma cell the P-fracture face shows impressions of microfibrils
from the longitudinal wall. Intramembrane particle rosettes (circles) are localized over impressions of new
microfibrils. Bar, 1 ym. X 66,000. Inset: Two rosettes are visualized on P-fracture face. Note that the
center of the rosette is not shadowed. X 205,900.
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FIGUREs 4 and 5 Plasma membranes after exposure to 20% glycerol. Fig. 4: Freeze-etch of corn root
stelar tissue. Terminal complexes were not visualized on E-fracture faces when fresh tissue segments were
incubated for one minute in 20% glycerol. X 92,400. Fig. 5: Freeze-etch of corn root stelar tissue. Rosettes
(encircled) were visualized on a P-fracture face in a cell adjacent to that shown in Fig. 4. Large circlets of
intramembrane particles were observed only after glycerol treatment. X 92,000.

FIGURE 6 (Double-replica technique). Freeze-fracture of a corn root cortex. The central subunit of the
terminal complex attached to a microfibril (left circle) is torn through the outer (E) leaflet of the plasma
membrane. The circle to the right indicates the remaining portion of the terminal complex surrounding
the tear left by the central subunit. X 129,600.

FiGUres 7 and 8 Terminal complexes as well as rosettes are associated with the ends of individual
mijcrofibril impressions. (Double-replica technique). Fig. 7: Freeze-fracture of a corn root cortex. Terminal
complexes are at the ends of microfibril impressions on E-fracture faces. A plasmodesma is in the field of
view at upper right. X 134,400. Fig. 8: Freeze-fracture of a corn root cortex. Rosettes (circles) are at the
ends of microfibril impressions on the P-fracture face. Two plasmodesmata are in the field of view. Note

crossing of microfibril impressions. One is indicated by dashed line. X 81,000.

Terminal complexes and rosettes have been ob-
served in parenchyma from corn roots (Figs. 6-10
and 17-19), coleoptiles: (S. C. Mueller and R. M.
Brown, unpublished observations), mesocotyls
(Figs. 2, 3, 11, and 12), and in mung bean hypo-
cotyls (Figs. 13 and 14). Terminal complexes have
been observed in pine root parenchyma on E-
fracture faces (Fig. 15). In addition, 30-nm de-
pressions, resembling the rosette depressions, have
been observed on P-fracture faces of pine roots.
Several of these depressions appear to contain
rosettes (Fig. 16). Particle rosettes may be more
deeply embedded in P-fracture faces of pine
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plasma membranes compared to corn, and thus
are observed less frequently. In both pine (Fig. 16)
and mung bean (Fig. 14), small pits have been
observed on P-fracture faces of some cells.

Freeze-fracture reveals groups of 50- to 100-nm
depressions on P-fracture faces of corn roots (Fig.
17). We believe that some of the smaller depres-
sions (Fig. 18) contain 24-nm rosettes identical in
morphology to those distributed over the mem-
brane face (Fig. 19). Details of the fracture face
are not observed in other, larger depressions be-
cause of the shadowing angle (Fig. 17).

Ultrathin sections of fixed specimens reveal
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FIGUREs 9-12 Terminal complexes and rosettes are less numerous within pit fields. (Double-replica
technique). Fig. 9: Freeze-fracture of a corn root cortex. An E-fracture face reveals a pit field. Bar, 1 ym.
% 51,600. Fig. 10: Higher magnification of region bracketed in Fig. 9. Terminal complexes (encircled) are
associated with parallel orientations of microfibrils adjacent to the pit field). X 69,600. Fig. 11: Freeze-
fracture of a corn mesocotyl cell. A P-fracture face reveals a pit field. Bar, 1 um. X 31,500. Fig. 12: Higher
magnification view of field bracketed in Fig. 11. Rosettes (encircled) are associated with microfibril
impressions adjacent to the pit field. X 82,900.
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Ficures 13 and 14 Freeze-fracture of a mung bean hypocotyl. (Double-replica technique). Fig. 13:
Terminal complexes are present on an E-fracture face (some encircled). X 84,000. Fig. 14: Rosettes are
present on a P-fracture face (some encircled). X 84,000.

FiGures 15 and 16 Freeze-fracture of pine root tips. Fig. 15: Terminal complexes are present on an E-
fracture face (Some are encircled. Note central subunit.) X 87,000. Fig. 16: Depressions in the P-fracture

face appear to contain rosettes (encircled). X 128,700.

electron-dense profiles on the membrane. In graz-
ing sections through the plasma membrane and
cell wall, 18 & 6.3 nm electron-dense structures
are observed (Fig. 20). The observed dimensions
of these structures are variable because of the
plane of sectioning and degree of staining. In
general, the size, frequency, and distribution of
these structures coincide with those of the com-
plexes visualized by freeze-fracture.

Although it is generally known that the cell
walls of most higher plants are comprised, in part,
of cellulose microfibrils, there are apparently no
data, at least for the Burpee’s Snowcross variety of
Zea mays, to confirm the presence of cellulose
microfibrils. Root segments were treated with
NaOH to remove most of the noncellulosic poly-
saccharides. These segments still remained intact,
although the flexibility of the roots was greatly
increased. Light microscope examination of the
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NaOH-treated root segments revealed normal cell
wall structure similar to that of untreated roots.
Treatment of these intact root segments for 3-d
with the Trichoderma complete cellulase system
(containing endoglucanase, cellobichydrolase, and
B-glucosidase) completely dissolved the cell walls
(and released glucose as measured by the Statzyme
test). Examination of this preparation with the
electron microscope revealed occasional microfi-
bril fragments but no intact walls.

Cell wall fragments prepared before treatment
with NaOH were used to study the progressive
degradation of microfibrils by the cellulase system.
The control consisted of NaOH-treated wall frag-
ments not incubated with cellulase. Examination
of the control by negative staining revealed tightly
bound microfibrillar bundles, similar to those
within intact cell walls as observed with freeze-
fracturing. After 1-min incubation with the cellu-
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FiGUREs 17-19 Depressions on the plasma membrane of a corn root parenchyma cell which may
correspond to vesicles in the process of fusing with the plasma membrane. Fig. 17: Freeze-etch of a corn
root cortex. Pronounced band of depressions on P-fracture face. Microfibril orientation is predominantly
transverse in this cell. Bar, 1 um. X 62,700. Fig. 18: Higher magnification view of region encircled in Fig.
17 above. Circles indicate two of several depressions in which rosettes are visible. X 92,400. Fig. 19: Higher
magnification view of region encircled in Fig. 17 above. Circles indicate three rosettes present on the
membrane in a region not occupied by the depressions. X 92,400.

FiGURE 20 Ultrathin section of glutaraldehyde-tannic acid-OsO,-fixed corn root cortex. A grazing
section of the plasma membrane and cell wall contains electron-dense profiles (two encircled are 21-24

nm in diameter). X 225,700.

lase, microfibrils were completely coated with the
enzymes, and the microfibril structure was very
difficult to discern. After 2-min incubation, the
microfibrils became separated into small bundles,
and individual microfibrils were coated with small

particles (presumably the cellulases). After 4-min
incubation, there were numerous short microfibril
fragments with many breakage loci, and after 7-
min incubation, microfibrils could not be detected.
Thus, the microfibril component of the Burpee
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Snowcross variety of Zea mays is cellulose. Al-
though it can be argued that the microfibrillar
impressions with terminal complexes are not con-
firmed directly to represent cellulosic microfibrils,
the indirect evidence for their cellulosic nature is
quite strong.

DISCUSSION

Freeze-fractured plasma membranes from corn
seedling tissue reveal rosettes and terminal com-
plexes associated with the ends of microfibril
impressions. Intramembrane particle rosettes are
observed on the protoplasmic leaflet of the frac-
tured plasma membrane, while terminal com-
plexes are observed on the outer surface of the
exoplasmic leaflet of the plasma membrane. The
complementarity of rosettes and terminal com-
plexes, although not demonstrated unequivocably
by double replicas, is strongly suggested by the
fact that both are associated with the ends of
microfibril impressions (Figs. 7 and 8). The sug-
gestion that rosettes and terminal complexes are
complementary is strengthened further by the ob-
served association of both these structures with
newly deposited microfibrils (Figs. 2, 3, and 9-12).
New orientations of microfibrils frequently appear
on plasma membranes as bands. The bands overlie
older layers of microfibrils. Terminal complexes
on E-fracture faces and rosettes on P-fracture faces
are associated with these new bands, but are absent
on adjacent fracture faces overlying older micro-
fibril orientations (Figs. 2 and 3). Additionally,
rosettes and terminal complexes are scarce within
pit fields where fewer microfibril impressions are
observed, but are abundant over microfibril
impressions adjacent to the pit field (Figs. 9-12).

Furthermore, the similar dimensions of rosettes
and terminal complexes are consistent with the
interpretation that these structures may be com-
plementary. Fig. 214 illustrates how rosettes and
terminal complexes might be juxtaposed within
the plasma membrane. The membrane, microfi-
brils, and the microfibril-associated structures are
presented approximately to scale. The dimensions
of the rosette, the terminal complex, and the mi-
crofibril are derived from freeze-fracture images.
Fig. 21b suggests a probable fracture plane which
would be consistent with the observed structure in
fractured membranes. Two of the six subunits of
the rosette (C) are diagrammed in cross section.
The E half of the membrane contains the central
subunit (4) associated with a microfibril terminus
(Fig. 6). The central subunit could be complemen-
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tary to and project into the rosette center. This
would account for the nonshadowed central por-
tion of the rosette observed on P-fracture faces.
The central subunit also is depicted to be sur-
rounded by a peripheral ring of material (B) which
is associated with the exoplasmic leaflet of the
membrane. This peripheral ring could comprise
discrete particles as suggested by Fig. 2 (inset), or
it may result from the deformation of the plasma
membrane around the central particle. Since mi-
crofibril-terminal complex tears are observed not
only with conventional fracturing with knife
blades but also in double-replica freeze-fracturing,
the tendency of the terminal complex and its mi-
crofibril to tear through the E membrane half may
result from an affinity of the central subunit for
the rosette.

The association of terminal complexes and ro-
settes with the most recently deposited microfibrils
and their absence in pit fields where the cell wall
is thinner suggest evidence for their function as
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FIGURE 21 A model demonstrating the proposed re-
lationship of terminal complexes and rosettes in associ-
ation with the plasma membrane. The membrane, mi-
crofibrils, and microfibril-associated structures are
drawn approximately to equivalent scale. The dimen-
sions of the rosettes (C), the terminal complex (4 and B)
and the microfibril (MF) are derived from freeze-fracture
images. The upper diagram illustrates the terminal com-
plex-rosette as it might exist in the intact plasma mem-
brane. The lower diagram reveals our interpretation of
the fracture plane which provided the observed freeze-
fracture images.
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well as their complementarity. It has been pro-
posed that terminal complexes are responsible for
the synthesis of wall microfibrils in corn stelar
tissue (13). The results from the present study
extend that hypothesis to include rosettes function-
ing in association with terminal complexes to syn-
thesize microfibrils. Furthermore, these mem-
brane-associated complexes are observed in mung
bean hypocotyls, pine roots, and in various tissues
of corn seedlings. These structures are therefore
features of several different higher plants known
to be engaged in cellulose synthesis (11). Although
microfibrillar wall components in fungi and sev-
eral algae may comprise chitin or different poly-
saccharides (17), it is generally accepted that
higher plant microfibrils comprise crystalline cel-
lulose (14, 17). Thus, the observation of microfi-
bril-synthesizing complexes implies circumstan-
tially that these complexes could be synthesizing
cellulose. This notion is considerably strengthened
by the fact that cellulases degrade microfibrillar
wall components of the precise region of the root
segments of the same variety of Zea mays exam-
ined by freeze-fracture. Direct evidence that the
observed microfibrillar impressions are created by
underlying cellulose microfibrils awaits the devel-
opment of a specific cellulose “stain.” The possi-
bility of an immunological approach using ferritin-
conjugated antibodies to the Trichoderma cellulase
system offers an attractive method to identify mi-
crofibrils, particularly those that have torn back
through the plasma membrane.

The presence of an intramembrane microfibril-
synthesizing complex in higher plants is consistent
with evidence for complexes in the algae Oocystis
(1) and Glaucocystis (25), however, the intramem-
brane complexes of these algae are linear and are
associated with cellulose microfibrils of larger di-
mensions. Acetobacter xylinum, a cellulose-pro-
ducing bacterium, also has an integral membrane
linear array of particles in association with the
newly synthesized cellulose ribbon (3, 27); how-
ever, the synthesizing complex is fixed with respect
to the cell surface and traverses not only the
plasma membrane but also the cell envelope (2).
Complexes in higher plants (13) and algae (1, 25)
are proposed to be mobile in the fluid plane of the
membrane.

Structures postulated to be involved in microfi-
bril synthesis have been reported previously. Wil-
lison and Grout (26) have confirmed the associa-
tion of terminal complexes with microfibril termini
in radish roots, and Willison and Brown (24) have
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observed globular complexes in cotton fibers.
Thin-sectioned particles have been seen in higher
plants associated with the outer surface of the
plasma membrane (19). These particles may be
equivalent to those observed in the present study.
Thin-sectioned linear complexes associated with
Oocystis plasma membranes have been observed
(12). These linear complexes have overall struc-
tures equivalent to freeze-fractured terminal syn-
thesizing complexes (12). In higher plants, how-
ever, different techniques are required to deter-
mine the relationship between thin-sectioned and
freeze-fractured structures. In the alga, Micraster-
ias, thin-sectioned particles have been observed as
ordered arrays on Golgi membranes, and they
have been hypothesized to be responsible for the
ordered synthesis of microfibrils on the cell surface
(10). Additionally, Giddings and Stachelin (see
presentation in this issue) have found rosettes on
P-fracture faces of Micrasterias associated with the
ends of microfibril bundles. Because intramem-
brane particles usually are not identified as such
in ultrathin cross sections of the plasma mem-
brane, particles visualized in the above examples
may only correspond to the portion of the terminal
complex on the membrane surface.

The structure and location of the intramem-
brane-synthesizing complex could reflect its func-
tion in the incorporation of cytoplasmic precursors
to form crystalline microfibrils on the surface of
the plasma membrane. Deep impressions of the
terminal complex and rosette in the fluid lipid
bilayer are observed in freeze-fracture (for exam-
ple, Figs. 2 and 3). The position of the terminal
complex and rosette in the membrane may facili-
tate interactions of the complex with cytoplasmic
components. The terminal complex may actually
be a transmembrane complex. UDP-glucose pre-
cursors are not incorporated into 8-1,4-glucans by
intact cells but only by cut or damaged cells (4,
18). Raymond et al. hypothesize that pea epicotyl
slices incorporate UDP-glucose only through cut
cells because the precursor must first be utilized
from the protoplasmic side of the plasma mem-
brane (18). Furthermore, freeze-fracture results
suggest that the loss of microfibril-synthesizing
capacity might be expected if intramembrane ro-
settes were separated from the microfibril-associ-
ated terminal complex subunits during cell frac-
tionation procedures.

Depressions measuring 50- to 100-nm on P-frac-
ture faces of corn roots may correspond to vesicles
in the process of fusing with the plasma mem-

Rosettes Associated with Cellulose Synthesis 325



brane. These depressions are the same size as
microvesicles found in the cortical cytoplasm of
higher plants (15, 8). Furthermore, the P-fracture
face depressions have a morphology similar to that
of presumed vesicle fusion sites in several other
organisms (16, 20).

The possibility exists that microfibril-synthesiz-
ing precursors are transported by cytoplasmic ves-
icles since rosettes are observed in some of the
smaller depressions. Structural details within the
deeper depressions, unfortunately, are not re-
vealed because of the absence of shadowing metal.
However, approaches combining freeze-fracture
techniques with biochemical and cytological tech-
niques will undoubtedly elucidate the role of cy-
toplasmic elements in cell wall biosynthesis.

In conclusion, it is proposed that coordinated
intramembrane complexes are located at microfi-
bril termini and are responsible for the synthesis
of microfibrils. The visualization of these struc-
tures by freeze-fracture is dependent upon the
quality of preservation of the plasma membrane.
Terminal complex rosettes are common features
of higher plant cells engaged in cellulose synthesis.
We have observed them in corn, pine, and mung
bean seedlings. Thus, these complexes may repre-
sent cellulose-synthesizing systems. Data on the
orientation mechanism for microfibrils will be pre-
sented elsewhere.
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