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ABSTRACT

Plants form an axis by controlling the direction of cell
expansion; this depends on the way in which cellulose microfibrils
in the wall resist stretching in particular directions. In turn, the
alignment of cellulose microfibrils correlates strongly with the
alignment of plasma membrane-associated microtubules, which
therefore seem to act as templates for laying down the wall fibrils.
Microtubules are now known to be quite dynamic, and to reorient
themselves between transverse and longitudind alignments. Plants
“steer” the direction of growth by reorienting the
cellulose/microtubule machinery. For example, the model predicts
that a transverse reorientation on one flank of an organ and a
longitudinal orientation on the other should lead to bending. This
response has recently been observed in living, gravistimulated
maize coleoptiles microinjected with fluorescent microtubule
protein.  This paper reviews the idea of the dynamic
microtubule template and discusses possible mechanisms of
reorientation. Recent biochemical work has shown that
microtubules are decorated with different classes of associated
proteins, whose potential roles are outlined.

INTRODUCTION

The &bility of wooden artefacts to maintain their shape
depends on the organization and chemistry of the cellulosebased
wallsthat surround dead cells. In theliving state, however, plants
change their shape over time, and this plagticity depends on an
important contribution from the living cytoplasm in remodeling
the dtructure of the wall. The cell wal can yidd and grow in
different directions. Although the chemistry of the wal is an
important key to understanding how this happens, it is not the
only one. The texture of the wal is aso important. The wall is
composed of severd, sometimes many, layers of cdlulose
microfibrils. The fibrils follow the same overdl direction within
any one layer, but they can change from layer to layer, and it ssems
that the direction of the layer(s) nearest the plasma membrane
determines the direction in which the cdll will grow. Thedirection
in which that innermost layer is deposited is believed to dgpend on
cuesfrom acomplementary set of proteinaceousfibresjust indde
the plasma membrane. It is now known that the fibres thet
conditute this so-cdled cytoskdeton—particularly the
microtubules—are highly dynamic. This dynamicity, which
appearsto belinked to the ability of the cdll to respond to factors
such aslight and gravity, isthe subject of thisarticle.

*Correspondence to: Clive W. Lloyd fax: +44-1603-501771,
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MICROTUBULES

Microtubules are usudly composed of 13 protofilaments
folded into a hollow tube, gpproximately 25nm in diameter (see
reviews in Hyams and Lloyd, 1994). Each protofilament is
composed of dternating dimers of 400 andd 4801 tubulin, which,
sincethey dl enter the polymer with the same sense (44, 44, 44.
.), imparts a polarity to the microtubule. Thisis reflected in the
fact that subunits add on faster to one end (the plus end) than to
the other. Microtubules, therefore, have an intrinsic polarity that
imparts directionality to the cytoplasm, whichisat the core of the
many structural properties of these cytoskeetd eements.
Molecules—such as the microtubule motor proteins, kinesin and
dynein—"read” the directiondity of microtubules and help
trangport vesicles and organdles to one end or the other.
Microtubules are found in virtudly al eukaryotic cdls, and the
relatedness of the tubulin proteins across large phylogenetic
distancesisdemongtrated by the fact that tubulin from vertebrate
brains is readily incorporated into the microtubule structures of
plants.

Microtubules are employed in congtructing the mitotic
spindlefor the separation of the chromosoma materid. However,
when the cdl is not dividing, microtubules dissssemble and
recongtruct other assemblies, such as the dlia and flagdla of
unicelular dgae and the bundles that support the long processes of
nerve cdls In higher land plants, the microtubules are found
immediately benegth the plasma membrane (to which they are
attached by poorly characterized cross-bridges). Soreed dongthe
entire cdl, hundreds of microtubules of varigble length
circumnavigete the cdl in overlapping rdlays. They are generdly
pictured as encircling the cell. However, as described below, the
microtubule array is highly dynamic and can adopt different
orientations.

MICROTUBULESAND DIRECTIONAL CELL
GROWTH

One of the key features of plant development is the ability
both to direct growth up into the atmosphere—to display
photosynthetic and reproductive organs—and to send roots down
into the ground. This necessarily involves limiting growth to a
particular axis, and it is in this cgpacity that microtubules are
believed to have an important role. Naked protoplagts placed ina
hypotonic solution will swell isotropicaly. However, when theddl
wal grows back, the turgor pressure is directed dong an axis,
producing an asymmetric cdl (Wymer et d., 1996). Only the
ineladtic cdlulose microfibrilsin the wall are believed to have the
necessary strength to resist turgor pressure. It was established a
long time ago thet the cellulose microfibrilsin the wal share the
same direction as the corticd microtubules, and it is this
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Figure 1. Parallelism Between the Cortical Microtubules,
Here Circumnavigating the Cell as Transverse “Hoops,”
and the Cellulose Microfibrilsin the Cell Wall. Although
these two linear elements are separated by the plasma membrane,
they are thought to be functionally related by microtubules that form
tracks for the movement of the plasma-membranous cellul ose that
synthesizes enzyme complexes. Transversely arrayed cellulose
microfibrilsresist increasein cell girth and convert turgor pressure
into an elongating force.

co-linearity that formsthe basis of directed growth (Ledbetter and
Porter, 1963). Transverse “hoops’ of cytoplasmic microtubules
follow the same generd direction asthe cdlulose micrdfibrilsin the
wal (Figure 1). When cdlulose micrdfibrils are wound around acel
intransverse layerslikethis, their lack of sretch actslikeagirdle
that resigsincreasesin diameter. However, because the swelling
force of turgor pressure can tease gpart adjacent microfibrilsin any
onelayer, the cell Sretches perpendicularly to the direction of the
microfibrils. (In an overamplified way, this can be thought of as
the stretching of a coiled spring in which adjacent windings are
pulled gpart). On the other hand, cellulose microfibrils can be
arranged parald to thelong axis of the cdll. Lack of stretch dong
this axis should lead to inhibition of cdll ongation and encourage
laterd (radid) expansion instead. The dignment of the cdlulose
fibrils therefore influences the direction in which the turgid cell
expands. If the microfibrilsin epidermd cdlls are longituding on
one flank of a shoot and transverse on the other, subsequent
unequa growth should lead to bending. As discussed below, thisis
what seemsto occur in gravitropic and phototropic responses.
Returning to the question of microtubule/microfibril
pardleism, the microtubules on the inner face of the plasma
membrane are believed to form the template for the deposition of
cdlulose microfibrils on the externd face. In brief, large multi-
enzyme complexes that St within the plasma membrane are
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hypothesized to track aong the underlying microtuoules sinning
out cellulose microfibrils as they move (for review see Giddings
and Staehdin, 1991). Over the years, it has been difficult to test
this hypothesis, because its credibility rests entirely on the
coincidence of microtubule and microfibril pardldism. Thereisa
large weight of evidence for this paralelism. However, it has not
been possible to fully recondtitute cellulose biosynthesis invitroor
to completely identify the components of the multi-enzyme
complexesin higher plants. This Situation has contributed to the
lack of probesto test exactly how the cdllulose synthases interact
(if a dl) with the microtubules. Oneideaisthat the microtubules
merely define lanes within which the intramembranous
synthesizing complexes glide, propelled by theact of extruding the
cdlulose fibre. However, the posshility cannot be formally
excluded that the synthases are somehow linked through the
membraneto either the contractile actin (“ muscle’) filaments or to
microtubules, which—if they could use microtubule motor
proteinslike kinesin and dynein to dide against each other—aaud
generate movement of the cdlulose synthesesin amore direct way.

MICROTUBULESREORIENT THEMSELVES

Microtubules can be transverse, oblique, or parald to the
organ &is, and it is known that they must reorient themselves
between these different configurations. Reorientation can be
affected by arange of environmenta agents (like gravity) and by
plant growth regulators. This is illustrated in Figure 2, which
shows that factorswork antagonigticaly to stimulate transverse or
longitudind microtubules and to shift the direction of cdl
expanson. For ingtance, the plant growth regulaor ethylene is
known to stunt growth and, when added to peastem cdlls, to cause
the mi crotubules to reorient through 90° so they become pardlld to
the cdll’ slong axis (Roberts, LIoyd and Roberts, 1985). Dwaf pess
with the le mutation have short internodes and an insufficiency of
the hormone gibberdlic acid. Experimenta addition of exogenous
gibberdllic acid to segments of pea stems causes the cdls to
elongate measurably within two hours, during which the origindly
longitudina microtubules reorient to the transverse (Duckett and
Lloyd, 1994).

As templates for the co-dignment of cellulose micrdfibrils,
longitudina microtubules should lead to the deposition of new
layers of wal in which the longitudina cellulose microfibrilsresst
cdl dongation. From examining the patern of cdlulose in
successive layers of the cdl wal, Shibaoka s group has suggested
that cells with a crossply structure (aternaing layers of
longitudind and transverse micrcfibrils) should dislay a
corresponding rhythmic aternation of the microtubular template
(Shibaoka, 1994; Mayumi and Shibaoka, 1996). This implicit
reorientation was aso long-suspected from immunofluorescence
and dectron-microscopic images of fixed cdls, but the mechaniam
was unclear. In the 1990s, Peter Hepler' s colleagues (Wasteneys,
Gunning and Hepler, 1993; Hush & d., 1994) microinjected
fluorescently tagged vertebrate brain tubulin into plants to study
microtubule dynamicsin living plant cells. In thisway, Hepler and
his colleagues showed that the fluorescent protein cycled through
some of the other assemblies (mitotic spindle and cytokinetic
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Figure 2. Antagonistic Factors Affect the Alignment of
Microtubulesand the Direction of Cell Expansion. Redlight
and the plant hormones, gibberellic acid and auxin, encourage
transverse microtubules, which are generally found in elongating
tissue. Blue light, ethylene, and abscissic acid encourage
longitudinal microtubules, which are often found in cells that are
swelling laterally instead of elongating. There may be a rhythmic
switching between these two configurations in some cells, building
up a cross-ply pattern of wall lamellation.

phragmoplast) that microtubulesformin dividing plant cdlls.

Our group microinjected rhodamine-conjugated pig brain
tubulininto peaepidermd cdllsto see whether thiswould label the
corticad mi crotubules of nondividing cdls(Yuan et d., 1994). Some
of these cdls are very large—severd hundred micrometers long—
but the cortica microtubule array was labelled as soon asthe stem
tissue could be transferred from the microscope used for injection
to the confocd laser-scanning microscope. This suggeststhat the
soluble tubulin is incorporated into the polymer and that the
microtubules must be exchanging subunits with the cytoplasmic
pool. One possibility, however, is that this may labd only a
dynamic subset, so that any stable microtubules would go
unlabelled. To test this, we correlated the image obtained from
microinjected cdls with the image of the same area fixed and
subsequently labelled with anti-tubulin antibodies that should
recognise dynamic and sable microtubules dike (Wymer et d.,
1997). The limited resolution of light microscopy is unable to
digtinguish between single microtubules and smal groups of
padld microtubules. Nevertheless, the coincidence of the
microinjected and the fixed patterns indicates that there is no
hidden subset of stable microtubules in a different orientation,
demongtrating that microinjection does produce a representetive
picture of the array.

Photobleaching smdl patches of fluorescencein microinjected
cdls has made it possible to show that the fluorescence recovers
rather rapidly (Hush et d., 1994; Yuan ¢ d., 1994). That the
fluorescenceis“killed” when the spot is bleached impliesthat new
fluorescence must invade from beyond the bleach zone. There are

two ways to account for this phenomenon. (1) Plant microtubules
undergo dynamic ingtability (Mitchison and Kirschner, 1984). This
concept, first introduced in animal cdll biology, spesksinterms of
the biased behavior of microtubule growth, mentioned earlier.
Tubulin subunitsincrease a the plus end faster than at the minus
end. (2) Individua microtubules show stochadtic trangtions
between growing and shrinking phases—i.e., some microtubules
grow while others shrink. However, depending on the conditions,
microtubules tend not to shrink completely, but to undergo
“rescue,” whereby they stop and regrow. The rapid recovery of
fluorescence within bleach zones of the plant cortica array can
therefore be ascribed to dynamic instability—the addition of new
fluorescent tubulin to the ends of microtubules within the area.
Because we cannot be sure thet a fluorescent ement under the
microscope is actudly a single microtubule, there is the forma
possibility, which we cannot yet rule out, that some contribution
to the fluorescence recovery is made by groups of microtubules
diding against each other (“telescoping”) inthe zone. Nevertheess,
the microtubules must be turning over rapidly, given the speed of
the initid labelling. Certainly, the haf-times for recovery from
photobleaching put plant microtubules ahead of most figures for
dynamic anima microtubules. This apparently paradoxica
behavior of highly dynamic microtubulesin stationary cells could
account for the ahility of sessile organismsto respond rapidly to
changing environmenta condiitions.

MICROTUBULE REORIENTATION IN LIVING
CELLS

By microinjecting rhodamine-tubulininto peaepidermd cdls
we have seen how such reorientations might occur. Yuan et d.
(1994) reported that new microtubules could firg beseendong the
edge of a cdl—at the junction between the outer circumferentia
face of the epidemd cdl and the radid sde wal. These
microtubules could be newly nuclested a that locus, or they could
have grown dong the radid wal and then spilled over onto the
outer surface. Either way, they do not share the dignment of the
exiding array. These“ discordant” microtubulesincreasein number
in the new direction, while the existing microtubules either
depolymerize or re-grow in the new direction. Normaly,
microtubules are sufficiently well organized that populations can
be dassfied as “transverse,” “oblique,” or “longitudind.” That is,
there is an gpproximate, generd uniformity. We now believe thet
the transitiona stages of the reorganization represent the random:
looking mixtures of new and previoudy unclassified, old
microtubules (Lloyd, 1994). After the microtubules in the new
direction have replaced those in the old, the array must undergo
some kind of smoothing process to restare overdl order. We
hypothesize that proteins involved in the parale packing of
microtubules are likely to play an important role in this process.
By taking serid optica sections through microinjected cells, then
rotating the 3-D computer recongtructions, it is possibleto seethat
microtubules on the outer face of pea epidermd cdls can
sometimes be in a different orientation to the microtubules along
theradid sdewadls(Yuan et d., 1995). Thistendsto suggest that
reorientation occurs cell face by cell face (dthoughthereisnorule
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that microtubules need aways share the same orientation on

different facets of the same cdll). However, oblique arrays have
been seen in microinjected cdlls where microtubules wind in 45°
helices around dl surfaces of the cdll. Since these arays tend to
occur in the older parts of the internode, it is possible that they
represent thefina stage of the reorganization process, whereby the
paralelization process imposes an order that spreads to al cdll

surfaces. They could represent the “ best-fit” configurationfor cdls
no longer subjected to the strains of cell dongation.

This proposed method of reorientation—in which one set
appearsto be replaced by another in adifferent orientation—mey
not be the only method. It is important to keep open the
posshility that other mechanisms may occur in cels not
traumatized by excison from the gem, artificid increeseinthesize
of the tubulin pool through microinjection, physical damage from
the microneedle, horizonta placement, etc. Yuan et d. (1994) and
Wymer and LIoyd (1996) have seen another kind of reorientation.
Thisoccursin long epidermal cellswhere microtubules a one end
of the outer circumferentia cell face are oriented differently from
those &t the other end. In such cases, we have sometimes seen one
st gradudly adopt the dignment of the other. At the moment, we
do not know whether this is an dternative mechanism of
reorientation or part of the“smoothing” processthet restores order
after reorientation.

MICROTUBULESAND GRAVITY

Because the reorientation of microtubules in microinjected
cdlls occurs spontaneoudy and sporadicaly, it has been important
to find factorsthet trigger this process. Plant growth regulators are
known to do this (the effect of one of them is discussed below),
but more recently we have obtained data on the effect of gravity,
based on photo- and gravitropic studies pursued in Peter Nick's
laboratory. Himme spach et d. (1999) germinated maize seed under
continuous red light, and the coleoptiles were excised a three days.
Fixation and immunofluorescence sudies have shown thet cortica
microtubules are generdly transverse to the organ axisin verticaly
grown coleoptiles, but that, when they are gravisimulated by
horizontal placement of the coleoptile, they reorient themsdves
from transverse to longitudinad on the upper side and adopt a
transverse dignment on the lower side (Nick et a., 1990). Thisis
consigtent with the increased dongation of the cells on the lower
side, such that the growing coleoptile then bends upwards.

Figure 3 shows how this bending is thought to occur. When
maize coleoptiles grown in red light are placed horizontaly, the
coleoptile bends upward in response to gravity. The microtubules
in the epidermis on the upper side reorient themsdlvesto thelong
cdl axis (resulting in inhibited cell eongation), and the transverse
microtubules on the lower side encourage the e ongation thet results
in the bending. For the purposes of micrainjection, so that this
reorientation could be observed in living cells, Himmespach et dl.
(1999) glued coleoptiles horizontally to microscope dides using
medica adhesive. Conventiond fixation studies showed that more
than 75% of the microtubulesin epiderma cells on theupper flank
reoriented to steeply obliquellongitudind within one hour of
gravigimulation—hencethe graviresponse was not inhibited by the

62  Gravitational and Space Biology Bulletin 13(2), June 2000

attachment process. However, it was formaly possible that
attachment could set up stresses that could themselves trigger the
microtubule reorientation. To contral for this, coleoptiles were
atached to dides exactly as they would have been for
microinjection, then placed verticdly, i.e, without gravitropic
dimulation. No effect could be detected on microtubule
reorientation, indicating thet gravity wasthetrigger. Using thisst-
up, it was possible to microinject gravisimulated epidermal cells
on the upper surface of the coleoptile and observe them undergo
transverseto-longitudinal reorientation in response to 1-g. The
microtubul e response could be subdivided into three categories:

About 30 minutes after the onset of stimulation,
longitudina microtubules gppeared among the
previoudy transverse microtubules, giving the
array apatchwork gppearance.

The microtubules sorted out a new oblique
orientation in which the mixed order became
replaced by a new pardlel organizaion in the
new direction.

The angle of microtubule dignment often
increased smoothly over time to give a steeper,
near-longitudina pattern. This sequence was
similar to that seen in the earlier microinjection
studies on peaepidermis (Yuan et d., 1994) and
in the gibberdlic acid-induced reorientation
described below (except that this was in the
opposite  longitudinal-transverse  direction)
(Lloyd, et d., 1996).

Asdiscussed, the plant growth regulator gibberdllic acid can
stimulate stem elongation and convert longitudina microtubulesto
the transverse axis. Using pea epidermd cdlls microinjected with
fluorescent tubulin, Lloyd et d. (1996) first identified living cdlls
with longitudina micratubules and then added exogenous gibberdlic
acid to the cdlls under the microscope. A reversetrangitionto the
transverse orientation resulted. Asbefore, transverse “ discordant”
microtubul es gppeared, and the exigting longitudina microtubules
seemed to depolymerize as these microtubules grew. That is,
microtubules appear in the new direction, and there is a mixed
aignment for awhile before the new, pardld array sorts out the
new direction. In dl cases, it seems paradoxica that one st of
microtubules grows asthe old sat shrinks. Therefore, to understand
the mechanism involved, it will probably be necessary to
understand the molecular basis of microtubule stabilization. The
literature indicates that gibberellic acid physcdly sabilizes
microtubules. For instance, Mitaand Shibaoka (1984) showed that
pretrestment of onion lesf sheath cels with gibberdlic acid
stahilized the cortica microtubules against the depolymerizing
effects of cold or of an anti-microtubule herbicide Indwarf pea, the
gibberdlic acid-induced, longitudina-to-transversereorientationis
accompanied by modification of the tubulin polypeptides (Duckett
and Lloyd, 1994). Immunoblotting 2-D gelswith
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Figure 3. Different Microtubule Orientations on Opposite
Flanks Are Found in Maize Coleoptiles Bending in
Responseto Gravity. Maize coleoptiles placed horizontally bend
upwards. The epidermal cells on the lower side of the coleoptile
elongate more than those on the upper side. When the coleoptileis
placed horizontally, transverse microtubules in the vertically grown
tissue reorient themselves through 90° on the upper flank,

consistent with the decreased rate of cell elongation.

antibodies specific for particular tubulin epitopes has shown that
gibberellic acid causes the probable detyrosination of an apha
tubulin. Throughout eukaryatic cdll biology, this posttrandational

modification usualy accompanies converson of microtubules to
the steble gate. Theideaisthat stable tubules are agood subgtrate
for acarboxypeptidase that removesthetermind tyrosine resdue
more efficiently than it does from dynamic microtubules. More
recently, it has been shown that pretrestment of a maize cell

sugpension with gibberdlic acid dabilizes the protoplast
microtubules againgt being chilled (Huang and Lloyd, 1999). This
effect was accompanied by acetylation of a tubulin isotype—
another positrand aiona modification associated with microtubule
stabilization. Neither modification isthought to directly affect the
microtubule; instead such modifications are thought to indirectly
indicate changesin dynamicity imposed by other factors, such as
microtubule-associated proteins.

MICROTUBULE-ASSOCIATED PROTEINS (MAPS)

MAPs are generdly defined as the proteins that co-
polymerize with microtubules as they go through rounds of
temperature-dependent cycles of assembly/dis-assembly. This
definition origindly came from the animdl fidd, where microtubules
werefirg biochemicaly isolaed. Brains contain ahigh proportion
of tubulin, and it was found that—when caldum was chdated and
temperature increased—the tubulin in brain homogenates sdf-
assembled into microtubules that could be pelleted at low speed.
After severd rounds of assembly/dissembly, MAPs (theseinclude
the low- and high-molecular-weight MAPs, tau and MAP2,

respectively) could aso be seen to be purified. Since then, other
MAPs have been identified. For ingtance, the microtubule motor
protein kinesin is now a key player in microtubule biology.

However, it isnoteworthy that this protein was not isolated by the
classica methods. Accordingly, definitions should be sufficiently
flexible to include, for example, enzymes that could attach to
microtubules and modify their functiondity.

Plant MAPs may be sufficiently different from the well-
known anima MAPsto make searching for sequence homologiesin
the database unproductive. Our own approach has been to
biochemically identify proteins that associae with the
cytoskeleton. By extracting protoplasts with detergent, we have
produced resistant fibrous cytoskeletonsthat contain microtubules,
actin bundles, and the nucleus. We can then depolymerize the
cytoskeleta proteinsin cold, cacium-containing buffer andisolate
any potentia plant MAPs by pelleting them on taxol-stabilized
brain microtubules (Chan et d., 1996). In this way, we have
identified two groups of carrot proteins homologous to those
isolated by Jang and Sonobe (1993) from tobacco cels. The so-
cdled 65kDa proteins are afamily of three or more polypeptides
from 62-68kDa that gppear to be antigenicdly rdaed. In
immunofluorescence studies, anti-MAPG5 antibodies tain thefour
microtubule arrays around the cdl cycde. Recently, we have
separated the 65kDa MAPs from the 120kDaMAP in our carrot
MAP fraction and, in add-back experiments, shown that MAPE5
causes brain microtubulesto forminto tight, pardlel bundles (Chan
et d., 1999). In the eectron microscope, one can see the
microtubules cross-bridged by 25-30nm filaments, which are
regularly spaced dong thelength of the microtubule. In EM studies
of plant cdls, this is the spacing between microtubules, and it
would appear that MAPGE5 is responsble for the parale
arangement in vivo. A combingtion of 1) attachment to the plasma
membrane and 2) maintenance of aregular intermicrotubule distance
by MAPE5 goesalong way to explaining the typica organization
of the plant cel’s corticad aray. Microtubules from the
microinjection studies appear in amixed organization before they
redign and become smoothed in the new direction, and it is
probable that MAPE5 plays apart in this paralelization process.

We have seen three, sometimes four polypeptides in
immunoblots of the 65kDafamily, and further sudies are required
to determine the individua role of the members We were
previoudy unableto demondtrate abundling effect with the 60kDa
MAP, and it is therefore unclear at present whether

only one or some of the proteins can cross-link
microtubules,

their activity ismodified by posttrand ational
modification,

they form complexes,

thelr patterns of expression and activity change
according to the stage of the cdll cycle.

For instance, with the onset of cell division, cortical microtubules
dissppear from the ends of the cdl and bunch up into the
preprophase band (which foretdlsthe plane of cdll divison), and it
seems likely that some modification of the cross-linking activity of
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MAPG5 must occur in the process., Concerning the interphase
array itsdlf, the ability of MAPG5 to form stable microtubule
bundles in vitro is ostensibly inconsistent with the observed
dynamicity of the cortical microtubules in vivo. For thisreason, it
is possble tha some process, such as postrandationd
modification, regulatesthe activity of the 65kDaMAPS, switching
them on and off. Such signaling processes may be part not only of
cdl cycle progression but also of the response to plant growth
regulators, such as gibberdlic acid, which are known to modulate
the behavior of plant microtubules.

Modds of the influence of microtubules on cdlulose
biosynthesis must be updated to account for the presence of
filamentous MAPs on the corticd aray (see Giddings and
Staehdin,1991). We know too little to decide definitively between
direct modes (in which microtubules and cdllulose synthases are
directly linked) and indirect models (in which microtubules form
the channels above which the synthases fredy move). However, in
both models the cross-bridging of adjacent microtubules would
have an effect on the hypothetica mechanisms. According to the
indirect models, synthases move in the membranous lanes between
microtubules. In principle, there could be two sorts of “lanes”
depending on the precise organization of the microtubules.
According to the first modd, the synthases could move in lanes
between adjacent bundles of microtubules. In this case, the
interbundle channels would dmogt certainly be variadle if the
bundles are not bridged to each other. Insuchaloose modd, there
would be an gpproximate rdationship, instead of a 1.1 relaionship,
between tubule and microfibril. However, it ispossibleto envisage
atight verson of the indirect modd, in which synthases move in
the narrower lanes directly above pairs of microtubules bridged by
MAPG5. The ca. 25nm cellulose-synthesizing rosettes would be
accommodated by the 25-30nm intermicrotubule space maintained
by MAPE5 cross-bridges. In this tight, indirect modd, paired
microtubules form a defined “railroad track,” for which MAP65
molecules form the ties (or deepers). This verson predicts that
exact 1:1 matcheswill be found between pairs of microtubulesand
individud microfibril as they are being deposited. However, this
will be sengitive to the visudization technique. It is unlikely that
such a relaionship would be revealed by smply comparing an
dready-deposited lamdld s pattern of fibrilswith afixed image of
the microtubule array. The latter, we now know, is so dynamic
that, by the time an entire lamella is deposited, fine details of
patterning will have been lost by turnover.

Although it is till too early to decide between direct and
indirect modds for the influence of microtubules on cellulose
dignment, it seems increasingly likdy hat MAPs play an
important part in the determination of wall texture.
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