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Regulation of cell expansion by the DISTORTED genes in Arabidopsis
thaliana : actin controls the spatial organization of microtubules
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Abstract The control of the directionality of cell ex-
pansion was investigated using a class of eight genes, the
so-called DISTORTED ( DIS) genes, that are required
for proper expansion of leaf trichomes in Arabidopsis
thaliana. By tracing the separation of latex beads placed
on the trichome surface, we demonstrate that trichomes
grow by diffuse rather than tip growth, and that in dis
mutants deviations from the normal orientation of
growth can occur in all possible directions. We could not
detect any differences in intracellular organization be-
tween wild-type and dis-group mutants by electron
microscopy. The analysis of double mutants showed that
although the expression of the dis phenotype is gener-
ally independent of branching and endoreduplication,
dis mutations act synthetically in combination lesions in
the ZWI gene, which encodes a kinesin motor protein.
Using a MAP4:GFP marker line, we show that the
organization of cortical microtubules is affected in
dis-group mutants. The finding that most dis-group
mutants have actin defects suggested to us that actin is

involved in organizing the orientation of microtubules.
By analyzing the microtubule organization in plants
treated with drugs that bind to actin, we verified that
actin is involved in the positioning of cortical microtu-
bules and thereby in plant cell expansion.

Keywords DISTORTED genes Æ Cell expansion Æ
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Introduction

During differentiation, many plant cells undergo an
enormous degree of expansion (Cosgrove 1997). Cell
expansion requires the coordination of various processes
including cell wall loosening, control of the turgor
pressure necessary to provide the mechanical force for
expansion, and the incorporation of new cell wall ma-
terial (Carpita and Gibeaut 1993; Pritchard 1994;
Cosgrove 1999). Because newly synthesized cellulose
microfibrils are often coaligned with cortical microtu-
bules (Green 1962), it has been proposed that microtu-
bules are important for the spatial control of cellulose
deposition, though various exceptions have been de-
scribed which indicate that alternative mechanisms must
exist (Baskin 2001). The importance of the cytoskeleton
in expansion growth has been demonstrated by drug
inhibitor experiments both in cells that show tip growth
as well as in cells with diffuse growth zones. In tip-
growing root hairs the application of actin-perturbing
drugs causes the cessation of cytoplasmic streaming and
root hair growth, suggesting that actin is required for the
actual growth processes (Miller et al. 1999). Application
of microtubule-perturbing drugs results in broadening of
the very tip, wavy growth and the formation of new
growth points, indicating that microtubules are impor-
tant for maintaining the directionality of growth by
localizing growth to the very tip (Miller et al. 1997; Bi-
bikova et al. 1999). Similarly, diffusely growing cells
respond to actin-perturbing drugs with reduced growth
and to microtubule inhibitors with a change from
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Gyrhofstr. 15, 50931 Köln, Germany
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anisotropic growth to isotropic growth (Baskin et al.
1994; Baluska et al. 2001).

How microtubules become aligned and how the di-
rectionality of cell expansion is controlled is largely
unknown. Several mutants have been described in
Arabidopsis (ton1/ fass, mor1, botero1, spk1, fra2 ,
cobra) that show cell elongation defects correlated with
abnormalities in the organization of the microtubule
cytoskeleton, and the cloning of some of these has
revealed that they code for proteins with sequence sim-
ilarities to microtubule-associated proteins (Traas et al.
1995; Bichet et al. 2001; Burk et al. 2001; Schindelman
et al. 2001; Whittington et al. 2001; Qiu et al. 2002). The
recent observation that the actin-perturbing drug
latrunculin B causes a reorientation of microtubules has
suggested that actin might be involved in the orientation
of microtubules (Blancaflor 2000).

One goal of thisworkwas toassess this possibility using
actin-perturbing mutants that show an unexpected defect
in the directionality of cell expansion in leaf hairs (tric-
homes) (Mathur et al. 1999; Szymanski et al. 1999).
Normal trichome development is characterized by an
initial expansion of the trichome cell from the epidermis,
the subsequent initiation of twobranch points and a phase
of rapid cell expansion (Hülskamp et al. 1994; Schwab
et al. 2000; Hülskamp 2000). Concomitant with this
development is an increase in the DNA content, which
results in a mature trichome having a DNA content of
32C. Treatment with drugs that affect microtubules leads
to reduced branching (Mathur and Chua 2000). In addi-
tion, trichome cells exposed to such agents show isotropic
growth, indicating a total loss of polar growth. Trichomes
on plants treated with actin inhibitors show distorted
shapes (Mathur et al. 1999; Szymanski et al. 1999).
Branching is normal, but the proportions and direction-
ality of growth are strongly disturbed.More than a dozen
branching mutants have been described that have either
more or fewer branches than normal (Marks 1997; Op-
penheimer 1998; Hülskamp et al. 1999). Some of these
mutants showa reducedDNAcontent and fewer branches
or an increased DNA content and more branches in tric-
homes, suggesting that DNA content is correlated with
branch number. In contrast to trichomes treated with
microtubule inhibitors, none of the mutants showed iso-
tropic growth. A second class of eight mutants exhibits
trichomes with distorted growth and it has been shown
that some of these have defects in actin organization.

In order to analyze further the role of the actin and
microtubule cytoskeleton, we studied the eight dis-
group mutants in more detail. We show that trichomes
are diffusely growing cells, and that expansion growth is
affected in dis-group mutants. Our genetic analysis re-
vealed that the expression of the distorted phenotype is
dependent on ZWI, a kinesin motor molecule, suggest-
ing an interdependence of actin and microtubules in cell
morphogenesis. This view was confirmed by the finding
that the microtubule cytoskeleton itself is affected in
plants exposed to actin-perturbing drugs, as well as in
the dis-group mutants.

Materials and methods

Plant material and plant culture

The Arabidopsis thaliana Landsberg erecta ecotype was used as the
wild-type reference. The following mutants have been described
previously: dis1-1, dis2-1, crk-EM1, ali-EM1, grl-EM1, klk-
EM1, spi-EM1, wrm-EM1, sti-EMU, sti-40, sti-X44, nok-122,
an-EM3, zwi-EM1, try-EM2 and gl3-1 (Hülskamp et al. 1994;
Folkers et al. 1997). Sixteen new dis mutants were isolated after
mutagenesis with EMS in a screen of approximately 5000 single
lines carried out as described previously (Hülskamp et al. 1994).
The new mutants described in this study are: dis2-195, dis2-36 , grl-
245, klk-73, spi-24, spi-143, spi-174, spi-89, spi-241, spi-273, spi-
287, spi-291, spi-296, spi-302, wrm-54, wrm-305. All plants were
grown on soil under constant illumination at 25�C.

Double mutants with mutations in a dis-group gene and in a
gene affecting branching or endoreduplication were constructed by
preselecting F2 plants for the phenotype of the respective single
mutant. Their self-progeny was scored for the phenotype of the
dis-group mutant. Double mutants were confirmed by backcrosses
with both parental lines.

Genetic mosaics were generated and analyzed as described
previously (Hülskamp et al. 1994; Schnittger et al. 1996).

Molecular mapping of DIS-group genes

The map positions of SPI, CRK, ALI and WRM were determined
by mapping of recombination breakpoints in the progeny of a cross
between each dis-group mutant (Landsberg erecta) and wild type
(Columbia-0). Details and PCR-conditions for all SSLP and CAPS
markers are described in the Arabidopsis database (AtDB; http://
www.arabidopsis.org). The recombination frequencies were calcu-
lated based on populations of 50 plants ( SPI, CRK, ALI, WRM)
and 120 plants ( KLK), respectively: SPI lies 2 cM from nga59 and
8 cM from nga63; WRM maps 20 cM from nga162 and 30 cM
from nga126; CRK lies 3 cM from GA1, 14 cM from nga8, and
20 cM from Det1; ALI is 2 cM from GA1, 12 cM from nga8, and
16 cM from Det1; KLK lies 9 cM from nga151, 5 cM from
nga106, and 6.5 cM from NIT4.

Microbead labeling of trichomes and determination
of expansion rates

To monitor the rate of distorted trichome growth, rosette leaves
were dissected so that they were still attached to the hypocotyl.
These were placed on a drop of MS agar in a depression slide,
labeled with polylysine-coated latex beads (2 lm, Sigma 0280;
Staebell and Soll 1985), immersed in water and covered with a
coverslip. The rates of branch torsion were determined from mi-
crographs taken immediately after applying the beads and after
12 h at 23�C. To determine the expansion rates along the longi-
tudinal cell axis, the distances between between individual bead
pairs were determined. Expansion rates were standardized by ex-
pressing the expansion between two beads as a percentage of the
expansion growth of the whole branch. To enable a comparison
between different branches, each trichome branch was subdivided
into 10 equal intervals and expansion rates were determined within
each of these intervals.

Results

Isolation and mapping of new dis-group mutations

The DIS group comprises eight genes: DISTORTED1
(DIS1), DISTORTED2 (DIS2), CROOKED (CRK),
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SPIRRIG (SPI), ALIEN (ALI), KLUNKER (KLK),
WURM (WRM) and GNARLED (GRL) (Hülskamp
et al. 1994). Because most of the eight DIS comple-
mentation groups are represented by only one or two
alleles, we performed a new screen for trichome mutants
in order to search for new alleles and new complemen-
tation groups. We found 16 new dis-like mutants that
were allelic to one or other of the known complemen-
tation groups. We identified two new distorted2 (dis2)
alleles, one new gnarled (grl) allele, one new klunker
(klk) allele, two new wurm (wrm) alleles and 10 new
spirrig (spi) alleles (see Materials and methods). In ad-
dition we have shown that the previously described
singed mutation (Marks and Esch 1992) is an allele of
the SPI locus.

Our molecular mapping of the DIS-group genes re-
vealed distinct chromosomal map positions for each of
the DIS-group genes. No apparent clustering on any
particular chromosome was observed (Fig. 1).

Analysis of genetic interactions between dis-group
mutants

The existence of eight dis-complementation groups
whose mutants display similar phenotypes suggested to
us that the corresponding genes act in the same molec-
ular process. To test this genetically, we grouped the
mutants into three classes according to the severity of
their phenotypes, with dis1 and dis2 showing the
strongest phenotype, wrm, klk, cro, ali and grl dis-
playing a somewhat weaker phenotype, and spi showing

the weakest phenotype. Double mutants were created
between individual members of different groups or
between members within a group ( dis1 klk, spi dis1, crk
spi, crk dis2, crk wrm, spi wrm). All double mutants
displayed an additive phenotype (data not shown).
These results suggest that the dis-group mutants ana-
lyzed indeed act in the same process and do not function
in a redundant manner.

Analysis of genetic interactions between dis-group
mutations and other mutations that cause defects
in trichome morphogenesis

We created double mutants in which a dis-group mu-
tation was introduced into representatives of two other
classes of trichome morphogenesis mutants: branching
mutants and endoreduplication/cell size mutants. Rep-
resentative phenotypes are shown in Fig. 2 and branch
counts for each of the mutant combinations are sum-
marized in Table 1.

To test whether the distorted phenotype depends on
the DNA content and/or the cell size, we combined
dis-group mutations with triptychon (try) mutations
(Fig. 2I and J) and with glabra3 (gl3) mutations
(Fig. 2K and L); try mutants have twice the DNA
content of wild-type trichomes and have more branches,
and gl3mutants have half the DNA content of wild-type
trichomes and are less branched (Hülskamp et al. 1994).
All double mutants had an additive phenotype, indi-
cating that the expression of the distorted phenotype is
independent of the DNA content/cell size.

Fig. 1 Map positions of the
DIS-group genes. The map
positions of the markers
according to the Arabidopsis
database (AtDB; http://
www.arabidopsis.org) are
shown in parentheses. The
mapped DISa-group genes are
shown relative to the markers
used for recombination
mapping (for details see
Materials and methods). The
map positions for DIS1, DIS2,
KLK and GRL have been
published previously
(Hülskamp et al. 1994)
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Four representative trichome branching mutants
were chosen that display either more branches such as
noeck (nok), fewer branches such as angustifolia (an), no
branches such as stichel (sti) or reduced branching
combined with reduced branch growth such as zwichel
( zwi). Double mutant combinations of dis-group mu-
tants with an, sti and nok exhibited an additive phe-
notype (Fig. 2A, D, G and H). The number of initiated
branches was unchanged as compared to the respective
branching mutant and growth distortion was indistin-
guishable from that seen in dis-group mutants, sug-
gesting that the DIS-group genes do not interact
genetically with the branching genes. This was also ob-
served for all dis-group zwi double mutants; however,
in this case we also found a new phenotype (Fig. 2E and
F). While in the single mutants the tips of branches were
always pointed, the tip of the main branch in double
mutants had a rounded, almost blunt form. This syn-
thetic phenotype thus suggests a connection between the
DIS and ZWI pathways.

Clonal analysis of DIS-group genes

In a previous study (Hülskamp et al. 1994), a clonal
analysis of two DIS genes was reported. Starting from a
heterozygous dis mutant plant, the wild-type allele was
mutated by EMS mutagenesis in somatic sectors. Under
these conditions, two aspects of the function of the re-
spective genes could be analyzed: first, whether the genes
acted cell autonomously, and secondly, whether more
severe phenotypes were observed in small sectors. The
latter would, for example, be expected if strong

Fig. 2A–L Genetic interactions between dis-group and branching
and endoreduplication/cell size mutants. Scanning electron micro-
graphs of single and double mutants are shown. A sti. B sti dis2.
C an. D an wrm. E zwi. F zwi dis1, note the blunted tip (arrow).
G nok. H nok crk. I try. J try klk. K gl3. L gl3 wrm

b

Table 1 Number of branch points in single and double mutants

Mutant Percentage of trichomes with the indicated
number of branch pointsa

0 1 2 3 4 5 6 7

sti dis1 97 3 - - - - - -
sti-EMUb 86 14 - - - - - -
try dis1 - 1 6 46 35 11 1
try-EMU1 - 4 25 44 24 4 - -
nok dis1 - - 7 52 36 4 1 -
nok-122b - - <1 18 51 20 10 1
an dis1 3 96 1 - - - - -
an-EM1 2 97 1 - - - - -
zwi dis1 7 93 - - - - - -
zwi-EM1 7 93 <1 - - - - -
gl3 dis1 16 80 4 - - - - -
gl3 13 85 2 - - - - -

aThe values for the double mutants (shown in bold) were obtained
in the present study: the other data are from Folkers et al. (1997)
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mutations were lethal and only weak mutations were
compatible with survival to give adult plants. Here we
subjected alleles of the genes CRK, ALI, WRM, GRL,
KLK and SPI to clonal analysis. Homozygous mutant
sectors were generated by EMS mutagenesis of the re-
spective heterozygous dis-group mutant seeds. Cells in
which the single wild-type allele has undergone a mu-
tation become homozygous mutant, and if the gene
concerned acts locally, their descendants can be recog-
nized as a distorted mutant sector (Fig. 3). Because
sectors can only be recognized on the basis of mutant
trichome cells, the resolution of this type of analysis is
limited, though it was sufficient to classify DIS1and
DIS2with respect to their local requirements (Hülskamp
et al. 1994). In order to control the efficiency of the
mutagenesis, we used double heterozygous combinations
of the dis-group mutants with stichel (sti), which has
been shown previously to act locally (Schnittger et al.
1996). Distorted mutant sectors were found for all six
dis-group mutants (Table 2) suggesting that mutations
in a group of cells could not be rescued by wild-type cells
nearby. A more detailed analysis of the sectors revealed
that the trichome phenotypes in mutant sectors were no
stronger than those associated the corresponding dis
germline allele. Thus, none of the newly induced muta-
tions enhanced the phenotype. The assumption that
strong alleles are incompatible with survival and the
known alleles represent hypomorphic alleles is therefore
unlikely to be true.

dis- group mutants affect the directionality
of cell expansion

To determine whether trichomes are tip-growing cells or
diffusely growing cells we applied 2 lm polylysine-
coated latex beads to the surface of young trichome cells
and determined growth rates using the beads as surface
markers (Fig. 4A). The relative growth rates were cal-
culated separately for 10 regions along the growth axis.
As shown in Fig. 4B, growth was found along the whole
cell axis. Although growth rates were higher in the tip
region than at the base, the growth mode is clearly dif-
ferent to that of tip-growing cells, where growth is found
exclusively at the very tip. Trichome cells can therefore
be considered to be diffusely growing cells.

Growth of dis-group mutant trichomes is indistin-
guishable from wild type until branch initiation is
complete (Fig. 5). Later stages are characterized by
highly variable growth distortions. Trichome cells may
bulge out, branches may twist around their axis and
often only one branch elongates at the expense of the
others. Except for the spi mutant, which has a slightly
weaker phenotype, the phenotypic range was similar in
all dis-group mutants.

The random growth of dis-group mutant trichomes
suggested to us that they are affected in the directionality
of cell expansion. To assess this, we used the latex-bead
technique to monitor growth directionality in dis-group

Fig. 3A–C Clonal analysis of dis-group mutants. Examples of
dis-group mutant trichome sectors. The dotted lines mark clone
boundaries. A An ali mutant trichome sector. B A crk mutant
trichome sector. C A spi mutant trichome sector

Table 2 Frequency of distorted and stichel sectors

Genotype Number of
dis sectors

Number of
sti sectors

Ratio of
dis sectors
to sti sectors

ali 21 5 4.2
klk 21 14 1.5
grl 10 6 1.6
spi 6 2 3.0
crk 6 17 0.4
wrm 6 11 0.5
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mutants. While in wild-type trichomes growth was
strictly aligned with the growth axis, dis-group mutants
showed various alterations (Fig. 6). First, the tip of the
expanding branch remains unchanged and the region
below begins to expand like a balloon in all directions
perpendicular to the growth axis. In this situation beads
move apart along the radial axis (Fig. 6A). Second, a
rotation of the branch around its growth axis can occur,

Fig. 4A, B Growth mode of
trichomes. A The positions
of individual latex beads
(examples a,b and c marked in
white) were mapped within a
defined interval (x,y).
Their positions are shown
immediately after application
(left) and 12 h later (right).
B The percentage contribution
(relative growth rates) to total
growth of 10 separate regions
along the leaf axis is plotted in a
schematic representation

Fig. 5A–T Development of dis-group mutants. Scanning electron
micrographs of various developmental stages are shown. A–EWild
type. F–J crk mutant. K–O spi mutant. P–T wrm mutant. The
first column shows incipient trichomes before branching. The
second column shows trichomes with one branch. In the third
column trichomes are shown that already have three branches. Note
that the first subtle deviations from wild type may be seen in these
stages. The fourth column shows trichomes with elongated
branches. Here, growth distortions are already quite pronounced.
The fifth column shows mature trichomes
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and the three labeled beads move from left to right rel-
ative to the branch axis (Fig. 6B). Third, the whole
branch bends away from the normal direction of growth
(Fig. 6C). Generally, all these variations are observed in
all mutants and on the same leaf, suggesting that they
occur at random.

Interestingly, the pattern of papillae on the trichome
cell surface is similar to that seen in our latex-bead ex-
periments, suggesting that the positions of the papillae in
the cell wall are laid down early in trichome morpho-
genesis and hence can be used as a marker for the
morphogenetic ontogeny of the individual trichome cell
(Fig. 5J and T).

dis2 but not spi mutants are affected in the
organization of the actin cytoskeleton

In previous studies it has been shown that drug treatments
that destabilize the actin cytoskeleton result in a pheno-
copy of dis-group mutants, and conversely that the dis-
group mutants have defects in the organization of the
actin cytoskeleton (Mathur et al. 1999; Szymanski et al.
1999). This has been shown for all dis-group mutants
except dis2and spi.We used a transgenicGFP-talin line to
analyze the actin organization in dis2and spimutants. As
shown in Fig. 7D, the actin organization in dis2mutants
was aberrant, actin filaments were shorter than normal
and not oriented longitudinally. In contrast, the actin
cytoskeleton in spi mutants was indistinguishable from
that of the wild type (Fig. 7B and C).

As the distortion of the actin cytoskeleton appears to
be the primary defect in most of the distorted mutants,
we wished to determine the earliest time point at which
the actin defects could be recognized. For practical

reasons, we used transgenic crk mutants containing the
GFP-talin construct for this analysis, because this line
exhibited the best labeling in our hands. The earliest
time point during development at which we could rec-
ognize convincing deviations from wild type was after all
branches had been initiated and when trichome branches
were already expanding (Fig. 7E). This developmental
stage roughly corresponds to the growth phase during
which the distorted growth was observed in the bead
experiments. As a certain degree of randomness is also
observed in wild type, we lack clear-cut criteria that
would allow us to rule out the possibility that subtle
actin defects may occur even earlier.

Distortions of the actin cytoskeleton
affect the organization of the microtubules

It is well established that changes in the directionality of
cell expansion involve rearrangements of the cortical
microtubules, and that these in turn direct rearrange-
ments of cellulose microfibrils and thereby alter cell
shape. We wanted to know whether the observed cell
shape changes in dis mutants also involved changes in
microtubule organization. In order to study the orga-
nization of the microtubule cytoskeleton directly we
used a 35S:MAP:GFP line. As shown in Fig. 8A and B,
microtubules in dis-group mutants did not show the
typical longitudinal arrangement seen in wild type. In-
stead, cortical microtubules closely followed all twists
and curves of the cell.

In order to demonstrate that this difference in mi-
crotubule organization is related to the actin phenotype
of most of the distorted mutants and not related to other
as yet undefined functions of the DIS-group genes, we

Fig. 6A–F Directionality of
expansion growth in dis-group
mutants. Trichomes labeled
with latex beads are shown
immediately after bead
application (A, C and E) and
12 h later (B, D and F). A, B
The trichome branch widens as
indicated by the two marked
latex beads moving apart. C, D
The trichome branch rotates
about its axis as revealed by the
marked latex beads moving to
the left. E, F The trichome
branch bends toward the center
as seen by the shift in the axis
between two marked beads
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tested whether drug induced perturbation of actin also
results in alterations in the organization of the micro-
tubule cytoskeleton. Using the actin perturbing drug
cytochalasin B we found that trichomes showed a
distorted phenotype, and as was found in dis-group
mutants, the microtubules closely followed the outlines
of the cells (Fig. 8C and D).

Cell biological analysis of dis-group trichomes

Transmission electron microscopy was used to compare
the distribution of cellular components in wild-type and
dis-group trichomes (Fig. 9). The density of cortical
microtubules was similar in wild type and dis-group
mutants (Fig. 9D and H). Closely associated with the
microtubules we found vesicles in both wild type and
dis-group mutants (Fig. 9C and G). Also the thickness
and structure of the cell wall was the same in wild-type
and dis-group mutant cells.

Discussion

The organization of both fibrous actin and microtubules
plays an important role in the growth of tip-growing as
well as diffusely growing cells, though their relative
contribution seems to be different in each case. While
microtubules are involved in the spatial control of
growth, actin seems to play a more general role in the
actual process of growth (Miller et al. 1997; Bibikova
et al. 1999; Baluska et al. 2001; Dong et al. 2001). It
was therefore surprising to find that actin perturba-
tions in trichomes resulted in a defect in growth direc-
tionality.

dis- group mutants are affected in the directionality
of expansion growth

During trichome cell growth two growth phases can be
distinguished (Hülskamp 2000). An initial growth phase
during which cell form is established, including the for-
mation of three branches, is followed by rapid cell ex-
pansion. dis-group mutants specifically affect the second
growth phase. This is suggested by two observations.
First, the genetic analysis indicates that the expression of
the dis-group phenotype is independent of the branch-
ing and endoreduplication genes, which act earlier.
Second, in dis-group mutants the first deviations from
wild type are seen only after branch initiation is com-
plete.

Fig. 7A–E Actin organization in dis-group mutants. Fluorescence
micrographs of trichome cells in which the actin cytoskeleton was
labeled by the incorporation of talin:GFP. A Wild-type branch of
a trichome. B A spi mutant; central region of a trichome showing
the nucleus. C A spi mutant trichome with an intact actin
cytoskeleton. D A dis2mutant trichome. Note that the actin
organization is aberrant. E A crk mutant; the youngest stage
found to exhibit actin distortions

Fig. 8A–D Microtubule organization in dis-groupmutant trichomes
and cytochalasin B-treated trichomes. Fluorescence micrographs of
trichome cells in which the microtubule cytoskeleton was labeled by
the incorporation of GFP:MAP4. A Wild-type trichome. B A dis2
mutant. Note that the microtubules closely follow the outlines of the
trichome cells. C Cytochalasin B-treated wild-type trichome. D
Higher magnification of C
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It has previously been proposed that trichomes grow
by diffuse growth because late stages of trichome growth
involve increases in both length and diameter (Szy-
manski et al. 1999). Although the finding that radial
growth does not take place only at the tip showed, by
definition, that the trichome cell grows by a diffuse
growth mechanism, it remained unclear whether the
enormous growth along the main growth axis takes
place only at the tip or over the entire cell surface. We
assessed the mode of cell expansion directly by labeling
the cell surface with small latex beads and following
their movement during cell growth. Our experiments
clearly demonstrate that trichome expansion involves
the whole cell body, and that the relative contribution of
growth is approximately four-fold higher in the tip re-
gion than at the base of a trichome branch. Using the
bead-labeling approach we could also resolve the growth
distortions in the dis-group mutants in more detail. By
focusing on a particular surface area we found that in

the mutants expansion growth could be altered in all
possible dimensions, indicating that expansion growth is
randomly altered at the subcellular level.

The dis-group growth phenotype in root hairs
and trichomes: a comparison

At least four mutants, rhd3, rhd4, tip1and cow1, have
been identified that show a root-hair phenotype remi-
niscent of the trichome phenotype observed in dis-group
mutants (Schiefelbein and Somerville 1990; Schiefelbein
et al. 1993; Grierson et al. 1997; Ryan et al. 1998). Root
hairs are wavy and vary in diameter. These mutants
show no defects in leaf trichome morphogenesis, indi-
cating that the control of the directionality of cell ex-
pansion differs between the tip-growing root hairs and
the diffusely growing trichome cells. Only the rhd3mu-
tant has been studied in more detail. The RHD3gene
encodes a protein containing putative GTP-binding
motifs, and it was shown that rhd3mutant root hairs
have a smaller vacuole and an abnormal vesicle distri-
bution in the tip region (Galway et al. 1997; Wang et al.
1997). As none of the eight distorted mutants shows a
root hair phenotype under normal growth conditions, it
is conceivable that the DISTORTED genes act in a
different pathway from that mediated by the root-hair
morphogenesis genes.

The roles of the actin and microtubule systems ap-
pear to differ in root hairs and trichomes, judging from
the results of inhibitor experiments. In trichomes, both
microtubules and actin are important for growth

Fig. 9A–H Ultrastructural analysis of wild-type and dis-group
mutant trichomes. Transmission electron micrographs of wild-type
( B–D) and dis2mutant trichomes ( F–H) are shown. A Schematic
drawing depicting the section shown in B and C (shown in black)
relative to the whole trichome. B Wild-type trichome showing the
central body of the trichome cell. The arrow indicates the area
shown at higher magnification in C. C Higher magnification of B.
Note the cortical microtubules and vesicles (arrows). D Higher
magnification of the cortical area. Note the cortical microtubules.
E Schematic drawing showing the sections displayed in F and G
(shown in black). F Central region of a dis2mutant trichome. The
region shown at higher magnification in G is indicated by an
arrow. HHigher magnification of a cortical region of a dis2mutant
trichome. The arrows indicate microtubules
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directionality. In root hairs, microtubules are involved
in restricting growth to the tip, whereas actin is abso-
lutely required for growth as such. However, it has been
observed that the actin perturbing drug latrunculin B
has a more profound effect on the growth of pollen tubes
than on cytoplasmic streaming, indicating that localized
actin polymerization plays a role in growth and there-
fore actin distribution contributes to growth direction-
ality (Vidali and Hepler 2001). Whether, as has been
suggested for other actin-based growth systems (Mitch-
ison and Cramer 1996), actin is involved in the posi-
tioning of microtubules in plants is unknown.

Does actin control the organization of microtubules
in trichomes?

In maize roots, the application of the actin-perturbing
drug latrunculin B results in the swelling of cells in the
elongation zone (Blancaflor 2000). Concomitantly with
this change from anisotropic to isotropic growth, the
microtubules also reorient, forming oblique instead of
transverse arrays, suggesting that actin is involved in the
positioning of microtubules. In our study we made two
observations that support the idea that actin is also in-
volved in the spatial control of microtubules during
trichome cell expansion or at least some aspects of it.
The first observation is that all dis-group mutants show
blunted tips when combined with mutations in the mi-
crotubule-based kinesin motor molecule ZWI (Reddy
et al. 1996, 1997; Oppenheimer et al. 1997; Song et al.
1997). As all single mutants exhibit pointed tips, this
phenotype is new. Such a genetic interaction is generally
interpreted as indicating that the two genes act together
in a given process. Given the molecular nature of ZWI, it
is therefore attractive to speculate that actin and mi-
crotubules act together during cell expansion leading to
tip formation. This interpretation is supported by the
fact that the ZWI protein contains a domain with se-
quence similarity to the actin-binding protein talin,
which suggests that ZWI is directly involved in cross-
talk between microtubules and the actin cytoskeleton
(Reddy 2001).

The second observation that supports a role for actin
in microtubule organization during trichome cell
expansion is that microtubule orientation is altered in
dis-group mutants and also in trichome cells treated with
actin-perturbing drugs. Because actin microfilaments are
known to serve as intracellular tracks for secretory
vesicle transport to the plasma membrane at growth sites
(Fowler and Quatrano 1997; Schmidt and Hall 1998), it
has been speculated that the distorted phenotype is
caused by inappropriate intracellular trafficking
(Mathur et al. 1999; Szymanski et al. 1999). Cell wall
areas that receive more material would expand at the
expense of other regions. In this scenario one would
expect that cell form changes should not be linked to the
organization of microtubules, such that cortical micro-
tubules should be arranged longitudinally irrespective of

the actual cell form. This is not the case, as is particu-
larly obvious in situations where the branch twists like a
corkscrew. Here one would expect that the twisting of
the cell caused by inappropriate actin based intracellular
transport would not be accompanied by a twisted mi-
crotubule network. In such situations, however, micro-
tubules closely follow the outline of the cell, suggesting
that actin is involved in the organization of microtu-
bules. It would therefore be very exciting to perform a
high resolution analysis of the relative position of actin
microfilaments and microtubules during their reorien-
tation in the course of trichome development.
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