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Plants encode at least two ancient and divergent classes of actin, reproductive and vegetative, and
each class produces several subclasses of actin isovariants. To gain insight into the functional
significance of the actin isovariants, we generated transgenic Arabidopsis lines that expressed a
reproductive actin, ACT1, under the control of the regulatory sequences of a vegetative actin gene,
ACT2. In the wild-type plants, ACT1 is predominantly expressed in the mature pollen, growing
pollen tubes, and ovules, whereas ACT2 is constitutively and strongly expressed in all vegetative
tissues and organs, but not in pollen. Misexpression of ACT1 in vegetative tissues causes dwarfing
of plants and altered morphology of most organs, and the effects are in direct proportion to
protein expression levels. Similar overexpression of ACT2 has little effect. Immunolocalization of
actin in leaf cells from transgenic plants with highest levels of ACT1 protein revealed massive
polymerization, bundling, and reorganization of actin filaments. This phenomenon suggests that
misexpression of ACT1 isovariant in vegetative tissues affects the dynamics of actin and actin-
associated proteins, in turn disrupting the organization of actin cytoskeleton and normal devel-
opment of plants.

INTRODUCTION

Actin is a multifunctional protein that mediates a number of
important cellular processes in plants, including program-
ming cell polarity, tip growth, cell shape and division plane
determination, cell elongation, cell differentiation, cytoplas-
mic streaming, organelle movement and positioning, and
cellular responses to external stimuli such as pathogen at-
tack and incompatible growth of pollen in the pistil (Kost et
al., 1999; Nick 1999; Meagher et al., 2000; Staiger, 2000;
Wasteneys, 2000). The functional diversity of actins is re-
flected in the diversity within plant actin gene families,
which often contain dozens of actin sequences (Meagher and
Williamson, 1994). In the model plant Arabidopsis, there are
eight actin genes that are expressed in a tissue-specific man-
ner. Based on their phylogeny and expression pattern, those
eight genes can be grouped into two major classes: vegeta-
tive and reproductive. The vegetative class is comprised of
two subclasses of genes (Figure 1A), and both of them are
expressed in nearly all the vegetative organs (An et al.,
1996b; McDowell et al., 1996a; Meagher et al., 1999b). The
reproductive class comprises three subclasses (Figure 1A),
all of which are strongly expressed in the mature pollen and

growing pollen tubes (An et al., 1996a; Huang et al., 1996,
1997). The reproductive genes ACT1, ACT3, and ACT11 are
also expressed in ovules and to a certain extent in embryos
and young meristematic tissue (Meagher et al., 1999b). The
vegetative actins differ from the reproductive actins by only
4–7% at the amino acid level, yet they show distinct expres-
sion patterns and have not shared a common ancestor for at
least 350 million years. Moreover, the closely related pair of
genes within a subclass (e.g., ACT1 and 3 and ACT2 and 8;
Figure 1A) differs from each other by only a single amino
acid, but they have been maintained in the genome for
30–60 million years (McDowell et al., 1996b). These data
strongly suggest that there are functional constraints pre-
serving actin isovariant multiplicity, but it is still formally
possible that the protein sequence differences are due to
neutral drift, and natural selection has been acting primarily
to preserve the divergent regulatory patterns of plant actins.

We previously characterized the regulation of all eight
genes with measurements of RNA levels and expression of
reporter gene fusions (Meagher et al., 1999b). We are further
unraveling the functional importance of the actin isovariants
themselves by studying the protein expression patterns in
different tissues and organs by using isovariant-specific an-
tibodies (Kandasamy et al., 1999, 2001) and by characterizing
T-DNA insertion mutants that are defective in the expres-
sion of different actin isovariants (McKinney et al., 1995;
Gilliland et al., 1998). Mutations in most of the actin genes
analyzed so far produced only mild morphological pheno-
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types, when plants were grown on soil under normal
growth conditions (Gilliland et al., 1998). However, it still
seemed possible that ectopic expression of actins in trans-
genic plants would produce strong phenotypes and provide
valuable information regarding the physiological roles of the
actin subclasses. Ectopic expression has been widely used to
analyze the role of a variety of novel gene products, includ-
ing that of floral homeotic or organ identity genes in plants
(Mizukami and Ma, 1992; Uberlacker et al., 1996; Jack et al.,
1997; Kirk et al., 1998; Jang et al., 1999; Kater et al., 2000).
However, this type of misexpression study has not been
used to dissect the function of isovariants encoded by plant
cytoskeletal gene family members, although this method has
been successfully used to analyze the role of fly and animal
cytoskeletal gene products (Hutchens et al., 1997; Kumar et
al., 1997; Fyrberg et al., 1998). Herein, we examine the effects
on plant growth and development of ectopic expression of a
reproductive actin (ACT1) under the control of a vegetative
actin gene (ACT2) promoter. We chose ACT1 and ACT2

because they are the two most divergent and strongly ex-
pressed reproductive and vegetative actins, respectively, in
Arabidopsis. Therefore, the broad aim of our investigation is
to test the hypothesis that plant actin gene families contain
ancient and divergent isovariant subclasses that have spe-
cialized protein functions linked to their specific expression
patterns.

The data presented herein show that misexpression of
ACT1 in vegetative tissues is very toxic, when it makes up
significantly high level of the total actin pool, inducing
alterations in the organization of actin filaments and causing
severe structural and developmental perturbations in the
transgenic plants. The ACT1 misexpression-induced dwarf-
ism in plants, in addition to delayed flowering, significantly
reduced organ size and altered branching pattern of the leaf
trichomes and inflorescence stem. On the other hand, control
plants overexpressing ACT2 isovariant to similar levels did
not reveal any obvious phenotype. Our studies suggest that
even though ACT1 and ACT2 are structurally similar, hav-
ing �94% amino acid identity, they must have different
functional capabilities. Isovariant specialization and interac-
tion with the actin-associated proteins control F-actin assem-
bly and organization and thereby plant growth and mor-
phogenesis.

MATERIALS AND METHODS

Plant Material
Arabidopsis thaliana (ecotypes RLD and Columbia) plants were
grown on germination medium (Murashige and Skoog salts [Life
Technologies, Rockville, MD] and vitamins [Sigma, St. Louis, MO]
supplemented with 1% sucrose and 0.8% Phytagar [Life Technolo-
gies]) or on soil and maintained in growth chambers at 22°C with a
16-h photoperiod. Phenotypic assessments of wild-type and kana-
mycin-resistant transgenic plants were made at different stages of
development. For leaf length measurement, we used the two largest
rosette leaves from 15 plants each of dwarf, medium, and normal
transgenic plants at the time of bolting. To determine silique size,
we measured the length of two mature siliques from 10 plants
belonging to each category.

Construction of Binary Vectors and Plant
Transformation
Two constructs were made for the present ectopic expression study:
1) A2P-A1, a misexpression construct that contains the 1.1-kb full-
length ACT1 cDNA inserted between a 1.3-kb promoter and the
terminator region of ACT2 (Figure 1B); 2) A2P-A2, a control con-
struct in which the ACT1 cDNA was replaced with a 1.1-kb full-
length ACT2 cDNA (Figure 1B). The ACT2-promoter was polymer-
ase chain reaction (PCR) amplified from a genomic subclone
pACT2-H, and the ACT1 and ACT2 cDNAs were PCR amplified
from a mature flower library in the plasmid vector pCDNAII (In-
vitrogen, Carlsbad, CA) and ACT2 pCDNAII clone 3A1, respec-
tively. The expression plasmids were mobilized into the Agrobacte-
rium tumefaciens strain C58C1 and transformed into wild-type
Arabidopsis plants by vacuum infiltration. Transformants were se-
lected by plating the seeds on medium containing 35 mg/l kana-
mycin and examined for alterations in morphology.

Antibodies
We used the following three monoclonal antibodies to detect actin
either by Western blot analysis or by fluorescence microscopy: 1)
MAbGPa, a general plant-actin–specific antibody that detects all

Figure 1. Arabidopsis actin family and the specificity of anti-actin
antibodies. (A) Actin tree showing two major classes, reproductive
(Rep) and vegetative (Veg), and five subclasses of actin isovariants
that are encoded by eight expressed genes. Specificity of antibodies
is shown to the right. (B) Actin misexpression (A2P:A1) and over-
expression (A2P:A2) constructs used in the present study.
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eight expressed Arabidopsis actins (Kandasamy et al., 1999); 2)
MAb45a, a reproductive actin-specific antibody that reacts with
actin subclasses 4 and 5 representing ACT1, ACT3, ACT4, and
ACT12 (Kandasamy et al., 1999); and 3) MAb13a, an actin subclass-
specific antibody that reacts with actin subclasses 1 and 3 represent-
ing the two major vegetative actins ACT2 and ACT8 and the closely
related reproductive actin, ACT11 (Kandasamy et al., 2001; Figure
1A). Moreover, we used an anti-Hibiscus tubulin polyclonal anti-
body (courtesy of Dr. Richard Cyr, Pennsylvania State University,
Pennsylvania) to detect microtubules at the cellular level. An anti-
PEP carboxylase polyclonal antibody (Rockland, Gilbertsville, PA)
was used as control to monitor variations in protein loading or
transfer during electroblotting.

Western Blot Analysis
Protein samples from wild-type and transgenic Arabidopsis plants
were prepared and analyzed by Western blotting as described pre-
viously (Kandasamy et al., 1999). Equal loading and uniform trans-
fer of proteins to polyvinylidene difluoride membrane were moni-
tored by Coomassie brilliant blue staining of gels and probing of
identical blots or strips from the actin blots (�80-kDa region) with
a control anti-PEP carboxylase antibody, respectively. Quantifica-
tion of the actin bands, which were detected by using the ECL kit
(Amersham Biosciences, Piscataway, NJ), was done by scanning the
film in a densitometer loaded with the ImageQuant software (Mo-
lecular Dynamics, Sunnyvale, CA). Bands on exposed films that
were used for quantification were shown to be in the linear range,
compared with purified actin proteins run at known concentrations.

Light and Scanning Electron Microscopy
Hand sections from the inflorescence stem (basal node) of mature
wild-type and transgenic plants were stained with phloroglucinol
(1% in 6 N HCl), a lignin stain, and photographed using a Leica
dissection microscope fitted with a color chilled 3 charge-coupled
device camera (Hamamatsu, Tokyo, Japan). Scanning electron mi-
croscopic observations of leaf samples from 3- to 4-wk-old seedlings
were performed following a previously described protocol (Kan-
dasamy et al., 1994).

Immunofluorescence Labeling and Confocal
Microscopy
Leaves from young seedlings were cryofixed by rapidly freezing
them in liquid propane held at �180°C and then freeze substituted
in acetone at �80°C for 48–72 h. The samples were gradually
brought to room temperature over an 8-h period and rehydrated
through a graded acetone series. After washing in PME [50 mM
piperazine-N,N�-bis(2-ethanesulfonic acid) pH 7.0, 5 mM EGTA, 1
mM MgSO4, 0.5% casein], the leaves were permeabilized by treating
with 1% Cellulysin (Calbiochem, San Diego, CA) and 0.1% Pectol-
yase (Sigma, St. Louis, MO) in PME containing protease inhibitors
(complete mini EDTA-free tablets; Roche Molecular Biochemicals,
Mannheim, Germany) for 15–20 min. The leaf samples were washed
one time (5 min) in PME and two times (5 min each) in phosphate-
buffered saline (PBS), and squashed onto chrom-alum and gelatin-
coated slides to disperse the cells as described in Liu and Palevitz
(1992). The leaf cells were further permeabilized in 0.5% Triton
X-100 in PBS for 20 min and �20°C methanol for 10 min. After
rinsing in PBS, the slides were blocked for 1 h in TBST-BSA-GS (10
mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20, 5% bovine
serum albumin [BSA], and 10% goat serum) and then incubated in
the primary antibody diluted (5 �g/ml) in TBST-BSA-GS. Tubulin
labeling was performed with an anti-Hibiscus tubulin polyclonal
antibody. After overnight incubation, the slides were rinsed with
PBS and then labeled for 2–3 h with fluorescein isothiocyanate-
conjugated anti-mouse or anti-rabbit secondary antibody (Sigma) at
1:100 dilution. The slides were rinsed in PBS (3� 10 min) and

mounted with 80% glycerol in PBS containing 1 mg/ml p-phenyl-
enediamine (Sigma). The actin microfilaments and microtubules in
the labeled cells were visualized with a Bio-Rad (Hercules, CA)
MRC-600 confocal laser-scanning microscope. The images were fur-
ther processed using Adobe Photoshop software (Adobe Systems,
Mountain View, CA).

RESULTS

Misexpression of Reproductive Actin Isovariant in
Vegetative Tissues Produces Severe Morphological
Defects
To express ACT1 in vegetative tissues, a 1.1-kb, full-length
coding sequence of the ACT1 cDNA was fused in frame to

Figure 2. Dwarf phenotype of mature ACT1-misexpressing plants.
Seedlings were grown in Petri plates for 3 wk, transferred to soil,
and photographed after 6 wk. WT, wild-type plant. A2P:A1, two
independent transgenic dwarf plants misexpressing ACT1.

Table 1. Effect of ectopic expression of actins on plant morphology
Normal, �20% reduction in plant size compared with wild-type;
medium, 30–40% reduction in plant size; dwarf, �60% reduction in
plant size. Mature plants were used for plant size measurements.

Construct
No. of transgenic

lines produced
Dwarf

(%)
Medium

(%)
Normal

(%)

A2P:A1 100 30 40 30
A2P:A2 30 33 67
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the initiation codon, downstream from a 1.3-kb ACT2 pro-
moter fragment and upstream from the ACT2 3� untrans-
lated region containing multiple poly(A) addition sites. With
the resulting construct, A2P:A1 (Figure 1B), we generated
�100 independent kanamycin-resistant plants, of which 30%
exhibited a strong dwarf (D) morphology, reaching less than
one-third of wild-type plant height at maturity (Figure 2).
Forty percent of the mature A2P:A1 plants showed �50%
reduction in height (M), whereas the remaining 30% of the
plants were almost normal (N) in stature with �20% de-
crease in height (Table 1). Thus, based on their size at
maturity, we placed these transgenic plants into three cate-
gories: dwarf, medium, and normal. As a control to distin-
guish the effect of overexpression of an actin isovariant that

is already active in the vegetative tissue from ACT1 isovari-
ant-specific effects, a 1.1-kb ACT2 cDNA sequence was ex-
pressed under the control of the same ACT2 promoter and
terminator sequence (A2P:A2; Figure 1B) in a parallel exper-
iment. With this construct, we generated 30 independent
AP2:A2 transgenic plants, of which 33% were classified as
medium in stature (M), and the rest were normal sized (N;
Table 1). None of the AP2:A2 plants exhibited any signifi-
cant morphological aberration.

Analysis of the ACT1-misexpressing Arabidopsis cv. Co-
lumbia lines revealed clear morphological defects even in 2-
to 3-wk-old seedlings, which showed varying levels of re-
duction in plant size compared with wild-type, and curling
of leaves toward the lower side (Figure 3, A–D). A2P:A2

Figure 3. Effects of ACT1 misexpression on plant morphology and flowering in Arabidopsis. (A–E) Arabidopsis thaliana cv. Columbia. (A)
Three-week-old wild-type seedling. (B–D) Three-week-old seedlings misexpressing ACT1. (E) Three-week-old seedling overexpressing
ACT2. (F–H) Arabidopsis thaliana cv. RLD. Three- (F) and 6-wk-old (G) wild-type and A2P:A1-transgenic seedlings. (H) Nine-week-old same
A2P:A1-transgenic plant. Note the delayed bolting of A2P:A1 transformant.
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control seedlings, on the other hand, looked almost the same
as wild-type plants (Figure 3E). Similar results were ob-
tained when we introduced the ACT2:A1 and ACT2:A2
constructs into Arabidopsis cv. RLD (Figure 3, F and G). The
severely dwarfed plants showed delayed bolting and flow-
ering (Figure 3, F–H). The dwarf transformants eventually
produced smaller flowers with sepals and petals having half
normal width (compare Figure 4, A and C with B and D). A
significant number of the dwarf lines (�20%) showed flow-
ers with smaller anthers and five petals, as depicted in
Figure 4E, and produced very few seeds. However, the
flowers on the medium- and normal-sized A2P:A1 plants
and all A2P:A2 transformants (Figure 4F) were very similar
to those on untransformed wild-type plants (Figure 4C). A
few A2P:A1 plants (�10%) showed partial pollen sterility,
but this did not correlate with ACT1 protein expression
levels. All other plants produced pollen with no obvious
phenotype. Transverse sections of the floral stem of dwarf
plants revealed fewer vascular bundles and smaller cells
(Figure 4H) compared with wild-type (Figure 4G) or ACT2-
overexpressing plants. A scanning electron microscopy
(SEM) observation of leaves from the dwarf plants also
revealed smaller epidermal cells compared with the wild
plants (our unpublished observations). The other morpho-
logical defects observed in the A2P:A1-dwarf lines include
abnormal branching of the inflorescence stem (Figure 4, I–K)
and trichomes (Figure 5, D–G), and strikingly smaller leaves
(Figure 6B) and siliques (Figures 4, L and M; 6C). SEM
studies of wild-type and ACT2-overexpressing plants reveal
that leaf trichomes in these plants are stellate and erect with
two to three mostly even branches (Figure 5, A–C), and
those on the inflorescence stem and leaf petiole are seldom
branched. On the other hand, A2P:A1-dwarf plants have leaf
trichomes with two to five uneven and distorted branches
(Figure 5, D–G). The inflorescence stem of these plants also
produced branched trichomes (Figure 4H). In the mature
dwarf plants, the angle at which the siliques were attached
to the inflorescence stem was strikingly different compared
with wild-type plants (Figure 4M). The roots of A2P:A1
dwarf plants showed �15 to 20% reduction in growth com-
pared with the wild-type plants, whereas the roots of me-
dium and normal-sized plants of both ACT1-misexpressing
and ACT2-overexpressing lines showed normal growth.

Level of ACT1 Protein Expression Correlates Well
with Morphological Phenotypes
The targeted expression of ACT1 in the vegetative organs
was examined by protein blot analysis with MAb45a, an
antibody specific for the late pollen-specific reproductive
actins, including ACT1 (Figure 1A). The reproductive actins
are not present in detectable levels in the wild-type leaf
(Figure 6A). Therefore, this antibody was used to analyze
the expression of ACT1 protein in the leaves of dwarf,
medium, and normal A2P:A1-transformants. There was an
excellent correlation between the level of ectopic ACT1 ex-
pression and the severity of the morphological phenotype
(Figure 6A, top). Quantification of the protein levels indicate
that the dwarf (D) and medium (M) plants contained about
five- and threefold higher amounts of ACT1 protein, respec-
tively, compared with the normal (N) transgenic plants (Fig-
ure 6A, top). Interestingly, the misexpression of the A2P:A1
construct in the leaves did not repress expression of vege-

Figure 4. Effects of ACT1 misexpression on different organs of Arabi-
dopsis. (A and B) Inflorescence of a wild-type plant (A) and an A2P:A1-
dwarf transgenic plant (B). (C–F) Flowers from wild-type (C) and ACT1-
misexpressing (D and E) or ACT2-overexpressing (F) transgenic plants. (G
and H) Cross section of inflorescence stem of wild-type (G) and ACT1-
misexpressing dwarf (H) plants. (I–K) Nodal regions of inflorescence stem
of wild-type (I) and transgenic dwarf plants (J and K). Note the multiple
branches arising from the nodal region of the A2P-A1 transformants. (L
and M) Siliques of wild-type and transgenic plants misexpressing ACT1
or overexpressing ACT2. WT, wild-type. A2P-A1, ACT1-misexpressing
plant. A2P-A2, ACT2-overexpressing plant. Bar, 1 mm (A–F), 0.5 mm (G
and H), 2 mm (I–K), and 10 mm (L and M).

ACT1 Misexpression Affects Plant Growth

Vol. 13, January 2002 255



tative actins ACT2 and ACT8 or reproductive actin ACT11,
as revealed by MAb13a (Figure 6A, middle). This antibody
specifically reacts with these three actins comprising sub-
classes 1 and 3 (Figure 1A). The general antibody, MAbGPa,
which reacts equally with all Arabidopsis actins, showed a
gradual (about fourfold) increase in the level of total actin
from the normal to dwarf ectopic plants, compared with the
wild-type control (Figure 6A, middle). An identical blot
probed with an anti-PEP carboxylase antibody confirmed
that all the lanes contained equal amounts of total protein
(Figure 6A, bottom). Protein blot analysis of ACT2-overex-
pressing plants (A2P:A2) with MAb13a revealed about four-
and threefold increases in the levels of ACT2 proteins in the
medium and normal transgenic lines, respectively, com-
pared with the wild-type or ACT1-misexpressing plants
(Figure 6A, middle). In spite of high levels of ACT2 in these
plants, they were only slightly smaller than the wild-type
plants (Table 1) and did not show any of the morphological
phenotypes exhibited by A2P:A1 plants.

ACT1-Misexpressing Dwarf Plants Exhibit Aberrant
Organization of Actin Filaments
The assembly of G-actin into F-actin polymers is central to
the function of actin filaments in directing the plane of cell
division, cell expansion, cell differentiation, and ultimately
the morphology of the plant. It is controlled by the direct
interaction of actin with dozens of actin-binding proteins
(ABPs). Therefore, the dwarf phenotype induced by forced
misexpression of the ACT1 isovariant in vegetative tissues
might be due to the misassembly of actin filaments. Hence,
we examined the F-actin organization in the severely af-
fected dwarf transgenic plants and compared it with that of
wild-type and A2P:A2 transformants with the highest ACT2
expression. Figure 7, A and B, reveals the typical arrange-
ment of the actin filaments in wild-type leaf cells with lon-
gitudinal arrays of actin bundles (Figure 7B) and a network
of actin filaments surrounding the chloroplasts (Figure 7, A
and B). These actin bundles and thin filaments are composed

Figure 5. SEM analysis of effect of ectopic actin ex-
pression on leaf trichome morphology. (A and B)
Wild-type leaf trichomes. (C) Leaf trichomes from a
medium plant overexpressing ACT2. (D–G) Leaf
trichomes from dwarf plants misexpressing ACT1. (D)
Overview. All samples are from Arabidopsis cv. Colum-
bia. Bar, 50 �m (A–C and E–G) and 250 �m (D).
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of vegetative actins, because MAb45a is unable to stain any
actin filament in the wild-type leaf cells (Figure 7C). How-
ever, in the ACT1-misexpressing dwarf plants, MAb45a
showed dense staining of transversely and longitudinally
oriented thin actin filaments and sheets of actin bundles
(Figure 4, D–F). Staining with MAbGPa revealed transverse,
radial, or longitudinal sheets or ribbons of dense actin bun-
dles (Figure 7, G–I). We found that the effect of ACT1 misex-
pression on the organization of actin bundles is less severe in
medium-sized transgenic plants compared with the dwarf
plants. However, many leaf cells in the medium plants still
contained unevenly distributed transverse sheets of actin
bundles (Figure 7, J and K). In normal-sized transgenic
plants that showed very low levels of ACT1 protein expres-
sion, the arrangement of actin filaments and bundles, as
revealed by MAbGPa labeling, was very similar to wild-type
plants. The reproductive actin-specific MAb45a also de-
tected actin cables in the leaf cells of normal-sized plants, but
the intensity of staining was low (our unpublished observa-
tions). A drastic alteration in the orientation or organization
of actin bundles was never observed in A2P:A2-transgenic
leaf cells, although those cells stained strongly due to en-
hanced expression of ACT2 proteins (Figure 7L) compared
with wild-type cells (Figure 7, A and B). Hence, it might be
argued that the polarity of actin deposition was mostly
affected in A2P:A1-dwarf plants.

Organization of Tubulin Cytoskeleton Is Unaffected
by Actin Misexpression
Because a high level of ACT1 isovariant misexpression severely
altered the arrangement of actin bundles, we were interested in
examining whether the organization of microtubules, the other
major cytoskeletal component present in plant cells, was also
affected in those leaf cells. It seems reasonable to expect cross
communication between these two cytoskeletal systems
(Brown, 1999). We stained the leaf cells from wild-type plants
and plants expressing A2P:A1 and A2P:A2 constructs with an
anti-tubulin polyclonal antibody. The staining pattern revealed
no significant change in the density of microtubules in the
A2P:A1-dwarf plants (Figure 8B), and their arrangement was
indistinguishable from the microtubules of wild-type (Figure
8A) as well as ACT2-overexpressing plants (Figure 8C). As
reported in our previous study (Kandasamy and Meagher,
1999), the microtubules exhibited mostly transverse orientation
in the leaf mesophyll cells in the A2P:A1, A2P:A2, and wild-
type plants analyzed.

DISCUSSION

Arabidopsis contains two ancient classes of actin genes with
different tissue-specific and developmental patterns of ex-

trol). Relative intensity of protein bands is indicated at the bottom of
the blots. Similar intensities of PEP carboxylase bands reveal equal
loading of total proteins in all the lanes. WT, wild-type control; D,
dwarf; M, medium; N, normal. (B) Leaf length of wild-type plants
(WT) and transformants misexpressing ACT1 (A2P:A1) or overex-
pressing ACT2 (A2P:A2). (C) Silique length in wild-type and trans-
genic plants misexpressing ACT1 or overexpressing ACT2. The bars
show the SE of mean values. N � 30 in (B) and N � 20 in (C)
indicate sample size for each category and wild-type.

Figure 6. Correlation between actin protein levels and morpholog-
ical phenotypes. (A) Western blot analysis of actin protein expres-
sion in ACT1-misexpressing (A2P-A1) and ACT2-overexpressing
(A2P-A2) plants. Twenty-five micrograms of total protein from leaf
samples was loaded per each lane. Identical blots were probed with
anti-actin monoclonal antibodies MAb45a, MAb13a, and MAbGPa,
and an anti-PEP carboxylase polyclonal antibody (PAb-PEPC, con-
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Figure 7. Immunofluorescence staining of actin filaments in the leaf cells of Arabidopsis. (A and B) Wild-type cells labeled with the general
antibody MAbGPa. (C) Wild-type cell labeled with MAb45a, a reproductive class-specific anti-actin antibody. (D–F) Leaf cells of dwarf plants
labeled with MAb45a. (G–I) Dwarf plant leaf cells stained with MAbGPa. (J and K) Leaf cells from A2P:A1-medium–sized plants labeled with
MAbGPa. (L) Leaf cells from a medium-sized A2P:A2 plant overexpressing ACT2. Bar, 25 �m (A, D, and J–L) and 10 �m (B, C, and E–I).
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pression. Since their divergence from common ancestral se-
quences, the protein isovariants encoded by these genes may
have evolved distinct reproductive and vegetative functions.
We used ectopic expression to model the biological signifi-
cance of two divergent classes of actin isovariants. This
study demonstrates that misexpression of a pollen-specific
reproductive actin isovariant in vegetative tissues drastically
interferes with the growth of Arabidopsis plants. Ectopic
expression of ACT1 alters actin polymerization, F-actin or-
ganization, and cyto-architecture of the cells, and thereby
dramatically affects plant development and morphogenesis.
Although the transgene-induced abnormalities in plant
growth depend in part upon protein dosage, isovariant spec-
ificity plays the predominant role in inducing the dwarf or
other phenotypes. For example, the overexpression of ACT2
in vegetative tissues has minimal effects on plant size and
morphogenesis, whereas misexpression of ACT1 gave ex-
treme phenotypes. Therefore, forcible alteration in actin iso-
variant composition appears to be the major cause for aber-
rant actin organization and plant development. This
suggests that the two classes of actins, which differ by 4–7%
at the amino acid level, have distinct biochemical character-
istics. The isovariant-specific amino acid changes in the pri-
mary sequences of the two actin classes might favor entirely
different interactions with distinct ABPs.

The actin system in eukaryotic cells is complex, consisting
of �70 distinct classes of ABPs (Pollard, 2001). This is further
complicated in higher plants because they express tissue-
specific isoforms of ABPs such as profilins and actin-depo-
lymerizing factors that control the polymerization and dy-
namics of the actin cytoskeleton (Staiger et al., 1997; Meagher
et al., 1999a). The predominant expression of the highly
divergent pollen-specific actins in the vegetative tissue of the
dwarf transgenic plants might change actin isovariant dy-
namics and alter the balance for proper binding of different
ABPs. Specifically, vegetative profilins might sequester
ACT1 poorly, releasing too much actin for polymerization.
This would lead to severe structural and functional pertur-
bations that would cause altered cell structure and plant
morphology. This suggestion is corroborated by the recent
findings that the two classes of maize profilins have different
binding properties to their ligands and different ability to
disrupt actin architecture when injected into live cells
(Kover et al., 2000). Thus, comparing the diverse responses

of misexpression of ACT1 and overexpression of ACT2, we
suggest that members of the plant actin gene family, which
all exhibit distinct patterns of tissue-specific expression,
might have isovariant-specific roles to play during plant
growth and morphogenesis.

This ectopic expression study also reveals that the actin
cytoskeleton might be actively involved in several plant
developmental events such as branching and bolting of the
inflorescence stem, cell enlargement, and trichome morpho-
genesis in Arabidopsis. We found that elevated expression of
ACT1 isovariant in leaves affected the normal branching and
growth of trichomes, indicating a role for actin in trichome
development. This observation is supported by the recent
fluorescence microscopic and cytoskeletal inhibitor studies
(Mathur et al., 1999; Szymanski et al., 1999) that indicate that
actin is required for the coordination of cell growth at the
later stages of trichome morphogenesis. In the ACT1-misex-
pressing dwarf plants, the initiation and distribution of
trichomes on leaves and inflorescence stem are not affected,
but the final morphology and branching pattern of the
trichomes were altered, suggesting that actin may have a
role in later, but not early, stages of trichome morphogene-
sis. The delayed bolting and flowering and altered branch-
ing of the inflorescence stem show that the misexpression of
actin interferes with the meristematic activity and organiza-
tion.

The plant cytoskeleton is involved in a number of critical
cellular processes from cell division, organ initiation, and
morphogenesis to responses to various environmental stim-
uli. Producing the correct class of isovariants, in the correct
tissue and at the correct stage of development is therefore
very important for normal growth and morphogenesis. For
example, during microsporogenesis plants express only veg-
etative actins at the early stages, but switch to predomi-
nantly pollen-specific reproductive class of actins when the
pollen matures (Kandasamy et al., 1999). We observed sim-
ilar changes in isovariant expression with the actin mono-
mer-sequestering protein profilin in Arabidopsis (Kandasamy
and Meagher, unpublished data). This developmental
switch occurs most likely to suit the needs of pollen tubes
showing specialized tip growth. Also, in Drosophila when
flies lacking an isoform of muscle actin were complemented
with nonmuscle actin, they show severe defects in flight
muscle structure and function (Fyrberg et al., 1998), demon-

Figure 8. Immunofluorescence staining of microtubules in the leaf cells of Arabidopsis. (A–C) Organization of microtubules in a wild-type
control (A), ACT1-misexpressing dwarf plant (B), and ACT2-overexpressing medium plant. Bar, 10 �m (A–C).
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strating that the fly actin isoforms are not functionally equiv-
alent. Similarly, even closely related �-tubulin isoforms in
Drosophila have different functional capabilities (Hutchens et
al., 1997). Collectively, these observations strongly indicate
that individual actin isovariants, how similar as they may
be, should not necessarily be functionally equivalent.

Our demonstration that misexpression of a highly diver-
gent reproductive actin in vegetative tissues has a drastic
effect on actin polymerization and plant development pro-
vides further evidence for the functional nonequivalency of
the two classes of actin isovariants. This finding supports
our hypothesis that the ancient classes of actin isovariants
are preserved in the genome, because they show distinct
patterns of tissue-specific and developmental regulation and
perform isovariant class-specific functions. However, the
possibility still remains that structurally very similar isovari-
ants (e.g., ACT2 and ACT8) are functionally equivalent. To
demonstrate that they are functionally specialized, we need
to isolate isoform-specific null mutants that show clear mor-
phological phenotypes, and that can be complemented with
related isovariants to see whether the mutant phenotype can
be completely restored. Ectopically expressing a vegetative
actin in reproductive tissue and elucidating its effect on
pollen tube growth and embryogenesis may also serve as an
important area for future study.
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