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Alteration of Plant Morphology By 
Control of Prof ilin Expression 

Technical Field 

The present invention relates to the in vivo 
effects of profilin in plant cells. In particular, it 

has been found that manipulation of the level of 

expression of profilins in plants can lead to useful 

alterations in plant phenotype. 

Background of the Invention 

Actin is the major cytoskeletal protei.n of most 

eukaryotic cells and actin filaments are often the 

primary determinants of cell shape and movement. The 
polymerization and depolymerization of actin filaments 
inside the non muscle cells are highly regulated, both 
spatia}lY and temporally, to give the cell the ability 
to rearrange its cytoskeleton drastically within 
minutes in response to external stimuli or at a point 

of the cell cycle. In addition to the roles in cell 
shape and movements, the actin cytoskeleton in plants 
has been shown to play a role in cytoplasmic streaming, 
cytokinesis, cell expansion and plant development 
(Williamson, 1993; Meagher and Williamson, 1994) . To 
achieve these dynamic rearrangements the cell relies on ...... 
a variety of actin-binding proteins. .. 
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Profilin is an ubiquitous actin-monomer binding 
protein who.se homologs are present in organisms ranging 
from fungi and amoebae through higher plants and 
mammals. They are low molecular mass (12 - 15 Kd), 
actin-bi~ding proteins involved in the regulation of 
actin dynamics. Apart from actin-binding, profilins 
also bind to phosphatidylinositol 4,5-bisphosphate 
(PIP2) (S6hn et al., 1995), poly-L-proline {Bjorkegren 
et al., 1993) and a proline rich VASP (Reinhard et al., 
1995; Haffner et al., 1995). Evidence suggests that 
profilin is a multi-functional protein {Haarer et al., 
1990) which exerts both positive and negative effects 
on the actin polymerization (Theriot and Mitchison, 
1993) and is involved in signal transduction pathways 
(Sohn and Goldschmidt-Clermont, 1994) • 

In vitro studies showed that profilin can lower 
the critical concentration for actin polymerization, 
stimulate polymerization and promote nucleotide 
exchange on actin monomers (for reviews see Theriot and 
Mitchison, 1993; Sohn and Goldschmidt-Clermont, 1994 
and Sun et al., 1995). In vivo studies on profilin 
functions also yielded mixed results. Profilin 
mutations affected multiple actin~dependent processes 
in Drososphila (Verheyen and Cooley, 1994), blocked 
yeast cell budding {Haarer, 1990) and cytokinesis, as 
they cannot assemble the contractile rings, in 
Schizosaccharomyces pombe (Balasubramanian et al., 
1994). Recent studies on Dictyostelium discoideum 

showed 60 to 70% increase in F-actin content at the rim 
below the plasma membrane when both prof ilins are 
deleted (Haugwitz et al., 1994). Microinjection of 
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profilin into animal (Cao et al., 1992) or plant 
{Staiger et al., 1994) cells depolymerized actin. 
Prof ilin overexpression in stably transformed cells 
increased polymerization of actin at the cell periphery 
by prolonqing cortical actin filament half-life (Finkel 
et al., 1994). 

In addition to the above functions, profilin has 
been shown to be involved in at least two signal 
transduction pathways. They are the growth factor 
mediated receptor tyrosine kinase pathway and the Ras/G 
protein signaling pathway (for a review ~ Sohn and 
Goldschmidt-Clermont, 1994). Profilin has shown to 
bind PIP2 with high affinity and inhibits 
unphosphorylated phospholipase C (Goldschmidt-Clermont 
et al., 1990 and Drobak et al., 1994). This inhibition 
is overcome by growth factor mediated phosphorylation 
of phospholipase c (Goldschmidt-Clermont et al., 1991). 
The cyclase associated protein (CAP)/Srv2p is a 
component of the Ras/G protein signaling pathway and an 
yeast mutant of CAP was rescued by prof ilin, which 
suggested a possible role for prof ilin in this pathway 
(Vojtek et al., 1991). Profilin can bind to actin or 
PIP2 simultaneously with poly-L-proline proteins and 
proline rich sequences found in many proteins (Reinhard 
et al., 1995). This interaction with proteins that 
have proline rich sequences suggested a role for 
prof ilin in mediating membrane-cytoskeletal 
communications by physically attaching signaling 
proteins to plasma membrane and/or cytoskeleton. 

In plant~ prof ilin has been identified and 
characterized in several species including maize pollen 
and tobacco (Staiger et a1·., 1993 and Mittermann et 



4 

al., 1995), leaves and root nodules of Phaseolus 

vulgaris (Vidali et al., 1995) and Arabidopsis thaliana 
(Huang et al., 1996 and Christensen et al., 1996). 
Plant profilins have been shown to bind plant and 
animal actin In vitro (Valenta et al., 1993; Giehl et 
al., 1994 and Ruhlandt et al., 1995). Recently 
Perelroizen et al. (1996) reported that Arabidopsis 
profilin, like other profilins, can bind G-actin and 
promote assembly of actin filaments at the barbed end 
in vitro. In contrast to other profilins, Arabidopsis 
profilins do not accelerate the nucleotide exchange on 
actin. Despite these advances in plant profilin 
studies, there have been no reports so far on the in 

vivo functional analysis of profilins in plants. 

sµmmary of the Invention 

We have found that over-production of profili'n in 
plants or plant cells, preferably achieved by 
transformation of a plant or plant cell with a chimeric 
profilin gene that is highly expressed in plants, can 
cause increased cell elongation in growing plants. One 
of the results of this effect is a plant with a "tall" 
phenotype compared to the non-transgenic control plant. 
Anothet result is elongation of the root and root hair 
system of the plant. 

We have also found that under-production of 
prof ilin, preferably achieved by reducing expression of 
native profilin in a plant (such as by the use of 
antisense RNA), can cause decreased cell elongation. 
One of the results of this is a "dwarf" phenotype. 
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It is also possible to direct over-expression or 

under-expression to specific tissues of the plant, such 
as root tissues. This results in a selective effect on 

the growth of that tissue. In one embodiment, a 

prof ilin coding sequence is linked to a root-specific 
promoter, resulting in elongation of roots, and 
particularly root-hairs. This increase in root surface 
area increases the plant's capacity to absorb water and 
nutrients, making it more drought-resistant, for 

instance, or less dependant on chemical fertilizers. 

Control of the level of prof ilin production can 
also effect control of plant flowering time. It has 
been found that over-production of profilin by a plant 

leads to a delay in flowering time, while under­
production of profilin promotes early flowering. 

Such control of plant stature and flowering time 
has many applications in the creation of agricultural 
and horticultural varieties of plants. 

Detailed Description 

Th~ present invention takes advantage of the in 

vivo functions of plant profilins to effect changes in 
plant morphology, growth and flowering. It has been 
found that altering the level of expression of profilin 
in a plant cell leads to alterations in cell morphology 
and in cell elongation. At an organismic level, these 
changes can effect the growth habit of the plant, as 
well as effect the onset of flowering. 

In an embodiment of the invention, a study was 
made of the in vivo functions of the Arabidopsis 

thaliana profilin-1 gene. Transgenic plants over- and 
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under-expressing profilin-1 were generated by 
transforming wild type Arabidopsis plants with sense or 
antisense constructs under the control of a 35S 
promoter. Etiolated transgenic seedlings under­
expressing profilin-1 exhibited overall stunted growth, 
short hypocotyl and at low temperature they were only 
15 to 20% long when compared with the wild type plants. 
Light grown plants also showed the reduced growth and 
these plants flowered early. Light and electron 
microscopic observations of the hypocotyl surface and 
sections of the etiolated seedlings revealed that the 
surface of these seedlings were ruffled with some 
electron dense particle accumulation and enlarged 
epidermal, cortical and endodermal cells. The 
epidermal and cortical cells also showed defective 
vesicular transport with fibrous and electron dense 
particles and vesicles accumulating in the cytoplasm 
and close to the plasma membrane. On the other hand, 
the etiolated transgenic seedlings over-expressing 
profilin-1 were slightly bigger than the wild type in 
light and at normal and low temperature. Microscopic 
analysis of these seedlings showed no obvious changes 
compared to the wild type, except that the epidermal, 
cortical and endodermal cells were bigger. Light grown 
plants showed a flowering time delayed by at least by a 
week. Actin staining on the etiolated seedlings over 
or under expressing prof ilin-1 showed normal actin 
staining pattern with networks in the cotyledon cells 
and petiole cells. Transgenic seedlings harboring the 
prof ilin-1 promoter-Gus construct showed the Gus 
expression as a ring at the elongating zone of the root 
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meristems and the root hairs. These changes were 
inheritable, even to the fourth generation. 

It is frequently desirable in horticulture and 
agriculture to have plant varieties that have a taller 
or shorter growth habit in respect to the "wild type" 
of the species or variety. For instance, in rice a 
"tall" variety is better able to survive flooding 
conditions by growing higher a~ove the water level. 
Conversely, a "dwarf" variety of beans grows as a bush 
instead of a vine, taking up less space, requiring 
little or no physical support during growth and 
facilitating harvest. Tall and dwarf ornamental 
varieties are also much sought after. Other situations 
where at taller or shorter plant phenotype would be 
advantageous are readily apparent to persons skilled in 
the art. Some further examples of applications for 
this invention are the creation of miniature vegetables 
and fruit trees, leafy vegetables, tomatoes, peppers 
etc., and reduction in the flowering time of ornaments 
(such as orchids). 

There are instances where enlargement of a 
particular part of the plant would be desirable. A 
particularly good example of this is the advantage 
conferred to a plant by an expanded root and root hair 
system. Roots serve not only to anchor the plant in 
the soil, but also as the means by which the plant 
absorbs nutrients and water from.the soil. This 
absorption is achieved by the root hairs, fine cellular 
elongations at the tips of roots. A well-developed 
root hair system is crucial to plant survival. A plant 
that has an expanded root system, and in particular an 
expanded system of root hairs, is better able to absorb 
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nutrients and water from the soil. The enhanced 
ability to take up water is particularly advantageous 
for plants grown in drought-prone or water-poor 

environments, and provides increased tolerance to water 
stress. 

For many crops where the harvest consists of the 
flower, fruit or seed, yield is effected by the size of 
the plant at the time of flowering. The larger the 
plant, the greater is its capacity to flower 
prolifically and bear a large crop. Thus, delaying the 
onset of flowering can frequently lead to higher yields 
by allowing the plant to grow la.rger before diverting 
its metabolic energy to flower, fruit and seed 
production. Conversely, a rapid onset of flowering can 
be advantageous in an environment where the growing 
season is relatively short. Early flowering permits a 
crop to mature for harvest before climatic conditions 
become unfavorable to plant growth. 

According to the present invention, it has been 
found that over-production of prof ilin in a plant cell 
leads to increased cell elongation. At the gross 
level, the overall effect on the plant is a "tall" 
growth habit and general enlargement of plant parts, 
includ~ng leaves and the root and root hair systems. 
Over-production of prof ilin can be achieved in several 
ways. A preferred way of achieving over-production is 
to transform a plant or plant cell with a gene 
construct that expresses high levels of prof ilin in 

vivo. High levels of gene expression can be obtained, 
for example, by using a naturally-occurring highly­
expressed profilin coding sequence. Some examples of 
highly-expressed profilins are Profilin 1 and 2. 
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Another method of achieving high levels of expression 
is to link a prof ilin coding sequence to a highly 
active plant promoter, preferably along with one or 
more promoter enhancer sequences. Several highly 
active plant promoters are known in the art, such as 
the cauliflower mosaic virus (CaMV) 35S promoter, the 
opine synthase promoters (mannopine synthase promoter, 
nopaline synthase promoter, etc.) Selective expression 
of profilin in particular plant tissues can be achieved 
by the use of tissue-specific promoters known in the 
art, such as perfect palindronic sequence tetramer 
fused 10-90 S35 promoter (Salinas et al., 1992). 
Selection of appropriate promoters and enhancers for 
use in the invention is within the ordinary skill in 
the art. Preferably, a combination of the above 
approaches to enhancing expression is used, ~ a 
naturally highly-expressed sequence is linked to an 
active promoter with one or more enhancer sequences. 

Once the gene is obtained, it can be transformed 
into the host by any conventional means. Examples of 
plant transformation techniques currently known in the 
art are the calcium phosphate method, electroporation, 
microparticle bombardment, Agrobacterium tumefaciens 
infection, PEG trans!ormation, vacuum infiltration and 
in planta approach. The selection and use of an 
appropriate transformation method is well within the 
skill of the person of ordinary skill in the art. 
Preferably, stable transformation is achieved, meaning 
that the introduced sequences are stably integrated 
into the plant genome (be it into the nuclear, 
chloroplast or mitochondrial chromosomes, or into two 
or all of these) • A transgenic plant can be grown from 
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a transformed plant cell or cell culture by any of 
several standard tissue culture and regeneration 
techniques within the skill of the art. If a growing 
plant or plant part is transformed, a whole transformed 
plant can be obtained by methods such as vegetative 
propagation of the plant part, again by methods within 
the ordinary skill in the art. 

The present invention has also shown that under­
production of prof ilin in a plant cell leads to a 
decrease in cell elongation and plant part size. The 
overall effect of this is a plant with a "dwarf" growth 
habit. Like profilin over-production, under-expression 
of profilins can be achieved in several ways. 
Preferably, a gene encoding an antisense RNA 
complementary to the native plant profilin gene is 
introduced into the plant. A simple way of doing this 
is to link a plant promoter to a copy of the plant 
profilin coding sequence oriented in the antisense 
direction. The "backwards" coding sequence will be 
transcribed into an mRNA complementary to the native 
plant profilin mRNA transcribed from the native coding 
sequence. The antisense mRNA prevents expression of 
profilin, most likely by co-suppression of the profilin 
gene. tThe techniques of gene construction, 
transformation and regeneration described above can be 
equally applied in this embodiment of the invention. 

MATERIALS AND METHODS 
Plant Materials and G;owth Conditions 
Arabidopsis thaliana C24 ecotype was used. Seeds 

were surface sterilized with 10% bleach and washed · 
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THIS SHEET HAS BEEN 
REPlf..CED 

three times with sterile deionized water. After the 
final wash, 0.2% agarose was added to the seeds and 
plated on MS media with 3% Sucrose. Plates were 
incubated at 4°C for two days and then treated with 
white light for two hours to induce germination. For 
growth in the dark plates were wrapped with three 
layers of aluminum foil and kept vertically in a tissue 
culture room at 22°. For the cold treatment, the 
wrapped plants were kept vertically in a refrigerator 
for 4 weeks. For light growth, plates were exposed to 
16 hr. light/8 hr. Dark at 22°. After three weeks the 
seedlings were potted in soil and grown in a growth 
chamber with a photoperiod of 16 hours and humidity of 
75%. 

vector Constructions and Plant Transformations 
The coding region of profilin-1 cDNA (Christensen 

et al., 1996} was cloned downstream of a 358 promoter 
contained in a binary plasmid pVIP40 in sense and in 
antisense orientations. For the profilin-1 promoter­
Gus fusion constructs 1.0 Kb of the profilin-1 promoter 
was cloned in pVIP 40 Vector. Arabidopsis thaliana C24 
roots were used as the plant material for 
transf~rmation. T3 transgenic lines w~re generated and 
used to obtain homozygous T4 seeds. Two independent 
lines for profilin-1 over-expression and three lines 
for under-expression were used. 

Northern Analysis 
Total RNA was extracted using a Qigen RNA 

isolation Kit, from 10-day old dark grown or light 
grown seedlings of wild type {WT) and transgenic 
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plants. 10 µg of total RNA was used for the WT and the 
PFN-0 (profilin-over exp~essing lines) lines and 30 µg 
for the PFN-U (profilin-under expressing lines) lines 
were loaded on 1.2% agarose gels and electrophoresed. 
RNA samples were blotted on to a nylon membrane which 
was used for hybridizations. Radiolabelled antisense 
strand of profilin-1 was transcribed from the profilin-
1 cONA cloned in pBlueScript and used as a probe for 
the hybridizations. Arabidopsis actin-7 cDNA and ADF-1 
cDNA were used to'make radiolabelled probes for the 
blots to analyze actin and ADF expression levels in 
profilin transgenic plants. 185 rRNA was used as an 
internal control to normalize the loadinq amounts of 
RNA samples. 

Generation of Antibody, spS-PAGE and Western 
Blotting 

Profilin-1 and Profilin-3 proteins were expressed 
as a recombinant protein in E. Coli (Christensen et 
al., 1996) and was used to immunize the rabbits to 
obtain polyclonal antibodie_s. The antisera was 
affinity purified on a Protein A Sepharose CL-4B 
(Pharmacia) column and was used for the analysis. Ten 
day oltl (light or dark grown} seedlings grown at 22°C 
or 4 weeks old etiolated seedlings grown at 4°C were 
used as the plant material for protein extraction for 
western blots. The plant materials were extracted on 
ice with SOmM Tris-Cl (pH 8.0), O.SmM Calcium Chloride, 
0.5% NP40, O.SmM ~ME and Aprotinin and Leupeptin 
(lµg/ml). The contents were centrifuged for 10 minutes 
at 4°C and the supernatant was collected. The protein 
concentrations were determined by Bradford's method and 
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20 µg was loaded on 15% polyacrylamide gels 

{Laemminii, 1970). 

Proteins were then tran~ferred to the 
nitrocellulose membrane and processed further. 
Membranes were blocked with 3% non-fat milk in PBS 
buffer containing 0.05% Tween-20 for an hour and 
washed several times followed by overnight incubation 
with affinity purified anti-profilin-1. The membranes 
were then washed with PBS and treated with alkaline 
phosphatase conjugated anti-rabit IgG (Promega) and 
incubated for an hour. After several washes the bands 
were developed using the substrate cocktail. For 
actin protein and ADF protein level detection we used 
the antibodies raised against actin. Actin-7 fusion 
protein was expressed in E. coli and the purified 
recombinant protein was used to raise antibodies in 
rabbits and ADF. ADF-1 fusion protein was expressed 
in E. coli and the purified recombinant protein was 
used to raise antibodies in rabbits. 

Cell Length and Diameter Measurements 

Longitudinal and cross sections of wild type and 

transgenic seedlings grown for 10 days in the dark 

were photographed under the light microscope. The 
t 

length and diameter of the epidermal and cortex cells 

were measured on the enlarged photograph. More than 

50 cells of each plant were used for the measurements. 

Flowering Time {FT) and Leaf Number (LN) 

FT of wild type and transgenic plants were scored 

as the number of days from the time when the plates 

were placed in the tissue culture room to the time of 

l!i1iii1/1i if f 

-- _I 
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opening of the first flower. Leaf number was scored as 
the number of leaves on the rosette (excluding 
cotyledon) and the main flowering stalk at the time of 
opening of the first flower. Three weeks after 
germination about 15 randomly selected plants from the 
wild type and each of the two independent lines of 
over- and three of the under-expressing transgenic 
plants were transferred in soil. 

Micros cop~ 

Ten day old etiolated seedings in fixation buffer 
were kept on ice, subjected to 30 sec microwave oven 

~ treatment, followed by fixation in O.lM cacodylate 
buffer (pH 7.4} containing 4% paraformaldehyde, 5% 
glutaraldehyde and O.lM CaC12 for three hours. The 
seedlings were then washed with O.lM cacodylate buffer 
for 1.5 hours and post-fixed for three hours with 2% 
osmium tetroxide. Dehydration with an ethanol series 
and propylene oxide was carried out and embedded in 
Spurr resin (Electron Microscopy Sciences, Fort 
Washington, PA). Semi-thin sections were stained with 
toluidine blue for light microscopy analysis. 

Fbr scanning electron microscopic observation, the 
specimens were fixed in PBS buffer (pH 7.3) containing 
2.5% glutaraldehyde and 2% paraformaldehyde at 4°C for 
2.5 hours, followed by dehydration through a gradient 
concentration of ethanol. Samples were then dried in 
liquid carbon dioxide on Samdri-780u (Tousimis Research 
Corporation, Rockville, MD}, mounted on stubs, sputter 
coated with gold, and examined with a scanning electron 
microscope (model JSM-T220A; JEOL_Ltd., Tokyo, Japan) 
at an accelerating voltage of 20 Kv. 
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B-Glucuronidase (GUSl Assay 
Gus assay was performed histochemically with s­

bromo-4-chloro-3-indoyl glucuronide (X-Gluc, Jefferson, 
1987) as the substrate using a protocol adapted from 
Toriyama et al. (1991). The entire seedlings were 
submerged in the GUS-stain solution (2mM X-Gluc, O.lM 
sodium phosphate buffer, pH 7.0, 0.5% Triton X-100, 2mM 
K3 [Fe(CN) 6), 2mM K4 [Fe{CN} 6], and 0.2% NaN3} and vacuum 
infiltrated for about 10 minutes and then incubated at 
37°C overnight. The reaction was stopped and then the 
plant material cleared by rinsing and incubation with 
70% ethanol overnight at 37°C. 

Actin Staining 

Wild type and transgenic etiolated seedlings (10 
days old) were placed in an Eppendorf tube containing a 
slurry of EZE-LAP, lapping compound #700 WF (Scour 
Pads, Australia}, in phosphate buffer (pH 7.2) and 
vortexed for 1 minute. After washing three times with 
phosphate buffer, the top portion of seedlings 
including cotyledons, petioles, hook and a portion of 
hypocotyl were cut off and incubated in fluorescein­
phalloldin (Molecular Probes, U.S.A.) in phosphate 
buffer for two hours. The specimens were mounted on a 
glass slide with the same stain solution and cortical 
actin patterns of epidermal cells were visualized using 
a confocal microscope (MRC 600 or MRC 1024, BioRad). 
In case of fixation, the seedlings were incubated in 4% 
paraformaldehyde in phosphate buffer for 45 minutes and 
then washed two times with phosphate buffer followed by 
EZE-LAP treatment as described above. 
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Example 1 
Generation and Analysis of PfN-0 and PFH-U Plants 
Our lab previously (Christensen et al., 1996) 

reported the identification and molecular analysis of 
four profilin genes including profilin-1 in Arabidopsis 
thaliana. In order to identify the in vivo functions 
of profilin-1 transgenic. Arabidopsis plants over­
expressin9 {PFN-0) and under-expressing (PFN-U) this 
protein were generated as described above in the 
materials and methods. PFN-U plants showed dwarf 
phenotype and flowered earlier than the control, 
whereas the PFN-0 plants showed no severe phenotype or 

• slightly taller phenotype than the control. To confirm 
that these changes in the transgenic plants are in fact 
due to over and under-expression of profilins, northern 
and western blot analysis were performed as described 
above in the materials and methods. Five lines of PFN­
U plants showed 25% to 50% reduction in prof ilin RNA 
and protein levels than the control and out of these 
three lines were selected for further studies. On the 
other hand, only two lines of PFN-0 plants showed at 
least 20 times more profilin RNA and protein levels 

t 
than the control and these lines were used for further 
analysis. 

Example 2 

Hypocotyl Regions of Etiolated PE'N-U Seedlings 
Show Seyere Phenotype 

To investigate whether the shorter phenotype of 
PFN-U plants and slightly longer phenotype of PFN-0 is 
due to the role of profilin on cell division or cell 
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elongation, the plants were analyzed at the seedling 

stage. The hypocotyl structure in Arabidopsis thaliana 

is generated entirely during embryogenesis and all the 

post embryonic growth takes place in the absence of 
cell division. The elongation of hypocotyl cells is 
maximum in the etiolated seedlings, which results in 

elongated hypocotyl structure. This formed the basis 
for the study on the etiolated hypocotyl. When the 

seedlings were grown in white light for either 5 days 
or 10 days, the phenotype was not severe, i.e, the PFN­
U seedlings were 20% shorter than control and PFN-0 

showed no significant difference in size than the 
control. This could be due to the inhibitory effect of 
light on hypocotyl elongation. When the seedlings were 

grown in dark for 5 days or 10 days the PFN-U seedlings 
showed obvious short phenotype. The phenotype was more 
pronounced in. 10 days seedlings. When compared with 
the control, 10 days old PFN-U seedlings showed 2X 
reduction in size of the hypocotyl, whereas PFN-0 

showed either no difference or slightly taller {10 to 
15%) phenotype. The seedlings were germinated in the 
dark for approximately 25 days at 4°C and the hypocotyl 
size wAs observed in thes~ seedlings. As expected, the 
wild type growth decreased at this low temperature, 
while PFN-0 seedlings showed an increase in hypocotyl 
length. The PFN-0 seedlings showed a drastic size 
reduction of three to four times compared to the 
control. These results suggested that the profilin-1 
may be involved in cell elongation especially in the 
hypocotyl region of Arabidopsis. 

Analysis of several parts of transgenic seedlings 
and mature plants was also carried out to observe 
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phenotypic changes and compared with the wild type 

seedlings and mature plant. In this analysis, root 
length, root hair length, petiole length etc. were 

measured and also the papillae cells, trichomes, pollen 
tubes, siliques and leaf size were analyzed. Except 

for trichomes, where there w~s not much difference 

between wild type and transgenic plants, all the other 

data showed that the PFN-U plants showed a reduction in 
size than the wild type and PFN-0 plants either showed 

no difference or were slightly bigger than the wild 
type. 

Example 3 

Microscopic Eyaluation Of Cell Elongation And Cell 
Shape 

Light Microscopy 

To investigate the effect of over- or under­

expression of profilin on cell elongation and shape, 

some light microscopic examination of etiolated 

hypocotyl regions was performed. Analysis of wild type 
hypocotyl showed a straight and smooth surface. PFN-O 
seedlings showed a slightly thicker hypocotyl with 
straight and smooth surface like wild type, whereas 
PFN-U seedlings showed the thickest hypocotyl with· 
ruf.fled surface with dots at several places. In 

·;··· addition to the ruffled surface, some epidermal cells 

of PFN-U hypocotyl were swollen. A comparison of 
longitudinal sections of hypocotyl regions of wild type 
and transgenic seedlings showed the wild type cortex 
cells to be long and straight, whereas the cortex cells 
of PFN-0 more or less showed no difference from the 

control. The length of the cortex cells of PFN-U 
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showed approximate 2 fold reduction when compared with 
the wild type cells. Some of these showed a condensed 
cell matrix. 

Cross sections of mid hypocotyl regions of wild 
type and transgenic seedlings showed the cell diameter. 
The wild type hypocotyl showed a single tier of uniform 
epidermal cells and two layers of cortex cells. In 
cross section PFN-0 showed a thicker hypocotyl. The 
epidermal and cortex cell arrangement was similar to 
the wild type but the cells appeared a little bigger, 
which gave the thicker appearance to the hypocotyl. 
PFN-U seedlings showed the thickest hypocotyl. Their 
epidermal cells were not uniform, i.e. some cells were 
smaller whereas others showed uncontrolled swelling 
compared to wild type cells. A few epidermal cells 
appeared in the verge of collapsing and a few other 
epidermal cells and cortex cells showed condensed cell 
wall materials. 

Electron Microscopy 
To confirm the surface ruff ling of the PFN-U 

seedlings, scanning electron microscopic (SEM) analysis 
of hypbcotyl regions of wild type and transgenic 
seedlings grown in the dark for 10 days at either 22°C 
or 25 days at 4°C was performed. Wild type hypocotyl 
region in both conditions showed smooth surfaces. The 
PFN-0 showed slightly bigger cells than the control and 
the smooth surface similar to the wild type control. 
PFN-U seedlings showed the biggest cells and the 
hypocotyl surface was highly ruffled. SEM results were 
highly consistent with the changes observed with the 
light microscopy. 
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Electron micrographs of hypocotyl epidermal cell 
walls of wild type and transgenic seedlings did not 
show any difference in thickness. While PFN-0 
seedlings showed no difference from the wild type cells 
in the cell wall structure, the PFN-U seedlings showed 
thicker cuticular layer on outer surface. In addition 
there were regions of the cell where with condensed 
materials could be observed. The inner sides of these 
epidermal cells showed some vesicular surfaces which 
eventually may have been deposited on the cell walls to 
form the regions with condensed materials. The cortex 
cell walls of PFN-0 seedlings sometimes showed 
anomalous structures and the PFN-U seedlings showed 
many vesicles containing electron dense materials near 
the cell wall. 

Role of Profilin-1 in Vesicular Transport 
The cell wall plays a key role for the turgor-

dri ven cell growth. The cell wall expansion is a 
result of the interplay between the synthesis of new 
compone~ts, their regulated incorporation into the 
existing architecture and the loosening of the 
structure. Based on this information a defect in cell 
wall synthesis and maintenance in the hypocotyl of PFN­
U seedlings was suspected, as they showed elongation 
defects. In fact, light and electron microscopy data 
showed the altered cell walls of epidermal cells and 
cortex cells of PFN-U hypocotyls. In order to analyze 
further, the cell structures of these hypocotyls were 
careful.ly examined using electron microscopy. There 
were three different types of condensed materials 
observed in the endoplasmic reticulum of PFN-U 
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hypocotyl cells -- low electron dense fibrils, medium 
electron dense materials condensing into a ball-like 
structure, and high electron dense materials. It 
seemed that these low electron dense particles 
aggregate to medium dense and finally high electron 
dense particles, which later accumulate in the wall 
making the patches. The cortex cells showed similar 
condensing process of electron dense particles. 
Numerous ribosomes could be seen attached to the 
membranes surrounding the fibrous materials and some 
cortex cells showed ball like structures with condensed 
fibrous material. In addition to these materials 
condensed in ER, the cell matrix also showed some 
vesicles filled with electron dense materials. Some 
cytochemical detection need to be performed to show 
whether they are the same or different. Aggregated 
vesicles were observed in electron micrographs of the 
epidermal and cortical cells. These aggregated 
vesicles containing the electron dense materials were 
eventually transferred to the cell wall. These 
materials accumulated on the cell wall irregularly, 
which could be observed on the epidermal and cortex 

t 
cell walls. Some epidermal cells of PFN-U hypocotyl 
were smalter than the other cells and are found to 
contain some fibrous materials. These cells appeared 
on the verge of c"ollapse. 
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Example 4 

Effect of Over- and Under-Expression of Profilin-1 

on Flowering Time and Leaf Number 

The flowering time and leaf number was scored as 

described above in the materials and methods. The PFN­

U plants showed overall smaller phenotype than the PFN-

0 plants and wild type and £lowered at least two weeks 

earlier than the wild type. The leaf number of PFN-U 

is at least 40% less than the wild type. On the other 

hand the PFN-0 plants showed a slightly taller 

phenotype than the wild type plants and there was no 

significant difference in the flowering time and leaf 

~ number between wild type and PFN-0 plants. This 

suggests that the profilin-1 is involved in the normal 

flowering time, and when blocked causes a decrease in 

the flowering time. 

Example 5 

Expression of Profilin-1 in the Elongation Zone of 
.the Roots Tips, Root and the Root Hairs 

To analyze the expression pattern of the prof ilin-

1 in different tissues/cell types, a profilin-1 
i 

promoter-glucuronidase construct was made and 

homozygous T3 seedlings were generated as described 

above in materials and methods. A ring of cells in the 

elongation zone of the root tips and the root hairs of 
the transgenic plants showed GUS activity. 
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Example 6 
Actin Staining Pattern of Wild Type, PFN-0 and 
PFN-U Etiolated Seedlings 

It has been shown that overexpression or 

underexpression of profilins alter the actin 

cytoskeletal arrangement in S. pombe, D. discoideum and 

CHO cell lines (Balasubramanian et al., 1994; Haugwitz 

et al., 1994; Finkel et al., 1994). Also the 

microinjection of profilin into Tradescantia stamen 

hair cells depolymerized the microf ilaments and 

affected cytoplasmic streaming (Staiger et al., 1994}. 

Based on these results the actin cytoskeleton patter of 

4 PFN-0 and PFN-U seedlings was analyzed and compared 

with wild type. 

Arabidopsis Wild Type Actin Staining Pattern 

The actin staining protocol for the etiolated 

Arabidopsis seedlings was standardized. An abrasive (a 

lapping compound} was used to enhance greatly the 

phalloidin penetration into the tissues, particularly 

the cotyledons. Generally actin arrangement was better 

preserved in smaller cells i.e. the cells of 
t 

cotyledons, petioles of cotyledon, and hooks, than 

larger cells of the hypocotyl which were plasmolyzed 

and the actin filament organization was severely 

disrupted. The stomata were not stained, maybe because 

of the thickened cell walls which were less abraded 

during tissue preparation and hence less permeable to 

phalloidin. There was no difference in the actin 

arrangement between fixed and non-fixed wild type 
tissue, but the fixation sometimes caused an increased 
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wall fluorescence making it difficult to observe 

cortical actin filaments. The results are thus based 

on the comparisons of the non-fixed lines. 

All wild type cell types had two subsets of actin 

cables; thick and thin. The arrangement of these 

cables varied between tissue types. Cotyledons had 

random networks of long cables (of varying thickness) 

which appeared to branch, and many arrays were less 

dense compared to other tissues making the branching of 

thicker actin filaments more obvious. Some cells of 

the petiole and hypocotyl hook had. fine actin filaments 

in parallel arrays, either transversely or obliquely 

oriented. In all cells there was -another set of thick 

and wavy actin cables running down the longitudinal 

axes of the cells. Middle portion cells of the 

hypocotyl showed long, thick and wavy cables running 

down the longitudinal axes of the cells. The guard 

cells in the petiole, showed radial arrays of actin 

filaments when stained. Young etiolated leaves in 10 

days old seedlings had uniformly thickened, co-aligned, 
either transverse, oblique or longitudinal actin 

filaments with respect to the leaf axis. 

PFN-o·and PFN-U Seedlings Show Frequent Normal Actin 
Staining Pattern 

Cotyledons of PFN-0 seedlings had actin filaments 

of varying lengths and thickness, randomly oriented in 

the cortex. The density of the actin filaments fell 

within the range seen within the wild type cotyledons. 

One line showed clusters of actin filaments. Petiole 

hooks and mid hypocotyl regions showed organized arrays 
as observed in the wild type cells. The cotyledon 
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cells of PFN-U had predominantly abundant cortical 
actin filaments than wild type but still within the 
range observed and these were long and randomly 
oriented. A few cells of one line showed spikes or 
actin rods as observed with the actin depolymerizing 
factor overexpression seedlings. The petiole showed 
similar arrangement of actin filaments as observed in 
wild type seedlings, but a few seedlings of one line 
showed spikes. Hook and the mid hypocotyl regions 
showed actin arrangement similar that of wild type 
seedlings. Young leaves of both PFN-0 and PFN-U showed 
good actin staining with parallel arrays similar to the 

:i. wild type. 

Example 7 

Actin and Actin Depolymerizin~ Factor fADFl 
Expression in Profilin Transgenic Plants 
Over-expression of cofilin/ADF in Dictyostelium, 

enhanced the actin expression three folds {Aizawa et 
al., 1996). In order to see whether the profilin over­
or under-expression affects the expression patter of 
actin and ADF in our study, northern and western blots 

t 

were carried out as described in the materials and 
methods. The results showed that there was no 
difference in the expression levels of actin or ADF in 
the PFN-0 or PFN-U plants when compared with the wild 
type levels of RNA or protein. 

Piscussion Of The Examples 
In continuation of the work by Christensen et al. 

(1996), the in vivo function of profilin-1 of 



26 

Arabidopsis thaliana was analyzed by either over- or 
under-expressing this protein. Two over-expressing 
(PFN-0) lines showed a 20 to 30 fold increase in RNA 
and protein levels, but they did not show any severe 
phenotype in several growth conditions and the actin 
architecture was not altered in the cotyledon, petiole 
and hook cells, when compared with the wild type. Ten­
fold profilin overexpression in yeast showed no obvious 
phenotypic effect, and microinjection of profilin in 
tissue cultured cells only reduced the centrally · 
located actin filaments, but not the cortical actin 
filament (Cao et al., 1992). The lack of phenotype 
could be due to the adaptation of cells to higher 
profilin levels with possibl~.regulation of the 
concentrations of other actin monomer binding proteins, 
other than actin depolymerizing factor, which did not 
show any change in the amounts in PFN-0 or PFN-0 
plants. 

On the other hand, under-expressing (PFN-U) 
seedlings and mature plants showed dwarf phenotype and 
were expressing 50% (per seedling basis) to 75% (per 
microgram basis) of wild type profilin RNA and protein 
levels. Even though the reduction in protein level is 
not qr~at, the phenotype was severe. The following 
points can be considered for an explanation for such 
moderate reductions in profilin RNA and protein levels. 

1. Critical concentration of profilin must be 
maintained in a cell for its nori:nal function· and even 

I 

slight reduction from this level, as in the case of 
PFN-U plants, resulted in such a phenotype. 

2. Profilin deletions in Dictyostel1um (Haugwitz 
et al., 1994) and in yeast (Haarer et al., 1990) 
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produced severe phenotype, but not lethal, where as in 
higher eukaryotes like Drosophila prof ilin deletions 
resulted in. death during late embryonic development 
(Verheyen and Cooley, 1994) and death of embryo at 100 
cell stage of development in mice (Sohn and 
Goldschmidt-Clermont, 1994}. This lethality could be 
true for plants as well. Complete or partial reduction 
of profilin concentration below a certain level, in 
plant cells could be lethal and hence only those cells 
with moderately reduced profilin levels developed into 
transgenic plants. This could be another reason for 
the moderate reduction of profilin protein and RNA 
levels in PFN-U seedlings. 

3. In Dictyostelium deletions of profilin-1 and 
-2 resulted in a severe phenotype which was rescued by 
either of the profilins (Haugwitz et al., 1994). 
Christensen et al., (1996) showed that plant profilins 
could complement the Schizosaccharomyces pombe and 
Saccharomyces cerevisiae profilin mutants. Disruption 
of the myosin lB gene caused several subtle effects on 
the motility which may be accounted for by partial 
redundancy with other myosins (Wessels et al., 1991.) 

t 
Prof ilin-1 is a member of the Arabidopsis profilin gene 
family, which has been shown to have 3 to 6 members 
{Christensen et al., 1996) to 8 to 10 members (Huang et 
al., 1996). The substitutive action (inter and intra 
species) and/or functional redundancy of profilins 
could be one of the reasons why lesser levels of 
profilin RNA and protein in PFN-U seedlings were 
observed. So deletion or block of a cytoskeletal gene 
such as prof ilin appear to have no severe reduction in 
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the levels of protein or RNA as the other genes in the 
family can compensate the reduction. 

In vivo studies on profilin functions has been 
shown that they ar·e involved in both actin 
polymerization and depolymerization and microinjection 
experiments (Staiger et al., 1994}, over-expression 
(Finkel et al., 1994) and under-expression (Haugwitz et 
al., 1994) experiments showed that the F-actin 
architecture has· generally altered either with an 
increase or decrease in F-actin content. On the other 
hand, a Drososphila profilin mutant (chic mutant) 
showed a defect in oogenesis and nurse cells showed 
missing actin bundles, whereas the bristles showed 
increase in number of actin bundles (Verheyen and 
Cooley, 1994). Also when profilin was microinjected in 
tissue cultured cells the F-actin filaments are reduced 
centrally, but unchanged in the cortical region (Cao et 
al., 1992}. In the present work either PFN-0 or PFN-U 
plants, in general, did not show any observable changes 
in cortical actin architecture of etiolated cotyledon, 
petiole or hypocotyl hook cells. There could have been 
subtle changes in the actin arrangement which our 
methodiof actin staining failed to pick up. 

Profilin has been shown to be involved in cell 
division and its deletion results in cells with clearly 
impaired cytokinesis in Dictyostelium (Haugwitz et al., 
1994) and Schizosaccharomyces pombe (Balasubramanian et 
al., 1994), abnormal regulation of mitosis in 
Drosophila (Verheyen and Cooley, 1994), and 
multinucleation condition in Saccharomyces cerevisiae 
(Haarer et al., 1990). In order to check whether the 
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short phenotype of PFN-U plants are due to such cell 
division problems entire or sections of etiolated 
hypocotyl seedlings of PFN-U plants and PFN-0 plants 
were subjected to light and electron microscopy 
analysis. The results indicated that the cell number 
in the mid-hypocotyl region did not vary in transgenic 
seedlings and wild type, and only the cell length of 
PFN-0 cells were reduced which suggested that there is 
a cell elongation problem rather than a cell division 
problem. This suggested that prof ilin-1 may be 
involved in cell elongation. The profilin-1 promoter­
GUS fusion expressed GUS in the root elongation zone 
and in root hairs and this supports the fact ~hat 
prof ilin-1 is needed for the cells that undergo rapid 

~ elongation. Vidali et al. (1994} immunolocalized 
profilin in hypocotyl cells· of Phaseolus vulgaris. 

Root hair length measurements of PFN-U seedlings showed 
that they· are shorter than the wild type root hairs. 
These results provide additional support for the role 
of profilin in cell elongation. Genetic and 
physiological studies have also established a role for 
hormones in the hypocotyl elongation. Auxins and 
gibberlic acid (GA) act as stimulatory factors for the 
hypoco~yl elongation (Davies, 1995) and GA-deficient or 
insensitive mutants (Finkelstein and Zeevaart, 1994} as 
well as auxin resistant mutants (Estelle and Klee, 
1994) show dwarf hypocotyls in dark (Lincoln et al., 
1990; Desnos et al., 1996). In order to show that the 
short hypocotyl phenotype of PFN-U plants in fact is 
not due to the GA or auxin deficiency, the seedlings 
were grown in appropriate concentrations of GA and 
Indole acetic acid (IAA). These treatments did not 
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restore the PFN-U seedlings to the wild type size, 
which suggests that the PFN-U phenotype is not due to 
hormonal deficiency. 

Light and electron microscopic analysis showed 
shape changes in hypocotyl cells, the epidermal cells 
in particular, of PFN-U seedlings. The reasons for the 
cell shape changes in transgenic plants especially PFN­
U seedling hypocotyl cells could be due to the 
following. 

1. The elongation defect always associated with 
a deformation of the hypocotyl surface due to the 
swelling of epidermal, cortical and endodermal cells. 
This is true for PFN-U seedlings whose hypocotyl 
surfaces were ruffled when observed in light and 
electron microscopes. In cross section these 
hypocotyls also showed swollen epidermal, cortical and 
endodermal cells. Such changes were also observed with 
procuste-1 mutant which showed an elongation defect 
(Desnos et al., 1996). Actin cytoskeleton has been 
thought to play a role in cell shape control and 
defects (Norvick and Bolstein, 1985) or alterations of 
actin cytoskeleton·by cytochalasin treatment (Baskin 
and Bivens, ·1995; Wernicke and Jung, 1992) which caused 
swelliQg and irregular shapes of the cell. In 
addition, enlarged spherical shapes of cells have been 
reported in cells mutated or under-expressing for 
actin-associated proteins such as profilin (Haarer et 
al., 1990) in yeast and in Dictyostelium (Haugwitz et 
al., 1994). The PFN-U seedlings showed the biggest 
cell sizes when compared with wild type and PFN-0 
seedlings. In these seedlings the cell shape changes 
could also be due to the changes in the actin 
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cytoskeleton. Some epidermal cells were bigger than 
the others and some epidermal cells were in the ve~ge 
of collapsing, reminiscent to the epidermal cell shapes 
observed for the etiolated hypocotyls of the procuste-1 
mutant {Desnos et al., 1996}. 

2. Plant morphogenesis depends on accurate 
control over growth anisotropy. Cell shapes other than 
the spherical shapes are due to the unequal expansion 
rates in all directions, that is anisotropic expansion. 
This is due to varying mechanical properties such as 
turqor pressure in different directions. The cellulose 
microfibril components of cell walls are deposited in 
an orderly fashion, and this is generally believed to 
control the eel~ shape (Green, 1987). The use of 
cellulose biosynthesis inh~bitor DCB {2,6, dichloro 
benzonitrile} (Delmer, 1987) caused short and defo~med 
hypocotyl phenotype in the wild type Arabldopsis 
plants, reminiscent to the prcl mutant phenotype and 
PFN-U seedling phenotype. It has been shown that root­
expansion mutant rsw is partially defective for the 
incorporation of radiolabelled glucos~ into the 
cellulosic wall fraction (Baskin et al., 1995). 
Vesicular transport of cell wall materials by 
exocytqsis is thought to occur with the help of actin 
cytoskeleton. Dysfunctional actin cytoskeleton impairs 
such exocytosis which leads to the aberrant ~ell wall 
which in turn affects the shape of the cell. 
Hypocotyls of etiolated PFN-U seedlings showed reduced 
cell elongation and concomitant stimulation of radial 
expansion indicating that under-expression of prof ilin 
reduced the degree of growth anisotropy. This could be 
due to a defect in cell wall formation or a block in 
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the transportation of vesicles which carry the cell 

wall materials. Electron microscopic analysis of 

etiolated hypocotyl sections of PFN-U plants showed 

electron dense material release and accumulation on the 

cell wall of cortex and epidermal cells irregularly. 

This clearly indicates that there is an obvious defect 

in the vesicular transport and structure of the cell 

wall in the profilin under-expressing plants. 

Microtubles and microfilaments have been 

increasingly linked to the general eukaryotic transport 

apparatus. Actin is implicated in development and 

maintenance of polarized grown (Norvick and Bolstein, 

1985), and in endocytosis in yeast (Reizman,1993) and 

mammalian polarized epithelial cells (Gottlieb et al., 

1993; Jackman et al., 1994}. Fungal actin filaments 

are thought to be involved in polar transport of 

vesicles of the exocytosis pathway and consequently in 

the mechanism of polarized growth (Johnston et al., 

1991; Harold, 1991). Fossiner et al. (1996) showed 

that vesicle dynamics and exocytosis during would wall 

formation in Characean internodal cells was actin 

based. Based on these results it was generally assumed 

that the vesicle based exo- or endocytosis needs the 

actin cytoskeleton. In hypocotyl of PFN-U seedlings we 

observed three different kinds of electron dense 

materials accumulating in the epidermal and cortical 

cells, including vesicles. This could be due to the 

fact that profilin under-expression some how alters the 
actin cytoskeleton, which either by itself or through 
changes in microtubule cytoskeleton block the vesicular 

transport in the cells. 



33 

Transgenic plants under-expressing prof ilins 

flowered at least two weeks earlier than the wild type 

plants. This suggests a role of profilin at critical 

concentration and when this level drops the flowering 

time is reduced. Alternatively, profilin under 

expression subjects the plants to stress, and as a 

result the plants flower early. Apart from their role 

in actin polymerization/depolymerization, profilins 

have been shown to be involved in tyrosine kinase 

receptor/phosphoinositide signaling pathway and in 

Ras/G protein signaling pathway. It also has been 

shown that profilin binds to poly-L-proline and proline 

rich sequences. The phenotypes observed in the 

transgenic plants of th~ present invention could also 

be due to block of any or all of the above functions of 

profilins. 
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We claim: 

1. A method for altering the growth habit of a plant 
comprising 

2. 

a} transforming a plant or plant cell with a 
gene capable of expressing a prof ilin in the 
plant, 

b) optionally regenerating a whole plant from 
the transformed plant cell and 

c) causing the transformed gene to be 
expressed in the plant such that an altered 
growth habit results. 

The method of claim 1 wherein the prof ilin is 
selected from the group consisting of profilin-1, 
profilin-2, profilin-3 and profilin-4. 

3. The method of claim 2 wherein the profilin is 
profilin-1. 

4. The method of claim 1 wherein the plant or plant 
cell is a dicot plant or plant cell. 

5. The method of claim 1 wherein the altered growth 
habit is a tall phenotype. 

6. The method of claim 1 wherein the altered growth 
habit is an expanded root and root hair system. 

7. The method of claim 6 wherein the profilin is 
s~lected from the group consisting of profilin-1, 
profiln-2, profilin-3 and profilin-4. 

8. The method of claim 7 wherein the profilin is 
profilin-1. 

9. The method of claim 5 wherein the plant or plant 
cell is a dicot plant or plant cell. 

-: 10. A method for altering the growth habit of a plant 
comprising 

a) transforming a plant or plant cell with a 
gene expressing an antisense mRNA 

_, 
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complementary to the mRNA transcribed by the 
coding seqQence of a profilin gene, 

b) optionally regenerating a whole plant from 
the transformed plant cell and 

c} expressing the gene in the plant such that 
the antisense mRNA inhibits the production of 
the profilin in the plant, resulting in an 
altered growth habit. 

11. The method of claim 10 wherein the profilin is 
selected from the group consisting of profilin-1, 
profilin-2, profilin-3 and profilin-4. 

12. The method of claim 11 wherein the profilin is 
profilin-1. 

13. The method of claim 10 wherein the plant or plant 
cell is a dicot plant or plant cell. 

14. The method of claim 10 wherein the altered growth 
habit is a dwarf phenotype. 

15. The method of claim 14 wherein the profilin is 
selected from the group consisting of profilin-1, 
profilin-2, profilin-3 and profilin-4. 

16. The method of claim 15 wherein the profilin is 
profilin-1. 

17. The method of claim 14 wherein the plant or plant 
cell is a dicot plant or plant cell. 

i 

18. A method for accelerating the onset of the 
flowering time of a plant comprising 

a) transforming a plant or plant cell with a 
gene capable of expressing a profilin in the 
plant, 

b) optionally regenerating a whole plant from 
the transformed plant cell and 

c) causing the gene to be expressed in the 
plant. 
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19. The method of claim 18 wherein the profilin is 
selected from the group consisting of profilin-1, 
pofilin-2, profilin-3 and profilin-4. 

20. The method of claim 19 wherein the profilin is 
profilin-1. 

21. The method of claim 18 wherein the plant or plant 
cell ·is a dicot plant or plant cell. 

22. A method for delaying onset of the flowering time 
of a plant comprising 

a)transforming a plant or plant cell with a 
gene expressing an antisense mRNA 
complementary to the mRNA transcribed by the 
coding sequence of a profilin gene, 

b) optionally regenerating a whole plant from 
the transformed plant cell, and 

b)expressing the gene in the plant such that 
the antisense mRNA inhibits the production of 
the profilin in the plant and results in a 
delay in flowering onset. 

23. The method of claim 22 wherein the profilin is 
selected from the group consisting of profilin-1, 
pofilin-2, profilin-3 and profilin-4. 

24. The method of claim 23 wherein the profilin is 
profilin-1. 

25. The method of claim 22 wherein the plant or plant 
cell is a dicot plant or plant cell. 

26. A method for enhancing the drought resistance of a 
plant com.prising 

a) transforming a plant or plant cell with a 
gene capable of expressing a profilin in the 
plant, the gene comprising a coding sequence 
encoding a prof ilin functionally linked to a 
root-specific promoter, 

b) optionally regenerating a whole plant from 
the transformed plant cell and 
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c) causing the gene to be expressed in the 
roots of the plant whereby the expression of 
profilin leads to an increase in root hair 
elongation. 
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