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Profilin (PFN) is an ubiquitous, low-Mr, actin-binding protein involved in the organization of the cytoskeleton of eukaryotes
including higher plants. PFNs are encoded by a multigene family in Arabidopsis. We have analyzed in vivo functions of
Arabidopsis PFN by generating transgenic plants carrying a 35S-PFN-1 or 35S-antisense PFN-1 transgene. Etiolated seedlings
underexpressing PFN (PFN-U) displayed an overall dwarf phenotype with short hypocotyls whose lengths were 20% to 25%
that of wild type (WT) at low temperatures. Light-grown PFN-U plants were smaller in stature and flowered early.
Compared with equivalent cells in WT, most cells in PFN-U hypocotyls and roots were shorter, but more isodiametric, and
microscopic observations of etiolated PFN-U hypocotyls revealed a rough epidermal surface. In contrast, light-grown
seedlings overexpressing PFN had longer roots and root hair although etiolated seedlings overexpressing PFN were either
the same size or slightly longer than WT seedlings. Transgenic seedlings harboring a PFN-1-GUS transgene directed
expression in root and root hair and in a ring of cells at the elongating zone of the root tip. As the seedlings matured
PFN-1-GUS was mainly expressed in the vascular bundles of cotyledons and leaves. Our results show that Arabidopsis PFNs
play a role in cell elongation, cell shape maintenance, polarized growth of root hair, and unexpectedly, in determination of
flowering time.

Actin is the major constituent protein of microfila-
ments in eukaryotic cells. The polymerization and
depolymerization of actin filaments are highly regu-
lated, spatially and temporally, to provide cells with
the ability to rapidly remodel cytoskeleton in re-
sponse to endogenous cues or external signals. In
animal cells actin filaments are involved in cell loco-
motion and cell shape changes, whereas in plants it
has been implicated in cytoplasmic streaming, cyto-
kinesis, cell expansion, and development (William-
son, 1993; Meagher and Williamson, 1994; Meagher
et al., 1999).

The dynamic rearrangement of actin filaments in
cells are brought about by a number of actin-binding
proteins. Profilin (PFN) is a low-Mr, actin monomer-
binding protein that is ubiquitously present in or-
ganisms ranging from amoebae and fungi through
to higher plants and mammals. Apart from actin
binding, PFN also binds to phosphatidylionositol
4,5-bisphosphate (Sohn et al., 1995), poly-l-Pro
(Bjorkegren et al., 1993; Gibbon et al., 1998), a Pro-
rich protein called vasodialator-stimulated phospho-

protein (Haffner et al., 1995; Reinhard et al., 1995),
formin homology domain-containing proteins (Fra-
zier and Field, 1997; Kamei et al., 1998), Arp2/3
complex (Mullins et al., 1998; Loisel et al., 1999), and
annexins (Alvarez-Martinez et al., 1996, 1997). Avail-
able evidence suggests that PFN is a multifunctional
protein (Haarer et al., 1990) that exerts positive and
negative regulatory effects on actin polymerization
(Theriot and Mitchison, 1993) and, in certain cases it
may be involved in signal transduction (Sohn and
Goldschmidt-Clermont, 1994).

In vitro studies showed that PFN can facilitate actin
polymerization at the barb ends by lowering the
critical concentration and promote nucleotide ex-
change on G-actin (for review, see Pantaloni and
Carlier, 1993; Theriot and Mitchison, 1993; Sohn and
Goldschmidt-Clermont, 1994). The latter property is
clearly not essential for the positive regulatory effect
of PFNs because Arabidopsis PFNs lack this prop-
erty, yet they are still able to promote actin assembly
(Perelroizen et al., 1996).

PFN mutations affected multiple actin-dependent
processes in Drosophila (Verheyen and Cooley, 1994),
and blocked cell budding in Saccharomyces cerevisiae
(Haarer et al., 1990) and cytokinesis in Schizosaccha-
romyces pombe (Balasubramanian et al., 1994). In vivo
studies on the effects of PFNs on actin filaments have
yielded mixed results. Microinjection of PFN into
animal (Cao et al., 1992) or plant (Staiger et al., 1994;
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Gibbon et al., 1998) cells depolymerized actin, and
deletion of both PFN genes from Dictyostelium discoi-
deum resulted in a 60% to 70% increase in F-actin
content at the rim below the plasma membrane
(Haugwitz et al., 1994). By contrast, PFN overexpres-
sion in stably transfected cells increased actin poly-
merization at the cell periphery by prolonging the
half-life of cortical actin filament (Finkel et al., 1994).

PFNs have been identified and characterized from
several plant species including maize and tomato
pollen (Staiger et al., 1993; Yu et al., 1998), tobacco
(Mittermann et al., 1995), leaves and root nodules of
Phaseolus vulgaris (Vidali et al., 1995; Guillen et al.,
1999), and Arabidopsis (Christensen et al., 1996;
Huang et al., 1996). Plant PFNs have been shown to
bind plant and animal actin in vitro (Valenta et al.,
1993; Giehl et al., 1994; Ruhlandt et al., 1995; Roth-
kegel et al., 1996). Moreover, Arabidopsis PFNs can
complement the S. cerevisiae PFN deletion mutant
and the S. pombe cdc3–124 PFN mutation (Chris-
tensen et al., 1996) and maize PFNs can rescue the
aberrant phenotype of PFN-deficient Dictyostelium
cells (Karakesisoglou et al., 1996). Kovar et al. (2000)
have recently identified two functionally distinct
classes of PFNs class I and class II, of which class II
PFNs showed higher affinity to poly-l-Pro, seques-
tered more monomeric actin and disrupted the actin
architecture more rapidly when compared with the
class I PFNs. Despite these advances on the ability of
plant PFNs to function in heterologous systems, the
roles of PFNs in whole plant development have not
yet been investigated (for review, see Staiger et al.,
1997).

In our present study we investigated the in vivo
functions of Arabidopsis PFNs (Christensen et al.,
1996) genes by analyzing transgenic Arabidopsis
plants expressing 35S-PFN-1 and 35S-antisense PFN-1.
Our results suggest that Arabidopsis PFNs play a
role in cell elongation, cell shape maintenance, polar-
ized growth of root hair, and flowering time.

RESULTS

Analysis of PFN-Overexpressing (PFN-O) and
-Underexpressing (PFN-U) Transgenic Plants

We previously reported the identification and mo-
lecular analysis of four Arabidopsis PFN genes in-
cluding PFN-1 (Christensen et al., 1996). Huang et al.
(1996) also characterized, independently, four Arabi-
dopsis PFN (called PRF) genes, with their PRF-1 be-
ing identical to our PFN-1 (Christensen et al., 1996).
To investigate the in vivo functions of PFN-1 we
generated homozygous transgenic lines of Arabidop-
sis containing either 35S-PFN-1 or 35S-antisense PFN-1.
Several lines of transgenic plants were analyzed by
protein and RNA gel blots. Figure 1 shows that 35S-
PFN-1 transgenic plants (hereafter called PFN-O)
overexpressed PFN mRNA (Fig. 1D) and proteins
(Fig. 1B), whereas the 35S-antisense PFN-1 transgenic

lines (hereafter called PFN-U) expressed reduced lev-
els of PFN mRNA (Fig. 1D) and proteins (Fig. 1C) as
compared with wild type (WT) controls. We identi-
fied at least two lines of PFN-O (lines 3 and 6) that
showed 20 times or higher PFN-1 RNA and protein
levels and at least three lines of PFN-U (lines 1, 3, and
6) with a 25% to 50% reduction in PFN-1 RNA and
protein levels. The reduction of the expression levels
of both PFN isoforms (Fig. 1C) suggests that the
antisense effect was not restricted to PFN-1 only. This
is not surprising in view of the high sequence homol-
ogy of the PFN gene members. Because the pheno-
types of the two lines of PFN-O were similar, as were
the three lines of PFN-U, detailed analyses were done
with PFN-O-3 and PFN-U-6.

Hypocotyl Regions of Etiolated PFN-U Seedlings Show
Severe Phenotype

We compared PFN-U and PFN-O plants with WT
plants under different growth conditions. No marked
morphological phenotype was observed with seed-
lings grown in white light for either 5 (data not
shown) or 10 d (Fig. 2, A–C). PFN-U seedlings on the
average were 20% shorter (Fig. 2C) than WT seed-
lings (Fig. 2A), whereas PFN-O seedlings (Fig. 2B)
were not significantly different from WT seedlings.
This was perhaps not surprising because hypocotyl
cell elongation is inhibited by light and under this

Figure 1. Expression of PFN proteins and transcript in WT and
transgenic seedlings. Proteins were separated by isoelectric focusing
followed by SDS-PAGE. Affinity antibodies against PFN were used for
the immunostaining. In A, B, and C, the white arrow indicates PFN-1
and the black arrow represents other members of the PFN family.
RNA gel blots were hybridized to an in vitro transcribed antisense
PFN-1 RNA. A, WT, 100 mg. B, PFN-O-3, 100 mg. C, PFN-U-6, 100
mg. D, PFN transcript levels in WT and transgenic plants. Each lane
contained 30 mg RNA. Black arrow, Endogenous PFN mRNA; white
arrow, transgenic PFN-1 mRNA. Lane 1, WT; lane 2, PFN-O-3; lane
3, PFN-O-6; lane 4, PFN-U-1; lane 5, PFN-U-3; lane 6, PFN-U-6. E,
18S rRNA levels in WT and transgenic plants. RNA gel blot from D was
stripped and rehybridized with 18S rDNA lanes 1 through 6 same as D.
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condition PFN levels may not be limiting for cell
elongation. To investigate this possibility we germi-
nated seedlings in the dark for 5 (data not shown) or
10 d (Fig. 2, D–F). Etiolated PFN-U seedlings showed
an obvious dwarf phenotype that became more pro-
nounced 10 d after germination (Fig. 2F). Hypocotyl
length of PFN-U seedlings (Fig. 2F) was about 40%
that of WT seedlings (Fig. 2D), whereas PFN-O seed-
lings (Fig. 2E) showed no difference in hypocotyl
lengths or were slightly longer. To see whether the
difference in hypocotyl length between WT and
transgenic plants could be enhanced, seedlings were
germinated in the dark at 4°C for 28 d. Under this
condition, PFN-O seedlings were slightly longer (Fig.
2H) than WT seedlings (Fig. 2G), whereas PFN-U
seedlings (Fig. 2I) showed a drastic decrease in hy-
pocotyl length. These results confirm that PFN plays
a role in hypocotyl elongation.

Genetic and physiological studies have also estab-
lished a role for hormones in hypocotyl elongation.
Auxins and gibberellic acid (GA) are known to pro-
mote hypocotyl 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 the
dark (Lincoln et al., 1990; Desnos et al., 1996). To rule
out the possibility that the short hypocotyl pheno-
type of PFN-U plants was due to a GA or auxin
deficiency, we treated the seedlings with appropriate
concentrations of GA and indole acetic acid. These
treatments did not restore the PFN-U seedlings to the
WT size (data not shown), suggesting that the PFN-U
phenotype is not due to a GA or auxin deficiency nor
a to block in the signaling pathway of these hormones.

We also analyzed several organs of transgenic seed-
lings and mature plants for possible phenotypic
changes as compared with WT counterparts. To this
end we measured the lengths of main root, root hair
(to be discussed later), trichomes, hypocotyl lengths of
etiolated seedlings, siliques, and petiole (Table I). With
the exception of trichomes all these cell types/organs
were shorter in PFN-U plants and the same or slightly
longer in PFN-O plants as compared with WT.

PFNs Play a Role in Cell Elongation and Cell
Shape Maintenance

To investigate the effects of over or underexpres-
sion of PFN on cell elongation and cell shape, we
analyzed hypocotyls of etiolated seedlings by light
microscopy (Fig. 3, G–I). WT hypocotyls were straight
and had smooth surfaces (Fig. 3G), as were PFN-O
seedlings (Fig. 3H). By contrast PFN-U hypocotyls
(Fig. 3I) were clearly thicker than those of PFN-O and
WT; moreover, they had rough surfaces with dots at
several places and some epidermal cells were swol-
len (Fig. 3C).

Analysis of longitudinal sections of hypocotyl re-
gions revealed that WT cortical cells were long and

Figure 2. Phenotypes of PFN-O and PFN-U transgenic seedlings. A,
WT, 10 d in white light at 22°C. B, PFN-O-3, 10 d in white light at
22°C. C, PFN-U-6, 10 d in white light at 22°C. D, WT, 10 d in dark
at 22°C; average hypocotyl length 5 1.36 6 0.6 cm (n 5 20). E,
PFN-O-3, 10 d in dark at 22°C; average hypocotyl length 5 1.40 6
1.7 cm (n 5 40). F, PFN-U-6, 10 d in dark at 22°C; average hypocotyl
length 5 0.54 6 0.1 cm (n 5 40). G, WT, 28 d in dark at 4°C. H,
PFN-O-3, 28 d in dark at 4°C. I, PFN-U-6, 28 d in dark at 4°C. Bars
in A, B, and C 5 0.2 cm; bars in D, E, and F 5 0.5 cm; bars in G, H,
and I 5 0.2 cm.
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straight (Fig. 3D), whereas those of PFN-U showed
about a 2-fold reduction in length when compared
with WT cells with some of the cells showing con-
densed cell matrix (Fig. 3F; Table I). On the other
hand PFN-U cells were about 1.5 times wider than
the corresponding WT cortical cells. This result indi-
cates that the reduction in hypocotyl lengths of
PFN-U can be largely accounted for by the reduction
in cell length. No obvious difference between cortical
cells of PFN-O and those of WT (Fig. 3E) was found.

WT hypocotyl contains a single tier of uniform epi-
dermal cells and two layers of cortical cells (Fig. 3A).
The arrangement of epidermal and cortical cells was
similar in WT and PFN-O seedlings and the cells were
also similar in size (Fig. 3B). The epidermal cells of
PFN-U hypocotyls were not uniform; some cells were
smaller, whereas others showed uncontrolled swell-
ing. A few epidermal cells were at the verge of col-
lapsing and condensed cell wall materials were found
in some epidermal and cortex cells (Fig. 3C).

Electron Microscopic Analyses

To confirm the rough surface of the PFN-U seed-
lings (Fig. 3I) we performed cryo-scanning electron
microscopic (SEM) analysis of hypocotyl regions of
WT and transgenic seedlings grown in light (Fig. 4,
A–I) or dark (Fig. 4, J–L) for 10 d 22°C. Under both
conditions WT and PFN-O hypocotyls showed
smooth epidermal surfaces with no significant differ-
ence between them (Fig. 4, A, B, J, and K). PFN-U
hypocotyls contained shorter and wider cells in light
(Fig. 4C) or dark (Fig. 4L) and the shape of epidermal
cells were altered resulting in rough surfaces (Fig.
4L). PFN-O cotyledon petiole (Fig. 4E) and epidermis
(Fig. 4H) also showed no significant difference from
the corresponding organ/tissue of WT (Fig. 4, D and
G). Similar results were found with PFN-U plants
(Fig. 4, F and I).

Transmission electron microscopic analyses of hy-
pocotyl epidermal cell walls of WT and transgenic
seedlings did not show any noticeable difference in
thickness. Whereas PFN-O cells were similar to WT
cells with respect to cell wall structure, PFN-U cells
showed a thicker cuticular layer and regions of the
cell wall accumulated condensed materials. These
epidermal cells contained some vesicular structures,

which eventually may have been deposited on the
cell walls to form the regions with condensed mate-
rials. The cortical cell walls of PFN-O seedlings some-
times showed unusual structures when compared
with the WT and the PFN-U seedlings showed many
vesicles containing electron dense materials near the
cell wall (data not shown).

Flowering Time

PFN-U transgenic plants were smaller in stature
compared with PFN-O and WT plants (Fig. 5, A –D)
and they flowered at least 12 d earlier than WT (Table
II). At the time of flowering PFN-U plants had 40%
fewer number of leaves as compared with WT (Table
II). On the other hand, PFN-O plants had a similar
stature as WT plants and there was no significant
difference in the flowering time and the leaf number
between the two at the time of flowering. PFN-O and
PFN-U plants had similar numbers of flowers as WT
and the flower structures were normal except that the
PFN-U flowers were smaller in size. The flowers of
PFN-O and PFN-U plants were fertile and set seeds
with no apparent abnormality. The early flowering
phenotype of PFN-U plants suggests the involve-
ment of PFN, directly or indirectly, in the regulation
of flowering time.

Expression of PFN-1 in the Elongation Zone of the
Roots, Root Hairs, and Vascular Bundles

To analyze the expression profile of the PFN-1 we
generated homozygous T3 transgenic seedlings car-
rying a PFN-1-GUS (GUS, b-glucuronidase) trans-
gene. Figure 6A shows that PFN-1-GUS was ex-
pressed in hypocotyls and roots of 10-d-old etiolated
seedlings. In 10-d-old light-grown seedlings GUS ex-
pression was restricted to the vascular bundles of
hypocotyls and cotyledons, as well as root and root
hair (data not shown). Twenty-day-old light-grown
transgenic plants expressed PFN-1-GUS in the vascu-
lar bundles of cotyledons and leaves (Fig. 6B), and in
root and root hair (Fig. 6C). It is notable that there
was no expression in the root tip except in a ring of
cells in the elongation zone (Fig. 6, D and E).

The expression of PFN-1 in the root and root hair
prompted us to investigate possible phenotypic

Table I. Morphological alterations in PFN-O and PFN-U plants
The petiole length of the biggest rosette leaf from 21-d-old plants was measured. The lengths of root

and root hair were determined using 5-d-old seedlings grown on Murashige and Skoog medium under
16-h light/8-h dark cycles at 22°C. N.D., Not determined.

Plant Organ/Tissue WT PFN-O PFN-U

Etiolated hypocotyl
length (cm)

1.36 6 0.16 (n 5 20) 1.40 6 0.17 (n 5 40) 0.54 6 0.1 (n 5 20)

Petiole length (cm) 1.11 6 0.07 (n 5 20) 1.06 6 0.07 (n 5 40) 0.52 6 0.07 (n 5 40)
Silique length (cm) 1.17 6 0.12 (n 5 15) 1.16 6 0.10 (n 5 15) 0.67 6 0.14 (n 5 14)
Root length (cm) 6.3 6 0.6 (n 5 15) 10 6 1 (n 5 15) N.D.
Root hair length (mm) 0.45 6 0.08 (n 5 36) 0.8 6 0.12 (n 5 31) N.D.
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changes in the root and root hair of PFN-O (Fig. 6, F
and I) and PFN-U seedlings (data not shown). Five-
day-old PFN-U seedlings showed shorter root and
root hair (data not shown), but the most obvious
changes were obtained with PFN-O transgenic
plants. Roots of PFN-O plants were at least 50%
longer (Fig. 6G) than WT root (Fig. 6F) and PFN-O
root hairs were at least two times longer (Fig. 6I) than
WT root hairs (Fig. 6H; Table I).

Actin Staining Patterns

Overexpression or underexpression of PFN has
been shown to alter actin cytoskeletal arrangement in
S. pombe, D. discoideum, and CHO cells lines (Balasu-
bramanian et al., 1994; Finkel et al., 1994; Haugwitz et
al., 1994). Moreover, microinjection of PFN into Tra-
descantia stamen hair cells depolymerized actin mi-
crofilaments and arrested cytoplasmic streaming
(Staiger et al., 1994; Gibbon et al., 1997, 1998). Con-
sideration of these results prompted us to analyze
actin cytoskeleton arrangements in PFN-O and
PFN-U seedlings and compare them with WT. Be-
cause these experiments were done before the avail-
ability of the green fluorescent protein-talin fusion
gene (Kost et al., 1998) we standardized a protocol for
phalloidin staining of actin microfilament in etiolated
Arabidopsis seedlings. Petiole and cotyledonary cells
of 10-d-old etiolated seedlings of WT and transgenic
plants were subjected to such analysis. It is surpris-
ing that we did not find any significant difference in
the cortical actin architecture of WT, PFN-O, and
PFN-U cells (data not shown).

DISCUSSION

In this paper we have analyzed the in vivo function
of Arabidopsis PFN by changing its expression level
in transgenic plants using overexpression and anti-
sense strategies. Arabidopsis PFNs are encoded by a
multigene family with eight to 10 closely related
members (based on Southern hybridizations) desig-
nated as PFNs by Christensen et al. (1996) and PRFs
by Huang et al. (1996). So far five PFN family mem-
bers have been characterized: PFN-1, PFN-2, and
PFN-3 of Christensen et al. (1996) correspond to
PRF-1, PRF-2, and PRF-4 of Huang et al. (1996), re-
spectively. PFN-4 of Christensen et al. (1996) was not
reported by Huang et al. (1996), and conversely,
PRF-3 of Huang et al. (1996) was not isolated by
Christensen et al. (1996). These five PFN (or PRF)
family members are highly homologous with respect
to nucleotide and amino acid sequences. Under our
hybridization conditions, the PFN-1 probe likely rec-

C and F indicate some structures in the epidermal and cortex cells.
Arrows in I show the swollen region of A, B, and C; same magnifi-
cation. Bar in C 5 0.5 mm; D, E, and F, same magnification; bar in
F 5 0.1 mm; G, H, and I, same magnification; bar in I 5 0.1 mm.

Figure 3. Hypocotyl phenotypes of transgenic seedlings. Seedlings
were grown for 10 d in the dark and sections were made through the
mid-portions of the hypocotyls. A, WT, cross section. B, PFN-O-3,
cross section. C, PFN-U-6, cross section. D, WT, longitudinal sec-
tion. Average length of cortical cells 5 567 6 131 mm; average width
of cortical cells 5 27.45 6 7.23 mm; n 5 80. E, PFN-O-3, longitu-
dinal section. Average length of cortical cells 5 569 6 147 mm;
average width of cortical cells 5 32.75 6 7.59 mm; n 5 80. F,
PFN-U-6, longitudinal section. Average length of cortical cells 5
266 6 71 mm; average width of cortical cells 5 39.77 6 10.27 mm;
n 5 80. G, WT, whole hypocotyl; width 5 172.7 6 12.0 mm (n 5 5).
H, PFN-O-3, whole hypocotyl; width 5 205.3 6 3.5 mm (n 5 5). I,
PFN-U-6, whole hypocotyl; width 5 250.8 6 27.0 mm (n 5 5).
Arrows in C point to the collapsed epidermal cells and arrowheads in
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ognized transcripts from all gene members. There-
fore, the reduction of PFN transcript levels in PFN-U
plants probably affected all PFN gene members. This
notion is further supported by two-dimensional gel
analysis (Fig. 1A), where we observed two major
isoforms of PFN in vegetative tissues (10-d-old etio-
lated or light-grown seedlings) that are products of
the gene members. Both isoforms reacted with our
polyclonal antibodies raised against PFN1 and 2 and
were reduced in PFN-U plants. Based on their pIs,
the major spot likely contains PFN-1 (pI 5 4.54;
Christensen et al., 1996) and PRF-3 (pI 5 4.55; Huang
et al., 1996), whereas the minor spot likely contains

PFN-2 (pI 5 4.78; Christensen et al., 1996; Huang et
al., 1996). Note that PFN-1 and PFN-2 are expressed
in vegetative tissues (Christensen et al., 1996).

PFN Levels Are Important for Cell Elongation

In PFN-U transgenic plants, the expression levels
of PFN transcript transcript is reduced by 25% to 50%
as compared with WT. Detailed analysis was carried
out with PFN-U-6, which showed a 50% reduction in
PFN protein levels. PFN-U-6 transgenic plants
showed a pronounced dwarfed phenotype in seed-
ling, as well as in adult plants. When grown in the

Figure 4. SEM analysis of hypocotyl, petiole, and cotyledon surfaces of WT and transgenic seedlings. Hypocotyl and petiole
specimens were prepared from the mid-portions of 10-d-old light- and dark-grown seedlings. A, Hypocotyl of light-grown
WT. B, Hypocotyl of light-grown PFN-O-3. C, Hypocotyl of light-grown PFN-U-6. D, Cotyledon petiole of light-grown WT.
E, Cotyledon petiole of light-grown PFN-O-3. F, Cotyledon petiole of light-grown PFN-U-6. G, Cotyledon surface of
light-grown WT. H, Cotyledon surface of light-grown PFN-O-3. I, Cotyledon surface of light-grown PFN-U-6. J, Hypocotyl
of etiolated WT. K, Hypocotyl of etiolated PFN-O-3. L, Hypocotyl of etiolated PFN-U-6. Bars 5 100 mm.
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dark to promote hypocotyl elongation, PFN-U hypo-
cotyl length was only about 40% that of WT. A more
dramatic reduction in hypocotyl lengths was ob-
served at 4°C, which presumably limited cytoskeletal
functions. Taken together, these results demonstrate
the critical importance of PFN levels in regulating
cell elongation.

PFN has been shown to be involved in cell division
and its deletion resulted in cells with clearly im-
paired cytokinesis in Dictyostelium (Haugwitz et al.,
1994) and S. pombe (Balasubramanian et al., 1994),
abnormal regulation of mitosis in Drosophila (Ver-
heyen and Cooley, 1994), and multinucleation in S.
cerevisiae (Haarer et al., 1990). To determine whether
the dwarf phenotype of PFN-U plants is due to such
cell division problems we analyzed the entire or sec-
tions of hypocotyls of etiolated PFN-U seedlings by
light and SEM. Our results show that the difference
in hypocotyl lengths between PFN-U and WT seed-
lings can be largely accounted for by the difference in
cell length (Fig. 3, D and F; Table I), indicating no
significant difference in cell number. Although not
investigated in the same details, the difference in
length of the other plant organs, e.g. petiole and

silique, is likely attributable to a reduction in the cell
length of these organs of PFN-U transgenic plants as
well. Thus PFN expression levels in cells appear to be
rate limiting and critical for cell elongation, and re-
duction in expression levels by 50% resulted in an
elongation defect with no apparent impact on cell
division. This notwithstanding, there was no detect-
able change in the cortical actin cytoskeleton of
PFN-U transgenic plants (data not shown). We note
that PFN deletions in Dictyostelium (Haugwitz et al.,
1994) and in yeast (Haarer et al., 1990) were not
lethal, but produced severe phenotypes. By contrast,
PFN deletion in Drosophila resulted in death during
late embryonic development (Verheyen and Cooley,
1994) and similar deletion in mice arrested embryo
development at the 100-cell stage. It is possible that a
severe reduction of Arabidopsis PFN protein levels
(e.g. greater than 50%) may also arrest development,
but in this case no transgenic plants would be
recovered.

We found that overexpression of PFN-1 did not
appear to have any significant effect on the morphol-
ogy of aerial organs in general, except that PFN-O
plants have longer roots and root hairs (Fig. 6; Table
I). The latter finding is perhaps not surprising be-
cause PFN-1 is expressed in the root elongation zone
and root hairs (Fig. 6, C–E), indicating that this pro-
tein functions as a rate-limiting factor in these cell
types to promote cell elongation and root hair exten-
sion. Like elongating pollen tubes, the growth of root
hairs is restricted to the tip by polarized secretion
and it is likely that PFN-1 somehow promotes this
process. As in the PFN-U plants, the cortical actin
cytoskeleton in PFN-O hypocotyl cells appeared to be
indistinguishable from that of WT (data not shown),
even though PFN-1 levels was increased by about 20
times in these plants. In animal tissue cultured cells,
microinjection of PFN only reduced the centrally lo-
cated actin filaments with no effect on cortical actin
filaments (Cao et al., 1992).

Staiger and coworkers investigated the functions of
maize pollen PFNs in vivo by microinjecting purified
proteins into Tradescantia stamen hair cells (Staiger et
al., 1994; Gibbon et al., 1997, 1998). They found that
injection of PFN clearly caused a reduction in F-actin,
which was correlated with a disruption of cytoplas-
mic streaming and a translocation of the nucleus
from the cell center to the periphery. In our experi-
ments the transgenic PFN-O plants expressed PFN-1
at levels 20 times higher than that in WT; neverthe-
less, these plants displayed apparently normal corti-
cal actin filaments. Several factors could explain the
discrepancy between our results and those of Gibbon
et al. (1997, 1998). The overexpression of PFN-1 was
constitutive in transgenic PFN-O plants, which could
have resulted in a physiological adaptation of the
plants. Although we have not observed any signifi-
cant changes in the actin and actin depolymerizing
factor expression levels in these plants (data not

Figure 5. Phenotypes of mature PFN-O and PFN-U plants grown in
the light. Seedlings were grown for 20 d in Petri plates and then
transferred into soil. A, 15 d after transfer. B, 25 d after transfer. C,
35 d after transfer. D, 45 d after transfer. For A through D, left, WT;
middle, PFN-O-3; right, PFN-U-6. Bars 5 4 cm.
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shown), we cannot rule out changes in other actin-
binding proteins that may provide a compensatory
effect on the F-actin architecture. Gibbon et al. (1997)
found that 1 h after injection, many injected hair cells
were able to recover from the effects caused by PFNs,
indicating that F-actin filaments can be reconstituted
in the presence of excess PFNs even in this type of
transient assay. It is, therefore, not surprising that no

apparent effect on cortical actin filaments was seen in
the PFN-O transgenic plants.

Cell Shape Maintenance

Cross sections of PFN-U hypocotyls showed swol-
len epidermal, cortical, and endodermal cells (Fig.
3C). These morphological characteristics were remi-
niscent of those reported for the procuste-1 mutant
(Desnos et al., 1996), which has a hypocotyl elonga-
tion defect. Alterations of actin cytoskeleton by cy-
tochalasin treatment (Wernicke and Jung, 1992;
Baskin and Bivens, 1995) caused cell swelling and
induced irregular-shaped cells. In addition, enlarged
spherical cells have been reported in yeast (Haarer et
al., 1990) and in Dictyostelium (Haugwitz et al., 1994)
that have mutations in or underexpressing actin-
associated proteins such as PFN. Therefore, it seems
possible that the cell shape changes observed in
PFN-U plants are due to changes in actin cytoskele-
ton and perturbations in polarized secretion.

A defect in secretion is also consistent with our
observation that some PFN-U epidermal cells were
bigger than the others, whereas other epidermal cells
were at the verge of collapsing, presumably due to
weakened cell wall structures (Fig. 3, C and F). The
cellulose microfibrils, the components of cell walls,
are deposited in an orderly fashion and they are
generally believed to control the cell shape (Green,
1987). The use of cellulose biosynthesis inhibitor 2, 6,
dichloro benzonitrile (Delmer, 1987) caused short
and deformed hypocotyl phenotype in WT Arabi-
dopsis plants, reminiscent of the prc mutant and
PFN-U seedling phenotype.

Effect on Flowering Time

An unexpected finding was that PFN-U plants
flowered earlier than WT and PFN-O plants, suggest-
ing that a reduction in PFN levels decreased flower-
ing time. It is unclear at present whether this is a
direct or an indirect effect. In other eukaryotic sys-
tems, a role for PFN in cell signaling (Sohn and
Goldschmidt-Clermont, 1994) has been proposed, in
addition to its role in actin cytoskeletal dynamics.
Although the results here implicate PFN in the de-
termination of flowering time in Arabidopsis, the
precise mechanism remains to be clarified by future
experiments.

Figure 6. GUS staining pattern of PFN-1-GUS transgenic seedlings
and root phenotypes of PFN-O seedlings. A, GUS expression in
etiolated seedlings. B, GUS expression pattern in 20-d-old light-
grown seedlings. C, GUS activity in the root and root hairs of
20-d-old light-grown seedlings. D and E, GUS staining of the root
elongation zone of 20-d-old light-grown seedlings. F, Roots of 5-d-
old light-grown WT seedlings. G, Roots of 5-d-old light-grown PFN-
O-3 seedlings. H, Root hairs of 5-d-old light-grown WT seedlings. I,
Root hairs of 5-d-old light-grown PFN-O-3 seedlings. Bar in A 5 0.2
mm; B 5 0.2 mm; C 5 0.05 mm; D 5 0.05 mm; E 5 0.01 mm; F and
G 5 0.2 mm; H and I 5 0.05 mm.

Table II. Flowering time of WT and transgenic plants
See “Materials and Methods” for details.

Feature WT PFN-O PFN-U

Flowering time (days) 40 6 3 (n 5 15) 38 6 3 (n 5 30) 28 6 3 (n 5 45)
Leaf number at flowering 22 6 3 (n 5 15) 21 6 3 (n 5 30) 14 6 3 (n 5 45)
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MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis C24 ecotype was used for this study.
For growth in the dark, plates were wrapped with three
layers of aluminum foil and kept vertically in a tissue
culture room at 22°C. For cold treatment, the wrapped
plates were kept vertically in a refrigerator for 4 weeks. For
light growth, plates were exposed to 16 h of light and 8 h
of darkness at 22°C. After 3 weeks seedlings were potted in
soil and transferred to a growth chamber maintained with
16 h of light and 8 h of darkness at 22°C and a humidity
of 75%.

Vector Constructions and Plant Transformations

The coding region of PFN-1 cDNA (Christensen et al.,
1996) was cloned downstream of a 35S promoter in the
pVIP40 vector (van der Krol and Chua, 1993) in the sense
and the antisense orientation. The PFN-1-GUS fusion con-
struct contained 1.0 kb of the PFN-1 59-upstream region in
the pVIP40 vector. Transformation was performed accord-
ing to Valvekens et al. (1988). T3 transgenic lines were
generated and used to obtain homozygous T4 seeds. Two
independent lines (nos. 3 and 6) for PFN-1 PFN-O and
three lines (nos. 1, 3, and 6) for PFN-U were used in this
study.

RNA Analysis

Total RNA was extracted from 10-d-old dark- or light-
grown seedlings of WT and transgenic plants using an
RNA isolation kit (Qiagen, Valencia, CA), RNAs were sep-
arated by electrophoresis on 1.2% (w/v) agarose gels, and
samples were blotted on to a nylon membrane that was
then used for hybridizations. Radiolabeled antisense
strand of PFN-1 was transcribed from the PFN-1 cDNA
cloned in pBlueScript (Christensen et al., 1996) and used as
a probe for the hybridizations. Arabidopsis actin-7 cDNA
and ADF-1 cDNA (Carlier et al., 1997) were used as probes.
18S rRNA was used as a loading control.

Antibody Preparation, Two-Dimensional Gel
Electrophoresis, and Western-Blot Analyses

PFN-1 expressed in Escherichia coli (Christensen et al.,
1996) was used to immunize rabbits. IgG purified by affin-
ity chromatography on a Protein A Sepharose CL-4B (Phar-
macia, Piscataway, NJ) column was used for western-blot
analyses. Proteins were extracted from 10-d-old (light- or
dark-grown) seedlings grown at 22°C or 4-week-old etio-
lated seedlings grown at 4°C. The plant materials were
extracted on ice using a mortar and a pestle with 50 mm
Tris [tris(hydroxymethyl)-aminomethane]-Cl (pH 8.0), 0.5
mm CaCl2, 0.5% (w/v) NP40, 0.5 mm b-mercaptoethanol,
aprotinin (1 mg/mL), and leupeptin (1 mg/mL). The ex-
tracts were centrifuged for 10 min at 4°C and the superna-
tant was collected. Protein concentrations were determined
by Bradford’s method and 10 mg was used for two-

dimensional gel electrophoresis (Hochstrasser et al., 1988).
After electrophoresis, proteins were transferred onto nitro-
cellulose membranes. Membranes were incubated with 3%
(w/v) non-fat milk in phosphate-buffered saline (PBS)
buffer containing 0.05% (w/v) Tween 20 for 1 h and
washed several times with PBS buffer followed by incuba-
tion with anti-PFN-1 IgG overnight. The membranes were
then washed with PBS and then with alkaline phosphatase
conjugated anti-rabbit IgG (Promega, Madison, WI) for 1 h.
After several washes the spots were developed following
the manufacturer’s instructions.

Cell Length and Diameter Measurements

Longitudinal and cross sections of 10-d-old etiolated WT
and transgenic seedlings were photographed under a light
microscope. The length and diameter of epidermal and
cortex cells were measured on enlarged photographs.

Flowering Time and Leaf Number

WT and transgenic plants were grown with 16 h of light
and 8 h of darkness at 22°C and flowering time was scored
as the number of days from the time when the plates were
placed in a tissue culture room to the time of flowering.
Leaf number was scored as the number of leaves on the
rosette (excluding cotyledon) and on the inflorescence stem
at the time of opening of the first flower. Three weeks after
germination about 15 randomly selected plants from WT
and each of the two independent lines of PFN-O and the
three independent lines of PFN-U transgenic plants were
transferred to soil.

GUS Assay

GUS assay was performed using 5-bromo-4-chloro-3-
indoyl glucronide (Jefferson, 1987) as a substrate (Toriyama
et al., 1991).
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