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Abstract

Profilin is an actin-binding protein involved in the dynamic turnover and restructuring of the actin cytoskeleton in all
eukaryotic cells. We previously cloned a profilin gene, designated as LePro1 from tomato pollen. To understand its biological
role, in the present study, we investigated the temporal and spatial expression of LePro1 during pollen development and
found that the transcript was only detected at late stages during microsporogenesis and pollen maturation. Using antisense
RNA, we successfully knocked down the expression of LePro1 in tomato plants using stable transformation, and obtained
two antisense lines, A2 and A3 showing significant down-regulation of LePro1 in pollen resulting in poor pollen germination
and abnormal pollen tube growth. A disorganized F-actin distribution was observed in the antisense pollen. Down-
regulation of LePro1 also appeared to affect hydration of pollen deposited on the stigma and arrested pollen tube
elongation in the style, thereby affecting fertilization. Our results suggest that LePro1 in conjunction with perhaps other
cytoskeletal proteins, plays a regulatory role in the proper organization of F-actin in tomato pollen tubes through
promoting actin assembly. Down-regulation of LePro1 leads to interruption of actin assembly and disorganization of the
actin cytoskeleton thus arresting pollen tube growth. Based on the present and previous studies, it is likely that a single
transcript of profilin gives rise to multiple forms displaying multifunctionality in tomato pollen.
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Introduction

Actin and actin-binding proteins (ABPs) are fundamental

elements of the cytoskeleton which together play an important

role in plant cell morphogenesis, mitogenesis, mobility and other

cellular processes [1,2,3,4,5]. The actin cytoskeleton is composed

of a network of actin filaments whose precise organization is

regulated by a number of actin binding proteins. One of them is

profilin, a small (12–15 kDa) monomeric actin binding protein.

The functions associated with the action of profilin, which may be

temporally and spatially correlated, include: (1) actin monomer

and filament end binding [6,7]; (2) positive or negative control of

actin nucleation and polymerization [8,9,10,11]; (3) participation

in the phosphoinositide secondary messenger signaling pathway

[4,12,13,14]; (4) poly-L-proline binding to target profilin-actin

monomer complexes to sites of actin assembly [15].

In plants, profilin was first identified as a ubiquitous allergen

from birch pollen [16]. Later, cDNA clones encoding profilin were

isolated from other species such as maize, timothy grass, wheat,

tobacco, common bean and Arabidopsis [17]. Functional assess-

ments of plant profilins have been carried out in several species.

Ramachandran et al. [18] analyzed in vivo functions of Arabidop-

sis profilin by generating transgenic plants carrying a 35S-PFN-1

or 35S-antisense PFN-1 transgene. Their results indicated that

Arabidopsis profilins play a role in cell elongation, cell shape

maintenance, polarized growth of root hairs, and in determination

of flowering time. In maize, class I profilins inhibited hydrolysis of

phosphatidylinositol-4,5-bisphospholipase more strongly than did

class II profilin. In contrast, class II profilins had higher affinity for

poly-L-proline and sequestered more monomeric actin than did

class I [19]. In Arabidopsis, five profilin isoforms have been

isolated. They are distinctively regulated by development and may

play distinctive roles [20]. Vidali et al. [21] used a transient RNA

interference approach to knockdown profilin expression in the

Physcomitrella patens and demonstrated that the F-actin was

disorganized and the tip growth was inhibited in the profilin-

defective moss cells. More recently, multifunctionality of pollen

profilin isovariants has been characterized using sequence

comparison in several plant species. It has been suggested that

profilin multifunctionality might be due to natural variation

through its isovariants [22].

We previously cloned a pollen profilin gene from tomato pollen,

LePro1 [23], and found evidence suggesting that LePro1 is a pollen-

specific profilin [23]. To investigate the biological role of LePro1, in

the present study, we further characterized this gene by sequence

alignment, protein structure, genomic organization, in situ

hybridization, antisense RNA to knock-down the gene expression

in transgenic plants, and undertook sequence comparison and

gene structure analysis.
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Materials and Methods

Plant Materials
Tomato (Solanum lycopersicum) cv MoneyMaker, was used in this

study and grown in the Cornell greenhouse under normal

conditions until pollen maturation.

DNA and RNA Gel Blots and In situ Hybridization
Genomic DNA was extracted from young leaves of tomato

plants according to Fulton et al. [24]. Total RNA was extracted

from mature pollen as previously described [23]. For DNA and

RNA gel blot, 32P-labeled LePro1 cDNA probe was hybridized to

the immobilized Hybond N membrane (Amersham) containing

DNA or RNA, respectively according to Sambrook et al. [25]. For

in situ hybridization, tomato flower buds of 3, 6, 9, 12 and 15 mm

in length, representing different development stages, were

collected and fixed immediately in 3:1 ethanol:acetic acid fixative,

followed by dehydration, embedding, sectioning and hybridization

processes as previously described [23]. Single-strand sense and

antisense RNA were synthesized by in vitro transcription of LePro1

Figure 1. Genomic organization of LePro1. Panel A, DNA gel blot, showing single hybridization signal in each digestion by BamH1 (B1), EcoR1
(E1) and Hind III (H3). Panel B. genomic DNA fragment was amplified by polymerase chain reaction using 59- and 39- primers derived from the LePro1
coding sequence. A ,650 bp PCR product (P) was obtained. Left column in panel b shows DNA size markers (M). Panel C, top row shows
chromosome location of LePro1 based on the genome sequencing database of the Sol Genomics Network (http://solgenomics.net). Bottom row
shows the structure of LePro1 containing 3 exons and 2 introns with 648 bp in length from the start codon (ATG) to the stop codon (TAA). A TATA
box was found at 200 bp upstream to the start codon.
doi:10.1371/journal.pone.0086505.g001
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cDNA cloned in pCRII (Invitrogen). They were then labeled with

digoxigenin (DIG) using the RNA Labeling Kit (Boehringer

Mannheim) and in situ hybridized to tomato sections as described

previously [23].

Vector Construction and Transformation
Sense and antisense constructs were made by insertion of LePro1

cDNA into the promoter less binary vector pBI101 (Clontech) in

sense and antisense orientations respectively. The LAT52

promoter and the NOS terminator were used for controlling

expression. Both sense (pB-Lat-LePro1S) and antisense (pB-Lat-

LePro1A) constructs were then introduced into tomato plants

using Agrobacterium transformation according to Fillatti et al. [26]

and Frary and Earle [27]. Briefly, sterile cotyledon and hypocotyl

explants were cultured on a feeder layer containing tobacco NT1

suspension cells, followed by co-culturing the explants with the

strain LBA4404 harboring the sense or antisense constructs for

48 h. The explants were then transferred to selective regeneration

medium containing 50 mg/l kanamycin and 100 mg/l timentin

and subcultured every 3 weeks until green shoots formed. Shoots

about 2 cm tall were excised and transferred to rooting medium

containing the same antibiotics. Rooted plants were then

transplanted to soil and grown in a humid growth chamber and

finally transferred to the green house. Positive transgenic plants

were determined by PCR amplification of genomic DNA using

gene-specific primers according to Li et al. [28].

Protein Extraction and Immunoblotting
Mature pollen grains were collected and immediately frozen in

liquid nitrogen. Total soluble proteins were extracted according to

Darnowski [29]. Protein concentration was determined using the

BioRad protein assay kit (BioRad, CA). Ten micrograms of

proteins per sample were loaded onto 14% SDS-polyacrylamide

gel and separated by electrophoresis. Proteins were transferred to

Hybond ECL membranes (Amersham) by trans-blot cell (BioRad).

The membranes were then incubated with polyclonal anti-tomato

profilin antibody [29] and monoclonal anti-pea actin antibody

[30] for one hour. Color was developed using 4-chloro-1-

naphathol and hydrogen peroxide according to Bollag and

Edelstein [31]. Protein signals were scanned with Fluor-STM

multiImager (Bio-Rad) and quantified by the unit density of pixels

using the enclosed Quantity 1 software.

Pollen Germination and Morphological Analysis
For in vitro pollen germination, pollen grains were collected as

described previously [23] and suspended in tomato pollen

germination medium (TPGM) containing 10% sucrose, 0.01%

KNO3, 0.01% H3BO3, 0.02% MgSO4, 0.06% Ca(NO3)2 and

20 mM MES (pH 7.0). They were then spread on the TPGM

solidified with 0.5% agarose in 7 cm diameter petri dishes and

germinated at room temperature in the dark for 12 hrs. Pollen

germination was examined by a Zeiss Axiovert inverted micro-

scope. For in vivo pollen germination, flowers subject to pollination

Figure 2. RNA gel blot and in situ hybridization of LePro1 in developing tomato flowers. The panel on the tope left shows RNA gel blot
analysis with hybridization signals on the top and loading control on the bottom. A, B, C, D and E represent anther sections from 3, 6, 9, 12 and
15 mm length flower buds, respectively. F, G, H, I and J are images showing in situ hybridization of DIG- labeled antisense LePro1 to tomato anther
sections from flower buds at the same developmental stages as shown in A, B, C, D and E, respectively. K shows germinated pollen hybridized with
antisense LePro1 probe, and L represents germinated pollen hybridized with sense LePro1 probe as control (Scale bar = 40 mm in F–J and 20 mm in K
and L).
doi:10.1371/journal.pone.0086505.g002
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Figure 3. RNA gel blot analysis of the Lepro1 transcript in pollen grains of wildtype (C) and antisense plants (A1–A3), probed with
32P-labeled LePro1 cDNA. The bottom row shows ribosome RNA (rRNA) stained with ethidium bromide as loading control.
doi:10.1371/journal.pone.0086505.g003

Figure 4. Immunoblot analysis of total soluble proteins extracted from pollen grains of wildtype (C), antisense (A1–A3) and sense
(S1–5) plants. Ten micrograms of proteins per sample were loaded in each well. A mixture of two antibodies, monoclonal anti-actin antibody 3H11
and polyclonal anti-profilin antibody Tp1 were used. A, actin (43 kD) and profilin (14 kD) were detected within the same blot. The upper bands
represent actin signals and the lower bands represent profilin signals. The left column shows molecular weight standards (M) in kD. B, protein signal
intensities obtained with a Bio-Rad Fluor-S MultiImager densitometer.
doi:10.1371/journal.pone.0086505.g004
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were labeled and anthers were carefully removed one day before

anthesis. They were covered with plastic bags to prevent cross

contamination. The following morning, fresh pollen grains were

collected from the donor plants and placed on the stigmas of the

receptor plants using a painting brush. The bags were placed on

the flowers immediately after pollination. After 24 h, the

pollinated pistils were removed from the plants and fixed

immediately in 3:1 ethanol:acetic acid 1 h at room temperature,

the pistils were then transferred to 8 M NaOH for softening

overnight, followed by washing 3 times in distilled water and

incubating in 0.1% aniline blue (w/v in 0.1 M H3PO4) overnight

in the dark. The stained pistils were destained in distilled water for

1–3 h and then squashed between a cover slip and a slide in the

presence of a drop of glycerol. The whole-mounted pistils were

then examined by a Zeiss Axioplan 2 microscope with an AMCA

filter. For electronic microscopy, dry and hydrated pollen grains

were examined using a Hitachi 4500 Field Emission Scanning

Electron Microscope (FESEM). For low temperature scanning

electron microscopy (LTSEM) of frozen-hydrated specimens,

pistils containing pollen that were deposited the previous day on

stigmas were removed from the flowers, and frozen in liquid

nitrogen in the following morning. They were then viewed by the

same FESEM equipped with a BALTEC cryo-stage.

Actin-staining and F-actin Quantification
Actin staining was carried out according to Gibbon et al. [32]

with minor modification. Briefly, germinated pollen grains were

fixed in the fixative containing 1 volume of TPGM plus 4%

paraformaldehyde, 4% sucrose and 0.6 mM 3-maleimidobenzoic

acid N-hydroxysuccinimide ester (MBS) for 30 min. The pollen

grains were rinsed three times in TPGM plus 0.05% Nonidet P-40

and gradually changed into TBS-Tween (50 mM Tris, 200 mM

NaCl, 0.05% Tween 20, 300 mM sucrose and 5 mM DTT,

pH 7.4). They were then stained with 0.001 mM rhodamine

phalloidin for 1 hour at room temperature in the dark, washed

once with TBS-Tween without DTT. The stained pollen grains

were mounted in the same buffer, and fluorescence images were

taken using a Leica DMRE2 laser confocal microscope. F-actin

was quantified by measuring phalloidin binding sites in pollen

stained as described above, followed by washing three times in

TPGM plus 0.05% Nonidet P-40. F-actin levels were determined

by eluting bound phalloidin from cells into methanol and

measured by a spectrofluorometer. Fluorescence values were

converted to phalloidin value per pollen gain/tube. The average

diameter of 12 mm was used for calculating the volume of pollen

grains. For pollen tube, the average length and width were used to

calculate the volume of a cylinder. The quantification of total actin

was done by the Enzyme-linked immunosorbent assay (ELISA).

The same anti-actin antibody used in the western blot was also

used for actin quantification.

Data Analysis
Experimental data was statistically analyzed using ANOVA.

Standard errors and P values were presented in the corresponding

figure legends.

Results

Genomic Organization of LePro1
To investigate the genomic organization of LePro1, we carried

out DNA gel blot analysis. 32P-labeled LePro1 cDNA probe was

hybridized to tomato genomic DNA digested by BamH I, EcoR I

and Hind III restriction enzymes, respectively. A single band was

found in all three digestions (Fig. 1a), suggesting that LePro1 is

likely encoded by a single copy gene. To confirm this result, we

synthesized a pair of primers derived from the 59 and 39 of the

coding region of LePro1 cDNA and amplified tomato genomic

DNA by polymerase chain reaction (PCR). Again, a single band

was obtained by gel electrophoresis of the PCR product (Fig. 1b).

This DNA product is about 650 bp. This size is about 200 bp

larger than the cDNA coding region, suggesting that there is an

intron between the two primers. To confirm this result, we

performed a BLAST search in the tomato genomics sequencing

database (http://solgenomics.net) using LePro1 cDNA sequence as

a query. We found a homolog genomic sequence highly similar

(99%) to LePro1 in the region between 38,079,001 bp and

38,081,200 bp on chromosome 6 (Fig. 1C, top). The alignment

of LePro1 against the tomato genomic sequence revealed 3 exons

and 2 introns with 648 bp in length from the start codon (ATG) to

the stop codon (TAA) (Fig. 1C bottom). This is very close to the

length of the PCR product mentioned above (Fig. 1B), indicating

that the PCR indeed amplified the genomic sequence for LePro1.

There is a TATA box at the 200 bp upstream to the start codon

(Fig. 1C, bottom), representing a key element of the promoter

region.

Temporal and Spatial Expression of LePro1 during Pollen
Development

To analyze the expression pattern of LePro1 during microspo-

rogenesis, we first carried out RNA gel blot analysis (Fig. 2 A–E) in

a series developmental stages of flowers. We used flower bud

length for determining development stages. Hybridization signals

were found in pollen of 12 and 15 mm flower buds (Fig. 2, D and

E). The transcripts became abundant as pollen maturing (Fig. 2,

plot). The highest level of transcript was found in pollen of 15 mm

flower buds (Fig. 2, E and plot), which is about 1–2 days before

anthesis. To confirm this result, we then performed in situ

hybridization using the similar series of developing flowers

(Fig. 2, F-K). In this experiment, the transcript of LePro1 was not

detected until the tetrad stage of pollen development and stronger

signals were detected in the mature pollen. LePro1 transcripts

become more abundant as pollen germinates (Fig. 2, J and K). The

result of in situ hybridization was consistent with that of the gel

blot. Both suggested that LePro1 is temporally and spatially

expressed late during pollen development and maturation.

Characterization of Tomato Transgenic Plants Carrying
Antisense and Sense LePro1

As described in Materials and Methods, antisense and sense

LePro1 constructs were made and transformed to a tomato variety

(MoneyMaker) using Agrobacterium transformation. Putative trans-

genic plants were regenerated and analyzed by PCR for transgene

integration. Three antisense (A1–A3) and five sense (S1–S5) lines

were obtained. Total RNA was extracted from pollen of transgenic

and control plants and analyzed by RNA gel blot (Fig. 3). RNA

level of LePro1 was dramatically decreased in A2 and A3 lines

(Fig. 3, A2 and A3), compared to wildtype control (C). While the

transcript was not decreased in A1 pollen (Fig. 3, A1), suggesting

no antisense effect occurred in A1 pollen. To confirm this finding,

we also compared the protein level of LePro1 in the lines by western

blot using two antibodies. A tomato profilin-antibody was used for

detecting the profilin and an actin-antibody was used as an

internal control for actin expression. As shown in Fig. 4A, two

bands were obtained for each line. The upper band represents the

actin signal (43 kD) and the lower band represents the profilin

signal (14 kD). Pollen from A2 and A3 antisense lines showed a

significant reduction of the protein confirming the down-regula-
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tion of LePro1 in A2 and A3. Whereas a normal level of profilin

expression was found in A1 pollen, indicating no antisense effect in

A1 line (Fig. 4A and B, A1)). In sense lines, S1 and S5 showed

relatively higher levels of the profilin expression compared to that

in nontransformed pollen, indicating an overexpression occurred

in these lines. Lower levels of profilin expression were also found in

the sense line S2, S3 and S4, indicating a possible co-suppression

(Fig. 4A and B). As expected, the actin levels were comparable in

all lines (Fig. 4A, upper bands).

To determine if there was any morphological change in

antisense pollen, we conducted a scanning electron microscopy

(SEM) analysis of pollen from wildtype and transgenic plants. The

SEM did not reveal any significant difference in size, shape or

exine architecture (Fig. 5, lane A–F). However, differences of

pollen hydration between the wildtype and antisense lines were

observed under LTSEM in which we conducted a comparative

study of antisense and wildtype pollen deposited on stigma.

Observations of such pollen using LTSEM indicated that

compared to those from the wildtype plant, A2 and A3 lines

had a larger number of pollen grains that failed to hydrate (Fig. 5,

G-I). Since hydration is a critical step for pollen germination on

the stigma, its failure may also lead to failure of pollen

germination. In fact, the above results of pollen hydration

correlate well with in vitro pollen germination (Fig. 6). Among

pollen types analyzed, A2 and A3 lines showed the lowest

germination rates, while A1, S1, S5 and wildtype (C) showed the

highest rate. S2, S3 and S4 showed intermediate rates (Fig. 6). In

addition to low pollen germination rates in A2 and A3 lines, the

lengths of the pollen tubes were much shorter than those of the

wildtype (Fig. 6A and B). In vivo germination also indicated a

significant failure of pollen germination in the A3 line (Fig. 7). To

confirm that the antisense effect in A3 is from pollen, not from the

Figure 5. Ambient temperature SEM and low temperature SEM images of pollen in wildtype (panel C) and antisense (panels A2 &
A3) plants. A–C, ambient temperature low magnification of images of dehydrated pollen grains showing no significant difference in size or
morphology (Scale bar = 9 mm). D–F, ambient temperature higher magnification images of the dehydrated pollen grains from all three lines showing
no significant difference in the exine microstructure (Scale bar = 3 mm). G–I, low temperature SEM of selfed pollen, 2 hours after pollination. G, most
wildtype pollen grains deposited on stigma are fully or partially hydrated; H and I, most pollen grains from antisense plants are not hydrated. G,
arrow indicates pollen in hydrated condition or H and I, in non-hydrated condition. G, asterisk indicates stigmatic cell, and+indicates emerging pollen
tube (Scale bar = 23 mm in G, and 30 mm in H and I).
doi:10.1371/journal.pone.0086505.g005

The Essential Role of Tomato Pollen Profilin

PLOS ONE | www.plosone.org 6 January 2014 | Volume 9 | Issue 1 | e86505



The Essential Role of Tomato Pollen Profilin

PLOS ONE | www.plosone.org 7 January 2014 | Volume 9 | Issue 1 | e86505



stigma, we performed cross-pollination between the antisense lines

and the wildtype plants. Antisense pollen was placed on the

wildtype stigma or the reverse, followed by examination of the

pollinated pistils 24 hours after pollination. The result showed that

selfing in wildtype plants showed a high rate of pollen germination

(Fig. 7A) whereas A3 selfing showed a lower germination rate and

poor tube growth (Fig. 7B). When A3 pollen was deposited on the

wildtype plants stigma, the germination rate was much lower

compared to selfing in wildtype plants (Fig. 7C). Results of A2 line

crosses were similar to those of A3 lines (data not shown). These

results indicated that the poor germination and tube growth in

antisense pollen were indeed due to the antisense effect of LePro1

originating in the pollen, not in the stigma.

Poor pollen germination and tube growth would affect

fertilization, resulting in poor seed-setting. To determine seed-

setting among transgenic plants, we analyzed seed formation by

calculating the number of seeds per cm fruit diameter (cmD)

among antisense, sense and wildtype plants. We found that an

average of 35 seeds/cmD was obtained in wildtype plants, while

only 3 seeds/cmD were obtained in A2 and A3 lines (Fig. 8A).

Among sense lines, S2, S3 and S4 showed 2–5 fold less seeds than

that in wildtype plants. S1 and S5 lines had similar seeds number

to those in wildtype plants. Examples of seed-setting in fruits from

wildtype plants, A3 and S5 lines are illustrated in Fig. 8B.

Actin Dynamics and F-actin Quantification
To analyze actin dynamics, we stained F-actin in wildtype and

antisense pollen using rhodamine phalloidin and examined the F-

actin organization in pollen tubes using confocal microscopy.

Confocal images were taken from germinated pollen of wildtype

and antisense lines (Fig. 9). A normal distribution of F-actin was

observed in the wildtype pollen tubes (Fig. 9 A, B and C).

However, due to the low germination rate (,10%) and abnormal

tube growth, we only got a few phenotypes showing F-actin

organization in the germinated antisense pollen (Fig. 9, D, E and

F). Among those germinated, F-actin appeared at the beginning of

pollen germination but disrupted after germination. Only a few

showed tube elongation. Among those with elongated pollen tubes,

F-actin bundles were detected in the basal portion of the pollen

tubes but not in the apical or subapical regions (Fig. 9D). No F-

actin cable was detected in the pollen tubes that stopped growing

(Fig. 9E and F). To gain more information, we quantified total and

F-actin levels in pollen and pollen tubes in antisense and wildtype

lines during a time course of 0, 2 and 4 h germination. No

significant difference was found at the total actin level between

antisense and wildtype (Fig. 10A). However, the F-actin level

increased as germination progressed in the wildtype, but not in the

antisense pollen (Fig. 10B).

Sequence Comparison and Structural Analysis of Plant
Profilins

To compare the sequence similarity of LePro1 with other plant

profilins, we carried out a blast search in the NCBI database using

the deduced amino acid sequence of LePro1 as a query. We found

that LePro1 shared different levels of sequence similarity with at

least 100 profilin accessions in dicot plants. Phylogenic analysis

revealed 4 major clusters (Fig. S1). Cluster 1 contains profilins

mainly from Medicago, Populus, tomato fruit and potato tuber.

Cluster 2 contains profilins from various species including lotus,

cotton, grape, cucumber and hazelnut. Cluster 3 contains 50

profilin accessions from olive and one accession from lily. LePro1

was clustered into cluster 4, together with its genomic sequence

and four tobacco profilins. A partial sequence for profilin in

petunia x hybrid is also classified in this cluster (Fig. S1). Of those,

Figure 6. Images of in vitro germinated wildtype and antisense pollen. A, a high rate of pollen germination occurs in wildtype plants. B, a
very low rate of pollen germination occurs in A3 line A few germinated pollen have short or abnormal pollen tubes (Scale bar = 100 mm). C, in vitro
germination rate of different pollen type from antisense (A1–A3), sense (S1–S5) and wildtype plants (C). Error bars represent standard errors of 3
replications (p,0.001).
doi:10.1371/journal.pone.0086505.g006

Figure 7. Comparison of in vivo germination of wildtype and antisense pollen. A, wildtype plants pollen showing normal pollen growth
down through the style (Scale bar = 300 mm). B, low pollen germination and growth are seen when A3 pollen is deposited on the A3 stigma (selfing)
(Scale bar = 80 mm). C, low pollen growth seen when A3 pollen is deposited on the wildtype plants stigma (crossing) (Scale bar = 160 mm).
doi:10.1371/journal.pone.0086505.g007
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the tobacco pollen profilin, ntPro3 [33] showed 87% sequence

similarity with LePro1. Interestingly, three accessions of non-pollen

tomato profilins showed lower sequence similarities with LePro1

and were clustered into cluster 1. Of those, two tomato accessions,

AY061819 and AJ417553 (Lyc e1) were isolated from tomato

fruits by RT-PCR using a set of primers derived from LePro1 [34].

Sequence alignment indicated that the two fruit profilins shared

76–78% of similarity with LePro1 and were two amino acids

shorter than LePro1 and ntPro3. Residues Gly19 and His20 were

missing in the fruit profilins (Fig. 11A). Sequence comparison also

revealed that the basic binding sites such as poly-L-proline binding

sites (Fig. 11A, triangle), PIP2 binding sites (Fig. 11A, arrow) and

actin binding sites (Fig. 11A, diamond) are conserved among the

four profilins. Sequence comparison revealed significant variability

in post-translational motifs such as [17G(T/Q)G(H/Q/N)HL(S/

A/S)(S/A)22], [27G(F/H/Q)DG(S/T)31], [79GE(P/A)(G/E)82]

(Fig. 11A, black bar) and phosphorylation sites (Fig. 11A, S/T/

Y residues). Characterization of pollen profilins including a large

number of olive profilins reveals multifunctionality regulated by

post-translational modifications including phosphorylation [22].

Online analysis of 3-D structure was conducted among LePro1,

ntPro3, and the two tomato fruit profilins using the Swiss Model

(www.swissmodel.expasy.org). We found that all four profilins

showed the basic folding structure containing a central b sheet

sandwiched between the N-terminal helix on one side and two

short helices on the other (Fig. 11B). The difference is that an

additional strand was found in tomato profilins but not in tobacco

profilin (Fig. 11B, blue arrows). Also an additional loop structure

was found in the pollen profilins but not in the fruit ones (Fig. 11B,

red arrows). Similar plot profiles of the predicted B-factor were

found in the three tomato profilins (Fig. 11B, right panel).

However, B-factor values were higher in the pollen profilins than

those of fruit ones (Fig. 11B, right panel).

Discussion

Profilin Isoforms in Tomato Pollen
Profilin multigene families have been reported in a number of

species including maize, Arabidopsis, Glycine max, Olea europaea,

Medicago truncatula, Vitis vinifera, Brassica napus and Mercurialis annua

[7,22,35]. Multiple profilin isoforms were also found in pollen and

multifunctionality of isovariants has been investigated [22]. We

also attempted to isolate different isoforms in tomato pollen. First,

we screened a tomato pollen cDNA library using LePro1 as a

Figure 8. Comparison of seed-setting among LePro1 sense, antisense and wild type plants Seeds were collected from mature fruits
and counted. The number of seeds per cm fruit diameter was calculated (A). Error bars represent standard errors of 3 replications (p,0.001). B,
shows examples of fruit sections from wild type (C), antisense 3 (A3) and sense 5 (S5) plants.
doi:10.1371/journal.pone.0086505.g008
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probe. A large number of colonies were screened and only one

positive clone was obtained. Sequence analysis revealed that this

cDNA clone encodes the same profilin as LePro1 (data not shown).

Only one nucleotide substitution occurred in the coding region but

that did not change the amino acid sequence. This single

nucleotide polymorphism may be due to the genotypic variation

as we used a cDNA library from another tomato cultivar VF36,

and not Moneymaker. This result was confirmed by the blast

search in the tomato full-length cDNA database where only one

homologous cDNA was found to encode LePro1. Analyzing

genomic organization of LePro1 also showed single copy gene

encoding LePro1. All these findings pointed out that the tomato

pollen profilin is likely encoded by a single gene and no additional

copy has been found to be a homolog to LePro1 so far. This result

Figure 9. Confocal microscopy images of F-actin in germinated pollen in the wildtype and antisense line. Pollen and pollen tubes were
stained with rhodamine phalloidin. A normal F-actin strand distribution was seen in wildtype pollen tubes (A, B and C). F-actin appears disorganized
and pollen tube growth arrested in antisense pollen (D, E and F). Scale bars are: 10 mm in A, B, C, D, F, and 5 mm in E.
doi:10.1371/journal.pone.0086505.g009
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was not expected as multigene families were found in other plant

species. However, it has been reported that a single profilin

transcript was found in the root nodules of Phaseolus vulgaris and it

gave rise to multiple profilin isoforms after transcription [36]. In

animals, single copy profilin gene is specifically expressed in most

of the coelomocytes of the adult purple sea urchin, Strongylocentrotus

purpuratus [37]. Previous studies on the biochemistry of tomato

pollen by Darnowski [29] indicates that multiple profilin isoforms

are present based on the gel-shift assay. The possible explanation is

that although profilin in tomato pollen is encoded by a single gene,

multiple isoforms may be generated by post-translational modifi-

cation such as phosphorylation, and in turn displaying multi-

functionality in tomato pollen.

LePro1 is Encoded by a Pollen-specific Profilin and
Divergent from the Fruit Profilins

Our previous study [23] and the gene expression result from the

present study indicate that LePro1 is a pollen-specific profilin.

Sequence alignment showed higher similarity between LePro1 and

the tobacco pollen profilin, ntPro3 [33] than that of tomato fruit

profilins, suggesting an organ-specificity. Multifunctional isovar-

iants could have risen by post-transcriptional phosphorylation.

The analysis of 3-D structure of the four profilins showed similar

folding structure (Fig. 11B). However, B-factor values in pollen

profilins are higher than those in fruit ones. The B-factor is a value

that can be used to indicate the mobility of individual atoms.

Higher B-factor value indicates high atomic mobility in the pollen

profilins. Another difference between the pollen and fruit profilins

is that an insertion of a loop structure at residues 16–20 is present

in the pollen profilins but not in the fruit ones (Fig. 11B). To

confirm this finding, we extended the 3-D comparison with pollen

profilins of Arabidopsis, Brassica and maize, and found that they all

had similar loop structure at the same region. According to the

structure based sequence alignment of 35 profilins of different

sources including plants, animals and humans [38], the residues

13–20 are one of the most divergent regions in profilin. This

region forms a loop between helix 1 and b strand 1, which is also

one of the most distinguished structures for plant profilin [38]. It

has been suggested that, in Arabidopsis, two residues in this region,

His15 and Thr17, together with Asp115 are involved in stabilizing

strand 1 and 7 of the b sheet at the edge of the actin-binding site

by form a water-mediated hydrogen bond that is not found in non-

plant profilins. Thus, it is likely that the additional loop of protein

structure present in LePro1 and other pollen profilins may have

specific roles.

An Essential Role of LePro1 in Pollen Hydration,
Germination and Tube Growth

Using antisense strategy, we have demonstrated successful

suppression of the LePro1 gene expression at both transcription and

translation levels in A2 and A3 antisense lines. The suppression of

profilin expression could result in less than optimal levels of

profilactin complex in pollen. One could speculate that such a

reduction, in turn, lead to poor germination and/or tube growth.

The in vitro germination results lead credence to such a

speculation. Ramachandran et al. [18] analyzed in vivo functions

of Arabidopsis profilin (PFN-1) by generating transgenic plants

carrying a 35S-PFN-1 or a 35S-antisense PFN-1 transgene. Their

results also showed that under expression of profilin resulted in

two-fold reduction in hypocotyl cell length when compared to the

wild type. The binding ability of profilins to polyphosphoinositides

and proline-rich proteins suggests that profilin may be involved in

signaling pathways that affect F-actin organization [17]. There-

fore, it is likely that the poor germination and tube growth seen in

the A2 and A3 lines maybe due to the down-regulation of

endogenous profilin, which may in turn lead to an abnormal actin

polymerization and/or actin-cytoskeleton disorganization. Indeed,

our F-actin staining results demonstrated a disorganized actin

cytoskeleton in the antisense pollen tube (Fig. 10). This assumption

is supported by the recent study on the profilin loss-of-function

phenotype in Physcomitrella patens [21]. In this study, the authors

used transient RNA interference approach and demonstrated that

F-actin was disorganized and the tip growth was inhibited in

profilin-defective moss cells. The tip growth of Physcomitrella cell is

similar to that of pollen tube [21]. Our F-actin staining and

quantification results demonstrate disorganization of F-actin and a

lower level in antisense pollen. We therefore suggest that the

profilin, LePro1 in conjunction with perhaps other cytoskeletal

proteins, plays a regulatory role in the proper organization of F-

actin in tomato pollen tubes through promoting actin assembly.

There is also evidence to suggest that plant profilins are involved

in signal transduction cascades [39]. Clarke et al. [40] added a

slight excess of native profilin from pollen of Papaver rhoeas to

cytosolic extracts and found its interaction with the phosphoryla-

tion of several proteins, and suggested that, in addition to the

regulation of the actin cytoskeletal protein assembly, pollen profilin

can regulate protein kinase or phosphatase activity. This indicates

that profilin may be involved in signaling pathways which can in

turn regulate pollen germination and tube growth. Studies on

maize profilin have shown that there are two functionally distinct

classes of profilin isoforms [19]. It is thus conceivable that in the

pollen of A2 and A3 antisense lines, down-regulation of profilin

Figure 10. Quantification of total actin and F-actin in antisense
(A2) and wildtype (WT) pollen. A, total actin quantified using anti-
actin antibody followed by ELISA at the time course of 0, 2 and 4 hour
germination. B, F-actin quantified using rhodamine phalloidin accord-
ing to Gibbon and Staiger (2000). Error bars represent standard errors of
4 replications (p,0.005).
doi:10.1371/journal.pone.0086505.g010
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affects both actin cytoskeleton modulation and signaling pathways.

For example, the failure of a significant number of A2 and A3

pollen grains to hydrate could be attributed to disrupted signaling

(Fig. 4H–I). However, since the process of pollen germination and

tube growth involves many regulatory factors [5], a careful

synthesis of all biochemical, molecular and cytological studies from

the same species would be required to elucidate the precise in vivo

roles of the profilin.

Supporting Information

Figure S1 BLAST and Phylogenic analysis of plant
pollen profilins. The cDNA sequence of LePro1 was used as a

query for blast search in the nucleotide database of the National

Center for Biotechnology Information (NCBI). One hundred

accessions of profilin sequences showing high similarity to LePro1

were clustered using neighbor-joining tree in the same website.

The query sequence was highlighted by yellow color.

(TIF)
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