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In Arabidopsis (Arabidopsis thaliana), light-dependent chloroplast movements are induced by blue light. When exposed to low
fluence rates of light, chloroplasts accumulate in periclinal layers perpendicular to the direction of light, presumably to
optimize light absorption by exposing more chloroplast area to the light. Under high light conditions, chloroplasts become
positioned parallel to the incoming light in a response that can reduce exposure to light intensities that may damage the
photosynthetic machinery. To identify components of the pathway downstream of the photoreceptors that mediate chloroplast
movements (i.e. phototropins), we conducted a mutant screen that has led to the isolation of several Arabidopsis mutants
displaying altered chloroplast movements. The plastid movement impaired1 (pmi1) mutant exhibits severely attenuated
chloroplast movements under all tested fluence rates of light, suggesting that it is a necessary component for both the low-
and high-light-dependant chloroplast movement responses. Analysis of pmi1 leaf cross sections revealed that regardless of the
light condition, chloroplasts are more evenly distributed in leaf mesophyll cells than in the wild type. The pmi1-1 mutant was
found to contain a single nonsense mutation within the open reading frame of At1g42550. This gene encodes a plant-specific
protein of unknown function that appears to be conserved among angiosperms. Sequence analysis of the protein suggests that
it may be involved in calcium-mediated signal transduction, possibly through protein–protein interactions.

Plants employ a variety of mechanisms to maximize
photosynthetic potential under changing environmen-
tal conditions. For example, most plants can biochemi-
cally adapt to excessive light by altering the size of
light harvesting complexes, dissipating excess energy
as heat, scavenging reactive oxygen, and rapidly
repairing damaged reaction center proteins (Niyogi,
1999). Developmental changes that occur in response
to different light conditions include variations in leaf
thickness, density of mesophyll cells, and changes in
the orientation of the leaf blade (Boardman, 1977).
These responses have been associated with improved
photosynthetic potential and/or protection from pho-
todamage. However, their relative importance can
be species specific, indicating that some of these re-
sponses represent unique adaptive strategies. Another
perhaps more ubiquitous plant response to varying
light conditions is light-induced chloroplast move-
ment, which has been documented in a large number
of species, including alga, moss, ferns, and angio-
sperms (Zurzycki, 1961; Inoue and Shibata, 1973;
Lechowski, 1974; Brugnoli and Björkman, 1992; Dong
et al., 1996; Parks et al., 1996; Trojan and Gabrys, 1996;
Augustynowicz and Gabrys, 1999; Gorton et al., 1999;
Kagawa and Wada, 1999; Kadota et al., 2000). In alga,
moss, and ferns, chloroplast migration is induced by
both red light (RL) and blue light (BL) (Kagawa and

Wada, 1994; Kadota et al., 2000). In angiosperms,
chloroplast movements are strictly BL induced and
can be separated into two distinct responses (Trojan
and Gabrys, 1996; Kagawa and Wada, 2000).

In response to low fluence rates of light, chloroplasts
accumulate along periclinal cell walls, perpendicular
to the incident light. When exposed to high fluence
rates, chloroplasts move to anticlinal walls, parallel to
the incident light. Light-induced chloroplastmovements
are thought to provide an adaptive function (Zurzycki,
1955, 1972; Seitz, 1972; Inoue and Shibata, 1973). Under
potentially damaging high light conditions, chloro-
plasts move to parts of the leaf cell that transmit less
light as a protectivemeasure against photodamage (Seitz,
1972). Consistent with this hypothesis, Arabidopsis
(Arabidopsis thaliana) mutants that are unable to move
their chloroplasts in response to high fluence rates of
light weremore sensitive to photodamage than thewild
type (Kasahara et al., 2002). Similarly, it has been sug-
gested that under light-limiting conditions, the accu-
mulation of chloroplasts perpendicular to the incident
light allows for more efficient absorption as demon-
strated by increased photosynthesis as chloroplastsmove
into the light path (Zurzycki, 1955; Lechowski, 1974).

In Arabidopsis, the BL photoreceptors phototropin 1
(phot1) and phot2 mediate light-induced chloroplast
movements (Jarillo et al., 2001; Kagawa et al., 2001,
2004; Sakai et al., 2001), with phytochromes playing
a minor role in modulating the high-light response
(DeBlasio et al., 2003). Interestingly, the putative signal
transducers nonphototropic hypocotyl 3 (NPH3) and
root phototropism 2 (RPT2), which are required for
phototropin signaling during phototropism and sto-
matal opening (Motchoulski and Liscum, 1999; Sakai
et al., 2001), are not involved in BL-induced chloroplast
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movements (Inada et al., 2004). Although there are
several members of the NPH3/RPT2 gene family in
Arabidopsis (Motchoulski and Liscum, 1999), none
have been implicated in chloroplast movements, and it
is possible that phototropin signaling during light-
induced chloroplast movements requires a different
type of transduction system.

Pharmological studies have revealed that the motil-
ity system for light-induced chloroplast movements in
angiosperms uses the actin cytoskeleton. For example,
addition of cytochalasin and latrunculin disrupt chlo-
roplast movements, whereas colchicine does not, impli-
cating actin and not microtubules to be the candidate
cytoskeletal network (Tlalka and Gabrys, 1993). The
myosin ATPase inhibitor, N-ethylmaleimide (NEM),
also disrupts the responses in Lemna leaves, suggest-
ing that myosin serves as the motor for chloroplast
movements (Malec et al., 1996). Furthermore, a subclass
of myosin XI has been shown to be associated with
plastids in corn (Zea mays; Wang and Pesacreta, 2004).
However, because NEM interferes with other types of
ATPases (Shimmen and Yakota, 1994; Locoro et al.,
1999; Takahashi and Yamaguchi, 1999), it is unclear if
its effect on chloroplast movements was a direct result
of myosin inactivation. An alternative hypothesis is
that actin dynamicsmay drive chloroplastsmovements.
It is well known that actin assembly at the rear of
Listeria monocytogenes is enough to generate the force
required for movement of the bacteria within and
between animal cells (Southwick and Purich, 1994;
Marchand et al., 1995). Additionally, actin-nucleating
proteins such as formin can act as processive motors to
drive actin-based propulsion (Golsteyn et al., 1997;
Romero et al., 2004). In Arabidopsis cells, chloroplasts
can be seen partially or completely encircled by F-actin
microfibrils (Kandasamy and Meagher, 1999; Oikawa
et al., 2003). InVallisneria andAdiantumprotenemal cells,
chloroplast movement was only observed after the
thick bundles of microfilaments, found to form around
the chloroplasts, fragmented after exposure to light
(Kadota and Wada, 1992; Dong et al., 1996). Mutations

within Chloroplast Unusual Positioning1 (CHUP1), a
Pro-rich, actin-binding protein located on the chloroplast
envelope, resulted in loss of chloroplast movement and
aggregation of chloroplasts at the bottomof cells (Oikawa
et al., 2003). It has been suggested that CHUP1 functions
as an anchor, binding chloroplasts to the plasma mem-
brane via the actin cytoskeleton (Wada and Suetsugu,
2004). However, the presence of a putative profilactin-
binding motif suggests that CHUP1 may play a more
active role in actin assembly (Oikawa et al., 2003).

Regardless of the exact nature of the motility sys-
tem involved in BL-induced chloroplasts movements,
rearrangements of the actin cytoskeleton as well as
myosin motor function can be regulated by calcium
(Ca21) concentrations within the cell (for review, see
Wolenski, 1995; Staiger, 2000). Indeed, light-induced
chloroplast movements can be affected by altering
cytosolic Ca21 levels (Tlalka and Gabrys, 1993; Tlalka
and Fricker, 1999; Sato et al., 2001). Modification of
extracellular stores of Ca21 either by addition of the
Ca21 chelating agent EGTA or the Ca21 influx inhib-
itors, lanthanum and gadolinium, had little to no effect
on the light-induced chloroplast movements of Lemna
trisulca and the fern Adiantum capillus-veneris (Tlalka
and Gabrys, 1993; Sato et al., 2001). However, de-
pletion of intracellular stores of Ca21 by adding the
Ca21 ionophore A 23187 plus EGTA to the external
media was sufficient to inhibit both low- and high-
light chloroplast migration in Lemna leaves exposed to
30-s pulses of BL (Tlalka and Gabrys, 1993). It has been
shown that phot1 and phot2, which are bound to the
plasma membrane (Sakamoto and Briggs, 2002), me-
diate BL-induced increases in cytosolic Ca21 in Arabi-
dopsis mesophyll cells (Babourina et al., 2002; Harada
et al., 2003; Stoelzle et al., 2003). At fluence rates
between 0.1 and 50 mmol�m22�s21, phot1 induces Ca21

influx from the apoplast through a channel within the
plasma membrane. At fluence rates between 1 and
250 mmol�m22�s21, phot2 mediates Ca21 influx through
plasma membrane bound channels as well as release
of Ca21 from internal stores via a phospholipase

Figure 1. Schematic of device used for chloroplast
movement mutant screen. Modified petri dishes
containing up to eight leaves can be placed on the
turntable. The turntable rotates to eight precise
positions so that each leaf can be located between
the red measuring beam and the photodetector. The
design allows for rapid removal and replacement of
petri dishes while ensuring that eachmeasurement of
light transmittance is made through the same area
of each leaf enabling fast and accurate measure-
ments from a large number of leaves. LEDs, light-
emitting diodes.

DeBlasio et al.

102 Plant Physiol. Vol. 139, 2005



C-mediated phosphoinositide signaling pathway
(Harada et al., 2003). Although these transient in-
creases in cytosolic Ca21 have been shown to be re-
quired for phototropism, inhibition of hypocotyl
growth and stomatal regulation (Allen et al., 1999;
Shimazaki et al., 1999; Folta et al., 2003; Babourina
et al., 2004), it is unclear how or if they are required for
blue-light-induced chloroplast movements.
To identify components of the chloroplastmovement

pathway downstream of the phototropins, we devel-
oped a sensitive screening procedure to isolate Arabi-
dopsis mutants with altered chloroplast movements.
The screen is based on the proven method of using
changes in RL transmittance through intact leaves as
a reliable indicator of chloroplast relocation (Trojan
and Gabrys, 1996; DeBlasio et al., 2003). In this article,
we report on the identification and characterization of
plastidmovement impaired1 (pmi1), amutant that exhibits
severely attenuated chloroplastmovements under both
low and high fluence rates of BL. We determined that
the pmi1-1 chloroplast movement phenotype is caused
by a single nonsense mutation within the gene
At1g42550, which encodes a plant-specific protein of
unknown function that is conserved betweenmonocots
and dicots. Alignment of the deduced amino acid
sequence of At1g42550 with a protein sequence found
in rice (Oryza sativa) suggests that thePMI1proteinmay
be involved in phototropin signal transduction to the

actin cytoskeleton via interactions with proteins con-
taining C2 Ca21 binding motifs.

RESULTS

Isolation of Chloroplast Movement Mutants

Mutants with altered chloroplast movements were
identified using a device that allowed us to monitor
the changes in RL transmittance through leaves that
occur as a result of BL-induced chloroplast move-
ments (DeBlasio et al., 2003). The apparatus consists
of a rotating clear Plexiglas turntable with a red light
source (660 nm) mounted above the turntable at the
measuring position and a quantum sensor mounted
directly below (Fig. 1). Leaves excised from approxi-
mately 6000 ethyl methanesulfonate (EMS) mutagen-
ized Arabidopsis plants (M2s) were placed in a
modified petri dish with leaf blades located around
the perimeter of the dish and their petioles resting on
a wet filter paper circle located in the center. After
leaves were dark acclimated for 15 to 20 h under
saturating humidity, RL transmittance was measured
through each leaf using the device in Figure 1. Leaves
were then exposed to sequential 1-h treatments of low
and high fluence rate BL (1.7 and 70 mmol�m22�s21,
respectively). RL transmittance was measured after

Figure 2. BL-induced chloroplast
movements in wild-type and pmi mu-
tants. The plots show the average
change (6 SE) in the percentage of RL
transmittance of leaves relative to the
average transmittance measured prior
to the first BL treatment. RL transmit-
tance was measured in dark-accli-
mated leaves for 90 min before
sequential treatments of 0.3, 20, and
60 mmol�m22�s21 of BL (450 nm 6

25 nm) indicated by the arrowheads
at 90, 150, and 210 min. Number of
leaves (n) is shown for each treatment.
Inset is an autofluorescence micro-
graph of the giant chloroplasts in
pmi4 palisade cells. WT, Wild type.
Bar 5 10 mm.
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Figure 3. BL-induced chloroplast migration
and positioning in wild-type and pmi1 leaf
cells. Dark-acclimated wild-type (A–C) and
pmi1-1 (D–F) palisade cells were exposed to
sequential 1-h treatments of low- and high-
fluence-rate white light from below. Micro-
graphs from time points 0 (A and D), 60 (B
and E), and 120 (C and F) min are shown.
Bar 5 10 mm. Cross sections of wild-type
and pmi1-1 rosette leaves exposed to 1 h of
either darkness (G and J), low BL (H and K), or
high BL (I and L) show chloroplast positioning
in all cell layers. Bar 5 30 mm. Bar graphs
depict the percentage (6 SE) of chloroplasts
located along the anticlinal and periclinal
cells walls in fixed wild-type and pmi1-1
leaf cross sections and represent averages
from 200 to 400 cells per BL treatment.
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each light treatment and normalized to the dark-
acclimated values, and the responses were then com-
pared to the wild type. For all M2 plants that exhibited
an abnormal change in RL transmittance in response
to the low and/or high fluence rates of BL, leaves from
their progeny were subjected to a more sensitive
kinetic analysis (DeBlasio et al., 2003).
The 15 mutant lines that we have identified so far

fall into four phenotypic classes. All previously un-
described mutants have been designated pmi for
plastid movement impaired (Fig. 2). Members of the
first mutant class display severely attenuated chloro-
plast movement responses under all fluence rates of
BL (Fig. 2A). Another group of mutants also exhibit
very little light-directed chloroplast movements, but
microscopic analysis revealed defects in chloroplast
division since their mesophyll cells on average con-
tained one to three large chloroplasts (Fig. 2B, inset).
Other mutants exhibited a normal low light response
but an attenuated high light response, including the
zeazanthin overproducing mutant npq2-1 (Fig. 2C).
Chloroplasts in the mutants of the last phenotypic
class (pmi14-1 and pmi14-2) move to the low-light
position even when the leaves are exposed to high
fluence rates of BL (Fig. 2D). We have so far isolated
five pmi mutants with the class I phenotype: three in
class II, five in class III, and two in class IV. Comple-
mentation analysis showed the two members of class
IV to be alleles of the BL photoreceptor gene, PHOT2.
The remaining 12 pmi mutants appear to represent
unique loci.

Chloroplast Distribution in pmi1 Leaf Cells

When exposed to low or high fluence rates of BL,
pmi1 leaves exhibited severely attenuated chloroplast
movements as indicated by the lack of change in RL
transmittance (Fig. 2A). We also analyzed chloroplast
movements by time-lapse microscopy in palisade cells
of dark-acclimated leaf sections exposed to sequential
treatments of low and high fluence rates of white light.
As previously shown (Kagawa and Wada, 2000), wild-
type chloroplasts migrated to the periclinal regions of
the palisade cells upon exposure to low-fluence-rate
light (Fig. 3B) and migrated to the anticlinal regions
when exposed to high-fluence-rate light (Fig. 3C).
Chloroplasts in the pmi1 mutant failed to show any
directed movements when exposed to the same light
treatments (Fig. 3, E and F).
Analysis of chloroplast position in cross sections

(Fig. 3, F and G) showed that in wild-type leaves
exposed to low BL (4.5 mmol�m22�s21), approximately
80% of the chloroplasts were located along the peri-
clinal walls, whereas under high BL (100 mmol�
m22�s21), approximately 70% of chloroplasts were
along the anticlinal walls (Fig. 3M). In pmi1 leaf
sections, chloroplasts were more evenly distributed
along both the anticlinal and periclinal cell walls in
both light conditions (Fig. 3N). Distribution of chlo-
roplasts within pmi1 cells is different than the chup1

mutant phenotype, in which chloroplasts cluster on
the adaxial side of the cells (Oikawa et al., 2003).

No difference was observed between wild type and
pmi1 in their phototropic responses to unilaterial
low-fluence-rate BL as well as stomatal regulation,
indicating that these phototropin-mediated pathways
are still functional in the pmi1 mutant (data not
shown).

Organization of the pmi1 Actin Cytoskeleton

To visualize the actin cytoskeleton in mutant cells,
pmi1plantswere crossed to transgenicwild-type plants
expressing green fluorescent proteinmouse talin (GFP-
mtalin) (Kost et al., 1998). Thick actin filaments were
distributed over the cell cortex and around chloroplasts
in bothwild-type and pmi1 palisade cells (Fig. 4). There
appeared to be no obvious difference between pmi1 and
wild type with respect to the organization of the actin
cytoskeleton within these cells.

Identification of the PMI1 Gene

Analysis of F2 progeny obtained from crossing the
wild type with pmi1 revealed that the chloroplast
movement defect was due to a single, nuclear reces-
sive mutation (data not shown). The pmi1 mutation
exhibited 85.1% linkage to the physical marker nga280
on chromosome I. Using a variety of simple sequence
length polymorphic (SSLP) and cleaved-amplified
polymorphic sequence (CAPS) markers (see ‘‘Material
and Methods’’), we reduced the position of the PMI1
locus to a 217.57-kb region covered by bacterial arti-
ficial chromosomes (BACs) T8D8 and F8D11 (Fig. 5A).
We were able to rescue the pmi1 chloroplast movement
defect with genomic sequence spanning the 8-kb
overlap of BAC T8D8 and BAC F8D11 (Fig. 6, A and
B). Two genes were located within this region: the
putative disease resistance gene Mlo9 (At1g42560) and
At1g42550, a gene of unknown function (Fig. 5B).
Sequence data for both genes were obtained from
several wild-type and pmi1 plants using primers
specific for At1g42560 and At1g42550. A single
C-to-T nucleotide change was found within the coding
region of At1g42550 in the pmi1 mutant (Fig. 5C). The

Figure 4. Organization of the actin cytoskeleton in wild-type and pmi1
leaf cells. Confocal images of wild-type (A) and pmi1 (B) palisade cells
expressing GFP-mtalin. GFP fluorescence is shown in green and
chloroplast autofluorescence in red. Images represent projections of
36 optical 0.2-mm sections. Bar 5 10 mm.
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base pair change results in an Arg residue being
changed into an early stop codon (Fig. 7). We have
designated this mutant allele pmi1-1. Subsequently, we
were able to compliment the pmi1-1 chloroplast move-
ment defect by transforming wild-type At1g42550
genomic DNA into mutant plants. The resulting T1
progeny displayed wild-type chloroplast movement
responses when exposed to low and high fluence rates
of BL (Fig. 6, C and D).

An Arabidopsis line containing a putative T-DNA
insert in At1g42550 (designated Salk_141795) was
obtained from the SALK Institute’s SIGnAL collection
(Alonso et al., 2003). True-breeding homozygous mu-
tant lines exhibited attenuated low and high light
chloroplast movement responses, but the defect was
less severe than that observed for the pmi1-1 EMS

allele (Fig. 6, E and F). DNA sequencing confirmed the
presence of a tandem T-DNA insertion between the
468th and 575th codon of At1g42550 within this
T-DNA mutant line (data not shown).

F1 progeny obtained from crosses made between
pmi1-1 plants with Salk_141795 pollen also exhibited
attenuated chloroplast movements when exposed to
low and high fluence rates of BL (Fig. 6, E and F),
consistent with the mutants being allelic. We have
thus designated Salk_141795, pmi1-2. However, when
compared to the chloroplast movement responses of
pmi1-1 and pmi1-2, F1 leaves were similar to pmi1-2,
suggesting that even in a heterozygotic state, the
T-DNA mutant allele is able to produce a somewhat
functional protein capable of partially inducing both
chloroplast movement responses.

Figure 5. Mapping of the PMI1 locus and
organization of the corresponding PMI1
gene. A, Genetic interval located south
of the centromere on chromosome 1 is
shown with corresponding SSLP and
CAPS markers used to fine map the
pmi1-1 EMS mutation. Arrows indicate
the positions of the markers and the
number of recombinants per number of
chromosomes tested. B, The pmi1-1 chlo-
roplast movement defect was rescued by
the 8-kb overlapping region of BAC T8D8
and F8D11. The positions of the two
genes located in this genetic interval are
shown. C, Diagram of the PMI1 gene
(T8D8.2). Exons are depicted as thick bars
and introns as thin lines. Positions of the
initiation and termination codons as well
as the pmi1-1 point mutation and pmi1-2
T-DNA insertion are shown. The position
of the original annotated and third puta-
tive start codons are indicated by an
arrowhead and an asterisk, respectively.
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Based on the sequence obtained from the pmi1-1
mutant, the results with our transgenic lines, and the
identification of a T-DNA insertion allele, we con-
clude that At1g42550 is the PMI1 locus. According to
the annotated cDNA sequence for Accession AY072341,
the genomic sequence of At1g42550 is comprised of
two exons separated by a 70-bp intron with a 121-bp
5#-untranslated region (UTR) and 217-bp 3#-UTR
flanking a 2.124-kb coding region. However, sequence
analysis of the 5# flanking region of At1g42550
revealed an alternative start codon 405 bp upstream
of the annotated start site. Using a sense primer
starting at this putative start codon, we were able to
generate cDNA from wild-type (Columbia [Col]) leaf
RNA extract, suggesting that the At1g42550 coding
region can be 2.529 kb (Fig. 5C). This extended coding
region has been designated T8D8.2 by the National
Center for Biotechnology Information (Accession
AAG51317). Interestingly, even though only the last
1.926 kb of the At1g42550 open reading frame are
located on BAC F8D11, we were still able to rescue
the pmi1-1 chloroplast movement defect with clones
from this region (Fig. 6, A and B), suggesting that
At1g42550 may have a third putative start site 499 bp
downstream from the original annotated start site
(Fig. 5C). This truncated sequence has been desig-
nated F8D11.1 by the National Center for Biotechnol-
ogy Information (Accession AAG51233).

PMI1 Encodes a Putative Signal Transduction Protein

The predicted amino acid sequence of At1g42550
(Fig. 7A)was analyzedwith publicly available programs.
SignalP predicted a putative secretory cleavage signal
near theN terminus of the protein between residuesA15
and Q16 (http://www.cbs.dtu.dk/services/Signalp/).
The COILS program predicted the presence of two small
coiled-coil regions that could act as sites for protein–
protein interactions (Fig. 7). TheMyhits motif scan indi-
cated the presence of a bombesin-like domain (Nagalla
et al., 1996; Merali et al., 2002) adjacent to the coiled-
coil region at the C terminus of the protein, but the
putative domain lacks the necessary cleavage signals
found in true bombesin proteins (Nagalla et al., 1996).

BLAST searches using the entire amino acid se-
quence of PMI1 against the National Center for Bio-
technology Information database and The Institute
for Genomic Research gene indices (http://tigrblast.
tigr.org/tgi/) and maize database (http://tigrblast.
tigr.org/tgi_maize/index.cgi) identified orthologous
protein sequences in rice, corn, soybean (Glycine
max), and Medicago trunculata. Orthologous sequences
of AtPMI1 were not found in any of the available
databases for organisms outside the plant kingdom.

ClustalW alignment of these orthologous amino
acid sequences with PMI1 revealed the presence of
two highly conserved domains (Figs. 7 and 8). One

Figure 6. BL-induced chloroplastmovements of rescued pmi1-1 transgenic and pmi1-2 plants. RL transmittancewasmeasured in
dark-acclimated leaves for 45 min before exposure to either 40 (A and C) or 0.3 (B and D) mmol�m22�s21 of BL (450 nm6 25 nm)
indicatedby thearrowheads. Theplots show theaverage change (6 SE) in thepercentageof RL transmittanceof leaves relative to the
average transmittance measured for the leaves prior to the BL treatment. Pro:PMI1 is the wild-type PMI1 gene driven by its own
promoter. Number of leaves (n) is shown for each treatment.
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domain, located just downstream of the putative
cleavage signal, shares 48% identity and 64% positive
changes to OsAAO72608, a protein identified in a yeast
two-hybrid screen as a binding partner of the fungal
elicitor protein OsERP3 (Cooper et al., 2003; Figs. 7
and 8A). Although the function of OsAAO72608 is
unknown, OsERP3 (Accession AF090698) is a C2 cal-
cium binding protein that is induced in response to
stress and fungal pathogen infection (Cooper et al.,
2003).

Another domain conserved between At1g42550 and
its orthologs is located at the C terminus of the protein

(Figs. 7 and 8B). Unfortunately, we were not able to
identify a function for this domain, nor were we able to
identify proteins with known function that contained
this domain. In the AtPMI1 protein sequence, this do-
main is separated from the N-terminal domain by a re-
gion predicted by the ExPASy ScanProsite program to
be enriched with acidic residues Asp (D) and Glu (E;
Fig. 7A).Although its biochemical function remainsun-
known, theC-terminal portion ofAtPMI1 appears to be
functionally important for chloroplast movement since
we were able to complement the pmi1-1 movement
defect with constructs containing sequence coding for

Figure 7. Diagram of PMI1 protein. A, The deduced
amino acid sequence of PMI1 based on GenBank
cDNA sequence and RT-PCR results. The putative
cleavage signal is underlined. The raised boxes
indicate the coil-coiled sequences and the dotted
box the putative bombesin-like domain. The two
conserved domains revealed by sequence align-
ment with orthologous sequences are in boldface.
B, Diagram of the PMI1 protein. The positions of the
original annotated and third putative start codons
are indicated by an arrowhead and an asterisk,
respectively. Arrows indicate the position of the
pmi1-1 and pmi1-2 mutations. a.a., amino acids.
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the last 542 amino acids of the AtPMI1 protein (Fig. 7,
start of smaller protein is indicated by the asterisk).
Even though we were unable to identify other

Arabidopsis proteins that were homologous to
full-length PMI1, we identified two other Arabidopsis

proteins (At5g20610 and At5g26160) with similarities
to the central and C-terminal domains found in
AtPMI1 (Accession NM_122068 and NM_122517). The
sequence similarity between At5g20610, At5g26160,
and AtPMI1 within these regions is less than that

Figure 8. Alignment of conserved cen-
tral (A) and C-terminal (B) domains of
PMI1 from Arabidopsis with putative
orthologous sequences from O. sativa
(Os), Z. mays (Zm), G. max (Gm), and
M. trunculata (Mt). Orthologous se-
quences were obtained from a BLAST
search of the National Center for Bio-
technology Information and The Insti-
tute for Genomic Research gene indices
and maize database using AtPMI1 as
a reference. Sequences were aligned
using ClustalW (http://www.ebi.ac.uk/
clustalw/) and the output produced by
BoxShade (http://www/ch.embnet.org/
software/BOX_form.html). Black boxes
indicate identity, and gray represents
similarity between residues. Alignment
of At5g20610 and At5g26160, putative
members of the PMI1 gene family, are
shown as well as the protein accession
numbers for the orthologous sequences.
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observed for the PMI1-like sequences found in the
other plant species, indicating that At5g20610 and
At5g26160 are most likely members of the same pro-
tein family rather than homologs of AtPMI1 (Table I).

Expression of PMI1

Expression of the AtPMI1 gene (At1g42550) was
examined by RT-PCR from total RNA isolated from
various organs of wild-type plants (Fig. 9). To avoid
contamination from traces of genomic DNA, gene-
specific primers flanking the 70-bp intron of
At1g42550 were used. We were able to detect AtPMI1
mRNA in leaves, stems, cauline leaves, and whole
flowers but not in roots. Since mRNA of the control
gene, profilin1, was uniformly present in all these
samples, AtPMI1mRNA is either expressed in roots at
extremely low levels not detectable by our RT-PCR
conditions or not at all.

DISCUSSION

In this study, we describe the identification of PMI1,
a novel gene required for BL-induced chloroplast
movements in Arabidopsis. Mutations within this
gene resulted in the attenuation of chloroplast move-
ments under low and high fluence rates of BL, in-
dicating that PMI1 encodes a component involved in
both movement responses (Fig. 2A). Cross sections of
pmi1-1 leaves revealed that the defect was probably
not due to disassociation of the chloroplasts from
CHUP1 since chloroplasts in the pmi1-1 mutant were
distributed around the periphery of the cells (Fig. 3)
and not clustered at the bottom as seen in the pre-
viously identified chup1 mutant (Oikawa et al., 2003).
The predicted AtPMI1 sequence does not resemble
any functionally characterized protein, including pro-

teins known to be associated with actin (Fig. 7). In
addition, transgenic pmi1 plants expressing GFP-
mtalin revealed no obvious defects in organization of
the actin cytoskeleton when compared with the wild
type.

Sequence alignment with putative orthlogous se-
quences found in rice, corn, andvariousdicots revealed
the presence of conserved domains in the central and
C-terminal portions of all of these orthologs (Fig. 8).
Despite their evolutionary distance, AtPMI1 shares
between 40% and 53% of the same residues and 57%
to 72% similar residue changes with the corresponding
domains in the monocot sequences (Fig. 8). The se-
quence similarity of the AtPMI1 central domain with
that of the small rice protein OsAA072608 (Fig. 8A;
Table I) suggests that AtPMI1 may play a role in sig-
nal transduction via interaction with Ca21 binding
proteins. OsAA072608 (231 residues) was identified in
a yeast two-hybrid screen as a putative binding partner
of OsERP3, an elicitor response protein induced by
stress and exposure to fungal pathogens (Cooper et al.,
2003). In that study,OsERP3was shown to interactwith
OsSGT1, a protein first identified in yeast as a compo-
nent of Skp1-Cullin-F-Box ubiquitin ligases that target

Table I. Comparison of AtPMI1 domains with putative PMI1s from four other plant species

Values indicate percentage identity (above the diagonal) and similarity (below the diagonal) and were obtained by National Center for
Biotechnology Information BLASTP and LALIGN (http://www.ch.embnet.org/software/LALIGN_form.html) with the sequences shown in Figure 7.

Central Domain 1 2 3 4 5 6 7 8

1. AtPMI1 – 41 48 40 53 55 32 36
2. OsAA46113 58 – 46 68 64 60 28 31
3. OsAA072608 64 61 – 44 77 48 24 34
4. Zm4_50898 58 75 59 – 48a 38a 25 27
5. Zm4_13568 65 48 85 24a – 51a 27 32
6. MtTC9387 72 39 65 29a 24a – 47 53
7. At5g20610 57 50 46 44 43 26 – 40
8. At5g26160 59 54 57 52 53 33 57 –

C-Terminal Domain 1 2 3 4 5 6 7

1. AtPMI1 – 51 51 52 58 32 27
2. OsAA46113 69 – 84 51 46 34 26
3. Zm4_50898 71 90 – 52a 46a 33 27
4. Zm4_13568 72 70 28a – 51a 29 24
5. GmTC194138 72 64 30a 26a – 56 44
6. At5g20610 53 57 56 54 34 – 36
7. At5g26160 46 46 44 43 26 49 –

Figure 9. Expression of PMI1 in Arabidopsis tissues. Total RNA was
extracted from various wild-type (Col) plant tissues and PMI1 transcript
measured by RT-PCR using gene-specific primers spanning the 70-bp
intron of At1g42550. The product from the fully spliced mRNA is
shown. Primers spanning the two introns of profilin1 were used as
a control. RNA was combined from the rosette leaves (RL), stems (S),
cauline leaves (CL), flowers (F), and roots (R) of three different 9-week-
old plants.
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proteins for degradation (Kitagawa et al., 1999; Austin
et al., 2002). Although the exact nature of OsERP3 func-
tion in plant defense is unknown, sequence analysis
revealed that the entire OsERP3 protein is homologous
toC2-typeCa21 bindingmotifs (data not shown). These
motifs are found in a variety of signal transduction
molecules, including phophastidylinositol-specific
phospholipase C, protein kinase C, synaptotagmin,
and the defense/stress response copine proteins
(Wang et al., 1999; Earles et al., 2001; Jambunathan
et al., 2001). Once calcium is bound, these domains
often bind to intracellularmembranes (Kimet al., 1996).
However, there are examples were some proteins
have been shown to bind strongly to the Ga subunit
of activated G proteins via their C2 domains (Wang
et al., 1999).
In plants, induction of the phosphoinostide signal-

ing pathway often results in release of Ca21 from
intracellular stores (Drøbak and Ferguson, 1985; Read
et al., 1993), and there is evidence that components in
the pathway can interact with actin-binding proteins
such as profilin (Aderem, 1992; Xu et al., 1992). It has
already been established that BL-induced chloroplast
movements require both the actin cytoskeleton and
release of Ca21 from intracellular stores (Tlalka and
Gabrys, 1993; Malec et al., 1996; Tlalka and Fricker,
1999; Sato et al., 2000, 2001). Because of its high se-
quence similarity to OsAAO72608, it is possible that
the central domain of AtPMI1 may also function as
a binding partner to C2 calcium binding proteins.
Complementation of the pmi1-1 movement defect

with clones that only contained sequence coding for
the last 542 amino acids of AtPMI1 (Fig. 7, start site is
indicated by the asterisk) suggests that this portion of
the protein may be all that is required for BL-induced
chloroplast movements (Fig. 6, A and B). This region of
the protein includes the last 96 residues of the putative
C2 interacting domain, the coil-coil, and the conserved
C-terminal domain of unknown function. However,
we cannot dismiss the possibility that these transgenic
pmi1-1 plants could still be producing a truncated
protein corresponding to the first 316 amino acids and
that the presence of both fragments lead to the rescue
of the movement defect.
In other BL-induced responses, such as photo-

tropism and stomatal regulation, phototropin signal-
ing requires the putative signal transducers NPH3 and
RPT2 (Motchoulski and Liscum, 1999; Sakai et al.,
2000). However, NPH3 and RPT2 do not appear to be
necessary for phototropin-induced chloroplast move-
ments (Inada et al., 2004). The identification of PMI1 as
an essential component of both the chloroplast accu-
mulation and avoidance responses suggests that sig-
naling during chloroplast movements may involve
a mechanism that is different from other phototropin-
dependent responses or that it works in another
NPH3-like signaling branch specific to chloroplast
movements. That PMI1 may be a Ca21 responsive
molecule and Ca21 is an important regulator of both
actin dynamics and chloroplast movement suggests

that PMI1 functions in some aspect of phototropin
signaling or in the motility mechanism itself.

Although the exact mechanism of action of PMI1 is
not yet known, it appears to represent part of a plant-
specific mechanism since we were unable to identify
orthologs of AtPMI1 in nonplant organisms. Consid-
ering that chloroplasts within pmi1 cells do not cluster
like they do in chup1, PMI1 appears to represent
another type of gene involved in BL-induced chloro-
plast movements and may represent a new protein
family as indicated by the presence of two other Arabi-
dopsis genes that share similar domains (At5g20610
and At5g26160). Identification of proteins that interact
with PMI1 along with determination of its cellular
localization will be important for understanding PMI1
function in BL-induced chloroplasts movements and
will lead to a better knowledge of how environmental
stimuli modulate activities of the actin cytoskeleton.

MATERIALS AND METHODS

Growth Conditions

Seeds were sown in water-soaked Scott’s Plug or Metro mix and incubated

at 4�C in darkness for 3 to 4 d. Plants used for the mutant screen were grown at

23�C in a Percival growth chamber with a 12-h photoperiod using white light

(80–100 mmol�m22�s21) provided by a mixture of cool-white fluorescent and

incandescent bulbs. Plants for all other experiments were grown with a 12-h

photoperiod in a temperature-controlled room (average 23�C) under white

light (60–80 mmol�m22�s21) provided by cool-white fluorescent bulbs. Seed-

lings were fertilized with K-grow all-purpose plant food (Kmart, Troy, MI)

every 2 weeks.

Mutants were isolated from Arabidopsis (Arabidopsis thaliana; Col) M2

seeds mutagenized with 0.3% EMS (Sigma-Aldrich, St. Louis). Salk_141795 T3

seeds were obtained from the Arabidopsis Stock Center (Ohio State Univer-

sity, Columbus, OH), and npq2-1mutant seeds (Col ecotype) were provided by

Kris Niyogi (University of California, Berkeley, CA).

Mutant Screen

Rosette leaves were excised from 6-week-old EMS-mutagenized M2 plants

and dark acclimated for 17 to 24 h sandwiched between an inverted petri dish

bottom and lid. Eight leaves were arranged in each petri dish so that their

petioles pointed toward the center and were positioned on moistened What-

man filter paper (42.5 mm diameter; Clifton, NJ). RL transmittance was

measured through each leaf using a custom device (Fig. 1) that consists of

a clear Plexiglas turntable with a LI-190SA quantum sensor (connected to a LI-

COR LI-189 quantum radiometer photometer; LI-COR, Lincoln, NE) mounted

below the turntable. Three red light-emitting diodes positioned directly above

the quantum sensor provided the RL used for light transmittance measure-

ments. The turntable was built to hold an inverted petri dish in a specified

orientation, so when the turntable is rotated to eight precise positions, each of

the eight leaves can be located in turn between the red light-emitting diodes

and the quantum sensor for light transmittance measurements. The device

design ensures that each transmittance measurement is made through the

same 5-mm-diameter area of each leaf, even after a petri dish is removed and

later returned to the turntable. RL transmittance wasmeasured through leaves

before and after exposure to sequential 1-h treatments of low (5 mmol�m22�s21)

and high (70 mmol�m22�s21) broadband BL (480 nm 6 50 nm) given from

above. For each leaf, the change in the percentage of RL transmittance was

calculated as ((It/Io)*100)/I), where Io and It are the incident and transmitted

RL fluence rates, respectively, and I is the percentage of RL transmittance

value measured in the dark-acclimated leaves prior to the first BL treatment.

The lower fluence rate of BL was provided by filtering light from cool-

white fluorescent light bulbs through blue Plexiglas. Light from halogen flood

lamps (150 W Quartzline; General Electric, Fairfield, CT) was filtered through

7 cm of 1.5% (w/v) CuSO4�7H2O (Sigma-Aldrich) and blue Plexiglas to obtain
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the high-fluence-rate BL. Both BL sources provided similar spectral outputs

peaking near 480 with approximately 100-nm half-bandwidth (measured with

a LI-COR 1800 spectroradiometer).

Initially, one leaf per M2 plant was tested using the screening device

described above. If a leaf failed to showwild-type changes in RL transmittance

when exposed to either of the fluence rates of BL, two to three more leaves

were tested from the corresponding M2. Plants that failed the second and

third rounds of screening were allowed to set seed and their progeny

subjected to the more sensitive sequential BL-induced RL transmittance

measurements previously described by DeBlasio et al. (2003). Approximately

6,000 M2 plants have been screened.

Microscopy

Excised rosette leaves from 5-week-old wild-type and pmi1-1 plants were

dark acclimated for 18 h in a humid environment. For analysis of chloroplast

movements in live palisade cells, leaves were then cut into 1-mm sections

under a very low fluence rate of BL and mounted under a coverslip on

a microscope slide with distilled water. The slide was placed on a Nikon E800

microscope stage (Melville, NY) and the leaf sections exposed to sequential

1-h treatments of low- and high-fluence-rate white light from below. Images of

the palisade cell layer at 6003 magnification were captured every 1.5 min

using a Hamamatsu ORCA-ER charge-coupled device camera (Hamamtsu

City, Japan) and MetaMorph software (Universal Imaging, Downing-

town, PA).

For cross sections, RL transmittance through each dark-acclimated leaf

was measured before being placed in darkness, low-fluence-rate

(4.5 mmol�m22�s21), or high-fluence-rate-broadband BL (100 mmol�m22�s21)

for 1 h. RL transmittance was measured again after each light treatment to

document the chloroplast movement response that had occurred. Leaves were

then cut into 1-mm strips and vacuum infiltrated with 5% gluteraldahyde and

4% formaldahyde. Leaf sections were subjected to an acetone dehydration

series and then embedded into soft Spur’s resin. Sections (1 mm) were

obtained using an automated ultramicrotome Sorvall MT-2, and stained with

1% toluidine blue and Borax solution. Bright-field images of cross sections

from each light treatment were captured at 203 magnification using the same

camera system described above.

For analysis of the pmi1 actin cytoskeleton, wild-type (Landsberg erecta)

plants expressing GFP-mtalin were used to cross-pollinate pmi1-1. F2 progeny

were screened for the presence of the pmi1-1 homozygous genotype by

DNA sequencing. Pmi1-1 mutants with high levels of GFP-mtalin expression

were chosen for further analysis. Leaves were cut into 1-mm sections and

mounted under a coverslip on a microscope slide with distilled water. Actin

cytoskeleton was visualized using a Spinning Disk Confocal microscope

(Nikon) mounted with a fluorescein isothiocyanate excitation and emission

filter (480 nm). Chlorophyll autofluorescence was visualized using a long-pass

emission filter (660 nm). Images represent the projection of 36 optical 0.2-mm

sections taken at 10003 magnification. Wild-type GFP-mtalin seeds were

graciously donated to us by Zhenbiao Yang (University of California, River-

side, CA).

Genetic Mapping of PMI1

Recombinant plants were generated by crossing pmi1-1 homozygous

mutant plants (Col) with wild-type Landsberg erecta plants. F2 progeny

were screened for the pmi1-1 chloroplast movement defect using the device

described above. Movement-defective F2 progeny were then tested for

Landsberg-associated SSLP markers nga280 (Bell and Ecker, 1994), F1I2IB

(forward, 5#-GTTGTTGTCTTTTCTTCCA-3#; reverse, 5#-AAGTGTGAAAGA-

TTAGTT-3#), F8D11A (forward, 5#-TATTTGTATTATCGTCTTTA-3#; reverse,
5#-TTCCATGCTTGTAGGTTTTC-3#), and F7F22B (forward, 5#-TAAGT-

CATCCTCGTCCATCA-3#; reverse 5#-CATGGTTATCGGGCACACAA-3#).
The CAPS marker GAPB was also used (forward, 5#-TCTGATCAGTTG-

CAGCTATG-3#; reverse 5#-GGCACTATGTTCAGTGCTG-3#). All original

SSLP markers were made with the help of the Cereon database.

Complementation of the pmi1-1 Mutation

For rescue of pmi1-1, pBeloBAC plasmids containing Arabidopsis BAC

F8D11 and T8D8, respectively (Arabidopsis Stock Center, Ohio State Univer-

sity), were partially digested with Sau3AI (New England Biolabs, Beverly,

MA) to produce an enrichment of 12-kb fragments. These fragments were then

ligated to BamHI-digested binary vector pCLD04541 (Arabidopsis Stock

Center, Ohio State University) at 13�C overnight. Plasmid DNA was then

introduced into Escherichia coli (DH5a) using a Gigapack III XL cosmid

packaging kit (Stratagene, Cedar Creek, TX).

A 3.8-kb fragment of At1g42550 genomic DNA, carrying the At1g42550

coding region, 3# untranslated sequence, and the 5# flanking region, including

the At1g42550 promoter, was amplified by PCR from wild-type (Col) DNA

using the PAGE purified primers T8D8.2Pro-F (5#- GGATCCCGGTAAATC-

CATTAGACTGAAACTGTAG-3#) and F8D11.1 3#-UTR-R (5#-TCACATTG-

CCCCTTTACGCTC-3#) (Integrated DNA Technologies, Coralville, IA). The

At1g42550 genomic fragment was cloned into pGEM-T vector using a TA clon-

ing kit (Invitrogen, Calsblad, CA) and transferred to the pCLD04541 vector.

Plasmid DNAwas then introduced into E. coli (DH10B) by electroporation.

Colonies with BAC and wild-type At1g42550 inserts were selected for by

growth on Luria-Bertani medium supplemented with tetracycline (50 mg/mL;

Sigma-Aldrich), 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (BioVectra,

Prince Edward Island, Canada), and isopropyl b-D-1-thiogalactopyranoside

(Sigma-Aldrich). Insert of DNA fragments was confirmed by PCR using BAC-

and At1g42550-specific primers. Clones containing inserts were mated to

Agrobacterium tumefaciens strain GV3101 using the helper strain pRK2013.

Transformed Agrobactrium were selected for by growth on Luria-Bertani

medium containing 50 mg/mL gentamycin (Sigma-Aldrich), 25 mg/mL

kanamycin, and 2.5 mg/mL tetracycline. Cloned DNA was introduced into

pmi1-1 mutant plants via floral dip mediated transformation (Clough and

Bent, 1998). Transformants were selected for by growing seeds on half-

strength Murashige and Skoog basal salt mix (Gibco/Life Technologies,

Grand Island, NY) supplemented with 0.8% Bacto-agar and 50 mg/mL

kanamycin (Sigma-Aldrich). Kanamycin-resistant plants were transferred to

soil and screened for wild-type chloroplast movements. The chloroplast

movement phenotype was also confirmed in the T2 generation.

Sequence Analysis

Sequencing of At1g42550 and At1g42560 from wild-type (Col) and pmi1-1

mutant DNA was preformed at the Indiana University Molecular Institute

(Bloomington, IN) using capillary 3100 Genetic Analyzers (Applied Biosys-

tems, Foster City, CA) and ABI Prism BigDye Terminator Cycle Sequencing

v3.0 Ready Reaction with AmpliTaq DNA Polymerase (Applied Biosystems).

DNA for sequencing was isolated from M4 and isogenic pmi1-1 plants.

Sequences from the At1g42550-specific primers F8D11.1B-F (5#-CGGCGAA-

CGGTAAAGGTAGTCCAG-3#), F8D11.1 F8D11.1A-F (5#-GGGATGAAACC-

GAGTAGTAAACCT-3#), and F8D11-1-R (5#-ATCCCGTGAAAATCCGAA-

ACTGAC-3#) were used to identify the pmi1-1 point mutation.

Sequence analysis was performed using the following programs: COILS

(http://www.ch.embnet.org/software/COILS_form.html), SignalP (http://

www.cbs.dtu.dk/services/Signalp/), Myhits Motif_scan (http://myhits.

isb-sib.ch/cgi-bin/motif_scan), and ExPASy Scanprosite (http://us.expasy.

org/cgi-bin/scanprosite). Sequence homology searcheswere performed using

the National Center for Biotechnology Information and The Institute for

Genomic Research BLAST servers. Sequence alignments were carried out by

the ClustalW method (Thompson et al., 1994) using the EMBL server (http://

www.ebi.ac.uk/clustalw/). The output was produced by BoxShade (http://

www.ch.embnet.org/software/BOX_form.html).

Percentage identity and similarity between the sequences shown in Figure

8 were determined by protein–protein BLAST at the National Center for

Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast/Blast) or

LALIGN (http://www.ch.embnet.org/software/LALIGN_form.html). BLOSUM62

scoring matrix was used for both programs. Gap costs for LALIGN were 214

opening gap penalty and 24 extending gap penalty. For National Center for

Biotechnology Information gap penalties were 11 existence and 1 extension.

Low complexity filter was not used.

PCR Analysis of the T-DNA Mutant

PCR amplification and DNA sequencing T-DNA left border specific primer

(Lba-1 R, 5#-TGGTTCACGTAGTGGGCCATCG-3#) with two gene-specific

primers (F8D11.1A-F, 5#-GGGATGAAACCGAGTAGTAAACCT-3#; F8D11.

1A-R, 5#-AATACCTCCAAGATCAACTAATGC-3#) confirmed the presence

of the T-DNA insert in the Salk_141795 true-breeding and F1 lines. Genomic

DNAwas extracted from 6-week-old wild-type (Col) and Salk-141795 T4 plants

that exhibited chloroplast movement defects by first pulverizing leaf tissue

frozen in liquid N2 and incubating at 65�C in 2% cetyl-trimethyl-ammonium
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bromide (Sigma-Aldrich). After 16 h, DNA was isolated by chloroform

extraction followed by ethanol precipitation. PCR reactions were conducted

for 40 cycles (94�C for 15 s, annealing at 55�C for 30 s, and a 1-min extension at

72�C).

RT-PCR Analysis of AtPMI1 Length and Expression

Total RNAwas isolated using the RNeasy plant mini kit (Qiagen, Valencia,

CA) from 100 to 150 mg of rosette leaves, stems, cauline leaves, whole flowers,

and roots, combined from three 9-week-old wild-type plants (Col). RT-PCR

was conducted using the SuperScript III OneStep RT-PCR kit with Plantinum

taq (Invitrogen). One microgram of total RNA for each tissue was used per

reaction and a 30-min incubation at 55�C followed by 2 min at 94�C and 40

cycles of 94�C for 15 s, 55�C for 30 s, and 68�C for 1 min were used for

amplification as instructed by the kit protocol. Forty microliters of a 50-mL

reaction were subjected to electrophoresis in a 3% (w/v) Metaphore agarose

gel (Cambrex Bio Science Rockland, Rockland, ME). To determine the length

of the AtPMI1 coding region, primers specific to the beginning and end of the

annotated 2.6-kb open reading frame (forward 5#-TTCTTCTACATGGCAG-

GAGAATA-3#; reverse 5#-GGATCCATGCAATTTCACATCAGGGA-3#) were

used to generate cDNA from wild-type rosette tissue. The resulting RT-PCR

product was sequenced to confirm generation of cDNA. Primers flanking the

70-bp intron of At1g42550 (forward, 5#-CTCGGATCTCGGTAAAGGCAT-

TGG-3#; reverse, 5#-TTGCTCCCCTGTTTTCCCCATTAG-3#) were used to

detect the presence of the PMI1 transcript in the various plant tissues. Prim-

ers flanking both introns of profilin1 (forward, 5#-TGTCGAAGGCAACCA-

TCTCACC-3#; reverse, 5#-ATCGTAGAAGCCAAAGACCAAAGC-3#) were

used as a control.

Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession number AY072341.
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