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Interaction of Cryptochrome 1, Phytochrome, and lon Fluxes
in Blue-Light-Induced Shrinking of Arabidopsis
Hypocotyl Protoplasts’

Xiaojing Wang? and Moritoshi lino*

Botanical Gardens, Faculty of Science, Osaka City University, Kisaichi, Katano-shi, Osaka 576, Japan

Protoplasts isolated from red-light-adapted Arabidopsis hypoco-
tyls and incubated under red light exhibited rapid and transient
shrinking within a period of 20 min in response to a blue-light pulse
and following the onset of continuous blue light. Long-persisting
shrinkage was also observed during continuous stimulation. Proto-
plasts from a hy4 mutant and the phytochrome-deficient phyA/phyB
double mutant of Arabidopsis showed little response, whereas those
from phyA and phyB mutants showed a partial response. It is
concluded that the shrinking response itself is mediated by the HY4
gene product, cryptochrome 1, whereas the blue-light responsive-
ness is strictly controlled by phytochromes A and B, with a greater
contribution by phytochrome B. It is shown further that the far-red-
absorbing form of phytochrome (Pfr) was not required during or
after, but was required before blue-light perception. Furthermore, a
component that directly determines the blue-light responsiveness
was generated by Pfr after a lag of 15 min over a 15-min period and
decayed with similar kinetics after removal of Pfr by far-red light.
The anion-channel blocker 5-nitro-2-(3-phenylpropylamino)-benzoic
acid prevented the shrinking response. This result, together with
those in the literature and the kinetic features of shrinking, suggests
that anion channels are activated first, and outward-rectifying cat-
ion channels are subsequently activated, resulting in continued net
effluxes of CI™ and K*. The postshrinking volume recovery is
achieved by K* and CI~ influxes, with contribution by the proton
motive force. External Ca®>* has no role in shrinking and the recov-
ery. The gradual swelling of protoplasts that prevails under back-
ground red light is shown to be a phytochrome-mediated response
in which phytochrome A contributes more than phytochrome B.

Arabidopsis has been extensively used in genetic and
molecular studies of photomorphogenetic responses. Al-
though the major focus of these studies has been on the
responses mediated by phytochrome (for review, see
Whitelam and Devlin, 1997), it is also becoming
a promising material in studies of blue-light-sensitive
responses.

Inhibition of plant growth by blue light is a well-studied
example of a blue-light-sensitive response (Cosgrove,
1994). Recent analyses of the hy4 mutant of Arabidopsis,
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which is impaired in blue-light-dependent inhibition of
hypocotyl growth (Koorneef et al., 1980), have led to the
discovery of the photoreceptor CRY1 (Ahmad and Cash-
more, 1993; Lin et al., 1995a, 1995b). In Arabidopsis hypo-
cotyls, Cho and Spalding (1996) were able to identify the
blue-light-induced plasma membrane depolarization orig-
inally found in cucumber hypocotyls (Spalding and Cos-
grove, 1989, 1992) and to demonstrate that plasma mem-
brane anion channels are activated by blue light. Showing
further that the responses in membrane potential and
growth are inhibited by the anion-channel blocker NPPB,
these authors concluded that the activation of anion chan-
nels contributes to the depolarization response and is a
primary reaction involved in blue-light-dependent growth
inhibition.

We found that the protoplasts isolated from maize co-
leoptiles shrink transiently in response to a pulse of blue
light as well as to continuous blue light (Wang and Iino,
1997). This protoplast response is suggested to be causally
related to the transient growth inhibition induced by blue
light in maize coleoptiles. The present study investigated
the possible occurrence of a protoplast shrinking response
in Arabidopsis. We found that protoplasts from Arabidop-
sis hypocotyls shrink in response to blue light and ex-
tended the study to clarify its contribution to CRY1-
mediated growth inhibition and to characterize the ion
relationships involved.

In blue-light-dependent phototropism, the sensitivity
and responsiveness to blue light are controlled by phyto-
chrome (Liu and Iino, 1996a, 1996b; for earlier references,
see lino, 1990). The use of the phytochrome-deficient Ara-
bidopsis mutants phyA, phyB, and phyAphyB has demon-
strated that phototropic responsiveness of hypocotyls is
tightly controlled by phytochrome (Hangarter, 1997; Ja-
noudi et al., 1997; Liu and lino, 1997). Recent studies with
such Arabidopsis mutants have indicated that phyto-
chrome is also necessary for full expression of CRY1-
mediated growth inhibition (Casal and Boccalandro, 1995;
Ahmad and Cashmore, 1997). In the present study we used
phyA, phyB, and phyAphyB mutants to investigate possible
links between phytochrome and blue-light-induced proto-
plast shrinking.

Abbreviations: CRY1, chryptochrome 1; IDA, iminodiacetic
acid; NPPB, 5-nitro-2-(3-phenylpropylamino)-benzoic acid; TEA,
tetraethylammonium.
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MATERIALS AND METHODS
Plant Materials

The wild type and mutants of Arabidopsis used in the
present study were in the Landsberg erecta background.
Seeds of wild-type Arabidopsis and the mutant hy4-1
(Koorneef et al., 1980) were obtained from the Arabidopsis
Biological Resource Center (Ohio State University, Colum-
bus). Seeds of the mutants phyA-201 (Nagatani et al., 1993)
and phyB-5 (Koorneef et al., 1980) and the double mutant
phyA-201/phyB-5 (Reed et al., 1994) were provided by Dr.
Nagatani (Tokyo University, Japan). These seeds were mul-
tiplied in our greenhouse for use in experiments.

Arabidopsis seedlings were raised as follows. Seeds were
surface sterilized for 10 min with one-fifth strength of a
NaOClI solution (Nacalai Tesque, Kyoto, Japan), rinsed
with deionized water, and mixed with 0.3% agar. The
mixture of agar and seeds was pipetted onto the surface of
0.9% agar that filled a plastic tray (top area, 15.5 X 2.5 cm?;
height, 3.3 cm), and a clear, plastic cover (height, 2.8 cm)
was placed over it. The prepared seeds were kept at 4°C in
the dark for 2 d and subsequently incubated at 25°C. They
were exposed to red light (2 umol m ™2 s~ ) for 2 h at the
beginning of incubation (for the light source, see Wang and
lino, 1997), and then maintained in the dark for 62 h. The
plants were incubated for an additional 24 h under red
light (2 umol m ™2 s '). At this stage of growth, plants had
rapidly elongating hypocotyls. The average hypocotyl
lengths (determined from 50 to 60 seedlings) were 8.4 mm
(wild type), 8.2 mm (hy4), 8.1 mm (phyA), 9.3 mm (phyB),
and 10.2 mm (phyAphyB). Hypocotyls of typical length
were used to prepare protoplasts: approximately 7 to 9 mm
(wild type, hy4, and phyA), 8 to 10 mm (phyA), and 9 to 11
mm (phyAphyB).

Preparation of Protoplasts

The upper third of each hypocotyl was excised with a
razor blade, and immediately placed into 5 mL of an en-
zyme solution containing 2% (w/v) cellulase RS (Yakult,
Tokyo, Japan), 0.2% (w/v) pectolyase Y-23 (Seishin Phar-
maceutical, Tokyo, Japan), 0.8% (w/v) Cellulysin (Calbio-
chem), 0.45 M sorbitol, 10 mm KCl, 2 mm CaCl,, 20 mm Glc,
and 5 mMm Mes-Tris, pH 5.5. After obtaining hypocotyl
segments from about 300 plants over a period of 20 to 30
min, the enzyme solution containing the segments was
vacuum infiltrated (10 min at 75 cm of Hg) and rotated on
a shaker (65 rpm) for 2.5 h. The mixture was filtered
through nylon mesh and centrifuged at 110g for 10 min.
The pellet was washed twice by suspending in an incuba-
tion medium (5 mL) containing 0.45 M sorbitol, 10 mm KCl,
2 mm CaCl,, 20 mm Glc, and 5 mm Mes-Tris, pH 6.0, and
centrifuging at 110g for 8 min. The sedimented protoplasts
were suspended in a small amount of the incubation me-
dium (200-300 nL) to obtain the final preparation (2 X 10°
to 5 X 10° protoplasts mL~"). The osmolality of the incu-
bation medium measured by a vapor pressure osmometer
(model 5500, Wescor, Logan, UT) was 510 mosmol. The
protoplasts from all of the Arabidopsis strains used
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showed more than 95% viability when determined by the
method of Widholm (1972) at 0.02% (w/v) fluorescein
diacetate.

Other than the time of centrifugation, during the entire
period of protoplast preparation, tissues and protoplasts
were continuously exposed to red light (1-3 wmol m ™2
s~ !). This red light also served as a working light.

Incubation and Light Treatment of Protoplasts and
Measurement of Protoplast Volume

A 200-pL portion of the freshly prepared protoplast sus-
pension was pipetted into a quartz cuvette (five sides clear,
base 10 X 10 mm, height 45 mm) and incubated at 25°C *
1°C on the sample stage of a microscope system, which
consisted of an inverted microscope (IMT-2, Olympus, To-
kyo, Japan), a camera, a sample box made of red plate
acrylic, and two actinic light sources (Kodak Ektagraphic
III projectors). The cuvette was covered with a glass cov-
erslip during incubation. Unless otherwise specified, pro-
toplasts were exposed to red light (50 pmol m™ 2 s~ 1)
throughout incubation. This red light, referred to as the
background red light, was obtained by filtering the light
from the microscope light source through a red interfer-
ence filter (IF-BPF-640, Vacuum Optics, Tokyo, Japan) and
the red acrylic layer of the sample box.

Protoplasts were treated with blue light while being
incubated in the microscope system. A blue glass filter (no.
5-50, Corning, Corning, NY) was used to isolate blue light
from the actinic light source. In some experiments, proto-
plasts were treated with red or far-red light, which was
obtained by passing light from the actinic light source
through a red interference filter (IF-BPF-640, Vacuum Op-
tics) or a far-red filter (2 mm thick, Delaglass, Asahi Chem-
ical Industry, Tokyo, Japan).

Time-lapse photographs of the protoplasts in a selected
microscopic field were obtained during incubation. The
negative protoplast images recorded on film were magni-
fied and diameters of each protoplast in a series of photo-
graphs were determined. Protoplasts were selected for size,
roundness, and clarity of the margin; the selection was
otherwise random. The volume of each protoplast was
calculated from its diameter.

Details not described here can be found in our previous
paper (Wang and Iino, 1997).

Chemical Treatments of Protoplasts

The following chemicals were used to treat protoplasts:
vanadium oxide (Aldrich), NPPB (BIOMOL Research Lab-
oratories, Plymouth Meeting, PA), IDA (Nacalai Tesque,
Kyoto), TEA-Cl (Nacalai Tesque), and EGTA (Nacalai
Tesque). Vanadate was prepared from vanadium oxide as
the method described by Gallagher and Leonard (1982).
NPPB was dissolved in ethanol at 20 mM, and this stock
solution was used after dilution with the incubation me-
dium. When Cl" in the incubation medium was replaced
with IDA, 14 mm IDA, 10 mm KOH, and 2 mm Ca(OH),
were used in place of 10 mm KCl and 2 mm CaCl,; when K*
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was replaced by TEA™", 10 mm TEA-Cl was used instead of
10 mm KCL

RESULTS
Size Distribution of Protoplasts

In the present study protoplasts were isolated from the
upper part of the hypocotyl of wild-type and mutant seed-
lings that were 4 d old and adapted to red-light growth
conditions. The mutants used were hy4, phyA, phyB, and
phyAphyB (for mutant lines, see “Materials and Methods”).
Figure 1 shows the volume distribution of wild-type and
mutant protoplasts prepared by the standard procedure
and adapted to the standard incubation conditions for 1 h.
In all of the Arabidopsis strains used, a substantial propor-
tion (65%-70%) of protoplasts occurred in the smallest
range, 2 X 10 to 12 X 10°> pm?, and the proportion de-
creased with size. Compared with wild-type protoplasts,
the protoplasts from mutants (especially phyAphyB) tended
to fall more into the second smallest range (7 X 10° to 12 X
10 um®). It appeared, however, that the overall distribu-
tion pattern for each mutant was similar to that of wild-
type protoplasts.

In the following experiments, the protoplasts in the range
from 5 X 10° to 30 X 10°> um?> were subjected to the volume
analysis. In all of the plant strains used, about 75% of pro-
toplasts occurred in this range. To investigate whether the
protoplast responses to experimental treatments depend on
the size of protoplasts within the range defined, the analysis
was additionally conducted for protoplasts from two nar-
rower ranges, 5 X 10% to 12 X 10® pm?® (small protoplasts)
and 17 X 10° to 30 X 10°> um?® (large protoplasts).

Protoplast Swelling under Background Red Light

In our standard procedure the cuvette containing a pro-
toplast suspension was placed on the microscope stage
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about 1 min after preparation of the final suspension, and
the protoplasts were thereafter incubated under constant
red light (50 umol m 2 s~ '). When the volume of wild-type
protoplasts was monitored after 10 min of incubation (the
time required for sedimentation of protoplasts to the bot-
tom of the cuvette), it changed little for about 30 min and
thereafter increased steadily for at least 1.5 h. Based on this
result, we decided to allow protoplasts to stand for at least
40 min after the onset of incubation before initiating exper-
imental monitoring of the protoplast volume.

The observed swelling of protoplasts was investigated
further using wild-type and mutant protoplasts. The ex-
periments were planned so that the data would also serve
as the controls for blue-light responses. The results ob-
tained separately for small and large protoplasts are sum-
marized in Figure 2. The measured protoplast volume at a
given time was calculated as the value relative to the
volume determined 65 min after the onset of incubation
(time 0 in Fig. 2), which corresponded to the time at which
blue-light stimulation was initiated in most of the experi-
ments described below.

As shown in Figure 2, A and F, wild-type protoplasts
swelled at a nearly constant rate. Small and large proto-
plasts showed similar swelling rates, approximately 4%
h™'. The protoplasts from hy4 (Fig. 2, B and G) and phyB
(Fig. 2, D and I) mutants swelled at rates comparable to or
slightly lower than the rate in the wild type. The proto-
plasts from phyA and phyAphyB mutants also swelled but at
much reduced rates.

The results indicated that the observed protoplast swell-
ing was mediated by phytochrome. The Pfr produced by
the background red light was probably responsible for the
swelling. Because the swelling rate in phyB protoplasts was
closer to that in wild-type protoplasts and the rate in phyA
protoplasts was as low as that in phyAphyB protoplasts,
phytochrome A appeared to be the major phytochrome
species involved.

Figure 1. Size distribution of the protoplasts
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from hypocotyls of wild-type Arabidopsis
(Landsberg erecta) and its mutants hy4—1 (hy4),
phyA-201 (phyA), phyB-5 (phyB), and phyA-
201/phyB-5 (phyAphyB). Protoplasts were iso-
lated under red light (1-3 wmol m~2 s™") from
the upper third of hypocotyls of 88-h-old seed-
lings that had been exposed to red light (2 umol
s~") for the last 24 h. Freshly isolated pro-
toplasts, washed with and suspended in a me-
dium containing 0.45 m sorbitol, 10 mm KCl, 2
mm CaCl,, 20 mm Glc, and 5 mm Mes-Tris, pH
6.0, were added to the measurement cuvette
and incubated under red light (50 wmol m™2
s~') in the microscope system. Protoplast sizes
were determined from the photographs obtained
at 1 h of incubation. The proportion in each size
8 range is given as a percentage of the number of
,|\ protoplasts (460-500) examined.
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Figure 2. Changes in the volume of protoplasts during incubation
under red light. Protoplasts of the wild type (A and F, WT) and
mutants (B and G, hy4; C and H, phyA; D and |, phyB; and E and J,
phyAphyB) of Arabidopsis, isolated and incubated under red light as
described for Figure 1, were subjected to time-lapse photography
(2-min intervals). Time O (abscissa) was adjusted to 65 min after the
onset of incubation, and corresponded to the time at which blue-light
treatment was initiated in most of the following experiments. The
protoplasts that fell into two volume ranges at time O were analyzed
separately: 5 X 10% to 12 X 10 um? (small protoplasts, left panels)
and 17 X 10° to 30 X 10*® um? (large protoplasts, right panels). The
volume of each protoplast at a given time was calculated as a
percentage of the volume at time 0. The means =* st from 20 to 28
protoplasts are shown. The solid line in each panel represents the
linear regression line, and the figures indicate the slope.

Protoplast Shrinking Induced by a Pulse of Blue Light

The effect of blue light on protoplast volume was inves-
tigated by exposing the protoplasts to a 30-s pulse. This
blue-light pulse was given in addition to the background
red light and provided a fluence of 3.5 mmol m ™2, found to
be sufficient to saturate the shrinking response of maize
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protoplasts (Wang and Iino, 1997). Figure 3 shows the
results obtained for small and large protoplasts from wild-
type Arabidopsis and mutants. Time 0 denotes the onset of
the blue-light pulse.

Small and large protoplasts from wild-type Arabidopsis
showed similar transient shrinkage in response to blue
light (Fig. 3, A and F). The volume decreased immediately
following blue-light stimulation and reached a minimum
(about 95% of the initial volume) at about 5 min. After this
point, the protoplasts swelled and recovered their volume
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Figure 3. Protoplast shrinking induced by a blue-light pulse. Proto-
plasts of the wild type (A and F, WT) and mutants (B and G, hy4; C
and H, phyA; D and |, phyB; and E and J, phyAphyB) of Arabidopsis,
isolated and incubated under red light as described for Figure 1, were
subjected to time-lapse photography (1-min intervals). Protoplasts
were exposed to a 30-s pulse of blue light (fluence: 3.5 mmol m~2)
immediately after obtaining the photograph at time 0, which was 65
min after the onset of incubation. The volume of small protoplasts
(left panels) and large protoplasts (right panels) was analyzed as
described for Figure 2. The means * st from 18 to 40 protoplasts are
shown. Dotted lines reproduce the regression lines of Figure 2.
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over a period of about 5 min, eventually reaching the
control level (dotted lines).

Although the blue-light pulse was given while proto-
plasts were continuously exposed to background red light,
it would transiently affect the level of Pfr. To investigate
whether the observed protoplast shrinkage was induced by
a change in Pfr level, we treated protoplasts with a high-
fluence pulse of red light (7.6 mmol m™?) or far-red light
(9.0 mmol m™?). Figure 4 shows the results obtained by
analyzing protoplasts in the volume range from 5 X 10 to
30 X 10° um® No appreciable change in volume was
induced by either red light (Fig. 4A) or far-red light (Fig.
4B). No change was detected even if small and large pro-
toplasts were separately analyzed (not shown). The results
demonstrated that the protoplast shrinking response to
blue light was not mediated by phytochrome.

The protoplasts from hy4 (Fig. 3, B and G) and phyAphyB
(Fig. 3, E and ]) mutants failed to show any detectable
shrinking in response to blue light. Because phytochrome is
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Figure 4. Effects of a pulse of red light or far-red light on the volume
of protoplasts. While being incubated under background red light the
wild-type protoplasts were exposed to a 30-s pulse of red light (7.6
mmol m~?) (A) or far-red light (9.0 mmol m~2) (B) immediately after
time 0. To obtain the required fluence of far-red light, two projector
light sources were used. The protoplasts that were in the volume
range from 5 X 10> um? to 30 X 10° um? at time O were analyzed.
The means = st from 30 to 32 protoplasts are shown. Other details
are as described in Figure 3.

not the photoreceptor for the blue-light response, it is
concluded that blue light is perceived by the photoreceptor
CRY1, the product of the HY4 gene (see the introduction),
whereas the responsiveness to blue light depends on the
presence of phytochromes A and B. The protoplasts from
the phyA mutant showed a shrinking response that was
about 60% of that in wild-type protoplasts (Fig. 3, C and
H). The phyB protoplasts showed a shrinking response (Fig.
3, D and I), but the response was much less than in wild-
type and phyA protoplasts. The results indicated that phy-
tochrome B contributes more than phytochrome A to blue-
light responsiveness.

Protoplast Shrinking Induced by Continuous Blue Light

The effect of continuous blue light was next investigated.
The fluence rate was fixed at 70 wmol m 2 s~ ', which was
sufficient to saturate the shrinking response in maize pro-
toplasts (Wang and Iino, 1997). The results obtained using
small and large protoplasts from wild-type Arabidopsis
and mutants are shown in Figure 5. Time 0 denotes the
time at which blue-light stimulation commenced.

The wild-type protoplasts shrank immediately following
the onset of stimulation; after establishing a minimum at
about 10 min, the protoplasts swelled and recovered their
volume over a period of about 10 min (Fig. 5, A and F).
Small and large protoplasts showed similar shrinking and
recovery kinetics, although the relative extent of shrinking
was somewhat smaller in large than in small protoplasts.

The time-course data described above indicated that, as
in the case of maize protoplasts (Wang and Iino, 1997), the
response to continuous stimulation is transient. Unlike
maize protoplasts, however, Arabidopsis protoplasts did
not recover their volume to the control level (Fig. 5, A
and F). It is unlikely that this difference was due to the
continuous swelling that progressed in the control proto-
plasts, because maize protoplasts recovered to the volume
of the control protoplasts, which swelled similarly under
background red light. Furthermore, when stimulated with
a blue-light pulse, Arabidopsis protoplasts recovered to the
control level (Fig. 3, A and F) as did maize protoplasts
(Wang and Iino, 1997), indicating that the volume can
return to the control level when the effect of blue light
disappears. We conclude that the response of Arabidopsis
protoplasts to continuous stimulation includes a long-
persisting response in addition to a transient one.

In agreement with the results obtained with pulse stim-
ulation, the protoplasts from hy4 (Fig. 5, B and G) and
phyAphyB (Fig. 5, E and ]) mutants did not show any
detectable response, and the protoplasts from phyA (Fig. 5,
C and H) and phyB (Fig. 5, D and I) mutants showed a
partial response. In further agreement, the response was
smaller in phyB than in phyA protoplasts. Therefore, the
conclusions about the mediating photoreceptor and the
phytochrome regulation of blue-light responsiveness ob-
tained with pulse stimulation are all applicable to the
response to continuous stimulation.

The transient response in phyA protoplasts was about
one-half of that in wild-type protoplasts, whereas the long-
persisting response was the same in both (Fig. 5; compare
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Figure 5. Protoplast shrinking induced by continuous blue light.
Protoplasts from the wild type (A and F) and mutants (B and G, hy4;
C and H, phyA; D and |, phyB; and E and ], phyAphyB) of Arabi-
dopsis, isolated and incubated under red light as described for Figure
1, were subjected to time-lapse photography (3-min intervals). Pro-
toplasts were exposed to blue light (70 umol m~2 s™') continuously
from time 0, which was 65 min after the onset of incubation. The
volume of small protoplasts (left panels) and large protoplasts (right
panels) was analyzed as described for Figure 2. The means * st from
18 to 29 protoplasts are shown. Dotted lines reproduce the regres-
sion lines of Figure 2.

C and H with A and F). It is suggested that the transient
response, but not the long-persisting response, is impaired
by phyA mutation. In phyB protoplasts the transient re-
sponse was not apparent, and the long-persisting response
was smaller than in wild-type protoplasts (Fig. 5, D and I).
Thus, both responses are impaired by the phyB mutation.
However, the transient response appeared to be impaired
to a greater extent than the long-persisting one.

There was no fundamental difference between small and
large protoplasts in swelling under background red light
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(Fig. 2) and the blue-light-induced shrinking (Figs. 3 and 5)
if the protoplast volume is expressed as a percentage of the
initial volume. In the following experiments we continued
to analyze small and large protoplasts separately. How-
ever, since the results were similar, we present only those
data obtained for the full range (5 X 10® to 30 X 10° pum?).

Dependence of Blue-Light-Induced Protoplast
Shrinking on Phytochrome

We conducted a series of experiments with wild-type
protoplasts to investigate further the phytochrome regula-
tion of the blue-light responsiveness. The data shown in
Figure 6, A to D, were obtained to resolve the effect of dark
pretreatment on the protoplast shrinking response. In these
experiments protoplasts were first incubated under back-
ground red light. After 20 min of incubation, red-light
irradiation was terminated, and protoplasts were exposed
to far-red light for 3 min to transform Pfr to Pr. The fluence
of far-red light was 27 mmol m~ 2, which is generally
sufficient to saturate the phototransformation. The proto-
plasts were subsequently incubated in the dark for differ-
ent periods and then stimulated with a 30-s pulse of blue
light. After this pulse, the background irradiation with red
light was resumed, and the protoplasts were subjected to
time-lapse photography. Time 0 denotes the onset of the
blue-light pulse.

When the blue light was given after the far-red light
without a delay (Fig. 6A) or with a 15-min dark interval
(Fig. 6B), a normal shrinking response took place (compare
with Fig. 3, A and F). No such response was apparent,
however, when the dark interval was 30 min (Fig. 6C) or 60
min (Fig. 6D). The results indicated (a) that the protoplasts
lose their ability to respond to blue light when Pfr has been
absent for a period longer than 30 min, and (b) that the
disappearance of blue-light responsiveness progresses in a
narrow time range from 15 to 30 min after the conversion
of Pfr to Pr. The loss of shrinking response (Fig. 6, C and D)
was observed even though the protoplasts were continu-
ously exposed to red light after blue-light stimulation.
Clearly, Pfr produced after the blue-light stimulation was
without an effect.

In the next experiments (Fig. 6, E-G), the dark interval
before blue-light stimulation was fixed at 60 min; during
this interval, the protoplasts were treated with red light for
90 s (fluence, 4.5 mmol m ™ ?). No shrinking was detected
when this red-light pulse was given 10 min before blue-
light stimulation (Fig. 6E), but normal shrinking followed
when it was given 30 min before blue-light stimulation
(Fig. 6G). Slight shrinking was detected when the red light
was given 20 min before blue-light stimulation (Fig. 6F).
These results indicated (a) that the dark-treated protoplasts
begin to respond to blue light again when Pfr is produced
in advance, (b) that the production of Pfr does not result in
immediate establishment of blue-light responsiveness (a
period of at least 10 min is required before the responsive-
ness begins to be established), and (c) that the responsive-
ness is fully established 30 min after Pfr is produced. It is
apparent that the establishment of blue-light responsive-
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ness progressed in a narrow time range from about 15 to 30
min after the appearance of Pfr.

The effect of the red-light pulse in establishing the blue-
light responsiveness (Fig. 6G) was canceled by the far-red-
light pulse given immediately after the red light (Fig. 6H),
providing additional evidence for the phytochrome control
of blue-light responsiveness.

Important conclusions emerge from the results presented
above. The active form of Pfr does not directly interact with
the blue-light receptor or any other component involved in
the blue-light response. The blue-light responsiveness de-
pends on components generated by the action of Pfr. The
kinetic data indicate that the immediate component re-
quired for blue-light responsiveness, referred to as X, be-
gins to be produced about 15 min after the appearance of
Pfr and is sufficiently established within the next approx-
imately 15 min. (This interpretation also takes into consid-
eration the fact that the lag between blue-light perception
and the occurrence of shrinking response is very short,

within 1 min.) Component X also begins to disappear
about 15 min after the removal of Pfr and is lost within the
next 15 min.

Under the conditions in which the blue-light-induced
shrinking response was eliminated by dark pretreatment,
protoplast swelling was also undetectable (Fig. 6, C and D).
Therefore, it appeared that the protoplast swelling shown
to be mediated by phytochrome was in fact induced by the
background red light.

Effects of NPPB and Vanadate

The anion-channel blocker NPPB (Marten et al., 1992)
effectively inhibited the protoplast shrinking response of
maize coleoptile protoplasts (Wang and Iino, 1997), sup-
porting the conclusion of Cho and Spalding (1996; see the
introduction). We conducted similar experiments with the
protoplasts from wild-type Arabidopsis. As shown in Fig-
ure 7A, the shrinking response to a blue-light pulse was



1272 Wang and lino

o
w
T

100 —gﬁgﬁww

97 | .
NPPB (20 min)
i — ——
B
103 .
2
00 Lattaretiene. oo dittuaitns
2 100 M%{' ; 3 i
3 i
= a7t .
VANADATE (85 min)
e e —
C
103 .
100 —M{'ﬂ#ﬁ#}%‘}m—
97 | .
VANADATE (4 h)
94_ 1 1 1 ] 1 1

-10 -5 0 &5 10 15 20 25

Time (min)

Figure 7. Effects of NPPB and vanadate on blue-light-induced pro-
toplast shrinking. The wild-type protoplasts treated with NPPB or
vanadate as described below were stimulated with a blue-light pulse
immediately after time 0. A, NPPB (15 um) was added to the incu-
bation medium 20 min before stimulation. B, Vanadate (500 um) was
added to the medium used to wash protoplasts and to obtain the final
protoplast suspension (about an 85-min treatment before stimula-
tion). C, Vanadate (500 um) was added to the enzyme solution used
to obtain protoplasts and to the incubation medium as in B (a total of
about 4 h treatment before stimulation). The protoplasts that were in
the volume range from 5 X 10° to 30 X 10° pm? at time O were
analyzed. The means * st from 20 to 31 protoplasts are shown.
Other details are as described in Figure 3.
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inhibited almost entirely by 15 um NPPB added to the
incubation medium 20 min before blue-light stimulation.

We also examined the effect of vanadate, an inhibitor of
plasma membrane H"-pumps (H"-ATPase). When vana-
date (500 uMm) was added to the incubation medium from
the step of protoplast washing, the blue-light response was
partially inhibited (Fig. 7B). In this experiment, protoplasts
were in contact with vanadate for about 85 min before
blue-light stimulation. When vanadate was also added to
the enzyme solution, the response was inhibited almost
entirely (Fig. 7C). Tissues and protoplasts were in contact
with vanadate before blue-light stimulation for a total pe-
riod of about 4 h. The results indicated that the blue-light
response cannot take place when the H" -pump is inhibited
in advance. The long pretreatment required for complete
inhibition probably represents the low permeability of
plasma membranes to vanadate (Amodeo et al., 1992).

The data additionally indicated that the swelling under
background red light took place normally in NPPB-treated
protoplasts (Fig. 7A), whereas it was substantially sup-
pressed by vanadate (Fig. 7C). Therefore, the swelling ap-
peared to depend on the H"-pump activity, but not on the
anion-channel activity.

Dependence on lon Composition and pH
of the Bathing Medium

The wild-type protoplasts were suspended in modified
incubation medium to investigate the contribution made
by each component of the standard medium in the blue-
light response. A modified incubation medium was used,
unless otherwise specified, from the step of protoplast
washing, thus bathing the protoplasts in the medium for
about 85 min before blue-light stimulation.

When Cl™ of the medium was replaced by the imper-
meant anion IDA, protoplasts showed normal shrinking in
response to a blue-light pulse (Fig. 8A; compare with Fig. 3,
A and F). However, after establishing the minimal volume
at about 5 min, the protoplasts almost retained the reduced
volume. As shown in Figure 8B, a nearly identical result
was obtained when K" was replaced by the impermeant
cation TEA™, which also acts as a K*-channel blocker
(Brown, 1993). The results indicated that the volume recov-
ery is achieved by uptake of CI~ and K", both ions being
required for continuation of the uptake of either ion.

Ion replacement effects were next investigated with con-
tinuous blue-light stimulation. When Cl~ was replaced by
IDA (Fig. 9A) or K" was replaced by TEA™ (Fig. 9B), the
protoplasts showed a nearly normal shrinking response,
but failed to recover their volume (compare with Fig. 5, A
and F). Therefore, the volume recovery during continuous
stimulation also appeared to be achieved by uptake of C1~
and K", with the requirement of the presence of both ions.

The response of protoplasts to a blue-light pulse, includ-
ing the volume recovery, took place normally when CaCl,
or Glc was omitted from the incubation medium (not
shown). Therefore, external Ca?* and Glc were not used as
the osmotic substances for volume recovery. To resolve
whether Ca®" in the medium was entirely unnecessary for
the blue-light response, we added 1 mm EGTA to the
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Figure 8. Dependence of the protoplast shrinking response to a
blue-light pulse on K*, CI~7, and Ca*>* of the bathing medium. The
wild-type protoplasts, isolated as described for Figure 1, were
washed with and suspended in the modified incubation media listed
below (see Fig. 1 for the basic medium composition). The protoplasts
were stimulated with a blue-light pulse immediately after time 0,
which was 65 min (A and B) or 50 min (C) after the onset of
incubation. A, CI™ in the medium was replaced by IDA (14 mm IDA,
10 mm KOH, and 2 mm Ca[OH], were used instead of 10 mm KCl
and 2 mm CaCl,). B, K" in the medium was replaced by TEA™* (10 mm
TEA-Cl was used instead of 10 mm KCl). C, CaCl, in the medium was
omitted and T mm EGTA was added to the final suspension medium.
The protoplasts that were in the volume range from 5 X 10° to 30 X
10° wm?® at time O were analyzed. The means = st from 19 or 20
protoplasts are shown. Other details are as described in Figure 3.

medium from which CaCl, was omitted. Since protoplasts
were broken in this Ca®"-free medium at a relatively high
rate (about 20% h ™), the incubation time before blue-light
stimulation was shortened from 65 to 50 min, which still
allowed the minimal adaptation time of 40 min before the
onset of volume monitoring, and only those protoplasts
which were intact during the measurement period were
analyzed. As shown in Figure 8C, the shrinking response
and the subsequent volume recovery took place normally
in this Ca®"-free medium.

The K™ influx during the volume recovery can be driven
by the inside-negative membrane potential. It is not clear,
however, how Cl™ influx occurs against the membrane
potential and the concentration gradient. One possibility is
that Cl~ enters the cell via a Cl” /H" symporter driven by
the proton motive force. If this were the case, one would
expect that the volume recovery cannot take place when
the medium pH is close to the cytosolic pH, which is
usually around 7.0. The data shown in Figure 10A were
obtained using a medium adjusted to pH 7.2 (instead of pH
6.0). Clearly, the protoplasts could not recover their vol-
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Figure 9. Dependence of the protoplast shrinking response to con-
tinuous blue light on CI~ and K* of the bathing medium. The
wild-type protoplasts, washed with and suspended in the following
modified incubation media, were stimulated with blue light (70 umol
m~?s7") from time 0. A, Cl~ in the medium was replaced by IDA. B,
K* in the medium was replaced by TEA*. The means = st from 21
to 23 protoplasts are shown. Other details are as described in Figures
5 and 8.
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Figure 10. Blue-light-induced protoplast shrinking at neutral pH.
The wild-type protoplasts, isolated as described for Figure 1, were
washed with and suspended in the incubation medium adjusted to
pH 7.2 with Tris. A, The protoplasts were stimulated with a blue-light
pulse immediately after time 0. B, Protoplasts were not stimulated
with blue light, but were otherwise treated as in A. The protoplasts
that were in the volume range from 5 X 10° to 30 X 10* um? at time
0 were analyzed. The means =+ st from 67 (A) or 38 (B) protoplasts
are shown. Other details are as described in Figure 3.

ume after a shrinking response (compare with Fig. 10B
obtained without blue-light stimulation). The extent of
shrinking was smaller than that at the standard pH (Fig. 3,
A and F). Although this part of the pH effect could not be
explained clearly, the data at least demonstrated that the
volume does not recover at neutral pH, supporting the idea
that C1~ uptake is mediated by a C1~ /H" symporter.

Effects of medium modifications on the swelling under
background red light could be evaluated from the time-
course data obtained before blue-light stimulation. The
swelling was not observed when Cl~ and K* were re-
placed by IDA and TEA ™, respectively (Fig. 8, A and B; Fig.
9), but when Ca®* (Fig. 8C) or Glc (not shown) was omitted
from the medium. Therefore, it appeared that, as in the case
of the volume recovery after blue-light-induced shrinkage,
the phytochrome-mediated swelling is achieved by uptake
of CI™ and K. Furthermore, the swelling did not take
place at neutral pH (Fig. 10B), suggesting that the proton
motive force is also essential for this ion uptake.

Plant Physiol. Vol. 117, 1998

DISCUSSION

Protoplast Shrinking Response and Its
Relationship to Growth

We have demonstrated that protoplasts isolated from
Arabidopsis hypocotyls shrink in response to blue light.
The extent and kinetics of the response induced by either a
blue-light pulse (Fig. 3, A and F) or continuous blue light
(Fig. 5, A and F) were similar to those found in maize
coleoptile protoplasts (Wang and Iino, 1997). Also, most of
the isolated protoplasts were responsive, as in maize. More
importantly, the blue-light-induced shrinking of Arabidop-
sis protoplasts did not occur in hy4 and phyAphyB mutants
(Figs. 3 and 5). These results, together with those obtained
using red- and far-red light treatments (Figs. 4 and 6),
demonstrate that the blue-light response itself is mediated
by the photoreceptor CRY1 (Ahmad and Cashmore, 1993;
Lin et al., 1995a, 1995b), whereas the blue-light responsive-
ness is controlled by phytochrome.

When stimulated with continuous blue light, maize pro-
toplasts shrank rapidly, but stopped shrinking at 6 to 10
min of stimulation and subsequently swelled, recovering
their volume to near the control level (Wang and Iino,
1997). This transient nature of the response to continuous
stimulation was also evident in Arabidopsis, although the
recovery of the volume was obviously incomplete (Fig. 5, A
and F). This incomplete recovery has indicated that the
response of Arabidopsis protoplasts includes a long-
persisting response in addition to a transient one. This
conclusion does not imply that the two responses are based
on distinct photosystems. In fact, both responses appear to
be mediated by CRY1, because hy4 protoplasts did not
show any detectable response over the period of stimula-
tion in which the transient and long-persisting responses
could be identified.

Analyses with maize protoplasts have provided evi-
dence for the participation of photosensory adaptation in
the shrinking response to continuous blue light (Wang and
Iino, 1997). It is probable that the transience of the response
is based on this adaptation mechanism and that the long-
persisting response represents the steady-state response
level established after adaptation. Perhaps the steady-state
response at a given fluence rate of blue light is much
greater in Arabidopsis than in maize.

Some lines of evidence have indicated that the shrinking
response of maize protoplasts represents a mechanism that
is involved in the blue-light-dependent inhibition of co-
leoptile growth rather than blue-light-dependent coleoptile
phototropism (Wang and Iino, 1997). The present results
obtained with the hy4 mutant (see above) have further
substantiated the causal relationship between the proto-
plast shrinking response and the blue-light-dependent
growth inhibition.

The CRY1-mediated inhibition of Arabidopsis hypocotyl
growth has so far been identified by measuring growth
after long-term blue-light stimulation (Koorneef et al.,
1980; Ahmad and Cashmore, 1997). The long-persisting
component of the protoplast shrinking response can ex-
plain this growth inhibition. In maize coleoptiles the
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growth was rapidly inhibited following the onset of con-
tinuous blue light and, after several minutes of inhibition,
the growth rate increased to approach the control level,
showing an essential agreement with the transient proto-
plast response (Wang and Iino, 1997). Whether the tran-
sient phase of the protoplast shrinking response in Arabi-
dopsis results in a corresponding inhibition of hypocotyl
growth remains to be investigated.

Growth of dark-adapted cucumber hypocotyls (Cos-
grove, 1981) and red-light-grown (Laskoswki and Briggs,
1989) and dark-adapted (Kigel and Cosgrove, 1991) pea
internodes was rapidly inhibited after the onset of contin-
uous blue light, but remained fully inhibited over a period
of stimulation that exceeds the transient phase of the pro-
toplast shrinking response identified in our studies. In fact,
the transient phase of growth inhibition has so far been
found only with maize coleoptiles. It is perhaps worth-
while to note that the transient phase of the protoplast
shrinking response was less evident when either phyto-
chrome A (Fig. 5, C and H) or B (Fig. 5, D and I) was unable
to function. Clear occurrence of the transient phase of
growth inhibition may depend on the level of Pfr before
and/or during blue-light stimulation and hence on the
light conditions used: e.g. whether plants were adapted to
red light or to darkness, or, in the latter case, whether green
working lights were used. Furthermore, the transient phase
of the protoplast shrinking response could not be identified
when K* or CI™ was not available in the bathing medium
(Fig. 9). It is possible that clear occurrence of the transient
growth inhibition also depends on the nutritional condi-
tions of plants. These possibilities warrant further studies.

Cellular Mechanisms of Blue-Light-Induced
Protoplast Shrinking

Using the cell-attached mode of the patch-clamp tech-
nique, Cho and Spalding (1996) provided evidence that
plasma membrane anion channels (Cl~ channels) of Ara-
bidopsis hypocotyls are activated by blue light. Further-
more, the blue-light-induced plasma membrane depo-
larization could be attributed to CI™ efflux through
the activated channels because NPPB inhibited the
depolarization.

The blue-light-induced shrinking of maize (Wang and
Iino, 1997) and Arabidopsis (Fig. 7A) protoplasts is effec-
tively inhibited by NPPB. Therefore, the shrinking re-
sponse can also be attributed to the anion-channel activa-
tion. How, then, do protoplasts shrink in response to
anion-channel activation? On this question, it is perhaps
significant to realize that the depolarization response is
more transient than the shrinking response. In cucumber
hypocotyls the plasma membrane was maximally depolar-
ized about 1 min after the onset of continuous blue light
and repolarized near to the original level within the next 2
min (Spalding and Cosgrove, 1989). In Arabidopsis hypo-
cotyls a similar transient depolarization followed a blue-
light pulse (Cho and Spalding, 1996; Lewis et al., 1997). It is
apparent that the plasma membrane is already in the re-
polarizing and fully repolarized phases when the proto-

plasts undergo a major part of the shrinking (Figs. 3 and 5,
A and F).

A contribution of K™ efflux has been implicated for the
repolarization phase of the action potential in Nitella axil-
liformis (Shimmen and Tazawa, 1983). By analogy to this
model, we hypothesize that certain outward-rectifying K*
channels (Schroeder et al., 1987; Hosoi et al., 1988; Roberts
and Tester, 1995) are activated after the anion-channel
activation, allowing facilitated K" efflux and membrane
repolarization, and that enhanced effluxes of both Cl™ and
K™ continue, allowing protoplasts to shrink under the re-
polarized condition. The K™ channels may be activated in
response to membrane depolarization (Hosoi et al., 1988;
Roberts and Tester, 1995). However, to explain the nearly
complete repolarization (Spalding and Cosgrove, 1989;
Cho and Spalding, 1996) and the effluxes of CI~ and K*
assumed to continue under the repolarized condition, some
additional mechanism may have to be considered for the
K*-channel activation.

The replacement of the medium K* by TEA", a K*-
channel blocker, little affected the rate or the extent of
shrinking (Figs. 8B and 9B). This result raises a question
about the involvement of outward-rectifying K channels
in the shrinking response (for the effect of TEA™ in the
bathing medium, see Roberts and Tester, 1995). A TEA™-
insensitive outward-rectifying cation channel has been
identified in endosperm cells of Heamanthus and Clivia
fruits (Stoeckel and Takeda, 1989). This channel is charac-
terized by low selectivity among monovalent cations and
Ca®*-dependent activation. A similar cation channel hav-
ing a relatively weak outward-rectifying property was
identified in epidermal cells of pea leaves (Elzenga and
Volkenburgh, 1994). Such TEA"-insensitive cation chan-
nels may be responsible for the suggested K" efflux.

The plasma membrane anion channels so far character-
ized appear to require a rise in cytosolic Ca®" for their full
activity (Schroeder and Hagiwara, 1989; Hedrich et al.,
1990; Okihara et al., 1991), which raises the possibility that
blue light might activate anion channels by elevating cyto-
solic Ca®". However, Lewis et al. (1997) have recently
demonstrated that the cytosolic Ca®" concentration in Ara-
bidopsis hypocotyls does not change after blue-light stim-
ulation. We found a normal protoplast response in the
absence of external Ca>" (Fig. 8C). This result supports the
conclusion of Lewis et al. (1997) and indicates that control
of Ca*" influx is not included in the entire process leading
to protoplast shrinking, and also not in the process of
volume recovery discussed below.

Inhibition of the plasma membrane H"-pump activity
might be a primary reaction that follows blue-light percep-
tion. Consistent with this idea is the effects of vanadate in
preventing blue-light-induced membrane depolarization
(Spalding and Cosgrove, 1992) and protoplast shrinking
(Fig. 7, B and C). However, Cho and Spalding (1992)
showed that a substantial portion of blue-light-induced
depolarization can be inhibited by NPPB, which probably
does not affect the H-pump activity. When the protoplast
volume was monitored for 3 h after vanadate addition, it
did not significantly decrease below the initial value, al-
though the swelling under background red light was in-
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hibited considerably (data not shown). This result indi-
cated that the net ion efflux cannot be enhanced by
depolarization alone to the extent caused by blue-light
treatment. Furthermore, if the blue-light-induced changes
in membrane potential reflect the H -pump activity, it
follows that protoplasts continue to shrink (i.e. the net ion
efflux is kept enhanced) even after the membrane is repo-
larized (i.e. the H" pump is reactivated). It would be
difficult to conceive of such a relationship between pump
activity and ion flux. Perhaps the observed effects of van-
adate are indirect ones resulting from the vanadate-
induced membrane depolarization. It is possible that C1~
efflux through the activated channels, a primary reaction
that follows blue-light stimulation, cannot effectively take
place when the membrane is depolarized (i.e. when the
driving force for Cl~ efflux is reduced) and that the acti-
vation of outward-rectifying K" channels, which is some-
how linked to anion-channel activation, cannot follow.

The osmolality inside the protoplast is maintained at a
value nearly identical to that of the bathing medium.
Therefore, on the basis of the volume change data, the
extent and the rate of net ion flux can be quantitatively
evaluated. The maximal volume reduction achieved by
blue-light stimulation was about 5% (Figs. 3 and 5, A and
F). If it is assumed that the protoplast shrinks by extruding
equal amounts of K" and Cl~, the amount of either ion
needed to achieve this volume reduction is 14 mm at the
initial protoplast volume (calculated without considering
intracellular compartmentation and using the osmotic co-
efficient of 0.9). Plant cells typically contain 100 to 200 mm
K™ (Wyn Jones et al., 1979). Perhaps the protoplasts used in
the present study contain K™ sufficient to achieve the 5%
volume reduction. The cellular concentration of Cl™ is
generally lower than that of K* and can be as low as 20 mm
(Wyn Jones et al., 1979). The protoplasts may lose a sub-
stantial portion of their CI™ content when responding to
blue light, or other anions may also be extruded substan-
tially for volume reduction. The rates of net ion efflux can
be estimated from the slope of volume reduction. The
maximal rate of volume reduction, which was recorded
after pulse stimulation (Fig. 3, A and F), was about 1.4%
min ™' for either small or large protoplasts (calculated from
three points between 1 and 3 min). The estimated efflux
rate per protoplast surface area of either K" or C1~ was 0.27
pmol m ™2 s~ ! when the protoplast volume was 8 X 10°
pm >, which represents the small protoplast. The value
was 0.38 umol m > s~ ' when the protoplast volume was
23 X 10®> wm ™2, which represents the large protoplast.

Taking all available results into consideration, we pro-
pose the following transduction sequence for the proto-
plast shrinking response: (a) blue light is perceived by the
photoreceptor CRY1, (b) anion channels are activated, (c)
Cl™ is extruded through the activated channels and the
plasma membrane is depolarized, (d) outward-rectifying
cation channels are activated, (e) K* is extruded through
the activated channels and the plasma membrane is repo-
larized, and (f) C1~ (and possibly other anions) and K"
continue to leak through the channels, resulting in the
observed decrease in protoplast volume.
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Cellular Mechanisms of Volume Recovery

The results shown in Figures 8 and 9 and other data not
shown (see “Results”) have demonstrated that the recov-
ery of protoplast volume after blue-light-induced shrink-
age is achieved by uptake of K* and C1™. C1~ ions have to
be taken up against the membrane potential and the con-
centration gradient. Uptake of Cl™ via an electrogenic
Cl”/H" symporter, which translocates one Cl~ with
two H", has been suggested in Chara corallina (Beilby and
Walker, 1981) and Sinapis alba root-hair cells (Felle, 1994).
In support of the possible contribution of such a
symporter, the protoplasts could not recover their vol-
ume when incubated in a medium adjusted to neutral pH
(Fig. 10).

The ion uptake during the volume recovery probably
represents the uptake mechanisms that normally function
in the steady-state conditions before blue-light stimulation.
The uptake rates for K™ and Cl~ are expected to be greater
in the recovery phase than those in the steady state because
of the lower intracellular concentrations of K™ and CI™. It
is possible, however, that the uptake is facilitated further
by activation of channels and/or symporters (note that the
rate of volume change during the recovery phase can be as
fast as the rate during the shrinking phase; Fig. 3, A and F).
If C1™ uptake is mediated by a symporter and if the H"-
pump activity is not significantly enhanced, net influxes
of K™ and Cl™~ representing the volume recovery should
result in membrane depolarization. This has not been
demonstrated.

It has become clear that ion uptake cannot continue
when CI™ in the bathing medium is replaced by IDA (Figs.
8A and 9A) or when K" is replaced by TEA™ (Figs. 8B and
9B). Therefore, K™ and Cl~ influxes are mutually depen-
dent. The exact mechanism for this mutual regulation is not
clear. To understand this regulation, it would be important
to clarify whether Cl™ uptake is actually mediated by a
Cl” /H" symporter or by a different transport mechanism.

During the response induced by a blue-light pulse, the
primary photochemical reaction and subsequent cellular
reactions would decay with time. This can explain the
transition from the shrinking to the recovery phase. For the
corresponding transition during continuous stimulation,
however, some additional mechanism must be considered.
In theory, the volume recovery can be achieved by en-
hancement of the ion uptake activity without a change in
the ion efflux property. In this case, it is expected that
protoplasts continue to shrink for a longer period when ion
uptake is inhibited. The data shown in Figure 9 indicated
that protoplasts stop shrinking similarly to the controls
even if ion uptake cannot take place. Therefore, it seems
that the volume recovery during continuous stimulation
is not caused by enhanced activity of ion uptake but
rather by cessation of the blue-light-induced ion efflux.
This agrees with the view that the volume recovery
represents a sensory adaptation mechanism that resides
within or close to the photoreceptor system (Wang and
Iino, 1997).
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Roles of Phytochrome

The results obtained using phyA, phyB, and phyAphyB
mutants (Figs. 3 and 5) have substantiated the conclusion
that Pfr is required for the full expression of CRY1-
mediated responses (Casal and Boccaladro 1995; Ahmad
and Cashmore, 1997). The results shown in Figure 6 have
demonstrated for the first time, to our knowledge, that Pfr
is required in advance of blue-light perception. As far as
the protoplast shrinking response to pulse stimulation is
concerned, the presence of Pfr during and after blue-light
perception is not required for blue-light responsiveness. It
has also become apparent that phytochrome species other
than phytochromes A and B (Mathews and Scharrock,
1997) do not make any significant contribution.

The phytochrome requirement for the CRY1-mediated
growth inhibition has been shown by providing a red-light
pulse (or a far-red-light pulse as a control) after blue-light
treatment (Casal and Boccaladro, 1995; Ahmad and Cash-
more, 1997). In contrast to our data and conclusions, it has
been implied that Pfr is required after the step of blue-light
perception. The previous data, however, do not necessarily
demonstrate this. In the experiments of Ahmad and Cash-
more (1997), the blue-light pulse and the immediately sub-
sequent pulse of red light were provided hourly. Therefore,
it is probable that the Pfr produced by the red light given
after a blue-light pulse brought about the responsiveness to
the next blue-light pulse. Casal and Boccaladro (1995) re-
peated light treatments daily. The stable Pfr (perhaps Pfr of
phytochrome B) produced by the preceding red-light pulse
could possibly persist, at least to some extent, during the
long, dark interval to permit some responsiveness to the
next blue-light treatment. Furthermore, because the dura-
tion of each blue-light treatment was relatively long (3 h),
the Pfr (perhaps Pfr of phytochrome A) produced by blue
light itself could probably act to bring about some blue-
light responsiveness during the blue-light treatment.

Based on the data shown in Figure 6, it has been deduced
that the hypothetical component X, an immediate compo-
nent necessary for the blue-light responsiveness, is pro-
duced in a relatively short period (about 15 min) after a lag
of about 15 min from the occurrence of Pfr. Such kinetics
may suggest an involvement of Pfr-induced gene expres-
sion for the production of X. It has been indicated further
that X disappears with a similar lag and over a similar time
period. These kinetics imply that X and the intermediate
components produced by Pfr have relatively short life-
times. It is expected that the half-life of X is not longer than
several minutes. Ahmad and Cashmore (1997) found a
normal level of CRY1 protein in a phyAphyB mutant. There-
fore, it seems unlikely that X is the photoreceptor itself. It
is not excluded, however, that X is a component, such as a
chromophore, that attaches to CRY1 for its completion as a
photoreceptor.

An increasing body of evidence now indicates that the
occurrence of blue-light-dependent phototropism of higher
plants is strictly under phytochrome regulation. In maize
coleoptiles the time-dependent phototropism requires the
presence of Pfr before it becomes inducible with blue light
(Liu and Iino, 1997). Use of phyA and phyB mutants and

phytochrome A- and B-overexpressing transgenic strains
of Arabidopsis have shown that the phototropic fluence-
response relationship is greatly modified by the level of
either phytochrome A or B (Janoudi et al., 1997). Further-
more, the first pulse-induced positive phototropism and
time-dependent phototropism identified in classical ways
(Iino, 1990) could not be potentialized at all by red-light
pretreatment in the phyAphyB mutant of Arabidopsis (Liu
and lino, 1997), although this mutant may show a slight
phototropic response to continuous blue light (Hangarter,
1997). Therefore, Arabidopsis appears to require the pres-
ence of Pfr, or a component generated by Pfr, before it can
respond to blue light to express phototropism.

It is interesting that both phototropism and blue-light-
dependent growth inhibition show a similar dependence
on phytochrome. Physiological and genetic evidence have
indicated that the two responses are mediated by distinct
photoreceptors (Iino, 1990; Liscum et al., 1992; Cosgrove,
1994; Liscum and Briggs, 1995). It is tempting to speculate
that, although these photoreceptors are encoded by differ-
ent genes, they share the same chromophore(s) and that the
biosynthesis of this chromophore is under phytochrome
control.

Phytochrome-mediated swelling of protoplasts has been
described for protoplasts from cereal leaves (Blakeley et al.,
1987; Bossen et al., 1988; Chung et al., 1988) and mung bean
hypocotyls (Long et al., 1995). The swelling of Arabidopsis
protoplasts observed under background red light was
greatly impaired by phyAphyB mutations (Fig. 2, E and J),
providing further evidence for the occurrence of such a
phytochrome-mediated swelling response. As in the case of
the volume recovery after the blue-light-induced shrink-
age, Arabidopsis protoplasts appeared to swell by taking
up K™ and Cl~ from the bathing medium with a contribu-
tion of the proton motive force. The data shown in Figure
8C suggested that Arabidopsis protoplasts swell in the
absence of external Ca®". This observation should be clar-
ified by further study, because previous results (Bossen et
al., 1988) indicated that external Ca®" is required for the
response. Since a slight swelling was observed in phyAphyB
protoplasts (Fig. 2, E and J), a contribution of phytochrome
species other than phytochrome A and B to the swelling
response is not ruled out.

It was indicated that phytochrome B contributes more
than phytochrome A for the establishment of blue-light
responsiveness. This is to be expected because we adapted
the plants and protoplasts to continuous red light, under
which most of phytochrome A would be lost. It was sur-
prising to find that phytochrome A contributed more than
phytochrome B to the swelling response. A very small
amount of phytochrome A, probably present in the red-
light-adapted plants (Abe et al., 1985), must be responsible
for this response. It is interesting that phytochromes A and
B show different effectiveness in two responses within the
same cell.

CONCLUDING REMARKS

The fact that the majority of the protoplasts from maize
coleoptiles (Wang and lino, 1997) and Arabidopsis hypo-
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cotyls (present study) shrink in response to blue light sug-
gests that the turgor of the most cells constituting these
organs is reduced by blue light. Efforts made to date have
not uncovered such a blue-light-induced turgor decrease
(Cosgrove, 1994). Our results should, however, warrant
further attempts.

Even if the turgor decreases in response to blue light, this
cannot be a direct cause of the growth inhibition, which
requires changes in the mechanical property of the cell
wall. It remains to be investigated how the activation of
anion channels (and possibly also of outward-rectifying
cation channels) results in growth inhibition. We have
obtained evidence that Cl~ is taken up by a C1” /H" sym-
porter during recovery of the protoplast volume. Alkaliza-
tion of the cell wall expected to occur during such Cl™
uptake may be responsible for the growth inhibition (Cho
and Spalding, 1996). At the moment, however, this expla-
nation seems unlikely, because growth is maximally inhib-
ited by blue light before the time at which the volume
recovery was found to begin (for growth data, see Cos-
grove, 1994; Wang and lino, 1997). The plant cell may sense
a turgor decrease for the induction of growth inhibition.
This possibility does not receive straightforward support,
because the growth of Arabidopsis hypocotyls is inhibited
by red light (Koorneef et al., 1980) although their proto-
plasts swell in response to red light.
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