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Blue-Light-Induced Shrinking of Protoplasts from Maize
Coleoptiles and Its Relationship to Coleoptile Growth’

Xiaojing Wang and Moritoshi lino*
Botanical Gardens, Faculty of Science, Osaka City University, Kisaichi, Katano-shi, Osaka 576, Japan

Protoplasts isolated from red-light-grown maize (Zea mays L.)
coleoptiles shrank transiently upon brief exposure (e.g. 30 s) to blue
light under background irradiation with red light. The maximal vol-
ume reduction (about 4% at a saturating fluence) occurred about 5
min after blue-light stimulation. The response was prevented by
the anion-channel blocker 5-nitro-2-(3-phenylpropylamino)-benzoic
acid. Red light and far-red light did not induce any comparable
response. Protoplasts of different sizes and those isolated from dif-
ferent coleoptile positions showed similar responses. After treatment
with a saturating blue-light pulse, the protoplasts became responsive
to a second pulse and gained full responsiveness within 5 min,
suggesting that the photoreceptor system involves a dark-reversible
component. The response to continuous blue light was also found to
be transient. The protoplast volume was reduced during about 6 to 9
min of irradiation and returned within the next 30 min to the control
level. The response to continuous blue light was saturated at 30 pmol
m~2s7". However, when the fluence rate was enhanced 10-fold after
a period of irradiation at 30 umol m~2 s7, the protoplasts showed
another shrinking response. These and other kinetic results indicate
that the photoreceptor system undergoes a photosensory adaptation.
Growth in different zones of the coleoptile was inhibited by blue light
transiently after pulse stimulation, as well as during continuous stim-
ulation. It was concluded that the observed protoplast shrinking is
related to the blue-light-induced inhibition of coleoptile growth.

Plants control their growth and development by re-
sponding to their light environment. A group of light re-
sponses have been identified that are uniquely sensitive to
blue light (and usually also to near-UV light). Phototro-
pism (lino, 1990) and blue-light-induced growth inhibition
(Cosgrove, 1994) are the best-studied examples. Physiolog-
ical and genetic evidence have indicated that these two
types of blue-light responses are mediated by distinct pho-
toreceptor systems (lino, 1990; Liscum et al., 1992; Cos-
grove, 1994; Liscum and Briggs, 1995). Therefore, the pho-
toreceptor and the phototransduction mechanism for a
blue-light response must be considered separately in pho-
totropism and blue-light-dependent growth inhibition. Al-
though the chemical nature of any of the blue-light-
sensitive photoreceptors long remained unclear, Ahmad
and Cashmore (1993) were able to clone a gene for the
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receptor (or at least one of the receptors) responsible for
blue-light-induced growth inhibition of Arabidopsis hypo-
cotyls.

Some promising results have been reported recently con-
cerning reaction elements involved in the transduction of
the blue-light signal. In phototropism, phosphorylation of
a 120-kD protein was shown to participate close to the
photoreception (for review, see Short and Briggs [1994]).
The activation of anion channels was shown to be involved
in blue-light-dependent growth inhibition (Cho and Spal-
ding, 1996).

The effects of light on protoplasts have been studied
extensively. The observed responses include blue-light-
induced swelling of guard cell protoplasts (Zeiger and
Hepler, 1977) and red-light-induced or phytochrome-
mediated swelling of protoplasts isolated from etiolated
wheat leaves (Blakeley et al., 1983), oat leaves (Chung et al.,
1988), and mung bean hypocotyls (Long et al., 1995). Such
responses, induced by direct treatment of protoplasts with
light, are useful in analyzing the physiological and kinetic
properties of light responses at the cellular level. The anion
channel activation shown to be induced by blue light in
Arabidopsis hypocotyls in connection with the membrane
depolarization response (Spalding and Cosgrove, 1988;
Cho and Spalding, 1996) suggests that protoplasts shrink
when responding to blue light. This has not yet been dem-
onstrated. In fact, shrinking of protoplasts has not yet been
shown to follow any light treatment.

In the present study we investigated the effect of blue
light on protoplast volume using protoplasts isolated from
maize (Zea mays L.) coleoptiles. It was found that these
protoplasts indeed shrink in response to blue light. Follow-
ing this finding, we extended the study to characterize
kinetic features of the protoplast response in detail and to
resolve the causal relationship of this response to blue-
light-induced growth inhibition.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Seedlings of maize (Zea mays L. cv Royaldent Hit 85; Takii,
Kyoto, Japan) were grown in a light-tight room kept at 25°C.
The room was equipped with overhead red-light sources,
which consisted of red fluorescent tubes (FL20SP, Mitsubishi
Electric, Tokyo) and a filter combination of red plate acrylic

Abbreviation: NPPB, 5-nitro-2-(3-phenylpropylamino)-benzoic
acid.
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(one layer of no. 102, 3 mm thick; Mitsubishi Rayon, Tokyo)
and orange plastic (two layers of Ryutate no. 31; RDS, To-
kyo). Plants received red light (2.5-3 pmol m™? s™') from
these sources continuously from the time of sowing. Prepa-
ration of protoplasts and growth experiments were carried
out under the same temperature and light conditions.

Maize caryopses were rinsed in running tap water for 5 h
and cultured on wet paper towels (Kimtowel, Jujo Kim-
berly, Tokyo) in plastic trays covered with clear polyvinyli-
dene chloride film. To isolate protoplasts, coleoptiles that
reached 18 to 22 mm in length were selected 3 d after
sowing, and a defined 2-mm zone (e.g. the apical 2 mm)
was excised from each coleoptile with a razor blade. For
each experiment, zone segments were obtained from about
50 plants over a period of about 15 min and subjected
immediately to protoplast preparation.

To investigate the growth of coleoptiles, germinated
caryopses prepared as described above were transplanted
2 d after sowing into a pot filled with 1% agar (lino, 1995).
The transplanted seedlings were placed in boxes made of
red plate acrylic (one layer, see above). After an additional
day of incubation, seedlings selected for uniform, straight
coleoptiles (20-22 mm) were used for growth experiments.

Protoplast Preparation

The excised coleoptile segments were sliced with a razor
blade and placed into 5 mL of an enzyme solution contain-
ing 2% (w/v) cellulase RS (Yakult, Tokyo), 0.2% (w/v)
pectolyase Y-23 (Seishin Pharmaceutical, Tokyo), 0.5 M sor-
bitol, 10 mm KCl, T mM CaCl,, 20 mm Glc, and 5 mm
Mes/Tris (pH 6.0). Following vacuum infiltration (55 mm
Hg for 15 min), the tissues were incubated for 2 h on a
rotary shaker (60 rpm). The mixture was next filtered
through a nylon mesh to remove tissue debris and centri-
fuged at 50g for 10 min. The pellet was suspended in 2 mL
of an incubation medium containing 0.5 M sorbitol, 10 mm
KC], 1 mm CaCl,, 20 mm Gle, and 5 mm Mes/ Tris (pH 6.0).
It was loaded in a glass tube (diameter: 10 mm) on 2 to 3
mL of a 20% Percoll (Sigma) solution containing other
components identical to the incubation medium and cen-
trifuged at 110g for 5 min. The protoplasts located at the
interface between the Percoll solution and the loaded in-
cubation medium were collected, suspended in 5 mL of the
incubation medium, and centrifuged (10 min at 80g). The
sedimented protoplasts were suspended in a small amount
of the incubation medium (about 0.5 mL) to obtain the final
preparation (1 X 10° to 5 X 10° protoplasts mL™").

The osmolality of the incubation medium determined by
a vapor pressure osmometer (model 5500, Wescor, Logan,
UT) was 569 m{). Protoplasts showed more than 95% via-
bility when assayed by the method of Widholm (1972) at
0.02% (w/v) fluorescein diacetate.

Treatment of Protoplasts with Blue Light and
Measurement of Protoplast Volume

A microscope system placed in a temperature-controlled
dark room was used to treat protoplasts with blue light and
to monitor the diameter of individual protoplasts. This sys-
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tem consisted of an inverted microscope (IMT-2, Olympus)
equipped with a camera (SC 35, Olympus) and two blue-
light sources. The sample stage of the microscope was cov-
ered with a sample box (35 X 24 X 21 cm®) made of red plate
acrylic (one layer). A red interference filter (IF-BPF-640,
Vacuum Optics, Tokyo) was placed in the light pass of the
microscope light source, and the observation light of the
microscope was passed through this interference filter and a
red acrylic layer of the sample box. The two blue-light
sources, each of which consisted of a projector (Kodak Ek-
tagraphic IIl with EXR 300-W lamp) and a blue glass filter
(no. 5-50, Corning, Corning, NY), were placed on either side
of the sample box, with the heads of the lenses inserted into
the box through holes. The angle of the light pass from the
horizon was 35°. Unless otherwise specified, treatment with
blue light was carried out using only one light source. When
two sources were used, each source provided one-half of the
total fluence rate.

A 200-uL portion of the freshly prepared protoplast sus-
pension was added to a quartz cuvette (five sides clear, base
area 10 X 10 mm, height 45 mm). The cuvette was covered
with a glass coverslip and placed on the sample stage of the
microscope system. The protoplasts were incubated under
continuous red light (50 umol m™2 s™') provided by the
microscope light source. This incubation was always initi-
ated 2.5 to 3 h after the start of protoplast preparation.
Treatment with blue light was initiated 60 to 65 min after the
start of incubation. For a scheduled period, which included
a period before blue-light treatment, photographs of the
protoplasts in a selected field were taken at 1- or 3-min
intervals using technical pan film (Kodak). A scale (in 10-um
intervals) was photographed at the end for calibration pur-
poses. During the entire incubation period the temperature
on the sample stage was maintained at 25 = 1°C. The tem-
perature was monitored with a digital multimeter (TR 6846
with TR1101-130 sensor, Advantest, Tokyo).

In some control experiments protoplasts were treated
with red or far-red light (in addition to the background red
light from the microscope light source), which was ob-
tained by replacing the blue glass filter with a red interfer-
ence filter (see above) or a far-red filter (Delaglass, 2 mm
thick, Asahi Chemical Industry, Tokyo).

The negative protoplast images recorded on film were
magnified by about 1500 times their actual size by means of
a slide projector. From the first photograph of a time series,
protoplasts (usually 10-12) were selected for size, round-
ness, and clarity of the margin. The selection was otherwise
random. Diameters of the same protoplasts in a series of
photographs were recorded on paper and determined us-
ing a digitizer (KD4030, Graphtec, Tokyo) interfaced with a
computer. The volume of each protoplast was calculated
from its diameter (d) using the formula, (4/3)m(d/2)°.

Treatment of Coleoptiles with Blue Light and
Measurement of Coleoptile Growth

The light-treatment box used to treat the coleoptile with
blue light and to monitor its growth consisted of a sample
compartment equipped with a camera (MF-21 with AF
Micro Nikkor 60-mm lens, Nikon) and two air-circulated
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light-source compartments located on either side of the
sample compartment. The sample compartment had an
open top window through which red light was provided.
Each light-source compartment accommodated a projector
(see above), and the light from the projector was intro-
duced to the sample compartment through a blue glass
filter (see above). In some control experiments the far-red
filter was used.

For growth measurements the coleoptile of a selected
seedling was marked with India ink at 5>-mm intervals from
the top (lino, 1996). The seedling was placed in a box (6.5 X
13.5 cm, height 15 cm) made of clear acrylic (no. 001, 2 mm
thick, Mitsubishi Rayon) and set in the sample compart-
ment of the light-treatment box. One narrow side of the
coleoptile faced the camera, and the broad sides faced the
light sources. Treatment with blue light was initiated 1.5 to
2 h after marking. The blue light was given from both sides
simultaneously with the same fluence rate. For a scheduled
period, which included a period before blue-light treat-
ment, photographs of the coleoptile were taken at 1-min
intervals using technical pan film. A ruler (with 1-mm
intervals) was photographed at the end for calibration
purposes. The length of a zone between two marks was
determined from its negative image on film after magnifi-

cation by about 60 times the actual length with a slide

projector. The digitizer was used to measure the length.

Other Details of Light Treatment

Photon fluence rates were controlled with calibrated
neutral-density filters (Vacuum Optics). The fluence rates
of blue and red light were measured with a quantum
photometer (LI-189, Li-Cor, Lincoln, NE). The fluence rate
of far-red light was measured with a spectroradiometer
(Li-1800, Li-Cor) for the wavelength range between 695 and
800 nm (there was no detectable light below 695 nm; the
peak was at 744 nm). Throughout plant culture and exper-
iments, plants and protoplasts were not exposed to any
light other than the background red light and the lights for
experimental treatments.

RESULTS
Size Distribution of Protoplasts

The volume of the protoplasts prepared using the stan-
dard procedure ranged from 5 X 10° to 200 X 10°> um®, and
the size distributions were similar among the preparations
obtained from three coleoptile positions: 0 to 2, 5 to 7, and
10 to 12 mm from the top (Fig. 1A). Protoplasts were most
abundant between 20 X 10% and 50 X 10° um® (diameter
3446 um).

Figure 1B shows the size distribution before the centrif-
ugal purification on a Percoll solution. When the data were
compared with those in Figure 1A, we noted that the
proportion of large protoplasts was somewhat reduced by
this purification, especially in the preparations obtained
from the lower coleoptile parts (5-7 and 10-12 mm). On the
other hand, the proportion of small protoplasts (smaller
than about 30 X 10° um®) was reduced in the preparation
obtained from the apical part (0-2 mm). However, since the
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Figure 1. Size distribution of protoplasts of maize coleoptiles. A,
Distribution of the final preparation (after centrifugal purification on
a Percoll solution), determined from photographs obtained about 10
min after the addition of freshly prepared protoplasts to the measure-
ment cuvette. B, Distribution before the centrifugal purification,
determined from photographs obtained similarly after the addition of
the enzyme solution containing protoplasts to the measurement cu-
vette at the end of the 2-h digestion period. Protoplasts were pre-
pared from 2-mm coleoptile zones: 0 to 2 mm (white bars), 5 to 7 mm
(black bars), and 10 to 12 mm (hatched bars) from the top. The
proportion in each volume range is given as a percentage of the total
number of protoplasts (600-700) examined.

overall distribution pattern was not much affected, it is
unlikely that protoplasts of certain cell types were selec-
tively lost by the purification.

Protoplast Response to a Pulse of Blue Light

Protoplasts were isolated from the apical 2 mm of co-
leoptiles. The volumes of these protoplasts were monitored
before and after treatment with a 30-s pulse of blue light.
Only those protoplasts with an initial volume between
50 % 10% and 80 X 10° um® (diameter 46-53 pm) were
analyzed. Without blue-light treatment, protoplasts
swelled continuously at a rate of about 10% h~'. When
treated with a blue-light pulse the protoplasts shrank tran-
siently. Examples of the response, measured at three dif-
ferent blue-light fluences, are shown in Figure 2, A to C.
The protoplast volume decreased almost immediately after
blue-light stimulation to reach a minimum at 4 to 5 min.
The volume then increased toward the level extrapolated
from the steady increase taking place before blue-light
stimulation. The extent of response depended on the flu-



ence, but the response kinetics were similar among the
different fluences.

Treatmeént with a blue-light pulse would affect the level
of Pfr. Since we incubated protoplasts under a relatively
high fluence rate of red light, a decrease in Pfr was ex-
pected to occur only for a short period. To determine
whether such an alteration of phytochrome status actually
resulted in the observed protoplast response, the effects of
red light and far-red light were investigated. As shown in
Figure 2, D and E, the protoplasts did not show any ap-
parent response to a high-fluence pulse of either red light
(7.6 mmol m~?) or far-red light (9.0 mmol m™?). It was
concluded that the shrinkage of protoplasts induced by
blue light was not mediated by phytochrome but by a
specific blue-light receptor.

The relationship between blue-light fluences and the
shrinking response was determined next. The response
was quantified by two methods. With one method, the
maximal decrement in volume was estimated by subtract-
ing the relative response 5 min after the onset of a 30-s
blue-light stimulation from the response at the corre-
sponding time on the linear regression line, which was
obtained from the measurements before blue-light stimu-
lation (Fig. 2). With the other method, the volume decre-
ment was integrated over the time after blue-light stimu-
lation. Since the linear regression line from prestimuliation
measurements could not exactly predict the baseline after
the transient response, we used the three measurement
points at and before the onset of blue-light stimulation
(—2, ~1, and 0 min) and the points at 12, 13, and 14 min
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to estimate the baseline (see the legend to Fig. 3). The
differences in the measured volume from the baseline at
each 1-min interval after blue-light stimulation were cal-
culated, and the values were summed over the period of
12 min to obtain the integrated response.

As shown in Figure 3, either of the two data sets for
maximal response and integrated response indicated a sat-
uration curve. In Figure 3 the two data sets were displayed
so that the means of the values at the three highest fluences
match. The response showed a major increase from 107 to

10° wmol m™2

Protoplast Response to Continuous Blue Light

The protoplasts isolated from the coleoptile tip shrank in
response to continuous irradiation with blue light (Fig. 4,
A-C), but, again, this response was transient. The minimal
volume was achieved about 6 min after the onset of blue-
light stimulation, and the protoplasts returned gradually,
within the next 30 min, to the levels extrapolated from the
measurements before blue-light stimulation. The extent of
shrinking depended on the fluence rate, but the overall
response kinetics was similar among different fluence rates
(Fig. 4, A—C). The protoplasts did not respond to high-
fluence-rate red light given in addition to the background
red light (Fig. 4D).

The relationship between blue-light fluence rates and the
maximal volume decrement achieved during blue-light
stimulation was investigated. To determine the maximal
decrement, the differences between the measured volume
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Figure 3. Fluence-response relationship of protoplast shrinking in-
duced by a blue-light pulse. The protoplasts isolated from the apical
2 mm of maize coleoptiles were stimutated with a 30-s pulse of blue
light providing the fluences indicated. Experiments were conducted
and time courses were analyzed as described in Figure 2. ®, Maximal
volume decrement, which was calculated by subtracting the mea-
sured relative volume at 5 min from the volume on the extrapolated
regression line, obtained from the measurements before blue-light
stimulation (Fig. 2). O, Integrated volume decrement: the measured
relative volume was subtracted from the volume on the baseline,
obtained by joining the mean of the measurements at —2, —1, and 0
min with the mean of those at 12, 13, and 14 min at each min for a
12-min period from the onset of blue-light stimulation; the calculated
values were summed to obtain the integrated decrement. The two
sets of data are displayed so that the means of the values at the three
highest fluences (log fluences of 3.36, 3.51, and 3.66) match. A line
was fitted by eye to all data. Each point is the mean obtained from 10
to 12 protoplasts in a separate experiment.

and the volume on the extrapolated linear regression line
were calculated from time-course measurements. In all of
the time courses obtained, the largest difference occurred
either 6 or 9 min after the onset of blue light, with a small
difference between 6 and 9 min. Therefore, the maximal
volume decrement was estimated as the mean of the differ-
ences at 6 and 9 min. The response to continuous blue light
obtained in this way was plotted as a function of fluence rate
(Fig. 5). The response became detectable from about 0.01
pmol m™2 57! and was saturated at about 30 pmol m =27 L.
The width of the fluence rate-response curve, from threshold
to saturation, was about 4 orders of magnitude.

Response to Blue Light of Protoplasts Obtained from
Different Coleoptile Positions

The preceding experiments were conducted using proto-
plasts isolated from the apical 2 mm of coleoptiles and
monitoring only those protoplasts in the range of 50 X 10° to
80 x 10° um®. In the next experiments, protoplasts were
isolated from different positions of the coleoptile to investi-
gate if the observed response was limited to the tip region.
In addition, protoplasts falling into three size ranges were
analyzed separately. The coleoptile positions chosen were
three 2-mm zones located 0 to 2, 5 to 7, and 10 to 12 mm from
the top. The ranges of the initial protoplast volume selected
for analyses were 20 X 10% to 40 X 103, 50 X 10° to 75 x 10°,
and 80 X 10° to 120 X 10% um®. The comparisons were made

for the response induced by a 30-s blue-light pulse provid-
ing a saturating fluence (4.6 mmol m™2),

All of the investigated protoplast groups showed very
similar shrinking responses with respect to both kinetics
and magnitude (Fig. 6). Since the protoplast volume was
expressed as a percentage of the volume at time 0, the
results indicate that the relative extent of volume decrease
was similar among the different protoplast sizes, although
the actual decrease in volume was greater in larger proto-
plasts. It was noted that the steady increase in relative
protoplast volume, which took place before blue-light stim-
ulation, was steeper in smaller protoplasts (see slopes of
the regression lines, Fig. 6). This tendency, however, ap-
peared to have no relation to the blue-light-induced shrink-
ing response.

Protoplast Response to Two Pulses of Blue Light

Although the response to a blue-light pulse was satura-
ble (Fig. 3), it was next demonstrated that protoplasts re-
cover responsiveness to blue light after receiving a saturat-
ing pulse. The protoplasts isolated from the apical 2 mm of
coleoptiles were first treated with a 15-s blue-light pulse
(2.3 mmol m~?) and after various time intervals with an-
other identical pulse. An additional shrinking response to a
second blue-light pulse could be identified in time courses
when sufficient intervals were allowed between the two
pulses (Fig. 7, B-D). When the interval was longer than 10
min, a nearly identical response followed each pulse (Fig.
7D). The response to a 15-s pulse (Fig. 7A) was very similar
to the response to a 30-s blue-light pulse, i.e. two 15-s
pulses without an interval (Fig. 2C), confirming that the
15-s pulse was sufficient to saturate the response to a single
pulse.

The response to two pulses was quantified by the inte-
gration method used to obtain the data shown in Figure 3
and plotted against the time interval between two pulses
(Fig. 8). At time 0, the response to a 15-s pulse is shown in
addition to the response to two pulses given without an
interval. The data demonstrated that the ability of proto-
plasts to respond to a second pulse increased sharply
within the first few minutes. The response to the second
pulse was saturated at about 5 min. At saturation, the
response due to two pulses was doubled, indicating that
the responsiveness to the second pulse was fully recovered.

Protoplast Response to an Increase in Fluence Rate during
Continuous Blue-Light Irradiation

The fluence rate-response curve shown in Figure 5 indi-
cated that the shrinking response of protoplasts to contin-
uous blue light was saturated at a fluence rate of 30 umol
m~? s7". In the following experiments, protoplasts were
first irradiated with 30 umol m~2 s™* blue light and, at 27
min of this irradiation, the fluence rate was enhanced to
300 pmol m? s~ '. The data (Fig. 9A) indicated that the
protoplasts showed another transient shrinking response
to this 10-fold increase in fluence rate, a response compa-
rable to the preceding one taking place at the lower fluence
rate. As shown in Figure 9B, irradiation of protoplasts at
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Figure 4. Time courses of protoplast shrinking
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Figure 5. Fluence rate-response relationship of protoplast shrinking
induced by continuous blue light. Experiments were conducted and
time courses were analyzed as described in Figure 4. The highest
fluence rate (300 wmol m~2 s~') was provided using two blue-light
sources. The relative response shown is the mean of volume decre-
ments at 6 and 9 min after the onset of blue-light irradiation, calcu-
lated as the differences of measured relative volume from the volume
at corresponding times on the extrapolated regression line (Fig. 4).
Each point is the mean obtained from 10 to 13 protoplasts in a
separate experiment.

The Effect of NPPB on Protoplast Response

To find a possible link between the blue-light-induced
activation of anion channels (Cho and Spalding, 1996) and
the protoplast-shrinking response detected in the present
study, the effect of NPPB, an anion channel blocker, on the
blue-light-induced protoplast shrinking was investigated.
NPPB was added to the protoplast suspension 20 min
before treatment with a blue-light pulse (4.6 mmol m ™ ?).
The final concentration of NPPB was 20 uM. The total
length of preincubation in the measurement cuvette before
blue-light treatment was identical to that in the experi-
ments shown in Figure 2. The NPPB addition was achieved
by gently mixing an NPPB solution (50 nL), which con-
tained other components identical to the incubation me-
dium, with the protoplast suspension (150 uL), which had
been incubated in the cuvette. The original NPPB solution
was prepared in ethanol at a concentration of 20 mu; the
final ethanol concentration was 0.1% (v/v).

As shown in Figure 10, the shrinking response was in-
hibited almost totally by the NPPB treatment. The addition
of 0.1% ethanol alone did not affect the shrinking response
(not shown). The results support the possibility that the

" blue-light-induced shrinking response is mediated by acti-

vation of anion channels.

Effects of Blue Light on Coleoptile Growth

A possible causal relationship between the protoplast
shrinking induced by blue light and the growth response to
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Figure 6. Blue-light-induced shrinking response of protoplasts isolated from different coleoptile positions. Protoplasts were
isolated from 2-mm coleoptile zones lacated 0 to 2 mm (A, D, and G), 5 to 7 mm (B, E, and H), or 10 to 12 mm (C, F, and
1) from the top. The initial protoplast volume (the volume at —10 min) fell into the ranges of 20 X 10% to 40 X 10% um? (small;
A, B, and ©), 50 X 10% to 75 X 10% uwm? (medium; D, E, and F), or 80 X 10% to 120 x 10° um? (large; G, H, and 1), with
the mean (10° wm?®) and the sb (in parentheses) given in the fower right of each graph. Protoplasts were treated with a 30-s
pulse of blue light (152 umol m~2 s™"). Each time course was obtained from 18 to 22 cells (two experiments). Other details

are as described in Figure 2.

blue light was investigated. The coleoptiles of intact seed-
lings, growing under background red light, were treated
with a blue-light pulse that provided a fluence (4.5 mmol
m™?) sufficient to saturate the protoplast-shrinking re-
sponse. Growth of three coleoptile zones (initially 5 mm
long) was monitored before and after blue-light treatment
(Fig. 11, D-F). Growth of these zones was inhibited consid-
erably by the blue-light pulse (compare with Fig. 11, A~C).
Growth inhibition occurred immediately after blue-light
stimulation, and the response was transient in all zones. [t
appeared that the inhibijtion lasted longer in the most apical
zone than in the other zones. In all zones the growth rate
returned to the prestimulation rate within 5 min.

Additional control measurements were obtained by
treating coleoptiles with a high-fluence pulse of far-red
light (8.4 mmol m™2). This treatment did not cause any
significant growth response (Fig. 11, G-I).

Coleoptiles were next treated with continuous blue light
(30 pmol m™? s~ ') and, as shown in Figure 12, growth of
the three coleoptile zones was inhibited. Inhibition oc-
curred immediately after the onset of blue-light irradiation.
However, the growth rate returned to near the prestimu-
lation rate, indicating that the response was transient, even
during continuous blue-light irradiation. The growth inhi-
bition appeared to last longer in the most apical zone.

The blue-light-induced growth inhibition shared the fol-
lowing features with the blue-light-induced protoplast

shrinking: (a) the response was not limited to the tip of the
coleoptile; (b) the response to pulse irradiation was tran-
sient, occurring within several minutes after blue-light ir-
radiation; and (c) the response to continuous irradiation
was also transient, occurring during the first several min-
utes of irradiation.

DISCUSSION

Blue-Light-Induced Protoplast Shrinking and
Osmoregulation

We have shown here that the protoplasts isolated from
maize coleoptiles shrink in response to blue light. The re-
sults demonstrate for the first time to our knowledge that
shrinking of protoplasts, which reflects enhanced net efflux
of osmotic substances, can be induced by blue light. The
extent of the volume decrease was small: the maximal vol-
ume decrease induced by either pulse stimulation (Fig. 3) or
continuous stimulation (Fig. 5) was 3 to 4%. Nevertheless,
the response was always detectable and was reproducible
with regard to both magnitude and kinetics. Time courses of
volume changes plotted for individual protoplasts indicated
that most of the protoplasts responded to blue light. This
was also reflected in the relatively small ses of the time-
course measurements. Clearly, the shrinking response is not
limited to a small fraction of protoplasts. The response must
at least be made by the protoplasts of parenchyma cells.
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Figure 7. Time courses of protoplast shrinking induced by two blue-
light pulses. The volumes of individual protoplasts isolated from the
apical 2 mm of maize coleoptiles were monitored before and after
the onset at time 0 of a 15-s pulse of blue light (152 umol m™2 s™1).
A second 15-s pulse of identical blue light was given after intervals
(onset to onset) of 3 min (B), 5 min (C), and 10 min (D); no second
pulse was given in A. The solid line (baseline) was generated by
joining the mean of the three measurements at and before the onset
of the first blue-light pulse (0, —1, and —2 min) with the mean of the
measurements at 12, 13, and 14 min after the onset of the first (A) or
the second (B-D) blue-light pulse. Each vertical bar indicates the
time of blue-light stimulation. The data are the means * st obtained
from 20 to 24 protoplasts (two experiments). Other details are as
described in Figure 2.
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The plasma membrane is depolarized by blue-light stim-
ulation in hypocotyls of cucumber and Arabidopsis (Spal-
ding and Cosgrove, 1988, 1992; Cho and Spalding, 1996)
and in pulvini of Phaseolus vulgaris (Nishizaki, 1994). Cho
and Spalding (1996) demonstrated, using a patch-clump
technique, that the blue-light-dependent plasma mem-
brane depolarization in Arabidopsis hypocotyls results
from activation of anion channels. Since the plasma mem-
brane of a living cell maintains an inside-negative mem-
brane potential, it is predicted that activation of anion
channels by blue light results in a net efflux of anions
(mainly C17), causing a reduction in cell osmolality or a
shrinking of protoplasts. Our results indicate that just such
a reduction of cell osmolality can follow blue-light stimu-
lation. Furthermore, we were able to show that the anion
channel blocker NPPB effectively inhibits the shrinking
response of maize protoplasts at a concentration (20 um)
that abolished the anion channel activity (Cho and Spald-
ing, 1996). It was suggested that the blue-light-induced
shrinking of coleoptile protoplasts results from activation
of plasma membrane anion channels.

In guard cell protoplasts blue light induces swelling of
protoplasts (Zeiger and Hepler, 1977; Amodeo et al., 1992)
and hyperpolarization of the plasma membrane (Assmann
et al.,, 1985). These responses contrast with the responses
found in hypocotyls and coleoptiles. In guard cells, the
electrogenic H* pump of the plasma membrane is activated
by blue light (Assmann et al., 1985; Shimazaki et al., 1986).
The transduction mechanism of the blue-light-induced
membrane depolarization and protoplast shrinkage, which
involves the activation of anion channels, appears to
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Figure 8. Protoplast shrinking induced by a second blue-light pulse
as a function of the time after the first pulse. Experiments were
conducted and time-course data were analyzed as described in
Figure 7. The measured relative volume was subtracted from the
volume at the baseline (Fig. 7) at each minute for the period from the
onset of the first pulse to 12 min after the second pulse (or after the
first pulse when treated with only one pulse); the calculated values
were summed to obtain the relative response. The response was
plotted against the time between the end of the first pulse and the
onset of the second pulse. Open and closed circles at time O repre-
sent the responses to a single 15-s pulse and two successive 15-s
pulses (i.e. a 30-s pulse), respectively. Each point is the mean ob-
tained from 10 to 12 protoplasts in a separate experiment. The
dashed line represents the mean of all points at time 0. Other details
are as described in Figure 7.
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Figure 9. Protoplast shrinking induced by an increase in fluence rate
during continuous blue-light irradiation. The volumes of individual
protoplasts were monitored every 3 min before and after the onset at
time O of continuous blue light. A, Treated at 30 umol m™2 s™' for
the first 27 min and then at 300 umol m~2 s™? for the remaining
period. B, Treated at 300 umol m~2 s~! throughout. The blue light at
either fluence rate was provided using two light sources. The data
shown the means = st from 20 to 25 protoplasts {two experiments).
Other details are as described in Figure 4.

be distinct from the one responsible for guard cell re-
sponses.

Blue-Light-Induced Protoplast Shrinking and
Growth Inhibition

In hypocotyls blue-light-induced depolarization of
plasma membranes has been considered to be related to
blue-light-induced growth inhibition. This view was ini-
tially based on a comparison of response kinetics (Spalding
and Cosgrove, 1988). Cho and Spalding (1996) showed
recently that NPPB inhibits not only blue-light-induced
depolarization but also growth of Arabidopsis hypocotyls.
The results, substantiating the link between depolarization
response and growth inhibition, indicate that activation of
anion channels mediates a blue-light-dependent growth
inhibition in hypocotyls.

Although growth inhibition by blue light is commonly
observed in hypocotyls (Cosgrove, 1994) and epicotyls
(Laskowski and Briggs, 1989; Warpeha and Kaufman,
1989), the reported effects of blue light on coleoptile
growth have been controversial. Thornton and Thimann
(1967) showed that growth of oat coleoptiles was rapidly
inhibited following the onset of blue-light irradiation and
that this inhibition ceased soon after its termination. A
study by Macleod et al. (1985) had similar results. A de-
tailed study by Gordon and Dobra (1972), however, indi-

cated that growth of oat coleoptiles was stimulated by a
pulse of blue light and that growth inhibition became
detectable only when the fluence was enhanced. The
growth stimulation progressed rapidly, whereas the inhi-
bition began after a lag time longer than 10 min. These
growth responses in oats were all detected in dark-adapted
plants, so the contribution of phytochrome could not be
ruled out (Iino, 1990). In red-light-grown maize, no clear
growth inhibition by a pulse of blue light was observed
(lino and Briggs, 1984). It has been demonstrated here,
however, that blue light can inhibit growth of red-tight-
grown maize coleoptiles. The response was transient after
pulse stimulation (Fig. 11), as well as during continuous
stimulation (Fig. 12). The transient nature of the response
explains why it was difficult to detect a blue-light-induced
growth inhibition in red-light-grown maize coleoptiles.
Phototropism, another blue-light-dependent response,
has been studied extensively in coleoptiles (for review, see
lino [1990]). In coleoptiles phototropic growth redistribu-
tion can be demonstrated in the absence of blue-light-
dependent growth inhibition (lino and Briggs, 1984). Itis a
general conclusion that phototropism and blue-light-
dependent growth inhibition are mediated by distinct pho-
toreceptor systems (lino, 1990). This conclusion has been
substantiated by recent genetic studies in which mutants of
Arabidopsis were used (Liscum et al., 1992; Liscum and
Briggs, 1995). As indicated in “Results,” the blue-light-
induced shrinking response of protoplasts shared some
features with the blue-light-induced growth inhibition. We
believe that the protoplast response is related to blue-light-
induced growth inhibition rather than to phototropism.
The result most critical to this conclusion was that the
shrinking response was not limited to protoplasts isolated
from the coleoptile tip (Fig. 6). The photosensing for pho-
totropism takes place predominantly in the apical 5-mm
region of maize coleoptiles (lino, 1995). Furthermore, the
effective range of blue-light fluences for the protoplast-
shrinking response (Fig. 3) is much higher than the fluence
range for the major pulse-induced phototropism, the first
pulse-induced positive phototropism (lino, 1987, 1990).
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Figure 10. The effect of NPPB on blue-light-induced protoplast
shrinking. The protoplasts isolated from the apical 2 mm of maize
coleoptiles were stimulated with a 30-s pulse of blue light (152 wmol
m~? s7") at time 0. NPPB (20 pm) was added 20 min before the
blue-light treatment. The data are the means = st from 21 protoplasts
(two experiments). Other details are as described in Figure 2.
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Figure 11. Inhibition of coleoptile growth induced by a blue-light pulse. The coleoptile (20-22 mm) of an intact seedling

grown in red light (3 pmol m™2 s~'

) was marked at 5-mm intervals from the top and allowed to stand for 1.5 to 2 h before

the length of each zone was monitored. Zones 1 to 3 were numbered from the top. Left (A-C), Nontreated controls; center
(D-F), treated with blue light for 30 s from two opposite sides of the coleoptile (total fluence: 4.5 mmol m™2); right (G-I),
treated similarly with far-red light for 30 s (8.4 mmol m™2). The zone length shown is the difference from the length at time
0, the onset of light treatment. Before light treatment, the zone length was monitored for 12 min, but not all points are shown.
The data in each graph are the means = se obtained from nine plants. The solid line represents the linear regression line of

all data at and before time 0.

The results summarized here indicate that the blue-light-
dependent growth inhibition found in hypocotyls and co-
leoptiles is mediated by a common transduction mecha-
nism that includes activation of anion channels and is
reflected in plasma membrane depolarization and proto-
plast shrinkage. A common photoreceptor may also ac-
count for the growth responses in hypocotyls and coleop-
tiles. It is a possibility that this photoreceptor is the product
of the gene CRY1, identified as responsible for the hy4
mutation of Arabidopsis (Ahmad and Cashmore, 1993; Lin
et al.,, 1995).

Kinetic Properties of the Blue-Light-Induced
Protoplast Shrinking )

The blue-light-induced response of maize protoplasts
showed the following kinetic features: (a) the response can
follow a pulse of blue light (Fig. 2), (b) the pulse-induced
response is saturable (Fig. 3), and (c) protoplasts treated
with a saturating pulse recover responsiveness to a second
pulse (Fig. 8). These features, also shown in other blue-light
responses (Briggs, 1960; lino et al., 1985; lino, 1987; lino et

al., 1988), suggest the participation of a dark-reversible
component in the photoreceptor system (see also lino
[1990]). The dark-reversion kinetics resolved with the two-
pulse protocol for the protoplast response is, however,
different from the kinetics in other blue-light responses
studied. Phototropism of maize coleoptiles (lino, 1987) and
blue-light-dependent stomatal response show a haif-time
of about 10 min, whereas the blue-light-induced protoplast
shrinking shows a half-time of about 3 min (Fig. 8). The rate
of the dark reaction appears to be much faster in the
protoplast response than in the other blue-light responses.

It has become apparent that continuous blue-light stim-
ulation leads only to a short-lived protoplast response (Fig.
4), as was also the case in the growth response (Fig. 12).
These results suggest the participation of photosensory
adaptation such as that considered for phototropism of
maize coleoptiles (Ilino, 1987, 1990): during continuous
stimulation at a high fluence rate, the light-responding
system becomes less sensitive to light so that the system
can exhibit a further response effectively at an enhanced
fluence rate. More direct evidence for this was provided by
the results shown in Figure 9, which indicated that the
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Figure 12. Inhibition of coleoptile growth induced by continuous
blue light. Elongation of coleoptile zones 1 to 3 was monitored
before and after the onset at time 0 of continuous blue light (30 umol
m~2 s71). The solid line represents the linear regression line of the
data at and before time 0 (not all points are shown). Other details are
as described in Figure 11.

protoplasts treated initially with a saturating fluence rate
of blue light can show an additional response to a 10-fold
increase in the fluence rate. Other results suggesting the
participation of photosensory adaptation include: (a) that
the width of the effective fluence-rate range for the re-
sponse induced by extended stimulation (Fig. 5) is much
wider than the effective fluence range for the pulse-
induced response (Fig. 3), (b) that the sharp increase in the
response to the second pulse did not appear to begin
immediately after the first saturating pulse (Fig. 8), and (c)
that the fluence rate-response curve calculated based on the
data shown in Figures 3 and 8 (for the principles, see lino
et al. [1988]) occurred in a fluence-rate range lower than the
range for the measured response shown in Figure 5 (not
shown).

Spalding and Cosgrove (1988) showed that the mem-
brane depolarization induced by extended blue-light stim-
ulation in cucumber hypocotyls is short-lived; the mem-
brane potential returned to the initial level within a few
minutes of irradiation. The response was more transient
than the shrinking response of protoplasts (Fig. 4). In cu-
cumber hypocotyls, however, growth remained sup-
pressed during at least 10 min of blue-light irradiation (see
also Cosgrove [1994]). The transient growth inhibition in
maize coleoptiles was detected well within this period (Fig.
12). Other reported data have not indicated the occurrence
of a transient growth inhibition during continuous or pro-
longed blue-light stimulation (Cosgrove, 1981; Laskowski
and Briggs, 1989). Further study is necessary to clarify
whether the photosensory adaptation, which has become
apparent in maize coleoptiles, is a common feature of
blue-light-induced growth inhibition in different plant
organs.
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