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ABSTRACT

The photometric method was used to test a possibility pro-
posed recently that a new photoreceptor with maximum activity
at 620 nm is involved in mediating chloroplast rotation in Mougeo-
tia (Z Lechowski, J Bialczyk [1988] Plant Physiol 88: 189-193).
The hypothesis was tested under conditions of continuous di-
chromatic unilateral or mutually perpendicular irradiation with red
light of wavelengths 620 or 660 (680) nanometers and far-red.
When the red light was polarized parallel to the long cell axis,
chloroplast response could be monitored by changing the direc-
tion of far-red irradiation. The level of the response obtained with
red and far-red applied from the same direction depended on far-
red intensity: at higher fluence rates the maximum response was
shifted to longer wavelengths of red light. A high fluence rate of
far-red inhibited the response. The absorption coefficients of
Mougeotia chloroplasts were measured for the studied wave-
lengths using the microphotometric method. Possible impact of
absorption by the chloroplast on photoreception has been dis-
cussed. Current and previous results can be interpreted in terms
of phytochrome action and do not support the involvement of the
hypothetical 620 nanometer photoreceptor.

Two main photoreceptor systems involved in the control
of light-induced chloroplast movements in green plants have
been well established: a blue-UV absorbing pigment and
phytochrome (13). The most likely candidate for the blue-
UV absorbing receptor is a flavoprotein (14) and, according
to the evidence available to date, most plants exhibiting
chloroplast rearrangements make use of this photoreceptor
(1, 4, 14, 15, 20, 26, 34, 35). Both systems have been shown
to control chloroplast orientation in the conjugate green algae
Mougeotia and Mesotaenium (12, 17, 25) and in the fern
Adiantum (33). Phytochrome appears to be the main photo-
receptor in Mougeotia and Mesotaenium (12). The short-
wavelength-absorbing pigment was shown to cooperate with
phytochrome in mediating the strong-light, i.e. face-to-profile
response in Mougeotia (7, 25). A possibility of its independent
action was also raised (6).

The existence of several other photoreceptors has been
assumed for various photomorphogenetic processes on the
basis of action spectra and kinetic analyses. Some of them
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absorb in the blue region, while the others fill the spectral
range between blue and red (2, 8, 9, 16, 19, 28, 29). In
chloroplast movement, however, the blue-absorbing pigment
and phytochrome are the only photoreceptors that have been
considered over the years, notwithstanding occasional evi-
dence suggesting that photosynthetic pigments can play an
auxiliary role (3, 24, 27).

Recently, a third photoreceptor with an action maximum
at 620 nm was reported in Mougeotia (21, 22). The postulate
was based on experiments in which two different colors of
light (730 nm and another varying from 500-680 nm) were
used to elicit chloroplast movement. The concept deserves
detailed consideration because it introduces a new, apparently
overlooked factor into the process of light perception in
Mougeotia chloroplast movement. The present work aims at
testing the hypothesis of an additional photoreceptor for other
irradiation programs, employing mutually perpendicular
beams and higher fluence rates. The use of higher fluence
rates was particularly important because the authors of the
hypothesis assumed that the FR? used in their experiments
canceled any Py, gradient in the cell. According to our previous
experience the fluence rates used were insufficient to do so.

MATERIALS AND METHODS

Mougeotia sp. (strain from Botanical Institute, University of
Erlangen, FRG) was cultured in Petri dishes as described
previously (32). The algae were grown in a controlled envi-
ronment chamber at 9 umol m~2 s~! PAR, 12 h photoperiod.
The temperature in the culture chamber and during all the
experiments was 17°C.

Experimental Procedure

All experiments were carried out according to the same
general scheme. First, chloroplasts in all algal filaments were
brought to a defined starting position which was either profile
(D) or flat (©) (preorientation). Then, the response was elicited
by constant illumination with two independent light beams.

2 Abbreviations and symbols: FR, B, G, R, far-red, blue, green, and
red light; 1, polarization perpendicular to long cell axis; ||, polariza-
tion parallel to long cell axis; =», irradiation from the side; |,
irradiation from above; @, profile position of chloroplasts; ©, face
position of chloroplasts; P;, red light-absorbing form of phytochrome;
Py, far-red light-absorbing form of phytochrome.
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One beam was always FR of 725 nm; the second, R or G light.

Preparations were made at least 12 h before the experiment,
kept overnight in darkness at 17°C, and then illuminated in
the culture chamber for about 2 h from above with 9 umol
m™2 s~} cool-white light from fluorescent tubes. Photometric
preparations consisted of several hundreds of filaments
mounted parallel on a glass plate in a drop of culture medium.
The filament bands were fastened at both ends with parafilm
strips and covered with a 30 um thick transparent polyethyl-
ene membrane stretched over a metal ring. The membrane
provided undisturbed and rapid gas exchange with the atmos-
phere. Microscope preparations were made in the same man-
ner, but the number of filaments was reduced to 10 to 15 and
they were placed at a distance of several cell diameters from
one another. In experiments starting with chloroplasts in
profile position, preparations were preirradiated laterally with
R L of 3.3 umol m~2s7".

The response was recorded using the photometric technique
described elsewhere (31). The wavelength of the measuring
beam was 656 nm and its fluence rate 0.11 umol m~2s~". To
eliminate the actinic effect of the measuring light it was
switched on for 20 s each 10 to 20 min. In two experiments
the level of the response was evaluated under a microscope
after 30 min and/or 1 h of the irradiation in the photometer.
The response was calculated as the percentage of cells with
chloroplasts seen in face position plus 50% of partially re-
sponding cells, i.e. with chloroplasts in positions intermediate
between face and profile. Chloroplast positions were counted
each time in 100 cells.

Measurements of light transmission through single chloro-
plasts were carried out in a microscope-photometer, Amplival
of Zeiss (Jena, GDR).

Light Sources and Filters

The actinic light was supplied from three halogen lamps
(100 W, 12 V, PZO, Poland) with IR cut off by a 3 mm C805
heat-absorbing filter. The samples were irradiated with two
beams either unidirectionally from above (with the use of a
semitransparent mirror) or with the beams mutually perpen-
dicular. In one set of experiments all three beams were used,
two from above and one lateral. The lateral irradiation of the
sample was provided by a glass plate cut obliquely at both
ends, guiding the light to the preparation by total internal
reflections (for details see Gabrys [5]). Monochromatic light
was obtained using interference filters: IF 550 (6.0 nm half-
band width), 620 (6.0), 660 (9.0), 680 (7.5), and 725 (11.0)
nm. G and R light was polarized parallel (||) or perpendicular
(1) to the filament axis with a polarizing foil, FR was unpo-
larized in most experiments. For preirradiation, R L light was
used, obtained with an IF 656 nm. In test experiments we
also used strong white light produced with a 2 mm thick
BG 14 broad-band filter and an additional C805 filter (3 mm).
The filters served to change the spectral distribution of light
from the halogen lamp and thus to imitate white light used
in Lechowski and Bialczyk (21-22). Fluence rates were ad-
justed with a set of neutral density filters and measured with
a silicon photovoltaic cell Hamamatsu S 122733 BQ. White
light was measured with a quantum sensor LI-190SB (Li-Cor,
USA). All filters were from Schott, Jena (GDR).
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RESULTS
Dependence of the Response on Preirradiation

A number of preliminary experiments were carried out to
determine whether strong white light should be used for
preorientation of chloroplasts. Two preorientation modes
were compared: one with strong white light of 250 umol m™2
s~! applied from above, second with R 1L of 3.3 umol m~2s™!
from the side. The former mode corresponded to conditions
described (21-22), the latter to the preirradiation routinely
used in our former investigations. The profile-to-face response
was induced by a combination of R || and FR typical of
subsequent experiments.

Figure 1 shows a typical example of jthe recorded time-
courses. After preirradiation with R L £ the response was
significantly higher than after strong wh}te light. The ratio of
respective transmission changes after 30'min was in the range
of 2.3 to 2.6. Moreover, transmission levels of the preparations
preoriented with white light were always lower by about 20%
when compared to those preirradiated with the weak R L.
Microscopic observation showed that chloroplasts attained
full profile position following white light preorientation but
they underwent a contraction characteristic of strong light
(30). Therefore, to avoid the inhibitory effect of preirradiation
on chloroplast responses, R L = was used for preorientation
in all experiments starting with chloroplasts in profile
position.

Effect of FR Direction on the Response

As shown in Figure 2A, a simultaneous irradiation of
Mougeotia with R || 620 nm, 3.3 umol m~2 s™! and FR 725
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Figure 1. Effect of preirradiation on chloroplast movement induced
by continuous R || light of 680 nm | + 725 nm | . Fluence rates
were 3.3 and 12.2 umol m™2s™", respectively. Solid curve, preirradia-
tion with R L = 3.3 umol m~2 s™'; dashed curve, preirradiation with
white light ||, 250 umol m™2 s™". Ordinates: left, absolute transmis-
sion; right, percent of the maximum transmission change correspond-
ing to full ® — © rotation. Note that the preparations preirradiated
with white light had a lower transmission level at the starting profile
position of chloroplasts. This was most probably due to chloroplast
contraction (see text).
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Figure 2. Dependence of chloroplast response on the direction of
FR combined with R || 620 nm | (A) or G || 550 nm | (B). Photon
fluence rates [umol m=2s7"]: A, R || 3.3, FR 9.1 or 98 (lower curve);
B,G | 13.8, FR 12.2.

nm, 9.1 umol m~2 5! brought about the rotation of chloro-
plasts from © — @ or from © — ©, depending on the direction
of FR: the chloroplast always turned with its face toward FR.
G of 550 nm || combined with FR led to identical responses
in terms of the direction, with a fourfold higher fluence rate
needed for attaining the same response level (Fig. 2B).

The chloroplast rotation could be inhibited only by using
substantially stronger FR irradiation. The increase in the
fluence rate by one order of magnitude reduced the response
after 1.5 h to 15%, a level only slightly higher than that
obtained when the 620 nm || light only was used (Fig. 2A).
No increase in the FR intensity was necessary to stop the
rotation of chloroplasts completely when FR was applied from
both directions (FR | =), as shown by the G-FR combina-
tion in Figure 2B.

Only one response, i.e. © — © was possible for R of 620
nm polarized perpendicular to the long cell axis, combined
with FR. It occurred when both wavelengths were applied
from the same direction (Fig. 3).

Effect of the Direction of FR Polarization

The response © — @ was induced by 620 nm || from above
in the presence of the polarized, lateral FR. Figure 4 shows
that the parallel polarization of FR hindered the chloroplast
rotation which attained only 12% of the full response, i.e. the
level of the control at 620 nm || alone (¢f. with Fig. 2A). On
the contrary, chloroplasts rotated to the complete profile when
FR polarized perpendicular to the long cell axis was used.

Dependence of the Response Level on the Fluence Rate
of FR for Two Red Light Wavelengths

We investigated the response ® — © induced by R || and
FR of increasing intensities, both applied from one direction.

The levels of the response were compared for two R || wave-
lengths: 620 and 660 nm, both of 3.3 umol m~?s~!. As shown
in Figure 5, the maximum response was shifted to a higher
fluence rate of FR with increasing wavelength of R. At the
same time, the rotation was slower at higher FR fluence rates
as one can see from the comparison of the curves obtained
after 30 min and 1 h (Fig. 5A).

The density of algae in photometric preparations was
greater than in those used in the optical microscopy and the
filaments were not ideally parallel. Therefore, we repeated the
experiments described above, on preparations consisting of
several filaments and microscopically evaluated the number
of rotating chloroplasts. The results for 660 nm | and for a
longer wavelength of 680 nm | are presented in Figure 5B.
The levels of the response calculated for the respective FR
fluence rates were somewhat higher than those measured
photometrically but the maximal response was attained at the
same FR fluence rate.

Red Light Absorption by Chloroplasts of Mougeotia

Evaluation of light transmission through the turning chlo-
roplast, that is the irradiation of the distal part of the cell was
carried out in order to discuss the results in more detail. The
data obtained for four different wavelengths are given in Table
I. Marked differences in transmission percent can be noticed
for different red light wavelengths. They become still larger if
an approximately four time increase in chloroplast thickness
is taken into account. The latter corresponds roughly to the
situation when light passes through the chloroplast in the
profile position.

DISCUSSION

The results presented in Figures 2 and 3 clearly demonstrate
that the chloroplast movement to the profile position proceeds
solely following the direction of FR, directions of R || or G ||
being insignificant in this respect. A ® — © response was
obtained when FR was applied from above and an inverse
response when FR was given laterally. Only the former re-
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Figure 3. Rotation of chloroplasts induced by dichromatic irradiation
with R L nm and FR from one direction or mutually perpendicular.
Fluence rates were 3.3 and 9.1 umol m=2 s™", respectively.
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Figure 4. Dependence of chloroplast response on the polarization of
FR applied simultaneously with R || 620 nm. Fluence rates as in
Figure 3.

sponse was possible for R L and required irradiation with
both wavelengths from the same direction. These results are
entirely compatible with the model of phytochrome orienta-
tion in the cell membrane proposed by Haupt (11; ¢f. also 12
and 13), which is schematically illustrated in Figure 6. The
strongest Py gradient is produced by red light polarized per-
pendicular to the cell axis (a). A simultaneous irradiation with
FR from the same direction (b) causes only a narrowing of
the region of high Py concentration between Oi axis since, for
the axis OY, the absorption vector of Py is perpendicular to
the direction of the electric vector in FR. In the case of FR
perpendicular to R L (c) the Pg absorption vector and E
vector of FR are parallel. This leads to the P, = P cycling
on the walls situated in the directions OY and O(=Y). The
concentration of the Py form on these walls depends on the
ratio of quantum flux densities. In that case the rotation © —
@ is impossible (Fig. 3). The situation changes when R is
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polarized parallel to the long cell axis: the direction of the
tetrapolar Py, gradient depends on the direction of FR irradi-
ation (Fig. 6, d, e, f). Thus, by changing the direction of FR
from top to lateral, both types of chloroplast responses may
be induced.

The behavior of chloroplasts subjected to dichromatic irra-
diation with the use of polarized FR (Fig. 4) also agrees with
Haupt’s model. As expected, FR || from the side was ineffec-
tive in inducing the movement toward the profile position
because in the whole cell the absorption vector of P was
perpendicular to the E vector of FR. A small response in
Figure 4 was most probably observed because the orientation
of filaments was not perfectly parallel in the preparation. On
the other hand, after changing the polarization of FR to L,
the Py gradient established in the cell corresponded to the
situation depicted in Figure 6f.

It would be noteworthy to discuss at this point the assump-
tions and arguments behind the new concept of a photorecep-
tor with an absorption maximum at 620 nm. First, the authors
of the concept assumed that the FR background applied in
their experiments canceled any gradient of Py in Mougeotia
(21, 22). In our opinion this is not true; on the contrary, FR
of several umol m~2 s™! must have led to the formation of a
larger gradient than one created by the R || itself (¢f 18). An
efficient abolishment of the Py gradient in the cell irradiated
continuously with R || or G || and FR is possible when two
FR beams perpendicular to each other are applied (see Fig.
2B). FR from one direction may cancel the Py, gradient only
when its fluence rate is an order of magnitude higher than
that of R || (Fig. 2B). Probably, in that case, the FR effect
results from light scattering by intracellular structures.

An essential argument in favor of the new photoreceptor
was the finding that the maximum of R || activity against a
constant background of 12 gmol m~2 s™! FR lay at 620 nm
and that the response fell abruptly to 0 for red light of 675
nm (22). At that wavelength, the strongest induction of the
phytochrome-controlled chloroplast movement in Mougeotia
should be anticipated (10). The results shown in Figure 5
demonstrate that the maximum sensitivity to R | shifts
toward longer wavelengths with the increase in the intensity
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Figure 5. Effect of the FR fluence rate on the chioroplast response for two R wavelengths, measured photometrically (A) and calculated under
a microscope (B). R | and FR were applied from above. Shorter and longer wavelength red lights had fluence rates of 3.3 umol m™2 s7";
in the experiment shown in B, right curve, higher fluence rates of 5.7 umol m™ s™' were used. Standard deviations are indicated only

when exceeding 4%.
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Table 1. Transmission of R and FR Through Single Chloroplasts

Mean values of 12 measurements. In the third column %T is given
after recalculation for a four times greater chloroplast thickness (D).

Wavelength Men‘::‘s:i:‘"s' %TfordxD  Absorbance
nm %T profile position
720 921+ 0.9 72.0 0.04
680 454 +7.6 42 0.34
654 69.5+ 9.5 23.3 0.16
620 81.1+6.6 43.3 0.09

of the background FR. At the FR fluence rate higher than 42
pmol m~2 s™! 660 nm is more effective than 620 nm. Conse-
quently, if the action spectrum were measured at the FR
fluence rate higher than 42 umol m™2 s™' it would have a
maximum at A >620 nm.

Further, the authors excluded the involvement of the phy-
tochrome system in the observed effect since they noticed a
complete absence of 675 nm activity against 12 gumol m=2s™"
FR (see refs. 21, Fig. 1 and 22, Fig. 1). Our experiments did
not confirm this result: 50% of the chloroplast response was
reached after 30 min as shown in Figure 1 for 680 nm || + 12
wmol m~2 57! FR. A similar result was obtained using micro-
scope estimation (Fig. 5). Results in Figure 1 point to one of
the possible reasons of the discrepancy: after the preirradiation
of algae with strong white light the observed response was
much lower than after weak R L preirradiation. The apparent
inhibition may be interpreted in terms of the coaction between
phytochrome and the blue-light receptor system, discussed in
our earlier paper (8). After-effects of the irradiation with
strong B + R which are the components of white light may
occur in the cell up to several tens of minutes (¢f. 8, Fig. 3)
and may disturb the responses induced subsequently by rela-
tively weak red light.

Another potentially interfering factor is the chloroplast
contraction after white light. Return of the chloroplast to its
normal state is a very slow process: the first, fastest phase was
reported to last 1 h (30).

A possibility of occurrence of strong pH and oxygen con-
centration gradients after preirradiation of preparations closed
tightly in a small volume of solution should also be taken
into account. The employment of a CO,- and O,-permeable
membrane in our experiments eliminates those physiologi-
cally harmful effects; as a consequence, algae survive up to 2
weeks in such preparations.

There remains an open problem why at lower FR fluence
rates, i.e. Iz <42 umol m~2 57!, the light of 620 nm was more
active than 660 and 680 nm which are more efficient in
phytochrome transformation. To answer that question we
pose another: What is the difference between the action of
620 nm and that of a longer wavelength light in the studied
system? One basic difference lies in the optical properties of
the algal cell: Of three red wavelengths studied, 620 nm is the
most weakly absorbed by the chloroplast and most strongly
scattered. This may result in a partial depolarization. The
studied response took place under specific conditions of con-
stant cancellation of the Py form established continuously by
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R || on the side walls, i.e. under conditions of constant
phytochrome cycling (Fig. 6¢). The stationary state Pr = Py
depends on the ratio of quantum fluxes of both radiation
types, their absolute values, and their polarization planes. The
different light absorption and scattering by cell structures may
therefore be essential for the establishment of a tetrapolar Py
gradient: the combination of 620 nm || with an appropriate
FR may result in the formation of a more effective gradient
than a quantum-equivalent 680 nm |.
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Figure 6. Schematic analysis of phytochrome gradients in Mougeotia
formed during mono- and dichromatic continuous irradiation with red
and far-red light. Tangenital dashes, phytochrome in P, form; radial
dashes, Py form; small twisted arrows, phytochrome cycling: contin-
uous phototransformation P, = Py. a, The strongest tetrapolar Py
gradient is produced by R L. The chloroplast rotates in the direction
shown by the arrow, avoiding the highest Py concentration. b, Addi-
tion of FR from the same direction results in narrowing of the region
of high Py, concentration: movement takes place in the same direction.
¢, Addition of FR from the side leads to constant P, = Py cycling on
the walls parallel to FR. No effective gradient is formed. d, Red light
polarized parallel to the long cell axis causes P, — Py transformation
all over the cell. e, Addition of FR from the same direction leads to
the constant cycling on the walls parallel to FR. In consequence,
chloroplast rotates to face position, i.e. identical as in the case (a)
and (b). f, Change in FR direction results in an inversed P, gradient
and an inverse chloroplast rotation.
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Another aspect that needs investigation is a possible contri-
bution of the intermediates of phytochrome phototransfor-
mation. Studies using laser flashes demonstrated that 620 nm
could be more effective in creating a Py, gradient in Mougeotia
than R of longer wavelengths (660, 690 nm) when the re-
sponse was induced with multiflashes (23). The results were
interpreted in terms of a photochromic system establishment
between P; and the very early intermediates.

In order to find out whether the observed spectral shift is
really related to the level of cycling, experiments with the use
of R || and FR light pulses have been planned. Their aim will
be to compare the effectivity of 620 nm and longer wavelength
light for simultaneous and time-resolved pulses.

CONCLUDING REMARKS

Three basic facts argue against the existence of a novel
photoreceptor; under conditions of dichromatic irradiation
with parallel polarized visible light and FR: (a) chloroplasts
turn with their face toward FR; (b) FR from both sides
completely cancels the response; (c) the maximum of sensitiv-
ity to parallel polarized light depends on FR intensity.

ACKNOWLEDGMENTS

We thank Prof. Wolfgang Haupt and Dr. Robert R. Wise for
critical reading of the manuscript.

LITERATURE CITED

1. Blatt MR (1983) The action spectrum for chloroplast movements
and evidence for blue-light-photoreceptor cycling in the alga
Vaucheria. Planta 159: 267-276

2. Brinkmann G, Senger H (1978) The development of structure
and function in chloroplasts of greening mutants in Scenedes-
mus. 1V. Blue light-dependent carbohydrate and protein me-
tabolism. Plant Cell Physiol 19: 1427-1437

3. Dorscheid T, Wartenberg A (1966) Chlorophyll als Photorezeptor
bei der Schwachlichtbewegung der Mesotaeniumchloroplasten.
Planta 70: 187-192

4. Fischer-Arnold G (1963) Untersuchungen uber die Chloroplas-
tenbewegung bei Vaucheria sessilis. Protoplasma 56: 495-520

5. Gabrys H (1985) Chloroplast movement in Mougeotia induced
by blue light pulses. Planta 166: 134-140

6. Gabrys H, Walczak T, Haupt W (1984) Blue-light-induced chlo-
roplast orientation in Mougeotia. Evidence for a separate sen-
sor pigment besides phytochrome. Planta 160: 21-24

7. Gabrys H, Walczak T, Haupt W (1985) Interaction between
phytochrome and the blue light photoreceptor system in Mou-
geotia. Photochem Photobiology 42: 731-734

8. Galland P, Orejas M, Lipson ED (1988) Light-controlled adap-
tation kinetics in Phycomyces: evidence for a novel yellow-
light absorbing pigment. Photochem Photobiol 49: 493-499

9. Galland P, Senger H (1988) The role of pterins in the photore-
ception and metabolism of plants. Photochem Photobiol 48:
811-820

10. Haupt W (1959) Die Chloroplastendrehung bei Mougeotia. 1
Uber den quantitativen und qualitativen Lichtbedarf der
Schwachlichtbewegung. Planta 53: 484-501

11. Haupt W (1968) Die Orientierung der Phytochrom-Molekiile in
der Mougeotiazelle: Ein neues Modell zur Deutung der exper-
imentellen Befunde. Z Pflanzenphysiol 58: 331-346

12. Haupt W (1982) Light-mediated movement of chloroplasts.
Annu Rev Plant Physiol 33: 205-233

WALCZAK ET AL.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

3s.

Plant Physiol. Vol. 94, 1990

. Haupt W (1983) Movement of chloroplasts under the control of
light. In FE Round, DJ Chapman, eds, Progress in Phycological
Research, Elsevier, Amsterdam vol 2 pp 228-281
. Horwitz BA, Gressel J (1986) Properties and working mecha-
nisms of the photoreceptors. /n RE Kendrick, GHM Kronen-
berg, eds, Photomorphogenesis in Plants. Martinus Nijhoff/
Dr. W. Junk Publishers, The Netherlands, pp 159-183
. Inove Y, Shibata K (1973) Light-induced chloroplast re-
arrangements and their action spectra as measured by absorp-
tion spectrophotometry. Planta 114: 341-358
. Klemmer R, Schneider HAW (1979) On a blue light effect and
phytochrome in the stimulation of georesponsiveness of maize
roots. Z Pflanzenphysiol 95: 189-197
. Kraml M, Biittner G, Haupt W, Herrmann H (1988) Chloroplast
orientation in Mesotaenium: the phytochrome effect is strongly
potentiated by interaction with blue light. Protoplasma Suppl
1, 172-179
. Kraml M, Enders M, Biirkel N (1984) Kinetics of the dichroic
reorientation of phytochrome during photoconversion in Mou-
geotia. Planta 161: 216-222

Kumagai T (1983) Action spectra for the blue and near ultraviolet
reversible photoreaction in the induction of fungal conidiation.
Physiol Plant 57: 468-471

Lechowski Z (1973) The action spectrum in chloroplast translo-
cation in multilayer leaf cells. Acta Soc Bot Pol 42: 461-472

Lechowski Z, Bialczyk J (1987) Interaction between green and
far-red light on the low fluence rate chloroplast orientation in
Mougeotia. Plant Physiol 85: 581-584

Lechowski Z, Bialczyk J (1988) Action spectrum for interaction
between visible and far-fed light on face chloroplast orientation
in Mougeotia. Plant Physiol 88: 189-193

Scheuerlein R, Braslavsky SE (1987) Induction of chloroplast
movement in the alga Mougeotia by polarized nanosecond dye
laser pulses. Photochem Photobiol 46: 525-530

Scholz A (1976) Lichtorientierte Chloroplastenbewegung bei
Hormidium flaccidum: Methoden der Lichtperzeption und die
wirksamen Pigmente. Z Pflanzenphysiol 77: 422-436

Schénbohm E (1971) Untersuchungen zum Photorezeptorprob-
lem beim tonischen Blaulicht-Effekt der Starklichtbewegung
des Mougeotia-Chloroplasten. Z Pflanzenphysiol 66: 20-33

Seitz K (1967) Wirkungsspektren fur die Starklichtbewegung der
Chloroplasten, die Photodinese und die lichtabhingige Visko-
sitatsianderung bei Vallisneria spiralis ssp. torta. Z Pflanzen-
physiol 56: 246-261

Seitz K (1979) Light induced changes in the centrifugability of
chloroplasts: different action spectra and different influence of
inhibitors in the low and high intensity range. Z Pflanzenphy-
siol 95: 1-12

Tanada T (1982) Effect of far-red and green irradiation on the
nyctinastic closure of A/bizzia leaflets. Plant Physiol 70: 901~
904

Tanada T (1984) Interactions of green or red light with blue light
on the dark closure of A/bizzia pinnules. Physiol Plant 61: 35—
37

Tendel J, Haupt W (1981) Mechanische und energetische Grun-
dlagen der lichtabhangigen Gestaltanderung des Mougeotia—
Chloroplasten. Z Pflanzenphysiol 104: 169-185

Walczak T, Gabrys H (1980) New type of photometer for meas-
urements of transmission changes corresponding to chloroplast
movements in leaves. Photosynthetica 14: 65-72

Weisenseel M (1968) Vergleichende Untersuchungen zum Ein-
fluss der Temperatur auf lichtinduzierte Chloroplasten-Verla-
gerungen. Z Pflanzenphysiol 5§9: 56-69

Yatsuhashi H, Kadota A, Wada M (1985) Blue-and-red-light
action in photoorientation of chloroplasts in Adiantum proto-
nemata. Planta 165: 43-50

Zurzycki J (1962) The action spectrum for the light depended
chloroplast movements in Lemna trisulca L. Acta Soc Bot Pol
31:489-538

Zurzycki J (1967) Properties and localisation of the photorecep-
tor active in displacement of chloroplasts in Funaria hygro-
metrica. 1. Action spectrum. Acta Soc Bot Pol 36: 138-142



