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Abstract

By measurement of light transmittance through a leaf as criterion of chloro-
plast translocation, the action spectrum of Ajuga reptans was established.
In the spectrum obtained, a correction was introduced for leaf autoabsorption
calculated on the basis of the Beer-Lambert law. The action spectrum has
two maxima: at 4 = 375 nm and 1 = 481 nm. The range above 502 nm has no
significant effect on chloroplast translocation. Comparison with other objects
examined demonstrated that in multilayer leaf cells riboflavin seems also
to be a photoreceptor active in this process.

INTRODUCTION

One of the main problems requiring elucidation as regards the
influence of light on chloroplast translocation is the mechanism of this
process. The outset point in this problem is the nature of the active pho-
toreceptor and its localization in the cell. It is possible to identify the
. active photoreceptor by establishing the action spectrum. The distribu-
tion of the action maxima allow in some extent to conclude as to the
light-absorbing pigments. Investigations on numerous objects lead to
conclusions regarding the chemical nature of the photoreceptor. In
reference to the character of the photoreceptors controlling the move-
ments of chloroplasts two groups of plants have been distinguished:

a) algae: Mougeotia and Mesotaenium,

b) all other objects examined.

The movements of chromatophores in Mougeotia and Mesotaenium
are exceptional both from the anatomical and physiological aspect. In
the remaining objects it has been demonstrated that only the shortwave
range below 530 nm is active in the translocation caused both by weak
and strong light (Haupt and Schénfeld, 1962; Fischer-Arnold
1963; Zurzycki 1962, 1967a; Mayer 1964; Seitz 1967). Some
discrepancies in the obtained action spectra have been noted in red light.
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All authors agree that, as regards movement induced by weak light, the
above mentioned range is inactive (Faminizin, 1867, Senn 1908€;
Voerkel 1933; Zurzycka 1951; Zurzycki 1962, 1967a; Fischer-
-Arnold 1963; Mayer 1964).

The influence of red light of high intensity is controversial. On the
one hand, Senn (1908), Babuskin (1955), Haupt and Schénfeld
(1962) did not demonstrate the influence of this radiation range on
chloroplast translocation, and the results of their experiments were the
same as of experiments in darkness. Another group of authors (Béhm
1856; Frank 1871; Lindsbauer and Abramowicz 1909; Zurzyc-
ka 1951; Zurzycka and Zurzycki 1951; Zurzycki 1962; Mayer
1964; Seitz 1967) have demonstrated on the objects studied that the
action of red light differs widely from that of darkness.

The investigations performed so far concerned mainly objects with
a relatively simple anatomical structure of assimilative organs. Informa-
tion on the active spectral range influencing translocation of chloroplasts
in the cells of multilayered leaves of land plants is scarse. Senn (1908)
and Seybold (1956) mention solely that the shortwave range is active.
The only action spectrum obtained to date for a typical representative
of this group of plants, Nicotiana tebacum, is reported by Babuskin
(1955). It was established, however, by a simple method which arouses
serious doubts, and the result is so much different that it cannot be
compared with other investigated objects. It seemed, therefore, necessary
to perform experiments in order to establish the action spectrum for
a representative of this group of plants in order to fill the gap in the
literature. As criterion of chloroplast translocation, light transmittance
through the leaf was adopted.

MATERIAL AND METHODS

The experiments were performed on well developed leaves of Ajuga
reptans. The material for the experiments was collected from a natural
habitat exposed to moderate insolation. Before starting the experiments
the leaves were adapted to weak white light (60—80 erg ecm~2s~1) for
a period of 18—24 h,

The leaves were irradiated with monochromatic light in a special
apparatus. The apparatus has been described in an earlier paper (L e-
chowski 1970). As source of light served a 750 W 110 V projector lamp
or a HBO-50 lamp. A liquid filter with a 5-cm distilled water layer and
an appropriate interference filter were built into the optic system. IL
Zeiss interference filters with the following transmission maxima were
used: 350, 375, 400, 426, 436, 442, 452, 463, 475, 481, 493, 502, 530, 543,
560, 628, 650, 673 and 703 mm. Half-width transmission of the filters
was 5—10 nm. The light intensity was regulated by changing the voltage
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supplying the lamp by means of an autotransformer. Radiation intensity
was measured before and after irradiation of the leaf with a Zeiss VTh-8
thermoelement.

After 2 h of exposure to monochromatic light of a given wavelength
and radiation intensity, transmittance of the leaves was measured for
4 =436 nm. The measurements were performed with an opal plate
(Shibata 1958, 1959; Zurzycki 1962). Details of the measurement
are described in an earlier paper (Lechowski 1970).

Each transmittance wvalue given in this paper is a mean from
5 measurements. As basis for determining the activity of the particular
wavelengths, served the radiation intensity producing the same per-
centual increase in transmittance, always measured at wavelength
436 nm. As such a numerical criterion a radiation intensity which caused
a transmittance increment equal to 1= 3 per cent was used. Within
this range of radiation the curves plotted have a linear course. The
maximal transmittance increase for the Ajuga reptans leaf is about
6 per cent (Lechowski 1970).

The corresponding radiation intensities were read from the diagrams
at the intercept of the curve representing transmittance changes versus
radiation intensity with the line plotted for changes of transmittance
equal to 4= 3 per cent.

In the final calculation, the law of Einstein-Warburg was taken into
account, according to which, radiation activity is proportional to the
number of quanta absorbed by the system. Critical radiation intensities
for the particular wavelengths are expressed in quanta cm™2s~!. The
respective conversions were achieved by multiplying the critical radiation
value expressed in erg cm~?s~! by the number of quanta per 1 erg.

The reciprocal of critical density of the quanta (1/I.) was adopted
as relative radiation activity of the particular wavelengths.

The leaves show a high radiation absorption, therefore, for the final
calculation a correction for autoabsorption was introduced. This correc-
tion was calculated on the basis of Beer-Lambert’s law with the assump-
tion that the leaf is a homogenous medium. This is a considerabie
simplification but it was necessary in order to apply the Beer-Lambert
law. Up till now no data are available in the literature concerning the
course of the light absorption gradient in leaves, that is why, in the
calculations, the thickness of the absorption layer was assumed as equal
to 1/5, 1/3 and 1/2 of leaf thikcness. The following formula served for
calculation:

I=15+e kel (1)
where

I — radiation intensity transmitted through system,

I — intensity of incident radiation,

e — base of natural logarithms,



464 Z. Lechowski

k — absorption coefficient (its value depends on the wavelength of
the light used)

¢ — concentration of light-absorbing substance,

1 — thickness of absorption layer.

When the definition of transmittance is introduced according to

I
which T = T , results from (1) that
0

If we assume the absorption layer thickness of the leaf 1= 1, the
foregoing formula may be written as

T = e—ke (3)

For transmittance calculation for wvarious thicknesses of the leaf
absorption layer (1) the same formula may be written as

Ty = e—kel’ (4)
Changing to logarithms both sides of eq. (3) we get
log T = -kcloge, (3)
This equation may be expressed in the form
log 1/T = kelog e (6)
It results analogically from (4) that
log. 1/Tp = kel 0.4343 (7)
When (6) and (7) are compared we get
log 1/Ty =1"log 1/T. (8)

The values 1/T} and further T; were found by means of logarithmic
tables.

T; may be interpreted as the part of incident radiation intensity
which passed through leaf tissue equal in thickness to the absorption
layer 1.

As basis for quantitative calculation, the transmittance value of
leaves adapted to conditions of weak light intensity was taken. Trans-
mittance measurements were performed for particular wavelengths.

In order to establish the light beam I" which produces in a leaf of 1’
thickness the pertinent reaction, the Ty values obtained were substituted
into formula (1).

The activity of the particular wavelengths was expressed in the form
of the 1/I.
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RESULTS

The family of curves obtained representing the dependence of the
changes in transmittance of the leaf on radiation intensity of the par-
ticular wavelength is shown in Fig. 1. For wavelength 350 nm only two
points were obtained on the curve, it was impossible to get any more
because of technical difficulties in obtaining higher radiation intensities.
The curve for this wavelength is prolonged by a dashed line in order
to determine critical intensity by way of extrapolation.
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Fig. 1. Light transmittance increment in Ajuga reptans leaf versus radiation
intensity for particular wavelengths. Figures along curves denote length of
light wave

By the action of light of less efficient wavelengths such as 350, 400,
493 and 502 nm, curves with smaller slope were obtained. Light of
wavelength above 502 nm has no significant effect on changes in trans-
mittance, even when high radiation intensities are applied. The dif-
ferences in transmittance values obtained for these wavelengths remain
small in spite of application of increasing radiation intensities, they vary

for the range 530—560 nm from 0.04 to 0.08 per cent

for the range 628—703 nm from 0.4 to 0.61 per cent.
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Table 1
Numerical values of action spectrum in the translocation of Ajuga reptans chloroplasts
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350 | 27606 | 0.7244 0.52 | 1.0368 ' 0.2090 ' 0.5515
375 | 21640 0.9242 1.17 1.1248 | 0.2035 | 0.4273
400 | 2.7014 0.7402 1.48 0.8596 | 0.1507 - 0.3043
426 | 21143 | 0.9428 142 1.1602 0.2107 | 0.4436
436 1.8235 | 1.1966 1.07 1.3590 0.2488 | 0.5302
442 | 1.5811 ' 1.2648 1.35 1.4958 0.2656 | 0.5443
452 | 1.5217 1.3142 1.41 1.5413 | 0.2720 | 0.5534
463 | 1.4231 1.4052 1.45 1.6380 | 0.2881 0.5837
475 | 1.2448 1.6066 1.74 | 1.8060 | 0.3099 0.6079
481 1.1635 | 1.7188 177 | 1.9264 | 0.3298 0.6464
493 3.6018 | 0.5552 235 | 0.5877 0.0969 0.1811
502 | 6.9448 | 0.2878 | 3.80 02769 | 0.0428 0.0738

The lack of quartz optics and difficulties in obtaining high radiation
intensities made it impossible to extend the investigations to the entire
UV range.

The results of transmittance measurement in leaves adapted to weak
illumination for the particular wavelengths utilized for calculation of the
correction for leaf autoabsorption are shown in table 1, col. 4.

——
|
|

400 500
nm —
Fig. 2. Action spectrum in chloroplast translocation in Ajuga reptans. Curves:
I — without correction for autoabsorption, II — with correction for autoabsorption
calculated for 1/5 of leaf thickness, III — with correction for autoabsorption
calculated for 1/3 of leaf thickness, IV — with correction for autoabsorption
calculated for 1/2 of leaf thickness



The action spectrum in chloroplast translocation 467

The numerical values of the action spectrum without the correction
for leaf autoabsorption are given in table 1 col. 3. Columns 5, 6 and 7
list the numerical data after introduction of the correction for auto-
absorption for the layers 1/5, 1/3 and 1/2 of leaf thickness.

The action spectrum curve in the process of translocation of Ajuga
reptans chloroplasts is shown in Fig. 2. This curve shows that shortwave
radiation is active in regulation of chloroplast translocation, that is the
UV and visible light range up to about 502 nm. Within this range two
activity maxima may be seen: in the near UV at 2 = 375 nm and in the
visible range at 1 =481 nm.

Curves II, III and IV present the action spectrum after introduction
of the correction for leaf autoabsorption. The shape of the curves is
practically analogous with the exception of the UV range.

Since a leaf is a multilayer structure, it is hard to decide which of
the versions calculated is the most correct. It is certainly not the curve
without correction for autoabsorption, but it will neither be the curve
accounting for the greatest thickness of the absorption layer. Analysis
of the so far obtained action spectra for other objects seems to indicate
that curve II may be considered as most representative.

DISCUSSION

The particular parts of the spectrum exert different influences on
chloroplast translocation. Typical translocations to weak and strong
light positions occur under the influence of the shortwave part of the
spectrum (Zurzycki 1962, 1967a; Haupt and Schénfeld, 1962;
Fischer-Arnold 1963; Mayer 1964; Seitz 1967). In Fig. 3 the
action spectra obtained to date in chloroplast translocation are compared
with the absorption curve of riboflavin. When the action spectrum for
Ajuga reptans is compared with those obtained for other objects and
the absorption of riboflavin, a far-reaching similarity is seen. The sug-
gestion of Haupt and Schénfeld (1962) that riboflavin is a photo-
receptor controlling chloroplast movements has been confirmed in
numerous studies. The action spectrum for Ajuga reptans shows a certain
deviation in the visible part of the spectrum in longwave range.

In a number of other action spectra also a certain discrepancy is
observed between the absorption curve of riboflavin and the position of
the particular action maxima within the visible range. For instance
Mayer (1964) obtained for the land plant Selaginella Martensii by
another method the main maximum within this range at 1 =472 nm.
Similarly Schénbom (1963) obtained in the movements of the Mougeo-
tia chromatophore induced by the action of strong light, a maximum
at 1 =470 nm.
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Fig. 3. Comparison of action spectra in chloroplast translocations, obtained for

various objects and of riboflavin absorption curve with action spectrum obtained

for Ajuga reptans (Haupt and Schénfeld, 1962; Fis cher-Arnold, 1963;
Zurzycki, 1962, 1967a; Mayer, 1964; Seitz 1967)

In the action spectrum curve of Lemna trisulca, Funaria hygrome-
trica (Zurzycki 1962, 1967a) and Vallisneria spiralis (Seitz 1967)
additional maxima were found at about 485 nm. It is striking that the
differences concern only the 450—490 nm range. The deviations in the
action spectrum cannot be explained as the result of the dispersing
effect of the cells.

Mayer (1964) interprets the shift of the main maximum as the
result of light absorption by the flavo-protein complex, what would cause
a shift of absorption towards longer waves. Explanation of the causes
of the deviation observed for Ajuga reptans is difficult at the present
state of investigations.

The action spectrum obtained by Babuskin (1955) for Nicotiana
tabacum is in complete contradiction to our results. The cause of this
should be sought in the method used by Babuskin, who adopted as
criterion of chloroplast translocation the degree of blackening of the
photographic plate after illumination of the leaf with various spectral
ranges. The suppositions of this author that the system controlling the
movements of chloroplasts consists in photosynthetic pigments, found no
confirmation in the investigations of other authors whose results suggest
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the involvement of riboflavin as active photoreceptor. This is supported
by:

a) the analogy between the action spectra and absorption curve of
riboflavin, both in the visible and the far UV ranges (Zurzycki 1967a);

b) the agreement between the chloroplast reaction and the optical
properties of flavin molecules (Mayer 1964; Zurzycki 1967a),

¢) another argument is the fact that the extremally low radiation
intensities are active in certain chloroplast arrangements, that is the
effect of light is multiplied owing to enzymatic activity. Numerous
enzymes are known to contain flavin, but none have been found in-
cluding carotenoids (Zurzycki 1972).

Riboflavin is also an active photoreceptor in the process of light
-induced change of viscosity of the cytoplasm (Virgin 1952, 1954;
Seitz 1967) and of photodinesis (Botelier 1934; Seitz 1964, 1967).

It is possible that the primary processes causing changes in viscosity,
photodinesis and chloroplast translocation are the same.

This seems to be confirmed by the agreement of the action spectra
obtained on the same object and the equal quantum effect in the
shortwave part of the spectrum (Seitz, 1967). On the other hand, the
secondary processes causing movement of the chloroplasts would be
different than in the case of photodinesis or viscosity change. This
seems to find confirmation in the fact that prolongation of the illumi-
nation time exerts a stronger action than a corresponding increase of
radiation intensity (Seitz, 1967).

The longwave range of the spectrum is not active in chloroplast
translocation. Red light seems to be ineffective as far as the end effect
of translocation is concerned (Zurzycki, 1962). The activity of this
range is noticeable when the course of movements in time or the effect
after a relatively short illumination with this light are taken into
account and compared with the effect in darkness (Lindsbauer and
Abramowicz 1909; Zurzycka 1951). This range does not exert
a phototactic only a photokinetic effect, and its influence depends on
the radiation intensity (Zurzycki 1962). In the present experiments
the kinetics of action of red light was not investigated only changes in
transmittance after setting in of equilibrium. It was established that the
increase in transmittance is much higher as compared with that in the
range of medium wavelengths and with that in darkness. '

The data of Seitz (1967) for Vallisneria spiralis also show slight
translocation of chloroplasts under the influence of this range. From the
experiments of Zurzycki (1962) and Seitz (1967) it results that
maximum photokinetic activity occurs at about 680 nm. Investigations
on photokinesis of algae demonstrated that in some cases also the action
maximum lies in the red part of the spectrum (Wolken and Skin
1958). Comparing the results of chloroplast photokinesis with those
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obtained for algae, Zurzycki (1962) advances the conclusion that in
both cases photosynthetic pigments play a role via photophosphorylation.
Light absorption by the chlorophyll system simultaneously exerts an
influences within the shortwave range where cumulation of these two
processes, phototaxis and photokinesis occurs (Zurzycki 1962; Seitz
1967).

It is claimed in the latest studies that, beside its kinetic action, red
light causes conformational changes in the chloroplasts leading to their
contraction (Heber 1969). The extent of these changes depends on the
radiation intensity and on the presence or absence of electron receptors.
The relation between electron transport and conformational changes
has been demonstrated by Izawa and Good (1966a,b).

The results of Heber’s experiments show that chloroplast contraction
in Ny occurs at low intensity of red light. Addition of oxygen inhibits
this reaction which may be in some extent eliminated by application of
higher intensity red light. The kinetics of the reaction determined by
measurement of transmittance of the chloroplast suspension indicates
that the maximal effect is reached in 40—60 sec.

It is believed that oxygen is the acceptor interrupting electron
transport on the pathway between photosystem I and NADP+. As result
of oxygen reduction ATP is formed which is capable of penetrating from
the chloroplasts to the cytoplasm (Santarius and Heber 1965)
affecting the rate of chloroplast translocation.

The influence of this radiation via the photophosphorylation process
is indicated by the action spectrum of longwave light (Zurzycki 1962,
1964) and the results of experiments with photophosphorylation inhibitors
which abolish the accelerating action of red light (Zurzycki 1965).

The connection between photostructural reactions and photophospho-
rylation is based on the fact that similar changes as those occurring
under the influence of light may be induced by the action of ATP
(Itoh et al, 1963).

The author is deeply grateful to Professor Jan Zurzycki for his valuable
advice and guidance in the course of this work.
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Widmo dzialania w translokacjach chloroplastéw w komdrkach
liscia wiolowarstwowego

Streszczenie

Stosujgc metode pomiaru transmitowanego przez 1i§¢é Swiatla jako kryterium
translokacji chloroplastéw opracowano widmo dzialania dla Ajuga reptans. W uzy-
skanym widmie dzialania uwzgledniono poprawke na autoabsorpcje liScia, ktora
wyliczona zostala z prawa Beera-Lamberta. Krzywa widma dzialania wykazuje
dwa maksima: dla 4 =375 nm i 4 =481 nm. Zakres powyzej 502 nm nie wywiera
istotnego wplywu na translokacje chloroplastéw. Na podstawie por6wnan z innymi
zbadanymi obiektami stwierdzono, Ze réwniez w komoérkach liScia wielowarstwo-
wego ryboflawina jest fotoreceptorem czynnym w tym procesie.
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