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Some aspects of chloroplast movement in leaves
of terrestrial plants

Z. LELATKO

INTRODUCTION

Displacement of chloroplasts in numerous plant cells depends mainly
on light intensity. Thus, changes in the chloroplast position are the me-
chanism responsible for the adaptation of the plant to environmental
conditions (S enn, 1908). The dynamics of chloroplast movements has
been elaborated for plants with thin leaves consisting of one to three cell
layers. From immediate microscopic observations and counts of chloro-
plasts changing position it was possible to determine this process numeri-
cally (Voerkel, 1934; Zurzycka and Zurzycki, 1950, 1951, 1953;
Zurzycka, 1951).

Displacement of chloroplasts in plants of leaves with multilayered
structure was established by Béhm (1856), Stahl (1880), Haber-
landt (1886) and Senn (1908).

Determination of the dynamics of chloroplast displacement, however,
for this group of plants, by means of immediate microscopic observation
did not find any wider application. Only Lomagin and co-workers
(1966, 1967) applied this method after a previous infiltration of the leaf
with water for determination of changes'in the arrangement of chloro-
plasts in the spongy parenchyma layer next to the lower epidermis.

It is possible to follow this dynamics of movement in some species
e.g. in Arabis arenosa, by separating the spongy parenchyma from the
palisade parenchyma and placing this specimen in an isotonic sucrose
solution (Zurzycki 1955). Establishment of the changes occurring in
all cell layers of the leaf by either of the above named methods was
impossible.

It is why the method of light transmittance measurement was ap-
plied in this paper for measurement of chloroplast movement dynamics.
A profile position of the chloroplasts under the influence of strong sunlight
causes a decrease in the amount of absorbed light energy. It was already
shown in Stahl’s experiments (1880, 1909) consisting in exposure of
a part of a leaf to direct action of light with a simultanous screening of
the other parts. Such a leaf gives on a contact print on photosensitive
paper darker areas in places where the leaf was irradiated with intensive
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light. This is proof of an increased transmittance in these parts of the leaf
of rays active in the photosynthetic process.

Stahl’s method is not a quantitative one, and application of appro-
priate light detectors is necessary to determine quantitative changes and
the spectral character of the transmitted light. The first quantitative esti-
mation of transmittance was given by Detlefson (1888) for Humulus
lupulus in which transmittance increased by 12% during 37 minutes of
illumination. Further investigations were performed both in the line of
a detailed character of quantitative changes of transmittance conditioned
by displacement of chloroplasts (Seybold, 1955, 1956; Schander]l
and Kaempfert, 1933; Zurzycki, 1961) and in the line of establi-
shing changes in reaction of individual species to light intensity (Bieb],
1954, 1955; Babuskin, 1955 b). Changes in light transmission were
found to occur in correlation with changes of chloroplast arrangement
(Biebl, 1954; Zurzycki, 1961; Lomagin and co-workers, 1966,
1967).

The first full characteristic of the speciral changes in transmittance
was given by Seybold (1955) for Begonia multiflora. He established
that changes in the whole spectrum were small and almost independent
of the wave length. Zurzycki (1961) found in leaves of Lemna trisulca
wide changes in transmittance dependent on wave length, this relation
is conditioned by the anatomical structure of the leaf. It results from the
experiments of Stahl (1909), Schanderl and Kaempfert (1933),
Biebl (1954, 1955), Babuskin (1955 b), Lomagin and co-workers
(1966, 1967) that higher plants are sensitive to the light stimulus in va-
rious degrees dependent on the species as well as developmental condi-
tions of the plant. The hitherto published results concerning a multilayerd
leaf do not permit any uniform conclusions as to the influence of chloro-
plast arrangement on light transmittance (Schanderl and Kaem-
pfert 1933, Biebl 1955). Establishment of the exact optical characte-
ristic of the leaf, and changes of optical properties in dependence on light
conditions are of great importance for many physiological problems such
as photosynthesis, photodestruction of the photosynthetic apparatus etc.

The present paper was aimed at finding answers to two problems:

1. in what way does light transmittance change in the visible spectral
range in various species of terrestrial plants;

2. what is the influence of various light intensities and of the period
of exposure to light on fransmittance.

MATERIAL AND METHODS

The experimental material consisted of well developed leaves of the
following species: Ajuga reptans, Fagus silvatica, Galeopsis tetrahit,
Catalpa sp., Melandrium album, Sedum maximum, Sambucus mnigra,
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Symphytum officinale, Tanacetum vulgare, Solanum tuberosum, Vicia
faba, Vitis vinifera and Rhus typhina.

Leaves for experiments were taken from natural habitats. Before the
experiment was started the material was kept for about 12 hours in a hu-
mid chamber in very weak dispersed light of about 20 lux. In order to
characterize qualitatively the degree of leaf reaction to the light intensity
applied Stahl’s (1909) experiments were repeated. A leaf partly
screened with black paper was put on moistened filter paper in a Petri
dish. The dish was placed on a water jacket coat. The temperature of
the system was 25°C. Experiments were carried out under immediate

ch

Fig. 1. Scheme of apparatus for irradiation.

I — lamp, ln — lenses, f — filter with CuS0y solution, gf — glass filter, m — mirror,
c¢h — chamber for illuminations, P — Petri dish, v — voltameter, a — autotransformer,
w — water jacket.

sunlight with the use of a KG-1 (5 mm) filter. The intensity of the incident
light was 30-—40 klux. The leaf was transferred to darkness after 1 hour
of irradiation and a contact print of the leaf was made on photosensitive
paper.

In further experiments leaves were illuminated in an apparatus for
irradiation. The scheme of this apparatus is presented in figure 1.
A Tungsram bulb 220 V 500 W supplied the light. The light was concen-
trated by means of an optical system and an evenly illuminated spot
2 cm in diameter was obtained. A glass filter and a liquid filter
with CuSOs were inserted into the optical system. The filters were
chosen so as to obtain the colour temperature of about 6000°K. Light
intensity was regulated by means of neutral filters. The light-proof cham-
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ber was surrounded with a water jacket which maintained a constant tem-
perature of 25°C. During irradiation the leaf was placed on moistened
filter paper on a Petri dish.

Quantitative transmittance measurements were performed by applying
an opalescent glass (Shibata, 1958). The applied measurement set up
is presented in figure 2. A microscopic lamp supplied by a stabilizer and
autotransformer constituted the light source. Light intensity was regula-
ted by changing the supply voltage by means of an autotransformer. The
light emitted by this lamp passed through an appropriate interference
filter. IL (Zeiss) filters with maximum transmittance from 375 nm to
727 nm were applied at half width 6—8 nm. The leaf was placed on a mo-

-1

Fig. 2. Scheme of apparatus for
light measurements.
/ t i — microscopic lamp, s — lens, IF —
interference filter, ¢ — normal glass,
- 1 — leaf, o — opalescent glass, n —
neutral filter, f — photomultiplier.

vable opalescent glass and covered with a normal cover glass to keep the
material unmovable and spread flat. The movable opalescent glass made
it possible to shift it always to the same position. The measurement surfa-
ce was limited to a surface area of 8 x 2 mm what permitted measurement
in a part of the leaf without any larger nerves. A net filter of 12%
transmittance was placed under the opalescent glass; it could be easily
excluded from the light course. A photomultiplier RCA-IP 21 supplied
with stabilized voltage of 700—1500 V acted as light detector. The current
of the photomultiplier was measured by means of a Kipp and Zonnen
galvanometer type A-70. Intensity of the incident light (opalescent glass)
was always measured with a neutral filter applied. The plate with the
leaf was subsequently shifted. Measurement of the light transmitted
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through the leaf (opalescent glass + leaf) was performed with the neutral
filter removed. Such a measurement system permitted readings with an
accuracy up to 0,06% transmittance. Results were calculated as trans-
mittance percentage:

I, + 14

T% == - 100

o

or in the form of

o

semi integral attenuance = log (Shibata 1958) where:

ptla
I, — intensity of the incident light
I, + I4 — intensity of transmitted light
I, — intensity of specular transmittance
I4 — intensity of light dispersed in various directions.

Every transmittance value given is the mean of five measurements.
At the beginning, transmittance of a series of leaves of the examined
species adapted in weak light was measured and mean values were cal-
culated for the given species. Leaves of a medium initial transmission
were used for further experiments. Measurements were performed on
the same spot of the leaf before, during and after illumination. Spectral
changes of transmission were established by use of 21 interference filters.
Performance of measurements lasted 5 minutes. Changes in transmittance
occurring during this time were negligible. The course of transmittance
changes in time was measured by interrupting illumination of the leaf
for 1 minute at 20 minute intervals and in this time measurements were
performed.

RESULTS

The experiments (Stahl’s method) allowed to distinguish 3 groups
of plants in respect to their reaction. The degree of blacken of the photo-
sensitive paper and changes in the leaf colour after 1 hour of illumination
was the adopted criterion of differentiation.

Group I

Leaves of species belonging to this group gave a very intensive reaction
of the photosensitive paper in the illuminated places of the leaf (Fig. 3a, c)
and a marked change of colour to bright green of the irradiated parts
of the leaf itself (Fig. 3b, d). This contrast in pigmentation of the irradia-
ted and screened part of the leaf was reversible and disappeared comp-
letly after 1—1,5 hours. This reaction was observed in the following
species: Ajuga reptans, Galeopsis tetrahit, Melandrium album, Sedum
maximum, Sambucus nigra, Symphytum officinale.



Fig. 3. Contact print of a leaf on photosensitive paper and changes in leaf pigmen-
tation after 1-hour irradiation with light of 131 thousands erg/cm-s intensity.
a — print of the Ajuga reptans leaf, b — photograph of the same leaf; ¢ — print of Galeopsis
tetrahit leaf, d — photograph of the same leaf; e — print of Vitis vinifera leaf; f — print of
Fagus silvatica leaf

Fig. 4. Spectral changes in transmittance after 1-hour of exposure to white light
of 131 thousands erg/em?s.
——O0—— leaf transmittance in weak light; --0--0-- leaf transmittance after irradiation
a — Ajuga reptans; b — Galeopsis tetrahit; ¢ — Vitis vinifera; d — Fagus silvatica; e — Rhus
typhina; £ — Vicia faba
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Table 1

Changes in light transmission for A=436 nm after irradiation with white light of 131 thousands
erg/cm?s intensity

Transmission Transmission
] | of leaf adapted | after I-hour o

Object | in weak light | irradiation A%
S . - % }
a) species I group
Ajuga reptans 1,50 6,93 547
Galeopsis tetrahit 1,58 4,69 3,11
b) species II group
Vitis vinifera 1,92 2,82 | 0,90
Fagus silvatica 1,75 : 2,08 0,33
¢) species IIT group ! |
Vicia faba 0,19 | 0,33 0,14
Rhus typhina | 0,30 | 0,46 | 0,16

Group II

Species in this group showed a weaker blacking of the photo-sensitive
paper on the contact print in the places where the leaf was exposed to
light; the change in colour between the illuminated and unilluminated
part of the leaf was only slightly visible. Vitis vinifera and Fagus silva-
tica (fig. 3 e, f) belong to this group.

Group III

In this group of plants no changes were detected by means of Stahl’s
method. The following species belong here: Vicia faba, Solanum tubero-
sum, Rhus typhina, Tanacetum vulgare and Catalpa sp. Two species from
each group were chosen. for further investigations.

Spectral changes of transmittance after 1 hour of irradiation with
white light of 131 thousands erg/cm?3s intensity are shown in figure 4 a-f.
In species reacting strongest i.e. in Ajuga reptans and Galeopsis tetrahit
very distinct spectral changes were observed. Most intensive transmittan-

Table 2

Changels in light trér’mmit;ahce in the range 375—727 nm after irradiation with white light of 131
. thousands erg/cm?s intensity

Transmission | Transmission |

|
. of leaf adapted | after I-hour |
L in weak light | irradiation | A%
' % _ %
Ajuga reptans 9,30 i 14,20 | 4,90
Galeopsis tetrahit : 11,50 | 14,60 3,10
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Fig. 5. Changes in light transmittance of 436 nm wave length in leaves of Ajuga
reptans under the influence of wvarious light intensities.
curves: 1 — 0 erg/em2s; 2 — 4000 erg/ems2s; 3 — %000 erg/cm?2s; 4 — 18 600 erg/cm2s; § — 36 000
erglem?s; 6 — 65000 erg/cmis; 7 — 253 000 ergfcm?s
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Fig. 6. Percentual changes of transmittance in leaf of Ajuga reptans measured at
A = 436 nm when stabilization was reached after irradiation with white light of
various intensity (axis x).
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ce occurred in these species in the short-wave spectrum range below 481
nm, and a weaker increase between 597 nm — 680 nm. The range between
481 nm — 597 nm and above 680 nm gives only slight changes in trans-
mittance.

As it results from the data presented the main increase in transmission
was observed in the range of high absorption of photosynthetic pigments.
In Vitis vinifera and Fagus silvatica spectral changes in transmission were
considerably smaller. The increase of transmission was almost equal in
the whole spectral range with the exception of the short wave range whe-
re differences were more pronounced.

In Rhus typhina and Vicia faba changes of transmission were correlated
with the results obtained by means of Stahl’'s method. In view of the
fact that photosensitive paper reacts in the blue-violet range, changes
of transmission in this range are responsible for the degree of blacking.
Table 1 shows the changes in transmission expressed in percents for
7 = 436 nm. Transmission changes in the leaves of intensively reacting
species in the whole visible range expressed as percentage were calcula-
ted with the use of a planimeter diagrams and are presented in table 2.
Experiments on the influence of various light intensities indicate a pro-
nounced dependence of this process on the intensities applied (Fig. 5).
The highest increase in transmittance was observed within the first 20
minutes of exposure to light; it slowed down subsequently within 2 hours.
Further exposure to light was uneffective for the increase of transmittan-
ce (Fig. 7 a, b). Changes in transmittance after reaching equilibrium are
shown in Fig. 6. It results from these data that light intensity of the
order of 65 thousands erg/cm?®s causes a maximal increase of transmittan-
ce. A rise of light intensity to 253 thousands erg/cm?s does not induce any
further changes. Transmittance changes are reversible. A leaf submitted
to the action of very intensive light for 6 hours shows a considerable drop
in transmittance after the first 30 minutes, when transferred to weak
light. The further decrease in transmittance proceeds at a much lower
rate and after 4 hours it attains a value approaching the initial one (Fig. 7
a, b). Exposure to white light and transmittance examined for » = 436
nm, 2= 506 nm and » = 673 nm have identical course in time.

As it results from the diagrams the time necessary for stabilization

at exposure to weak light is twice as long as that necessary for intensive
light.

DISCUSSION

It has been found many times that a series of optical properties of
leaves — above all light transmittance and reflexion — change according
to the light conditions acting on the leaf. These changes are reversible
(Stahl, 1909; Biebl, 1954, 1955; Zurzycki, 1961). Measurements of
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transmittance changes made when applying white light and spectrally
selective detectors do not permit determination of the magnitude of
these changes exactly, and give only rough data (Biebl, 1954, 1955;
Babuskin, 1955 a). Measurements made in monachromatic light in the
whole range of the spectrum should constitute the basis for characterizing
the optical changes in the leaf precisely. As there exist only few papers
containing such data (Seybold, 1956; Zurzycki, 1961) an attempt
was made to collect in the present paper more extensive material con-
cerning transmittance changes.

The results obtained are in agreement with the previously published
ones. It has been established that some groups of plants can be differen-
tiated in respect to their different transmittance reaction to applied light.
Biebl (1955) distinguishes also, on the basis of field investigations,
a number of plant types reacting in a different way to daily changes
in illumination.

Quantitative changes in transmittance established in the present paper
are of a similar order of magnitude as those given by other authors:

Ajuga reptans 2,3%0 — 5,5%0

Geleopsis tetrahit 0,890 — 4,1%0

Vicia faba ' 0,3%0— 0,77%%

Begonia multiflora - 3% —5% (Seybold, 1956)
Lemna trisulca 3% — 12%0 (Zurzycki, 1961)

In the present investigations,changes in reflexion were not measured.
The fact of strict correlation between these changes and transmittance
changes as well as a comparisbn with other investigated objects (Sey-
bold, 1933, 1956) permits rough estimation of the entire absorption chan-
ge in a leaf of Ajuga reptans at about 6°0 and of Galeopsis tetrahit at
about 5%s; in less sensitive plants it is much lower. These values are very
close to those given by Seyb o_l-d (1956) and indicate that light absorp-
tion changes which result from this reaction are small even in plants
which are highly photosensitive. _

The changes in leafl properties are explained as the result of changes
in the chloroplast arrangement (Detlefson, 1888; Stahl, 1909;
Schanderland Kaempfert 1933; Biebl1954, Zurzycki, 1961,
Lomagin and co-workers 1966, 1967) or as a result of other changes
occurring in the leaf cells, e.g. destruction of photosynthetic pigments,
accumulation of starch and changes in the internal geometry of the leaf
due to loss of water (Schanderl and Kaempfert, 1933; Biebl,
1955). A correlation of the results obtained by means of the light trans-
mittance measurement method with a microscopic picture of the cell
(Biebl, 1954; Zurzycki 1961; Lomagin and co-workers, 1966,
1967) speaks for the changes of chloroplast arrangement being  the cause
of changes of optical properties. A comparison of the kinetics of trans-
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mittance changes made by Bieb1 (1954) in a leaf of Begonia hydroco-
tyliofolia and chloroplast displacements in Lemna trisulca described by
Zurzyckiand Zurzycka (1953) point to a far going synchronisation
of both these phenomena. Absence of any changes in transmitance in
plants the chloroplasts of which have no displacement ability, e.g. Fonti-
nalis antipiretica, Juglans regia (Zurzycki, 1961; Lomagin and co-
-workers, 1966, 1967) is another argument supporting the theory that
transmittance changes are caused by chloroplast displacements.

The destruction of pigments might be also considered in view of the
fact that changes in leaf decolouration and increased transmittance are
most intensive in skiophilous plants, that is in those which have a most
sensitive photosynthetic apparatus. Measurements of spectral changes in
transmittance show that these changes occur most commonly in the short-
-wave range and in red light; this is connected with a decreased absorp-
tion in photosynthetic pigments. Montfort (1941) and Munding
(1952) established in their investigations that the decomposition process
of pigments resulting in a decolouration of the tissue can proceed in a
living cell under intensive light. Decomposition of pigments is preceeded
by a lag phase; during this phase intensive light does not cause any
changes in the concentration of pigments. The phase of proper photooxi-
dation, covers a longer period of time and leads to a rapid decomposition
of pigments (Sironval and Kandler, 1958; Zurzycki, 1964).
Only in dead cells is no lag phase is observed (Sironval and Kand-
ler, 1958). Exposure of leaves of Ajuga reptans and Galeopsis tetrahit
to intensive light caused an immediate increase of transmittance which
after stabilization remained at a low level. The reversibility of the chan-
ges observed consisting in reaching previous transmission values within
2—3 hours of exposure to weak light speaks against explaining the obser-
ved transmission changes by decomposition of photosy-nthetic' pigments.

The changes in internal geometry occurring in the leaf owing to a loss
of water and starch accumulation can be of some importance under
natural conditions of a several hours long irradiation with sunlight when
the water deficit may be high (Biebl, 1955).

A state of equilibrium lasting for a longer period of exposure to light
as well as reversibility of the occurring changes in weak dispersed light
were observed in our experiments. These findings permitted the conclu-
sion that the transmittance changes are connected with chloroplast dis-
placements. It has been established by Stahl’s method and measure-
ment of light transmittance that in a number of species the increase in
leaf transmittance was low or practically none. As this concerns sun
plants there arises the question whether the light intensities a_pphed
were not too low.

It results from many authors’ experiments that the degree of sensi-
tivity of chloroplasts to the light stimulus can vary widely (Stahl, 1909;
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Schanderland Kaempfert, 1933; Bieb11954, 1955; Zurzycki,
1961; Babuskin, 1955 b; L omagin and co-workers, 1966, 1967). Even
within one species great differences can occur in the reaction to the light
stimulus. This is due by ontogenetic adaptation to the light conditions of
the habitat (Babuskin, 1955 b). In our experiments some species did
not react to this stimulus even after immediate exposure to sunlight. It
may therefore, be assumed that in natural conditions the leaves of plants
examined do not show any transmittance changes. A weak reaction or its
lack in some species is not caused by the intensity of the applied light
but it is a specific feature of a given species, on one hand, and an adapta-
tion to ecological conditions, on the other.

SUMMARY

Changes in transmittance of radiation through a leaf caused by various light
intensities were examined under controlled conditions.

Great differences in the reaction extent to illumination were established in
various species by Stahl’s contact print method.

In most intensively reacting species e.g. Ajuga reptans the maximum increase
in transmittance varies within the limits 2,3—5,5% (in dependence on the wave
length). The decrease in light absorption can be estimated under the above given
conditions at about 6%.

In a certain range of light intensity, transmittance changes were found to depend
on this intensity. Stabilization after illumination with strong light is reached after
about 1—2 hours, with weak light — after 2—3 hours.

The transmittance changes observed are caused under the experimental condi-
tions by a displacement of chloroplasts in the cells.

I am deeply indebted to Professor J. Zurzycki, Head of the Department
of Plant Physiology, Jagiellonian University for his valuable advice and interest
in the work.

Department pf Plant Physiology,
Jagiellonian University, ’
Cracow, Grodzka 53

(Entered: February 11, 1970)
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Pewne aspekty ruchu chloroplastow w lisciach roslin lqdowych

STRESZCZENIE

Badano zmiany transmisji promieniowania przez licie, wywolane réznym oéwie-
tleniem lisci w kontrolowanych warunkach.

Stosujagc metode contact print Stahla stwierdzono znaczne rdznice w stopniu
reagowania na silne o$wietlenie u réznych gatunkéw.

U gatunkéw najsilniej reagujacych np. Ajuga reptans maksymalny wzrost tran-
smisji waha sie¢ w granicach od 2,3 do 5,5% (w zaleznosci od dlugosci fali). Zmniej-
szenie absorpcji $wiatla w powyizszych warunkach mozna szacowaé na okolo 6%,

Stwierdzone zmiany transmisji sa w pewnym zakresie intensywnogci §wiatla
zalezne od tej intensywnosci. Osiggniecie stanu rownowagi po oiwietleniu silnym
swiatlem nastepuje po okolo 1 — 2 godzin, w §wietle slabym po okolo 2 — 3 godzin.

Obserwowane zmiany transmisji s3 w warunkach stosowanych w do$wiadcze-
niach spowodowane przemieszczeniami chloroplastow w komérkach.
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