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Abstract

Changes in the surface area of chloroplasts from intact cells of spinach
leaves (Spinacia oleracea) induced by blue (3‘?0—500 nm) and red (600—
850 nm) light of various intensity (102—5x10% erg em~2s-1) were investigated.
The changes are described in terms of mean surface area in wm? and
frequency of occurrence of surface size classes,

Low intensity blue light caused enlargement of the chloroplast surface
(as compared with that in darkness), whereas high intensity light markedly
reduced it.

Exposure of chloroplasts to red light produces an increase of the surface
in proportion to the intensity of the light and irradiation time.

INTRODUCTION

One of the many reactions of chloroplasts to changes in external
conditions, and above all light conditions, are modifications of their
shape, surface area and volume. The first pertinent observations were
reported as early as the 19th and the beginning of the 20th century
(Stahl, 1880; Senmn, 1908). The most convenient plant material for
this kind of study were algae in view of their large chloroplasts
(Gicklhorn, 1933; Peteler, 1939). The above quoted papers,
however, were purely descriptive and gave no numerical data.

Extensive quantitative investigations were performed for moss chlo-
roplasts on Mnium undulatum as model (Zurzy cki, 1964). The results
obtained for bryophyte chloroplasts constitute an important comparative
material, because their structure and shape resemble those of higher
plants.
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Changes in the shape and volume of chloroplasts are induced by
light and may be revealed by various methods: surface measurement
(Zurzycki, 1964), measurement of diameter and thickness (Hil g e n-
heger, Menke, 1965; Zurzyc ki, 1974) and the electron microscope
(Kushida, Itoh, Izawa, Shibata, 1964; Miller, Nobel, 1972).

The finding that isolated chloroplasts also react to light conditions
by changes in shape and structure (Itoh, Izawa, Shibata, 1963;
Packer, 1963) made possible the follow-up of these changes by simple
methods giving more exact results. To these methods belong measure-
ment of the degree of light dispersion in a suspension (Itoh, Izawa,
Shibata, 1963; Packer, 1963), measurement of the compact mass
after centrifugation (Belsky, Siegenthaler, Packer, 1963:
Izawa, Good, 1966), of chloroplast volume by means of a Coulter
counter (Itoh, Izawa, Shibata, 1963) and examination in an elec-
tron microscope (Izawa, Itoh, Shibata, 1963; Sundquist,
Burris, 1970).

At present the trend of studies runs towards the establishment of
changes in the fine structure of chloroplasts caused by irradiation
(Sundquist, Burris, 1970; Miller, Nobel, 1972), detection of
the pigments, mediating the conformation changes (Izawa, Itoh,
Shibata, 1963; Zurzycki, 1964) and elucidation of the complicated
mechanism of these transformations (Packer, 1963; Ito h, Izawa,
Shibata, 1963; Dilley, Vernon, 1965, Krause, 1973; De Fi-
lippis, Pallagby, 1973).

Since there are few reports up to date in the literature concerning
chromatic light, the present study was aimed at investigation of the
influence of blue and red light on the conformation of chloroplasts in
intact cells of Spinacia leaves. It was endeavoured to express these
changes numerically and compare them with analogous changes noted
in mosses on the example of Mnium undulatum (Zurzycki, 1964)
and Funaria hygrometrica (Zurzycki, 1974).

MATERIAL AND METHODS

The experiments were performed with spinach (Spinacia oleracea)
leaves from a stable source. In this material the surface area of the
chloroplasts used for the experiments ranged from 3.1 to 28.7 um?
(notwithstanding the light conditions); the mean surface area was
13.5 wum?2 This range is much smaller than that reported by Honda
(1971 — 6.2—102.9 um?, mean surface area 27.7 um?), Thus the plant
material was rather uniform.

From even-sized leaves 2X2 c¢m squares were cut, infiltrated with
water and placed on moist filter paper in Petri dishes. The preparations
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were then placed in the chamber of the irradiation apparatus (L e-
chowski, 1972). As source of light a projection lamp (750 W, 110 V)
was used. The light passed through a suitably built optical system
which focussed the light and directed its beam into the chamber with
the preparation. In this way a light spot of 2 cm diameter was obtained.
The optic system was provided with a heat radiation-absorbing water
filter and two glass filter combinations: for red light RG2+KG1 (range
600—850 nm) and for blue light BG1+GG13 (range 370—500 nm). The
irradiation chamber was surrounded by a water jacket maintaining
a constant temperature around 25°C.

Light intensity was regulated by neutral filters and changing the
lamp voltage by means an autotransformer. Measurements at the level
of the preparation were taken with a Zeiss V Th-8EN thermocouple.

Preparations were made of leaves kept for 12 h in darkness. After
infiltration with water the preparations were again transferred to
darkness (control) or illuminated with blue or red light of the following
intensities: 102, 105 and 5X10° erg cm—2s—!. The time of illumination or
keeping in darkness was 0.5, 1, 1.5 and 2 h, respectively.

Chloroplast observations in the illuminated preparations were made
under a PZO microscope, ocular X15, 100 immersion objective, and the
contours were delineated with the use of a drawing ocular PZO MNR-1.
The enlargement of the drawing was X 4.000. The drawings were plani-
metried and by suitable conversion the surface area of the chloroplasts
was obtained in um?.

Each series of experiments was performed on 4 preparations from
which a total of 200 chloroplast drawings were obtained. After deter-
mining their surface area the mean was calculated.

RESULTS

The mean surface area of spinach leaves kept for 12 h in darkness
was 11.9 um?2

The dependence of the chloroplast surface on the intensity and time
of exposure to blue light is shown in the Table and Fig. 1. Analysis of
the numerical data shows that at low light intensities of about 102 erg
em—2s—1 the chloroplast surface enlarges (from 11.9 um? in darkness
to 14.4 um? after 0.5 h). The longer the time of exposure the smaller
was the increment in surface area. On the other hand, at higher
intensities of blue light (10°—5X10° erg em—2s—") the surface of chloro-
plasts distinctly decreased (to 7.5 um? at intensity 5X105 erg cm—2s—,
exposure time 1.5—2 h). The decrease in the chloroplast surface is also
dependent on the time of exposure, but after about 1.5 h of action of
blue light, the surface stabilizes at a constant value.
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Fig. 1. Effect of blue and red light on the surface areas of spinach chloroplasts, depending on light
intensity and the time of illumination

a — x axis — time of illumination (h), y axis — surface area of chloroplasts (um2). Continuous line — effect of red light

and darkness, interrupted line — effect of blue light. Curves: | — light intensity 10?2 erg em™2s7!, 2 — light intensity

10% erg cm™2 571, 3 — light intensity 5 10% erg em™2 s™*, b — x axis — logarithm of light intensity in erg cm™2 s™1,

y axis — as in Fig. la. Continuous line denotes effect of red light (points denoted by clear circles) and darkness,
interrupted line — effect of blue light. Time of illumination constant, 2 h.

Table 1
Effect of blue and red light on the surface area (um?) of spinach
chloroplasts
3 : =il Blue light | Red light
Light intensit |
S 370500 nm | 600—850 nm
N\ time in B | 5 | E
intens. " 05 1 | 15! 2 | 05| 1 151 2
in erg N [
em~2s"1 | | ‘
— . —
| [ | [
0 11.9 11.9 | 11.9 11.9 | 11.9 119 | 119 11.9
102 144 13.1 125 | 125 | 11.9 129 | 12.5 | 13.1
10° 11.9 1.2 87| &l 150  16.2 | 18.1 19.4
5 10° L 94| 81| 75| 75169 | 181 | 187 | 194

The Table and Fig. 1 also show the relation between the chloroplast
surface area, light intensity and the time of exposure to red light.
Spinach chloroplasts exposed to red light increase their surface area,
except when the lowest light intensity 102 erg em—2s—! and the shortest
time of exposure (0.5 h) are applied and the surface area remains of
the same size as in darkness. At higher red light intensities a consider-
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2ble increase in surface area is observed (from 11.9 um? in darkness to
19.4 1m? at a 105 erg em—2s! intensity, time 2 h). This process is
saturated at a light intensity of 10° erg cm—2s—! and further increase
of light intensity does not change the chloroplast surface.

The distribution of chloroplast surface size is shown in Fig. 2. The
surface areas are arranged in classes according to their mean sizes,
e.g. 7.5 um? includes the range 6.9—8.1 pum?2 All the diagrams refer to
the same exposure time of 1.5 h.

The diagrams show still more distinctly the changes in spinach
chloroplast surface described. If we analyse the dispersion of chloro-
plasts with different surface areas in dependence on the kind and
intensity of light, it is readily seen that under weak blue light 26.5 per
cent of chloroplast surface area lies within the range 12.5—13.7 um?
whereas at higher intensities 32 per cent are found within the range
of small surfaces of 5.0—6.2 um?2 '

Under red light, particularly of high intensity, the highest per cent
of even-sized chloroplasts (23—27) is in the class with a range of
18.1—19.4 um? whereas in darkness 26 per cent exhibit a surface
ranging from 10.6 to 11.9 pgm2 Thus a distinct shift towards a larger
chloroplast surface area is observed.

The mean error for all the surface areas listed is +0.1—0.3 um?2.

When analysing the frequency of the size classes of spinach chlo-
roplasts, it is seen that the mean surface sizes in the given light con-
ditions (listed in the Table) are as a rule in agreement with the size of
the surface areas occurring most frequently. Only at higher blue light
intensities are the largest chloroplasts difficulty reduced in size. In
such a population the most frequently found chloroplasts have a surface
smaller than the mean.

Hongladarom, Honda and Wildman (1968) affirm that it
is not possible to decide whether the conformation changes concern
above all a certain group of chloroplasts in the population or the
whole population. On the basis of the results obtained at present it
appears that the changes in the chloroplast surface induced by light
involve the entire population.

DISCUSSION

Senn (1908) and Zurzycki (1964, 1966, 1974) claim that blue
light (range 370—500 nm) is the only range of visible light which
causes shrinkage of chloroplasts, manifested by their assuming a round-
ed shape and a reduction of their surface.

The investigations performed for mosses chloroplasts on the example
of Mnium undulatum (Zurzycki, 1964) found confirmation as regards



Conformational changes in chloroplasts of spinach 283

the chloroplasts of a representative of higher plants — spinach.

Spinach chloroplasts react similarly as do those of Mnium undula-
tum on exposure to blue light of various intensity, the conformation
changes are, however, more pronounced and occur within a shorter
time. For instance at an intensity of 5>X10° erg cm—2s—! the moss chloro-
plasts surface, first increases and then continues to decrease during the
whole time of exposure (6 h).

Spinach chloroplasts, on the other hand, show from the beginning
of illumination a distinct decrease of the surface area which stabilises
after 1.5 h of exposure.

Red light (600—850 nm) causes a reaction opposite to that under
blue light of high intensity. The reacticn consists in an increase of the
chloroplast surface (as compared with its size in darkness) and is
similar in the chloroplasts of moss and spinach. At an intensity of
5X10° erg cm—2s—! the surface area increment is most. pronounced
during the first two hours of exposure, whereas at an intensity of 105
erg cm—2s—! this increase is slower, especially in the case of moss. At
an intensity of 10* erg cm—2s—! the surface area of moss chloroplasts
is similar to that in darkness, while spinach chloroplasts still exhibit
a slight increment of surface area at 102 erg cm—2s—1

The investigations on the moss Funaria hygrometrica (Zurzycki,
1974) demonstrated that red light induces an increase of the chloroplast
surface area with at the same time a decrease of their thickness. This
finds expression in a reduced volume (shrinkage) by about 10 per cent,
independently of light intensity. Blue light has a similar action, but
only at low intensity. At high intensities it causes a considerable reduc-
tion of the surface area and decrease of volume (up to 35% as compar-
ed with the chloroplasts kept in darkness).

Notwithstanding the slight quantitative differences, moss and spinach
chloroplasts only increase their surface under red light. Under blue
light an increase of the surface area may be observed at low or medium
intensities. Strong blue light causes a considerable reduction of the
chloroplast surface and volume (Funaria hygrometrica).

The reaction of isolated moss chloroplasts is about the same as that
in intact cells. The differences are only quantitative as regards the rate
of changes and their absolute values (Zurzycki, 1966).

Nobel et al. (1972) illuminating chloroplasts in the leaves of
Pisum sativum with white light noted a slight decrease of the surface
area (18.7+0.3 um?). as compared with the chloroplasts kept in darkness
(19.0£0.2 um?). The cause of such minute changes within the limits of
error was probably the short time of the experiment (10 min) and low
light intensity (4 000 lux).

The structural changes in chloroplasts are controlled by light by
way of two reactions (Zurzycki, 1966, 1967): Reaction I is connected

9
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with the system of photosynthetic absorption and leads to stretching
of the lamellar system, this giving as effect an increase in surface area
(flattening) and a volume reduction (shrinkage). Light even of low
intensity of the entire visible spectrum is active here (maximum at 435
anid 680 nm). This reaction is arrested by such photophosphorylation
inhibitors as NH ions, o-phenathroline, hydroxylamine, DCMU, CCP
(Itoh,Izawa, Shibata, 1963; Packer, 1963; Zurzycki, 1966),
it is not sensitive, however, to cyanides (Itoh, Izawa, Shibata,
1963). Reaction II produces a contraction of the lamellar system (reduc-
tion of chloroplast surface area). It occurs under strong shortwave light,
and is not susceptible to photophosphorylation inhibitors, but may be
blocked by JKJ. The action spectrum lies within the limits of 350—-
500 nm (maximum at 450 and 360—380 nm), this indicating possibly
a participation of flavin pigments (Zurzycki, 1966, 1967).

Light-induced shrinkage of chloroplasts may be interpreted as an
indice of electron transport coupled with photophosphorylation (Iza w a,
Good, 1966; Krause, 1973). The contraction of the lamellar system
of chloroplasts may be elicited under light by the hydrogen ions
gradient through the thylakoid membrane (Heber, 1969) until the
gradient is dispersed by way of photophosphorylation. The shrinkage
of chloroplasts indicates a high photophosphorylation potential or a high
energetic state of this system. The phenomenon of fluorescence is asso-
ciated with the energetic state of thylakoids (Krause, 1973). The
process of fluorescence inhibition is accompanied by chloroplast contr-
action and is the reflection of a high energetic state associated with
active proton transport.

On the other hand, factors promoting fluorescence inhibit chloro-
plast contraction. Krause (1973) suggests that light-induced proton
translocation may cause certain structural changes in the thylakoid
membranes system, responsible for the enhanced contraction and fluo-
rescence inhibition.

Chloroplast shrinkage cannot be the reflection of the energetic state
under all conditions. The effect of light changes in dependence on the
ion environment of the chloroplasts. Shrinkage occurs when the chloro-
plasts are exposed in phosphate buffer in the presence of salts of weak
organic acids, the absence of these compounds in the chloroplast suspens-
ion causes osmotic disturbances (Devlin, 1971; Krause, 1973).

For eliciting chloroplast contraction the presence during illumination
of an appropriate electron acceptor is necessary. At the same time there
occurs a flow of magnesium and potassium ions maintaining electric
neutrality, and water outflow for maitaining osmotic equilibrium
(Dilley, Vernon, 1965). This is manifest in the rise of pH of the
chloroplast suspension (Jagendorf, Hind, 1963). These changes are
reversible in darkness. Magnesium, potassium and hydrogen ions
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transport may act as a ccntrol mechanism activating various enzymes
(Dilley, Vernon, 1965). Since the first phase of chloroplast flatten-
ing associated with volume shrinkage to about 30 per cent (as compared
with that in darkness) occurs as early as the first second, it cannot be
an osmotic reaction resulting from the loss of potassium, chlorine and
sodium ions, since the absolute value of the osmotic potential in the
chloroplasts increases. During the next hour of illumination the chloro-
plast volume was only reduced by 5 per cent, but they lost about
50 per cent of their specific ion content (De Filippis, Pallaghy,
1973). This initial chloroplast flattening may be due to conformational
changes of the chloroplast protein owing to rapid ATP and hydrogen
ion changes (Miller, Nobel, 1972; De Filippis, Pallaghy,
1973).

The mechanism giving rise to photostructural changes is thus not
explained as yet. The relation between photostructural reaction and
photophosphorylation, and the fact that similar structural changes as
those caused by light can be achieved by the action of ATP (Itoh,
Izawa, Shibata, 1963; Packer, 1963) seem to suggest a role
played by photophosphorylation in the mechanism of contraction of
the lamellae.

The author is deeply indebted to Professor J. Zurzycki for suggesting the
line of investigations and wvaluable advice in the course of this work.
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Zmiany konformacyjne chloroplastéow lisci szpinaku
(Spinacia oleracea). in vivo

Streszczenie

1. Badano zmiany w wielko$ci powierzchni chloroplastéw nieuszkodzonych ko-
mérek liéci szpinaku (Spinacia oleracea) indukowane $wiatlem niebieskim (370—
500 nm) i czerwonym (600—850 nm) o réinych intensywno$ciach w zakresie
102—5%10% erg cm-2s-!. Zmiany byly definiowane poprzez $rednig powierzchnie
w um? i frekwencje klas wielkoéci powierzchni.

2. Niskie intensywnosci $wiatla niebieskiego wywolujg powiekszanie sie po-
wierzchni chloroplastéw (w pordéwnaniu z chloroplastami z ciemnos$ci), natomiast
w wysokiej intensywnos$ci chloroplasty wyraZnie zmniejszaja powierzchnig.

3. Na§wietlanie chloroplastow §wiatlem czerwonym powoduje powiekszanie sig
powierzchni proporcjonalnie do intensywno$ci i czasu na$wietlania.
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