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Abstract

The relationship between the structure and the function of chloroplasts of
aging tobacco leaves was studied. From the observations of chloroplast
structure in electron microscope, the results of other authors concerning
earlier degradation of stroma lamellae in comparison with grana were
confirmed. It was shown that this process is accompanied by changes in the
content of galactolipids (in the first place MGDG) and earlier decomposition
of chlorophyll-protein-complex I, This resulted in decrease of photosynthetic
activity of leaves and earlier disappearance of Photosystem I activity.

Abbreviations:
DCIP  — 2,6-dichlorophenolindophenol;
DCMU — (3,4-dichlorophenyl)-1,1-dimethylurea;
DGDG — digalactosyl diacylglycerol;
MGDG — monogalactosyl diacylglycerol;
PMS — phenazine metosulphate;
SDS — sodium dodecyl sulphate;
TMPD N, N, N, N-tetramethyl-p-phenylene diamine;
Tricine

N-tris(hydroxymethyl)methylglicine;

INTRODUCTION

Yellowing of leaves and loss of turgor are symptoms of their sene-
scence (Mothes, 1960; Butler, 1967; Ljubesi¢, 1968). The outer
changes are accompaniated by decomposition of the particular cellular
organelles. From the studies of many authors (Butler, 1967; Dodge,

1970;

Mtodzianowski and Kwintkiewicz 1973) it appears
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that chloroplasts are the first cellular organelles which show senescent
symptoms. It was also found that this process is associated with a decrease
in the level of chlorophyll (Jeffrey and Griffith, 1947; Wolf,
1956; Birecka and Dakié¢--Wiodkowska, 1966; Gej, 1966;
Whitfield and Rowan, 1974), carotenoids (Chrastil, 1956;
Goodwin, 1958; Chichester and Nakayama, 1965; Whit-
field and Rowan, 1974) and galactolipids (Harnischfeger, 1973;
Ferguson and Simomn, 1973). However, the amount of lipophyllic
plastoquinones in older leaves is much higher than in young ones (T e n-
dille and Gervais, 1963; Wellburn and Hemming, 1966;
Barr and Crane, 1967, Griffiths et al, 1968; Lichten-
thaler, 1969). The above mentioned chemical compounds form a lipid
fraction of chloroplasts.

The process of leaf senescence is also connected with a considerable
decrease in the content of protein and mucleic acids (Fletcher and
Osborne, 1965; Shaw et al, 1965; Woolhouse, 1967; Woll-
giehn, 1967; Brady etal, 1971).

Attention was also drawn to the decrease in photosynthetic activity
with the age of leaves (Singh and Lal, 1935; Freedland, 1952; Ri-
chardson, 1957; Sestakand Catsky, 1962; Smillie, 1962;
Sestak, 1963; Hardwick et al, 1968; Larson and Gordon,
1969). Recently it has been shown that in the process of senescence both the
efficiency of the membrane-bound ATP synthesizing system (Hernan-
dez-Gil and Schaedle, 1973; Harnischfeger, 1974 b) and the
activity of Hill reaction decrease (Harnischfeger, 1974 a).

The aim of the present work was to study the relationship betwezn
the structure and the content of some chemical compounds and photo-
synthetic activity of senescent chloroplasts in tobacco leaves.

MATERIAL AND METHODS

The material used for the studies consisted of tobacco leaves Nicotiana
tabacum L. of the variety ‘Virginia Pulawska 70802’, seeds of which were
obtained from the Institute of Soil Science and Plant Cultivation, Pula-
wy. The seeds were initially germinated on wet lignin in petri dishes and
then put into soil. The seedlings with 4—b5 leaves were transplanted into
Mitscherlich’s pots filled with soil. The plants were kept in a greenhouse
under 18 hrs light (4500 lx). About 4-month old plants in full blossom
with leaves of all ontogenetic stages (young, mature, yellowing and dry)
were taken for analyses.

Galactolipids analyses were carried out according to Pohl et al
(1970). They were assayed by determination of galactose according to
Roughan and Batt (1968) and factors of 4.3 and 2.6 were used to
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convert galactose to MGDG and DGDG respectively (Leech et al,
1973).

Chlorophyll was determined as described by Arnon (1949).

Photosynthetic oxygen evolution was measured microrespirometrically
according to Zurzycki (1955) using a light intensity of 3.4 X 10* ergs
Xem™2 X g1,

Chloroplasts were preparated according to Sane et al. (1970).

Photosystem I activity of chloroplasts was measured as oxygen up-
take with Clark-type oxygen electrode at 24° C using sodium ascorbate
and TMPD as electron donor and methylviologen as electron acceptor.
The reaction mixture for measuring O, uptake contained the following
components, in pmoles : Tricine-NaOH buffer (pH 8.0), 150; DCMU, 0.03;
sodium ascorbate, 50; TMPD, 0.2; methylviologen, 0.4; chloroplast equi-
valent to about 30 ng of chlorophyll in a final volume of 1.8 ml. The reac-
tion chamber was illuminated with red light at an incident intensity of
2.5 X 105 ergs X em—2 X 71

Photosystem II activity was measured spectrophotometrically at 600
nm by following the photoreduction of DCIP. The reaction mixture for
Photosystem II measurements contained the following components, in
wmoles: Tricine-NaOH buffer (pH 7.0), 150; DCIP, 0.125; chloroplasts con-
taining about 30 ug of chlorophyll in a final volume of 3 mi. The optical
density of the reaction was measured before and after illumination with
1.5 X 10 ergs X em~2 X s ! of red light.

Cyclic photophosphorylation catalysed by PMS was measured accord-
ing to the modified version of Avron (1960). The reaction mixture con-
tained the following components, in wmoles : Tricine-NaOH buffer (pid
8.0), 50; KCI, 50; MgCl,, 10; NasPOy, 10; ADP, 4; PMS, 0.15; sodium as-
corbate, 20; chloroplast equivalent to 50 ug of chlorophyll in a final vo-
lume of 3 ml. Illumination for 5 min was provided by light at an incident
intensity of 1.2 X 105ergs X cm~2 X s~ ! Inorganic phosphate analysis
was measured by the method Fiske-Subbarow (1925).

Non-cyclic photophosphorylation was determined in the same way, in
that PMS was replaced by 5 wmoles of K3Fe(CN)s (Gyldenholm and
Whatley, 1968).

Gel electrophoresis of lamellar chloroplast proteins was carried out
according to Remy (1971).

For investigation of the structure of chloroplasts small leaf segments
were fixed in 4% glutaraldehyde in 0.07 M phosphate buffer pH 7.2, for
12 h at 4° C and stained in 1% OsOy. The fixed material was dehydrated
through graded series of ethanol and propylene oxide washes and then
embedded in Vestopal W. The polymerized material was cut on a Tesla
ultramicrotome. The sections were counterstained with uranyl acetate
and lead citrate. They were then photographed on Scientia Agfa-Gevaert
plates at microscopic magnification > 9800.



344 D. Wolinska
RESULTS
The relationship between the age of leaves and the amount of photo-
synthetically evolved oxygen from the discs cut out in the leaves is pre-

sented in Fig. 1. High intensity of photosynthesis in young leaves decrea-

8000 8000

g y

e
v v
LY.

QO

6000 + 65000 1_'

XXX

.,

“000 4000 !

o
0.0,

. v
b,

I

2000 -

NN
oS

2000

-.n.rn'] 0y evolved sdem? = h

LA

mm3 0, evolved/mg chi.h

mg chlorophyl /dem?Z
o

05t

PO,
=]
b

O

s

e
X

(/272 young leaves
[IIITI0° mature leaves
m old yelowing leaves

Figz. 1. Photosynthesis rate of tobacco leaves in different ontogenetic stages

ses in mature and vellowing ones. The ‘amount of photosynthetically
evolved oxygen expressed in terms of chlorophyll. units also confirms
this decrease. Just now at the last stage of senescence, when the amount
of chlorophyll is very low, the result of this calculation increases:. It ap-
pears from the studies of Sestdk and Catsky (1967) and Aouni
"and Mousseau (1974) that “chlorophyll compensation point” (the
amount of chlorophyll at which photosynthesis is equal zero) already oc-
curs at 2.5 mg/dem? in Nicotiana sanderae and 2.3 mg/dem? in Pinds nigra.
Thus at low concentrations of chlorophyll the rate of photosynthesis cal-
culated per chlorophyll unit does not represent a real photosynthetic acti-
vity. .
The dependence of Photosystem II and I activity on leaf age is pre-
sented in Table 1. As senescence of leaves develops, both Photosystem 11
activity measured by reduced DCIP/mg chl/h and Photosystem I activity
measured by oxygen uptake/mg chl/h decreases. However, significant dif-
ferences in both photosystems activity were found. In mature leaves al-
ready. at a relatively low decrease in Photosystem II activity, a very dis-
tinct decrease in Photosystem I activity can be observed. A rapid activity
increase in both photosystems in the final phase of leaf senescence results
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Table 1

Photosystem Il and Photosystem [ activities of tobacco leaves in dillerent ontogenetic stages

Photosystem 11 Photosystem 1

| R— e |
Ih'\_\mlmﬁ"""] umoles acceptor reduced  pmoles O, uprake per Chlorophyll content
;'I‘”“’ _ per mg chl.-h i mg chl.-h in mg/g fr. wt
o ieaves H,0—DCIP TMPD—meviol
Young 31.3 - 1503 1.97
Mature 30.4 348 0.89

Old yeliowing i 71.1 861 0.26
from a verv low chlorophyll content at this time. This increase in the case
of Photosyvstem II exceeds about twice the activity of young leaves, whe-
reas Photosvstem I does not reach -the activity of young leaves. This fact
would also point to a more rapid decrease in Photosystem I activity in
comparison with that of Photosystem II as senescence of leaves proceeds.
Table 2 presents cyclic photophosphorylation catalysed by PMS and
non-cvelic photophosphorylation catalysed by Kj;Fe(CN)s. The intensity
of both photophosphorylations was higher in mature leaves than in young
ones. whereas it gradually decreased in yellowing ones. Photophoshoryla-
tion was not found in yellow leaves by the method used.
Table 2
Cvelic and non-cylic photophosphorylation of tobacco leaves in different ontogenetic
stages

pmoles Pi uptake mg chloropyhll-h

Physiological )
] L ' Non-cyclic photophospho-
status ! Cyclic photophosphoryla- rylation KiFe/CNJ
o " s Jie 3 /6
of leaves tion PMS catalysed catalysed
Young 504 244
Mature ' . 543 B &
Old vellowing 1 332 . 210
2 24 5.04
< PEUBRELLL S NI

- L —e

Fig. 2 shows densitometric tracings of polyacrylamide gels after elec-
trophoresis of lamellar chloroplast protein of tobacco leaves. The quan-
titative and qualitative composition of the protein components changes
with the age of leaves. In young leaves lamellar chloroplast protein is
composed of 7 components (Fig. 2a). Lamellar protein of mature léaves
lack of component 2, and components 1 and 3 occur in smaller quantities
(Fig. 2b): however, in yellowing leaves further and very distinct decrease
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in the content of component 1 can be observed (Fig. 2¢). According tc
Remy (1971), components 1 and 4 belong to Photosystem II particles
and components 2 and 3 to Photosystem I.

WV

|
i o ]

Fig. 2, Polyacrylamide gel electrophoresis of lamellar proteins of tobacco chloro-
plasts from leaves in different ontogenetic stages

Densitometric tracings at 800 nm. Migration was from the origin (left) to the anode (right).
a — young leaves, b — mature leaves, ¢ — old yellowing leaves

The content of galactolipids in various ontogenetic stages of tobacco
leaves has been presented in Fig. 3. The highest concentration of MGDG
and DGDG occured in young leaves and decreased with age of leaves. A
reverse direction of these changes can be seen when the content of galac-
tolipids is expressed in terms of chlorophyll units (Fig. 3a). This results
from the fact that the rate of chlorophyll decrease in the process of sene-
scence is much higher than decomposition of galactolipids. The ratio of
MGDG to DGDG decreasing with the age of leaves indicates that MGDG
underwent a faster decomposition.

Chloroplasts of young leaves had a typical ellipsoidal shape and a well
developed thylakoid system. Small plastoglobuli and large starch grains
occur between the lamellar system (Plate I, photo 1). Chloroplasts of ma-
ture leaves differ from those previously described by slightly greater
dimensions of plastoglobuli and starch grains (Plate I, photo 2).

The characteristic feature of chloroplasts of yellowing leaves is swell-



Plate 1

Photo 1. Chloroplast of a young leaf. Well developed thylakoid system. Small plasto-
globuli and starch grains are present between the lamellar system. > 30.000

Photo 2. Chloroplast of a mature leaf. In comparison with the chloroplast in Photo 1
slightly larger plastoglobuli and starch grains. X 30.000



Plate II

.4

Photo 3. Chloroplast of a yellowing leaf. Visible swelling and destruction of stroma
lamellae. Grana stacks are still present. X 30.000

Photo 4. Chloroplast of a yellow leaf. A completely disorganized lamellar system,
very large plastoglobuli. X 30.000
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Fig. 3. Galactolipids content of tobacco leaves in different ontogenectic stages
a — in mg/mg chlorophyll, b — in mg/g fresh weight,

ing and destruction of stroma lamellae and increase in the volume of
plastoglobuli (Plate II, photo 3).

Chloroplasts of yellow leaves possess a completely disorganized lame-
llar system. The are filled with large plastoglobuli and swollen grana
lamellae (Plate II, photo 4).

11
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DISCUSSION

Changes occuring in the ultrastructure composition and photosynthe-
tic activity of chloroplasts in senescence of tobacco leaves have been
presented in this paper. The present studies concerning the process of
senescence do not give a clear picture of correlation of the occuring chan-
ges. The reason of it seems to be the variety of the plant material used
in different and often unspecified growth periods of leaves, as well as
different ways of expressing the results of the studies. The changes in
the ultrastructure of chloroplasts of tobacco leaves do not basically differ
from those described for the leaves and cotyledons of other plants. One
of the symptoms of chloroplast degeneration in senescence is their vo-
lume shrinkage. This was stressed by Dod ge (1970) in the case of sene-
scent chloroplasts of birch leaves, Mtodzianowski and Ponitka
(1973) for chloroplasts of parsley leaves and Ljubesi¢ (1968) for
chloroplasts of Nicotiana rustica. At the same time decomposition of the
lamellar system and volume increase of plastoglobuli takes place, as
found by other authors. Stroma lamellae breakdown first, then grana
stacks. This kind of decomposition of the lamellar system of chloroplasts
corresponds to type A of the thylacoid decomposition distinguished by
Mtodzianowski (1974). The formation of a temporaly different
membrane system is characteristic for two other types distinguished by
this author. Volume increase of plastoglobuli accompanying the degrada-
tion is, as suggested by Ikeda and Ueda (1964), Barton (1966),
Lichtenthaler and Sprey (1966), connected with accumulation of
lipids occurring as a result of the breakdown of the plastid membrane
system. Morphological changes in the organization of the lamellar system
are reflected in the chemical composition of the membranes. Proteins con-
stitute 509/ of lipoproteids of chloroplast lamellae (Lichtenthaler
and Park 1963). Beside structural proteins in chloroplasts there occur
soluble proteins. They are largely represented by the so-called fraction
1, which is characterized by ribulose-1,5-diphosphate carboxylase activily
and which catalize photosynthetic carboxylation (Lyttleton and Ts 0
1958). Protein fraction 1 was distinguished as one of two soluble protein
fraction of spinach leaves (Wildmann and Bonner 1947, after
Woolhouse, 1967). Part of fraction 2 components are also localized in
chloroplasts and they contain ferredoxin (Brady et al, 1971). Brady
et al. (1971) showed that the decrease of protein synthesis during senes-
cence of chloroplasts proceeds gradually starting with fraction 1 through
lamellae protein to fraction 2. Remy’s (1971) studies showed that la-
mellar protein of chloroplasts is heterogenic. This author separated it
gelelectrophoretically into a number of components and showed that some
of them are related to Photosystem I and others to Photosystem II
Similar preparation of proteins was also obtained in this paper. Moreover,
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it was fourrd that first of all protein components connected with Photo-
system I dicappear with progressing senescence of chloroplasts. Degrada-
tion of grana stacks and simultaneous disappearance of stroma lamellae
is also strictly connected with changes occuring in the content of galacto-
lipids. They constitute about 80% lipids in lipoproteid lamellae of chlo-
roplasts (Wintermans, 1960; Park and Pon, 1963). The content of
these compounds both MGDG and DGDG decreases with senescence of
leaves, while MGDG undergoes a faster degradation. A decrease in the
content of both galactolipids and a change in their proportion was also
found by Ferguson and Simon (1973) in senescent dises cut out
from cucumber cotyledens as well as by Harnischfeger (1973) for
pumpkin cotyledons. Anderson et al. (1974) found that galactolipase
decomposes MGDG faster than DGDG, which may be the reason of the
change of their relationship. The distribution of the individual galacto-
lipids in thylakoid is still controversial. In the opinion of Kenyon and
Stanier (after Wintermans, 1971) DGDG is connected with Pho-
tosystem II activity, so it should ke localized in grana stacks (Ander-
son and Boardman 1966). Slower DGDG decomposition would thus
be connected with longer preserved grana than stroma lamellae during
aging. Changes in the ultrastructure and chemical composition of chlo-
roplasts occuring during senescence were corelated with the decrease in
photosynthetic activity of these organelles. The dependence of photosyn-
thetic rate on the age of leaves was described for many plant species.
Singh and Lal (1935) had already shown that young leaves of wheat,
sugar cane and flax are characterized by higher photosynthesis activity
than old ones. This was then confirmed for tobacco, maize, beet, and
barley (Sestak and Catsky, 1962; Sestak, 1963; Thorne, 1963;
Kisaki et al, 1973). It appears from the studies of Freedland
(1952), Richardson (1957), Hardwick et al. (1968), Wada (1968),
Jewiss and Woledge (1967) and Hernandez-Gil and Schae-
dle (1973) that photosynthetic activity begins to decrease after reaching
full maturity by leaves. The studies presented in this paper showed that
photosynthetic rate decrease resulted from a decrease in Photosystem I
and II activity with the progress of senescence. It was also shown that
Photosystem I undergoes an earlier degradation. Attention to a decrease
of Photosystem I particles, as compared with the amount of Photosystem
IT particles along with maturing and aging of spinach and radish leaves,
was already drawn by Sestak (1968). This author also suggested that
this fact was the reason of the decrease in photosynthetic rate with the
age of leaves. A decrease in Photosystem II activity (Hill reaction) in
senescence of pumpkin cotyledons was earlier found by Harnischfe-
ger (1974). A more rapid decrease in Photosystem I activity in compari-
son with that of Photosystem II, as shown in this paper, is correlated
with faster decomposition of chlorophyll-protein-complex I than of chlo-
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rophyll-protein-complex II. This is closely connected with earlier degra-
dation of stroma lamellae observed in electron microscope, as comparad
with grana lamellae. The obtained results confirm therefore the generally
known fact (Anderson and Boardman 1966) of Photosystem I loca-
lization in stroma lamellae, whereas that of Photosystem II in grans,
although the studies from recent years (Park and Sane 1971) suggest
that grana also demonstrate a slight Photosystem I activity. A decrease
in photosynthetic activity, as suggested by Hernandez-Gil and
Schaedle (1973), also results from decreased capacity to ATP synthe-
sis. These authors observed a gradual decrease in the amount of ATP
formed on the way of cyclic photophosphorylation as early as full leaf
expansion of cottonwood leaves. The studies of this paper have given
similar results. Moreover, it was shown that the amount of ATP formed
on the way of non-cyclic photophosphorylation was also reduced with
senescence. However, no correlation between ATP formation and the
activity of the individual Photosystems was observed.

The author wish to thank Dr J. Bednara for preparing the electron micrographs.
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Funkcjonalne i strukturalne zmiany w chloroplastach starzejgcych sie
lisci tytoniu

Streszczenie

Zbadano wspolzalezno$é¢ miedzy strukturg i funkcjg chloroplastow starzejgcych
sig liSci tytoniu. Na podstawie obserwacji struktury chloroplastow w mikroskopie
elektronowym potwierdzono wyniki innych autoréw o wczeéniejszej degradacji la-
mell stromy w poréwnaniu z granami., Wykazano, Ze procesowi temu towarzysza
zmiany w zawartoSci galaktolipidow (przede wszystkim MGDG) oraz wezesniejszy
rozpad bialka lamellarnego zwigzanego z Fotosystemem I. Konsekwencjg tego jest
spadek aktywno$ci fotosyntetycznej lisci oraz wezeéniejszy zanik aktywnosci Foto-
systemu I.
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