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Primary leaf segments of 11-day-old seedlings of barley (Hordeum wulgare L. cv
IB 65) were floated on distilled water in darkness at 25°C to induce senescence. This
stress induced aging! brings significant loss in the total content of pigments, proteins
and nucleic acids (DNA, RNA) of the leaves and of chloroplasts isolated from the
senescing leaves. Of the three macromolecular components, RNA content of the
isolated chloroplasts was found most susceptible to stress-induced aging.

Loss of DCPIP Hill activity of the isolated chloroplasts could be correlated, in
a general way, with the loss of pigments, proteins and nucleic acids of the leaves and
chloroplasts isolated from them. However, during the stress period, the ability of
different exogenous electron donors like MnCly and diphenylcarbazide (DPC) to feed
electrons to Photo System II (PS II) was found to be different. MnCly supported
photoreduction of DCPIP only up to the fourth day, whereas DPC sustained its ability
to donate electrons up to the seventh day of incubation of the leaves in darkness. These
results suggest a sequential alteration of the sites in the electron-transport chain between
HoO and PS II reaction centers of chloroplasts during dark-induced senescence.
Kinetin not only prevented the loss of pigments and proteins during senescence, but
also preserved the integrity of the electron-transport chain.

Photosynthetic capacity of mature green leaves is known to decline with
advance in age (3). Loss in the total chlorophyll and protein content (19) as well
as the disorganization of the structure of the chloroplast membranes (6) together
with the reduction in ability of photosynthetic COg fixation have been reported
(10). The structural changes in the chloroplast during senescence begin with a
gradual disintegration of the stroma lamellae, followed by the disruption of the
grana stackings (6, 1I). The effects of aging on the functional characteristics of
isolated chloroplasts have also been reported (7). Recently, the loss of Hill activity
during aging of cucumber leaves has been observed (8). Although the general
phenomenology of senescence induced alterations of some of the photosynthetic
activities is known, very little is known about the specific sites of these alterations
or the sequence of events which occur during these phenomena. Furthermore,
the effect of growth-regulators, which in general retard the process of senescence
(19), on the chloroplast structure and function has not been well characterized.

Abbreviations: 'l:CA, trichloroacetic acid; BSA, bovine serum albumin; DCPIP, 2,6-dichloro-
phenol indophenol; DPC, diphenylcarbazide; PS I, photosystem I; PS II, photosystem II.
! In this communication ‘aging’ and ‘senescence’ are used interchangably,
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In this report, we have attempted to characterize the changes in photosynthetic
ability of barley chloroplasts caused by stress-induced senescence. The effect of
kinetin, a well known plant-growth regulator, on photosynthetic activities of chloro-
plasts has also been studied. Here, we report some specific sequential alterations
in the site(s) for the entry of electrons between HoO and PS II reaction centers of
the photosynthetic apparatus during the dark stress period. The effect of kinetin,
which seems to protect these site(s) from dark-induced aging, is also described.

Materials and methods

Barley (Hordeum vulgare L. cv 1B 65) seeds were germinated in petri plates
fitted with soaked filter sheets at 25°C, under continuous illumination (2,500 lux).
Fully expanded primary leaves of 11-day-old seedlings were selected for experiments.
Ten pieces of 7 cm long leaf segments were cut off from the apex and were floated
on 15 ml of double distilled water with or without 50 uM kinetin (Serva, Germany)
The petri plates were covered and kept in darkness at 25°C for 7 days. Several
sets of replicates were always maintained unless mentioned otherwise. Samples
were removed at 24 hr intervals and used for assays.

Estimation of leaf pigments

Pigments were extracted in cold 80%, acetone in darkness. The amount of
chlorophyll in the extracts were estimated according to Arnon (I). The carotenoid
content was estimated spectrophotometrically from the same extract (/).

Isolation of chloroplasts

The chloroplasts were isolated from 40 to 50 leal segments by homogenizing
them in a prechilled Waring type blendor with ice cold buffer, at maximum speed
for 20 sec. The homogenizing medium contained 0.4 M sucrose, 0.0l m EDTA-
Nag and 0.1 M phosphate buffer (pH 7.8). The homogenate was squeezed through
16 layers of cheese cloth and the filtrate was centrifuged at 500X g for 1 min in a
clinical centrifuge. The supernatant was again centrifuged at 1,000 x g for ten
min and the pellet was collected by suspending it in a minimal volume of homoge-
nizing medium. Chlorophyll was assayed according to Arnon (). All operations
were carried out at 4°C and in dim green light.

Estimation of nucleic acids

Both DNA and RNA contents of the leaf segments and isolated chloroplasts
were determined according to Cherry (5). The sample was homogenized in
cold methanol. The methanol insoluble residue was washed first with cold 0.2 M
HCIO4 (—20°C); then, with cold ethanol and finally with ethanol-ether (2 : 1,
v/v). The resulting residue was suspended in 0.5 N KOH and was incubated at
37°C in water bath for 16 hr. The alkali-hydrolyzed RNA was centrifuged and
the supernatant was kept for estimation of total RNA. The total RNA was esti-
mated spectrophotometrically after neutralizing the excess of alkali. The residue
was extracted with 5% HCIO4 at 70°C for 40 min. The hydrolyzed DNA in the
supernatant was removed and the pH was adjusted to 7.0 and again estimated
spectrophotometrically (5).
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Estimation of protein

All protein in the leaf homogenate was precipitated with 5% TCA, dissolved
in 0.5 N NaOH and the total amount of protein was estimated according to Lowry
et al. (15). BSA (Sigma, fraction V) was used as standard.

Measurement of DCPIP-Hill reaction

The photoreduction of DCPIP (dichlorophenol indophenol) was measured
spectrophotometrically as described below. The chloroplast sample was illuminated
for 30 sec with saturating (~7 x 104 ergs cm~1 sec~1) white light. The light source
was a 300-watt projection lamp. The incident beam was passed through a water
and a (.8.3-69 cut-off filter to eliminate infra-red light. The reaction mixture,
with a final volume of 3 ml, contained chloroplasts equivalent to 10-15 pg Chl;
DCPIP, 15 pum; KCI, 100 mm; MgSOy, 0.1 mm, and 10 mm phosphate buffer,
adjusted to pH 6.8. The bleaching of DCPIP due to photoreduction was measured
at 605 nm as described by Mohanty et al. (17). The concentration of exogenous
electron donors such as manganous chloride (MnCls) and diphenylcarbazide
(DPC) when used, were 3 mm and 0.5 mu respectively. The stock solution of DPC
was made daily in methanol. The final concentration of methanol in the reaction
mixture did not exceed 29, and the methanol at this concentration had no effect
on the DCPIP-Hill reaction. Chloroplasts were isolated in a medium without
EDTA, when MnCls was used as an electron donor for DCPIP reduction. When
DPC was used as the electron donor, the reaction mixture contained 6 mM instead
of 10 mm phosphate buffer.

Results

The visible symptom of aging induced by dark stress in detached barley leaves
was the gradual yellowing of the leaf. Kinetin prevented the appearance of the
yellow colour, as the leaf segments treated with it remained green even 7 days after
incubation (data not shown here). The control leaf segments became almost
yellow by the seventh day of incubation. Thus, for all our experiments, the leaf-
segments were treated for 7 days.

1. Pigment contents

The loss of chlorophyll and carotenoid began after just 24 hr of incubation of
the leaf segments floated on distilled water in darkness. Both pigments showed
a steady decline throughout the experimental period of 7 days (Fig. 1). However,
the percentage of loss of chlorophyll with time was higher than that of carotenoid
(Fig. 1). This is also evident from the estimation of the ratio of total carotenoid
to chlorophyll. These results suggest that the degradation of carotenoid is less
compared with that of chlorophyll. Fig. 1 also shows that leaves treated with
50 um kinetin did not show any significant decline in the levels of chlorophyll.
The kinetin treated sample, however, showed a slight (9%) increase in the level
of pigment up to the fifth day of dark incubation.

The carotenoid content of the kinetin-treated samples showed a slight increase
both absolutely and compared to the chlorophyll content after about the fourth
day of incubation. However, the extent of increase in this ratio of carotenoids to
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Fig. 1. Changes in the pigmenis of detached barley leaves incubated in darkness for 7 days in water or in 50 pm
kinetin. The initial (zero time) values for chlorophyll (1.1 mg/g fresh weight) and for carotenoid

(0.25 mg/g fresh weight) were set equal to 100 per cent.
for five experiments.

Fig. 2. Changes in the level of protein and nucleic acids of the detached barley leaves incubated in darkness for
7 days in water or in 50 pm kinetin.

Each point represents an average of values

The values of initial (zero time) measurements of controls (protein
35 mg/g fresh weight; RNA 1.25mg/g fresh weight; DNA 95 ugfg fresh weight) were set equal to
100 per cent. Each point represents the average of five experiments.

chlorophylls is much less than that of the control. The cause of the slight increase
of chlorophyll content in the kinetin-treated samples incubated in darkness is not
clearly known. The results shown in Fig. 1, confirm earlier observations by other
workers (22) that the loss of chlorophyll and carotenoid is the characteristic of leaf

aging.
2. Changes in the level of nucleic acids and proteins

The changes in the total protein, DNA and RNA content in both untreated
controls (incubated with distilled water) and kinetin treated leaves are shown in
Fig. 2. In the controls, the level of protein, RNA and DNA showed a continuous
decline throughout the period of incubation. However, the rate of decline in
the content of DNA is appreciably slower than the rest. As shown in Fig. 2, the
decline in the content of DNA is insignificant in the kinetin-treated leaves. The
protein content of kinetin treated leaves suffered a loss of about 309, by the end
of the dark-incubation period. The total RNA content began to decline after the
fourth day in the kinetin-treated leaves and showed a sharp decline after the sixth
day. The loss of DNA in the control sample by the end of the seventh day is
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Fig. 3. Changes in the protein and nucleic acids of the isolated chloroplasts. The leaves were incubated
in darkness for 7 days in water or 50 uM kinetin. The initial (zero) values for 100%, =2.6 mg/mg
Chl for protein; 200 ug/mg Chl for RNA and 10 ug/mg Chl for DNA. Each point represents the
average of five determinations.

Fig. 4. Changes in the rates of DCPIP photoreduction with or without exogenous donors by chloroplasts isolated
Jrom detached senescing barley leaves incubated in dark for 7 days in water or treated with 50 um kinetin; initial
(zero time) rate representing 100%, = 54 ymoles DCPIP reducedimg Chljhr with HsO as electron donor. Fach
point represents the average of determinations of five experiments.

approximately 35-409, of the initial level; however, roughly 65-709, of the protein
and RNA were lost by the same time. Also, the extent of the loss of chlorophyll
is roughly the same (65-709%,) by the end of the incubation period.

Fig. 3 shows the variations in the content of nucleic acids and protein of chloro-
plasts isolated from leaf segments incubated with and without kinetin, as a function
of the dark-incubation period. The amount of DNA remained unaltered both
in kinetin treated and untreated samples. However, the RNA content of the chloro-
plasts isolated from the water-floated leaf segments began to decrease after the second
day of incubation and continued to decline till the fourth day. The loss of RNA
during this period is about 50%, of the original. After the fourth day, the further
loss of RNA is insignificant. Kinetin treatment prevented the loss of RNA up to
the fourth day after which a drop of about 409, was noticed.

The loss of TCA precipitable protein of the chloroplasts in the control leaf
segments was slow and gradual. Approximately 609, of the protein was degraded
by the end of the seventh day, while the kinetin-treated samples suffered a loss of
protein roughly to the extent of 309, during the same period.

The DNA content of the chloroplasts expressed on a unit basis of chlorophyll
from kinetin-treated and untreated samples remained about the same for the
entire period of incubation (Fig. 3). Thus, it seems that in the untreated sample,
the loss of DNA from the plastids is not significant. Here it is important to note
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that the chlorophyll content of the untreated leaves does not remain constant, but
decreases with time in dark incubation as shown in Fig. 1. The kinetics of the
loss of chloroplast DNA in untreated samples (Fig. 3) if expressed in terms of fresh
weight of the tissue from which they were isolated, would appear quite similar to
that of the loss of chlorophyll. Similarly, the time-dependent loss of chloroplast
RNA and protein, if expressed in terms of the fresh tissue weight of chlorophyll,
would appear much more severe than what is shown in Fig. 3. However, the
general trend of the time-dependent alterations in the contents of chloroplast protein
and RNA remain almost the same as shown in F ig. 3. Thus, the results shown in
Fig. 3 give fair representation of the relative extent of the losses in the contents of
chloroplast RNA and protein during stress-induced aging. It is interesting to note
that the loss of protein from leaves is about 709, of the initial amount at the end
of third day (Fig. 2), while the chloroplasts lost 25-209, of the initial level by the
same time (Fig. 3). The time course of degradation of RNA in the leaves and the
isolated chloroplasts in the untreated sample seem to be parallel.

3. Hil reaction

The time course of the decline in the rate of DCPIP-Hill reaction by the
chloroplasts isolated both from control and kinetin treated leaves is shown in Fig.
4. Photoreduction of DCPIP in the chloroplasts isolated from control leaves
(floated on water) showed a gradual decline till the seventh day of incubation.
The initial rate of DCPIP reduction in chloroplasts isolated from kinetin-treated
leaves remained unchanged till the sixth day and it decreased slightly (about 109,)
on the last day. As shown in Fig. 4, an almost two-fold increase in the rate of
reduction of DCPIP was observed with the application of exogenous donors like
MnCl; and diphenylcarbazide (DPC) to the reaction mixture. However, the
ability of these donors to donate electrons for the photoreduction of DCPIP was
found to be dependent on the stage of dark-stress-induced senescence of the leaves
floated on water. A fast decline in the ability of MnCly to support DCPIP Hill-
reaction was noted after just 24 hr of incubation. MnCly could support Hill-
reaction and bring about an enhancement in the rates of photoreduction of DCPIP
till the fourth day, after which it became completely ineffective. On the other
hand, DPC could effectively support Hill reaction till the fourth day after which
a steady decline was observed. However, unlike MnClp, DPC was found to support
DCPIP reduction and bring about an enhancement in the rates of photoreduction
of DCPIP over that of the samples where HaO served as electron donors, till the
last day of incubation.

It is to be noted that the progressive decline in the rate of photoreduction
of DGPIP by chloroplasts during dark incubation of leaves would appear much more
severe if the rates are expressed in terms of fresh weight of the tissue, rather than
unit weight of the chlorophyll as shown in Fig. 4. However, the kinetic patterns
of the losses in the Hill activity would remain very similar to the one shown in
Fig. 4. 1In contrast to the case of the control chloroplasts, the ability of DPC to
support the enhanced rate of DCPIP Hill reaction remained almost unchanged
throughout the entire experimental period for the chloroplasts isolated from the
leaves treated with kinetin. But the rate of MnCly supported DCPIP photo-
reduction by the chloroplasts isolated from kinetin treated leaves, showed a slow
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and gradual decline. The rate decreased by about 109, of the initial value by the
third day and then a subsequent decrease of another 10%, was noted by the last
day of incubation.

It is, however, interesting to note that the rate of loss of ability of both the exo-
genous donors to promote DCPIP reduction is much faster compared with that of
water during dark-stress-induced senescence (Fig. 4), and that there is a temporal
difference between the two exogenous donors in their ability to support high rates
of photoreduction of DCPIP by the chloroplasts.

Discussion

Decline in the total content of chlorophyll and nucleic acids (RNA and DNA)
is the usual symptom of aging of plants. Similar trends were also observed in
our experiments with detached barley leaves kept in dark, suggesting a close simi-
larity between stress-induced senescence and the normal aging process of leaves
attached to plants. Chloroplasts isolated from the leaves at different times of
dark incubation showed the same major symptoms of senescence. We observed
that the degradation of macromolecules was suppressed by the application of
kinetin, a well known inhibitor of senescence in plants as reported by others (18,
20).

A gradual decline in Hill activity with the dark-incubation time has also
been observed (16). However, the decline in Hill activity seems to be correlated
with the loss of chlorophyll, protein and RNA contents of the incubated leaves
(Fig. 1, 2, 3). Of all the macromolecular components of the chloroplasts, RNA
seemed to be most susceptible in stress-induced aging (Fig. 3). Even kinetin
could not preserve the RNA content of the chloroplasts after the fourth day of
dark treatment. It is interesting to note that decline in the amount of chloroplast
protein is very small.

The most interesting finding of this investigation is the differential effectiveness
of the two exogenous electron donors in sustaining electron transport during stress-
induced senescence. Manganous ion could sustain high rates of photoreduction
of DCPIP by isolated chloroplasts only up to 24 hr, after which the rate of photo-
reduction declined very fast, while DPC could support a high rate of DCPIP Hill
reaction up to 4 days, after which a fast decay in the rate was observed. It is known
that both Mn2+ ions (13) and DPC (21) feed electrons to PS II. But Mn2+ ions
stop supporting DCPIP reduction after the fourth day, while DPC would sustain
Hill reaction activity till the seventh day of incubation. These observations suggest
that these two exogenous donors probably feed in at different sites in the electron
transport chain between HoO and PS II reaction centers and that dark-stress-induced
senescence causes a sequential disruption in the function of these sites. ~ Alternatively,
it is possible that this differential behavior may be indicative of the degree of alter-
ation in the integrity of the Oz evolving system. It has been shown that addition
of Mn?* ions can restore the oxygen evolving system damaged by mild treatment
or due to partial loss of endogenous manganese (Mn2+) from chloroplasts (4, 12).
Stress-induced senescence may cause the loss of endogenous Mn2+ and thus the
addition of MnClp to the chloroplasts may effect the restoration of the oxygen
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evolving capacity. The inability of exogenous Mn2* to support DCPIP photo-
reduction after the fourth day of incubation may, thus, imply complete loss of
endogenous Mn2+, which is involved in photo-oxidation of water (4). It has also
been shown that a severe loss of endogenous manganese (Mn2+) may cause loss
of this ability ot restore (4, 9). However, this alternative appears unlikely in our
case from the observation that both DPC and MnCly stimulate photoreduction
of DCPIP by the chloroplasts isolated from fresh leaves (initial day of incubation)
to about the same extent (Fig. 4), even though, loss of endogenous manganese
(Mn?*) in these preparations is expected to be minimal. This indicates that
enhancement of photoreduction of DCPIP by addition of manganese (Mn2+) is
mostly due to the feeding of electrons by Mn2* ions as in the case of DPC; the
latter is known to be a specific electron donor to PS II (27).

Furthermore, even though both MnCly and DPC stimulate DCPIP Hill reaction
by roughly about the same extent on the first day of incubation, their abilities to
support this photoreduction begin to decline at different times, which indicates
that these two exogenous donors may not be acting at the same site. Thus, our
results confirm and amplify the earlier suggestions (2, 16) that Mn?* ions and
DPC feed electrons at two different sites and that stress-induced aging brings about
a sequential loss of these sites for the entry of Mn2+ ions and DPC to feed electrons
to PS II. As DPC supports DCPIP reduction till the last day of incubation, it is
possible that DPC may feed at a site close to PS II reaction center.

The ability of both the exogenous electron donors to reduce DCPIP with
almost identical efficiency throughout the period of incubation in the leaves treated
with kinetin, suggests that the possible role of kinetin is to protect the integrity of
the sites between HpO and PS II reaction centers during the dark-stress period,
even though the kinetin treatment did not insure complete preservation of the
content of protein and RNA of the chloroplasts.

We thank Professor P. N. Srivastava, Dean of the School of Life Sciences, and Dr. G. S. Singhal
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