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ABSTRACT

The optimal light intensity required for photosynthesis by me-
sophyll protoplasts of pea (Pisum sativum) is about 1250 microein-
steins per square meter per second. On exposure to supra-optimal
light intensity (2500 microeinsteins per square meter per second)
for 10 min, the protoplasts lost 30 to 40% of their photosynthetic
capacity. lllumination with normal light intensity (1250 microein-
steins per square meter per second) for 10 min enhanced the rate
of dark respiration in protoplasts. On the other hand, when pro-
toplasts were exposed to photoinhibitory light, their dark respira-
tion also was markedly reduced along with photosynthesis. The
extent of photoinhibition was increased when protoplasts were
incubated with even low concentrations of classic respiratory in-
hibitors: 1 micromolar antimycin A, 1 micromolar sodium azide,
and 1 microgram per milliliter oligomycin. At these concentrations,
the test inhibitors had very little or no effect directly on the process
of photosynthetic oxygen evolution. The promotion of photoinhi-
bition by inhibitors of oxidative electron transport (antimycin A,
sodium azide) and phosphorylation (oligomycin) was much more
pronounced than that by inhibitors of glycolysis and tricarboxylic
acid cycle (sodium fluoride and sodium malonate, respectively).
We suggest that the oxidative electron transport and phosphoryl-
ation in mitochondria play an important role in protecting the
protoplasts against photoinhibition of photosynthesis. Our results
also demonstrate that protoplasts offer an additional experimental
system for studies on photoinhibition.

Photoinhibition is the phenomenon of a severe reduction
in photosynthetic performance under supra-optimal light
intensities, particularly in the absence of CO; and O (10, 15,
22). Photoinhibition occurs in vivo when the photosystems
absorb light in excess of their capacity of energy dissipation
(10). The susceptibility to photoinhibition is usually enhanced
under environmental stresses like drought, high temperature,
and chilling/freezing, or under conditions of depleted inter-
cellular CO, concentration (e.g. see ref. 8).

The nature of photoinhibition is similar irrespective of the
causal factor (14). Among the components of photosynthesis,
PSII reactions are the most sensitive to photoinhibition in
green algae as well as in higher plants (14, 23). Qs protein,®
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an important constituent of the photosynthetic electron trans-
port chain, is believed to be the primary target of photoinhi-
bition. This highly dynamic protein is synthesized as well as
degraded continuously. Photoinhibition becomes apparent
when the damage caused by light exceeds the extent of repair
(16, 20).

The phenomenon of photoinhibition has so far been dem-
onstrated in leaves, algal cells, chloroplasts, and thylakoid
membranes (reviewed in refs. 10, 14, 15; see also refs. 17,
30). The present report describes the phenomenon of pho-
toinhibition in another system, namely mesophyll protoplasts
of pea. Protoplasts are useful tools to examine plant metab-
olism because they do not have any barrier against diffusion
of O,, pose no problem of recycling of gases within the
intercellular spaces, and could further allow an evaluation of
the externally added compounds. The interaction between
photosynthesis and respiration within a leaf tissue has been
a matter of intense debate (6, 7). However, recent reports
establish that there is a rapid and strong interaction between
respiration and photosynthesis in plant tissue. Respiratory
metabolism is beneficial for photosynthesis in the plant cell,
as shown in leaves and protoplasts (12, 13, 28). The rate of
dark respiration in leaves is increased after prolonged illu-
mination and is presumed to be one of the long-term effects
of photosynthesis. This phenomenon, which was recently
termed LEDR, is demonstrated in leaves (26) as well as in
protoplasts (24), even during short periods.

The present article demonstrates that dark respiration could
protect the protoplasts against photoinhibition of photosyn-
thesis. Our results suggest that the oxidative electron trans-
port and phosphorylation in mitochondria play a much
more important role than the reactions of glycolysis or tri-
carboxylic acid cycle in protecting the protoplasts against
photoinhibition.

MATERIALS AND METHODS
Plant Material

Plants of pea (Pisum sativum L. cv Arkel) were raised in
plastic trays filled with soil and organic manure. The plants
were grown outdoors under a natural photoperiod of ap-
proximately 12 h and average daily temperature of 30°C
during the day and 20°C at night.
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Protoplast Isolation

The mesophyll protoplasts were isolated from first and
second fully unfolded leaves of 8- to 10-d-old plants, as
already described (4, 28), with a few modifications. The leaf
pieces stripped of their abaxial (lower) epidermis were left
for 30 min in a Petri dish containing preplasmolysis medium
of 0.3 M sorbitol and 1 mm CaCl; in 10 mm Mes-KOH, pH
6.0. The strips were then subjected to digestion in a medium
composed of 2% (w/v) Cellulase Onozuka R-10, 0.2% (w/v)
Macerozyme R-10 (Yakult Honsha Co. Ltd., Nishinomiya,
Japan), 0.25% (w/v) BSA, 10 mm sodium ascorbate, 0.4 M
sorbitol, 1 mmM CaCl;, and 0.25 mm EDTA, in 10 mmM Mes-
KOH, pH 5.5. Digestion was done at 30°C for 30 min under
an illumination of 50 uE m™? s7".

After digestion, the medium was gently removed and a
few milliliters of washing medium containing 0.4 M sorbitol
and 1 mm CaCl; in 10 mm Mes-KOH, pH 6.0, were added.
Tapping and swirling of the Petri dish released a large num-
ber of protoplasts into the medium. The crude protoplast
suspension was filtered successively through nylon filters of
pore size 300 and 60 um and centrifuged at 50g for 5 min.
The pellet was washed twice with the washing medium and
once with suspension medium of 0.4 M sorbitol, 1 mm CaCl,,
and 0.5 mm MgCl; in 10 mM Hepes-KOH, pH 7.0. The
protoplast pellet was finally suspended in the above medium
to give 200 ug Chl mL™" and kept on ice.

O, Uptake/Evolution

Respiratory O, uptake in the dark and photosynthetic O
evolution in the light by protoplasts were monitored at 30°C
using a Clark type O; electrode (model DW2, Hansatech Ltd.,
King’s Lynn, UK). The reaction medium of 1 mL contained
0.4 M sorbitol, 1 mm CaCl,, 1 mm MgCl,, and 1 mm NaHCOs
in 10 mMm Hepes-KOH, pH 7.5, and protoplasts equivalent to
20 pug of Chl. Water at a constant temperature of 30°C was
circulated through the outer jacket of the reaction chamber
by using a refrigerated circulatory water-bath. Illumination
(1250 uE m~? s™') was provided by a 35 mm slide projector
(Atul Electronics Corporation, India; lamp: Xenophot f[halo-
gen], 24 V/150 W).

Photoinhibitory Treatment

Protoplasts (in the suspension medium and containing 200
pg Chl mL™") were exposed to supra-optimal light intensity
(2500 uE m~2 s7") provided by two tungsten bulbs (Philips,
Calcutta, India: Comptalux, 225 V/75 W), one on either side
of the thermo-jacketed preincubation chamber at 30°C. Ad-
ditional water filters between the bulbs and preincubation
chamber prevented heating. For comparison, protoplasts
were exposed to normal light (1250 uE m™2 s™*) or kept in
darkness at 30°C. The protoplast suspension was gently
stirred during incubation in photoinhibitory/normal light or
darkness.

Preincubation with Respiratory Inhibitors

The respiratory inhibitors were included during preincu-
bation at the concentrations indicated in the text. The prein-

cubation was done in the chamber (described above), kept
either in darkness or under photoinhibitory light (2500 uE
m~2 s71), The incubation was for 10 min unless otherwise
specified. An aliquot (100 uL) was taken out and examined
for metabolic activities with reference to control samples. A
minimum of a 10-fold dilution of the preincubated samples
avoided the direct effect, if any, of the inhibitors during

assays.

Peroxide Scavenging Enzymes

Catalase (EC 1.11.1.6) activity was assayed by following
the disappearance of H,O, at 240 nm, using an extinction
coefficient of 25 mM™ cm™ for H,O, (27). Peroxidase (EC
1.11.1.7) was assayed using guaiacol as the substrate. The
formation of tetraguaiacol was measured at 470 nm using an
extinction coefficient of 26.6 mM™' cm™ (29). Both the en-
zymes were monitored in a Shimadzu UV-VIS Spectropho-
tometer (model UV-160A).

Other Procedures

Chl was determined after extraction into 80% (v/v) acetone
(1). The experiments were repeated on different days. The
data represent the averages (+sE) of results from at least three
measurements.

RESULTS

The optimal light intensity required for maximal rates of
photosynthetic O evolution by mesophyll protoplasts of pea
was 1250 uE m™2 s™". The maximum rates of CO,-dependent
O, evolution at 30°C ranged from 116 to 170 pmol mg™’
Chlh™.

The pattern of photosynthesis by mesophyll protoplasts
after exposure to photoinhibitory light was compared to those
kept in either darkness or the optimal light intensity of 1250
uE m™2 57", There was a slight decrease in the photosynthetic
rate of protoplasts when kept in dark or normal light. On the
other hand, when protoplasts were exposed to supra-optimal
light of 2500 kE m~? s7*, their photosynthetic rates declined
rapidly with time (Fig. 1). Protoplasts lost nearly 35% of their
photosynthetic activity after 10 min and approximately 60%
of the activity by 20 min, with respect to dark-incubated
samples, demonstrating that photoinhibition of photosyn-
thesis occurred when protoplasts were exposed to strong
light.

The rate of respiration was slightly stimulated when pro-
toplasts were allowed to photosynthesize under normal light
of 1250 uE m~2 s~ (Fig. 2), but their respiration was markedly
reduced when exposed to photoinhibitory light. The proto-
plasts lost about 40% of their respiratory activity after expo-
sure to photoinhibitory light.

The response of protoplasts to photoinhibitory light was
examined in the presence of classic inhibitors known to
suppress different components of respiration: antimycin A,
sodium azide, oligomycin (oxidative electron transport/phos-
phorylation), sodium fluoride, and sodium malonate (glycol-
ysis/tricarboxylic acid cycle). Figure 3 presents the results of
a typical experiment done with antimycin A. There was a
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Figure 1. The rates of photosynthesis by mesophyll protoplasts at
different intervals of time after incubation at 30°C in darkness or in
light. When protoplasts were kept in normal light intensity (1250
uE m™2 s7), the loss was negligible (up to 15 min) or marginal (20
min). Photosynthetic rate declined steeply on exposure to supra-
optimal or photoinhibitory light (2500 xuE m™2s™"). The Chl concen-
tration during preincubation was 200 ug Chl mL™".

slight decrease in photosynthesis of protoplasts in the pres-
ence of 1 uM antimycin A after preincubation, even under
darkness, but the inhibition of photosynthesis was much
more marked under illumination with photoinhibitory light
(Fig. 3). When the activities were expressed in relation to
their respective dark controls, pronounced photoinhibition in
presence of antimycin A became very clear. After even 10
min of incubation under photoinhibitory light, the protoplasts
retained only about 70% of photosynthetic activity compared
to the dark control, whereas the activity dropped further to
35% in presence of antimycin A. The marginal loss of activity
during incubation in darkness probably resulted because the
stability of protoplasts was affected after 15 min at 30°C. All
the subsequent experiments were therefore limited to 10 min
of exposure/incubation.
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Figure 2. Inhibition of respiratory oxygen uptake in mesophyll
protoplasts on exposure to photoinhibitory light, compared to the
samples kept in darkness or normal light. Further details were as in
Figure 1.

Time (min)

Figure 3. Effect of 1 um antimycin A on the extent of photoinhibi-
tion of photosynthesis. Shown is the rate of photosynthesis at
different intervals of time when protoplasts were preincubated
without (control) or with antimycin A in either darkness or photo-
inhibitory light. Other details were as in Figure 1.

There was already a marked effect of antimycin A by 10
min (Fig. 3). The effective concentrations of three classic
respiratory inhibitors were then determined in the next set of
experiments by exposing the protoplasts to photoinhibitory
light or darkness for 10 min. Photoinhibition was remarkably
enhanced by the presence of even 1 um antimycin A (Fig,
4A), 1 um sodium azide (Fig. 4B), and 1 pg mL™" of oligomycin
(Fig. 4C). ‘

These metabolic inhibitors could exert a direct inhibitory
effect on photosynthesis. This aspect was checked by includ-
ing the inhibitor in the assay medium while measuring
photosynthesis. However, antimycin A, sodium azide, or
oligomycin did not affect photosynthetic O, evolution by
protoplasts at these low concentrations (data not shown, but
see Table I for a similar experiment). '

Antimycin A, sodium azide, and oligomycin inhibit oxi-
dative electron transport and phosphorylation. The effect of
two more inhibitors, sodium fluoride and sodium malonate,
which interfere with glycolysis and the tricarboxylic acid
cycle, respectively, were examined. However, sodium fluo-
ride and sodium malonate did not have much effect on
photoinhibition (Table I). On the other hand, antimycin A,
sodium azide, or oligomycin markedly promoted photoinhi-
bition of photosynthesis. At these concentrations and exper-
imental incubatory conditions, the inhibition by test com-
pounds of the respiratory activity was quite marked and
ranged from 29 to 46% (Table II).

It is possible that these respiratory inhibitors (antimycin A,
sodium azide, and oligomycin) may affect enzymes capable
of scavenging H,O,, such as catalase or peroxidase. However,
antimycin A or oligomycin did not have any effect on catalase
or peroxidase when assayed in protoplasts, even at concen-
trations as high as 100 um or 100 ug mL™" (data not shown).
Sodium azide did not inhibit peroxidase, but suppressed
about 15 and 40% of catalase activity at concentrations of 1
and 10 uM, respectively.
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Figure 4. Further promotion of photoinhibition of photosynthesis in mesophyll protoplasts by classic respiratory inhibitors. Protoplasts were
either kept in darkness or exposed to photoinhibitory light for 10 min at 30°C. The test inhibitors (A, antimycin A; B, sodium azide; C,
oligomycin) were included at the indicated concentrations. The figures represent the activity after photoinhibition compared to the
corresponding sample kept in darkness. The photosynthetic activity after photoinhibition in the absence of inhibitors (indicated at zero
concentration in A, B, C) ranged from 65 to 74% of that in dark-incubated sample. Other details were as in Figure 1.

DISCUSSION

The present article establishes that the protoplasts can be
employed to study the process of photoinhibition. There is a
brief report on photoinhibition in protoplasts describing
changes in fluorescence induction curves (3). Our observa-
tions further indicate that the oxidative metabolism in mito-
chondria plays an important role in protecting protoplasts
against photoinhibition of photosynthesis.

Each experimental system, however, has its own advan-
tages and disadvantages. For example, leaves have a non-
uniform light profile between adaxial and abaxial surfaces
and exhibit variation in partial pressures of CO,/O; levels
within intercellular spaces (14). The interaction between dif-
ferent organelles of a cell cannot be assessed while using
chloroplasts. The system of protoplasts offers an additional
tool to study the phenomenon of photoinhibition. An advan-
tage is the possibility of assessing the interaction between

organelles and testing the effect of exogenously added me-
tabolites/inhibitors. The major disadvantage, however, is the
limited stability of protoplasts, particularly at room temper-
ature. Most of the experiments in the present report were
limited to 10 min. Within this period, the loss in photosyn-
thetic activity of pea mesophyll protoplasts was negligible
(Fig. 1).

Plant systems have many defense mechanisms to minimize
the damage of photoinhibition. Carbon dioxide and O,
which are the basic substrates for photosynthesis and pho-
torespiration, respectively, protect the plant cell against pho-
toinhibition (11). The operation of PCR cycle facilitates a
continuous supply of terminal electron acceptor of photo-
chemical reactions (NADP) and permits a steady rate of
photochemical deexcitation of reaction centers (11). In the
absence of CO,, the protection against photoinhibition is
provided by photorespiratory carbon metabolism (9, 21).

Table I. A Comparison of the Effect of Five Metabolic Inhibitors on Photosynthesis and

Photoinhibition in Protoplasts

These compounds affect different components of respiration—sodium fluoride (inhibits glycolysis),
sodium malonate (tricarboxylic acid cycle), antimycin A, sodium azide (oxidative electron transport),
and oligomycin (oxidative phosphorylation). The protoplasts were examined for their photosynthetic
activity after a preincubation (with or without inhibitors) for 10 min at 30°C in either darkness or

photoinhibitory light.

Photosynthetic Rate after

Preincubation

Respiratory Inhibitor

Effect on Photosynthesis after

Photoinhibitory

Photosynthesis® Photoinhibition

umol O, evolved mg™' Chl

Dark
h?
None (control) 122+ 8
10 mm Sodium fluoride 117 x5
10 mm Sodium malonate 120+ 5
1 um Antimycin A 100 + 4
1 um Sodium azide 1136
1 ug mL™" Oligomycin 105+ 4

% of control % of respective dark

treatment
785 100 64
70+ 4 96 60
69+3 98 58
385 82 38
384 93 34
48 £5 80 46

2 Possible direct effect seen on incubation in darkness.
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Table I1. Extent of Inhibition of Dark Respiration by Test
Compounds under the Present Experimental Conditions

The protoplasts were preincubated (with or without inhibitor) for
10 min at 30°C in darkness and were examined for their rate of
respiratory oxygen uptake.

Respiratory Activity

Metabolic Inhibitor

Rate Inhibition
-1
umol Oé;;llp ,:f{(e M8 " o of control
None (control 8.4+0.3 100
10 mm Sodium fluoride 59+1.1 70
10 mm Sodium malonate 50+1.3 60
1 uM Antimycin A 6.0 0.5 71
1 um Sodium azide 45+1.3 54
1 ug mL™" Oligomycin 51+1.0 61

Some of the other mechanisms that alleviate the effects of
photoinhibition include the violaxanthin cycle (e.g. see ref.
18) and the rapid responses in turnover of D1 protein (30).

The present report reveals that dark respiration forms an
additional defense mechanism to protect the leaf cells against
photoinhibition. Our suggestion is based on three observa-
tions: restriction of respiration by test compounds under
present experimental conditions (Table II), decrease in respi-
ratory rates due to photoinhibitory light (Fig. 2), and marked
promotion of photoinhibition, even at very low concentra-
tions of classic inhibitors of mitochondrial metabolism (Figs.
3 and 4; Table I).

The effect of O, on photoinhibition is intriguing. In an
excess of light, O, forms superoxide radicals, which are
harmful to the photosynthetic apparatus (5). Leaf cells are
vulnerable to photooxidative damage because they are ex-
posed to bright light while they produce dioxygen. The leaves
are equipped to suppress the production and/or to remove
immediately the superoxide radicals/H,O,. Superoxide dis-
mutase and catalase are among the important factors that
help the plant cells in scavenging of superoxide radicals, thus
avoiding further photoinhibition (reviewed in ref. 2).

Some of these inhibitors could affect the scavenging of
superoxide radicals by suppressing the activities of catalase
or peroxidase to make the photosynthetic system more vul-
nerable. Antimycin A, sodium azide, or oligomycin do not
affect catalase or peroxidase at the concentrations used during
photoinhibitory treatment. Catalase is known to be inhibited
by sodium azide (19), but at a much higher concentration
than that required to promote photoinhibition (Fig. 4B; Table
I). We do not know of any report on the inhibition of catalase/
peroxidase by antimycin A or oligomycin. Antimycin also
may affect photosynthetic carbon metabolism, but again at a
high concentration and at certain conditions (25). Therefore,
we suggest that the promotion of photoinhibition by
low concentrations of antimycin A, sodium azide, or oligo-
mycin is basically due to their interference with respiratory
metabolism.

There are three possible factors that could facilitate respi-
ration to protect the mesophyll protoplasts against photo-
inhibition. Respiratory metabolism could either (a) elevate
the level of intracellular of CO,, particularly at CO,-limiting
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conditions, (b) provide extra energy toward the turnover of
D1 protein required to prevent photoinhibition, or (c) help to
maintain an optimal redox state in chloroplasts or cytosol of
the cells. Sodium fluoride and malonate, which inhibit gly-
colysis and tricarboxylic acid cycle, respectively, would de-
crease the decarboxylation of carbon compounds but could
not affect the extent of photoinhibition (Table I). Apparently,
respiratory CO, evolution was not a major factor in modu-
lating photoinhibition. Similarly, oligomycin, which inhibits
oxidative phosphorylation, was not as effective as sodium
azide or antimycin A (inhibitors of oxidative electron trans-
port) in enhancing the extent of photoinhibition. Therefore,
we believe that oxidative electron transport in mitochondria
plays a much stronger role than the oxidative phosphoryla-
tion during protection of protoplasts against photoinhibition.

Active photosynthetic carbon metabolism in light promotes
respiration during the subsequent dark period. This phenom-
enon of LEDR is already demonstrated in leaves and proto-
plasts (24, 26). The decrease in respiratory oxygen uptake
after photoinhibitory treatment could, therefore, be a conse-
quence of restriction in the photosynthetic capacity during
the preceding light period.

Recent reports established that the oxidative metabolism
in mitochondria has a beneficial and essential role in the
photosynthetic process as well (12, 13, 28). It is possible that
the marginal interference by respiratory inhibitors of photo-
synthetic metabolism (Table II) makes protoplasts highly
susceptible to photoinhibitory light. Respiration has been
proposed to prevent the over-reduction of the photosynthetic
electron transport chain in chloroplasts by providing an outlet
for reduced equivalents to the cytosol or mitochondria (12).
We suggest that oxidative metabolism protects the plant cell
against photoinhibition possibly by preventing the over-
reduction of electron transport chain in chloroplasts.

CONCLUSIONS

Oxidative metabolism not only benefits photosynthesis,
but also provides protection against photoinhibition in pro-
toplasts. The system of protoplasts offers an additional tool
to study the phenomenon of photoinhibition.
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