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ABSTRACT

The susceptibility of photosynthesis to photoinhibition and the rate of
its recovery were studied in the cyanobacterium 4nacystis nidulans grown
at a low (10 micromoles per square meter per second) and a high (120
micromoles per square meter per second) photosynthetically active radia-
tion. The rate of light limited photosynthetic O, evolution was measured
to determine levels of photoinhibition and rates of recovery. Studies of
photoinhibition and recovery with and without the translation inhibitor
streptomycin demonstrated the importance of a recovery process for the
susceptibility of photosynthesis to photoinhibition. We concluded that
the approximately 3 times lower susceptibility to photoinhibition of high
light than of low light grown cells, significantly depended on high light
grown cells having an approximately 3 times higher recovery capacity
than low light grown cells. It is suggested that these differences in
susceptibility to photoinhibition and recovery depends on high light grown
cells having a higher turnover rate of photosystem II protein(s) that
is(are) the primary site(s) of photodamage, than have low light grown
cells. Furthermore, we demonstrated that photoinhibition of 4. nidulans
may occur under physiological light conditions without visible harm to
the growth of the cell culture. The resuits give support for the hypotheses
that the net photoinhibitory damage of photosystem II results from the
balance between the photoinhibitory process and the operation of a
recovery process; the capacity of the latter determining significant differ-
ences in the susceptibility of photosynthesis to photoinhibition of high
and low light grown A. nidulans.

Photoinhibition of photosynthesis may occur when plants are
exposed to excessive light (9). We showed in an earlier work (11)
that the cyanobacterium Anacystis nidulans responded to pho-
toinhibitory treatments with changes in the function of the
photosynthetic apparatus that are typical for higher plants (6, 9)
and algae (7, 10); i.e. inhibition at, or close to, the reaction center
of PSII. Although there are evidences that one site of inhibition
is at the Qg-protein (4, 7) there is still no agreement on the
molecular mechanism of photoinhibition,

By studying photoinhibition of photosynthesis and its recovery
in A. nidulans in the presence and absence of transcription and
translation inhibitors, we (11) and others (3, 4, 7) have given
evidence for the existence of a repairing process that restores
efficient photosynthesis in dim light. From the results of our own
work (11) we suggested that the extent of photoinhibitory damage
observed is the net result of a balance between the photodamage
and the operation of a repairing process.

It is well documented that the susceptibility to photoinhibition

is higher in shade adapted than in sun adapated plants (1, 2, 9).
These different susceptibilities have been ascribed to sun plants
having higher rates of light saturated photosynthesis than shade
plants, thereby giving the sun plants a higher capacity to deex-
citate excited Chl in strong lights. However, accepting the hy-
potheses that the capacity of a recovery process also is important
for net photoinhibition to occur (11), it was of interest to inves-
tigate if high light acclimated cells have a higher capacity of the
recovery process than have low light acclimated plants.

For this purpose we have grown A. nidulans at two different
light levels and assessed the capacity of the recovery process by
adding streptomycin to the two algal cultures during photoinhi-
bition and recovery. We show that high light acclimated A.
nidulans have a much higher rate of recovery of photosynthesis
after photoinhibition than have low light acclimated A. nidulans.
We concluded that the difference in the susceptibility to photo-
inhibition of low and high light grown A. nidulans to a significant
extent is determined by different capacities of a recovery process
operating under excessive light exposure.

MATERIALS AND METHODS

Culture Conditions. The cyanobacterium Anacystis nidulans
625 (Synechococcus 6301) was grown in batch cultures in an
inorganic medium (12) as described earlier (8). The culture was
in equilibriym with air which gave cells adapted to low carbon.
The temperature was kept at 38°C and the cultures were exposed
to continuous PAR of a low (10 gmol m~s"') and a relatively
high (120 umol m~?s™") photon flux density, respectively (Li-Cor
quantum radiometer; Lambda Instruments, Lincoln, NE). Light
sources were incandescent lamps (Philips PAR 38 1507/220V).
The cultures used for experiments were always in the logarithmic
phase of growth. The generation times of the cells were
4,5 and 24 h for low (10 ymol m™") and high (120 wmol
m~2s7") light grown A. nidulans, respectively. Cell densities, Chl
a, and phycocyanin concentrations were measured with a single
beam spectrophotometer and the extinction coefficients used
were those of (13). Cell densities and growth were determined
from the A4 at 750 nm (5).

Photoinhibitory Treatment and Reactivation. The photoinhi-
bitory treatment was done in a glass water bath, at 38°C. Photo-
inhibitory light was supplied by a halogen lamp (Osram, power
star, HQI-IS 400 W, Berlin, FRG). Cells were kept in tubes (10
ml) and the photon flux density was regulated by placing the
lamp at different distances from the samples, Care was taken not
to change the temperature of the cells during transfer from the
culturing to the photoinhibiting conditions. The cell concentra-
tion never exceeded 2 X 10° cells/ml and the Chl concentration
was approximately 1 to 2 ug/ml. The experimental conditions
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used during reactivation of photosynthesis after photoinhibition
are described in the figure legends.

Photosynthetic Measurements. Photosynthesis was measured
using a Clark type O, electrode (Hansatech, Ltd., Norfold, UK)
and N, was bubbled through the cuvette to decrease the partial
pressure of O, before the measurements. The electrode was
calibrated to the absolute mode by using dithionite and air
saturated water at 38°C. Prior to measurements, 10 mm NaHCO,
was added to the solution to avoid CO, deficiency at high light.
The signal from the electrode was registered on a chart pen
recorder and, when stable rates were obtained, photosynthesis
was calculated as gmol O, evolved mg~'Chl h~!. The extent of
photoinhibition was determined by calculating the rate of light
limited photosynthesis, expressed as percent of a control, meas-
ured immediately before photoinhibitory treatment. Rates of
light limited photosynthesis were assayed at 25 and 80 umol
m~2s~! for cells grown at 10 and 120 gmol m™%s~!, ively.
Light source was an Atlas projector lamp (A1,215 24V/150 W).

RESULTS

Figure 1 shows the light dependence of the photosynthetic O,
evolution of A. nidulans cultivated under low and high PAR.
Photosynthesis of low light grown cells saturated at approxi-
mately 3 times lower PAR than did high light grown cells; 100
and 300 gmol m~2%s~!, respectively.

When samples of 4. nidulans from the two light conditions
were treated for 90 min in a gradient of PAR, ranging from 10
to 600 umol m~%s~!, low light grown cells became photoinhibited
at much lower light levels than did high light grown cells (Fig.
2A). Photoinhibition became apparent above 25 and 125 umol
m~2s"! for low and high light grown cells, respectively. High light
grown cells furthermore differed from the low light grown cells
by (a) showing an increased rate of photosynthesis when incu-
bated at a PAR below 100 umol m~2s~! and (b) by the extent of
photoinhibition reaching a plateau between 150 and 200 umol
m~%s~! (rate of photosynthesis approximately 80% of the con-
trol). When a similar experiment was performed with the trans-
lation inhibitor streptomycin present during the incubation for
photoinhibition, a different pattern appeared (Fig. 2B); both low

439

and high light grown cells became severely inhibited at relative
low PAR. The light dependent patterns of inhibition of photo-
synthesis were very similar in the presence of streptomycin for
the two types of celis.

The observation that high light grown cells were much more
resistant to photoinhibition than low light grown cells (Fig. 2A)
and the finding that the susceptibilities to photoinhibition be-
came approximately equal for the two types of cells after the
addition of the translation inhibitor streptomycin are in agree-
ment with the hypothesis that different capacities of the recovery
processes determine the different susceptibilities to photoinhibi-
tion of photosynthesis of the two types of cells.

To further test this hypotheses both low and high light grown
cells were photoinhibited to show a photosynthetic rate that was
60% of the control. This was achieved by exposing low and high
light acclimated A. nidulans to 130 and 450 umol m~2s"! for 90
min, respectively. It was found that high light grown cells re-
covered initially 2.6 times faster than the low light grown cells
(Fig. 3). Furthermore, the high light grown cells recovered to
photosynthetic rates higher than that of the control, whereas the
low light grown cells were not able to recover fully. The light
conditions during recovery were 5 and 25 gmol m~%s™' for low
and high light grown cells. This was because the optimal rates of
recovery were obtained at these PAR values. Poor recoveries
were obtained in the dark and the rates of recovery slowly
decreased at PAR above the levels that were optimal (data not
shown).

To further demonstrate the different rates of recovery of the
photoinhibitory damage in photosynthesis of low and high light
grown A. nidulans, we photoinhibited the two cell types so they
retained 60 to 70% of their photosynthetic capacity. This was
again achieved by exposing low and high light grown cells to 130
and 450 umol m~%s~! for 90 min, respectively. Streptomycin was
then added, after which addition the rates of photoinhibition
became initially 3 times faster for the high light grown cells than
for the low light grown cells (Fig. 4).

DISCUSSION

We have shown earlier that the recovery after photoinhibition
of photosynthesis of 4. nidulans is insensitive to the transcription
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FI1G. 1. Photosynthetic O, evolution as a function
of PAR of A. nidulans grown under low (10 xmol
m~2"") and high (120 gmol m~%') PAR. (O) low
light grown cells; (+) high light grown cells.
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FiG. 2. Photosynthetic O, evolution
(percent of control) after photoinhi-
bition treatment, for 90 min at various
PAR, of A. nidulans grown at low (10
wmol m™%7") and high (120 gmol
m~%7') PAR: A, without and B, with
the translation inhibitor streptomycin
(250 pg/mil). (O) Low light grown cells;
(+) high light grown cells.
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FiG. 3. Recovery of photosynthetic O, evolution
(percent of control) after partial photoinhibition
(about 40%) of A. nidulans grown at low (10 gmol
m~%s~") and high (120 xmol m~3s~') PAR. The op-
timal PAR for recovery were 5 and 25 umol m~%™"
for low and high light grown cells, respectively. (OJ)
Low light grown cells; (+) high light grown cells.
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inhibitor rifampicin but completely inhibited by translation in-
hibitors such as streptomycin and kanamycin (11). The finding
that recovery occurs despite inhibition of transcription implies
that the necessary protein synthesis occurs on relatively stable
mRNA or that the synthesis of this transcript is insensitive to
rifampicin.

Although it is known that photoinhibition occurs at, or near,
the reaction center of PSII, the molecular mechanisms of pho-
toinhibition and recovery are not known. However, the Qp-
protein has been shown to be damaged during photoinhibition
of photosynthesis in Chlamydomonas reinhardii and replaced
because of a high turnover rate during recovery of photosynthesis
(7). The fact that the recovery was incomplete and occurred
slowly with a long lag phase makes us believe that the photo-
inhibitory damage to the Qg-protein in C reinhardii is secondary;
in A. nidulans there was a complete recovery with maximal rate
immediately after termination of photoinhibitory treatment (11).
Based on these observations it is tempting to believe that the

potential of A. nidulans to recover after photoinhibition of
photosynthesis is dependent on the rate of turnover of the
protein(s) that is (are) the primary site(s) of photodamage.

By the use of the translation inhibitor streptomycin we show
in this work that the capacity to recover after about 40% photo-
inhibition of photosynthesis was approximately 3 times higher
in high light than in low light grown A. nidulans (Fig. 3). When,
in addition, approximately 3 times more light was needed to
reach about 40% photoinhibition of high light than of low light
grown cells (Fig. 2A), and since the rate of photoinhibition was
approximately 3 times faster in high light grown than in low light
grown cells after the addition of streptomycin (Fig. 4), we con-
clude: (a) high light grown cells have a higher capacity to recover
after photoinhibition than have low light grown cells, (b) this
recovery process is operative during, as well as after, the photo-
inhibitory treatment, and (c) a significant factor for making high
light grown cells more resistant to photoinhibition than low light
grown cells is the higher capacity of the recovery process of the
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FIG. 4. The time dependence of photoinhibition of
photosynthesis (percent of control) after the addition
of streptomycin (250 ug/ml) to A. nidulans grown at
low (10 umol m~%7') and high (120 umol m%7")
PAR. To obtain approximately similar levels of pho-
toinhibition at the starting point (time zero), low and
high light grown cells were exposed to 130 and 450
umol m~%s~! during 90 min, respectively, prior to the
addition of streptomycin, and these light levels were
maintained during the following course of inhibition.
(O) Low light grown cells; (+) high light grown cells.
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former cells. We tentatively believe that the different susceptibil-
ities to, and the different rates of recovery after photoinhibition
of photosynthesis, depend on different turnover rates of target
protein(s) in PSIL It is interesting to note that when protein
synthesis was inhibited both high and low light grown cells
showed about similar susceptibilities to photoinhibition (Fig. 2B).
This implies that the intrinsic susceptibility of the PSII complex
to excessive light is similar for the two types of cells and that the
net photoinhibition observed in the absence of streptomycin
(Fig. 2A) first of all depends on the turnover rate of target
protein(s).

One problem when using translation inhibitors like strepto-
mycin is that they have no specificity but inhibit all protein
synthesis of the cells. However, streptomycin had no inhibitory
effect on photosynthetic O, evolution of 4. nidulans when in-
cubated for 90 min in darkness (11). Furthermore the type of
photoinhibition of photosynthesis occurring in A. nidulans with
or without streptomycin was mechanistically equal as deduced
from similar effects on variable fluorescence of PSII (data not
shown). We therefore conclude that our experiments with strep-
tomycin are relevant with respect to our conclusions of the
importance of the recovery process for net photoinhibition to
occur.

Interestingly, exposing high light grown A. nidulans to various
PAR for 90 min increased the photosynthetic capacity at PAR
lower than 100 umol m~?s~! when measured at 80 gmol m~%™"
(Fig. 2A). Furthermore, high light grown cells recovered to more
than 100% of the control, when incubated at a PAR of 25 umol
m~2"! (Fig. 3), the PAR optimal for recovery of high light cells.
Our interpretation to these observations is that A. nidulans grown
at 120 pymol m%~"! in fact is partially photoinhibited during
steady state growth conditions. Finally, the observation that
photoinhibition becomes visible at relatively moderate light lev-
els, particularly for the low light adapted cells, and the finding
that cells grown at 120 umol m~2s~' show signs of partial pho-
toinhibition, clearly demonstrate that photoinhibition of photo-
synthesis not only is of academic interest occurring in extremely
bright light. Instead it may occur under physiological light con-

ditions and at least A. nidulans can grow with a high generation
time of 4.5 h despite signs of net photoinhibition of photosyn-
thesis. The strategy by which A. nidulans has managed to over-
come cell death due to excessive light might be by increasing the
turnover of the recovery process.
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