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Abstract. We have examined the molecular and photo-
synthetic responses of a planktonic cyanobacterium to
shifts in light intensity over periods up to one generation
(7 h). Synechococcus sp. PCC 7942 possesses two func-
tionally distinct forms of the D1 protein, D1:1 and D1:2.
Photosystem II (PSII) centers containing D1:1 are less
efficient and more susceptible to photoinhibition than
are centers containing D1:2. Under 50 umol photons -
m~2 - s~1, PSII centers contain D1:1, but upon shifts to
higher light (200 to 1000 pmol photons - m~2 - s~1), D1:1
is rapidly replaced by D1:2, with the rate of interchange
dependent on the magnitude of the light shift. This inter-
change is readily reversed when cells are returned to 50
pumol photons - m—2 - s~L. If, however, incubation under
200 wmol photons - m—2 - s~ is extended, D1:1 content
recovers and by 3 h after the light shift D1:1 once again
predominates. Oxygen evolution and chlorophyll (Chl)
fluorescence measurements spanning the light shift and
D1 interchanges showed an initial inhibition of photo-
synthesis at 200 umol photons - m~2 - s~!, which corre-
lates with a proportional loss of total D1 protein and a
cessation of growth. This was followed by recovery in
photosynthesis and growth as the maximum level of
D1:2 is reached after 2 h at 200 pumol photons - m=2 - s-1,
Thereafter, photosynthesis steadily declines with the loss
of D1:2 and the return of the less-efficient D1:1. During
the D1:1/D1:2 interchanges, no significant change oc-
curs in the level of phycocyanin (PC) and Chl g, nor of
the phycobilisome rod linkers. Nevertheless, the initial
PC/Chl a ratio strongly influences the magnitude of pho-
toinhibition and recovery during the light shifts. In Syn-
echococcus sp. PCC 7942, the PC/Chl a ratio responds
only slowly to light intensity or quality, while the rapid
but transient interchange between D1:1 and D1:2 modu-

Abbreviations: Chl=chlorophyll; Fj;=maximum Chl fluorescence
in light-adapted state; F;-variable Chl fluorescence in light-adapt-
ed state; PC-phycocyanin; PPFD=photosynthetic photon flux den-
sity; g,=photochemical quenching
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lates PSII activity to limit damage upon exposure to ex-
cess light.
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Introduction

Cyanobacteria are prokaryotes that share with plants the
capacity for oxygenic photosynthesis. These photobionts
contain similar thylakoid membranes with multi-protein
complexes that use light energy to drive electron trans-
fer, with concomitant production of NADPH and ATP.
Photosystem II (PSII) houses the key contituents neces-
sary for the light-driven oxidation of water and primary
charge separation. The primary redox components are
bound to two structurally similar proteins, D1 and D2,
which form a heterodimer. One important distinction be-
tween cyanobacteria and chloroplasts, however, is the
light-harvesting antennae associated with PSII. In cyano-
bacteria, these consist of several different pigmented
phycobiliproteins arranged in macro-molecular com-
plexes, the phycobilisomes, which are attached to the
surface of the membrane. In contrast, plants have an ar-
ray of integral membrane proteins that bind both chloro-
phyll (Chl) a and b. In both plants and cyanobacteria, the
cellular content of light-harvesting complexes is under
light regulation, although the cyanobacterial phycobili-
some content also responds strongly to other factors
such as nitrogen and carbon dioxide supply (Grossman
et al. 1993; Reuter and Miiller 1993; Tandeau de Marsac
and Houmard 1993).

Loss of photosynthetic activity after absorption of ex-
cessive light energy, or photoinhibition, is common to all
plants and cyanobacteria (Samuelsson et al. 1985, 1987;
Lonneborg et al. 1988; Krupa et al. 1990). Photoinhibi-
tion results under conditions where light capture exceeds
energy dissipation, as in shifts to increased light intensi-
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ty, but also under moderate light if excess light-harvest-
ing antennae are present or if low temperature limits en-
ergy dissipation (Huner et al. 1993). The site most sus-
ceptible to photoinhibition is the reaction center of PSII,
although which of the key reactions become primarily
inactivated in vivo has yet to be resolved. Photoinhibi-
tion in vitro, however, can occur after primary charge
separation if electron donation to the oxidized reaction-
center Chl Pggo* is blocked, or alternatively by over-re-
duction of the primary quinone acceptor of PSII, Q,, on
the acceptor side of PSII (De Las Rivas etal. 1992).
Both forms of inhibition result in the eventual degrada-
tion of the D1 protein (Shipton and Barber 1991; De Las
Rivas et al. 1992; Vass et al. 1992).

The D1 protein of all plants is encoded by a single
active psbA gene situated on the chloroplast genome. In
contrast, cyanobacteria possess small psbA multi-gene
families (Curtis and Haselkorn 1984; Mulligan et al.
1984; Golden et al. 1986; Jansson et al. 1987; Gingrich
et al. 1988; Bouyoub et al. 1993). The unicellular cyano-
bacterium Synechococcus sp. PCC 7942 possesses three
active psbA genes (Golden et al.1986); the psbAl gene
codes for the D1 form 1 (Dl1:1) protein while both
psbAIl and psbAlll code for D1 form 2 (D1:2). D1:1 and
D1:2 differ in only 25 of the total 360 amino acids, 12 of
which are in the first 16 amino acids and 7 within the
putative trans-membrane helices 11 and III (Golden et al.
1986).

The psbA genes in Synechococcus sp. PCC 7942 are
differentially expressed over a range of photosynthetic
photon flux densities (PPFDs). The psbAI gene is active
primarily under low light, comprising around 94% of the
total psbA mRNA (Golden et al. 1986). With increasing
light, steady-state psbAl expression significantly de-
creases, while the combined expression of the psbAIl/III
genes rises proportionally (Schaefer and Golden 1989).
Similarly, when cells grown at 125 pmol photons - m=2 -
s~ are shifted to 500 umol photons - m~2 - m~!, psbAl
expression decreases by around 70%, and the degrada-
tion rate of psbAI mRNA increases while the combined
expression of psbAIl/lIl increases 500% (Bustos et al.
1990). Prolonged exposure to 500 umol photons - m=2 -
s~ leads to the reappearance of psbAI message after 3 h,
along with a recovery in psbAI mRNA stability, but dur-
ing this period the level of psbAII/III mRNA also re-
mains high (Kulkarni and Golden 1994).

In recent studies, we found that Syrechococcus sp.
PCC 7942 cells grown at 50 pumol photons - m~2 - s-! re-
spond to a sudden shift to 500 umol photons - m2 - -1
by rapidly replacing the normally predominant D1:1
polypeptide with D1:2. This interchange between DI
forms is essential for limiting the extent of photoinhibi-
tion of photosynthesis resulting from the high light ex-
posure, since inactivation mutants lacking D1:2 are very
susceptible to photoinhibition (Krupa et al. 1990), even
if the D1:1 form is overexpressed from an artificial DNA
construct (data not shown). The D1:1/D1:2 interchange
reverses fully once cells are returned to 50 pmol photons
-m~2 - s7!, allowing for a rapid return to normal photo-
synthetic activity (Clarke et al. 1993a). Using specific
psbA inactivation mutants (Golden etal. 1986), we

found that PSII reaction centers containing D1:2 were
somewhat less susceptible to photoinhibition (Krupa et
al. 1990) and more photochemically efficient than those
containing D1:1 (Clarke et al. 1993b).

To date, nothing is known regarding the biological
role of D1 interchange in cyanobacteria. To place this in-
triguing regulatory phenomenon in a functional context,
we directly compared changes in D1 content to shifts in
photosynthetic activity and pigment composition during
acclimation to increased light over one generation. We
show that in Synechococcus sp. PCC 7942 coordinated
changes in DI protein composition generate a rapid
modulation of PSII properties in response to excess
light, while the light-harvesting antennae are more stable
in the face of short-term fluctuations in light.

Materials and methods

Cell material and growth conditions. Synechococcus sp. PCC
7942 was grown in BG-11 inorganic medium (Rippka et al. 1979)
supplementally buffered with 10 mM 3-(N-morpholino)propane-
sulfonic acid, pH 7.5, at 37° C under a continuous light of 50
pmol photons - m=2 - s-! in batch cultures as detailed previously
(Clarke et al. 1993a). Cultures were bubbled with 5% CO, in air,
except for the ‘ambient’ treatment of Fig. 7, which was bubbled
with water-saturated air. For cells grown under blue light, a cellu-
lose acetate filter blocked transmission from 550 to 630 nm. Cells
in linear growth were used for all experiments. For construction of
growth curves and calculation of pigment content, whole cell
spectra were measured from 400 to 750 nm and phycocyanin (PC)
and Chl contents calculated according to Myers et al. (1980).

High light and CO, treatments. For the short-term high light treat-
ments, cells were harvested by centrifugation at 4000 - g for 5 min
and resuspended in fresh growth medium containing 10 mM
NaHCO; at a Chl concentration of 5 ug - mL-!. Treatments were
carried out in 50-mL transparent tubes bubbled with air in a water
bath at 37° C. The light source was a halogen lamp power star
HQI-IS 400 W; Osram, Berlin, Germany. The incident light was
measured inside the tube using a GaAsP diode (Model G1125-02;
Hamamatsu, Herrsching, Germany) sensitive to white light only
and recorded on a voltameter (Model 192; Keithley, Miinchen,
Germany), calibrated against a quantum sensor (Li-Cor 185A,; Li-
Cor, Inc., Lincoln, Neb., USA) with the desired light obtained us-
ing neutral density filters. Cells were incubated for 30 min at 50
pumol photons - m2 - s~!. Mild and severe photoinhibitory treat-
ments were carried out for 2 h at PPFDs of 200 and 1000 pmol -
m-2 - 571, respectively. The subsequent recovery period was at a
PPFD of 50 umol - m~2 - s~! for a further 2 h. Controls were kept
at a PPFD of 50 pmol - m~2 - s-! for the complete 4 h. Samples for
protein isolation were taken at the beginning of the treatments and
every 30 min thereafter.

For the prolonged high light treatment, cells grown to a Chl
concentration of about 2 pg - mL~! in flat flasks with a culture
depth of 1 cm were shifted directly from 50 to 200 umol photons -
m~2 - s~! in the same growth chamber and maintained under iden-
tical CO, and temperature conditions. The PPFD was measured
on a quantum sensor (Li-Cor 185A). Samples for spectroscopy,
photosynthetic measurements and protein isolation were taken just
prior to (0 h) and during (0.5, 1-7 h) the high light treatment.

Photosynthetic measurements. Chl a fluorescence induction was
measured using a pulse amplitude modulated fluorometer (PAM;
Walz, Effeltrich, Germany) as described in detail elsewhere
(Clarke et al. 1993b; Campbell et al. 1995). A PAM-compatible
system of cuvette, magnetic stirrer, oxygen electrode and Bjork-
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man-type actinic lamp were used for the simultaneous measure-
ment of fluorescence and oxygen evolution (Hansatech, King’s
Lynn, U.K.). Culture samples were transferred directly from the
growth flask to the cuvette and dark-adapted for 5—7 min, allow-
ing measurement of dark respiration. During this time’ whole-cell
spectra were taken for the estimation of pigment content and cell
number. Minimal fluorescence (F,) was measured using the mod-
ulated measuring beam at 0.14 pmol photons - m~2 - s-1, this
PPFD did not alter the rate of dark respiration. The actinic light
provided 50 or 200 umol photons - m~2-s-! to the sample and
light-stimulated oxygen evolution was measured. Maximum fluo-
rescence in the dark-adapted (Fydark) and light-adapted (Fy)
states were measured before or after addition of the actinic light
using 1-s pulses of saturating white light (8000 umol photons -
m-2-s71) to close all reaction centers and drive photochemical
quenching to zero. True maximum fluorescence was measured by
adding 3-(3,4-dichlorophenyl)-1,1-dimethyl urea (DCMU) to the
sample which eliminates photochemical quenching and allows
non-photochemical quenching to collapse over a period of min-
utes. The cells did not become CO,-limited during the measure-
ment, as addition of 10 mM NaH,CO; had no effect on the oxy-
gen evolution nor the fluorescence signal (data not shown). The
parameters F, (initial Chl fluorescence), F, (initial Chl fluores-
cence in light-adapted state), Fy (maximal Chl fluorescence) Fy,
(maximal Chl fluorescence in light-adapted state) and F;
(steady/state Chl fluorescence under actinic light PPFD) were
used to calculate photochemical (q,) quenching of fluorescence,
which measures the proportion of open PSII centers (van Kooten
and Snel 1990); and the efficiency of excitation energy capture by
open PSII reaction centers (F;/Fy; Genty et al. 1989). See Miller
etal. (1991), and Clarke et al. (1993b) for detailed discussions
and empirical justifications of the application of these parameters
to cyanobacteria.

Immuno-blot analysis. Total cellular proteins were extracted by
centrifuging samples (1 mL) at 14 000 - g for 30 s and then resus-
pending the resulting cell pellet in 120 uL of 100 mM Tris-HCl
(pH 8.6), 150 mM sucrose, 30 mM dithiothreitol, 1 mM EDTA, 1
mM phenylmethylsulfonyl fluoride and 2% lithium dodecyl sul-
phate (LiDS). Cell were disrupted by 15-30 s of continuous soni-
cation (Model B15 Sonifer Branson, Danbury, Conn., USA) and
proteins solubilized by heating at 75° C for 5 min. Insoluble mate-
rial was removed by centrifugation at 14 000 - g for 5 min. Super-
natants were removed and stored at —20° C to await Chl determi-
nation and electrophoresis.

Protein samples containing equivalent amounts of Chl (0.5-1.5
pg) were separated on linear 15% LiDS-polyacrylamide gels,
transferred electrophoretically to nitrocellulose followed by im-
muno-blot analysis according to Clarke and Critchley (1992) with
detection using the ECL chemiluminescent kit (Amersham Braun-
schweig, Germany). The polyclonal antibodies against D1:1 and
D1:2 are completely form-specific and show no detectable cross-
reactivity, as shown by Clarke et al. (1993a) and Soitamo et al.
(1994) using inactivation mutant strains which express only D1:1
or D1:2. The specificities of the polyclonal antibodies against to-
tal D1 and phycobilisome have been characterized by Tyystjérvi et
al. (1994) and Bhalerao et al. (1994), respectively. Density scan-
ning of films from the immuno-blot exposures was carried out us-
ing the ImageMaster Desktop Scanner and software (Pharmacia
LKB, Uppsala, Sweden) following the manufacturer’s recommen-
dations.

Results

Rate of DI exchange. The D1:1 and D1:2 protein con-
tents of Synechococcus sp. PCC 7942 cells exposed to
three different light treatments are shown in Fig 1. Under
the moderate growth light of 50 umol photons - m—2 - s71,
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Fig. 1A-C Immuno-blot detection of D1:1 and D1:2 during dif-
ferent light treatments in Synechococcus sp. PCC 7942. Cellular
proteins were extracted every 30 min from cells exposed to the
following light regimes: A 50 pmol photons - m~2-s-! for 4 h
(control); B 200 pmol photons - m=2 - s~! for 2 h (mild photoinhi-
bition) followed by 50 wmol photons - m=2 - s~ for 2 h (recovery);
C 1000 umol photons - m~2 - s~! for 2 h (severe photoinhibition)
followed by 50 pmol photons - m2 - s~! for 2 h (recovery). Pro-
teins were separated by LiDS-polyacrylamide gel electrophoresis
on the basis of equal Chl content (1.5 pg per lane). D1:1 and D1:2
proteins were detected by immuno-blot analysis using specific
polyclonal antibodies. All treatments were repeated in three sepa-
rate experiments, of which a representative is shown

D1:1 was the predominant D1 form making up over 95%
of the total D1 protein (Fig. 1A). When cells were ex-
posed to mild (200 umol photons - m=2 - s~1, Fig 1B) or
severe (1000 pmol photons - m~2 - s~1, Fig. 1C) photoin-
hibitory light, the D1:1 protein was rapidly replaced
with the alternate D1:2, with the rate of exchange depen-
dent upon the PPFD. At 1000 pmol photons - m~2 - s—1,
complete replacement of D1:1 with D1:2 occurred with-



556 A. K. Clarke et al.: Photosystem II and phycobilisomes during light changes in cyanobacteria

50 pmol photons m2 51 200 ymol photons m2 s

8 — A T 0.30
—_— B \ B
3 7
L l — 025
: I o
> 81 | . &
=1 =
-~ I | —020 =
[ —
g | 3
5 4 —os @
o | | =
= 3 ] ?
Z ~at0 g
[=X B [ ~
g °r | ]
r< | | —0.05
Qo 1
e ]
obily en byl bbbl lul 1o
2220 %2 10 8 6 4 2 0 2 4 6 8

Time (h)

Fig. 2 Growth curves for Synechococcus sp. PCC 7942 cells
grown at 50 umol photons - m~2 - s~! and then shifted to 200 pmol
photons - m=2 - 7! for 8 h. Cell growth was measured on the basis
of either Chl content (O) or cell number (@)

in 30 min. In contrast, at 200 pmol photons - m=2 - -1
D1 replacement was complete only after 90 min of high
light treatment. When cells were removed from both
high light treatments and allowed to recover under the
original growth light of 50 wmol photons - m=2-s-1, a
second interchange occurred between the two D1 forms,
with D1:2 being replaced by D1:1 (Fig. 1). The rate of
this exchange was similar for both treatments and was
complete within the 2-h recovery period.

Acclimation to increased light. We examined the inter-
play between photosynthetic activity, D1 forms and phy-
cobilisome antenna organization as cells acclimated to
increased light over a period of about one generation.
Figure 2 depicts the growth of cells during a typical ex-
periment. Celis grown at 50 umol photons - m—2-s-!
were transferred to the mildly photoinhibitory light of
200 wmotl photons - m=2 - s~! and their growth, photosyn-
thetic performance and cellular content of pigments, D1
proteins and phycobiliproteins were followed for 8§ h.
Prior to the light shift, cells were growing with a genera-
tion time of around 6 h. The shift to the higher light
caused a cessation in growth during the first hour, as
measured by both cell number (A,5,) and Chl content.
Growth then resumed at a rate nearly twice that observed
in cells growing at 50 umol photons - m=2 - s-! (Fig. 2).
Cells harvested from this culture were used for the rep-
resentative examples presented in Fig. 4 and 5.

Photosynthetic activity. Figure 3 shows average oxygen
evolution and Chl a fluorescence parameters from cul-
tures measured over 7 h following the shift from 50 to
200 pmol photons - m=2 - s~1. Each of seven replicate
cultures was measured at O h at both 50 and 200 pmol
photons - m=2 - 571, to show the instantaneous effect of
the light shift. Subsequent measures were under 200
wmol photons - m=2-s-1at0.5,1,2,3,4,5,6and 7 h af-
ter the shift (along with sampling for pigment, growth
and protein analysis). Each parameter showed a charac-
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Fig. 3A-C Photosynthetic activities in Synechococcus sp. PCC
7942 cells following shifts to increased light. Cells grown at 50
pumol photons - m=2 - s~ were shifted to 200 umol photons - m=2 -
s7! for 8 h. A Oxygen evolution (@) and dark respiration (O) as
mesured by pmol O, - (mg Chl)-! - h-1. B Efficiency of excitation-
energy capture by open PSII reaction centers (F,/Fy,); C Photo-
chemical quenching (qgp). Results were obtained from seven repli-
cates. The initial values for each individual replicate, measured at
50 and 200 umol photons - m~2 - 7! are plotted. Subsequent val-
ues are averages of measures at 200 pmol photons - m2 - s-1. To
fully represent the data, we have presented error bars (+SE) in the
y dimension to indicate the variation in the extent of changes, and
error bars (+SE) in the x dimension to indicate variability in the
timing of the changes

teristic pattern, with moderate variability between repli-
cates in both the extent and timing of changes. For each
replicate, each parameter was plotted over time, and the
value and timing were determined for: the time-zero
measurements at 50 and 200 pmol photons - m—=2 - s71;
the maximum initial drop after the shift; the beginning
of recovery; maximum recovery; start of final decline (if
any); and the final value at 7 h. Figure 3 presents the av-
erage value and average timing of each of these key
points.

Oxygen evolution at 50 wmol photons - m—2 - s~ was
130 umol O, - mg Chl-!-h-! (SE+22), and increased
over two fold upon the shift to 200 wmol photons - m2 -
s~1. Within 1 h after the light shift, oxygen evolution de-
clined by around 25% but then partially recovered (Fig.
3A). From 3 h onwards, the oxygen evolution rate again
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Fig. 4A, B D1 proteins in Synechococcus sp. PCC 7942 cells fol-
lowing a prolonged shift to increased light. Cells grown at 50
pmol photons - m—2 - s~! were shifted to 200 umol photons - m~2 -
s~! for 8 h. A Immuno-blot detection of D1 proteins. Cellular pro-
teins were extracted before (0 h) and during the high light treat-
ment (0.5-8 h). Proteins were separated by LiDS-PAGE on the ba-
sic of equal Chl content (0.5 pg per lane), with D1:1, D1:2 and to-
tal D1 detected on replicate blots using specific polyclonal anti-
bodies. B Quantification of D1:1 and D1:2 during the high light
treatment. D1:1 (O) is presented as a percentage of the control,
where DI1:1 contributed 100% of total D1 at 50 umol photons -
m-2- s, The DI1:2 (@) content was normalized to the maximum
level found 2 h after the light shift, when D1:2 contributed 92% of
the total D1 protein, which had reached 106% of the initial control
level

declined, but remained higher than the initial rate at 50
umol photons - m=2 - s~1. Respiration initially increased
following the light shift, as previously observed in Syn-
echococcus sp. PCC 7942 (Shyam et al. 1993). After-
wards, the respiratory rate declined slightly and then re-
mained steady throughout the remaining high light treat-
ment, at a rate that was significantly higher than the con-
trol. This pattern of oxygen evolution accurately reflects
the activity in the culture vessel since the light in the
measuring cuvette was equivalent in intensity and quali-
ty to the high growth light. As the cells grew during the
experiment, around one-third of the drop in oxygen evo-
lution from 5 to 8 h was caused by increased self-shad-
ing, effectively decreasing the light.

The photochemical efficiency of PSII (F,/Fy) after
the shift to 200 umol photons - m~2 - s-1 followed a pat-
tern similar to that for oxygen evolution (Fig. 3B). In the
first hour, F{/F;; dropped but recovered partially from 1
to 3 h; F{/F then declined from about 3 h onwards. The
redox state of the quinone acceptor Q4 (qp), which re-
flects the proportion of open PSII reaction centers, also
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Fig. SA-C Phycocyanin to Chl ratio and organization of phycobil-
isomes in Synechococcus sp. PCC 7942 cells following a pro-
longed shift to increased light. A Phycocyanin to Chl ratio calcu-
lated from whole-cell spectra. B Detection of phycobilisome pro-
teins by immuno-blotting using a polyclonal antibody directed
against purified whole phycobilisomes. C Minimal fluorescence
(F,) normalized to PC content

dropped following the light shift but then recovered al-
most completely, although more slowly than oxygen
evolution or Fy/Fy; (Fig. 3C). Interestingly, qp remained
relatively constant after the initial drop and recovery de-
spite decreasing photosynthesis as shown by both oxy-
gen evolution and Chl fluorescence.

Composition of DI1. Upon the shift to 200 pmol photons
-m=2-s71, D1:1 was rapidly replaced by D1:2 (Fig. 4A),
with the total amount of D1 protein decreasing by
around 30% during this period when growth stopped.
The rate of D1:1 loss over the first hour was identical to
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creased light. For seven independent treatments, plots of oxygen
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3. The maximum initial drop and then the maximum subsequent
recovery for each parameter was calculated as the percentage of
the time O h control value. These percentage maximum declines
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corresponding cultures, and fitted with a linear regression line. A
Inhibition (O, R=0.97, slope=50.4) and recovery (@, R=091,
slope=—67.6) of oxygen evolution vs. PC content. B Inhibition (O,
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Fig. 7 Light, CO, and PC to Chl q ratio. Syrechococcus sp. PCC
7942 cells were grown under the following conditions: 50 wmol
photons - m=2 - s=! white light, ambient CO,; 50 umol photons -
m~2 - s~! white tight, 5% CO,; shift from 50 to 200 umol photons -
m~2 - s~ white light for 8-14 h, 5% CO,; 50 umol photons - m=2 -
s71 blue light, 5% CO,. Values represent averages +SE (n=3-5)

the degradation rate of D1:1 previously determined at
200 pmol photons - m~2 - s~ using an inhibitor of pro-
tein synthesis (Clarke et al. 1993b), indicating an almost
immediate cessation in D1:1 synthesis upon the shift to
high light. After 2 h, the total level of D1 protein had re-
turned to its control value and about 90% of the D1 pro-
tein was D1:2 (Fig. 4B). Between 2 to 3 h after the shift
to 200 umol photons - m~2 - s-!, however, the two DI
forms once again exchanged so that D1:1 was again the
predominant D1 form and remained so for the final 5 h.
Concomitantly, the level of D1:2 dropped to less than
10% of total D1 protein and was almost completely ab-
sent by the end of the high light treatment. Similar to the
initial rapid loss of D1:1, the rate of D1:2 loss between 2
and 3 h was identical to the measured rate of D1:2 deg-
radation at 200 pmol photons - m2-s-! (Clarke et al.
1993b). This indicates an abrupt cessation of D1:2 syn-
thesis after about 2 h at high light.

Phycobilisome composition. During the two D1:1/D1:2
interchanges (0-3 h), there was no significant change in
either the proportion of PC to Chl (Fig. 5A), or in the
level of PC apoproteins (- and 8-PC) and rod-linker
polypeptides of the phycobilisome (27, 30 and 33 kDa;
Fig. 5B). This also indicates that the PSI to PSII ratio re-
mained unchanged during the D1:1/D1:2 exchanges, a
finding supported by electron paramagnetic resonance
(EPR) measurements (data not shown). Afterwards,
however, the PC/Chl a (PC/Chl) ratio rose, with a corre-
sponding rise in the level of the phycobilisome proteins
after 3 h at 200 umol photons - m~2 - -1, This increase in
cellular phycobilisome content occurred even though the
light intensity remained at or near photoinhibitory levels
throughout this period. These new phycobilisomes were
not uncoupled from the reaction centers since minimal
fluorescence (F,) per PC did not increase over the course
of the experiment (Fig. 5C), whereas uncoupling of phy-
cobilisomes would have been detected by an increased
fluorescence yield (Murata and Fork 1975; data not
shown).

Plasticity of high-light response. Seven replicates of this
high-light-shift experiment and several other related ex-
periments all showed the same pattern of responses of
D1 composition, photosynthetic activity and pigment
composition. However, the magnitude of the initial inhi-
bition and subsequent recovery of photosynthesis (Fig.
3) and the final ratio of D1:1/D1:2 (Fig. 4) varied be-
tween replicates. This variability was partly explained
by the influence of the initial PC/Chl ratio on the re-
sponses to increased light. In Fig. 6, we have plotted the
maximum initial photoinhibition and subsequent recov-
ery observed in cells with different initial PC/Chl ratios.
A direct correlation between the PC/Chl ratio and the
extent of photoinhibition was observed as measured by
both oxygen evolution and F{/F;; (Fig. 6A and B, re-
spectively). Conversely, the greatest recovery from pho-
toinhibition was observed in cells with the lowest
PC/Chl ratio. Since maximum photoinhibition and re-
covery are expressed as percentages of the initial control
values, the slopes are directly comparable and are identi-
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cal for the plots of photoinhibition of oxygen and Fy/Fy,
versus PC content, as are the slopes of the recovery of
these parameters versus PC. In contrast, changes in the
redox state of PSII (qp) were unaffected by the variations
in PC/Chl ratios (Fig. 6C), and recovery of qp after the
light shift generally reached initial control levels over
the full range of PC/Chl.

Effectors of pigment composition. Figure 6 demonstrates
the importance of the pre-shift PC/Chl ratio in determin-
ing the susceptibility of Synechococcus sp. PCC 7942
cells to photoinhibition. However, over one generation
of growth at increased light the cells did not reduce their
cellular PC content, which in fact tended to increase
over the treatment period (Fig. 5). Thus, we investigated
the relative influences of growth factors on the propor-
tion of PC to Chl (reviewed in Reuter and Muller 1993).
The results in Figure 7 show that when cultures were
grown at 50 umol - m~2 - s~! PPFD, bubbling with 5%
CO, more than doubled the PC/Chl ratio (>0.9) when
compared to cells grown under ambient CO,, with a
PC/Chl ratio of 0.4. The shift from 50 to 200 pmol pho-
tons - m~2 - s~! for 8-14 h, with continuous bubbling of
5% CO, gave a further slight increase (PC/Chl of 1.0).
Preferential excitation of Chl failed to significantly
change the PC/Chl ratio in cultures bubbled with CO,,
despite using a filter which specifically blocks transmis-
sion of the light absorbed by PC (550-650 nm). Thus, in
this strain, CO, supply has a stronger influence on phy-
cobilisome content than does light intensity or light
quality (Muller et al. 1993).

Discussion
Light dependence of D1 interchange

The normally predominant form of D1 (DI1:1) in Syn-
echococcus sp. PCC 7942 is completely replaced with
the alternate D1 form (D1:2) when cells are shifted to in-
creased light, with the rate of interchange dependent on
the light intensity. We showed previously that the rate of
D1:1 loss during the exchange with D1:2 at 500 pmol
photons - m=2 - s~ was identical to the degradation rate
for D1:1 (Clarke et al. 1993a). Similarly, the degradation
rate of D1:1 at 200 and 1000 pmol photons - m~2 - s-1
(Clarke et al. 1993b; and data not shown) corresponds to
the rate of D1:1 loss at the two PPFDs used in this study
(Fig. 1). These results indicate that the synthesis of D1:1
ceases almost immediately when cells are exposed to
light of 200 wmol photons - m=2 - s-! and above.

When cells are re-exposed to the original growth light
(50 pmol photons - m~2 - s71), the interchange reverses
so that D1:1 again becomes the predominant D1 form.
Interestingly, the rate at which D1:2 is lost when cells
are shifted back to 50 umol photons - m=2 - s~! is signifi-
cantly faster than expected from the degradation rate of
D1:2 previously measured at 50 yumol photons - m=2 - s-1
(Clarke etal. 1993b). During recovery, however, it is
likely that the faster rate of D1:2 degradation at PPFDs
above 200 umol - m—2- s7! does not immediately slow

down to the steady-state level measured at 50 pmol pho-
tons - m~2-s-l. This possible continued high rate of
D1:2 degradation during the initial stages of the recov-
ery period may help explain the rapid exchange of D1:2
for D1:1 that occurs in association with a rapid induction
and repression of psbAl and psbAll/Ill expression, re-
spectively.

Phases of high-light acclimation. To place D1 exchange
in the overall context of acclimation to changing light,
we examined the changes in growth, PSII composition
and function and phycobilisome content during a shift to
increased light, prolonged over one generation of
growth. A relatively mild shift from 50 to 200 pmol pho-
tons - m2 - s~ resulted in definite but limited loss of
photosynthetic activity, and was chosen as an ecological-
ly relevant treatment that avoided senescent changes re-
sulting from extreme high-light stress. We observed at
least three distinct phases as Synechococcus sp. PCC
7942 acclimated to the higher light.

The first two phases can be designated the photoin-
hibitory and regeneration phases which occur within 2 to
3 h after the shift from low to high light. In the first hour
at 200 umol photons - m=2 - s-1, cell growth stopped,
there was loss in total D1 protein and in photosynthetic
activity. This correlation between nett loss of D1 protein
and photoinhibition of photosynthesis has been previ-
ously observed in cyanobacteria (Clarke et al. 1993a),
where the increased rate of D1 degradation presumably
exceeds the rate of D1 synthesis. Such a clear correlation
between D1 loss and photoinhibition does not always
hold for the chloroplasts of higher plants (Chow et al.
1989; Ottander et al. 1993). During the loss in D1 and
photosynthesis, there was a rapid removal of DI1:1 and
synthesis of D1:2, resulting in an almost complete inter-
change between the two D1 forms. Throughout this dra-
matic change in D1 composition and photosynthetic ac-
tivity, there was little change in the abundance or organi-
zation of the phycobilisomes, as shown by constant
rod/linker composition and PC/Chl ratio. Furthermore,
there was no significant accumulation of uncoupled phy-
cobilisomes, or changes in the ratio of PSI to PSII.

After 2 h of high light, the exchange between the two
D1 forms was almost complete. Concomitantly, growth
was restored at a rate significantly faster than before the
shift, and PSII activity largely recovered. This shows
that the rapid induction of psbAII/III expression and
D1:2 synthesis enables additional synthesis of D1 pro-
tein to compensate for increased D1 degradation at high
light (Clarke et al. 1993b). A parallel process also occurs
for the other PSII reaction-center protein, D2, where ex-
pression of the constitutive psbDI gene is supplemented
under high light with induction of the psbDII gene
which codes an identical D2 protein (Golden et al. 1989;
Bustos and Golden 1992), presumably to compensate for
an increased rate of D2 degradation. Overall, by supple-
menting the synthesis of D1 and D2 at high light, the se-
verity of damage to PSII may be minimized enabling a
more rapid recovery.

In contrast to the supplemental expression of identical
D2 proteins under high light, the D1:1 protein is actively
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replaced by D1:2 upon exposure of cells to high light.
We have previously shown that PSII reaction centers
containing D1:2 have a higher photochemical efficiency
(25%) than PSII reaction centers containing D1:1, and
also have somewhat higher intrinsic resistance to photo-
inhibition (Krupa et al. 1991; Clarke et al. 1993b; Camp-
bell unpublished). Replacement of D1:1 with D1:2 al-
lows cells to maintain overall PSII activity in the face of
photoinhibitory loss of centers, since the rate of oxygen
evolution per D1 protein is significantly higher when
D1:2 is the predominant form (2 h) compared to D1:1
(4-8 h). Events within the PSII core may well limit the
dissipation of energy via photochemistry, resulting in re-
action centers which are susceptible to photoinhibition.
The enhanced photochemical efficiency of PSII contain-
ing D1:2 apparently allows increased transfer of elec-
trons into the transport chain leading away from PSII,
which remains non-saturated, as shown by maintenance
of high photochemical quenching. This strategy stands
in marked contrast to the situation in higher plants and
green algae, where downstream electron transport is fre-
quently thought to limit energy dissipation by PSII
(Oquist et al. 1992; Maxwell et al. 1994).

The third phase during prolonged exposure to high
light is the second interchange between the two D1
forms that occurs after 2 h. Despite continued exposure
to high light, the synthesis of D1:2 ceases soon after it
has become the predominant D1 form, and the cells then
revert to the less efficient D1:1 protein. The resynthesis
of D1:1 protein after 2 h is consistent with the known re-
activation of psbAI expression under continuous high
light (Kulkarni and Golden 1994). In contrast, the
psbAII/II mRNA remained at high levels over the period
of rapid loss of D1:2 protein, suggesting that strong
post-transcriptional regulation plays an important role in
determining the form of D1 protein present in the PSII
reaction center. Despite little change in the nett amount
of D1 protein, the reversion is clearly correlated with de-
creasing photosynthesis, although the growth rate does

‘
I

Fig. 8 Photoinhibition and acclimative
changes of Synechococcus sp. PCC
7942 following a light shift from 50 to
200 umol photons - m~2 - s~1. Thick-
ness of horizontal bars represents
changes relative to the values of pa-
rameters at time zero

not decline in parallel (Fig.2). These cooordinated
changes are summarized in Fig. 8. D1:2 protein is appar-
ently required only transiently after a shift to increased
light, while the D1:1 protein is used for steady-state
growth. These D1:1 centers may be more competent in
the distribution of excitation energy between the photo-
systems (Campbell unpublished), especially under low
or fluctuating light regimes, outweighing the penalty of
lower efficiency under most growth situations in nature.
Furthermore, natural cells experience high light for only
short daily periods of 4-5 h or less, depending on posi-
tion in the water column and mixing. In this context, the
rapid but transient induction of the D1:2 protein at high
light may also be viewed as an excitation stress re-
sponse, analogous to stress responses such as those in-
duced by heat shock.

Phycocyanin and the plasticity of acelimation responses.
The changes within PSII upon shifts to high light are
variable in extent, a finding largely explained by a strong
direct correlation between the initial PC/Chl ratio and
the severity of the inhibition of oxygen evolution and
F/Fy after the shift. Differing PC/Chl ratios between
cultures directly reflect the relative light-capture capaci-
ty of PSII versus PSI and thus the level of excitation
pressure on PSII at a given light (Reuter and Miiller
1993). The initial PC/Chl ratio is also strongly negative-
ly correlated with recovery after inhibition, with cultures
of high PC content unable to recover to the same degree
as those with less PC. The validity of these correlations
is supported by the identical relations between PC/Chl
and inhibition or recovery as measured by oxygen evolu-
tion or by Fy/Fy;.

Although the initial PC/Chl ratio influences photoin-
hibition and acclimation processes in this strain, PC con-
tent responds slowly to light intensity or quality and ap-
pears more strongly influenced by other factors such as
CO, supply (Eley 1971; Muller etal. 1993) which
change the relative cellular requirements for NADPH
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and ATP (Manodori and Melis 1984; Reuter and Miiller
1993). More generally, phycobilisome content and pho-
tosystem ratios in cyanobacteria are regulated by many
factors other than light intensity or quality, including ni-
trogen and sulphur metabolism (Grossman et al. 1993;
Tandeau de Marsac and Houmard 1993), consistent with
the multiple roles of the phycobilisomes in the flexible
metabolism of cyanobacteria. In our shift experiments,
there was no detectable change in the cellular phycobili-
some content nor in the arrangement of the phycobili-
some rods, until after the interchanges between D1:1 and
D1:2, when the PC/Chl ratio actually increased even
though the cells remained under near saturating light.
Therefore, PC content is a strong but relatively static in-
fluence on susceptibility to photoinhibition. In contrast,
rapid turnover and exchange of the D1 protein is exploit-
ed by Synechococcus sp. PCC 7942 to modulate the
properties of PSII to accommodate short-term changes
in excitation pressure, which depends not only on light
intensity but on the existing phycobilisome content.
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