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ABSTRACT

DNA fragments encoding a red light-inducible phycocyanin gene and
a green light-inducible phycoerythrin gene have been used to investigate
the effect of red and green pulses on the accumulation of phycocyanin
and phycoerythrin mRNA in subsequent darkness. A red pulse promotes
phycocyanin and suppresses phycoerythrin mRNA accumulation while a
green pulse has an opposite effect on both transcript levels. The effect of
a saturating light pulse is canceled by a subsequently given pulse of the
other light quality. For a given mRNA, the positive and negative effects
require the same fluence for saturation, whereas to saturate the phycoer-
ythrin mRNA response requires at least twice as much light as to saturate
the phycocyanin mRNA response. Calculations of the apparent extinction
coefficients for the pigments mediating the light-regulated mRNA in-
crease and decrease are of the order of 2 x 104 for phycocyanin mRNA
and less than 104 for phycoerythrin mRNA. The data are consistent with
the hypothesis that the light-induced increase and decrease ofa particular
phycobiliprotein mRNA is controlled by a single red/green photorever-
sible photosystem, but that phycoerythrin and phycocyanin mRNA levels
are either controlled by two distinct photoreversible systems or that
marked differences occur in the chain of events leading from photoper-
ception to gene activation. These system(s) differ from most phytochrome
systems in several ways: First, they remain fully on or off depending
upon the light quality of the terminal irradiation. Second, they can be
completely reversed by light of the appropriate wavelength after several
hours of darkness without diminution of the effectiveness of the reversing
light pulse. These two features argue against the existence of dark
reversion or dark destruction of the biologically active moiety. Third,
signal transduction is rapid-measurable mRNA changes occur even
during a 10 minute irradiation.

Many cyanobacteria, such as Fremyella diplosiphon, alter the
composition of their phycobilisomes in response to the environ-
mental light quality, a phenomenon first described by Engel-
mann (15) who related the water depth at which blue-green algae
grew with their ability to synthesize pigments complementary to
the color of the incident light. This phenomenon, termed com-
plementary chromatic adaptation (4, 38), is the consequence of
alterations in the relative concentrations of the red-colored phy-
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cobiliprotein, phycoerythrin (PE2) and blue-colored phyco-
biliprotein, phycocyanin (PC) (3, 5, 8); red light (R) promotes
PC and suppresses PE and green light (G) promotes PE and
suppresses PC accumulation (37, 40). The action maximum for
PE synthesis is between 540 and 550 nm (22, 40), while the
highest rate of PC synthesis occurs at wavelengths between 650
and 660 nm. Since R and G pulses potentiate synthesis of PC
and PE in subsequent darkness (D) and since the effects of the
light pulses are photoreversible (16, 17,21), it has been postulated
that chromatic adaptation is controlled by a photoreversible
photoreceptor with action maxima in the R and G region of the
visible spectrum (4, 40).
Each phycobiliprotein consists of an a and j3 subunit and

recently many genes encoding these phycobiliproteins and their
associated linker polypeptides have been isolated from cyano-
bacteria (2, 9-13, 25, 32-35) and eukaryotic algae (9, 30, 31).
Using a DNA fragment which encodes the end of the PE and
the first 161 nucleotides of the PEO from F. diplosiphon Gross-
man et al. (20, and unpublished data) have shown that both
subunit genes are transcribed as a single mRNA. Similar results
have been obtained by Mazel et al. (34). Moreover, transcripts
are detectable at high levels in cells maintained in G, and only
at low levels in R-acclimated cells. This finding is consistent with
previous results, obtained with inhibitors of transcription, sug-
gesting that PE accumulation in G is regulated at the level of
transcription (18).
However, PC is present both in R- and G-acclimated cells (7).

Recently Conley et al. (1O, 12) have shown that in F. diplosiphon
at least 2 PC gene sets are located on the cyanobacterial genome:
while transcripts from one (inducible) gene set are only detectable
in cells grown in R (10) transcription from a second (constitutive)
gene set occurs in both R- and G-acclimated algae (12). A third
'PC-like' gene set has also been isolated and partially sequenced
(20), although expression from the gene set could not be detected.
These observations are consistent with the findings of Bryant (7)
and Bryant and Cohen-Bazire (8) that at least two distinct sets
of PC subunits are present in cyanobacteria which exhibit com-
plementary chromatic adaptation, one present in cells grown
either in R or G and the other only in cells maintained in R. As
for the PE genes, the a- and ,-subunit genes for PC are tran-
scribed as a dicistronic mRNA (1O, 12, 31) which might insure
that both subunits are produced in a 1:1 ratio, i.e. the ratio
observed in the phycobilisomes.
The aim of the present study is to investigate PC and PE

mRNA regulation by a postulated R/G-photoreversible photo-
receptor (4). UsingDNA fragments specific for the light-inducible
PC and PE genes we have measured changes of the transcript

2 Abbreviations: PE, phycoerythrin; AP, allophycocyanin; D, darkness;
G, green light; PC, phycocyanin; R, red light.
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levels after transfer of R- and G-acclimated cells to D. The light
treatments were terminated with R and G pulses in order to
study the effect of these light pulses on the accumulation of PC-
and PE-mRNA levels during subsequent D. It was found that
the mRNA levels of both phycobiliproteins respond rapidly to
light pulses. Moreover, the data indicate that both the light-
stimulated increase and decrease of PC and PE mRNA levels in
F. diplosiphon are controlled by R/G reversible photosystem(s)
with some characteristics similar to those of phytochrome, but
with some important differences.

MATERIALS AND METHODS

Growth Conditions. Fremyella diplosiphon (Calothrix sp., PCC
7601), a subculture ofUTEX #481, was grown at 32°C in 40 mL
of Gorham's medium (26) in an atmosphere of 3% C02/97%
air. Cultures were illuminated with 15,umol m2 s-' of red (R)
and green (G) light. White light was either filtered through a R
plexiglass filter (Acrylide 210-0, 6.7 mm thick, maximal trans-

mission at 635 nm, no transmission below 585 nm) or a G
plexiglass filter (Rohm & Haas Plexiglas 2092, 6.7 mm thick,
maximal transmission at 540 nm, no transmission below 480 or

above 605 nm). After 5 d of growth the temperature was reduced
to 25°C and the cells were allowed to adapt to this temperature
for 6 h before the onset of the light-pulse treatments, because
changes in the mRNA abundance were too fast for reasonable
kinetic studies at 32C.

Light Pulses. Saturating light pulses of R and G light were
given for10 min at a fluence rate of 30,umolm-2s-'. For
illumination with lower fluences, irradiation times were varied
between 2 and 1000 s with a constant fluence rate of 15,umolm-2 s-l

RNA Extraction. For total RNA extraction 40 mL of cultures
in the early log growth phase were collected by vacuum filtration
on a Whatman filter disc (GF/C-filter) and the filter was imme-
diately transferred to liquid nitrogen. RNA extraction was per-

formed by immersing the discs in 7 mL of 0.1 M Tris-HCl (pH
6.5) containing 6M guanidine-HCI, 0.01 M dithiothreitol, and
1% N-laurylsarcosine. Further RNA extraction was performed
as described by Kranetz and Anwar (29).

Quantitation of mRNA. The method used for determination
of relative amounts of mRNA levels by slot blot hybridization
has been described in detail (27, 39). For hybridization a 3.7 kb
HindlIl DNA fragment was used which contains the R-inducible
cpcA2B2 (genes encoding inducible PCac) (10). A 294 bp XbaI
fragment encoding amino acids 6-104 of PE, (20) (AR Gross-
man, personal communication) was used for quantitations of the
PE-mRNA levels. The DNA fragment encoding the,-subunit of
the AP gene set (apcAB) is a 693 bp PstI/HaeIII fragment which
begins 37 nucleotides from the site of translation initiation and
ends 240 nucleotides downstream from the termination codon
(PG Lemaux, AR Grossman, manuscript in preparation). Hy-
bridization was performed at67°C (15-18 h,104 Cerenkov
counts/slot). The 3.7 kb HindIll fragment encoding the PC genes
was hydrolyzed to 400 to 800 bp by boiling in 0.5M NaOH for
4 to 5min prior to hybridization (31). The filters were washed 3
x10 min with 0.0 IMPO04-buffer (pH 7.0), 0.02M EDTA,0.1 %
SDS at room temperature, 2 min with 0.05 M P04-buffer pH
7.0, 0.02M EDTA,0.1% SDS at67°C and 3 x10 min at room
temperature and dried before exposure to a Kodak XAR-5 film
(-800C for 1-8 h). Under these conditions the PE-containing
DNA fragment hybridizes only to a 1500 base transcript and
the PC DNA fragment to a major 1600 base transcript and a
minor 3800 base transcript as previously shown by Northern
hybridization (10, 19, 20).

All values are based on three to four independent experiments.
Representative slot blots are shown in the accompanying paper.
Those mRNA levels which were compared to each other were

bound to the same nitrocellulose sheet and hybridized against
the above-mentioned DNA fragments. The autoradiogram was
scanned and the mRNA levels (operationally the signals obtained
by scanning the autoradiogram) determined relative to one
mRNA level (the reference signal) which was taken as 100%.
This procedure was repeated at least three times with RNAs from
different extractions. The variation in the data is of the order of
10% as compared to the reference signal.

RESULTS

Figure 1, top, shows that the PC mRNA level is high in R-
acclimated cultures and hardly detectable in cultures kept in G.
On the other hand (Fig. 1, bottom), the PE mRNA level is high
under continuous G and is low in R. Under the growth condi-
tions used for these studies we always observed approximately
10% of the PE mRNA level in R-grown cultures compared to
G-grown cultures. The high PC and PE mRNA levels present
under light conditions favorable for their accumulation decrease
after transfer of cultures of F. diplosiphon to darkness (D) and
the extent of the decrease is modulated by R and G pulses. In
the case ofPC mRNA the decrease is fast ifR-acclimated cultures
receive a terminating G pulse before the onset of D and signifi-
cantly slower following a R pulse (Fig. 1, top), while the opposite

Time (h)

FIG. 1. The effect of saturating R and G pulses on the relative
amounts of PC and PE mRNA in total RNA isolated from cultures of
F. diplosiphon. Cells were either grown in R (0) or in G (U). For the
determination of the effect of light pulses on the PC (PE) mRNA level,
R- (G-) acclimated cells received a R(0) or G (0) pulse before transfer
to D. A, relative amount ofPC mRNA in Dafter the following treatment:
R-acclimation + G pulse + 2 h D + R pulse (for PE mRNA: G-
acclimation + R pulse + 2 h D + G pulse). The mRNA level of R-
acclimated cultures (in case of PC mRNA) and 0-acclimated cultures
(for PE mRNA) at time point 0 was taken as 100% and all other mRNA
levels normalized to these levels.
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effect of the light pulse treatment is observed for the PE mRNA
level (Fig. 1, bottom). However, in general the decrease of the
mRNA level in D is far slower for PE than for PC.

In cells adapted to G and therefore low in PC mRNA (Fig. 1,
top) an increase in PC mRNA can be induced by a single R
pulse (Fig. 2, top). Indeed, the slower PC mRNA decrease in D
after a R pulse (Fig. 1, top) may be a consequence of the
persistence of the inductive effect of R. In comparable fashion,
in cells maintained in R and low in PE mRNA (Fig. 1, bottom),
an increase in PE mRNA can be induced by a single G pulse
(Fig. 2, bottom). Again, the slower PE mRNA decrease in D
after a G pulse than after a R pulse (Fig. 1, bottom) may be a
consequence of the persistence of the inductive effect of G (Fig.
2, bottom). The low PC mRNA level in G-acclimated algae
(approximately 2% of that in R-acclimated cells) is increased
fivefold by an inductive R pulse followed by 4 h of D (Fig. 2,

top) while the PC mRNA level in D drops even below the level
detectable in cultures kept in continuous G if the light treatment
is terminated with a saturating G pulse (Fig. 2, top). The same
phenomena were observed for the PE mRNA levels except that

a G pulse was inductive and a R pulse repressive (Fig. 2, bottom).
The effect of an inductive light pulse on PC and PE mRNA

accumulation in D can be canceled by a second light pulse of
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FIG. 2. The effect of saturating R and G pulses on the relative amount
of PC and PE mRNA in total RNA isolated from cultures ofF. diplosi-
phon which were either grown in R (0) or inG (-). Light treatment as

described in the legend to Fig. 1, except that the pulses were given after
G- acclimation in case of PC mRNA and R-acclimation for PE mRNA.
R- (G-) acclimated cells received a R (K) or G (E) pulse before transfer
to D. A, relative amount of PC (PE) mRNA in D after the following
treatment: G- acclimation + R pulse + 2 h D + G pulse (for PE mRNA:
R-acclimation +G pulse + 2 h D + R pulse). The highest value of each
graph was taken as 100% and all other mRNA levels referred to these
levels. In order to be consistent with the data shown in Figure 1 the
numbers on the right side of the graph indicate the amount of mRNA
(in %) compared to the PC (PE) mRNA levels in R- (G-) acclimated
cultures.

the other light quality (Figs. 1 and 2). A R pulse given after 2 h
ofD prevents further PC mRNA decrease (Fig. 1, top) and causes
a decrease in PE mRNA levels (Fig. 2, bottom) almost immedi-
ately while a G pulse after 2 h D increases the PE mRNA level
again (Fig. 1, bottom) and decreases the PC mRNA level in
subsequent D (Fig. 2, top). These results explain previous obser-
vations that PE and PC protein syntheses in D are controlled by
R and G pulses. The type of phycobiliprotein synthesized de-
pends on the quality of the last light treatment alone (14, 16,
40). Moreover, the data show that under our experimental con-
ditions the effect of light pulses on PE and PC mRNA accumu-
lation in subsequent D occurs almost immediately without a
detectable lag phase, and a pulse of the opposing light quality
can reverse the system in all four possible cases even after 2 h of
D (Figs. 1 and 2). The initial light-induced mRNA changes
shown in Figures 1 and 2 occur essentially without a detectable
lag period.

Figure 3 shows that the effect of a 10 min saturating inductive
light pulse (R in case of PC mRNA and G for PE mRNA) cannot
be canceled entirely by a subsequently given saturating pulse of
the other light quality even if given immediately, indicating that
the signal transduction from the perception of light to the alter-
ation of PC and PE mRNA levels is fast. Thus as a longer D
period is interposed between the initial pulse and that of the
other light quality, progressively more of the change in mRNA
levels has already taken place at the onset of the second light
pulse. However, Figures 1 to 3 show that the inductive effect of
a light pulse on PE and PC mRNA accumulation can be canceled
by a counteractive light pulse at any time tested. Thus the
response which can be measured following 90 min of D after the
first (promotive) pulse depends on the length of time the initial
promotive light pulse is permitted to act (Fig. 3).
The amount ofmRNA coding for the allophycocyanin protein

(AP) is not affected by R and G (Fig. 4). With the same RNA
samples probed for PC and PE mRNA it was found that the
level of transcript encoding AP is almost the same in R- and G-
acclimated cells and that the decrease of this mRNA level upon
transfer of G-accimated cells to D is not significantly affected
by a R and G pulse given at the end of the light treatment (Fig.
4). Thus the level of AP mRNA is not differentially controlled
by R and G even though light is required for its maintenance.
Two other mRNA species, that for the core linker protein of the
phycobilisomes (20) (PG Lemaux, AR Grossman, manuscript in
preparation), and that thought to encode the anchor protein (PG
Lemaux, AR Grossman, manuscript in preparation) behaved in
a similar fashion in that they required light for maintenance, but
decayed equally fast after R or G treatment (data not shown).

Figures 5 and 6 show the dependency ofthe PC and PE mRNA
levels, respectively on the fluence of the R and G pulses given
prior to a 2 h D incubation period. Cultures were either grown
in G and received pulses of different fluences of R or in R
followed by pulses of different fluences of G before transfer to
D. Under our growing conditions fluences up to 100 (log 2.00)
lsmol m-2 are ineffective in causing significant changes in the
amount of PC and PE mRNA. For PC mRNA, light pulses at a
fluence of 3 x 102 (log 2.48),umol m-2 give a threshold response,
103 (log 3.00) gmol m-2 gives half saturation of the response,
and 3 x 103 (log 3.48),umol m-2 is saturating (Fig. 5). However,
in the case of PE mRNA, both the inductive effect of a G pulse
as well as the reduction of the high PE mRNA level in G-
acclimated cells by a R pulse requires at least 1.5 x I03 (log 3.18)
,umol m-2 to be half saturated (Fig. 6).

In the above experiments, a change in total fluence was ob-
tained by varying irradiation time (between 2 and 100 s) at a
constant fluence rate. Table I shows that at least over the fluence
range used for our experiments the induction of PC andPE
mRNA depends only on the total fluence of the light treatment
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FIG. 3. The extent of reversibility of the effect of an inductive light
pulse by a reversible light pulse on the amount of PC and PE mRNA in
the total RNA isolated from F. diplosiphon. G-acclimated cells received
a saturating R pulse (for PC mRNA determination) and R-acclimated
cells a saturating G pulse (for PE mRNA determination) before transfer
to D for 90 min. The D period was interrupted by a reversible saturating
light pulse (G for PC mRNA and R for PE mRNA) the onset of which
is indicated on the abscissa. Reversibility (%) means:

'[mRNA]inductive pulse [mRNA]inductive pulse+D+reversible pulse

[mRNA]inductive pulse - [mRNA]vesible pulse

The amount of mRNA detectable after the inductive light pulse (R for
PC mRNA and G for PE mRNA) was taken as 100% and the other
mRNA levels referred to these values. The data are based on 3 different
RNA extractions, and the variation of the original data is of the order of
6% (for PC mRNA) and 12% (for PE mRNA).

and is independent of fluence rate or duration of irradiation.
Within the errors of experimentation the reciprocity law is valid.
Longer exposures at lower fluence rates were not included as
with irradiation times longer than 500 s measurable mRNA
changes are already under way.

Figures 7 and 8 show the fluences required in a second light
pulse to cancel the effect of an initial pulse of the opposite light
quality. Cultures were either grown in R and received a saturating
G pulse followed immediately by a variable R pulse or were
grown in G and received a saturating R pulse followed immedi-
ately by a variable G pulse before transfer to D for 4 h. The data
are in agreement with the results shown in Figures 5 and 6: (a)
A final R pulse induces PC mRNA (Fig. 7, top) and reduces the
PE mRNA level (Fig. 8, bottom), while a final G pulse reduces
the abundance of PC mRNA (Fig. 7, bottom) and promotes PE
mRNA accumulation (Fig. 8, top). (b) For a given mRNA the
final inductive and repressive light pulses require almost the
same fluence to be saturating. (c) Canceling of the effect of the
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FIG. 4. Relative amount of AP mRNA in total RNA isolated from
R- (0) or G- (U) acclimated cultures of F. diplosiphon as well as the
effect of a saturating R (0) and G (El) pulse given after G-acclimation on

the level of AP mRNA in subsequent D. The amount of AP mRNA in
G-acclimated cultures at time point 0 was taken as 100% and all other
mRNA levels referred to this amount.

first light pulse by a second light pulse of the other light quality
requires more light in the case of PE than for PC mRNA (about
2.5 x 103 (log 3.40) ,umol m-2 for PC mRNA and about 7.5 x
103 (log 3.88) umol m-2 for PE mRNA).
From the data shown in Figures 5 and 6 the apparent extinc-

tion coefficients for the induction and reversion of PC and PE
mRNA were calculated (Table II) by the classical approach of
Hendricks et al. (23) for phytochrome action. These calculations
are made under two general assumptions: first, that production
of active photoproduct, P, is a consequence of first order photo-
chemistry, and, second, thatmRNA abundance is linearly related
to photoproduct concentration. If these assumptions are correct,
then P(t) = P(O)6I'el, where I is the fluence rate in moles of
quanta m-2, is the quantum efficiency of the photoprocess, e
is the molar extinction coefficient, and t is the time in s. Under
these assumptions, and an added assumption of a quantum
efficiency of 0.1 for each photoreaction, the extinction coeffi-
cients are of the order of 2 x 104 based on PC-mRNA measure-
ments whereas the coefficients for both the induction and rever-
sion are below 104 when the PE mRNA data are used for the
calculation.

DISCUSSION

The data show that light pulses affect the accumulation of the
R-inducible PC mRNA and the G-inducible PE mRNA in
subsequent D. R causes an increase in PC and a decrease in PE
mRNA levels and G has exactly the opposite effect (Figs. 1-3).
The fact that for a particular mRNA the apparent extinction
coefficient is almost the same for the increase and suppression is
compatible with the hypothesis that light control of this mRNA
accumulation is regulated by a single photoreversible photore-
ceptor (4, 40).

Calculations of the apparent extinction coefficient based on
PC and PE mRNA measurements suggest that at least twice as
much light is required to affect the level of PE mRNA as is
required for the PC mRNA response (Table II, Figs. 5-8). This
difference cannot be caused by differences in screening of the
effective wavelengths by the different photosynthetic pigmenta-
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FIG. 5. The effect of various fluences of a R and a G pulse on the

relative amount of PC mRNA in total RNA isolated from cultures of F.
diplosiphon. G-acclimated cultures received a R and R-acclimated cul-
tures a G pulse before transfer to D for 2 h. The logarithm of the fluences
of the light pulses is indicated on the abscissa. (-.---), controls, i.e.
cultures, which were transferred to D without light pulse. The highest
value (including controls) of each curve was taken as 100% and all other
mRNA levels referred to this amount.

tion of R- and G-acclimated cells. For example, it requires less
R to induce PC mRNA than to cause a decrease in PE mRNA
in the identical G-acclimated cells; conversely, it requires less G
to cause a decrease in PC than to induce PE mRNA in the
identical R-acclimated cells. The lower sensitivity of the PE
mRNA responses persists in the absence of any difference in the
screening pigments. Ifwe assume that R/G reversible changes in
the state of a photoreceptor causes a proportional change in the
amount of mRNA, light regulation of PE and PC mRNA would
likely occur via two different photoreceptors, both of which are
photoconvertible. However, it is yet to be determined whether
fluence-response relations measured at the level of steady-state
mRNA reflect differences in the fluence-response relationships
of the underlying primary photoreactions. Differential fluence
requirements of the promoting and suppressing light pulses for
PC and PE mRNA accumulation might also be explained on the
basis of a single photoreversible photoreceptor with PC and PE
mRNA-specific differences in the signal transduction chain(s).
The fluences required for the reversal of the positive and

negative light effects (Figs. 7 and 8) are significantly higher than
those required for the positive or negative responses themselves
(Figs. 5 and 6). This difference is probably because the wave-
lengths of the reversing light pulses shown in Figures 7 and 8 are
in spectral regions where there is strong absorption by the existing
photosynthetic pigmentation of the algae (R pulse applied to R-
acclimated cells and vice versa), whereas in the experiments

Log fluence (jmol/m2)
FIG. 6. The effect of various fluences of a G and of a R pulse on the

relative amount of PE mRNA in total RNA isolated from cultures of F.
diplosiphon. R-acclimated cultures received a G and G-acclimated cul-
tures a R pulse before transfer to D for 2 h. The logarithm ofthe fluences
of the light pulses is indicated on the abscissa. (-.---), controls, i.e.
cultures, which were transferred to D without a light pulse. The highest
value (including controls) of each curve was taken as 100% and all other
mRNA levels referred to this amount.

shown in Figures 5 and 6 the wavelength of the light pulses are
in spectral regions where such absorption is much weaker (R
pulse applied to G-acclimated algae and vice versa). This inter-

Table I. Test for Validity ofthe Reciprocity Law
Test fluence 1500 ,mol m-2. Results are the averages of three separate

experiments.
Relative Amount ofmRNA

Light Treatment
PC mRNA PE mRNA

G-acclimated cells: saturating 100
R pulse, 2 h D

G-acclimated cells: 2 h D 8
R-acclimated cells: saturating 100
G pulse, 2 h D

R-acclimated cells: 2 h D 21

Fluence Rate Time
molm-2 s-i s

30 50 7la 59b
15 100 67 64
3 500 69 53

a G-acclimated cells: variable R pulse, 2 h D. b R-acclimated cells:
variable G pulse, 2 h D.
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FIG. 7. Reversibility of the effect of a saturating G pulse by R pulses

of different fluences and of a saturating R pulse by G pulses of different
fluences on the relative amount of PC mRNA. Cultures were acclimated
to R before application of the saturating G pulse and to G before the
saturating R pulse, respectively. After the light treatments cells were kept
in D for 4 h until harvested for total RNA extraction. The fluence of the
variable light pulse is indicated on the abscissa. The amount of PC
mRNA of R-acclimated cultures transferred to D for 4 h was taken as
100% and all other mRNA levels referred to this level.

pretation has been confirmed by transmission measurements of
R and G through R- and G-acclimated algal cultures (data not
shown).

In previous studies on chromatic adaptation in Tolypothrix
tenuis, the effect of R and G pulses on the accumulation of the
PC and PE chromoproteins in subsequent D has also been
investigated (17). Cells were kept in nitrate-free medium to
prevent phycobilisome formation. When nitrate was added, phy-
cobiliprotein synthesis occurred even in D and predominantly
PC was formed if the last light treatment was R while PE was
synthesized if the light period was terminated with G. In this
case as well, the effect of R illumination could be reversed by
subsequently given G and the effect of G by a subsequent R
treatment. An induction of PE synthesis by a G pulse and its
reversibility by R has also been demonstrated in F. diplosiphon
(40). However, since PC synthesis occurs in both R- and G-
acclimated cyanobacteria (7, 22) the effect of light pulses on PC
accumulation in D has not previously been investigated in detail.
The use of a probe specific for the light-inducible PC gene (10),
i.e. one which hybridizes only to R-induced PC transcripts and
not to transcripts of the constitutively expressed PC gene set,
allowed us to compare the effect of R and G pulses on both PC
and PE mRNA levels.
Even though nothing is known about the steps occurring

between the perception of light and the observed changes in the
mRNA abundance, Figures 1, 2, and 3 show that the events are
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FIG. 8. Reversibility of the effect of a saturating R pulse by G pulses
of different fluences and of a saturating G pulse by R pulses of different
fluences on the relative amount ofPE mRNA. Cultures were acclimated
to G before application of the saturating R pulse and to R before the
saturating G pulse, respectively. After the light treatments cells were kept
in D for 4 h until harvest for total RNA extraction. The fluence of the
variable light pulse is indicated on the abscissa. The amount of PE
mRNA of G-acclimated cultures transferred to D for 4 h was taken as

100% and all other values referred to this level.

Table II. Calculated Extinction Coefficientsfor the Effect ofR or G on

the Abundance ofPC and PE mRNA (forfurther details, see Ref 23)

Estimated Extinction
Direction of Effect Coefficientsa

Phycocyanin Phycoerythrin
Positive 18,800 7,500
Negative 19,800 6,500

a Calculated on the basis of an assumed quantum efficiency of 0.1 for
all photoreactions.

rapid under our experimental conditions and without detectable
lag phases. Even a 10 min inductive light pulse brings about a
change in mRNA abundance that cannot be fully canceled by a
subsequently given light pulse of the other light quality (Fig. 3).
Moreover, a 10 min inductive light pulse suffices to cause an
increase in the mRNA accumulation over at least 4 h in D and
a cancelling light pulse, given 2 h after the inductive pulse
prevents further mRNA accumulation almost immediately (Fig.
2). Thus the effect of the light is already complete within the 10
min illumination period before the cultures are transferred to D.
The kinetics ofmRNA accumulation in D following R and G

pulse treatments are different for PC and PE mRNA. As an
example: Figure 1 shows that the decline of PC mRNA in D is
much faster than the decline of the PE mRNA level irrespective

G-acclimated + 4 h D

G-acclimated + saturating R-pulse
+ variable G-pulse + 4 h D

R-occlimoted + soturoting G-puls
+ vodble R-puls + 4 h D

R-occlimoted + 4 h D
p*** * * * .---

.7 .I a
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of whether the light treatment was terminated by an inductive
or repressive light pulse. Experiments indicate that the half-lives
of both mRNAs are of the order of 10 to 30 min (34a). Thus we
conclude that unlike PC mRNA a substantial PE mRNA syn-
thesis still occurs in D even after a R pulse. Another difference
noted above is that while hardly any PC-mRNA is detectable in
cultures kept in continuous G, i.e. under noninductive light
conditions (Fig. 1, top), the PE-mRNA level in R is about 10%
of the level detectable in G (Fig. 1, bottom). This difference may
simply be a function of the spectral quality of the light sources
and the absorption properties of the pigments. For example, the
G source might cease transmitting at wavelengths sufficiently
short that it would not excite the photoreceptor that induces an
increase in PC mRNA, while the red source might emit light at
sufficiently short wavelengths to turn on at least partially the
photoreceptor system inducing PC mRNA.
The action of the photoreceptor(s) on PE and PC mRNA

accumulation is in some way comparable with phytochrome-
induced changes of gene expression in higher plants. However,
the photobiological properties of the cyanobacterial system in-
dicate that the underlying mechanisms between perception of
light and alteration of gene expression might be different from
phytochrome-controlled gene expression (36). First, in F. diplo-
siphon, the response to light pulses occurs immediately and
persists in subsequent D as though a single switch were turned
on or offand remained in that configuration, dependent entirely
on the light quality of the last irradiation. Second, the position
of the switch as set by one pulse can be reversed by the appro-
priate light treatment after several hours of D without any
diminution in the effectiveness of the second pulse. Taken to-
gether, these two properties ofthe cyanobacterial system indicate
that the kinds of dark reactions well known for phytochrome
systems (dark reversion, destruction) (24) are lacking in F. diplo-
siphon. Third, even immediate irradiation with a second light
pulse of the opposite quality fails to reverse the effect of the first
light pulse completely (Fig. 3). Thus a fraction of the final
response, in this case a change in mRNA abundance, has already
taken place by the end of a 10 min irradiation and the passage
of signal through the transduction chain has been rapid. Escape
kinetics are too rapid to be measured with the present techniques,
though the time course for escape might be measurable by use
of shorter light pulses of a fluence higher than available in the
present study or at lower temperatures. Changes in mRNA
abundance as rapid as those reported here are not usual in
systems in which mRNA abundance is regulated by phytochrome
(e.g. 1; see 36) though some rapid responses at the mRNA level,
mediated by phytochrome, have been reported (28). Finally,
both R and G induce both positive and negative responses. If
single photoreversible pigment systems are involved, one cannot
state with confidence which form is biologically active-indeed
both forms might be (leading to repression in one configuration
and activation in the other). This situation is unlike that for
phytochrome where there is abundant evidence that Pfr is the
biologically active form (6).

Acknowledgments-The authors would like to thank P. G. Lemaux and P. B.
Conley who first isolated the DNA fragments used as hybridization probes in these
experiments.

LITERATURE CITED

1. BATSCHAUER A, K APEL 1984 An inverse control by phytochrome of the
expression of two nuclear genes in barley (Hordeum vulgare L.). Eur J
Biochem 143: 593-597

2. BELKNAP WR, R HASELKORN 1987 Cloning and light regulation of expression
of the phycocyanin operon of the cyanobacterium Anabaena. EMBO J 6:
87 1-884

3. BENNETT A, L BOGORAD 1973 Complementary chromatic adaptation in a
filamentous blue-green alga. J Cell Biol 58: 419-435

4. BOGORAD L 1975 Phycobiliproteins and complementary chromatic adaptation.
Annu Rev Plant Physiol 26: 369-401

5. BORESCH K 1922 Die komplementare chromatische Adaptation. Arch Proti-
stenk 44: 1-70

6. BORTHWICK HA 1972 History of phytochrome. In K Mitrakos, W Shropshire,
Jr, eds. Phytochrome. Academic Press, New York pp 3-23

7. BRYANT DA 1981 The photoregulated expression of multiple phycocyanin
species. A general mechanism for the control of phycocyanin synthesis in
chromatically adapting cyanobacteria. Eur J Biochem 119: 425-429

8. BRYANT DA, G COHEN-BAZIRE 1981 Effects of chromatic illumination on

cyanobacterial phycobilisomes. Evidence for the specific induction of a
second pair of phycocyanin subunits in Pseudanabaena 7409 grown in red
light. Eur J Biochem 119: 415-424

9. BRYANT DA, R DE LORIMIER, DH LAMBERT, JM DUBBS, VL STIREWALT, SE
STEVENS JR, RD PORTER, J TAM, E JAY 1985 Molecular cloning and
nucleotide sequence of the a and ,I subunits of allophycocyanin from the
cyanelle genome of Cyanophora paradoxa. Proc Natl Acad Sci USA 82:
3242-3246

10. CONLEY PB, PG LEMAUX, AR GROSSMAN 1985 Cyanobacterial light-harvesting
complex subunits encoded in two red light-induced transcripts. Science 230:
550-553

11. CONLEY PB, PG LEMAUX, AR GROSSMAN 1988 Molecular characterization
and evolution of sequences encoding light harvesting components in the
chromatically adapting cyanobacterium Fremyella diplosiphon. J Mol Biol
199:447-465

12. CONLEY PB, PG LEMAUX, TL LOMAX, AR GROSSMAN 1986 Genes encoding
major light-harvesting polypeptides are clustered on the genome of the
cyanobacterium Fremyella diplosiphon. Proc Natl Acad Sci USA 83: 3924-
3928

13. DE LORIMIER R, DA BRYANT, RD PORTER, W-Y Liu, E JAY, SE STEVENS JR
1984 Genes for a and ,B phycocyanin. Proc Natl Acad Sci USA 81: 7946-
7950

14. DIAKOFF S, J SCHEIBE 1973 Action spectrum for chromatic adaptation in
Tolypothrix tenuis. Plant Physiol 51: 382-385

15. ENGELMANN TW 1884 Untersuchung uber die qualitativen Beziehungen
zwischen Absorption des Lichtes and Assimilation in Pflanzenzellen. Bot
Ztg 42: 97-105

16. FUJITA Y, A HATTORI 1960a Effect of chromatic lights on phycobilin formation
in a blue-green alga, Tolypothrix tenuis. Plant Cell Physiol 1: 293-303

17. FUJITA Y, A HATrORI 1960b Formation of phycoerythrin in preilluminated
cells of Tolypothrix tenuis with special reference to nitrogen metabolism.
Plant Cell Physiol 1: 281-292

18. GENDEL S, I OHAD, L BOGORAD 1979 Control of phycoerythrin synthesis
during chromatic adaptation. Plant Physiol 64: 786-790

19. GROSSMAN AR, PG LEMAUX, PB CONLEY 1986 Regulated synthesis of phyco-
bilisome components. Photochem Photobiol 44: 827-837

20. GROSSMAN AR, PG LEMAUX, PB CONLEY, B BRUNS, L ANDERSON 1988
Characterization of phycobiliprotein and linker polypeptide genes in Fre-
myella diplosiphon and their regulated expression during complementary
chromatic adaptation. Photosynth Res 17: 23-56

21. HATTORI A, Y FUJITA 1959 Effect of pre-illumination on the formation of
phycobilin pigments in a blue-green alga, Tolypothrix tenuis. J Biochem 46:
1259-1261

22. HAURY JF, L BOGORAD 1977 Action spectra for phycobiliprotein synthesis in
a chromatically adapting cyanophyte, Fremyella diplosiphon. Plant Physiol
60: 835-839

23. HENDRICKS SB, HA BORTHWICK, RJ DOWNS 1956 Pigment conversion in the
formative responses of plants to radiation. Proc Natl Acad Sci USA 42: 19-
26

24. HILLMAN WS 1967 The physiology of phytochrome. Annu Rev Plant Physiol
18: 301-324

25. HOUMARD J, D MAZEL, C MOGUET, DA BRYANT, N TANDEAU DE MARSAC
1986 Organization and nucleotide sequence of genes encoding core compo-
nents of phycobilisomes from Synechococcus 6301. Mol Gen Genet 205:
404-410

26. HUGHES ED, PR GORHAM, A ZENDER 1958 Toxicity of a unialgae culture of
Microcystis aeruginosa. Can J Microbiol 4: 225-236

27. KAUFMAN LS, WF THOMPSON, WR BRIGGS 1984 Different red light require-
ments for phytochrome-induced accumulation of cab RNA and rbcS RNA.
Science 226: 1447-1449

28. KAUFMAN LS, LL ROBERTS, WR BRIGGS, WF THOMPSON 1986 Phytochrome
control of specific mRNA levels in developing pea buds. Kinetics of accu-

mulation, reciprocity, and escape kinetics of the low fluence response. Plant
Physiol 81: 1033-1038

29. KRANETZ SA, RA ANWAR 1984 Optimization of the isolation of biologically
active mRNA from chick embryo reticulocytes. Biotechniques 2: 342-347

30. LEMAUX PG, AR GROSSMAN 1984 Isolation and characterization of a gene for
a major light harvesting polypeptide from Cyanophora paradoxa. Proc Natl
Acad Sci USA 81: 4100-4104

3 1. LEMAUX PG, AR GROSsMAN 1985 Major light-harvesting polypeptides encoded
in polycistronic transcripts in a eucaryotic alga. EMBO J 4: 1911-1919

32. LIND LK, SR KALLA, A LONNEBORG, G OQuisT, P GUSTAFSSON 1985 Cloning
of a phycocyanin gene from Anacystis nidulans. FEBS Lett 188: 27-32

OELMOLLER ET AL.1090



PHOTOREVERSIBLE LIGHT EFFECTS ON PHYCOBILIPROTEIN mRNA SYNTHESIS

33. LOMAX TL, PB CONLEY, J SCHILLING, AR GROSSMAN 1987 Isolation and
characterization of light-regulated phycobilisome linker polypeptide genes

and their transcription as a polycistronic mRNA. J Bacteriol 169: 2675-
2684

34. MAZEL D, G GUGLIELMI, J HOUMARD, W SIDLER, DA BRYANT, N TANDEAU
DE MARSAC 1986 Green light induces transcription of phycoerythrin operon

in Calothrix 7601. Nucleic Acids Res 14: 8279-8290
34a. OELMOLLER R, PB CONLEY, N FEDERSPIEL, WR BRIGGs, AR GROSSMAN 1988

Changes in accumulation and synthesis of transcripts encoding phycobili-
some components during acclimation of Fremyella diplosiphon to different
light qualities. Plant Physiol 88: 1077-1083

35. PILor TJ, JL Fox 1984 Cloning and sequencing of the genes encoding a and

# subunits of C-phycocyanin from the cyanobacterium Agmenellum quad-
ruplicatum. Proc Natl Acad Sci USA 81: 6983-6987

36. SCHAFER E, WR BRIGGS 1987 Photomorphogenesis from signal perception to
gene expression. Photobiochem Photobiophys 12: 305-320

37. TANDEAU DE MARSAC N 1977 Occurrence and nature of chromatic adaptation
in cyanobacteria. J Bacteriol 130: 82-91

38. TANDEAU DE MARSAC N 1983 Phycobilisomes and complementary chromatic
adaptation in cyanobacteria. Bull Inst Pasteur 81: 201-254

39. THOMPSON WF, M EVERETr, NO POLANS, RA JORGENSEN, JD PALMER 1983
Phytochrome control of mRNA levels in developing pea and mung bean
leaves. Planta 158: 487-500

40. VOGELMANN TC, J SCHEIBE 1978 Action spectra for chromatic adaptation in
the blue-green alga Fremyella diplosiphon. Planta 143: 233-239

1091


