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CHAPTER 6 

Conditional circadian transcriptional control 

of chaperone-encoding dnaK and of the light-stimulated 

genes petH and psbA in Synechocystis PCC 6803 

J A S P E R ] . V A N T H O R , B E T S T I E V O E T D I J K , H A N S C. P. M A T T H I J S A N D K L A A S J. H E L L I N G W E R F 
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Abstract 

In Synechocystis PCC 6803 the expression of petH (encoding Ferredoxin: 
NADP+ reductase) is under circadian control. This was demonstrated in a 
series of quantitative Northern experiments, in which both batch- and 
chemostat cultures of this organism were subjected to circadian entrain -
ment, followed by growth under constant conditions. Variations in the train
ing protocol were designed to allow a distinction between light-dependent 
gene expression and circadian control. The regulation of expression of psbA 
and dnaK was investigated as a control. 
The circadian control of all three genes (i.e. petH, psbA and dnaK) was dem
onstrated both at 22 °C and 34 °C; the first two of these genes also display 
light-stimulated gene expression. 
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Introduction 

PetH (i.e. Ferredoxin: NADP+ reductase) is an important electron carrier in the 
cyanobacterium Synechocystis (e.g. van Thor et al, i998a,b,c). Therefore, it is of 
interest to determine whether its expression is controlled by the circadian clock, 
that is present in this organism (Aoki et al, 1995,1997). This is even more rel
evant because the sequence of the entire genome of Synechocystis PCC 6803 has 
been resolved, which may facilitate understanding of yet unresolved aspects of 
the procaryotic circadian clock, like the nature of the photoreceptor that medi
ates its coupling to the daily rhythms of sunlight-intensity and -color. 
Most of the characterization of the cyanobacterial circadian clock, the only 
prokaryotic circadian clock that is known so far, has been carried out in 
Synechococcus PCC 7942. Expression of the psbA gene(s) in this organism is 
known to be stimulated by illumination of the cells (Kulkarni et al, 1992). In ad
dition, expression of this, and many other genes in Synechococcus, is controlled 
by the circadian clock (Liu et al, 1995a, 1995b). Accordingly, it was observed that 
psbA mRNA levels show, after a period of circadian entrainment of 12 hours 
darkness, an oscillation with a period of about 24 hours, when cells are trans
ferred to continuous light. These oscillations fulfil the conditions that have to be 
met in order to be referred to as authentic circadian oscillations (Johnson et al., 
1996). The maximum level of psbA mRNA is observed at 4 hours after the start of 
the illumination period, following a 12 hour dark period, which was given to syn-

5 chronise the circadian clock; the corresponding minimum is at 16 hours after the 
g start of the period with constant illumination. The bioluminescence produced by 
C a recombinant Synechococcus strain, carrying a transcriptional fusion of the 
S psbAI promoter with the luxAB cassette, however, showed a phase delay of about 
2 8 hours relative to both the psbA (in the wildtype) and the luxAB (in the reporter 
2 strain) mRNA (Liu et al., 1995a) accumulation. 
^ Expression of the dnaK gene, encoding the heat-shock protein DnaK, is medi-
z ated via a sigma-factor that is associated with the heat-shock response in E. coli, 
Q o (Cowing et al, 1985). This was shown for several other gram-negative bacteria 
^ as well. Consequently, it was assumed that expression of dnaK in cyanobacteria 
"5 involves the a32 sigma-factor as well (Webb and Sherman, 1994). In the 
ï cyanobacterium Synechocystis PCC 6803, expression of dnaK is controlled by the 

u-> 

x circadian clock (Aoki et al, 1995, 1997) No other genes have been analysed yet 
£ with respect to circadian transcriptional control in this organism. The dnaK 
o mRNA is highly expressed in the 12 hour dark period that is used to synchronise 
o the circadian clock, shows minimum levels at 10 hours, and a subsequent maxi

mum at 24 hours, extending into the following period with continuous illumina-
o tion (Aoki etal, 1995). Interestingly, expression of the dnaK gene keeps oscillat-
* ing in a dark period following growth under LAHG conditions (Light Activated 
5 Heterotrophic Growth; Anderson and Mcintosh, 1991). During LAHG, daily light-
£ pulses, with a length of approximately 10 minutes are required to allow hetero-
o trophic growth (Anderson and Mcintosh, 1991). These pulses synchronise the 
p circadian clock of Synechocystis PCC 6803 as well (Aoki et al., 1995). Light is usu

ally required for sustaining the circadian rhythm in plants and algae, and the s. 



observation of circadian rhythmicity of the Synechocystis PCC 6803 dnaK pro
moter seems to be an exception. 

Here we report the results of our experiments on the circadian control of petH 
expression in Synechocystis PCC 6803. As a reference, we also assayed the ex
pression of the psbA and dnaK genes in this organism. Various protocols were 
used to test the circadian character of the oscillations observed in the expression 
of these genes. 

Materials and Methods 

GROWTH AND SAMPLING CONDITIONS 

Wildtype Synechocystis PCC 6803 was cultured in BG-11 medium (Rippka et al, 
1979). Batch cultures were grown either at 34 or 22 °C, under continuous illumi
nation from two TL tubes, which yielded an average light intensity of 60 u.E. m 2.s \ 
Batch cultures were agitated at 100 r.p.m. They were inoculated at an OD750 of 
approximately 0.05 to 0.1 and were grown until an OD?50 of 0.7 was reached (at 
which time such cultures are in the mid-log phase; maximally OD750 values of ; 
appr. 2 can be reached under these conditons (i.e. in the stationary phase)).To £ 
synchronise the circadian clock of all cells in a single batch culture, erlenmeyers S 
were wrapped in foil for a period of 12 hours each day. Continuous cultures were n 

run in culturing vessels described previously (Matthijs et al. 1996), with a volume * 
of 1,600 ml and an optical path length of 5 cm. Light was provided by 4 white g 
fluorescent tubes (Philips PLL 24W/84). Using a neutral density filter, a light in- £ 
tensity of 110 p.E.m"2.s"1was obtained. Temperature was maintained at 22 °C.The ^ 
dilution rate and the illumination regime were set as described in Results. The H 
maximal sampling volume for RNA isolation was 20 ml. At least an amount of 
cells of 4.4 ml x OD750 was taken for each sample. t/l 

CO 
> 
1. 

RNA ISOLATION AND DNA PROBES * 

Total RNA from Synechocystis PCC 6803, suitable for Northern analysis, was iso- o 
lated according to a method, adapted from the RNeasy spin column protocol > 
(Qiagen; van Thor et al, 1998a). In short, cells were collected by centrifugation 5 
and resuspended in 600 ml lysis buffer, containing 1% ß-mercapto-ethanol e 
(Qiagen). The aqueous phase was extracted with phenol/chloroform (1:1 (v/v), n 
equilibrated with 10 mMTris/HCl pH 7.5) at 65 °C and once with chloroform.The Î 
aqueous layer was further processed as recommended by the supplier. After RNA 5 
purification, contaminating DNA was digested with DNAase (Promega), the RNA 
was phenol/chlorophorm- and chlorophorm-extracted, and recovered by etha- „, 
nol precipitation. Hybridisation was quantified by densitometry (Pharmacia) of z 
autoradiograms (linear dependence of the signal intensity on the mRNA concen- Q 
tration was observed for densities below an absorption of 1.5), and normalised o 
on the basis of total RNA. When necessary, corrections of the determined densi- w 
ties were made based on the fluorescence intensity of ethydiumbromide-stained w 
RNA from formaldehyde/agarose gels, that were run in parallel with the gels that ^ 
were used for Northern transfer and hybridisation. All results that are shown are >-» 

z 



quantifications of mRNA, based on the intensities of the hybridising bands in 
Northern experiments, of samples taken from single cultures. An exception is the 
experiment shown in Figure lB, where the results obtained from samples taken 
from a second culture, grown under comparable conditions, are shown as well. In 
some cases more than one Northern experiment was carried out with one set of 
samples, when the amount of total RNA varied significantly in more than one 
lane. For the other lanes good reproducability was observed between different 
Northern hybridisations of the same samples. Staining of the gels with ethidium 
bromide after Northern transfer was performed in order to confirm complete 
transfer of RNA for each experiment. 

ApetH- (encoding ferredoxin:NADP+ reductase), a psbA- (encoding the Di 
polypeptide of the core of the PSII reaction center) and a dnaK- (encoding a heat 
shock protein) probe were prepared for Northern analysis of total RNA from 
Synechocystis PCC 6803. The petH DNA probe was prepared as described previ
ously (van Thor et al, 1998b). This probe, a 1.3 kbp PCR product, spans the entire 
PetH open reading frame. The psbA probe was produced by amplifying an 862 bp 
internal fragment from the Synechocystis psbAi gene (sin 181 Cyanobase identi-

p fier; Kaneko et al, 1996) with the oligonucleotides PSBAiDOWN and PSBAiUP 
>• (see further below). The PCR product yielded the predicted fragments upon re-
° striction with Sau^AI (95, 315 and 452 bp) and TaqI (205,290 and 367 bp). This 
u psbA probe is expected to hybridise with all members of the psbA gene family 
>- (Mohamed and Jansson, 1989). The third probe was produced by amplification of 
ä a 997 bp internal fragment of dnaK, using oligonucleotides DNAK497 and 
a DNAK1417C, designed according to the published DNA sequence of this gene 
C (Chitnis and Nelson, 1991). The nature of the PCR product was confirmed with 
S EcoB.1 and Clal restriction, which yielded the predicted fragments (EcoRI: frag-
g ments of 216 and 781 bp; Clal: fragments of 475 and 522 bp). 
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OLIGONUCLEOTIDES: 

P S B A I D O W N : 5' TTAGGATTACAGGAACAAAGCC 3'. 
PSBAiUP: 5' AACAACAAACTGCCAAAGCGGC. 
DNAK497: 5' TGAGAATTATTAACGAGCCCACCGC 3' 
DNAK1417C: 5' CCGGTGATGCTGATGGACTGCTC 3'. 

Ï Results 
O 
-j DEMONSTRATION OF CIRCADIAN TRANSCRIPTIONAL CONTROL OF LIGHT STIMULATED MRNAS 
o 
£ (PETH AND PSBA) AND DNAK MRNA, ENCODING A HEAT-SHOCK PROTEIN, AT 22 "CAND 34 °C 
o IN BATCH CULTURES OF SYNECHOCYSTIS PCC6803. 

* A batch culture of wildtype Synechocystis PCC 6803 was grown 
S photoautotrophically at 22 °C and subjected to a 12 hour dark period to synchro-
£ nize the circadian clock of the cells. The doubling time under these conditions 
G was approximately 48 hours (i.e. the specific growth rate n under these condi-
rsi tions equals 0.015 n *)• Samples were taken before, right after, and during 24 
« hours of continuous light, following the dark period. Total RNA was extracted. 
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FIGURE 1/K.PETH,PSBA AND DNAKMRUA LEVELS IN BATCH CULTURES SUBJECTED TO A 12 HOUR DARK PERIOD. 

A culture of Synechocystis PCC 6803 grown photoautotrophically at 22 °C. Panel A: petH, panel B: psbA and 

panel C: dnaKmRHA. 

and analysed with Northern hybridisation with probes for petH, psbA, and dnaK 
(Figure lA). The petH mRNA level decreased in the dark period, confirming pre
vious observations (van Thor et al, 1998b). At time 18 hours, 6 hours after the 
start of the light period, levels had increased to a maximum, followed by a mini
mum at 30 hours. At time 36 hours, the expression had increased again. The psbA 
mRNA levels followed approximately the same trend as the petH mRNA's. There
fore the Synechocystis PCC 6803 psbA promoter(s) oscillate with the same ap
proximate phase as the psbAi promoter of Synechococcus PCC 7942 (Liu et al, 
!995a). The expression profile that was measured for dnaK closely resembled the 
results of Aoki et al. (1995) obtained for Synechococcus, which showed a decrease 
in the mRNA abundance directly after the dark period, and a maximum at time 
36 hours. 

A batch culture grown photoautotrophically at 34 °C was placed in the dark for 
the same period, and expression of all three genes was monitored, as in the ex
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F I G U R E I B . A C U L T U R E O F SYNECHOCYSTIS PCC 6803 G R O W N P H O T O A U T O T R O P H I C A L L Y A T 34 °C. 

The results of a duplo experiment, with samples taken at times 12,18, 24 and 36 hours, are presented as 

well (open triangles; Northern data not shown). 

périment described above (Figure iB).The doubling time now was approximately 
24 h (i.e. u. = 0.03 h"1). Results, comparable to the outcome of the experiment per
formed at 22 °C were obtained in this experiment, with the exception of the be
haviour directly (z'.e. î h) after the end of the dark period. For all three mRNAs an 
increase in abundance was observed at this timepoint, in contrast to the experi
ment performed at 22 °C.The phase of the apparent rhythms, and the maximum 
at time 36 hours, were comparable for the experiments performed at 22 °C and 34 
°C, though. The amplitudes of the oscillations, however, are slightly variable, as 
can be seen in the results of the duplicate experiment (Figure lB; open triangles). 

These experiments show that not only dnaK, but also petH and psbA show 
circadian expression in synchronised batch cultures, both at 22 and 34 °C. These 
rhythms were detected in cultures that were maintained in continuous light, in 
contrast to the experiments of Aoki et al. (1997). They observed a dampening of 
the rhythms as well as a lengthening of the period of a bioluminescent reporter 
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FIGURE 2 A. P f r f / , P S B / 1 A N D DNAK M R N A LEVELS I N A C O N T I N U O U S C U L T U R E T R A I N E D U N D E R A L I G H T RE

G I M E OF 10 HOURS DARKNESS AND 14 HOURS LIGHT CULTURED PHOTOAUTOTROPHICALLY AT 22°C. 

mRNA levels during the ïo hours dark and the 14 hours light period. 

strain at 24 °C and lower temperatures in cultures maintained in darkness. We 
show that this effect does not occur when the cultures remain in continuous 
light. 

PETH, PSBA AND DNAK EXPRESSION LEVELS IN A 'TRAINED' CONTINUOUS CULTURE UNDER A 

LIGHT REGIME OF 10 HOURS DARKNESS AND 14 HOURS LIGHT 

A continuous culture of the wildtype strain was maintained at 22 °C, and placed 
under a regime of 10 hours darkness followed by 14 hours light. These conditions 
were selected because they most closely match the periods encountered by 
cyanobacteria in many natural environments. The dilution rate was set at 0.017 n " \ 
which caused the OD?50 to stabilise at 0.22 at the end of each light period. The 
continuous culture was maintained for a week in this light regime before sam
ples were taken, during the 10 hour dark period as well as during the light period, 
for the isolation of RNA. It was observed that the petH mRNA level decreased 
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FIGURE 2B. 

mRNA levels during a 24 hour continuous light period, covering a 10 hour subjective dark period and a 14 

hoursubjective light period. 

significantly already within 1 hour after the onset of the dark period, and in

creased at approximately the same rate, as soon as the light was turned on (Figure 
2A). 

The time dependence of the variations in psbA mRNA levels differs from that 
of the petH mRNA. An initial decrease of the psbA mRNA level was followed by a 
maximum and a minimum already within the dark period (middle panel of Fig
ure 2A). After initiation of the light period, a gradual increase in the psbA mRNA 
levels was observed, reaching a maximum 5 hours later. Remarkably, a very simi
lar behaviour was observed for the psbA mRNA levels in a continuous culture of 
the cyanobacterium Cyanothece sp. ATCC 51142, trained under a light regime of 
12 hours darkness followed by 12 hours light (Colon-Lopez and Sherman, 1998). 
Both in the case of Synechococcus PCC 7942 (Kulkarni and Golden, 1997) and 
Synechocystis PCC 6803 (Mohamed and Jansson, 1991) psbA mRNA levels are the 
result of regulation at the level of transcriptional activation, as well as regulation 



of turnover by stabilisation of the mRNA. Probably, the complex pattern of psbA 
mRNA during the dark period of trained cultures of Synechocystis PCC 6803 and 
Cyanothece sp. ATCC 51142 is the result of differential regulatory effects at the 
level of transcriptional regulation and mRNA turnover, which again may be dif
ferent for the different psbA genes. Possibly a shallow minimum was present at 
time 21 hours, 11 hours after the start of the light period, both in the case for the 
psbA and the petH mRNA's (see panels A & B of Figure 2A). 

The abundance of the dnaK mRNA was relatively low during the dark period, 
resembling the experiment with the batch culture grown at 34 °C, rather than the 
batch culture grown at 22 °C (Figure lB; panel C). 

Next, the trained culture was not subjected to the 10 hour dark period, and 
sampling started at 'time 24 hours' (the start of the subjective dark period accord
ing to the training regime). Samples were taken during the next 24 hours, cover
ing both the first subjective dark- and the first subjective light-period, and ana
lysed for petH, psbA and dnaK mRNA levels (Figure 2B). It was observed that dur
ing this period neither the petH, nor the psbA mRNA levels showed significant 
oscillations. Possibly, minimal oscillations take place in the level of the dnaK 
mRNA. £ 

From these experiments it was concluded that training of a culture of 2 
Synechocystis PCC 6803 under light limitation in the chemostat results in mark- S 
edly different overall transcriptional characteristics, compared to batch cultures n 

subjected to a single dark period, but does not abolish circadian control of ex- § 
pression. 

COMPARISON BETWEEN A CONTINUOUS CULTURE IN CONSTANT LIGHT AND A CONTINUOUS ^ 

CULTURE UNDER A LIGHT REGIME OF 12 HOURS DARKNESS AND 12 HOURS LIGHT: PETH AND M 
H 

DNAK MRNA LEVELS j 1 

•u 

The results presented in Figure l show that all three transcripts investigated, </> 
were expressed under circadian transcriptional control, under conditions of ^1 

growth at (imaxin batch culture, both at 22 °C and at 34 °C, when the cells were g 
synchronised with a single 12 hour dark period. The chemostat experiments o 
(Figure 2) showed strikingly smaller amplitudes of the oscillations. Since several > 
variables differed between the batch culture experiments and the experiments 
performed with the light-limited continuous culture, two additional continuous 

o 

cultures were set up: One culture, growing under continuous light with a dilution n 
rate of d= 0.0067 h"1, and a second culture, trained under a light regime of 12 =5 
hours darkness and 12 hours light, with a dilution rate of d=o.oi5 h"1. After a o 
steady state was reached, the cultures were maintained for one week before sam
pling was initiated. The OD?50 of the continuous culture that received continuous ^ 
illumination was 0.61; that of the trained culture was 0.41 at the end of the light z 

m 

period. These dilution rates were chosen in order to reach a comparable growth ° 
rate, expressed per 24 hour period, thereby allowing the trained culture a genera- ° 
tion time about twice as short as the continuous light culture, during only 12 of in 
the 24 hours. In the steady state, the continuous light culture is light-limited for <7! 
its biomass production. In the case of the trained culture, the dilution rate was set « 
such that it was significantly lower than the rate that caused a steady decline of -N 
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F I G U R E S A . PETH AUD DNAK MRNA L E V E L S I N A C O N T I N U O U S C U L T U R E T R A I N E D U N D E R A L I G H T R E G I M E O F 

12 HOURS DARKNESS AND 12 HOURS LIGHT, AND A CULTURE GROWN IN CONSTANT LIGHT SUBJECTED TO A 12 

HOUR DARK PERIOD. 

petHand dnaKmRHA levels during a 12 hours dark and the following 30 hours constant light period of a 

culture grown under a constant light regime. 

the amount of biomass over a period of days. Therefore, the trained culture was 
presumably not light-limited, and a pseudo-steady-state was reached, with a sta
ble OD750 at the end of the light period. 

The culture growing under a continuous-light regime was placed in darkness 
for 12 hours, and samples were taken during the dark period and the following 30 
hours (Figure 3A). Samples were taken from the trained culture during a dark 
period and the following period of 30 hours in continuous light (Figure 3B). 

The petH mRNA levels during the dark and light period were not significantly 
different, when both cultures were compared. As was the case with the continu
ous culture trained in a 10 hour dark and 14 hour light period (Figure 2A), ex
pression oipetH decreased in the dark, and returned directly after the start of the 
light period. Different from the experiment shown in Figure 2A was the observa
tion that the petH expression peaked at the early phase of the light period in the 
both cultures (Figures 3A and B; panels A). However, no strong oscillating behav
iour was observed in the light period. At most, a slight maximum was observed at 
time 36 hours in the culture with a history of continuous light (Figure 3A; panel 
A). The time of this apparent maximum does correspond to the maximum that 
was observed in the batch culture experiments, however. 

The dnaK mRNA levels differed significantly between the 'trained' and the 
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FIGURE 3B. 

peff/and dna/CmRNA levels during a 12 hours dark and the following 30 hours constant light period of a 

culture trained under a light regime of 12 hours darkness and 12 hours light. 

'continuous' light cultures. In the constant-light culture the mRNAwas already 
abundant at time o, supposedly reflecting the expression levels in the steady state 
(Figure 3A; panel B). Expression remained high during the dark period, declined 
in the light, and showed a maximum at time 36 hours. This pattern in fact closely 
resembled the results obtained with the batch culture grown at 22 °C (Figure lA; 
panel C). The relative amplitude of the maximum, however, was not as high as 
was observed in the experiment with the batch culture. The dnaK expression lev
els in the dark period of the trained culture were low, in sharp contrast with the 
constant light culture (Figure 3B; panel B). At time 13 hours, 1 hour after the start 
of the light period, the mRN A was highly abundant for a short period. Maxima 
were observed at time 24 hours and, again, time 36 hours. 
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From these experiments it was concluded that circadian transcriptional control 
could be detected in cultures, using widely different 'light-regime histories'. The 
dark period of the training regime is important, however: Significant oscillations 
were not detected if the dark period was only 10 hours, whereas oscillations were 
detected when the dark period was 12 hours. The amplitudes of the oscillations in 
continuous cultures were not as high as those observed in batch cultures. It is 
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therefore tentatively put forward that the generation time of the cells, and/or the 
nature of the growth limitation, may influence the extent of the oscillations, 
since it was observed that under conditions where cells grew light limited at their 
umax (in the batch cultures) the amplitudes of the oscillations were highest. In 
light of these observations, the lower light intensity that was used in the case of 
the batch cultures may represent a complicating factor. The analysis of circadian 
transcriptional control is usually performed in batch cultures, or with colonies, 
when the rate of growth is maximal. For example, significant circadian rhythms 
have been detected in cells of Synechococcus PCC 7942, that divided every 5 hours 
(i.e. n = 0.14; Kondo era/., 1997). 

Training of a culture of Synechocystis PCC 6803 does influence expression 
patterns of the dnaK mRNA significantly, in contrast to the petH mRNA. It is not 
known if this is a differential effect of transcriptional control, exerted by the 
circadian clock in this organism, or a mechanism that 'remembers' the light-
regime history and is dominant with respect to circadian transcriptional control. 
Possibly specific effects of the a32 sigma-factor may be involved. It appeared that 
a 'heat-shock response' was present in cultures under constant light conditions, 
that only declined after a dark period. It seemed that the effect of training was 
that the 'heat-shock response' inverted, resulting in a low abundance in the dark, 

° and a high abundance in the light. This effect was observed most strongly with 
w the culture trained under a 12 hour dark, 12 hour light regime (Figure 3B, panel 
>j B), but was also observed to some extent in the culture trained under a regime of 
* 10 hours dark and 14 hours light (Figure 2A; panel C). 
g The validity of Northern hybridisation as an assay for circadian transcrip

tional control needs to be discussed, since the hybridisation signals were nor-
5 malised to the amount of total RNA loaded on formaldehyde-agarose gels. For 
g Synechocystis PCC 6803 it was argued that the amount of RNA that was extracted 
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from cells that had remained in the dark, was not significantly less than the 
amount extracted from cells grown under continuous light (Mohamed and 
Jansson, 1989; van Thor et al, 1998b). This would be an argument in favour of 
normalising the assayed amount of mRNA on the basis of total RNA. In the dark, 
cell division mostly stops, but transcription does not. For example, we have 
shown that the dnaK mRNA is abundant in the dark under certain conditions. 
However, others argue that the cellular amount of RNA and DNA increase during 
a dark period of a culture of Synechococcus sp., trained under a regime of 12 
hours darkness and 12 hours light (Lepp and Schmidt, 1998). A technical compli
cation with such experiments is the mechanical disruption of the cells, and the 

o determination of disruption efficiency. We conclude that the decrease of petH 
mRNA in the dark can not be the result of an increase in cellular ribosomal RNA 

g in the dark, while the number of petH transcripts remain constant, since a de-
a crease in the enzyme activity associated with the petH gene product occurred in 
5 parallel with the decrease in mRNA abundance (vanThor et al, 1998b). In addi-
^ tion, the response of the petH mRNA level to a transition to darkness is complete 
C within 1 hour, whereas the changes in the total RNA content during the dark pe-
o riod are reported to be much slower in Synechococcus sp. (Lepp and Schmidt, 
« 1998). Furthermore, circadian rhythmicity of the expression of the psbA pro-
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moter of Synechococcus PCC 7942 was initially detected with the same Northern 
technique (Liu etal., 1995a). Subsequent fusion of this promoter with a promoter-
less luxAB cassette resulted in oscillating bioluminescence, that was also detected 
in colonies of Synechococcus PCC 7942 reporter strains, and therefore showed 
that the oscillations are the result of changes in expression levels expressed on a 
per-cell-basis (Liuetal, 1995b) • 

With the availability of the genome sequence of Synechocystis PCC 6803 
(Kaneko et al, 1996) limits can be put on the nature of the components that can 
be involved in the operation of the circadian clock in this organism. A big sur
prise in this respect is the noted absence of the kai cluster (Ishiura etal, 1998) in 
this organism. The KaiA,B,C proteins are the key players in the clock of the re
lated Synechococcus. With respect to the synchronising photoreceptor of the 
clock different candidates can be identified. On the basis of the photocycle ki
netics of in vitro reconstituted phytochrome-like protein, Yeh et al (1997) pro
posed that these photactive molecules are candidates for this function. Sequence 
homology to plant type phytochromes, and functional studies have implicated 
that at least one phy gene is present in the genome of Synechocystis PCC 6803 
(Hughes et al, 1997; Yeh et al, 1997). To our knowledge, however, knock-out mu- j 
tagenesis in combination with the analysis of circadian functions have not been £ 
performed on this gene. In eukaryotic organisms recently convincing evidence S 
has been published that a blue-light photoreceptor, belonging to the n 

cryptochrome family (Miyamoto and Sancar, 1998; Emery et al, 1998) is responsi- 5. 
ble for the synchronisation of the circadian clock of these organisms to the envi- g 
ronmental cues related to the availability of light. The genome of Synechocystis 
PCC 6803 contains two open reading frames with significant homology to the 
consensus sequence of the cryptochrome family of photoreceptors (SII1629 and 
sh-0854; Cyanobase identifiers). Both align best within its photolyase subfamily 
(in the deazaflavin containing branch). The second of these two best matches 
their consensus sequence and has been implicated in photolyase activity on the 
basis of the results of knock-out mutagenesis of the phrA gene (sh-0854) (Pakrasi, 
1998). The other open reading frame, SII1629, might encode a cryptochrome 
homolog. 

The findings described above question the actual physiological role of circa
dian transcriptional control. In the environment, cyanobacteria usually do not 
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grow at rates that are comparable with the rates that are observed under expen- n 
mental conditions in the laboratory. The occurence of 'blooms' of cyanobacteria Ï 
may be an exception, however. In addition, the finding that circadian synchroni- o 
sation with a 10 hour dark period decreases the extent of the oscillations relative 
to synchronisation with a 12 hour dark period, indicates another difference be- u, 
tween the growth conditions in the laboratory and the environment. It is sug- r 

m 

gested that in cyanobacteria mechanisms are operative, that allow circadian tran- Q 
scriptional control only under certain environmental conditions. ° 
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