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Circadian rhythms are a fundamental property of most organisms,
from cyanobacteria to humans. In the unicellular obligately
photoautotrophic cyanobacterium Synechococcus elongatus PCC
7942, essentially all promoter activities are controlled by the
KaiABC-based clock under continuous light conditions. When Syn-
echococcus cells are transferred from the light to continuous dark
(DD) conditions, the expression of most genes, including the clock
genes kaiA and kaiBC, is rapidly down-regulated, whereas the
KaiC phosphorylation cycle persists. Therefore, we speculated that
the posttranslational oscillator might not drive the transcriptional
circadian output without de novo expression of the kai genes.
Here we show that the cyanobacterial clock regulates the tran-
scriptional output even in the dark. The expression of a subset
of genes in the genomes of cells grown in the dark was dramat-
ically affected by kaiABC nullification, and the magnitude of dark
induction was dependent on the time at which the cells were
transferred from the light to the dark. Moreover, under DD con-
ditions, the expression of some dark-induced gene transcripts
exhibited temperature-compensated damped oscillations, which
were nullified in kaiABC-null strains and were affected by a kaiC
period mutation. These results indicate that the Kai protein-based
posttranslational oscillator can drive the circadian transcriptional
output even without the de novo expression of the clock genes.
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Most organisms exhibit circadian oscillations in their physio-
logical activities, with a period of ≈24 h, as part of their

adaptation to external environmental changes. The unicellular
cyanobacterium Synechococcus elongatus PCC 7942 is an obligate
photoautotroph and the simplest model organism in circadian
biology. In S. elongatus, most genes display circadian expression
rhythms that are regulated by three clock genes, kaiA, kaiB, and
kaiC, under continuous light (LL) conditions (1, 2).When the cells
are transferred to continuous dark (DD) conditions after 12 h in
the light, expression of the kaiA and kaiBC genes is rapidly down-
regulated to zero, whereas theKaiC phosphorylation cycle persists
in the dark, even in the presence of excess transcription/translation
inhibitors (3). Therefore, the basic oscillation is generated via
a posttranslational process and does not need a translation/tran-
scription feedback loop in the kai genes. The reconstitution of the
temperature-compensated KaiC phosphorylation rhythm in vitro
when KaiC is incubated with KaiA, KaiB, and ATP (4) supports
this conclusion. Kitayama et al. (5) demonstrated rhythmic kaiBC
expression and KaiC accumulation with a lengthened period of ≈60
h, even after two phosphorylation sites in KaiC (Ser-431 and Thr-
432) were replaced with Glu. However, the unstable rhythm ob-
served in the mutant was not robust under different culture con-
ditions and different ambient temperatures (6). In eukaryoticmodel
organisms, the core process that generates and maintains self-sus-
taining circadian oscillations is reported to be driven by transcrip-
tion/translation feedback loops (7). However, it was recently

demonstrated in the pico-eukaryotic alga Ostreococcus tauri and
human red blood cells that the oxidation of 2-Cys peroxiredoxin
(PRX) proteins undergo ≈24-h modification cycles without tran-
scription (8, 9). Therefore, we now require a more general un-
derstandingof themechanismsbywhichposttranslational oscillators
control overt physiological rhythms, such as transcription cycles.
Previously we performed DNA microarray experiments in

Synechococcus under LL and DD conditions (2). In the WT
strains, more than 30% of transcripts exhibited significant circa-
dian rhythms under LL, peaking at subjective dawn and dusk.
When the cells were transferred from the light to DD, the ex-
pression of not only the kai genes but also most other genes was
rapidly suppressed, regardless of whether they were regulated
continuously or in a circadian manner under LL conditions, and
the total transcript levels were dramatically reduced in the dark,
reaching ≈20% within 12 h. Because the ATP/(ADP+ATP) ratio
falls dramatically under dark conditions (10), immediate genome-
wide transcriptional suppression in the dark might function as an
energy-saving process. In contrast, the Kai proteins are able to
drive the KaiC phosphorylation cycle with only 15–25 ATP/mol-
ecule per day in vitro (11), consistent with the nutrition-compen-
sated phosphorylation rhythms that occur under DD conditions
(3). Nevertheless, a minor subset of genes was up-regulated after
4 h in the dark and did not show a clear circadian accumulation
rhythmwhen thepreviously appliedfiltrationmethodwas used (2).
On the basis of these observations, we proposed that the Syn-
echococcus clock cannot drive the circadian transcriptional output
in the dark (2, 3). However, it remains possible that dark-induced
transcription could be modified in Synechococcus by the circadian
clock, even in the absence of de novo kai gene expression.
Here we show that the dark-induced expression profiles of two

representative genes were dramatically altered in the kaiABC-null
Synechococcus strain: hspA, encoding a small heat-shock protein,
and digA, encoding a hypothetical protein. Consistent with this,
their dark-induced profiles were dependent on the circadian time
(CT), indicating the circadian gating of the dark induction of these
genes. For a more comprehensive insight, we performed a DNA
microarray analysis, which demonstrated that 167 dark-induced
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transcripts, corresponding to 7% of the genes in the genome, are
kai gene dependent, and these were classified into four differen-
tially regulated groups. Further analysis revealed that all of the
tested genes in each group exhibited time of day-dependent dark-
induced profiles. Interestingly, kai-dependent transcriptional
modification in the dark was exclusively observed when the cells
were transferred to the dark at subjective dusk. Moreover, we
found that the oscillation of digA expression was damped under
DD conditions, which was temperature compensated and abol-
ished in the kaiABC-disrupted strains. Interestingly, when a group
2 σ factor gene rpoD5 was genetically nullified, the amplitudes of
the damped oscillations in digA and pilH/rre7 expression partly
increased under DD and peaked at subjective dusk and dawn,
respectively. These rhythms were affected in a kaiC short period
mutant strain, further supporting the notion that the damped
transcriptional rhythms are under the control of the Kai protein-
based oscillator. Together, these observations indicate that the
posttranslational KaiABC-based circadian oscillator regulates the
transcriptional output, even in the dark, without the de novo
transcription/translation of the kaiABC genes.

Results and Discussion
Differential Effects of the kai Genes on Dark-Expression Profiles Even
Without de Novo kai Gene Transcription. Initially, we selected four
highly dark-inducible genes, Synpcc7942_2401/syc1704_d (hspA),
Synpcc7942_1661/syc2427_c (hereafter designated digA, for dark-
induced gene A), Synpcc7942_2540/syc1570_d (hereafter desig-
nated digB, for dark-induced gene B), and Synpcc7942_2352/
syc1751_d (lrtA), on the basis of our previous microarray analysis
(2). We then examined the effects of kaiABC nullification on the
expression profiles of these genes in cells transferred to DD
conditions after 12 h in the light. Our results demonstrate that
the regulation of two transcripts, hspA and digA, was dependent
on the kai genes, whereas the dark-induced profiles of the other
genes were less affected by kaiABC nullification (Fig. 1A). The
hspA gene encodes a small heat-shock protein that may be in-
volved in the heat-stress response (12), and digA encodes a hy-
pothetical protein of unknown function. In the WT strain, hspA
expression was rapidly induced (within 30 min) in the dark and
then down-regulated, reaching a nadir after 4–8 h, followed by
a gradual increase. In contrast, the transcription of digA was
induced more gradually, peaking after 4 h in the dark, followed
by its down-regulation to the basal level after 12 h (Fig. 1A).
Strikingly, the effects of kaiABC nullification also were opposite
for the two genes. In the mutant strains, hspA was up-regulated
rapidly in the dark, and its subsequent down-regulation was
abolished. In contrast, the dark induction of the digA gene per se
was abolished in the kaiABC-null strain. It is noteworthy that
both hspA and digA are constitutively less expressed under LL,
with no significant circadian accumulation rhythm (Fig. S1).
Nevertheless, these results indicate that the Kai proteins are
required for proper gene expression in the dark. Conversely, the
dark-induced profiles of lrtA and digB expression were much less
altered in the kaiABC-null strains (Fig. 1A). The lrtA genes in
Synechocystis sp. PCC 6803 (13, 14) and Synechococcus sp. PCC
7002 (15) are known to be dark induced, although their functions
remain unknown. The digB gene encodes a hypothetical protein
that contains a potential copper-binding domain.
For a more comprehensive analysis, we compared the whole-

genome expression profiles of the WT and kaiABC-null Syn-
echococcus strains transferred to the dark (for 30 min, 1 h, 2 h, 4
h, 8 h, and 12 h) after 12 h in the light (Fig. 1B and Fig. S2A),
using previously designed DNA microarrays (2). According to
two independent experiments, a tendency for global transcrip-
tional repression in the dark was observed in both the kaiABC-
null mutant and the WT strain (Fig. S2A). Under our experi-
mental conditions, the reductions in the total amounts of
mRNAs occurred slightly faster in the mutant than in the WT

strain (Fig. S2B), which could be attributable to greater mRNA
degradation and/or lower transcription rates. We then identified
the dark-induced genes in both strains and confirmed that their
expression profiles differed. Initially we identified 198 dark-in-
duced genes from among the 2,515 genes examined. The dark-
induced genes in this study were defined as those genes that are
expressed more abundantly at at least one time point in the
nocturnal period than at hour 0 in the dark (= after 12 h in the
light; SI Materials and Methods). We next identified those genes
among the 198 dark-induced genes that were regulated by the kai
genes by comparing their expression profiles in the WT and
kaiABC-null strains. To evaluate the kai dependence of these
genes, we performed a correlation analysis to compare the
waveforms of their expression profiles in the two strains and
calculated the statistical differences between the temporal
averages of the two expression profiles to examine the differ-
ences in the absolute expression levels of the genes (SI Materials
and Methods). Fig. S2C shows the distributions of the two
parameters for the 198 dark-induced genes tested. According to
the statistical analysis, 167 genes, including hspA and digA, and
31 genes, including digB and lrtA, were categorized as kai-de-
pendent and kai-independent dark-induced genes, respectively
(Fig. S2C). The possible roles of the dark-induced genes involved
many cellular functions (Fig. S2D). As expected, most (76 of 78)
photosynthesis-specific genes, which do not directly share re-
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Fig. 1. kaiABC nullification alters dark-induced gene expression. (A)
Northern hybridization analysis of the temporal expression profiles of the
kaiBC operon and four representative dark-induced genes under 12 h/12 h
LD conditions. Wild-type and kaiABC-null (ΔkaiABC) mutant cells were col-
lected at the indicated times. Note that hspA and digA are differentially
regulated by the kai genes. (B) Of the genes in the genome, 167 (7%) were
identified as kai-dependent dark-induced genes and were categorized into
four groups, types I–IV. The colors for the microarray data represent the
expression levels, in descending order from red to black to green.

Hosokawa et al. PNAS | September 13, 2011 | vol. 108 | no. 37 | 15397

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019612108/-/DCSupplemental/pnas.201019612SI.pdf?targetid=nameddest=SF2


spiratory functions, were not induced by the dark, whereas more
than half (four of seven) of the respiration-specific cytochrome c
oxidase genes were induced by the dark. Notably, the ratio of the
113 dark-induced genes annotated as “unknown function” genes
to 198 dark-induced genes (57%) is significantly higher than that
of the total 1,094 unknown function genes to the total 2,515
tested genes (43%). This reflects the limited information avail-
able on the nocturnal life of Synechococcus, for which most
physiological studies have been performed in the light.
The 167 kai-dependent dark-induced genes were classified

into four groups (Fig. 1B), which were validated by the Northern
blotting analysis of three representative genes from each group.
These exhibited similar patterns to those of the microarray
profiles (Fig. S3A). As shown in Fig. 2A, type I genes, repre-
sented by pilT, chlB, and dpsA, were induced and accumulated
constitutively after the cells were transferred to the dark after 12
h in the light in the WT strain (black lines), in contrast to their
much lower expression in the kaiABC-null mutant (red lines).
Type II genes, such as digA, gap1, and Synpcc7942_2590/
syc1520_c (hereafter designated digC, for dark-induced gene C),
exhibited transient dark induction in the WT, peaking after ap-
proximately 4 h in the dark but were not induced in the kaiABC-
null mutant. Type III genes, represented by pilH/rre7, clpB, and
Synpcc7942_1153/syc0397_d (hereafter designated digE, for dark-
induced gene E), showed a transient dark-induction peak within
30 min, which was rapidly suppressed in the WT strain, whereas
this suppression was delayed by kaiABC nullification, showing
induction peaks after 2 h in the dark. Type IV genes, represented
by hspA, psb28-2, and Synpcc7942_0316/syc1197_d (hereafter
designated digD, for dark-induced gene D), were even more
transiently and rapidly induced in the dark, peaking at approxi-
mately 30 min, whereas kaiABC nullification caused the consti-
tutive accumulation of their transcripts. These results suggest
that the kai genes are necessary for the production of the proper
differential gene expression profiles in the dark.

Subjective Night-Specific Gating of Dark-Induced Gene Expression by
the Circadian Clock. The kai-gene dependence of the dark-induced
expression profiles does not always indicate that these profiles are
under the control of the circadian clock, because the kai genesmay
have functions other than those in the circadian timing mecha-
nism. Therefore, we examined whether the kai-dependent dark-
induced profiles of the digA (type II) and hspA (type IV) genes
were dependent on CTwhen the cells were transferred to the dark
from LL after two 12 h/12 h light/dark (LD) cycles, on the exper-
imental schedule shown in Fig. 2C. The dark induction of digA and
the dark suppression of hspA, respectively, were only observed
when the cells were transferred to the dark from subjective dusk
(Fig. 2D andE). Therefore, the Kai-based clock seems to regulate
the timing of digA induction and hspA attenuation that occur after
2–8 h in the dark, when the cells are transferred to the dark from
the light at subjective dusk. The translation rate of S. elongatus, as
well as its transcriptional activity, is also largely reduced by dark
acclimation (16). Therefore, transcriptional activation in the dark
may not always be accompanied by the subsequent translational
induction of the encoded proteins. We analyzed the strains in
which each DigA or HspA protein was expressed by immuno-
blotting of the FLAG epitope (SI Materials and Methods). Con-
sistent with themRNAprofiles, the induction ofDigA protein and
the transient repression of HspA expression in the dark were ob-
served when the cells were transferred from subjective dusk (after
12 h in the light) to the dark andwere abolished in cells transferred
from subjective dawn (after 24 h in the light) to the dark (Fig. 2F).
Note that the expression of FLAG-tagged DigA or HspA did not
affect kaiBC expression rhythms under LL conditions (Fig. S4).
These results indicate that the KaiABC-based clock regulates not
only the transcription but also the translation of the two genes in
the dark without the de novo expression of the clock genes.

For a more comprehensive analysis, we examined the dawn/
dusk dependence of the dark induction of type I–IV kaiABC-de-
pendent genes. Interestingly, regardless of the gene type, the dark-
accumulation profile of each of the genes in the WT cells, which
were transferred to the dark after 24 h in the light, was essentially
similar to that in the kaiABC-null mutant cells, which were in-
cubated in the dark after 12 h in the light (Fig. 2A). Conversely,
negligible time of day-dependent regulation was observed for the
digB and lrtA genes, whose dark-induction profiles were not de-
pendent on the kai genes (Fig. 2B). We also confirmed that the
time of day-dependent dark-induction of digA and hspA was
abolished when the kaiABC-null mutant cells were transferred
from the light to the dark, regardless of whether it was at subjective
dusk or subjective dawn (Fig. S3C). These results further dem-
onstrate that the Kai-based clock system gates the timing of most
dark-induced gene expression and that this kai-dependent gating is
triggered when the cells are transferred from the light to the dark
at subjective dusk. It seems possible that as-yet-unknown tran-
scription factors mediating this circadian gating are induced ex-
clusively during subjective dusk in the light and are activated after
dark acclimation. Alternatively, the transcription regulators could
be constitutively expressed or induced in the dark, independent of
the kai genes, and then activated by unknown subjective dusk-
specific, clock-controlled posttranslational signals.

Kai-Based Posttranslational Oscillator Drives Damped Oscillation of
digA and pilH/rre7 Transcription in the Dark Without de Novo kai
Gene Expression. We also found that under extended DD con-
ditions, digA mRNA showed an additional transient peak after
approximately 20–24 h under DD after its initial expression peak
after 4–8 h in the dark, when the cells had been transferred to the
dark after 12 h in the light (Fig. 3A). The second peak was
usually smaller than the first peak, forming a damped oscillation
pattern. Notably, no third peak was observed when the DD
conditions were further extended. In the kaiABC-null strains,
a faint rapid induction in the dark was followed by a gradual
reduction in digA transcript levels, and no second peak was ob-
served. Therefore, this damped oscillation in the dark seemed to
be under the control of the Kai-based clock. The second peak
always appeared after approximately 20–24 h in the dark under
different continuous-temperature conditions (25 °C, 30 °C, or
37 °C), further supporting the idea that the temperature-com-
pensated clock system regulates the cyclic induction of digA in
the dark, even with no de novo expression of the clock genes
(Fig. 3 B and C). Our previous analysis, in which we identified
clock-controlled transcripts, was based on cosine curve fitting,
with a period within the circadian range (2). This neglected the
damped oscillation of digA, which had a shorter peak-to-peak
interval and a significantly lower induction level at the second
peak. In contrast to digA, under extended DD conditions, hspA
showed a constitutive accumulation profile after 12 h in the dark,
and no damped oscillation was observed (Fig. 3A).
If the damped oscillation in digA expression under DD is

controlled by the Kai-based oscillator, it should be affected by
period mutations mapped to the kai genes. Because of the rapid
damping property, it was difficult to estimate its convincing pe-
riod length. We found that the magnitude of the second peak of
the digA transcripts was much higher than the first peak, in
Synechococcus strains in which the rpoD5 gene was genetically
nullified, although no third peak was observed (Fig. 3D, black
lines, and Fig. S5A). The rpoD5 gene (also known as sigC)
encodes a group 2 σ factor of RNA polymerase and is reported
to modulate the circadian transcriptional outputs in Synecho-
coccus under LL, although the detailed underlying mechanism
remains unknown (17). It is noteworthy that rpoD5 nullification
did not affect the immediate suppression of the kaiBC transcripts
in the dark (Fig. 3D and Fig. S5A), the self-sustaining KaiC
phosphorylation cycle under DD for 60 h (Fig. 3E), or the kaiBC
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expression rhythm under LL, monitored with a bioluminescence
reporter (Fig. S5B) (17). Therefore, the core oscillatory mech-
anism remained intact after the removal of the rpoD5 gene. We
found that the transcript of pilH/rre7 also showed a damped
oscillation in the rpoD5-null mutant strains, whereas this was not
obvious in the WT strains (Fig. 3D and Fig. S5A). pilH/rre7
encodes a CheY-type response regulator of unknown function:
we have previously shown that its genetic nullification does not
affect circadian kaiBC gene expression profile in LL (18). Be-
cause its expression peak at hour 12 is kai dependent (Fig. 2A),
pilH/rre7 provides another example of the genes periodically
controlled under DD, like digA, although digA and pilH/rre7
peaked differentially at subjective dusk and dawn, respectively.
We then examined whether the expression profiles of digA and
pilH/rre7 in the rpoD5-null background were affected by the
kaiCS157P mutation in the kaiC gene. The kaiCS157P mutation
shortens the free-running period by ≈3 h under LL conditions
(Fig. S5B) (4) and in vitro (4, 11). We confirmed that the short-
period phenotype in the kaiBC expression rhythm under LL was
not affected by rpoD5-nullification (Fig. S5B), and the kaiCS157P;
rpoD5-null double mutant strain showed a shorter period oscil-
lation in KaiC phosphorylation under DD, as expected (Fig. 3E).
Consistent with this, the peaks of the digA and pilH/rre7 ex-
pression rhythms were advanced by the short-period mutation
under DD compared with those in the intact kaiC background
(Fig. 3D). On the basis of these observations, we conclude that
the damped oscillations of digA and pilH/rre7 transcripts under
DD were driven by the Kai-based posttranslational oscillator
without any de novo expression of the kai genes. The mechanism
by which rpoD5 nullification enhances the expression of these
genes remains to be resolved. Importantly, a tendency to accu-
mulate more transcripts under DD from hours 12 to 36 was
observed not only for the digA (type II) and pilH/rre7 (type III)
genes but also for the pilT (type I) and hspA (type IV) genes, and
even the kai-independent digB and lrtA genes (Fig. S5A).
Therefore, RpoD5 may function directly or indirectly for the
transcriptional repression or destabilization of the dark-induced
transcripts in the dark in a gene-nonspecific manner, and its
genetic nullification would restore the higher-amplitude digA
and pilH/rre7 circadian transcription cycles.
Under LL conditions, a two-component regulatory system

composed of a KaiC-interacting sensory histidine kinase, SasA,
and its cognate response regulator, RpaA, is the main output
component, mediating time signals from the Kai-based oscillator
to genome-wide circadian gene expression via phosphotransfer
activities in Synechococcus (18, 19). The phosphoryl transfer
activity rhythm has been observed from SasA to RpaA in the
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Fig. 2. Circadian gating of dark-induced gene expression. (A) Day-length
dependence of dark-induced profiles. Northern blotting analysis of three
representative genes from each group of kai-dependent dark-induced genes
(Fig. 1B) under the dark. Type I: pilT, chlB, and dpsA; type II: digA, gap1, and
digC; type III: pilH/rre7, clpB, and digE; and type IV: hspA, psb28-2, and digD.
When the cells were transferred to the dark after 12 h in the light, the ex-
pression profile of each gene was quite different in the WT (black line) and

kaiABC-null mutant (red line) strains. When the WT cells were transferred to
the dark after 24 h in the light, the expression profiles (green line) changed,
becoming essentially similar to those in the mutant strain. (B) Dark-induced
profiles of the digB and lrtA genes, which are categorized as kai-in-
dependent genes (kai-indep). Data are shown as in panel A. (C) Schematic
representation of the experimental schedule. After the cells were entrained
in two 12 h/12 h LD cycles, they were placed in the light for the indicated
times, ranging from 6 h to 36 h in increments of 6 h, and were then trans-
ferred to the dark conditions. (D) Northern blotting analysis of the digA and
hspA genes in the dark when they had been transferred after 6 h (L6D) to
36 h (L36D) under LL. The cells were collected at hours 0, 0.5 (30min), 1, 2, 4, 8,
and 12 in the dark. (E) Time of day-dependent induction levels of digA and
hspA mRNAs after 4 h in the dark. The mean values and SDs of four in-
dependent experiments are shown. These data were initially normalized to
the level at hour 0 in the light; the average level after 4 h in the dark under
L12D conditions was then deemed to be 1. (F) Densitometric data for the
time of day-dependent DigA and HspA protein accumulation in the dark,
when the cells had been transferred to the dark after 12 h (L12D) or 24 h
(L24D) in the light, analyzed by Western blotting.
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in vitro reconstituted KaiC phosphorylation cycle system (18). In
both the sasA- and rpaA-null mutant strains, the kaiA and kaiBC
genes are also dramatically down-regulated and conditionally
arrhythmic under LL, indicating a secondary feedback to the
core timing mechanism (18, 19). It is of interest to ask whether
the SasA-RpaA system is also involved in circadian output in the
dark. If any change in the dark-induction profiles is observed in
these mutants, however, it would be difficult to interpret whether
it is due to defects in the output pathways or that in the oscillator
per se. Although the SasA-RpaA system may be involved at least
indirectly in the damped transcriptional oscillation in the dark, it
seems insufficient to explain the mechanism by which digA,
a “low-amplitude” or “arrhythmic” gene (defined from their
expression profiles in LL; Fig. S1) specifically turned to be one of
exceptionally rhythmic genes in the dark, where most of “high-
amplitude” genes defined in LL become arrhythmia.

Conclusion
Our study demonstrates that the posttranslational Kai-based
circadian oscillator regulates the transcriptional output in the
dark, even when de novo kai gene expression is inhibited. Before
our study, several lines of previous studies have suggested in
Synechococcus that the circadian kaiBC promoter activity is not
always an essential requirement for driving its own transcription
cycles. The rhythm of the kaiBC promoter activity has been
observed when a moderate level of the KaiC protein was con-
stitutively induced under the control of the inducible trc pro-
moter under LL (20–22). Moreover, when the kaiBC operon is
under the control of the purF promoter, peaking at subjective
dawn, the subjective dusk peaking kaiBC promoter activity,
monitored with a bioluminescence reporter, is restored, sug-
gesting that the phase of clock gene expression does not dictate
the phase of the kaiBC promoter activity rhythm (23). However,
these studies did not report rhythmic transcription in the dark or
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Fig. 3. Temperature-compensated, kaiC-dependent dam-
ped oscillations in digA and pilH/rre7 expression under DD.
(A) Temporal expression profiles of the digA and hspA genes
in the WT and kaiABC-null (ΔkaiABC) strains under DD after
the cells were transferred from 12 h in the light (L12D). As-
terisk shows the second peak of the damped digA mRNA
cycle observed in the WT strain. (B) Temporal digA expres-
sion profile under DD at different temperatures (37 °C, 30 °C,
and 25 °C). Note that the standard temperature in all other
experiments described in the text was 30 °C. (C) Densito-
metric analysis of the temporal digA expression profile un-
der DD at different temperatures in two independent
experiments. (D and E) The kaiBC, digA, and pilH/rre7 mRNA
expression profiles (D) and the KaiC phosphorylation cycles
(E) in the rpoD5-null (ΔrpoD5) mutant strain and the
kaiCS157P;ΔrpoD5 double mutant strain. For the experiments
shown in A and B, the short-period mutant strain was
transferred to the dark at hour 10.5 (estimated subjective
dusk = CT 12, considering its period length of 21 h) from the
light, after two 12 h/12 h LD cycles, whereas the WT strain
was transferred to the dark at hour 12 (CT 12).
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in the absence of de novo clock gene expression in Synecho-
coccus. Our results further established that the kaiBC promoter
is not the only primary transcriptional target of the clock, al-
though most previous transcriptional studies of the Synecho-
coccus clock system have involved the kaiBC promoter/mRNA
rhythms. Because most physiological studies of Synechococcus
have been performed exclusively under LL, the functions of most
dark-induced genes are largely unknown. This study should be
the basis for further analysis of the unknown nocturnal life of this
representative obligately photoautotrophic model strain. More
generally, the results shown here provide insight into how the
core posttranslational oscillator is coordinated with transcrip-
tion/translation feedback loops for clock gene expression. In
Synechococcus under LL conditions, the core phosphorylation/
ATPase oscillator is coupled to the transcription/translation
feedback loop of kai gene expression, in which the KaiC protein
negates its own transcription and drives genome-wide expression
rhythms. Under the DD condition, the expression of most genes,
including kaiBC transcription/translation, is strongly suppressed,
whereas the Kai-based oscillator keeps time, gates the expression
of the dark-induced genes, and drives damped oscillations in
a subset of genes without the de novo expression of the clock
genes (Fig. 4). The coordination of the posttranslational oscil-
lator and the transcription/translation feedback loops has re-
cently also been suggested to occur in the mammalian (8) and
Ostreococcus circadian systems (9). In both cases, transcription/
translation feedback loops regulated by transcription-related
proteins (such as the CLOCK and BMAL proteins in mammals
and the CCA1 and TOC1 proteins in Ostreococcus) are impor-
tant in driving the transcriptional rhythms. They are probably
coupled to posttranslational oscillators driving the rhythmic ox-
idation/oligomerization of PRX, which is sustained without de
novo transcription/translation (8, 9). It is noteworthy that the
Ostreococcus circadian system, in particular, shares some im-
portant properties with that of Synechococcus: (i) high-ampli-
tude transcription cycles are observed under LL; (ii) general
transcription activity, including the de novo expression of
known clock genes, is strongly inhibited in the dark; and (iii)
some posttranslational oscillations are sustained to keep time
under DD, so that the phase of the transcriptional rhythms can
be adjusted after light returns (3, 8). Remaining questions of
interest are how the Kai-based posttranslational oscillator
regulates transcription under DD and whether the post-
translational oscillator regulates transcription cycles in-

dependent of the classical transcription/translation feedback
loops in eukaryotic systems.

Materials and Methods
Bacterial Strains. Synechococcus elongatus PCC 7942 and its derivatives used
in this study are listed in Table S1. Detailed information on the strains is
given in SI Materials and Methods.

Culture Conditions. For the microarray, Northern, and Western blotting
analyses, Synechococcus cells were grown in BG-11 medium in a continuous
culture system in a 1.5-L flat glass bottle for algal culture (Fujimoto Rika; W
160 mm, D 40 mm, H 500 mm), at an optical density at 730 nm (OD730) of
≈0.3 at 30 °C under white fluorescent light at 40 μmol m−2 s−1, illuminating
the lateral flat surface of the bottle. To synchronize the circadian clock, the
culture was acclimated to two LD cycles (12 h/12 h), transferred to the light
for the indicated periods, and then removed to DD conditions.

Northern Blotting Analysis. Northern blotting analysis was performed by
loading 2 μg of total RNA into each lane, as described previously (3).

DNA Microarray Analysis. DNA microarray analysis was performed using an
Affymetrix GeneChip designed based on the Synechococcus genome (2), and
the data deposited in the National Center for Biotechnology Information
Gene Expression Omnibus database (accession no. GSE22468) were pro-
cessed with statistical analysis to identify dark-induced genes and kai-de-
pendent genes, as described in the SI Materials and Methods. The statistical
data are provided in Fig. S2C and Dataset S1. The procedure for the nor-
malization of the time course data is shown schematically in Fig. S6.

Western Blotting Analysis. Proteins were extracted from each sample as de-
scribed previously (3). Immunoblots were incubated in the presence of anti-
FLAG antibody (Sigma) diluted 1:1,000 or 3:1,000, and the FLAG-tagged
proteins were visualized with chemiluminescence reagents (GE Healthcare).

Bioluminescence Assays. The bioluminescence profiles were measured with
a photomultiplier tube on agar plates under LL after two cycles of 12 h/12 h
LD alternations, as described previously (1).
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