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The filamentous, heterocystous cyanobacterium Anabaena sp. strain PCC 7120 is one of the simplest multicellular organisms
that show both morphological pattern formation with cell differentiation (heterocyst formation) and circadian rhythms. There-
fore, it potentially provides an excellent model in which to analyze the relationship between circadian functions and multicellu-
larity. However, detailed cyanobacterial circadian regulation has been intensively analyzed only in the unicellular species Syn-
echococcus elongatus. In contrast to the highest-amplitude cycle in Synechococcus, we found that none of the kai genes in
Anabaena showed high-amplitude expression rhythms. Nevertheless, �80 clock-controlled genes were identified. We con-
structed luciferase reporter strains to monitor the expression of some high-amplitude genes. The bioluminescence rhythms sat-
isfied the three criteria for circadian oscillations and were nullified by genetic disruption of the kai gene cluster. In heterocysts,
in which photosystem II is turned off, the metabolic and redox states are different from those in vegetative cells, although these
conditions are thought to be important for circadian entrainment and timekeeping processes. Here, we demonstrate that circa-
dian regulation is active in heterocysts, as shown by the finding that heterocyst-specific genes, such as all1427 and hesAB, are
expressed in a robust circadian fashion exclusively without combined nitrogen.

Circadian clocks are endogenous self-sustained oscillators with
a period of �24 h. A variety of organisms, from bacteria to

plants and mammals, use circadian clocks to adapt to daily envi-
ronmental changes. Cyanobacteria are the simplest organisms
known to exhibit circadian rhythms, although a recent analysis
suggested that a prototype of circadian regulation may also be
involved in the cellular metabolism of some halobacterial species
(1). Most molecular, genetic, and physiological studies of cyano-
bacterial circadian systems have been performed with the unicel-
lular strain Synechococcus elongatus sp. strain PCC 7942 (here
called Synechococcus). In contrast, the circadian regulation in mul-
ticellular, filamentous cyanobacteria has not been investigated at
the molecular level. In the filamentous species Anabaena flos-
aquae, which produces neurotoxins and forms blue blooms, the
rate of cellular autolysis in a population appears to be controlled
by a circadian clock (2). However, its underlying mechanism for
the population dynamics remains unknown, and no molecular
genetic analysis has been established in this species. Among the
many filamentous species, Anabaena sp. strain PCC 7120 is a well-
established genetic model strain in terms of its multicellularity,
developmental program, and nitrogen metabolism. In the absence
of a combined nitrogen source, Anabaena differentiates cells
called “heterocysts” at a rate of one every �10 to 15 cells; these are
specialized for oxygen-sensitive nitrogen fixation. In these cells,
photosystem II activity is turned off, respiration is enhanced, and
a thick envelope consisting of layers of polysaccharide and glyco-
lipid is developed to reduce the intracellular oxygen concentration
(3–5). Therefore, Anabaena sp. PCC 7120 should be the simplest
model organism in which to study circadian systems in relation to
multicellularity and morphological development.

Here, we report the first molecular description of the circadian
system in Anabaena sp. PCC 7120. For detailed analysis, we
wanted to identify clock-controlled genes that exhibit robust cy-
cling under continuous conditions with high amplitude. In Syn-
echococcus, the rhythmic genes with the highest amplitude are kaiB

and kaiC, which are organized into an operon that is essential for
circadian timing, and their expression peaks at subjective dusk
under continuous-light (LL) conditions (6, 7). The cycling of the
kaiBC operon is driven by the transcription-translation feedback
loop, in which the Kai clock proteins regulate their own expres-
sion. This was originally thought to be the core of the circadian
oscillation in Synechococcus (6). Although we have demonstrated
that the kaiBC expression rhythm is not an essential requirement
for circadian regulation (8, 9), most previous molecular and phys-
iological studies have successfully used a bioluminescent reporter
(luciferase) to monitor the rhythm of the high-amplitude kaiBC
promoter activity under LL (10, 11). In Synechococcus, KaiA acti-
vates the autophosphorylation of KaiC, and this activation is
antagonized by KaiB. In the presence of ATP, we reconstituted the
circadian KaiC phosphorylation cycle in vitro by simply incubat-
ing KaiC with KaiA and KaiB (12). KaiA also functions as a posi-
tive regulator of kaiBC transcription in the presence of KaiC pro-
tein in Synechococcus (13). Anabaena contains homologues of the
kaiA, kaiB, and kaiC genes of Synechococcus. Interestingly, the N-
terminal two-thirds of Synechococcus KaiA is missing in the KaiA
homologue in most filamentous species (14). Uzumaki et al. (15)
replaced the kaiA gene with its Anabaena homologue in Synechoc-
occus, which exhibited a lower-amplitude kaiBC promoter rhythm
with a longer period of �40 h, and reported that Anabaena KaiA
was able to homodimerize and activate Synechococcus KaiC phos-
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phorylation in vitro, as does Synechococcus KaiA. The crystal struc-
tures of the Anabaena KaiA and KaiB homologues have also been
analyzed in an initial structural biological analysis of the cyano-
bacterial clock proteins (16). However, no in vivo analysis of the
expression of the kai genes in Anabaena has been reported.

Here, we found that in Anabaena the kaiA, kaiB, and kaiC
homologues show only very low-amplitude (or arrhythmic) ex-
pression under LL. Therefore, we performed a DNA microarray
analysis and found that the expression of 78 genes was signifi-
cantly rhythmic. Two bacterial luciferase reporter strains that ex-
hibited robust bioluminescence rhythms with different phase re-
lationships were constructed. The bioluminescence satisfied all
three criteria for circadian rhythms: free running, with a period of
�24 h under LL; temperature compensation of the period; and
entrainment to a light-dark regimen. Genetic disruption of the kai
gene cluster nullified all tested transcriptional rhythms.

The metabolic conditions are plausibly quite different in the
autotrophic vegetative cells and the diazotrophic heterocysts. In
Synechococcus, the robustness and photic input pathways of the
core circadian timing mechanism have been proposed to be af-
fected by metabolic states, such as the redox state and ATP con-
centration, via modifying the biochemical properties of the Kai
protein complex (17–19). Thus, to understand a possible link
among metabolism, differentiation, and circadian regulation in
Anabaena, it is important to determine whether circadian regula-
tion is active in heterocysts and, if so, the extent to which the
circadian input and output are common to both the vegetative
and differentiated cells. Therefore, we performed a microarray
analysis without combined nitrogen. By combining a transcrip-
tomic analysis of heterocyst-enriched samples and the expression
profile of the hetR-null mutant strain (20), we identified a subset
of genes that are expressed exclusively in heterocysts, with robust
Kai-based circadian cycling under LL. Thus, circadian regulation
functions within both the differentiated and vegetative cells of
Anabaena sp. PCC 7120.

MATERIALS AND METHODS
Bacterial strains. The wild-type Anabaena sp. strain PCC 7120 and its
derivatives used in this study are listed in Table S1 in the supplemental
material. For the bioluminescent reporter strains, the �500-bp 5= up-
stream regions (5=-USRs) from the coding regions of pecB (alr0523) and
all3173 were amplified by PCR, using Anabaena genomic DNA as the
template, and were cloned into the SalI-KpnI sites of pRL488 (20), a
shuttle vector that contains the Vibrio fischeri luciferase gene set, luxAB, to
construct pIL392 and pIL393, respectively. The Vibrio harveyi luxCDE
genes, which catalyze the biosynthesis of aldehyde substrates, from
pAM1619 (10) were then amplified and cloned into the SalI-BamHI sites
of pBluescript II KS(�) (Stratagene) to produce pIL373. For the induc-
tion of luxCDE in Anabaena, the �500-bp 5=-USR of the constitutively
expressed gene all0011 was amplified using Anabaena genomic DNA as
the template and then cloned into the SalI site of pIL373 to produce
pIL374. The EcoRI segment containing the 5=-USR all0011::luxCDE cas-
sette from pIL374 was then cloned into the EcoRI sites of pIL392 and
pIL393 to produce the pIL407 (pecB::luxAB) and pIL411 (all3173::luxAB)
reporter plasmids, respectively. pIL407 or pIL411 was transferred by con-
jugation into the wild-type Anabaena sp. PCC 7120 in the presence of
neomycin (50 �g/ml) to segregate the bioluminescent reporter strain
ILC292 or ILC379, respectively. For the kaiABC-null mutant strains, the
1,000-bp 5=-USR from the kaiA coding region, a streptomycin/spectino-
mycin resistance gene cassette (� fragment) (21), and the 1,000-bp 3=
downstream region from the kaiC coding region were amplified sepa-
rately, tandemly connected by using the mutagenic PCR method (22), and

then cloned into the BglII site of pRL271 (23), an integration plasmid for
genomic DNA, to produce pIL204. pIL204 was transferred by conjugation
into the wild-type Anabaena sp. PCC 7120, and double recombinants
were selected with spectinomycin and sucrose (sacB selection) to obtain
the kaiABC-null mutant strain, ILC352. For the bioluminescence assays
with kaiABC-null mutant strains, pIL407 and pIL411 were transferred by
conjugation into ILC352 to produce the kaiABC-nullified reporter strains
ILC505 and ILC507, respectively.

Culture conditions. For the microarray and Northern blotting anal-
yses, Anabaena cells were grown in BG-11 medium containing 17.6 mM
NaNO3 as a combined nitrogen source (24) buffered with 20 mM HEPES-
NaOH (pH 7.5) or in BG-110 (without combined nitrogen) medium in a
continuous-culture system in a 1.5-liter flat glass bottle for algal culture
(Fujimoto Rika, Tokyo, Japan; width, 160 mm; diameter, 40 mm; height,
500 mm) at an optical density at 750 nm (OD750) of 0.2 or 0.25 at 30°C
under white fluorescent light at 30 �mol m�2 s�1 (here called “standard
conditions”), illuminating the lateral flat surface of the bottle. To synchro-
nize the circadian clock, the culture was acclimated to two light-dark (LD)
cycles (12 h-12 h) and transferred into the light for the indicated periods.
For the bioluminescence assays, the cells were cultured in BG-11 or BG-
110 liquid medium in the presence or absence of antibiotics (10 �g/ml
neomycin or 20 �g/ml spectinomycin) under standard conditions for
several days up to an OD750 of �0.2. A 10-�l aliquot of diluted culture
with an OD750 of 2 � 10�3 was then inoculated onto BG-11 or BG-110

solid medium containing 1.5% agar in 35-mm plates, maintained under
standard conditions for 6 to 10 days, acclimated to two LD cycles, trans-
ferred into the light, and subjected to the bioluminescence assay.

Heterocyst-enriched fraction analysis. The heterocyst-enriched frac-
tion was obtained from heterocyst-induced cell filaments 48 h after nitrate
depletion, as described previously (25). Microscopic observation con-
firmed that 80% of the cells in the fraction were heterocysts. Total RNAs
were extracted and subjected to microarray analysis as described previ-
ously, using the current versions of oligonucleotide arrays (25). As the
control sample, the total RNA extracted from cells that had been cultured
for 48 h after nitrate depletion without heterocyst enrichment was also
subjected to microarray analysis. Based on the fluorescent signals in eight
independent experiments, we calculated the enrichment ratio (Ri) as the
value for each expression level of a gene i in the heterocyst-enriched frac-
tion (target signal) divided by that in the control sample (control signal).
We calculated the ratio for each amount of transcript in a heterocyst to
that in a vegetative cell, based on the following two assumptions: (i) the
total RNA contents purified from a heterocyst and a vegetative cell were
estimated to be equivalent, and (ii) the genes with maximum enrichment
ratios were expressed not in vegetative cells but only in heterocysts. When
one heterocyst develops per n cells on average and the average expression
levels of gene i in a single heterocyst and in a single vegetative cell are
defined as Hi and Vi, respectively, the enrichment ratio Ri can be calcu-
lated as follows: Ri � n(0.8Hi � 0.2Vi)/[Hi � (n � 1)Vi].

Because the maximum ratio (Rasl3656) was 9.28 for the asl3656 gene,
encoding a hypothetical protein (Hasl3656 � 1; Vasl3656 � 0), n was esti-
mated to be 11.6, which is within the normal range for heterocyst differ-
entiation. Note that the maximum ratio was slightly higher than the ratio
of 8.98 for nifK, which encodes a nitrogenase subunit and is expressed
exclusively in heterocysts, validating our second assumption. Therefore,
the induction ratio Ii, defined as Hi/Vi for gene i, can be calculated as
follows: Ii � (10.6Ri � 2.32)/(9.28 � Ri).

Northern blotting. Northern blotting was performed by loading 1 or
2 �g of total RNA into each lane of an electrophoretic gel, which was
blotted and then probed with digoxigenin-labeled DNA (PCR) probes, as
described previously (8).

DNA microarray analysis. A DNA microarray analysis was performed
as described previously (25, 26), with some modifications. Briefly, for the
circadian expression analysis, 5 to 7 �g of each total RNA from Anabaena
cells collected at appropriate times and 4 �l of an Anabaena-specific
primer mix (17.2 nM each) were used in a reverse transcription (RT)
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reaction to generate Cy3-labeled cDNAs (target samples). Totals of 5 to 7
�g of evenly mixed RNA samples (containing RNAs from hour 4 to 48 in
LL) were used to produce Cy5-labeled cDNAs as a control sample. The
total RNA and an Anabaena-specific primer mix were denatured at 90°C
for 5 min and then gradually cooled to 42°C over 20 min. The RT reaction
was performed in 20 �l containing the total RNA, Anabaena-specific
primer mix, 10 mM dithiothreitol (DTT), 62.5 to 250 �M (each) dATP,
dCTP, and dGTP, 25 to 100 �M dTTP, 100 �M Cy3-dUTP or Cy5-dUTP
(GE Healthcare), 20 U of RNase inhibitor (TaKaRa Bio), and 200 U of
SuperScript II or III reverse transcriptase (Invitrogen, CA) in 1� first-
strand buffer (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2). The
mixtures were incubated at 42°C for 90 min. RNA was degraded by the
addition of 10 �l of 0.1 N NaOH, followed by incubation at 70°C for 10
min. The mixtures were neutralized by the addition of 15 �l of 1 M Tris-
HCl (pH 7.5). The products of the two reactions (one with Cy3 labeling
and the other with Cy5 labeling) were mixed, and unincorporated fluo-
rescent nucleotides were removed with the QIAquick PCR purification kit
(Qiagen, Hilden, Germany) or the Illustra CyScribe GFX purification kit
(GE Healthcare). The labeled cDNA was recovered in 29 �l of 10 mM
Tris-HCl (pH 8.5), added to 10 �l of 20� SSC (1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), denatured at 95°C for 5 min, allowed to cool
to room temperature, and mixed with 1 �l of 10% SDS. The microarrays
were hybridized and washed as described previously (25). The arrays were
scanned with the Typhoon 9410 variable-mode imager (GE Healthcare),
and the background-subtracted median fluorescence intensities (nMedi-
anDens values) were calculated with the ArrayVision software (ver. 8.0;
GE Healthcare). Global normalization was also applied to the Cy3-de-
rived signals under LL conditions so that the average expression levels for
all open reading frames (ORFs) within a microarray were equal across the
replicate arrays, as described previously (7).

qRT-PCR. For the nitrate deprivation experiments, the filaments of
the wild-type strain and the hetR mutant strain DRhetRS (27), grown in
BG-11 medium until they reached an OD750 of 0.4 to 0.5, were washed
twice with water and then resuspended in BG-110 medium. The filaments
were collected at the indicated times after nitrate deprivation. RNA ex-
traction and the quantitative RT-PCR (qRT-PCR) analyses were per-
formed as described previously (28), using the following primer pairs:
RT1427-F (5=-TGCGAGTGTAGCAGAAGCAG-3=) and RT1427-R (5=-C
GATACCGTAAGCATCAGCA-3=) for all1427 and RT1432-F (5=-TCTG
AAGTCAGCGACGGTTT-3=) and RT1432-R (5=-CCCAATCATCCGTC
ATCAG-3=) for hesA.

Identification of circadian cycling genes. The circadian indices, i.e.,
amplitude, correlation P value, and peak time of gene expression, were
determined as described previously (7). Initially, global normalization
was applied to the RNA signal profiles so that the averages of the expres-
sion levels for all ORFs within a microarray were equal across the replicate
arrays. We identified statistically significant circadian cycling expression
profiles for the Anabaena ORFs under LL using two criteria: the “correla-
tion P value” to extract genes with periodic expression patterns and the
“amplitude” to identify genes in which the changes were above the back-
ground level, as described by Ito et al. (7). Briefly, the correlation P value
(here called the “P value”) is an index parameter that indicates the degree
to which the gene expression profile has circadian periodicity, and it is
defined as the significance of Pearson’s correlation between each expres-
sion profile and a cosine wave for which the period is 24 h. The amplitude
is an index parameter that indicates the extent to which the fluctuation in
a gene expression profile is above the background level, and it is defined as
the coefficient of variation (standard deviation divided by the mean).
When we performed two experiments under nitrate-supplemented con-
ditions, the minimum amplitude and maximum P value for each gene
were used as the threshold values, as described previously (7). In our
previous analysis of dark-acclimated samples of Synechococcus, we applied
global normalization because the total raw signals were dramatically re-
duced in the dark (7). In contrast, in Anabaena, there was no statistically
significant difference in the total fluorescence signals for the dark-col-

lected samples (4, 8, or 12 h in the dark) and the light-collected samples (4,
8, or 12 h in the light), so global normalization was also applied to the dark
samples in Anabaena. Detailed parameters extracted from the microarray
data are summarized in Data Set S1 in the supplemental material.

Bioluminescence assays. The bioluminescence profiles were mea-
sured with a photomultiplier tube on agar plates under LL after two cycles
of 12-h/12-h LD alternations, as described previously (13).

Microarray data accession numbers. The microarray data have been
deposited in the KEGG Expression Database (accession numbers
ex0001892 to ex001947.

RESULTS AND DISCUSSION
kai gene expression is not robustly rhythmic in Anabaena. We
first performed a Northern hybridization analysis of the expres-
sion of the kaiA, kaiB, and kaiC genes in Anabaena under LL, after
two cycles of 12-h/12-h LD cycles, every 4 h for 48 h in the pres-
ence of combined nitrogen in the culture medium. As shown in
Fig. 1A, in contrast to the high-amplitude kaiBC transcriptional
rhythm in Synechococcus, we observed no reliably high-amplitude
rhythmic expression of any of the kai genes in Anabaena, although
they were likely expressed with a low-amplitude rhythm. In the
filamentous cyanobacteria, including Anabaena, an additional
kaiB-like (kaiBL) sequence is located at a different locus from the
kaiABC gene cluster in the genome. It is three times longer than
the primary kaiB gene (14), although its function remains un-
known. We also analyzed this gene, and again, its expression was

FIG 1 Expression of Anabaena kai genes is not robustly rhythmic under LL
conditions. (A) Total RNAs were extracted from Anabaena cells that had been
collected every 4 h from a continuous culture under LL after two LD cycles in
the presence of sodium nitrate. They were subjected to Northern hybridization
analysis using the extracted RNAs (1.0 �g) of each Anabaena kaiA, kaiB, kaiC,
or kaiBL sequence as probes. As a reference, the high-amplitude kaiBC mRNA
profile in Synechococcus is also shown. (B) Densitometric analysis of kai gene
expression under LL, obtained with DNA microarray experiments. The dots
represent the signals from two independent experiments, and the solid lines
indicate average expression levels. The numbers on the ordinate indicate the
relative expression levels.
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found to be almost constant over the circadian cycle (Fig. 1A). A
very low-amplitude cycle in kai gene expression does not neces-
sarily mean that circadian transcriptional control is less active in
Anabaena. In another unicellular cyanobacterial strain, Syn-
echocystis sp. strain PCC 6803, a DNA microarray analysis identi-
fied �50 significantly rhythmic genes, whereas rhythmic clock
gene expression was limited to low-amplitude kaiA expression
(29). Moreover, we recently found that in Synechococcus the ex-
pression rhythms of only a subset of genes are dampened in the
dark, even when de novo kai gene expression is turned off (9).

Genome-wide circadian transcription profiles in Anabaena. To
examine whether circadian transcription functions in Anabaena
in the absence of high-amplitude kai gene expression rhythms and
to identify clock-controlled genes, if any, we performed a DNA
microarray analysis using the Anabaena oligonucleotide microar-
ray designed by Ehira and Ohmori (26), representing 5,336 ORFs
from the 5,368 genes in the genome. Anabaena cells were cultured
in a continuous culture system under LL after two LD cycles and
were collected every 4 h (from 0 h in the dark in the second LD
cycle to 48 h in LL) in the presence of combined nitrogen. The cells
were collected from two independent cultures, their total RNA
extracted, and a DNA microarray analysis performed (see Mate-
rials and Methods). On the basis of the filtration method, taking
into account the oscillatory index parameters (amplitude and cor-
relation P value, summarized in Data Set S1 and Table S2 in the
supplemental material; for the standard filtering conditions, a P
value of �0.05 and an amplitude of 	 10�0.7) and the reproduc-
ibility over two independent experiments, as described previously
(7) with slight modifications (see Materials and Methods), we
identified 78 genes as “significantly rhythmic” under LL (Fig. 2A;
see Data Set S1 and Table S2 in the supplemental material). This
number may be larger or smaller, depending on the filtration cut-
off values that are applied: 18 genes with more stringent condi-
tions (P value of �0.01 and amplitude of 	 10�0.6) or 192 genes
with less stringent conditions (P value of �0.1 and amplitude
of 	 10�0.8) (Fig. 2A). The left panel of Fig. 2B shows the 78
cycling genes that we identified, in order of peak time under LL. As
in Synechococcus (7), there are two peaks at around circadian time
(CT) 8 to 12 and CT 20 to 24 (Fig. 2B and C) in Anabaena, but
among the clock-controlled genes, there is a larger population of
genes that peak in the intermediate phases (CT 4 to 8 and 12 to 20)
than in Synechococcus. We performed a Northern blot analysis of
14 genes that exhibited relatively high amplitudes and different
peak times, with results that resembled those of the microarray
profiles (Fig. 3), validating our analysis. Our microarray analysis
also confirmed that the kaiA and kaiC genes are not expressed in a
significantly circadian manner under our filtration conditions,
whereas kaiB was identified as a low-amplitude gene (Fig. 1B).
This is similar in Synechocystis, in which only the expression of the
kaiA gene is rhythmic, with a low amplitude, as described above
(29).

Clock-controlled genes with related functions. As summa-
rized in Fig. S1 and Table S2 in the supplemental material, the
proportions of rhythmically expressed genes among those regu-
lating the central metabolism, such as those involved in photosyn-
thesis and respiration (9.2%, 14 of 153 genes), translation (3.7%,
seven of 187 genes), amino acid biosynthesis (3.6%, four of 111
genes), cellular processes (3.3%, three of 92 genes), and energy
metabolism (3.1%, three of 98 genes), were relatively higher than
the proportion of rhythmic genes in the total genome (1.5%, 78 of

5336 genes). The cycling genes categorized as involved in pho-
tosynthesis/respiration/cell envelope and cellular processes/
energy metabolism peaked in subjective day and night, respec-
tively. Furthermore, most of the genes involved in translation
and amino acid biosynthesis peaked in subjective night. Some
gene clusters or operons consist of several ORFs. For example,
the photosynthesis-associated phycobilisome-related genes,
such as apcEABC (alr0020 to asr0023), pecBACEF (alr0523 to
-0527), and the cpcG cluster (alr0534 to -0537), peaked in sub-
jective daytime, whereas a ribosomal gene cluster (all4198 to
all4215) and groEL (alr3662) peaked in subjective night (Fig. 3
shows the expression profiles of some representative ORFs).
Interestingly, the homologues of these genes are not rhythmic
in Synechococcus (7), revealing further differences in the circa-
dian transcriptomic pathways of the two species. However, it
should be noted that circadian rhythm in a transcript does not
always give rise to cyclic protein induction or accumulation,
and nonrhythmic gene expression does not necessarily mean
that the encoded protein is arrhythmic, as discussed previously
(7). Therefore, to validate the physiological relevance of the

FIG 2 Genome-wide circadian transcription profiles under LL conditions. (A)
Variations in the oscillatory indices, amplitude (defined as standard deviation
[SD] normalized to the mean value; ordinate), and a cosine-fitting correlation
score (correlation P value; abscissa) for each transcript under LL conditions. Each
index is defined in the Materials and Methods. Briefly, a higher amplitude repre-
sents larger fluctuations, and a lower P value means a better correlation to a peri-
odic (sinusoidal) waveform with a 24-h period. Seventy-eight “cycling genes” were
extracted, with P values of �0.05 and amplitudes of 	10�0.7 (within the red and
yellow regions). For more stringent filtration, the lower amplitude and the higher
P value from two independent experiments were used to ensure reproducibility.
The circles indicate the all3173 and pecBAC (alr0523 to -0525) genes used for the
bioluminescence reporter analysis and the kaiB gene. (B) Expression profiles of
the 78 cycling genes sorted by peak time under LL conditions (left). The panel on
the right shows a double plot of the expression profiles of the corresponding genes
in one LD cycle reconstructed by connecting data from hour 4 to 12 in LL and hour
4 to 12 in the dark. The colors in descending order from red to black to green
represent normalized data. The average and SD over two cycles are 0.0 and 1.0,
respectively. The average levels in two independent experiments were used for the
analysis. (C) Phase distributions of the peak expression times of 78 circadianly
expressed genes. The numbers of ORFs from two independent experiments are
plotted on the ordinate.
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individual clock-controlled and/or diurnally controlled genes,
more detailed analyses, including proteomic/metabolomic and
physiological analyses, are required.

Gene expression profiles under LD cycles. We have previ-
ously demonstrated in Synechococcus that the total mRNA level,
which was estimated from the sum of the raw hybridization sig-
nals, was rapidly downregulated in the dark to �20% of the initial
level at dark onset (after 12 h in the light, or zeitgeber time [ZT]
12) within 12 h, whereas it remained almost constant under LL
conditions (7). Note that zeitgeber time is used to indicate the
time in an LD cycle, where ZT 0 indicates dawn. In the present
study, we also examined the expression profiles in the dark during
the second LD cycle. In contrast to the case for Synechococcus, we
observed no dramatic changes in the total raw fluorescent signals
in Anabaena throughout the dark-to-dark transition (from hour 4
to 12 in the dark and subsequently from hour 4 to 12 in the light).
This is not surprising, because such a dramatic difference in the
total amount of expression over the LD cycles has been reported
only for Synechococcus and has not been observed in other cyano-
bacterial strains, such as Cyanothece sp. strain ATCC 51142 (30).

The right panel of Fig. 2B shows the double-plotted genome-wide
expression profiles of the 78 clock-controlled genes under LD cy-
cles from the data obtained for hour 4 to 12 under LL (ZT 4 to 12)
and hour 12 to 24 under continuous-dark (DD) conditions (ZT 12
to 24). This result indicates that many of the subjective-daytime-
expressed genes remain cyclic with the same phase angle under LL
and LD conditions, whereas only a subset of subjective-night-
expressed genes exhibit nocturnal expression under LD. Again, as
for the circadian transcriptomic profiles, the physiological rele-
vance of the diurnal/nocturnal control of Anabaena must be clar-
ified with further proteomic analyses.

Confirmation of bona fide circadian regulation controlled by
the kai-based oscillator in Anabaena. To analyze the Anabaena
circadian system in more detail, we constructed bioluminescent
reporter strains in which a promoterless bacterial luciferase gene
set from Vibrio harveyi was fused to the 5=-USRs of two high-
amplitude genes alr0523 (pecB) and all3173, encoding a phycobili-
some-related protein and a hypothetical protein, respectively.
These genes were selected because of the large peak-to-trough
ratios of their transcripts (Fig. 3) and their different peak times
under LL: the pecBACEF cluster and all3173 peak at CT 8 to 12 and
CT 16 to 20, respectively. The reporter constructs were introduced
into Anabaena cells on a shuttle vector system by conjugal gene
transfer (see Materials and Methods). The resulting reporter
strains were cultured on solid medium in the presence of com-
bined nitrogen and subjected to real-time bioluminescence assays
with photomultiplier tubes under LL after two LD cycles, as de-
scribed previously (13) with some modifications (see Materials
and Methods). The results shown in Fig. 4A clearly demonstrate
that both the pec and all3173 promoters display robust biolumi-
nescent cycling, with periods of �24 h for at least 6 days under LL,
maintaining an antiphasic relationship similar to that of the
mRNA profiles (Fig. 3, pink lines). In addition to this free-running
property, circadian oscillations are defined by the robustness of
the period length against ambient constant temperature within a
physiological range (the temperature compensation of the pe-
riod), which allows the clock to keep time through all seasons. We
confirmed that the Anabaena clock also satisfied the temperature
compensation criterion, using the all3173reporter strain at 25, 30,
and 35°C (Fig. 4B). The circadian-time-dependent photic en-
trainment property is also an important characteristic of circadian
rhythms. In Synechococcus, 5-h dark pulses affect the phase of
circadian gene expression differently, depending on the time at
which the pulses are applied, and can be drawn as a phase response
curve (PRC) (31). We performed the same experiment for the
all3173 reporter strain by acclimating the cells to 5-h pulses at dif-
ferent circadian times, which is summarized as a PRC in Fig. 4C.
The results are similar to those observed for Synechococcus (31)
and clearly indicate that the Anabaena clock is also set by a 5-h
dark period in a circadian-time-dependent manner. These results
clearly confirm that the Anabaena transcription rhythms are
driven by a bona fide circadian oscillator.

Although the expression profiles of the kai genes in Synechoc-
occus and Anabaena are strikingly different, it seems plausible that
the Anabaena circadian transcription rhythms are regulated by the
kai gene products. To test this, we genetically eliminated the entire
kaiABC gene cluster from the chromosome of the Anabaena cells
by replacing it with a streptomycin/spectinomycin resistance
gene. No accumulation of kai mRNA was observed by Northern
blot analysis (Fig. 5A). We then introduced a reporter cassette to

FIG 3 Temporal expression profiles of representative clock-controlled genes.
The expression of photosynthesis-associated gap2 (all5062), encoding glycer-
aldehyde-3-phosphate dehydrogenase, and phycobilisome-related genes apcE
(alr0020), apcC (asr0023), pecB (alr0523), cpcB (alr0528), and ho1 (all1897)
peaked in subjective daytime, whereas rpl18 (all4200) and all4207 from a ribo-
somal gene cluster, secE (all5298), which is involved in protein secretion, and
all1871, all3173, alr3692, groEL (alr3662), and all4578, encoding proteins with
unknown functions, peaked in subjective night. For pecB and secE, we per-
formed a Northern blot analysis with specific probes covering pecBAC (alr0523
to -0525) and all5298 and -5299, respectively. Note that pecB and all3173 were
used for the bioluminescence reporter analysis. The pink and black lines rep-
resent the average expression levels calculated with Northern blot and mi-
croarray analyses, respectively. The dots represent the signals from two inde-
pendent microarray experiments. The numbers on the ordinate indicate the
relative expression levels based on the microarray analysis.
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monitor the all3173 promoter activity. As expected, the kaiABC-
nullified reporter strain failed to exhibit a circadian rhythm in its
bioluminescence under LL after two LD cycles, as shown in
Fig. 5B, whereas the average level of bioluminescence was unaf-
fected. Moreover, Northern analysis confirmed that kaiABC dis-
ruption nullified the robust oscillations in pecBAC, all3173, and
groEL transcripts observed in the wild type strains (Fig. 5C). In-
terestingly, the expression levels of pecBAC and all3173 were re-
duced in the kaiABC mutant strain, while in Synechococcus no
rhythmic genes have been found to be dramatically downregu-
lated by kaiABC nullification (7). Therefore, we conclude that the
circadian transcription cycle shown in the present study is regu-
lated by the Kai protein-based oscillator. It has been suggested that
the transcription-translation feedback for the kai gene expression
cycle is a slave oscillatory cycle in Synechococcus, whereas the post-
translational enzymatic oscillation produced by the Kai proteins is
considered to be the core timing process (8, 12, 32, 33), repre-
sented by the rhythms in KaiC phosphorylation (8, 13), ATPase
activity (34), and protein complex formation (35, 36). Although
Anabaena KaiA is reported to form a homodimer and enhanced
the rate of phosphorylation of a recombinant Thermosynechococ-

cus KaiC protein (15) in vitro, no information is currently avail-
able on Anabaena KaiC phosphorylation or protein complex for-
mation profiles, either in vitro or in vivo.

Circadian regulation in the absence of combined nitrogen.
We wanted to know whether circadian control acts in the hetero-
cyst to unveil a possible link among metabolism, developmental
program, and circadian regulation. Therefore, we analyzed the
circadian profiles under nitrate-deprived conditions, which trig-
ger heterocyst differentiation. Samples collected from one series of
cells continuously cultured in the absence of combined nitrogen
(BG-110 medium) under LL after two LD cycles were subjected to
microarray analysis. Using the standard filtration conditions (P
value of �0.05 and amplitude of 	10�0.7), we found that in the
absence of combined nitrogen, 39 of the 78 previously identified
clock-controlled genes, including pecBAC and all3173, retained
their circadian expression profiles with essentially similar peak
times and amplitudes (see Fig. S2A and B and Table S2 in the

FIG 4 Circadian expression properties revealed with a bioluminescence re-
porter analysis. (A) Bioluminescence rhythms represent the clock-controlled
promoter activities of the pecBACEF cluster (upper panel) and the all3173 gene
(lower panel) from cells cultured on solid medium containing sodium nitrate
in 35-mm culture plates under LL after two LD cycles. The bioluminescence
profiles from four independent culture plates are shown (black traces). (B)
Temperature compensation of the period. The bioluminescence profiles were
monitored for the all3173 reporter strain, which was cultured on solid medium
in the presence (solid line) or absence (dashed line) of sodium nitrate under LL
after two LD cycles at 25, 30, or 35°C. The period length was plotted against
temperature (n � 7 for each condition). The temperature coefficient Q10 val-
ues (the rate of change of a period length as a consequence of increasing the
temperature by 10°C) in the presence and absence of combined nitrogen were
0.95 and 0.97, respectively. (C) Phase resetting of the all3173 bioluminescence
rhythm in response to a 5-h dark pulse. At the circadian times indicated on the
abscissa, the samples underwent 5 h of dark incubation, and they were then
returned to LL to monitor the bioluminescence rhythm. The ordinate for each
data point indicates the offset of the phase of the peaks after the treatment,
relative to a control not pulsed with darkness, indicating a phase advance
(positive values) or phase delay (negative values).

FIG 5 Nullification of transcriptional rhythms by genetic disruption of the
kaiABC cluster. (A) Northern blot analysis using the total RNAs extracted
from wild-type (WT) and kaiABC-null mutant (
kaiABC) cells with each kai
gene-specific probe. (B) Bioluminescence rhythms to monitor the all3173 pro-
moter activity, comparing the wild-type strain with the kaiABC-disrupted
strain, in the presence of sodium nitrate. Results from a representative of
multiple experiments are shown. (C) Circadian expression of the pecBAC,
all3173, and groEL genes was nullified in the kaiABC-null mutant strains ex-
amined by Northern blot analysis. “Ctr” indicates a control RNA extracted
from the wild-type strain at hour 64 in LL.
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supplemental material). Most of the other 39 genes retained low-
amplitude rhythmic patterns, while their P value and/or ampli-
tude scores were below our filtration threshold values.

Northern analysis confirmed that kaiABC disruption also nul-
lified the pecBAC and all3173 mRNA rhythms in the absence of
combined nitrogen (see Fig. S3 in the supplemental material).
These results are not surprising given that the majority of cells in
the bacterial filament remain vegetative cells, in which the intra-
cellular metabolism may be similar in the presence or absence of
combined nitrogen. Therefore, we looked for genes that were
more specifically upregulated by nitrate depletion and analyzed
their circadian expression profiles.

Ehira and colleagues (25) reported the genomic expression
profiles in heterocyst-enriched samples (80% of the cells were es-
timated to be heterocysts) at 48 h after nitrate deprivation. How-
ever, at that time, they used a different version of the DNA mi-
croarray and large genomic clones as probes, each of which
covered approximately 3 kbp, and contained 1 to 8 ORFs of vari-
ous sizes. Therefore, it was difficult to precisely identify genes with
upregulated or downregulated expression in the heterocysts. Con-
sequently, we reevaluated the heterocyst-specific genes using the
improved version of the oligonucleotide array (26) and hetero-
cyst-enriched fractions (80% of the cells were confirmed to be
heterocysts by microscopic observation) collected 48 h after ni-
trate deprivation (for details, see Materials and Methods). Ini-
tially, we compared the ratios [termed Sum(N�)/Sum(N�)] of
the average gene expression levels in the nitrate-deprived medium
at LL 4 to 48 to that in nitrate-containing medium and the ratios
(Ri) of the gene expression levels in the heterocyst-enriched sam-
ples to those in intact filaments containing both vegetative cells
and heterocysts (before heterocyst extraction) at 48 h after nitrate
deprivation. As shown in Fig. 6A, highly heterocyst-enriched
genes tended to be upregulated under nitrate-deprived condi-
tions, as expected. Table S3 in the supplemental material shows 23
representative heterocyst-upregulated genes with both ratio val-
ues [Sum(N�)/Sum(N�) and Ri]of 	 3, which are consistent
with our previous analysis (25). Note that the genes downregu-
lated in the heterocyst-enriched fraction were not always down-
regulated in the circadianly collected sample without combined
nitrogen, because the expression of these genes may not be re-
duced in vegetative cells, which constitute the majority of cells in
individual bacterial filaments.

Circadian transcription in heterocysts. Among the genes
highly upregulated in heterocysts, all1427 showed a high-ampli-
tude expression rhythm under LL, peaking at subjective dusk,
which was confirmed with a Northern hybridization analysis (Fig.
6B). The all1427 gene was reported to be induced during hetero-
cyst maturation in a previous transcriptomic analysis (26), and a
proteome analysis found its encoded protein All1427 in the het-
erocyst cell wall in Anabaena (37). The physiological function of
All1427 remains unknown, although it contains two cystathio-
nine-�-synthase domains, which are found in cytosolic and mem-
brane proteins with diverse functions (37). We also realized that
members of the all1432-all1431 gene set, encoding the HesA and
HesB proteins, show expression rhythms that peak at subjective
dawn (Fig. 6B). The functions of HesA and HesB are also un-
known, although insertional inactivation of hesA impairs the cells’
nitrogen fixation activity by �55% (38).

To exclude the possibility that circadian transcription under
nitrate depletion is active not in heterocyst cells but only in vege-

tative cells, the cyclic genes of interest must be expressed exclu-
sively in heterocysts. Therefore, based on the Ri values (Rall1427 �
6.74; RhesA � 5.66; RhesB � 4.57), we indirectly estimated that the
levels of all1427, hesA, and hesB in a single heterocyst were 27-,
15-, and 10-fold higher, respectively, than those in a single vege-
tative cell (see Table S3 in the supplemental material and Materials

FIG 6 Circadian gene expression in heterocysts without combined nitrogen.
(A) Variations in the changes in gene expression levels induced by nitrate
deprivation and heterocyst enrichment. The abscissa shows the ratio of the
average expression level for each gene throughout two circadian cycles under
LL (hour 4 to 48) under nitrate deprivation (N�) to that in the presence of
sodium nitrate (N�) (n � 2). The ordinate indicates the ratio of the average
expression level for each gene 48 h after nitrate deprivation in heterocyst-
enriched cells to that in intact bacterial filaments (n � 8). (B) Rhythmic ex-
pression of heterocyst-specific genes in LL under nitrate deprivation. Expres-
sion profiles of the all1427 and hesAB genes in the presence (black lines) or
absence (pink lines) of sodium nitrate. Densitometric data from the Northern
hybridization analysis (right panels) and microarray analysis are indicated by
solid and dotted lines, respectively. For Northern blotting we loaded samples
collected at hour 0 in the dark (D0) under different (N� for N�, N� for N])
conditions as control samples, indicated by “Ctr.” (C) Expression of the
all1427 and hesA genes in the wild-type strain (filled circles) and the hetR-null
mutant strain (open circles) at 0, 3, 8, and 48 h after nitrate depletion. A
densitometric analysis of the RT-PCR experiments is shown.
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and Methods). hetR is the well-characterized master regulator es-
sential for heterocyst differentiation and is responsible for the in-
duction of many heterocyst-specific genes (4, 5). Therefore, we
also examined the expression profiles of the all1427 and hesA
genes in the wild type and the hetR-null mutant strain after nitrate
depletion. As shown in Fig. 6C, none of these genes was expressed
in the hetR-null strain, but all were exclusively expressed in the
wild type within 24 h of nitrate deprivation. All these results
strongly support the inference that both the all1427 and hesAB
genes are specifically induced in heterocysts. We also confirmed
that in the kaiABC-null mutant strain in the absence of combined
nitrogen, which also formed heterocysts, rhythmic transcription
of these genes was nullified (see Fig. S3 in the supplemental mate-
rial). Therefore, we conclude that there is also active circadian
transcriptional output in the differentiated cells.

The magnitude of kaiABC expression did not differ greatly
between the heterocyst-enriched samples and the control (1.09 �
Rkai � 1.17), indicating that the kai genes are expressed in hetero-
cysts at levels equivalent to those in vegetative cells. Thus, we spec-
ulate that the rhythmic heterocyst-specific gene expression is
driven by the Kai-based clock inside each heterocyst. However, we
cannot exclude the possibility that the rhythmic transcription is
indirectly induced in the heterocyst by time-dependent intercel-
lular signals from oscillators in neighboring vegetative cells. Sin-
gle-cell imaging analysis in Synechococcus has demonstrated that
the synchronization among cells is negligible, and instead, the
intracellular timing mechanism is extremely robust and precise
(39, 40). In contrast, it has been suggested that in multicellular
eukaryotes, cell-to-cell communication is important in synchro-
nizing each clock cell into a robust oscillatory system at the tissue
or organ level (41, 42). Therefore, it is also relevant to ask whether
intercellular synchronization occurs between neighboring cells
within the Anabaena filament. The development of fluorescence
reporter strains to monitor the spatiotemporal expression profiles
of clock-controlled genes at the single-cell level will be important
in addressing these questions.

What is the role of circadian regulation in heterocysts? In sev-
eral nonheterocystous, diazotrophic cyanobacterial strains, circa-
dian rhythms in nitrogen fixation and the nifHDK genes encoding
nitrogenase subunits have been reported. In the unicellular di-
azotrophic species, such as Cyanothece sp. PCC 8801 (previously
known as Synechococcus sp. RF-1) (43), Cyanothece sp. ATCC
51142 (44, 45), and Crocosphaera watsonii WH 8501 (46), both
nitrogenase activity and nif gene expression peak in subjective
night. The nocturnal nitrogen fixation is compatible with a model
that oxygenic photosynthesis and oxygen-sensitive nitrogen fixa-
tion are temporally separated by the circadian clock, while the
nonheterocystous, filamentous strain Trichodesmium sp. strain
IMS 101 shows nitrogenase activity and nif gene expression
rhythms peaking during subjective daytime (47). In contrast, un-
der our experimental conditions, the expression of most of the
major heterocyst-enriched genes, such as nifHDK and fdxN, en-
coding a heterocyst-specific ferredoxin subunit, was not clearly
rhythmic under LL conditions. However, considering partial in-
volvement of hesAB genes in regulating nitrogenase activity (38),
it is of interest to examine if nitrogenase activity in Anabaena is
modulated by the circadian clock. The physiological relevance of
the rhythmic expression of the all1427 and hesAB genes remains to
be resolved, for instance, by the construction of strains in which

their promoters are replaced by constitutive promoters with ex-
pression levels similar to those of the original promoters.

Another question to be addressed is whether the circadian sys-
tem affects heterocyst differentiation/patterning. Circadian regu-
lation has been proposed to modify developmental programs in
eukaryotes, such as the changes from vegetative to reproductive
organs in plants (48) and the initiation of differentiation from
embryonic stem cells in mammals (49). Since the kaiABC-null
Anabaena mutant forms heterocysts without combined nitrogen
with semiregular intervals, circadian regulation is not an essential
requirement of patterned heterocyst formation. However, a more
careful quantitative analysis should be undertaken to examine
whether the timing of heterocyst differentiation is modified by the
circadian program in Anabaena.

Conclusion. Together, these results provide a basis for molec-
ular studies of the circadian system in filamentous, heterocyst-
forming cyanobacteria. We have demonstrated that the Anabaena
circadian clock drives genome-wide gene expression rhythms of
genes that encode a variety of functions during LL, under both
vegetative and differentiation-inducing conditions. Although it is
strongly suggested that these rhythms are driven by the Kai-based
oscillator, our study has shown that the expression of the
Anabaena kai gene is not highly rhythmic, in contrast to that of
Synechococcus. Another striking difference identified here is that
the total RNA levels remain almost constant throughout the LD
cycle in Anabaena, whereas in Synechococcus, the amount of total
RNA is dramatically reduced in the night. Finally, we also found a
subset of heterocyst-specific genes, including all1427 and hesAB,
expressed in a robust circadian fashion, strongly suggesting the
presence of circadian control. Anabaena sp. PCC 7120 is the best-
established molecular genetic model organism not only for studies
of heterocyst differentiation/patterning but also for the investiga-
tion of biological hydrogen and biofuel production. The present
study provides fundamental insights into the spatiotemporal
properties of the metabolic, physiological, and developmental
processes in filamentous cyanobacterial species.
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