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Circadian Rhythms in Rapidly Dividing
Cyanobacteria

Takao Kondo,* Tetsuya Mori, Nadya V. Lebedeva,
Setsuyuki Aoki, Masahiro Ishiura, Susan S. Golden

The long-standing supposition that the biological clock cannot function in cells that
divide more rapidly than the circadian cycle was investigated. During exponential growth
in which the generation time was 10 hours, the profile of bioluminescence from areporter
strain of the cyanobacterium Synechococcus (species PCC 7942) matched a model
based on the assumption that cells proliferate exponentially and the bioluminescence of
each cell oscillates in a cosine fashion. Some messenger RNAs showed a circadian
rhythm in abundance during continuous exponential growth with a doubling time of 5 to
6 hours. Thus, the cyanobacterial circadian clock functions in cells that divide three or

more times during one circadian cycle.

Clircadian thythms, oscillations of biologi-
cal activities with a periodicity of approxi-
mately 24 hours in a constant environment,
are observed in almost all organisms (I).
The cellular components responsible for
these rhythms and for the cell division cycle
represent two major cellular oscillations
that coexist in biological systems. The cir-
cadian clock is not a product of the cell
division cycle because nondividing tissues
such as the nervous tissue or mature leaves
display robust circadian rhythms (1). How-
ever, it is unknown whether a circadian
oscillation can exist when the cell division
period is shorter than the circadian period.
The circadian clock is thought to be depen-
dent on state variables—that is, substances
that reflect time, whose concentrations
might be disrupted by the cell division pro-
cess. Because several clock models implicate
intracellular membrane structure directly or
indirectly as a factor in circadian timing
(2), it is important to investigate the rela-
tion between the cell cycle and circadian
period. Autonomous models dependent on
a clock gene, its mRNA, and its protein
product have been proposed for the circa-
dian clocks of Drosophila and Neurospora

(3). These models assume that an important
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timing mechanism of a circadian feedback

loop is the transport of a clock protein from
the cytoplasm, where it is synthesized, to
the nucleus, where it affects expression of
its own gene. Cell division, which disrupts
and divides the nuclear structure, might
interfere with such a mechanism.

Stable circadian rhythms have been ob-
served only in cells that divide more slowly
than the circadian period. In Tetrahymena
and Euglena, a circadian rhythm of cell

Fig. 1. Bioluminescence rhythm (open circles)
and theoretical curve (solid lines) for exponentially
growing Synechococcus in liquid culture and on
an agar plate. (A) Measurements in liquid medium.
AMC149 cells were cultured in modified BG11
medium (73) under LL to a density of 10° cells per
milliliter. The culture was then diluted to 105 cells

- per milliliter. (B) Measurements on solid medium.

Cells were spread on a 1-cm? area of an agar plate
to form 1000 to 3000 microcolonies. (A and B)
After 12 hours of darkness, a 1-ml aliquot of liquid
culture or 1-cm? area of agar was transferred to a
20-ml vial, and 0.2 ml of 0.5% n-decanal solution
(dissolved in oil) was placed in the vial separately.
The bioluminescence from the vials was monitored
continuously by the automated system with a pho-
ton-counting photomultiplier (70). The light fluence
rate was 46 wE m~2 s~ during LL, and tempera-
ture was continuously maintained at 30°C. Biolu-
minescence from the vials is plotted against time
in LL by open circles without a connecting line.
The bioluminescence data were analyzed by Igor
software (77) to find a best-fit curve to a model
equation. Theoretical curves are superimposed in

e
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division observed in slow-growing cultures
does not persist when the generation time is
less than a day (4). We used a transformed
reporter strain (AMC149) of the cyanobac-
terium Synechococcus sp. PCC 7942 (5, 6)
to study circadian rhythms because it can
divide much more rapidly than the circadi-
an frequency and its circadian rhythm of
bioluminescence can’ be monitored with
high precision. A bacterial luciferase report-
er gene inserted into the chromosome in
AMC149 expresses a circadian biolumines-
cence thythm. AMC149 displays a circadi-
an rhythm that is physiologically equivalent
to those of many eukaryotes (7). The gen-
eration time of Synechococcus can be as
rapid as 5 to 6 hours and can be controlled
easily by changing the light fluence or tem-
perature. Here we demonstrate that cultures
of cyanobacteria that divide twice or more
per day display circadian rhythms of biolu-
minescence and levels of mRNA.

During an early stage of liquid culture,
Synechococcus grew exponentially until the
density reached 5 X 107 cells per milliliter
(8). Because the optical density at 730 nm
(OD;30) of the culture was below 0.05, the
effective light intensity was not lowered by
self-shading (9). Microscopic observation
confirmed that Synechococcus also grew ex-
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each plot. To visualize the profile of low-level bioluminescence during the early phase of each experi-
ment, a 10-fold expansion of the bioluminescence is shown in each panel (X 10 curve).
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ponentially on agar plates during micro-
colony formation. Cells continued to divide
evenly and formed a round monolayer col-
ony of 2000 to 3000 cells (8). Thereafter,
cells formed multilayered colonies and the
growth rate slowed, most probably as a re-
sult of limited resources (inorganic nutri-
ents, carbon dioxide, and light) for the cells
located in the interior of the colony. For
both liquid and agar cultures, the genera-
tion time during exponential growth was 10
hours under 50 pE m= s7! of continuous
illumination (LL) (8).

(11). The circadian bioluminescence
thythm expressed by the psbAl promoter in
stationary phase cultures of Synechococcus
can be approximately described as a cosine
(or sine) function (5, 6). Therefore, with
the assumption that the cells grow as an
exponential function and that the biolumi-
nescence of each cell oscillates as a cosine
function, we developed an equation that
includes bioluminescence (B, counts per
second) and time in LL (¢, hours),

B = 27“P{Alcos2mtT + 2wl/24) + 1] + C}

REPORTS

where T is circadian period, D is generation
time (hours), A is amplitude of the rhyth-
mic component, C is a constitutive compo-
nent, and | is the phase offset of the rthythm
on a 24-hour scale (12). As shown by the
curves superimposed in Fig. 1, the model
equation predicts the real bioluminescence
data. Parameters of the fitted equations,
showing small standard deviations, are list-
ed in Table 1. Several linear polynomial
equations were also examined, but those
models failed to fit the experimental data.
Parameters that represent period (T) and

A photon-counting method (10) was
used to capture very weak bioluminescence
signals from cultures of 10* to 10° cells. At
the beginning of an experiment, the cell
density of the liquid culture was about 10°
cells per milliliter, and microcolonies on

Table 1. Parameters of the fitted equation for the rhythm of AMC149. The parameters of the fitted
equation and standard deviations are listed. Liquid and solid culture are for experiments shown in Fig. 1,
A and B, respectively.

. Doubling Rhythmic Constitutive
the agar plate were composed of about 10 cyityre Tpﬁmd '72?73.9 time component component AC
cells. Thereafter, during assay periods of up (hours) 1) D (hours) A C
to 110 hours, cells proliferated exponential- Coud 256200 109207 1208 69+ o7 ®os 45 190
: e ti ¢ i qui 6=0. 9=0. 2=0. 9= 6. 2% 4, .
ly, with doubling times of approximately 10 S2L¢ 246+02 79+06 106+03 4347+502 2141 +286 196

hours, as reflected by an exponential in-
crease of bioluminescence. Data points in
Fig. 1 depict the bioluminescence profiles of
exponential cultures of AMC149 in liquid
medium and on an agar plate (the curves in
Fig. 1 were generated independently as de-
scribed below, rather than by connecting
the data points). The bioluminescence pro-
files contained both exponential and circa-
dian components.

To estimate exponential and rhythmic
parameters quantitatively, the biolumines-
cence data shown in Fig. 1 were subjected
to curve fitting by means of Igor software

Table 2. Parameters of fitted equations for rhythms of period mutants. The parameters of the fitted
equation of Fig. 3 are listed. Standard deviations of parameters were of similar magnitude to those in
Table 1.

Doubling Rhythmic Constitutive
time component component
D (hours) A C

Period
T (hours)

Phase

Mutant 1(CT)

SP20
SP22
LP27
p30

23.3
213
30.1
27.7

10.9
10.4
10.4
11.9

12.6
12.7
13.4
13.8

1141

0.7
27.2
25.4

Fig. 2. Rhythms of mRNA abundance from psbAl and psbAll
genes in wild-type Synechococcus. (A and B) Northern (RNA) [
blots of psbAl (solid circles) and psbAll (open circles) mRNA and 1.0 1.0
densitometric data of the blots as a function of time in LL. To
maintain exponential growth at higher cell density, wild-type
Synechococcus was cultured by a turbidostat at 30°C in LL as
described (9). The cell density of the culture was maintained by
continuous dilution of the culture at an OD, 5, of 0.5 to 0.6 (about
10° cells per milliliter). The light fluence rate in LL (read spheri-
cally) at the times indicated by the white bar at the top of the
graphs was 120 pE m~2 ™', which is similar to light fluence
rates used in previous experiments (the generation time was 10 0
to 12 hours). (A) During the light portion of the entraining light v
(white bar above graph) and dark (black bar within white bar) Hours in LL '

cycle, and beginning with the initiation of LL conditions (0 hours), _

40-ml samples were collected every 4 hours by centrifugation

and stored at —70°C. After all samples had been collected,

Northemn blots of total RNA were prepared as described previ-

ously (74). Probes were antisense RNAs that hybridize to the

unique 5' untranslated leader of specific psbA messages, la-
Before the onset of LL conditions (O hours), the culture was entrained to a
light and dark cycle as shown for (A) (20). Samples were taken every 4
hours beginning at 0 hours (except that the 36-hour sample was lost) and

were processed as indicated for (A). RNA data are shown beginning with

the 20-hour sample. A downward-pointing arrow indicates the time at

beled with [a-3?Pjuridine triphosphate with an in vitro transcription kit

(Ambion). A Bio-Rad 620 densitometer was used to quantify the autora-
which the light fluence rate, read spherically, was increased from 120 nE
m~2 s~ (generation time 10 to 12 hours; thin white bar above graph) to

diograms of the Northern blots. Even loading of the lanes was verified by
densitometry of a negative image of ethidium bromide fluorescence from

400 wE m=2 s~ (generation time 5 to 6 hours; thick white bar above
graph), immediately after the 24-hour sample was taken.
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the 16S ribosomal RNA band. An open circle indicates the position on the
Northern blot of a stable psbAll mMRNA degradation product that was
quantitated for the graph. An arrow indicates the position of the full-length
psbAll message. (B) Northern analysis of full-length psbAll mRNA and
densitometric data of the blot as a function of time in high-intensity LL.

SCIENCE ¢ VOL.275 ¢ 10JANUARY 1997 225



phase (I) were very close to those obtained
for fully grown colonies or for saturated
liquid cultures. The parameter for genera-
tion time of the model (D) was also very
close to the generation time estimated by
real cell numbers of the culture (about 10
hours). Therefore, the model equation
seems to accurately model parameters rep-
resenting the circadian rhythm of Synecho-
coccus in exponential growth.

We also found that circadian rhythms of
mRNA abundance were evident in contin-
uous cultures maintained in exponential
phase at a higher cell density by growth in
a turbidostat (13). Figure 2A shows the
changes in psbAl and psbAIl transcripts in
LL when the culture was grown with a
generation time of about 10 hours. At this
light intensity, the psbAll gene is poorly
expressed, but a stable degradation product
recognized by the gene-specific probe was
evident after entrainment by a light and
dark cycle. The abundance of the psbAl
mRNA and the full-length and degraded
psbAIl mRNAs oscillated with a 24-hour
period and phase similar to the biolumines-
cence thythm (14). At a higher light inten-
sity, the psbAIl full-length message was

10,000
SP20

x10 Oé’
5000

0
8000 SP22

7 x10
4000+

0
15,0004 LP27

10,000+ x10

Bioluminescence (counts/s)

5000

0_

30
20,0004 P

x10 #
10,000+

~

0 24 48 72 96
Hours in LL

120

Fig. 3. Bioluminescence rhythm (open circles)
and theoretical curves (solid lines) of exponentially
growing Synechococcus clock mutants. The bi-
oluminescence of clock mutants (SP20, SP22,
LP27, and p30) was analyzed as in Fig 1B. To
visualize profiles of low-level bioluminescence
during the early phase of each experiment, a 10-
fold expansion of the bioluminescence is shown in
each panel (X 10 curve).
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abundant and showed circadian cycling. An
acute response to the shift to high light
intensity was also evident (Fig. 2B). Under
these conditions, the doubling time was
once per 5 to 6 hours. Therefore, we con-
clude that the circadian clock in Synecho-
coccus maintains a 24-hour period regardless
of cell division rate or cell density.

We examined the circadian rhythm of
several period mutants (15) in exponential
phase (Fig. 3 and Table 2). Although the
bioluminescence rhythm of the wild-type
strain (AMC149) was not influenced by
growth conditions (Fig. 1 and Table 1), the
amplitudes of rthythms in SP20, LP27, and
p30 (15, 16) were weak in exponential
culture (the A/C ratio was less than 1),
whereas fully formed colonies of these mu-
tants displayed well-sustained thythms (15).
Calculated periods of exponential cultures
of these mutants were shorter or longer than
those obtained for mature colonies. Howev-
er, the amplitude of the SP22 rhythm was
larger than that of the wild type and its
period was not altered. These observations
imply that some mutations altered the clock
system not only for period but also for sta-
bility of the oscillation, a phenotype that was
not evident in the stationary culture.

In a concurrent study, Mori et al. per-
formed flow cytometry of Synechococcus and
found that cell division is prohibited for
several hours in the circadian cycle, but cell
length continues to increase while cell di-
vision is arrested (17). Thus, the total cell
mass in the batch culture should continue
to increase exponentially. The gating of cell
division they observed is not evident in our
data, but our result is expected if biolumi-
nescence correlates not with cell number
but with total cell mass.

Each cell in the culture that doubles
every 12 hours should divide more than
once per day even though cell division is
gated by the circadian clock because divi-
sion is suspended for only a few hours in the
circadian cycle. Detailed imaging that
shows individual cells of a microcolony
forming on an agar plate revealed that no
cell remained undivided (8). Similar con-
clusions can be drawn from curve fitting to
a model equation, which included a term
that represents the bioluminescence of non-
dividing cells. This term was always negli-
gible (less than 0.1% of total biolumines-
cence). Therefore, observations reported
here clearly demonstrate circadian rhyth-
micity in cells that are dividing faster than
circadian frequency; that is, cell division
cycling does not interfere with the circadi-
an clock of Synechococcus.

Because three features of circadian
thythms are common to all organisms, a
universal molecular mechanism for the cir-
cadian clock might be predicted. However,
SCIENCE »
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current models of the clock in Drosophila
and Neurospora (3), in which the putative
protein state variables Period, Timeless, and
Frequency have been localized during the
circadian cycle, are tied strongly to com-
partmentalization events involving export
and import across the nuclear membrane. If
the clock mechanism is similar among pro-
karyotes and eukaryotes, cell division and
replication events are less disruptive of the
circadian information than is intuitively
obvious, and an alternative compartment
must serve the sequestration function in
prokaryotes. Alternatively, adaptation of
the clock to eukaryotic intracellular com-
partmentation may have occurred after the
circadian clock was introduced to ancestral
eukaryotes by an éndosymbiotic prokaryote
(18); the eukaryotic clock may have
evolved to function only in cells that divide
slowly. Thus, intraorganellar events may
have been incorporated that have no par-
allel in cyanobacteria.

The prokaryotic clock may be less affect-
ed by replication than is that of eukaryotes.
The results of Mori et al. (17) suggest that
DNA synthesis is continuous in the cya-
nobacterial population. This implies that
replication does not interfere with circadian
timekeeping in cyanobacteria. This might
be made possible by more rapid completion
of replication in bacteria or an absence of
eukaryotic chromosome structure, or both.

REFERENCES AND NOTES

1. E. BUnning, The Physiological Clock (Springer-Ver-
lag, New York, ed. 3, 1973); B. M. Sweeney, Rhyth-
mic Phenomena in Plants (Academic Press, San Di-
ego, CA, ed. 2, 1987).

2. D. Njus, J. M. Sulzman, J. W. Hastings, Nature 248,
116 (1974); W. Engelmann and M. Schrempf, in Pho-
tochemical and Photobiological Reviews, K. C.
Smith, Ed. (Plenum, New York, 1980), vol. 5, pp.
49-86.

3. Z.J. Huang, K. D. Curtin, M. Rosbash, Science 267,
1169 (1995); J. C. Dunlap, Annu. Rev. Physiol. 55,
683 (1993); J. Loros, Sem. Neurosci. 7, 3 (1995); M.
P. Myers, K. Wager-Smith, A. Rothenfluh-Hilfiker, M.
W. Young, Science 271, 1736 (1996); C. Lee et al.,
ibid., p. 1740; H. Zeng, Z. Qian, M. P. Myers, M.
Rosbash, Nature 380, 129 (1996); M. H. Ensor, A.
Ousley, A. Sehgal, Cell 84, 677 (1996).

4. C. F. Ehret and J. J. Wille, in Photobiology of Micro-
organisms, P. Halldal, Ed. (Wiley, New York, 1970),
pp. 369-416; L. N. Edmunds, Cellular and Molecu-
lar Bases of Biological Clocks (Springer-Verlag, New
York, 1988).

5. T. Kondo et al., Proc. Natl. Acad. Sci. U.S.A. 90,
5672 (1993).

6. T. Kondo and M. Ishiura, J. Bacteriol. 176, 1881
(1994).

7. A transformed strain of the cyanobacterium Syn-
echococcus sp. PCC 7942, AMC149, carries the
promoter of the psbAl gene, which encodes the D1
protein of photosystem |I, fused to the Vibrio harveyi
luciferase gene set (uxAB) at a nonessential region of
the genome (5). Both liquid cultures (5) and colonies
on agar plates (6) of AMC149 display a robust rhythm
of bioluminescence that satisfies the three salient
features of circadian rhythms: persistence in con-
stant conditions, resetability of phase by a light sig-
nal, and temperature compensation of period length.

8. AMC149 was used for most experiments in this
study. For liquid cultures of low density, an aliquot of



10.

the culture was spread on an agar plate at various
times and colonies that formed later were counted.
For early stages of colony formation on agar plates,
one microcolony was repeatedly photographed at
various times in LL under phase-contrast microsco-
py, without the use of a cover slip for repetitive ob-
servation. The cell number in the colony was directly
counted. The generation time of the cells was calcu-
lated from the slope of the growth curve obtained by
linear regression analysis.

. M. R. Schaefer and S. S. Golden, J. Bacteriol. 171,

3973 (1989).

The bioluminescence from the vials was measured
every 30 min by an automated photomultiplier tube
apparatus as described (5). A low-noise photomulti-
plier tube (Hamamatsu R2693P) was used at 1000
V, and this signal was processed by a photon-count-
ing unit (Hamamatsu C3866) that removes thermal
noise by discrimination of peak heights (selecting
those of 0.2 V or above). Signal pulses from the
C3866 were integrated in an electronic counter
(Iwatsu SC-7201). As a result of high gain of the
R2693P photomultiplier tube and the rejection of

11.

12.

thermal noise by the photon counter, the effective
sensitivity of light detection was 30 to 100 times
greater than that of the previous analog system. The
counter was read by computers (Sharp PCE-600
and Macintosh Plus) and stored as a computer file
for curve fitting by the Igor program. At each mea-
surement, the dark count of the photomultiplier was
subtracted automatically from the signal count.

Igor (version 1.28; WaveMetrics, Lake Oswego, OR)
was used for curve fitting by the Levenberg-Mar-
quardt method [W. H. Press et al., Numerical Reci-
pes in C (Cambridge Univ. Press, Cambridge,
1988)].

Because the term cos (2wt /T + 2mwl/24) + 1in the
model equation oscillates between 0 and 2, coeffi-
cient A of this term could be considered as an am-
plitude of rhythm, whereas parameter C represents a
constitutive component of bioluminescence of the
cell—that is, bioluminescence level at the trough of
the rhythm. Because both parameters are a function
of absolute bioluminescence level, the A/C ratio can
be used to evaluate the rhythmicity. Parameter / de-
fines an initial phase of cosine oscillation. If / = 12,

18.
14,
15.
16.
17.
18.
19.

20.
21,

REPORTS

the oscillation starts from the trough.

S. A. Bustos and S. S. Golden, J. Bacteriol. 173,
7525 (1991).

Y. Liu, S. S. Golden, T. Kondo, M. Ishiura, C. H.
Johnson, ibid. 177, 2080 (1995).

T. Kondo et al., Science 266, 1233 (1994).

p30 is a recently isolated mutant (79). A fully grown
colony of p30 showed a robust rhythm with a 30-
hour period.

T. Mori, B. Binder, C. H. Johnson, Proc. Natl. Acad.
Sci. U.S.A. 93, 10183 (1996).

C. R. Woese, O. Kandler, M. L. Wheelis, ibid. 87,
4576 (1990).

T. Kondo et al., unpublished data.

S. S. Golden et al., data not shown.

Supported by grants from the Ministry of Education,
Science and Culture, Japan (08404053, 07554045,
07558103, and 08454244 to T.K. and M.1.), the Ja-
pan-U.S. Cooperative Program (BSAR382 to T.K)),
and the U.S. National Science Foundation (MCB-
8958089 and MCB-9311352 to S.S.G).

17 July 1996; accepted 3 September 1996

SCIENCE

Discover a
new seqguence.

Visit the SCIENCE On-line Web site and you just may
find the key piece of information you need for your
research. The fully searchable database of research
abstracts and news summaries allows you to look
through current and back issues of SCIENCE on the
World Wide Web. Tap into the sequence below and see

SCIENCE On-line for yourself.

http://www.sciencemag.org

SCIENCE »

VOL. 275 « 10 JANUARY 1997

227





