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A diverse set of circadian clock mutants was isolated in a cyanobacterial strain that carries 
a bacterial luciferase reporter gene attached to a clock-controlled promoter. Among 
150,000 clones of chemically mutagenized bioluminescent cells, 12 mutants were isolated 
that exhibit a broad spectrum of periods (between 16 and 60 hours), and 5 mutants were 
found that show a variety of unusual patterns, including ahythmia. These mutations 
appear to be clock-specific. Moreover, it was demonstrated that in this cyanobacterium 
it is possible to clone mutant genes by complementation, which provides a means to 
genetically dissect the circadian mechanism. 

Circadian rhythms are a fundamental ad- 
aptation of living cells to the Earth's daily 
fluctuation in light and temperature (1). 
The isolation of clock mutants and the 
molecular genetic analysis of clock-related 
genes is a powerful approach toward the 
elucidation of the molecular basis of the 
circadian mechanism (2, 3). Because the 
circadian clockwork is undoubtedlv con- 
structed of multiple components, thi func- 
tion of many genes will have to be analyzed 
to understand the operation of the clock. In 
most species, however, it has not been prac- 
tical to assay the circadian rhythms of thou- 
sands of clones to screen for abnormal phe- 
notypes. Therefore, in spite of extensive 
efforts, mutants with aberrant periodicity 
have so far been reported only for Drosoph- 
ila, Neurospma, Chhydomonas, mouse, 
and hamster (4), and only two of the genes 
found (Drosophika per and Neurospma frq) 
have been cloned and sequenced (2, 3). 

We circumvented the shortcomings of 
the available systems for the genetic analy- 
sis of circadian systems by engineering a 
genetically tractable prokaryote to carry a 
reporter gene whose expression can be au- 
tomatically monitored from many clones 
simultaneously (5). We introduced a bacte- 
rial luciferase gene set (luxAB) that is con- 
trolled by a photosystem I1 gene promoter 
(PsbAI) into the cyanobacterium Synecho- 
coccus sp. .strain PCC 7942. Single colonies 
of this transgenic strain, AMC149, are bio- 
luminescent with a precise circadian 
rhythm on agar plates (6). In this report, 
AMC149 will be referred to as wild type. 
We have used the ability to screen myriad 
clones on agar plates to identify a large 
ensemble of circadian mutants. 
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To detect mutations that affect the cir- 
cadian clock of cvanobacteria. we devel- 
oped an automated monitoring system that 
can trace the circadian rhythm of each of 
more than 6000 independent clones con- 
currently (7). Bioluminescence images of an 
agar plate containing more than 500 colo- 
nies of the wild-type strain (AMC149) are 
shown in Fig. 1. At the peak of the rhythm 
(Fig. lA), the intensity of the signals of 
pixels that represents each cyanobacterial 
colony was 100 to 300, whereas the back- 
ground pixel intensity was 3 to 10. At the 
trough of the rhythm, the intensity of col- 
ony pixels decreased to 10 to 20% of the 
intensity at the peaks (Fig. 1B). Most of the 
colonies were recognized by the software 
and defined as areas (represented by ovals) 
from which bioluminescence data were col- 
lected (Fig. 1C). 

We mutagenized AMC149 cells with 
ethyl rnethanesulfonate (EMS) and subcul- 
tured the surviving cells repeatedly in liquid 
medium for 20 to 60 generations (8). Be- 
cause S.onechococcus SD. cells are known to 
contain multiple copies of a single chromo- 
some (9), we allowed many cycles of cell 
division to segregate any mutations that 
might be recessive. In total, we screened 
150,000 clones and initially isolated about 
100 clones that displayed abnormal rhyth- 
micitv. We rescreened these unusual clones 
several times to identify consistently abnor- 
mal phenotyljes. The final mutant pheno- 
types comprised 12 clones with altered pe- 
riod and five clones with disrupted rhyth- 
micity, which are listed in Table 1. Because 
screening revealed only these 17 pheno- 
types, and at least two clones were obtained 
with each phenotype, we estimate that we 
have obtained most of the ~ossible EMS- 
elicited mutants detectable with our present 
screening conditions. 

The rhythms of the period mutants and 
USA. wild type under the standard assay condi- 
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Fig. 1. Bioluminescence images of an agar plate 
of AMC149 colonies. AMC149 was cultured in 
BG-11 medium in the presence of spectinomycin 
sulfate (40 pgml). Fwe hundred to 1000 cells 
were inoculated onto agar plates [I .5% agar, 30 
ml of BG-11 medium supplemented with 1 mM 
sodium thiosulfate (16) and spectinomycin (40 p g  
ml)]. Plates were incubated in LL from whiie fluo- 
rescent lamps (46 pE m-2 S-l) at 30°C until col- 
onies grew to a diameter of 0.5 to 1 mm. At that 
time, each plate was subjected to a 12-hour dark 
pulse, and a small dish (8 mm in diameter) that 
contained 0.3 ml of decanal solution (3% V/V in 
oil) was placed within each plate. The plates were 
monlored by the CCD camera apparatus under 
the standard assay conditions (7). Biolumines- 
cence images of a part of a plate obtained by 
3-min exposures at the peak of the rhythm (hour 
12 of LL) (A) and at the trough (hour 24 of LL) (B) 
are shown. (C) Regions of colonies that are rec- 
ognized by the software (ovals). Images are rep- 
resented in 256 gray scales (pixel of 0 count = 
black, that of 500 counts = white). 

species (4). The most rapidly cycling mu- 
tant (SP16) had a period of 16 hours, 
whereas the slowest mutant (LP60) had a 
period of 60 hours. The large deviation of 
the periods of these two mutants from the 
wild-type period of 24 hours suggests that 
the reaction or reactions crucial for the 
circadian oscillator have been modified by 
these mutations. The rhythms of SP16 and 
LP60 tended to damp in continuous light 
conditions (LL), whereas mutants whose 
periods were between 20 and 40 hours gen- 
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Fig. 2. Bioluminescence rhythms of clock mutants that display altered periods. Free-running biolumi-
nescence rhythms of period mutants together with that of wild type under the standard assay conditions 
(36min of white light at 46 ILE m-2 s-' followed by 9 min of darkness, 30°C)are shown. (A)Short-period 
mutants and wild type. (B)Long-period mutants and wild type. For all experiments,colonieswere grown 
in LL, given a 12-hourdark pulse, then returned to LLfor the measurement of rhythmicity depicted here. 
Vertical scales for bioluminescenceintensity are approximately equivalent.The baseline (dark)levels for 
the traces are shown by dashed lines on the left vertical axes that are labeled with the name of the mutant. 

erally sustained a high amplitude rhythm. 
In particular, LP40 showed a well-sustained 
rhythm, even at the exceptionally long pe-
riod of 40 hours, which is a 60% extension 
of the 24-hour wild-type period. Because 
the clock mutants for other systems deviate 
no more than 30% from 24 hours (3, 4),  it 
was unexpected that a circadian clock 
mechanism could be slowed to such an 
extent without impairing its robust expres-
sion. Of the seven mutants with periods 
between 20 and 28 hours, the amplitudes, 
persistence, and periods of their rhythms 
were differentially affected by changing the 
light intensity in LL (Table 1). This result 
suggests that different processes of the cir-
cadian mechanism have been altered in 
these various mutants. 

Phase resetting by light or dark signals 
(or both) and temperature compensation of 
the period are key characteristics of circa-
dian rhythms. A single 12-hour dark pulse 
will reset the phase of each mutant that 
expresses sustained rhythmicity ( l o ) ,  as we 
previously found for wild-type cells ( 5 ) .  
Moreover, the Ql, values of the circadian 
frequency (1  per period) of the mutants 
ranged between 0.95 and 1.3 ( Table 1). 
Therefore, phase resetting by dark pulses 
and temperature compensation of the peri-
od were not impaired in these mutants. 

Traces of bioluminescence from five 

clones that were named LA for rhythms of 
low amplitude are shown in Fig. 3. Both 
LA1 and LA2 were arrhythmic mutants; 
LA1 was possibly rhythmic during the first 
1 or 2 days, whereas LA2 appeared to be 
arrhythmic from the beginning of measure-
ment. LA3, LA4, and LA5 were low ampli-
tude mutants that expressed a variety of 
abnormal phenotypes. The rhythm of LA3 
had a symmetrical waveform, with a peak 
that was earlier than that of wild type by 8 
hours. LA4 sometimes expressed what ap-
peared to be an approximately 12-hour pe-
riod. The waveform of LA5 was distorted to 
a bimodal form and exhibited a minor peak 
and a major peak. The  phase relation of the 
LA5 major peak was earlier than that of 
wild type by 6 hours. LA mutants may be 
defective in components of the central 
clockwork or may represent examples in 
which components of the output pathway 
are disrupted, as in ( I  1). 

Growth was not affected by these muta-
tions (Table 1) .  Because these mutants 
were isolated after repeated subculturing in 
liquid medium, they were selected to grow 
at the same rate as wild-type cells, as can be 
seen from the doubling times in liquid cul-
ture (Table l ) .  Mutant colonies on agar 
also grew at approximately the same rate as 
did wild-type colonies. In particular, the 
growth rates of SP16 and LP60 were not 
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Fig. 3. Bioluminescence rhythms of clock mu-
tants that display disrupted patterns. Free-run-
ning bioluminescence rhythms of low amplitude 
mutants are plotted as in Fig. 2. Experiment per-
formed as in Fig. 2. 

affected even though the circadian clock 
oscillates at radically different rates in these 
strains. These results suggest that the clock 
mutations described here are not in genes 
essential for growth or cellular housekeep-
ing and that these mutations are specific to 
the clock mechanism. 

The  averaee level of bioluminescence of" 
all mutants was comparable with that of 
wild type. This suggested that the mutant 
phenotypes did not result from EMS-in-
duced damage to the luciferase reporter 
construct in AMC149. T o  confirm this, we 
removed the PpsbAI-luxAB reporter gene 
from some of the mutants, then reintro-
duced a cloned luciferase reporter construct 
that had not been exposed to EMS (12). 
We examined six mutant strains (SP16, 
SP20, SP22, LP27, LP40, and LP60) and 
found that the rhythmic phenotype of each 
mutant was unchanged by the replacement 
of the luciferase reporter construct (10). 
This demonstrates that the mutation in 
each of these strains was not in the reporter 
gene locus. 

A n  important goal is to clone the mu-
tant gene; by complementation rescue. For 
this strategy to be successful, it was impor-
tant that the distribution of rhythms from 
single colonies of mutants be well se~arated-
from those of wild-type cells, so that it 
would be ~ossibleto distinguish a rescued-
clone by bioluminescence screening. Typi-
cal histograms of the periods of all colonies 
on individual agar plates for wild type and 
some period mutants are depicted in Fig. 4. 
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Fig. 4. Distributionsof periodsfor the rhythms of wild-type and mutant colonies assayed in LL. Periods 
of the rhythms of individual colonies on agar plates were subjected to regression analysis and d~splayed 
In 1-min steps. The strain name, the means of the periods in hours with standard deviations, and the 
number of colonies measured are shown above each peak. 

Table 1. Circadian clock mutantsof Synechococcussp. PCC 7942. Period mutantsare labeledSP or LP 
for short period or long period, respectively. The number following this label represents the mutant's 
approximate period length in hours. The period was measured under standard assay conditions de-
scribedin (7);each value is the meanof periodsfrom morethan 50 clones (n> 50).The doublingtime was 
measured as the amount of time for the cell density to double, as obtained from growth curves of liquid 
culture under LL of 46 /LE ms2ssl (17). The value for Q,, is calculatedfrom the circadian periods, each 
of which was the mean of periods from more than 50 clones at 30" compared with 35'C in LL under 
standard assay conditions. Dashes indicate that the variable was not measured. 
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Fig. 5. Complementationof the SP22 short-peri-
od phenotype to the wild-type phenotype. Seg-
ments of wild-type Synechococcus DNA (2 to 4 
kb), linked to a kanamycin resistance gene and 
origin of replication for E. coli, were transferred 
into SP22 cells by means of conjugation with E. 
coli and integrated into the mutant genome by 
homologous recombination (13). Cured clones 
that showed a wild-type period (SP22C) were 
identified by the screening system.Genomic DNA 
was extracted from SP22C cells, digested w~th 
Kpn I, circularized with T4 DNA ligase, and elec-
troporated into E. coli. Plasmid DNA from kana-
mycin-resistant clones was used to transform 
SP22 cells (SP22D).Bioluminescence rhythms of 
wild-type cells, SP22 mutantcells, a complement-
ed clone (SP22C), and SP22 cells transformed 
with the recovered complementingDNA segment 
(SP22D) are shown. Vertical scales for biolumi-
nescence intensity are approximately equivalent; 
the baseline(dark)level for each trace is shown by 
the "0" label on each ordinate scale. 
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genes are involved in building a circadian 
clockwork can be answered in the near 
future. The  small size o f  the genome o f  
Synechococcus sp. P C C  7942 (2690 kb) (14) 
and the efficiency o f  our screening method 
enables a comprehensive search for mutants 
which have been rescued to  the wild-type 
phenotype by complementation. W e  have 
identif ied a large ensemble o f  clock mu-
tants. W e  anticipate that we have iden-
t i f ied several different loci, although some 
o f  the mutant phenotypes may result from 
different mutations in the same locus. Se-
auence analvsis o f  the DNA that com-

The histograms o f  wi ld  type and mutants 
show a normal distribution w i t h  standard 
deviations o f  20.16 t o  20.58 hour. There-
fore, more than 95% o f  the colonies have a 

showed complementation o f  the mutant 
phenotype (SP22C in Fig. 5). The  tagged 
DNA fragment recovered from the cured 
clone was able to  again complement SP22 
(SP22D in Fig. 5). These results demon-
strate that the screening and complementa-
t ion  strategy to  identify genes o f  the clock is 
effective. The  segment o f  DNA which com-
plements SP22 did n o t  rescue the pheno-
types o f  other mutants tested, suggesting 
that more than one locus is represented by 
the array o f  mutants. 

Cyanobacteria are perhaps the only or-
ganisms inwhich the question o f  how many 
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circadian period w i th in  a range o f  1 hour, 
and screening for rescue w i l l  be practical for 
most o f  the mutants reported here. 

Efficient complementation in Synecho-
coccus is possible by conjugation w i t h  Esch-
erichia coli cells that carry libraries o f  wild-
type Synechococcus DNA (13 ) .W e  used this 

i lements each o f  the mutants w i l l  answer 
this question and may provide insight in to  
the biochemical nature o f  the circadian 
clockwork. 
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Activation of the Myogenic Lineage by MEFSA, a 
Factor That Induces and Cooperates with MyoD 
Sunjay Kaushal,* Jay W. Schneider,"t-ernardo Nadal-Ginard,t 
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Muscle enhancer factor-2A (MEF2A), a member of the MADS family, induced myogenic 
development when ectopically expressed in clones of nonmuscle cells of human clones, 
a function previously limited to the muscle basic helix-loop-helix (bHLH) proteins. During 
myogenesis,MEF2A and bHLH proteins cooperativelyactivateskeletalmusclegenes and 
physically interact through the MADS domain of MEF2A and the three myogenic amino 
acids of the muscle bHLH proteins.Thus, skeletalmyogenesisis mediated by two distinct 
families of mutually inducible and interactive muscletranscription factors, either of which 
can initiate the developmental cascade. 

W h e n  ectopically expressed, the family of 
muscle bHLH transcription factors-
MyoD, myogenin, MRF4, and myf5-inde-
pendently activates the cascade of myogen-
ic development ( I ) .  The myogenic activity 
of muscle bHLH factors was mapped to 
three amino acid residues located within 
the basic junction domain, which is predict-
ed to reside within the major groove during 
DNA binding (2, 3). In addition to binding 
DNA as heterodimers with bHLH E-pro-
teins, the muscle bHLH proteins associate 
with several non-HLH proteins, including 
c-Jun, the retinoblastoma protein (Rb), and 
p107 (4-6). Despite this functional diver-
sity, gene transfer and gene knockout stud-
ies have shown that certain features of the 
genetic regulation of myogenesis cannot be 
attributed to the bHLH proteins (1,  7). 

The muscle enhancer factor-2 or related 
to serum response factor (MEF2-RSRF) 
familv, a second class of muscle transcri~-
tion factors that belong to the MADS s;-
perfamily (MCM1, agamous, deficiens, and 
human serum response factor), also plays an 
important role in myogenic differentiation. 
Four distinct genes encoding the MEF2 
family (MEFZA, B, C, and D) have been 
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cloned in mammals, two in Xenopus (SLI 
and SLZ), and a single gene in Drosophila 
(D-MEF2) (8, 9). Whereas the muscle 
bHLH factors are expressed only in skele-
tal muscle cells, the MEF2 factors are pre-
dominantly, though not exclusively, ex-
pressed in skeletal, cardiac, and smooth 
muscle and in neuronal cells (8 ,9) .Like the 

Table 1.Comparison of the efficiencyof rnyogen-
ic conversion after stable transfection of MyoD, 
rnyogenin,or MEF2A in mousef~broblasts.1OT112, 
3T3-L1, and 3T3-C2 fibroblasts were cotrans-
fected as described (Fig. 2) and irnrnunostained 
w~ththe MHC mAb MF-20 and the ABC-Vectastain 
kit (Vector Laboratories). Myogenic conversion 
represents the number of rnyogenic colonies divid-
ed by the total number of neor colonies. Control, 
pMSV. 

Muscle Myogenic Total Myogenic 
regulatory colonies colonies conversion 

gene (n) (n) 

7OT7/2 cells 
Control 0 50 0 
MyoD 17 65 26 
Myogenin 10 35 28 
MEF2A 35 250 14 

Control 
MyoD 
Myogenin 
MEF2A 

Control 
MyoD 
Myogenin 
MEF2A 

3T3-L7 cells 
0 56 0 
8 20 40 
3 20 10 
5 35 14 
3T3-C2 cells 
0 54 0 
5 15 33 
7 19 37 
3 35 8 
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