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N E U R O S C I E N C E

A circadian clock in a nonphotosynthetic prokaryote
Zheng Eelderink-Chen1*, Jasper Bosman2*, Francesca Sartor1, Antony N. Dodd3,  
Ákos T. Kovács4, Martha Merrow1†

Circadian clocks create a 24-hour temporal structure, which allows organisms to occupy a niche formed by time 
rather than space. They are pervasive throughout nature, yet they remain unexpectedly unexplored and un-
characterized in nonphotosynthetic bacteria. Here, we identify in Bacillus subtilis circadian rhythms sharing the 
canonical properties of circadian clocks: free-running period, entrainment, and temperature compensation. We 
show that gene expression in B. subtilis can be synchronized in 24-hour light or temperature cycles and exhibit 
phase-specific characteristics of entrainment. Upon release to constant dark and temperature conditions, bacterial 
biofilm populations have temperature-compensated free-running oscillations with a period close to 24 hours. Our 
work opens the field of circadian clocks in the free-living, nonphotosynthetic prokaryotes, bringing considerable 
potential for impact upon biomedicine, ecology, and industrial processes.

INTRODUCTION
Circadian clocks contribute to the fitness of an organism (1, 2). The 
absence of characterized circadian rhythms in the first group of cel-
lular organisms to populate Earth is thus notable and unexpected. 
To challenge this, we selected the nonphotosynthetic, gram-positive 
bacterium Bacillus subtilis as an experimental model. We chose this 
organism because of circumstantial observations of rhythms approach-
ing 24 hours, although these were not made under the controlled 
conditions normally used to study circadian clocks. For example, in 
single cells of B. subtilis in a microfluidic device, there is pulsed ac-
tivation of expression of a matrix gene approximately every 24 hours, 
indicating that, under homogeneous conditions, the stochastic trig-
gering of biofilm formation may follow an internal daily cycle (3). 
There are cyclic (every ~20 hours) changes in the activity of the pro-
moters of rapA and spo0F, which are important for cell fate decisions 
between sporulation and growth of B. subtilis (4, 5). These results 
suggest that there might be daily changes in the expression of genes 
involved in sensing environmental changes in B. subtilis. Further-
more, B. subtilis is light sensitive, harboring blue- and red-light photo-
receptors (6) that could potentially entrain a circadian clock to the 
24-hour day. Together, these reports led us to hypothesize that this 
Eubacterium might entrain to its environment using light and/or 
temperature signals like other circadian systems.

We developed luciferase reporter strains to conduct high-throughput 
and noninvasive measurement of gene promoter activity. This ap-
proach is used widely to study circadian rhythms in other kingdoms 
of life (7). The B. subtilis genome lacks homologs of the core clock 
proteins (KaiA, KaiB, and KaiC) present in cyanobacteria. However, 
many bacteria including B. subtilis harbor genes encoding Per-Arnt- 
Sim (PAS) domains, which are structural motifs present in all de-
fined circadian clocks of eukaryotes (8). We reasoned that such genes 
might encode circadian clock–associated proteins. Of 16 predicted 
PAS domain–encoding genes in B. subtilis, we first selected the pro-

moter of ytvA to create a bioluminescent reporter strain. ytvA en-
codes a blue light photoreceptor (9) with a PAS domain accompanied 
by a PAC domain, which is a common pairing in circadian and 
sensory/signaling proteins (10). Blue light photoreception is an integral 
part of circadian systems in all experimental models examined to 
date (11).

RESULTS
Synchronization to 24-hour light or temperature cycles 
and free-running rhythms
We identified free-running rhythms of ytvA promoter activity in 
B. subtilis. Cultures were exposed to 24-hour zeitgeber cycles. Zeitgebers 
are predictable, recurring environmental signals that biological rhythms 
use for entrainment or synchronization. In these culture conditions, 
zeitgeber-sensitive rhythmic processes could be either initiated or 
synchronized between bacterial cells and, therefore, detected. We 
first determined whether light can act as a zeitgeber for B. subtilis. 
Twenty-four-hour light/dark (LD) cycles (12-hour L/12-hour D) were 
applied to cultures. PytvA::lux gene expression increased during the 
dark phase and decreased during the light phase (Fig. 1A and fig. 
S1A). The pattern appears to combine two common features ob-
served in the process of entrainment by a circadian clock. First, the 
abrupt reversal of expression at the zeitgeber transitions resembles 
masking (Fig. 1A and fig. S1A) (12). Second, the interaction of two 
oscillators (the circadian clock and the zeitgeber cycle) each with 
their own momentum and robustness is suggested by irregular ex-
pression of PytvA::lux luciferase from day to day, with a stable pat-
tern appearing only after several days suggesting that the biological 
oscillator has reached a stable relationship with the 24-hour cycle 
(Fig. 1A and fig. S1A). A free-running rhythm in ytvA promoter ac-
tivity occurred when the cultures were released to constant darkness 
(Fig. 1, B and C, and fig. S1A). This occurred only in strains cultured 
in glucose-containing media (Fig. 1, B and C, and fig. S2B). The pe-
riod calculated over a 48-hour window following release to constant 
conditions was 28.66 ± 1.77 hours. Over 5 days, the period increased 
in length and damped thereafter. In glucose-free media, damping 
occurred rapidly on release to constant darkness, precluding the de-
termination of period length in this condition (fig. S2B).

We validated our findings with an additional luciferase reporter 
strain that uses a promoter from another PAS domain protein coding 
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gene, kinC. KinC is a histidine kinase involved in the regulation of 
differentiation processes such as biofilm development and sporulation 
(13). Sporulation is a clock-regulated output in the fungal species 
Neurospora crassa (14, 15) and Aspergillus (16). Following entrain-
ment in 24-hour LD cycles (Fig. 1D and fig. S1B), PkinC::lux expres-
sion has circadian rhythms (Fig. 1, E and F, and fig. S1B). As for the 
PytvA::lux strain, daily rhythms were detected in cultures containing 
glucose, but not in those deficient in glucose (fig. S2D). The temporal 
expression pattern (phase and amplitude) of this reporter was similar 
to that of PytvA::lux (fig. S3). This is not unexpected based on pub-
lished observations: The preponderance of gene expression in cya-
nobacteria at the end of the subjective night relative to other times 
of day (17) and, furthermore, the congruent expression of these two 
genes in media containing different carbon sources (18) could sug-
gest shared regulatory pathways. It is possible that, as more clock- 
regulated genes are identified in B. subtilis, more phases of expression 
will be identified.

Self-sustained, free-running rhythms in promoter activity of ytvA 
also occurred following entrainment to temperature cycles (12 hours 
at 25.5°C/12 hours at 28.5°C). Daily temperature fluctuations are re-
liable indicators of the time of day in nature, often serving as zeitgebers 
(recurring cues from the environment that are used by biological 
rhythms for their synchronization or entrainment) for a circadian 
clock. Temperature entrained cultures had daily oscillations in ytvA 

promoter activity (fig. S4). In contrast to cultures entrained using 
cycles of blue light and darkness, promoter activity was generally 
higher during the warm phase (correspondent to daytime), which is 
the converse of its behavior during entrainment to light (compare 
Fig. 1 and fig. S4). Further, persistent temperature-entrained free- 
running rhythms were detected only in media lacking glucose (with 
a period of 23.94 ± 1.64; Fig. 2, A and B). In contrast to the LD- 
entrained cultures, rhythms were suppressed by media containing 
glucose as a carbon source (Fig. 2D). Rhythms were also suppressed 
in the presence of glycerol (Fig. 2C) and in a variety of other media 
often used to culture B. subtilis (fig. S5). Together with the longer 
free-running period following light compared to temperature entrain-
ment, this sensitivity to nutritional composition suggests that the 
circadian clock of B. subtilis responds to the myriad of environmental 
conditions under which bacteria subsist. Carbon source and avail-
ability also affect the free-running rhythm in plants and fungi (19, 20). 
Further, nutritional composition and environmental conditions such 
as light and temperature determine how populations grow and dif-
ferentiate (13, 21). One hundred percent of the cultures exhibiting 
free-running, circadian rhythms formed a floating biofilm, whose 
presence was assessed qualitatively by visual observation of a pellicle 
forming at the air-liquid interface in the well.

A third hallmark of circadian clocks is temperature compensation. 
The period of the free-running circadian rhythm typically has a Q10 

Fig. 1. Entrainment by light and a free-running rhythm in B. subtilis. Bioluminescence of PytvA::lux (A) and PkinC::lux (D) under 5 days of entrainment with cycles of dark-
ness and blue light (12-hour D/12-hour L) and after release to constant darkness conditions [DD; (B) and (E)] for 5 days. The temperature was kept constant at 25.5°C. The 
detrended data are presented as means ± SD. The shading in (A) and (D) shows the timing of the LD cycle (yellow, light phase; gray, dark phase) relative to the 
bioluminescence. The horizontal bar in (B) and (E) (lower left) shows the time window of 48 hours selected for the analysis of period length. The calculated period length 
is plotted in (C) and (F); individual data points [(C), N = 16; (F), N = 7] are shown along with the median and interquartile range. See also table S1.
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close to 1, meaning that it remains relatively stable across a physio-
logically relevant 10°C temperature range. We entrained B. subtilis 
cultures to three different temperature cycles for 5 days, after which 
the cultures were released into constant conditions at the lower tem-
perature of each cycle (Fig. 3, A to C). The free-running periods measured 
in constant temperatures spanning a 6°C range were not significantly 
different (P > 0.05; Fig. 3D). Q10 was calculated as 1.03, a moderate 
undercompensation. At temperatures outside this 6°C range, free- 
running rhythms were not detected. The amplitude of the oscilla-
tion in gene expression was significantly greater at the intermediate 
temperature relative to both lower and higher temperatures (22.5°C 
versus 25.5°C, P = 0.0013; 28.5°C versus 25.5°C, P = 0.0311; Fig. 3E). 
Together with the damping of rhythms outside of this temperature 
range, we conclude that there is a narrow, optimal temperature range 
in which the Bacillus cultures can maintain free-running rhythms 
under our laboratory conditions.

Phase relationship between the circadian rhythm 
and the temperature cycle
Our data identify free-running rhythms and their temperature com-
pensation. Perhaps the most important hallmark of circadian rhythms, 
entrainment, is implied by the synchronization of cultures to 24-hour 
zeitgeber cycles as shown in Fig. 1 and figs. S1 to S4. We further 
observed that the free-running rhythm started 180° out of phase in 
cultures that were entrained in antiphase (fig. S6). We sought to test 
for explicit features of entrainment, namely, the establishment of a 
distinct phase of entrainment—meaning when the biological rhythm 

reliably occurs within each day—according to the zeitgeber cycle. 
As it is the 24-hour temporal structures of zeitgebers that drove 
evolution of circadian clocks, systematic entrainment should be a 
built-in feature of the system. Adaptive entrainment is essential to 
accommodate circadian entrainment in a constantly changing pho-
toperiodic environment.

To understand entrainment in B. subtilis, we tested the effect of 
varying the zeitgeber strength—the magnitude of the entrainment 
signal—on the phase of entrainment, since the two are related in 
circadian systems in other kingdoms of life (22–25). Most humans, 
for instance, will entrain earlier in a zeitgeber cycle of higher ampli-
tude. In our experiments with B. subtilis, we used temperature as a 
zeitgeber. Physical temperature perceived by living organisms is con-
textual; for example, a 3°C amplitude temperature cycle is perceived 
as a different amplitude depending on the absolute or ambient tempera-
ture. Therefore, our cultures assayed for temperature compensation 
experienced different zeitgeber strengths at each set of entrainment 
temperatures. The phase of the first measured oscillation of bio-
luminescence varied, according to whether the temperature cycled 
around a lower or higher mean temperature (Fig. 3, A to C). The 
phase of this first cycle during free run was later at lower tempera-
tures and earlier at higher temperatures. This suggests that circadian 
phase of B. subtilis depends upon the zeitgeber strength and is not 
simply driven by the environmental transitions.

We next used “T cycles” (entraining cycles of different length) 
to distinguish noncircadian, environment-driven synchronization 
(masking) from circadian entrainment. “T” is defined as the dura-
tion of the entire entraining cycle, e.g., on Earth, T is about 24 hours. 
A general feature of circadian rhythms is a relationship between 
the period of the rhythm and that of the zeitgeber cycle. A conspe-
cific with a longer free-running period generally entrains later in a 
24-hour cycle than will an individual with a shorter period. It follows 
that a given individual will entrain to a later phase in a shorter cycle 
and an earlier one in a longer cycle (so-called T cycles) (23, 26–28). 
In contrast, a “masking” signal synchronizes to the same phase ir-
respective of the structure of the zeitgeber cycle (e.g., if it is longer 
or shorter). Entrainment often contains elements of adaptive phase 
angles that change according to the zeitgeber as well as evidence of 
masking. We found that B. subtilis entrained systematically later as 
T cycles became shorter (Fig. 4) despite evidence of masking (fig. S7). 
The phase angles of the oscillation shifted significantly from a peak 
of PytvA::lux before the cold to warm transition (T = 24 hours; Fig. 4) 
to occur at the midpoint of the warm phase of the temperature cycle 
as the T cycle became shorter (T = 20 hours; Fig. 4). This provides 
evidence for a robust circadian system in B. subtilis that interprets 
the zeitgeber cycle as an oscillator rather than simply responding to 
changes in the environment as a switch.

DISCUSSION
Circadian clocks remain largely unknown in the nonphotosynthetic 
bacteria, despite bacteria representing about 15% of the living mat-
ter on Earth (29). We have identified circadian rhythms in a non-
photosynthetic bacterium. Our experiments using promoters from 
two PAS domain–containing genes revealed free-running circadian 
rhythms, systematic entrainment to zeitgeber cycles, and tempera-
ture compensation of the circadian period. We conclude that the 
free-living bacteria B. subtilis has a circadian clock. Why have circa-
dian clocks remained elusive in the bacteria? Data from the purple 

Fig. 2. Free-running rhythms in B. subtilis following entrainment in temperature 
cycles. Bioluminescence of PytvA::lux in constant darkness at 25.5°C following 5 days of 
entrainment in temperature cycles (CW indicates the cold/warm cycle of 12 hours at 
25.5°C/12 hours at 28.5°C) is shown. A free-running rhythm is observed in nutrient 
sporulation medium (NSMP) lacking glucose (A). The detrended data are plotted as 
means ± SD. The calculated period length of PytvA::lux expression shown in (A) is plot-
ted in (B), where individual data points (N = 8) are shown along with the median and 
interquartile range. No free-running rhythm is observed in NSMP medium contain-
ing glycerol (N = 40) (C) or glucose (N = 15) (D) as a carbon source. See also table S1.
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photosynthetic bacterium Rhodospirillum rubrum suggest that rhyth-
mic processes occur [e.g., enzymatic activity (30)], but these rhythms 
have not yet been shown to function as a circadian clock. The purple 
bacteria Rhodobacter sphaeroides, which has KaiB and KaiC ortho-
logs, can also show rhythmic behavior depending on environmental 
conditions. However, neither of these systems have been tested system-
atically for the hallmarks of circadian regulation. Recently, Klebsiella 
aerogenes has been shown to have temperature-entrainable gene ex-
pression that can show circa 24-hour rhythms on release to con-
stant conditions (31). In this isolate from the gut microbiome of a 
patient, rhythms generally occur only in the presence of melatonin, 

suggesting that these bacteria might not generate free-running rhythms 
independently of host cues. Twenty-four-hour light cycles modified 
mediators of pattern formation in Pseudomonas aeruginosa, but no 
circadian rhythms were observed (32).

Our experiments indicate that robust or detectable circadian 
rhythms depend upon environmental characteristics such as nutri-
ent supply and ambient temperature. Furthermore, in our conditions, 
only cultures that form biofilms will show circadian rhythms. This 
is an interesting observation because biofilms represent a distinct 
developmental state relative to planktonic cultures. Many microbes 
will produce biofilms under certain conditions, and they have been 
associated with pathology. Effectively, biofilms arise when a micro-
bial community shifts programs and produces a sticky matrix, thus 
creating a mechanism to form a differentiated population. This con-
ditionality of the rhythms might be important for adaptive functions 
of the clock in bacteria and perhaps the life history of B. subtilis. 
Conditionality of circadian regulation is common. For example, con-
stant light conditions suppress the circadian clock (33) in almost 
every case other than photosynthetic organisms, while in plants, 
many rhythms cease or change their period in constant darkness 
(34, 35). In Drosophila, a proportion of insects are arrhythmic, with 
this number depending on the strain (36). Furthermore, in the mod-
el fungus N. crassa, rhythms in nonmutant wild-type strains are high-
ly dependent on media composition (37). Together, this indicates 
that the conditionality of circadian rhythms due to genotype, 
metabolism, and environmental conditions is common across life. 
The wealth of information concerning the environmental regula-
tion of metabolism in the Eubacteria makes these organisms an ex-
cellent system in which to understand the functions of conditional 
rhythmicity.

Fig. 3. Circadian rhythms in B. subtilis are temperature compensated. Bioluminescence of PytvA::lux under constant conditions [22.5°C, N = 25 (A); 25.5°C, N = 7 
(B); 28.5°C, N = 9 (C)] following 5 days of entrainment with various temperature cycles [(A) 12 hours at 22.5°C/12 hours at 25.5°C; (B) 12 hours at 25.5°C/12 hours at 
28.5°C; (C) 12 hours at 28.5°C/12 hours at 31.5°C]. The detrended data are presented as means ± SD. Period (D) and amplitude (E) of the bioluminescent signal of the data 
from (A) through (C) are shown as single data points, median, and interquartile range. Data were analyzed using ordinary one-way analysis of variance (ANOVA). NS, not 
significant (P > 0.05); **P = 0.0013, *P = 0.0311. See also table S1.

Fig. 4. Phase angle of entrainment in T cycles. PytvA::lux was cultured under sym-
metrical temperature cycles [alternations between 25.5°C (50% of cycle) and 28.5°C 
(50% of cycle)] using different cycle lengths (T) [T20 (a 20-hour zeitgeber cycle): 
N = 17; T22 (a 22-hour zeitgeber cycle): N = 16; T24 (a 24-hour zeitgeber cycle): N = 26]. 
The phase [peak of luciferase expression; expressed as external time (ExT), where 
midnight is 0] shifted to a later phase with shorter temperature cycles. The blue 
shaded areas indicate the cold phase, and the pink shaded areas indicate the warm 
phase. The graph on the left shows median period with the interquartile range. The 
graph on the right is a violin plot of the same data. Phases observed in the different 
T cycles were compared using ordinary one-way ANOVA. All comparisons were sig-
nificantly different from each other (****P < 0.0001, ***P = 0.0005).
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While the rhythms that we report might be regulated by a 
transcription-translation feedback system, there remain other pos-
sibilities. For instance, we cannot exclude the possibility that the 
rhythms are linked to metabolic cycles because this has been shown 
in a variety of organisms [e.g., (20)]. It has been speculated that the 
ultradian rhythms in yeast that are tied to metabolic state (and also 
broadly integrated with transcriptional regulation) might be related 
to circadian clocks (38). It is also possible that the presence of rhythms 
only in population harboring biofilms could indicate some role for 
the biofilm matrix in maintaining the robustness of the rhythm. It 
will be informative to investigate whether temperature and light are 
inputs to one master pacemaker, or whether B. subtilis might have 
multiple oscillators, as described for a variety of unicellular and multi-
cellular organisms (39, 40). It is also possible that B. subtilis might 
have either a master oscillator or one or more downstream oscilla-
tors that are coupled to and entrained by a main pacemaker (41).

We suggest that the incorporation of temporal structures into in-
dustrial, biomedical, and agricultural applications for bacteria might 
provide important translational opportunities. Our discovery of cir-
cadian rhythms in the Eubacteria should motivate future insights into 
the mechanisms and evolution of circadian rhythms across life.

MATERIALS AND METHODS
Strains and strain construction
All B. subtilis strains used in this study are derived from stock 168 
(Jena), a domesticated but biofilm-proficient isolate (42). The pro-
moter regions of ytvA and kinC genes were amplified using oligos 
ytvA_SacI_FW (5′- AGATCTGAGCTCCTTCATCATCACCTTCCT-
AAAG-3′)–ytvA_SalI_REV (5′- CTCGAGGTCGACTTAGGC-
CGTCAGCTTGCTATG-3′) and kinC_SacI_FW (5′- AGATCT-
GAGCTCTTTGTTTAATGACTGGAGAAATC-3′)–kinC_SalI_
REV (5′- CTCGAGGTCGACTGCCGCTTGTGTTTCTCTAC-3′), 
respectively. Polymerase chain reaction products were digested 
with SacI and SalI enzymes (Thermo Fisher Scientific) and cloned 
into the corresponding sites of pAH321 harboring the promoterless 
luxABCDE genes (43). The vectors were verified by sequencing the 
cloned fragment and were subsequently transformed into B. subtilis 
168 using natural competence (44). Integration of the reporter cas-
settes into amyE locus was verified by the lack of amylase activity on 
1% (w/v) starch containing Lysogeny broth (LB) plates (45) and the 
presence of luminescence in the transformed strains.

Growth conditions
B. subtilis that had not been previously exposed to entrainment con-
ditions was inoculated for overnight culture in LB medium [tryptone 
(10 g liter−1), yeast extract (5 g liter−1), and NaCl (5 g liter−1)]. Strains 
were subsequently grown as on a variety of media, as described in 
Results. Nutrient sporulation medium (NSMP) (46) [Nutrient broth 
(8 g liter−1) (Difco), 1 M FeCl3, 700 M CaCI2, 50 M MnCl2, 1 mM 
MgCl2, and 100 mM potassium phosphate] was used without car-
bon source or supplemented either with 2.56% (v/v) glycerol or 0.1% 
(w/v) glucose (Figs. 1 to 4 and figs. S1 to S3 and S5). The following 
media were used in fig. S4: modified MSgg medium [5 mM potassi-
um phosphate, 100 mM Mops, 2 mM MgCl2, 700 M CaCl2, 50 M 
MnCl2, 100 M FeCl3, 1 M ZnCl2, 2 M thiamine HCl, 2.56% (v/v) 
glycerol, 0.5% (w/v) monosodium glutamate, and 50 M l-tryptophan]; 
LB supplemented with 1 mM MnCl2; 2× SG medium [Nutrient broth 
(16 g liter−1) (Difco), KCl (2 g liter−1), MgSO4 7H2O (0.5 g liter−1), 

1 mM Ca(NO3)2, 0.1 mM MnCl2·4H2O, and 1 M FeSO4] either 
with or without 0.1% (w/v) glucose; 10% (v/v) NSMP supplemented 
with NaCl (5 g liter−1); chemically defined medium (CDM35) as de-
scribed in Ponomarova et  al., 2017 (47). The NSMP, MSgg, and 
CDM35 media were made fresh from stock solutions on the day of 
the experiment, and the stock solution for iron was freshly prepared 
every 2 weeks.

For all luminometry experiments, white 96-well plates (Nunclon 
Delta, Thermo Fisher Scientific) were used, with each well inoculat-
ed with approximately 5 × 105 cells. Plates were sealed with a trans-
parent, evaporation-free cover (Optical Adhesive Covers, Applied 
Biosystems, Life Technologies). For experiments with temperature 
entrainment, cultures were exposed to temperature cycles for 5 days, 
after which the cultures were released to conditions corresponding 
to the cooler temperature. We measured bioluminescence (Berthold 
Centro LB960 XS3) for 1 s every 10 min. All experiments were car-
ried out in temperature-controlled incubators (Panasonic MIR-154). 
For experiments with blue light entrainment, cultures were grown 
in NSMP medium without or with 0.1% (w/v) glucose and were ex-
posed to a 12-hour darkness/12-hour blue light cycle for 5 days, fol-
lowed by release into constant darkness. The temperature was kept 
constant at 25.5°C during these experiments. Bioluminescence was 
measured for 1 s each hour. The plate was ejected from the machine 
between readings, for exposure to blue light (light-emitting diodes 
with peak emission at 450 nm; Barthelme, Nürnberg, Germany) at 
a photon flux density of 35 E m−2 s−1.

Cell growth under entrained and free-running conditions
The presence of a biofilm was assessed qualitatively, by eye, as a 
pellicle forming at the air-liquid interface in the well. To start to 
understand the state of our rhythmic, biofilm forming cultures, we 
determined cell number from day 4 (1 day before the end of the 
entraining cycle) and into day 7 (the second day in constant condi-
tions). Cultures grown in 96-well plates (as for luminometry exper-
iment; Fig.  2) were exposed to a temperature cycle (12 hours at 
25.5°C/12 hours at 28.5°C) for 5 days, after which the cultures were 
released to constant temperature of 25.5°C. Cells were harvested ev-
ery 12 hours, starting 30 hours before release to constant conditions 
until 42 hours after release. Samples were sonicated mildly (Diag-
enode Bioruptor, USA) at low power (130 W) for 12 s, for 2 cycles, 
with a 5-s pause between cycles according to a protocol modified 
from Dragoš et al. (48). Sonicated cells were examined by light mi-
croscopy (Leica, Germany) to confirm disruption of biofilm and 
cell viability. The sonicated cells were plated on LB agar and grown 
overnight at 37°C. The number of colony-forming units was count-
ed on the following day. Figure S8 shows that the cell growth was 
stable before release to constant conditions, whereupon it increased 
approximately threefold. In the 42 hours of constant conditions, the 
cell number gradually decreased about 50%.

Data analysis
Graphing
Bioluminescence traces were baseline detrended using the open- 
access web tool BioDare2 (https://biodare2.ed.ac.uk) (49), and values 
were normalized between 0 and 100%. GraphPad Prism 8.1 (GraphPad 
Software, La Jolla, CA) was used to plot all graphs.
Calculation of free-running period using nonlinear modeling
For the analysis of the free-running period using continuous lumi-
nometry measurements, the period was calculated by analysis in the 
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R programming language (50). To describe and parameterize the data, 
a nonlinear model was constructed, which performs a decay trend 
correction and fits a cosine-based function to the signal by using a 
nonlinear least squares (nls) method (51, 52). The model assumes 
an exponentially decaying baseline signal and an exponentially de-
caying oscillating (cosine) signal

   f (  t )   =  a  0   ·  e   − k  0  ·t  +  a  1   ·  e   − k  1  ·t  · cos (     2π ·  (  t − θ )   ─ T   )     

with t = time (in hours) from the start of the experiment. Here, a0 is 
the amplitude (maximum) of the baseline signal, and k0 is the decay 
rate of the baseline signal (in hour−1). The shape of the baseline is 
consistent with, e.g., a first-order decay of the B. subtilis population 
during the experiment or a depletion of an essential nutrient. Fur-
thermore, a1 is the amplitude of the oscillation, k1 is the decay rate 
(in hour−1) of the oscillation, T is the period of the oscillation (in 
hours), and  the phase of the signal (in hours) at the start of the ex-
periment. The advantage of such a physical-biological model is that 
all model parameters have a correspondent biological reference. Under 
most experimental conditions, the decay rates are positive and the 
period is about 24 hours. Some data were detrended (baseline de-
trending) using BioDare2 (53) before this calculation of free-running 
period.

The nls method in R requires sufficiently well-chosen starting 
values of all six model parameters a0, k0, a1, k1, T, and . For most 
experiments, the oscillatory part of the signal is much weaker than 
the baseline signal, hence a0 ≫ a1. Therefore, the amplitude a0 was 
set at the maximum value of the raw signal y(t), so that     ̂  a    0   = max(y) . 
Assuming that a1 ≪ a0, the raw signal is approximately an expo-
nentially decaying signal, y(t) ≈ a0 · exp(− k0 · t). Hence,  ln(y /    ̂  a    0   ) ≈  
−  k  0   · t ; therefore, the decay rate k0 can be estimated as the negative 
of the slope of  ln(y /    ̂  a    0  )  for t [via linear regression without an inter-
cept using the R function lm (52)]. To have a crude estimate of the 
remaining parameters a1, k1, T, and , we calculated a baseline-corrected 
signal   y  corr  (t ) = y(t ) −    ̂  a    0   · exp(−    ̂  k    0   · t)  that shows damped oscilla-
tions around zero. The oscillation amplitude was estimated as the 
maximum of the absolute value of ycorr within the first 24 hours, 
therefore     ̂  a    1   = max(∣ y  corr  ∣, t < 24) . The phase-shift  was estimated 
as the time at which the maximum value of ycorr within the first 
24 hours occurs, therefore   ̂    =  max  

t
   ( y  corr  , t < 24) . The oscillation pe-

riod T was estimated initially as the difference in time between the 
maximum value of y within the first 24 hours and the maximum value 
of y within the second 24 hours such that     ̂  T   =  (    max  

t
   (y, t < 24 ) , 

  max  
t
   (y, t > 24)  . Last, since  ln(∣ y  corr   /    ̂  a    1  ∣) = −  k  1   · t + ∣cos(2(t −  ) / 

T ) ∣≈ −  k  1   · t , the decay rate of the oscillating signal     ̂  k    1    was roughly 
estimated as the negative of the slope of  ln(∣ y  corr   /    ̂  a    1  ∣)  versus t (lin-
ear regression without intercept using the R function lm). Applying 
the nls function on the full nonlinear model using the set of starting 
values resulted in a set of least squares estimates of the parameters 
a0, k0, a1, k1, T, and , as well as SEs and P values for each parameter.

As a measure of “goodness of fit,” Akaike’s An Information Cri-
terion (AIC) (54) was used, by subtracting the baseline AIC from 
the final model AIC. Bonferroni multiple testing correction was ap-
plied on calculated P values.
Phase angle determination of the T cycle series
Once stable entrainment was observed, three entraining cycles were 
used for analysis of entrained phase. Each individual signal was trend 
corrected by subtraction of a second-order polynomial fit of the raw 

data (fig. S9, A and B). As the masking peak is the most dominant 
feature in the signal, a fitted curve would mainly be a reflection of 
the zeitgeber. Therefore, to find the circadian component in the 
overall signal, we applied a fitting procedure, a combination of a 
sine [  sin (  2 ·   t _ 24  )    ] and cosine [  cos (  2 ·   t _ 24  )    ] using the least square 
error method (Python numpy.linalg.lstsq) excluding data from the 
warm phase that shows extreme masking (fig. S9C) from the fitting 
process (fig. S9D). The resulting sine curve is a thus a representa-
tion of the underlying circadian component (fig. S9E).

SUPPLEMENTARY MATERIAL
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/2/eabe2086/DC1

View/request a protocol for this paper from Bio-protocol.
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