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MICROBIOLOGY

The circadian clock of the bacterium B. subtilis evokes
properties of complex, multicellular circadian systems

Francesca Sartor'*, Xinming Xu??3, Tanja Popp", Antony N. Dodd*, Akos T. Kovacs®>,

Martha Merrow'*

Circadian clocks are pervasive throughout nature, yet only recently has this adaptive regulatory program been
described in nonphotosynthetic bacteria. Here, we describe an inherent complexity in the Bacillus subtilis circa-

Copyright © 2023 Tiic
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CC BY).

dian clock. We find that B. subtilis entrains to blue and red light and that circadian entrainment is separable from
masking through fluence titration and frequency demultiplication protocols. We identify circadian rhythmicity
in constant light, consistent with the Aschoff’s rule, and entrainment aftereffects, both of which are properties
described for eukaryotic circadian clocks. We report that circadian rhythms occur in wild isolates of this prokary-
ote, thus establishing them as a general property of this species, and that its circadian system responds to the
environment in a complex fashion that is consistent with multicellular eukaryotic circadian systems.

INTRODUCTION

Circadian clocks are complex intracellular molecular networks that
structure processes over the 24-hour day. They are commonly de-
scribed as having self-sustained, temperature-compensated daily
rhythms that entrain to 24-hour cycles of cycling environmental
time cues (zeitgebers). These endogenous timing mechanisms are
pervasive throughout nature; they operate from the level of cell to
organism and from mammals, plants, and fungi to bacteria. Within
the prokaryotic kingdom, which accounts for over 10% of life on
Earth (1), a powerful clock model system in the cyanobacteria has
been elaborated. Circadian clocks in nonphotosynthetic bacteria
have only been described recently, and their characteristics are
not well known (2-5). We and others recently showed evidence of
the “trilogy” of circadian clock properties described above in Bacil-
lus subtilis (5) and Klebsiella aerogenes (4).

However, there are many additional characteristics of circadian
systems. In particular, probing the clock model organism with zeit-
gebers of different structures and strengths can reveal characteristic
responses that are shared across a variety of model organisms (table
S1). Imposing a zeitgeber cycle with a harmonic of 24 hours (so-
called T cycles of, e.g., 12 or 8 hours) results in a frequency demul-
tiplication, which manifests as 24-hour rhythms superimposed
upon the shorter T cycle. This demonstrates the robustness of the
circadian oscillation and the distinction from a driven response in
the T cycle. The nature of a zeitgeber treatment itself can alter the
free-running period (FRP) during subsequent free-running condi-
tions, with these alterations called aftereffects. The Aschoff's rule
extends this principle: It describes the systematic lengthening or
shortening of the FRP in constant light of increasing fluence rate
(6). It would be naive to assume that a prokaryotic circadian
clock shares these properties with multicellular organisms. The
characteristics that are shared and those that diverge relative to

"Institute of Medical Psychology, Medical Faculty, LMU Munich, Munich, Germany.
“Bacterial Interactions and Evolution Group, DTU Bioengineering, Technical Uni-
versity of Denmark, Kongens Lyngby, Denmark. 3Institute of Biology Leiden,
Leiden University, Leiden, Netherlands. *Department of Cell and Developmental
Biology, John Innes Centre, Norwich Research Park, Norwich, UK.
*Corresponding author. Email: francesca.sartor@med.uni-muenchen.de (F.S.);
merrow@lmu.de (M.M.)

Sartor et al., Sci. Adv. 9, eadh1308 (2023) 4 August 2023

other clock systems would, presumably, hold insights into the
mechanism and adaptive functions of the clock in nonphotosyn-
thetic prokaryotes, compared with those in the eukaryotic and cya-
nobacterial clades.

In this study, we challenge the circadian clock of B. subtilis with
respect to a catalog of chronobiology protocols. We use light as a
zeitgeber to systematically probe the clock in this nonphotosyn-
thetic bacterium. We found that this organism shares many circa-
dian characteristics occurring in eukaryotic organisms, some of
which have yet to be documented in established clock models in cy-
anobacteria or fungi.

RESULTS

Wild B. subtilis isolates exhibit circadian rhythms

Using the promoter region of the ytvA and kinC genes (encoding a
blue light photoreceptor and a kinase, respectively) fused to the bac-
terial luciferase cassette, we identified circa 24-hour rhythms in bio-
luminescence in constant darkness that entrain to light or
temperature cycles and are temperature compensated (5). In our
previous experiments, we used a laboratory strain of B. subtilis
(strain 168) and rhythms were observed only in cultures that
formed biofilm. Domesticated strains are generally distinct from
true wild types and they can lack certain regulatory pathways
present in natural accessions (7). In the case of strain 168, biofilm
development is altered (8) and it harbors a mutation that prevents
swarming behavior (9).

We wished to determine whether circadian behavior in B. subtilis
is a general phenomenon, or a peculiarity of strain 168. We trans-
formed the luciferase construct for monitoring ytvA promoter ac-
tivity (P,4-lux) into two wild isolates: PS216 (isolated from sandy
soil in Slovenia) (10) and MB9_B1 (isolated from the hyphosphere
of an Agaricus sp. fungus from Denmark) (11). Both of these strains
are capable of forming robust biofilms, and they have intact swarm-
ing behavior. We incubated the lab strain (168, P, 4-lux) and the
wild isolates (PS216, Py, 4-lux; MB9_B1, P, 4-lux) for 5 days in
cycles of 12-hour blue light and 12-hour darkness (24-hour bLD),
after which they were released into conditions of constant darkness
and temperature (DD; Fig. 1, A to C). Rhythmic promoter activity
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Fig. 1. Circadian rhythms occur in B. subtilis laboratory and wild-isolated strains. (A to E) Circadian rhythm in ytvA promoter expression in DD following entrainment
with bLD cycles. The strains Py 4-lux 168 (A) (n = 10), Pyy4-lux PS216 (B) (n = 8), and Py, 0-lux MB9_B1 (C) (n = 11) were incubated in bLD cycles for 5 days and then released
to DD. Gray and blue backgrounds correspond to dark and light incubations, respectively. Baseline-detrended, normalized luminescence is shown. (D) Mean FRP was
determined for hours 123 to 195 (ns, P > 0.05 for all strains; one-way ANOVA followed by Tukey's multiple comparison test). Error bars represent SD. (E) Polar plots showing
the phase of the first bioluminescence peak on the first day of release to DD. The color of the phases in the polar plot matches the corresponding bioluminescence traces
in (A) to (C). (F to K) Circadian rhythm in ytvA promoter expression in cultures maintained in DD from their inoculation. The strains Py,4-lux 168 (F) (n = 17), Py, a-lux PS216
(G) (n = 24), and Py4-lux MB9_B1 (H) (n = 26) were incubated in DD for 7 days. Baseline-detrended, normalized luminescence is shown. FRP and the time window for
period calculation is reported on the graphs. Representative single traces are shown in (I) to (K). Bacteria were grown at a constant temperature of 27°C.
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occurred in all strains, suggesting that circadian rhythms and their
ability to entrain using light cycles are a general property in B. sub-
tilis, rather than being restricted to a single laboratory derivate.

The FRP was not significantly different between the strains
tested [168, 30.20 + 2.33 hours; PS216, 30.94 + 2.19 hours; and
MB9_B1, 29.42 + 2.52 hours; not significant, P > 0.05, one-way
analysis of variance (ANOVA) followed by Tukey's multiple com-
parison test; Fig. 1D]. Individual MB9_B1 cultures were less syn-
chronized following this entrainment protocol relative to the
other two strains, as indicated by a higher SD of the mean of the
first peak after release into DD (MB9_B1, 9.18 + 8.90 hours; 168,
4.80 * 2.15 hours; and PS216, 11.50 + 1.51 hours). The polar dia-
grams in Fig. 1E depict the broader distribution in phases upon
release to DD in the MB9_BI1 cultures than in the 168 and PS216
cultures.

All rhythmic samples of all strains formed a floating biofilm at
the liquid-air interface of the cultures, consistent with our previous
observations (5). Given the association of rhythmicity and biofilm
formation, and given that biofilm forms in these cultures in the
absence of zeitgeber cycles, the emergence of circadian rhythms
was examined in cultures that developed in constant darkness and
temperature, where no apparent zeitgebers were present during the
initial biofilm development. Unexpectedly, all strains exhibited
emergent circadian rhythms (Fig. 1, F to H; representative, single
cultures are shown in Fig. 1, I to K; all traces of rhythmic samples
are shown in fig. S1). In 168, rhythms in DD-grown cultures
damped rapidly within the first 3 days, precluding a rigorous anal-
ysis of the FRP, whereas PS216 and MB9_B1 cultures had sustained
circadian rhythms that persisted for about 5 days. For the 168 strain,
53.13% of the samples were rudimentarily rhythmic in the first 3
days, whereas 75% of the PS216 cultures were rhythmic with a
period of 30.93 + 1.75 hours and 83.87% of the MB9_B1 cultures
showed rhythms with a period of 25.98 + 1.82 hours.

The local environment in the 96-well plate cultures will con-
stantly change over the course of the experiment. This includes nu-
trient use and metabolite secretion, as will occur also for circadian
studies in other systems such as tissue culture, plants and cyanobac-
teria. Given that the waveform can change over the course of an ex-
periment [as is common in many other circadian systems (3, 12—
14)], we wished to verify that the cultures remained viable through-
out the experiment. We examined total cell number of PS216 cul-
tures by counting CFUs from sonicated biofilms (fig. S2A) and by
using a constitutive green fluorescent protein (GFP) fluorescence
promoter reporter (fig. S2B). During the experiment, total cell
number steadily increased and cultures remained viable in constant
conditions.

Systematic assessment of circadian entrainment to light as
a zeitgeber in B. subtilis

Entrainment to zeitgeber cycles is what determines the circadian
phase (15), which in turn is adaptive because it defines the temporal
positioning of biological processes. We used light as a zeitgeber to
systematically explore entrainment properties in B. subtilis. We se-
lected the strain PS216 for all further experiments here because of
the combination of self-sustained rhythms and tighter phase
control through entrainment in 24-hour bLD cycles (Fig. 1E and
as discussed above). B. subtilis is reported to be photoreceptive to
both blue and red light (16) with both wavelengths activating the
general stress response pathway, albeit via alternative routes
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(Fig. 2A). Entrainment of B. subtilis using 24-hour blue- or red-
light cycles was compared. Under bLD cycles, the P,,4-lux biolu-
minescence signal peaks in the middle of the dark phase (Fig. 2B),
whereas under red LD (rLD) cycles, it shifts to the light phase
(Fig. 2C). The entrained phase of the luminescence signal (center
of gravity; fig. $3), calculated between days 3 and 5 in reference to
midnight, was 2.97 + 0.90 hours for samples in bLD cycles and 9.99
+ 1.20 hours for samples in rLD cycles.

The bioluminescence traces of cultures in 24-hour bLD cycles
(Figs. 1, A to C, and 2B) were consistent between all strains, in
that ytvA promoter activity increased during the dark phase and de-
creased abruptly during the light phase. Blue light appears to acutely
suppress ytvA promoter activity in a process that resembles
masking, a noncircadian response of the organism to a zeitgeber
of the circadian clock. Masking is not incompatible with the pres-
ence of a functional clock and can also be modulated by the clock
(17-20). We developed an assay based on ytvA promoter activity to
quantify masking by red or blue light (Fig. 2D). PS216 cultures ex-
pressing the P, 4-lux reporter were grown in 96-well plates in dark-
ness for 48 hours, at which time they were exposed to illumination
with either blue or red light. Control plates were kept in darkness.
Bioluminescence was measured at 10 and 30 min, 1 hour, 2 hours, 4
hours, and 6 hours into the light exposure. Within 30 min of illu-
mination with blue light, P,,4-lux bioluminescence was down-reg-
ulated significantly (P < 0.0001; two-way ANOVA followed by
Tukey's multiple comparison test; Fig. 2D). This down-regulation
was confirmed at the level of ytvA transcript abundance (fig. S4).
In contrast, red light did not significantly modify reporter activity
relative to the control samples held in darkness (P > 0.05; two-way
ANOVA followed by Tukey's multiple comparison test; Fig. 2D).
Therefore, the calculated phases for entrainment using blue but
not red light are modified by masking. These results indicate that
B. subtilis responds to blue and red light in a very distinct way.

Informed by the regulatory architecture of light signaling in B.
subtilis (Fig. 2A), we assayed knockout mutants of the blue light
photoreceptor YtvA, the putative blue- and red-light-responsive
proteins RsbP/Q, and the stress-responsive o factor SigB for the
masking of Py, 4-lux in response to blue light. We hypothesized
that these proteins would be involved in phototransduction and
masking shown by the ytvA promoter expression. Unexpectedly,
as in the wild-type background, P,,4-lux expression was down-reg-
ulated in response to illumination with blue light in all of these
mutants (Fig. 2D). Double mutants for ytvA/rsbP, ytvA/rsbQ, and
ytvA/sigB also have responses to blue light that are comparable to
the parental strain (Fig. 2D). This suggests that B. subtilis has addi-
tional, unidentified blue-light-photosensitive molecules.

With such a robust masking response, how can we dissect
whether the clock of B. subtilis entrains in bLD cycles or, alterna-
tively, whether the rhythmic reporter gene expression is a “driven”
response to the environmental stimuli? To distinguish between
masking and entraining components in response to blue light, we
applied T cycles with a duration that is a divisor of the typical (24
hours) zeitgeber cycle (21-23). Such cycles lead to a frequency de-
multiplication of the circadian system (21), identified by the appear-
ance of a major, circadian component once per 24 hours (i.e., in
alternate cycles) compared to a minor, masking component in the
other cycles. A purely driven response would show equivalent
signals each 12-hour zeitgeber cycle. The P, 4-lux PS216 strain
was held in 12-hour bLD cycles (6/6 hours, 30 uE m™>s™") yielding
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Fig. 2. Entrainment and masking to spectrally defined light. (A) The pathways leading to activation of the o®-dependent general stress response upon exposure to
stress stimuli, including blue and red light. (B and C) Double plots show reporter gene expression under entrainment to bLD (B) (n = 18) or rLD (C) (n = 27) cycles starting
from the second day of incubation. Fluence rates were 15 uE m~2 s™'. Red, blue, and gray areas indicate the red light, blue light, and dark phases, respectively, of the
zeitgeber cycles. (D) A masking assay shows the acute response to spectrally defined illumination. Bioluminescence traces of Py,4-lux PS216 are shown, normalized to the
t = 0 time point (48 hours of growth). Host strains are wild-type, knockouts of ytvA, rsbP, rsbQ, sigB, and double knockouts ytvA/rsbP, ytvA/rsbQ, and ytvA/sigB. The mean
signal from 12 wells +SD is shown. Red and blue light fluence rates were 30 uE m~%s~'. When comparing blue light versus DD, the signal was significantly different from
30 min to 6 hours (P < 0.0001) for all genotypes. For the genotype AytvA/ArsbQ, the signal was significantly different after 10 min (P < 0.05) (two-way ANOVA followed by
Dunnett’s multiple comparison test).

a nonsymmetrical pattern of promoter activity. There was a domi-
nant peak in alternate cycles (i.e., once per 24 hours; Fig. 3 and fig.
S5). The dominant peak moved to the opposite cycle after 4 to 5 days
in most samples (fig. S5). This is consistent with the entrainment
properties “range of entrainment” and “relative coordination”
(21): the bacterial clock, which has a FRP longer than 24 hours,
briefly entrains before eventually breaking free and jumping to
the next 12-hour cycle. These patterns are consistent with the coex-
istence of a circadian clock and a masking component occurring
additively as represented in the larger peaks, and only a masking
component in the minor ones. Therefore, B. subtilis integrates cir-
cadian and noncircadian responses to light, and these two processes
can be distinguished. This is similar to the dynamics of eukaryotic
circadian systems (22).

In many organisms including humans, entrained phase changes
with zeitgeber strength (15). We wished to determine whether this is
also the case in nonphotosynthetic bacteria. P, 4-lux PS216 was in-
cubated in 12:12-hour bLD cycles with fluence rates ranging from

0.1 to 60 uE m™2 s~ ', At light levels lower than 60 uE m™2 5™/,

masking dissipated (Fig. 4, A to C, compared to Fig. 4D). The
phase of bioluminescence expression occurs earlier (advances) in
30 uE m~* s~ light levels, as indicated by the appearance of a shoul-
der of gene expression in blue light (Fig. 4C, see arrow). At 3 uE m™>
s~', the reporter construct transitioned from suppression to induc-
tion in light. The promoter expression is modestly repressed by the
onset of darkness at this fluence rate. At 0.1 tE m™>s™", no masking
occurred, yet the B. subtilis clock appears to be synchronizing to this
extremely low light zeitgeber cycle based on a comparison with the
bioluminescent traces of DD cultures (fig. S6). We also note fewer
rhythmic samples when cultured entirely in DD compared to those
from bLD cycles of all fluence rates (% of rhythmic samples in DD:
47.36%; and in bLD cycles of 0.1, 3, 30, 60 uE m™> s™": 96.77, 100,
94.44, and 100%). Therefore, 24-h light cycles support the develop-
ment of a competent circadian system over a broad range of light
conditions and entrainment patterns.

Aftereffects can occur in circadian systems, whereby the FRP
varies systematically according to previous zeitgeber treatments
(24, 25). We calculated the FRP in DD, following entrainment in
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LD cycles of different fluence rates. Cultures entraining to higher
fluence rates had a shorter FRP (closer to that of the entraining
cycle) than those entraining in a lower amplitude zeitgeber cycle
(Fig. 4, F to I and J ; FRP after DD and LD cycles of 0, 0.1, 3, 30,
60 pE m™? s7': 29.60 + 1.32 hours, 27.45 + 1.89 hours, 26.35 +
1.82 hours, 25.36 + 1.65 hours, and 24.07 + 0.68 hours). The DD
condition was significantly different from all other light conditions,
as was 0.1 uE m ™2 s™" when compared with 30 and 60 uE m™2 s™"
(Fig. 4] and table S2). The systematic change in the FRP based on
the fluence rate (hence, amplitude) used in the entraining cycle is
consistent with the phenomenon of aftereffects of entrainment, in-
dicating that the circadian system of B. subtilis stores information
concerning previous environmental conditions.

Another systematic response of circadian clocks is the Aschoff’s
rule (6). As light levels increase, the FRP in constant light (LL) gen-
erally either increases (nocturnal organisms) or decreases (diurnal
organisms; exceptions have been noted). Furthermore, it is not un-
common for rhythms to be suppressed in constant light. We deter-
mined the FRP of B. subtilis P, 4-lux PS216 in DD or in LL at
several different fluence rates following 3 days of entrainment in a
24-hour bLD cycle (30 pE m~2s™Y). For each fluence rate (0, 1.5, 15
and 30 uE m~* s™"), two datasets from two independent experi-
ments were combined within the analysis using a linear mixed mod-
eling approach (data file S1) (26). B. subtilis was rhythmic in both
DD and in all LL conditions tested (Fig. 5, A to D). The linear mixed
model revealed a significant lengthening of the estimated period for
cultures in LL in comparison to DD (Fig. 5E, table S2, and data file
S1). In addition, the first peak of reporter gene activity in constant
conditions was delayed significantly when cultures were released to
increasing fluence rates of LL (Fig. 5F, table S2, and data file S1),
consistent with the idea that the phase is related to the period.

DISCUSSION

Evidence for circadian clocks in nonphotosynthetic prokaryotes has
been limited, despite overwhelming evidence that circadian clock
mechanisms are pervasive across nature. Building on the identifica-
tion of circadian clocks in two species of nonphotosynthetic bacte-
ria [K. aerogenes (3, 4) and B. subtilis (5)], here, we investigated B.
subtilis for circadian clock properties typically observed in complex
organisms. The list of properties and principles established here in-
cludes the extension of circadian rhythms to wild-type isolates of B.
subtilis, the emergence of circadian rhythms in constant conditions

: ‘ A 4 ‘ A
2.‘ A ‘ ~ 2_‘ A ‘ A
> S . A a 3_‘ a A a
= 4.‘ A A o 4_‘ y \ A _
S . M A a -
6] . A 6la ma

0 12 24 36 48 O 12 24 36

(DD) without previous zeitgeber cycles, differential circadian re-
sponses to blue and red light, and dissection of entrainment and
masking properties to the blue light as zeitgeber. This last point in-
cludes frequency demultiplication in 12-hour bLD cycles, afteref-
fects, and changes in FRP based on fluence rate in constant
conditions (Aschoff’s rule). Here, we will attempt to put these
into context, especially with respect to other well-characterized cir-
cadian systems.

Entrainment leads to the establishment of a stable phase rela-
tionship between the external (environmental) and the internal (cir-
cadian) time. Circadian systems use zeitgebers for entrainment,
leading to a set of remarkable phenomena. We were surprised to
observe that a prokaryote challenged with chronobiological proto-
cols exhibits a variety of highly complex entrainment properties. For
instance, aftereffects describe changes in the FRP following specific
zeitgeber treatments. Commonly used protocols revealing such
changes include T cycles (entrainment cycles of different lengths)
or treatments with various zeitgeber structures. The presence of af-
tereffects (see table S1) suggests that information regarding zeitge-
ber exposure is stored, much like a memory. In the case of B. subtilis,
the zeitgeber treatment is present as the circadian system forms,
from inoculation to biofilm formation. Aftereffects have also been
reported in rodents that were exposed to exotic zeitgeber conditions
throughout development (27). Discovering mechanisms by which
this memory of entrainment conditions during development of a
circadian system occurs, in diverse systems, will inform on conver-
gent and divergent evolutionary processes.

The entrainment by the B. subtilis clock to different phases in
blue light, red light, and temperature might seem discordant with
the role of entrainment in establishing a particular phase relation-
ship between the circadian clock and the day/night cycle. However,
this phenomenon is not unique to B. subtilis. A notable example
occurs for the circadian clock in Lingulodinium polyedra (previous-
ly called Gonyaulax polyedra) (28). Blue and red lights yield distinct
phase response curves, indicating distinct entrained phases to each
of these spectrally defined light sources. The light quality also deter-
mined the internal phase relationships of the flash and glow
rhythms of L. polyedra, which are controlled by distinct circadian
oscillators (28). The two oscillators regulating the flashing and the
aggregation rhythms can be induced to run free with different FRPs
by incubating in constant red light as opposed to white light, where
they remain synchronized (29). Plants also use blue and red light
photoreceptors for entrainment. Blue and red light sources can
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Fig. 3. Frequency demultiplication occurs in B. subtilis under 12-hour zeitgeber cycles. PS216 cultures expressing the P, 4-lux reporter were incubated for 6 days in
12-hour bLD cycles (6-hour darkness/6-hour light at 30 uE m™ s™"; n = 22). Four representative samples are shown here. All samples are shown in fig. S5. Profiles cor-
respond to smoothed, detrended, bioluminescence traces of the P, ,-lux. Data are double plotted; only positive values are shown.
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Fig. 4. Titration of blue light in an entrainment protocol shows aftereffects and loss of masking. (A to D) Phase of entrainment changes and masking decreases with
zeitgeber strength. The strain Py.,4-lux PS216 was incubated in bLD cycles of different fluence rates for 3 days (12-hour dark/12-hour light). Py, 4-lux reporter expression is
shown from 24 to 72 hours of incubation. Light intensities shown are 0.1 to 60 uE m~2 s~". Blue and gray areas indicate the blue light and the dark phases, respectively.
Number of samples included in (A) and (F), 30; in (B) and (G), 11; in (C) and (H), 17; and in (D) and (I), 14. Reporter activity was further recorded in cultures which never
experienced zeitgeber cycles (E) (n = 18). (F to J) FRP changes according to the zeitgeber strength of the previous entraining bLD cycles. After 3 days in 12/12-hour bLD
conditions, reporter gene activity was recorded for 3 days in DD [(F) to (I)]. (A) to (I) The averaged, linear-detrended, normalized bioluminescence traces with SD are
shown. Temperature was kept constant at 27°C. (J) The FRP of the rhythmic samples was calculated. Data distribution is shown using box blots with Tukey whiskers. Letters
denote significantly different FRPs between conditions (see also table S2).

cause different entrained phases, depending on the phase of the
light stimulus (30, 31). Together with our findings, these reports
open a number of testable hypotheses. First, blue and red light
could entrain via their distinct energy profiles, producing different
zeitgeber strengths. Second, blue and red light could entrain to dis-
tinct phases because they enter the system through distinct

Sartor et al., Sci. Adv. 9, eadh1308 (2023) 4 August 2023

molecular substrates (see discussion below on photoreceptors).
This will become clearer for B. subtilis once these pathways are
defined. Third, in the case of B. subtilis, these entrainment charac-
teristics might relate to its ecology. The spectral composition of light
changes over the course of the day, as a function of weather condi-
tions (32) and due to the local biotic and abiotic environment. For a
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Fig. 5. B. subtilis is rhythmic in constant light; period and phase are regulated
by fluence rate. (A to D) Bioluminescence traces in entrainment and constant con-
ditions of different fluence rates. Py -lux PS216 was incubated in bLD cycles for 3
days (12-hour dark/12-hour light; 30 uE M~ s™") and then released to DD (A) or LL
[(B) to (D); fluence rates shown on graphs] for 72 hours. Gray and blue backgrounds
correspond to dark and light incubations, respectively. The averaged, linear-de-
trended, normalized bioluminescence traces with SD are shown. Temperature
was kept at 27°C. (E) FRP lengthens with increasing fluence rate. The FRP during
the first 3 days of LL was calculated. Data distribution is shown using box blots with
Tukey whiskers. (F) Phase delay upon release in constant conditions with increas-
ing fluence rate. Timing of the first peak following release in constant darkness or
light was calculated. (E) and (F) Analysis included two biological replicates for each
light condition. Number of samples included: DD, 25; 1.5 ygEm™2s~", 30; 15 uE m ™2
s7',59;and 30 JE m 25", 44. One representative replicate is shown in (A) to (D). (E)
and (F) Different letters indicate significant differences between pairwise compar-
isons (see also table S2 and data file S1).

soil bacterium such as B. subtilis, there might be a requirement to
entrain differently to light levels and spectra that penetrate soils to
different depths. There is evidence from Arabidopsis that light can
be piped from the aerial parts of the plants to the roots (33, 34); thus,
B. subtilis associated with a plant microbiome would encounter ad-
ditional possibilities for subterranean entrainment to light.

As with other organisms, the responsiveness of the entrained
phase of B. subtilis to different spectral qualities of light suggests
the functional relevance of the clock in B. subtilis. This further sug-
gests an adaptive function, because the phase relationship between
the clock and the environment confers benefits in other, phyloge-
netically distant organisms (e.g., cyanobacteria, plants, and
animals) (35-37). Given the ecology of complex microbiomes,
this responsive phasing may facilitate coordination of varied and
local circadian programs within a microbiome (38), according to
the abiotic and biotic environment. Our observations also under-
score that a combination of zeitgebers is used by B. subtilis, which
is analogous to the situation for fungal, mammalian, and plant cells.
The task of the circadian clock is to “read” the local environment

Sartor et al., Sci. Adv. 9, eadh1308 (2023) 4 August 2023

and, for many systems, this means harvesting not just one but
many cues. We suggest that by using both blue and red light and
temperature as zeitgebers, B. subtilis can fine-tune clock-regulated
processes to a greater range of situations.

Although we had previously established that B. subtilis entrains
in light-dark cycles (5), the light-sensing mechanisms used by B.
subtilis for the purpose of entrainment remain unknown. In station-
ary phase cells, YtvA is activated by blue light and acts as positive
regulator of the SigB-dependent general stress response pathway
(39-42). When we tested strains carrying knockouts of the ytvA
gene, cultures remained able to perceive blue light, as evidenced
by an intact masking response (Fig. 2E). Additional blue light—
sensing proteins in B. subtilis include the protein serine phospha-
tase RsbP together with the a/B-hydrolase RsbQ. RsbP/Q are pri-
marily responsive to energy stresses and red light, and it has been
shown that their activation can also induce 6" activity upon blue
light illumination, through a stress pathway independent of YtvA
(16). However, we observed that reporter gene expression was
down-regulated upon blue light illumination in the rsbP, rsbQ,
and sigB single mutants and all double mutants combined with
the ytvA knockout allele that were tested. Therefore, these data
suggest that B. subtilis may have additional and unidentified photo-
transduction mechanisms. This could include participation of
redox- or indirect metabolically mediated mechanisms. This is es-
pecially interesting given that circadian redox cycles have been re-
ported in a variety of other phylogenetically distant organisms (43).
For example, bacteria can sense light through nondedicated photo-
receptor molecules. Fe/S clusters can absorb in the ultraviolet/
visible part of the spectrum (44—47) and have been implicated in
circadian clock input pathway of cyanobacteria (48). Light can
also entrain the cyanobacterial circadian clock via metabolism, by
toggling the adenosine 5'-triphosphate/adenosine 5’-diphosphate
(ATP/ADP) ratio (49). Furthermore, B. subtilis contains riboflavins
(vitamin B2) and heme (47, 50), which are light sensitive. Future
studies are required to investigate which light-sensing molecules
are involved in entraining the B. subtilis circadian system, which
might also provide insights into the ecological and adaptive rele-
vance of circadian programs in B. subtilis.

Our study has a number of important implications. First, circa-
dian clock properties are broadly found in B. subtilis, not simply in a
laboratory strain. The requirement for biofilm formation for detec-
tion of rhythmicity remains consistent across strains. As biofilm is a
highly organized structure encompassing differentiated cells, B.
subtilis may serve as a model for the important but understudied
concept of circadian organization. Circadian organization refers
to a circadian system that is composed of rhythmic subunits,
which, as a whole, must have mechanisms for orderly and choreo-
graphed synchronization. In plants and animals, we know that each
cell has a circadian clock. Through cell-, organ-, and organism-spe-
cific coupling mechanisms, a nonchaotic synchrony is achieved
(51-54).The emergence of synchronized oscillations that occurs in
B. subtilis cultures in the absence of regular, external cues (Fig. 1, F
to K) indicates that intrinsic processes of cell-cell communication
within B. subtilis biofilms occur that are permissive and sufficient
for sustained, rhythmic processes. We report period lengths that
vary systematically but widely depending on the zeitgeber history,
stressing the conditional nature of the FRP of B. subtilis. This is also
true for other circadian systems (55, 56) and we suggest that it re-
flects, on one hand, circadian organization (within the biofilm) and,
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on the other hand, the adaptive nature of entrained phase. This is
important in the context of FRP, because this contributes to the en-
trained phase. Therefore, understanding circadian organization is
critical because its disruption, for instance with shift work or jet
lag, leads to loss of synchrony and decreased fitness or ill health
(57, 58). At present, we have only limited tools to study this
problem of circadian organization in complex organisms. Our
work emphasizes the intricacy of the connections between the zeit-
geber integration system and the functioning of the entire circadian
system (59, 60). With a better understanding of how the inputs and
the oscillator are interdependent, this knowledge can be applied to
questions such as those concerning the importance of light entrain-
ment to the consequences of chronopharmacology (61).

In conclusion, we find it remarkable that a relatively simple pro-
karyote, which lacks the obvious hierarchy of organization of mul-
ticellular organisms, evokes properties of complex circadian
systems. This indicates that B. subtilis represents a powerful
model system for the study of circadian clocks, given the scope of
formal properties therein that it displays. It also tells us something
about common elements of all circadian systems.

MATERIALS AND METHODS

Strains and strain construction

The strains used in this study are reported in Table 1. The sequences
of the primers used in this study are provided in Table 2. The Py, 4-
lux strains contain the promoter region of ytvA cloned in front of
the promotor-less luxABCDE operon as generated in Eelderink-
Chen et al. (5). All B. subtilis strains were constructed by natural
competence transformation using genomic or plasmid DNA.
Briefly, overnight cultures of the receiver strains were diluted to a
1:50 ratio with glucose-casein hydrolysate-potassium phosphate
buffer (GCHE) medium and incubated for 4 hours at 37°C. After
incubation, 5 to 10 pg of genomic or plasmid DNA were mixed
with 400 pl of competent cells and were further incubated for 2
hours before plating on lysogeny broth (LB) agar containing
selective antibiotics. To create double-deletion mutants, PS216,
Ayth::KmR, sacA::P ., 4-luxABCDE (CmP) strain was transformed
with a temperature-sensitive plasmid with Cre recombinase,
pMHG66, and transformants were selected on LB (Lennox, Carl
Roth, Karlsruhe, Germany) plates supplemented with tetracycline
(10 pg ml™") at 37°C. Loss of Km" marker was tested on LB agar
medium containing kanamycin (5 pg ml™") at 37°C. Candidates
that were not able to grow on kanamycin were further incubated
on LB plates at 43°C for 18 hours to lose pMH66. Strains that
were unable to grow on LB plates supplemented with tetracycline
were considered to have lost pMH66 and antibiotic resistance cas-
settes. Markerless deletion was confirmed by polymerase chain re-
action (PCR) using the primers listed below. Subsequently, the
second gene deletion was introduced.

Growth conditions

For routine growth, bacterial cells were cultured in LB [tryptone (10
g liter™"), yeast extract (5 g liter™"), and NaCl (5 g liter™")]. For all
luminometry experiments shown, bacteria were grown overnight in
LB medium after which they were diluted to optical density (OD) of
0.05 and grown in nutrient sporulation medium (NSMP) (62) [nu-
trient broth (8 g 1Y (Difco), 1 uM FeCls, 700 uM CaCl,, 50 uM
MnCl,, 1 mM MgCl,, and 100 mM potassium phosphate].

Sartor et al., Sci. Adv. 9, eadh1308 (2023) 4 August 2023

Medium was supplemented with 0.1% (w/v) glucose, except when
bacterial cultures were entrained for 5 days (Fig. 1), in which case
medium was supplemented with 0.05% (w/v) glucose.

Luminometry experiments

White, 96-well plates (Nunclon Delta, Thermo Fisher Scientific)
were used, with each well inoculated with 5 x 10> cells. Plates
were sealed with a transparent, evaporation-free cover (Optical Ad-
hesive Covers, Applied Biosystems, Life Technologies). Cultures
were exposed to light-darkness cycles as indicated in the text,
after which the cultures were released to constant conditions
(either constant darkness or light). The temperature was kept cons-
tant at 27°C. We measured bioluminescence (Berthold Centro
LB960 XS3 or Berthold Mithras LB 940 Multimode Plate Reader)
for 1 s each hour. All experiments were carried out in tempera-
ture-controlled incubators (MIR-154, Panasonic, Japan or Percival
Intellus, Percival, USA). In entrainment experiments, the plates
were ejected from the machine between readings for exposure
to light.

Measurement of GFP fluorescence using the

microplate reader

Cultures were prepared and grown in NSMP medium supplement-
ed with 0.1% (w/v) glucose as described for the luminometry exper-
iment, with the differences that black plates (Nunclon Delta,
Thermo Fisher Scientific) were used to reduce background signal.
Cultures were exposed to light-darkness cycles for 3 days, after
which the cultures were released to constant darkness conditions.
The temperature was kept constant at 27°C. GFP fluorescence was
red every hour using a multimode plate reader (Berthold Mithras
LB 940 Multimode Plate Reader). All experiments were carried
out in temperature-controlled incubators (Percival Intellus, Perciv-
al, USA). The plate was ejected from the machine between readings,
for exposure to light. Signal from control wells (n = 23) with bacteria
carrying no fluorescence reporter was subtracted as background.

Assessment of cell number

Cultures were grown in 96-well plates in NSMP medium supple-
mented with 0.1% (w/v) glucose as described for the luminometry
experiments. Bacteria were exposed to 24 bLD cycles for 3 days, after
which cultures were released to constant darkness. Fluence rate in
the light phase was 30 ukE m™> s™'. The temperature was kept cons-
tant at 27°C during the all experiment. We determined cell number
from day 3 (last day of the entraining cycle) and the first day in cons-
tant darkness conditions (free-run) harvesting samples every 4 hour
and every 12 hours for the following 36 hours. Samples were soni-
cated (Diagenode Bioruptor, USA) at low power (130 W) for 15 s,
for four cycles, with a 5-s pause between cycles, a protocol that we
optimized in our laboratory that allows proper disruption of bio-
films without affecting cell viability. Sonicated cells were examined
by light microscopy (Leica, Germany) to confirm disruption of
biofilm and cell viability. If biofilm was not successfully disrupted,
samples were subject to more cycles of sonication until no more
biofilm was visible under light microscopy. Following serial dilu-
tions, the sonicated cells were plated on LB agar and grown over-
night at 37°C. The number of colony-forming units was counted
on the following day.
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Table 1. Strains and plasmids used in this study.

Strain
(short name) Genotype Source
168 SACA:Pya-luxABCDE (CmF) (5)

PS216 Ayth::KmR, ArsbP:Km®, SAcA:Py - This
IluxABCDE (Cm") study
PS216 Ayth::KmR, ArsbQ:KmF, SACA::Pyya- This
luxABCDE (Cm®) study
PS216 AytvA:Km®, AsigB:Km® SAcA:Pyya- This
luxABCDE (CmF) study
PS216 (TB269) amyE:Py,-gfp (67)
Plasmid pMH66 pNZ124-based Cre-encoding plasmid, 68)

Tet® Ts

RT-qPCR

Bacteria at OD 0.5 were diluted 1:25 in NSMP medium supplement-
ed with 0.1% (w/v) glucose in 100-ml Erlenmeyer flask (20 ml of
culture per flask). Cultures were grown shaking at 120 rpm for 48
hours in darkness and then were either exposed to either blue light
(30 uE m~* s7") or were kept in darkness as control. Temperature
was kept constant at 27°C. Immediately before blue light illumina-
tion (time 0) and after 1 and 4 hours of blue light treatment along-
side dark control, samples were pelleted and flash-frozen in liquid
nitrogen. Pellets were lysed in lysozyme digestion buffer [lysozyme
(10 mg/ml), 30 mM Tris-HCI (pH 6.3), and 10 mM EDTA] for RNA
extraction with TRIzol and the Direct-zol RNA extraction kit
(Zymo Research), followed by cleaning with the GeneJet RNA
Cleanup and Concentration micro kit (Thermo Fisher Scientific)
according to manufacturer’s protocol. The total RNA concentration
was measured using a NanoDrop 1000 spectrophotometer (Peqlab
Biotechnologie). Equal amounts of complementary DNA were syn-
thesized using iScript Reverse Transcription Supermix (Bio-Rad)
following the manufacturer’'s protocol. Real-time quantitative
PCR (RT-qPCR) was performed using the SYBR Select Master
Mix (Applied Biosystems, Thermo Fisher Scientific) on a ViiA7
real-time PCR system (Applied Biosystems, Thermo Fisher
Scientific). The mRNA level of the ytvA target gene in each
sample was normalized to the amount of 16S gene as reference

Sartor et al., Sci. Adv. 9, eadh1308 (2023) 4 August 2023

Table 2. Primers used in this study.

Primer Sequence (5’ — 3') Target locus
oXM1 CTTCATCATCACCTTCCT ytvA

.(.J x Mz ....................... GGGCT CTrGTrrrATCTCT .............................. yth .......
.(.) x M3 ....................... ACACTCTrCAAACCAch ................................ erQ .......
.6 x M4 ....................... GGTCACCTCTATCCCT]T ................................ er Q .......
6 x M5 ....................... GT CT GAAACAAATGGAGG ............................. erP .......
,(.) . M6 ....................... CAGGTGT[T cAATATGCG ............................... erP .......
A(.) x M7 ....................... WAATGGAAACGCTCATGG ............................ 5,95 ........
,(.) x Mg ....................... TGc‘rrr CTACGTc'rr CAC ................................ 5,93 ........

control. The primers used for ytvA amplification are as follow: 5'-
TCCCTCACGGAAATTACTGC-3' and 5-GGCTCAGCTT
GAAAATTTGG-3'. The primers used for 16S amplification are as
follows: 5-GCTCGTGTCGTGAGATGTTGGGTTA-3’ and 5-
GGTTTCGCTGCCCTTTGTTCTGTCC-3'. The ytvA mRNA fold
changes were determined using the AAC, method including three
technical replicates per condition.

Light settings

Samples were exposed to light using blue or red light-emitting
diodes with peak emission at, respectively, 450 or 625 nm (Bar-
thelme, Niirnberg, Germany). The average photon flux density
for each experiment is indicated in the text and/or the figure
legends. Neutral density filters were used to achieve the desired il-
lumination intensity (Rosco Supergel 398 Neutral Grey or Rosco E-
colour E299 1.2 Neutral Density, Lightpower GmbH, Paderborn,
DE). Light intensity was measured using a radiometer/photometer
(Model IL1400A, International Light Inc., Newburyport, MA,
USA). Temperature fluctuations in the incubator due to lights
being on or off were less than 0.5°C.

Data analysis

Data are expressed as mean + SD. Sample sizes are indicated in
figure legends and in table S3. One sample is equals to one well of
a microreader plate.

Analysis of FRP following 5 days of entrainment with LD
cycles or in absence of entrainment

For data shown in Fig. 1, data analysis of period was performed
using Fast Fourier Transform nonlinear least squares function of
the BioDare2 suite (63) only for samples that passed the Jonck-
heere-Terpstra-Kendall (JTK) cycle test for rhythmicity (P < 0.05)
on nonnormalized, baseline detrended data. The P values were cor-
rected using the Benjamini-Hochberg procedure for multiple
testing. Periods were considered as circadian when their duration
was between 18 and 34 hours.

Analysis of FRP of the strain PS216 following 3 days of
entrainment with LD cycles

Rhythms of LUC activity were analyzed as described above, with the
differences that data were linear detrended and that rhythmicity was
analyzed using JTK cycle with a statistical cutoff of P < 0.01, adjust-
ed for multiple testing using the Benjamini-Hochberg procedure.
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All statistical analyses were carried out using Prism 8 software
version 8.4.3. Normality was checked using the Shapiro-Wilk test.
When samples were normally distributed, means between two
groups of values were compared using the two-sample Student's ¢
test with 95% confidence interval and one-way ANOVA was used
to compare the means between more than two groups. When the
assumption of normality was not met, Mann-Whitney and
Kruskal-Wallis tests were performed to compare two or more
groups, respectively. For statistical analysis including two factors
(time and type of illumination; Fig. 2), a two-way ANOVA followed
by Tukey's multiple comparison test was performed.

Linear mixed-effects model

To determine the effect of light on period or the first peak after
release, we applied a linear mixed-effects modeling approach. For
each fluence rate assessed, two datasets coming from two indepen-
dent experiments (96-well plates) were included in the analysis. The
effect “plate” (biological replicate) was included as a random effect
intercept in the model. Statistical modeling was performed using R
version 4.1.2 and the tidyr, stringr, Ime4, mgcv, and dplyr packages
therein. The model was as follow

model < —gam(value ~ light_group + s(plate, bs = 're'), data
= light, method = "REML")
The full reproducible code is provided in data file SI.
Analysis of center of gravity

The center of gravity was calculated as described in (64) using the
formulae

n
E 2mi E ) 54 2M
y1€os o 1S1n e
i=1
a = ;

i=1
s b=—

>

i=1

n

f1a 2mi

E yisim<=,
=1

=
a En 2mi
V1 COST

i=1

The code of the software we developed for calculation is available
here: https://github.com/luca-gas/center-of-gravity

n

>

i=1

Plotting data
Graphs were generated using either GraphPad Prism software
version 8.4.3 [GraphPad Software, La Jolla, CA] or the ggplot2
package in R version 4.1.2 (65)], except for double-plot actograms,
which were created using ChronoSapiens program version 9
(Chronsulting).

Supplementary Materials
This PDF file includes:

Figs. S1 to S6

Tables S1 to S3

Data S1
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