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Abstract: As ubiquitous features of every natural environment, microbes have profoundly
shaped eukaryotic biology throughout evolution. Circadian clocks evolved in all domains of life
as central regulators that align physiology with environmental cycles, yet whether they respond
directly to microbial signals remains unknown. Here, we demonstrate that evolutionarily diverse
microbes potently reset mammalian cellular clocks and can drive phase shiftsin plants and algae,
indicating cross-kingdom effects of microbes on circadian rhythms. In mammals, exposure to
soluble bacterial components distinct from canonical innate immune ligands induces acute PER2
upregulation independently of Bmal1 or nascent transcription. A targeted inhibitor screen and
biochemical assays implicate p38 MAPK as a modulator of this response. Taken together, this
positions bacterial exposure as a previously unrecognized circadian clock input, revealing a new
axis of host-microbe interaction that modulates biological timing at the cellular level.

Main Text:

Introduction

Microorganisms are ubiquitous and evolutionarily enduring life forms that inhabit every
environment on Earth. Approximately 2 billion years ago, microbial symbiosis enabled the
formation of eukaryotic cells, allowing complex life to evolve'. Today, microbes continue to
influence core biological processes including immunity?, metabolism®, and behavior®, yet
microbial influence is often overlooked in biological models. Only in the past two decades, for
example, have we begun to appreciate how the human microbiome shapes health and
physiology. We now understand that products such as bacterial cell wall and metabolites
influence diverse processes including epithelial turnover, nutrient absorption, and systemic
immune tone”*°. These signals fluctuate with microbial composition and activity, which
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oscillate based on environmental changes in the host such as feeding patterns and hormonal
states. Through these dynamics, microbial inputs contribute to rhythmic processes in host tissues,
including gene expression, barrier function, and immune surveillance®>®.

Microbial communities across ecosystems undergo robust daily oscillations in both composition
and biomass shaped by changesin light, temperature, and other environmental signals’™2. Even
the air we breathe is rhythmic, with microbial biomass rising several-fold at night and bacteria
versus fungal taxa alternating in dominance across the day®**. In sail, the rhizosphere
microbiome also undergoes diurnal restructuring, partly influenced by plant circadian rhythms™.
In parallel, roughly 15% of gut taxa oscillate daily™, driven by host behaviors such as feeding
and circadian rhythms. Together, these examples underscore that microbes are temporally
dynamic, raising the provocative possibility that microbial signals themselves act as zeitgebers
for eukaryotic circadian clocks.

Circadian clocks are cell-autonomous oscillators that evolved to align physiology with
environmental cycles. In mammals, the core circadian clock is driven by the heterodimeric
transcription factor CLOCK:BMAL1, which drives expression of itsrepressors, PER and CRY,
to generate a~24-hr transcriptional translational feedback loop (TTFL)™. To stay aigned with
Earth’ s 24-hour cycle, circadian clocks synchronize to recurring environmental cues such as
light'®, temperature'’, and feeding™®. Despite widespread microbial influence on host biology*®~
2! it remains unknown whether microbial signals can act directly on the core circadian clock.
Here, we address this question, revealing a previously unrecognized layer of communication
between microbial signals and circadian timing.

Results
Circadian phase shifts are a common outcome of exposureto bacteria

To determine whether bacterial exposure directly affects the mammalian clock, we monitored the
core circadian protein PER2 using mouse lung fibroblasts (MLF) derived from
PERIOD2::LUCIFERASE (P2L) mice. This strain expresses luciferase fused to PER2 at the
Per2 endogenous locus, such that bioluminescence tracks PER2 protein abundance®. To enable
multi-day recordings without bacterial overgrowth, all bacteria were heat-killed (HK). P2L
MLFs were exposed to a panel of evolutionarily diverse bacteria and PER2 rhythms were
monitored (experimental schematic, Fig. 1A). Addition of an equivalent volume of phosphate-
buffered saline (PBS) served as our bacteria-free control. Surprisingly, in our initial screen,
evolutionarily diverse, pathogenic Gram-positive and Gram-negative bacteriaall shifted the
circadian phase relative to PBS controls (Fig. 1B). Exposure to bacteriatriggered an acute
increase in PER2 evident within 1-hr that peaked between 4 to 6-hrs (Extended data Fig. 1A).
We subsequently tested exposure to the pathogen Listeria monocytogenes, environmental
organisms Mycobacterium smegmatis and Bacillus subtilis, and a non-pathogenic strain of
Escherichia coli —all of which induced phase shiftsin P2L MLF (Extended data Fig. 1B-C).
Because responses might depend on circadian phase, we repeated exposures to Streptococcus
pneumoniae (hereafter abbreviated as Son), Saphyl ococcus aureus and Escherichia coli. These
again shifted rhythms, leading to almost a complete inversion when applied near the PER2
trough (Fig. 1C).
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92  Toruleout the possibility that heat-inactivation introduced an artifact, we tested whether fixed
93  bacteriaalso drive changes in PER2 phase. As shown in Fig. 1D-E, formalin-fixed (FF) Spn and
94  E. coli induced similar phase shift responses as HK bacteria. Unlike heat-inactivation, which
95  lysescells and denatures proteins, formalin-fixation preserves cellular integrity®®. Hence, the
96 presence of PER2 phase shifts caused by FF bacteria suggests that at least some of the ligands
97  responsible for inducing the phase shift response were accessible on the cell surface.
98
99  Many bacteria produce an extracellular polysaccharide capsule to avoid detection by the host®”.
100  Over 100 capsular serotypes of Spn with different sugar composition, linkage, and length have
101  been identified, which alter host-bacterium interactions™?. In addition to the previously tested
102  Spn D39 strain (type 2 capsule), we tested A66.1 (type 3), TIGR4 (type 4), and BHN9I7 (type
103  19F) to determineif capsular serotype affects the phase shift response. D39 and TIGR4 have
104  smaller capsules and cause invasive disease in mice, whereas A66.1 and BHN97 have larger
105 capsulesthat lead to localized infections. We also used a capsule knockout (TIGR4 Acps) which
106  isseverely attenuated in virulence”. However, despite these marked differencesin biological
107  phenotypes, all tested strains of Son induced equal phase shift responses (Fig. 1F).
108
109 Initial detection of bacteriais sufficient to drive circadian resetting
110 To test whether closely spaced bacterial exposures produce additive effects on phase, we
111  stimulated P2L MLFswith HK E. coli at one or both of two timepoints spaced 7 hours apart.
112  Consigtent with phase-dependent responsiveness, stimulation at time 0 produced a phase delay,
113  whereasasingle stimulation 7 hours later produced a phase advance. Dual stimulation resulted in
114  aphasedeay, similar to time O alone, indicating that the second stimulus did not produce an
115  additiona phase shift under these conditions (Fig. 2A). Thisresult is consistent with the cellular
116  sensing of various stimuli, as many physiological stimuli induce a period of temporary
117  desensitization. For instance, the autophosphorylating insulin receptor loses kinase activity upon
118  activation®?, and many G-protein coupled receptors internalize into intracel lular vesicles upon
119  binding of their respective agonist, preventing further activation of downstream pathways .
120  Importantly, both classes of receptors®>* have been reported to transduce signals to the
121  circadian clock, suggesting that desensitization to acute, repetitive stimuli does not necessarily
122  exclude agiven sensory pathway from acircadian role.
123
124  We next sought to test if continued bacterial exposure is hecessary to drive changes in phase. We
125  stimulated P2L MLFswith HK E. coli for two hours before removing the bacteria by washing
126  with PBS then replacing the media. Exposure of cellsto HK E. coli resulted in a~4 hour phase
127  shift regardless of whether bacteria remained for the duration of the experiment or were removed
128  two hours after stimulation, demonstrating that bacteria do not need to remain present to drive a
129  phase shift (Fig. 2B). Consistent with known effects, media replacement alone shifted phasein
130 PBS-treated controls. Interestingly, media exchange had no effect on cells exposed to bacteria,
131  which mirrors the results obtained with dual bacterial stimulation (Fig. 2B-C).
132
133  Having established that sustained exposure to bacteria is not necessary for a circadian response
134  and that washing does not abolish or obscure the HK E. coli effect, we next used this approach to
135 test live bacteria, which must be removed to prevent rapid bacterial overgrowth that would
136  interfere with circadian recordings. When live E. coli was added then removed two hours later,
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137  MLFs showed a significant phase shift closely mirroring the HK bacteria effect, showing that
138 live bacteriawere able to induce a circadian response as well (Fig. 2C).

139

140 Bacterial sgnalsreset circadian clocks across kingdoms

141  Wenext asked whether microbial stimulation shares other defining features of circadian input
142  signals such as dose- and phase-dependent effects on the circadian clock®. As Gram-positive and
143  Gram-negative bacterial lineages diverged over 2 billion years ago, we selected a member of

144  each for further characterization®. Son isaclinically relevant Gram-positive bacterium that

145  colonizes the upper respiratory tract of humans and remains the leading cause of community-

146  associated bacterial pneumonia®’; the D39 strain remains highly virulent in murine models. In
147  contrast, E. coli is Gram-negative, and DH5a is a lab-adapted, non-pathogenic strain that

148  diverged from wild-type isolates through long-term culture since its isolation in 1922%,

149

150  First, we generated dose-response curves by stimulating P2L MLFs with varying doses of HK
151  Spnor E. coli and measuring the resulting phase shifts. To prevent media-related artifacts,

152  treatments were limited to 5% of the culture volume. Similar to previously-described resetting
153  cues™, the magnitude of the phase shift that occurred in response to either bacterial species was
154  dose-dependent (Fig. 3A-B). The largest shift occurred with 4-5x10° colony forming units (CFU)
155 / mL, quantified before heat-inactivation. We next stimulated cells at various circadian phasesto
156  generate phase response curves (PRC) and phase transition curves (PTC). The PRC confirmed
157  that the shift magnitude depends on stimulation timing (Fig. 3C; double-plotted). Remarkably,
158 the PTCsfor both Son and E. coli exhibited near-zero average slopes (Extended data Fig. 2A-B),
159 indicating that bacterial exposure sets cells to approximately equal circadian times regardless of
160 theinitial phase —afeature of strong resetting cues.

161

162  We next asked whether this response extends across mammalian cell types. In NIH/3T3 murine
163  embryonic fibroblasts expressing a Per2: Luciferase transcriptional reporter®; exposure to Spn
164  resulted in a 1-hr phase advance when stimulation occurred at CT8 and a ~5-hr phase delay when
165  stimulation occurred at CT20). (Fig. 3D). As with the MLFs, the magnitude of the resultant

166  phase shift was dependent on the phase at the time of stimulation. Human osteosarcoma cells
167  (U2-09) carrying a Per2:|uciferase® reporter (Fig. 3E) and mouse fibroblasts expressing a

168  Cryl:luciferase reporter® (Fig. 3F) also exhibit phase shifts, indicating that microbial cues can
169  reset circadian timing across mammalian cell lineages and with different genetic reporters for the
170  molecular clock. Finally, we exposed lung and testis tissue from P2L mice to HK bacteria ex vivo
171  todetermineif organotypic tissue slices also respond to microbial stimulation. Lung slices

172  treated with Spn exhibited arobust ~8-hr phase delay compared to PBS controls (Fig. 3G). While
173 rhythmicity in PBS-treated testes damped too quickly to assess phase, E. coli-treated samples
174  displayed restored oscillations, indicating a clear resetting cue upon microbial exposure (Fig 3H).
175

176

177  Circadian clocks across awide range of organisms are often responsive by similar environmental
178  signals®. To test whether microbe-induced circadian responses may be relevant outside of

179  mammalian models, we examined the plant model Arabidopsis thaliana and the unicellular

180 marine alga Ostreococcus tauri. Both species have transcriptional trangational feedback loops
181 (TTFL) involving proteins distinct from the mammalian clock. Using a transcriptional reporter of
182  the promoter of CIRCADIAN CLOCK ASSOCIATED 1 (pCCAL:LUCIFERASE) in A. thaliana,
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183  we monitored responses following stimulation with HK E. coli. Stimulation at various circadian
184  phases revealed a maximal phase shift of ~1.5-hrs (Fig. 31-J). Using atrandational fusion of

185 CCA1 (CCAL1::LUCIFERASE) in O. tauri, exposure to HK E. coli induced a maximal phase
186  shift of ~2-hrs (Fig. 3K-L). These findings suggest microbial exposure may serve as a relevant
187  timekeeping cue in organisms beyond mammalian lineages.

188

189 Circadian resetting isdriven by a soluble factor distinct from canonical immune ligands
190  Our finding that diverse microbes elicit circadian phase shifts suggests a shared host signaling
191 pathway may be involved. Pattern recognition receptors (PRR) such as Toll-Like Receptors and
192  NOD-Like Receptors™ sense distinct microbial signals to activate common downstream

193  inflammatory cascades®. We tested whether PRR agonists could replicate the observed phase
194  shift; however, none of the tested ligands altered PER2 phase (Fig. 4A-C, Extended data Fig.
195  3A-E). Our P2L MLFsrobustly produced IL-6 in response to these stimuli, confirming intact
196  sensing capacity (Extended data Fig. 3F). We also tested purified Son cell wall, a highly

197  immunostimulatory complex containing peptidoglycan and wall-linked teichoic acids®, but this
198  alsofailed to recapitul ate the Son-induced phase shift (Fig. 4D). Thus, neither activation of

199 individual innate receptors nor inflammation is likely sufficient to drive cellular resetting.

200  Finally, because the Spn cell wall remainsintact following purification™*, its lack of effect

201  suggests that mechanosensory input is also insufficient to drive phase resetting.

202

203  Totest whether mechanical stimulation is necessary for activity, we centrifuged HK Spn or E.
204  coli bacteriaand collected the soluble fraction. The soluble fraction induced similar PER2 phase
205 shiftsasHK bacteria, indicating that activity is associated with a component that is released upon
206 lysisinboth Spn and E. coli (Fig. 4E-F). We further passed these soluble fractions through a3
207  kDamolecular weight cutoff (MWCO) filter and found that the filtrates retained full activity

208 (Fig. 4E, F). Boiling releases cytoplasmic and some surface-associated molecules, though the
209 effect varies as Gram-negative outer membrane components are more easily liberated than wall-
210 anchored structures in Gram-positives. However, that activity is retained following boiling and
211  filtration through a3 kDa MWCO filter demonstrates that changes in PER2 phase can be driven
212 by detection of heat-stable small molecule(s) produced by bacteria.

213

214 p38 MAPK isamediator of the bacteria-induced phase shift response

215  We next examined how bacterial exposure acts to induce PER2 by utilizing Bmal1l” PER2::LUC
216  cells, which lack transcriptional circadian cycles. Similar to previous experiments, bacterial

217  exposure drove arapid increase in PER2 that reached a maximum at several hours post-

218  stimulation, suggesting that an intact circadian TTFL is not required for this response (Fig. 5A).
219 Todetermineif nascent transcription is necessary for PER2 protein induction, we treated cells
220  with @-amanitin, an inhibitor of RNA polymerase Il and 111, 30 minutes prior to Spn stimulation.
221  PER2levels till increased, indicating de novo RNA synthesisis not required for PER2 protein
222 induction (Fig. 5B). Leptomycin B, which blocks nuclear mRNA export, showed similar results
223  (Fig. 5C), suggesting reliance on transcripts already in the cytoplasm. In contrast, cycloheximide
224  abolished acute PER2 induction, confirming trandlation is necessary for the observed induction
225 (Fig. 5D). All three inhibitors caused PER2 rhythmsto flatline within 12-hrs, consistent with the
226  need for ongoing transcription and translation to sustain production of the short-lived PER2

227  protein®™ (Fig. 5B-D). We do not exclude the possibility that transcriptional regulation of Per2 is
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228 involved; however, our data suggests that there exists at least one contributing pathway which
229  actsupon PER2 trandation in atranscription-independent manner.

230

231  Wenext investigated whether known mechanisms of PER2 trandational regulation may

232  contribute to the response following microbial exposure. Previous studies demonstrate that miR-
233 24, miR-29, and miR-30a bind the 3'-UTR of Per1 and Per2 mRNA to suppress translation™.
234  Downregulation of these miRNAS contribute to the resetting response to insulin, during which
235  PER2 experiences asimilar acute increase in abundance™. Following Spn stimulation, we found
236 amodest decrease in the amount of miR-30a but not miR-24 or miR-29a (Extended data Fig. 4).
237  Assuppression of multiple miRNAs s typically required to enhance PER translation®**, this
238 limited change is unlikely to mediate the bacterial PER2 response.

239

240  Given the diversity of upstream signaling pathways capable of influencing the clock®*®, we next
241  screened pharmacological inhibitors targeting diverse nodes of signal transduction. Because

242  some compounds produced independent effects on phase or period, we established a

243  prioritization metric to rank their impact on bacteria-induced resetting. For each inhibitor, we
244  calculated the absolute value of the phase difference between Son-treated MLFsin the presence
245  or absence of the inhibitor. This approach captures both addition and reduction in phase as

246  equivalent modulatory effects, and values are presented as a percent of the theoretical 12-hour
247  maximum (Fig. 5E).

248

249 Interestingly, the mTOR inhibitor Torin-1 did not affect the phase shift response to Son (Fig. 5E,
250 Extended data Fig. 5A). mTOR isacentral regulator of translation and has previously been

251  shown to mediate circadian responses to temperature®, insulin®, and hypoxia™. As previously
252  reported™, Torin-1 lengthens period (Extended data Fig. 5A i). To disentangle period effects
253  from phase changes, we additionally visualized the PER2 traces in modulo-tau format, starting
254  from when oscillations stabilize post-stimulation. Here, the data is normalized by the period of
255  each group, such that the x-axis unit (1) reflects 1 circadian cycle for al groups. This

256  demonstrated that Torin-1 has no effect on the phase resulting from Son-stimulation (Extended
257 dataFig. 5Aii).

258

259  Of al theinhibitors tested, only SB203580, a p38 MAPK inhibitor, significantly altered the

260 responseto Spn (Fig. 5F, Extended data Fig. 5B). Like Torin-1, SB203580 |engthened the period
261  inboth PBS- and Spn-treated cells. However, in contrast to Torin-1, the phase shift induced by
262  Spn was markedly altered in the presence of SB203580 (Fig. 5F, Extended data Fig. 5A-B).

263  Additional studies demonstrated that BIRB796, a structurally distinct molecule that inhibits p38
264  MAPK, but not an inhibitor of ERK, also leads to an altered Son-induced phase shift (Extended
265 dataFig. 5C-D). Given that phaseiscyclical, it isnot intuitive whether the final phase results
266  from inhibition or augmentation of the Spon response as compared to PBS controls. However,
267  when the phase difference between (Spn + p38 inhibitor) and (Son + mock control) is calculated,
268  all p38inhibitor experiments show an additional phase delay, demonstrating a consistent effect
269  of p38inhibition (Extended data Fig. SE). In contrast, inhibition of MTOR or ERK has no

270  dignificant effect.

271

272  Our inhibitor experiments suggest that Son may be engaging the host p38 MAPK pathway to
273  mediate the phase shift effect. We thus tested the effect of p38 MAPK activation on PER2 phase.
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274 Anisomycin, ap38 MAPK activator, induced a phase delay similar to addition of HK Spn,

275  suggesting that p38 MAPK activation alone can replicate the phase shift effect (Extended data
276  Fig. 5F). Although evidence for p38 MAPK in mammalian circadian control islimited in the
277 literature, related MAPK signaling pathways have been implicated in clock resetting.

278  Specificaly, ERK participates in light-induced phase shifts through the ERK—-MNK—el FAE axis,
279  atrandational control mechanism that culminates in phosphorylation of the cap-binding protein
280  eukaryotic Initiation Factor 4E (el F4E)™. Phosphorylation of elFAE (p-el FAE) is further linked
281  to circadian oscillationsin locomotor activities™® and cognitive functions™, implicating it as a
282  potential mediator of diverse clock outputs. While our inhibitor screen suggested ERK is not
283 involved in the response to bacteria (Extended data Fig. 5D), p38 can also activate MNK to

284  phosphorylate el FAE>*. Thus, we investigated if the phase shift to bacterial exposure may be
285  mediated by a p38-MNK—elF4E axis.

286

287  We asked whether Spn engages this axis by examining phosphorylation status following

288 microbial stimulation. Phosphorylation of p38 isinduced by Spn within 5 minutes and remains
289  elevated 60 minutes later (p-p38, Fig. 5G-H, Extended data Fig. 6A). In contrast, ERK

290  phosphorylation transiently increases in both Son- and PBS-treated cells before returning to

291  basdline, consistent with a generalized handling response rather than a microbe-specific signal.
292  Wenext tested whether p-p38 might act through a canonical trandlational pathway involving
293 MNK and elF4E, as was described for light®*. However, we did not detect changesin p-elFAE
294  following Spn exposure, suggesting that microbial stimulation activates a distinct translational
295 mechanism that bypasses this axis. These findings, combined with our pharmacological studies,
296  point to p38 MAPK as a modulator of the bacterial resetting response, operating outside

297  established tranglational axes linked to circadian control. More broadly, these findings suggest
298 that bacterial exposure can engage a noncanonical signaling mechanism to rapidly influence
299 circadian timing, distinct from previously characterized clock-resetting pathways.

300

301 Repeated bacterial exposure continuously modifies cir cadian timing

302  Although microbes are ubiquitousin the environment, their levels and community composition is
303  highly dynamic. Microbial loads in the atmosphere follow a daily rhythm, with a 10-100 fold
304  greater abundance reported at night as compared to the day, due to reduced atmospheric

305  mixing™. The gut microbiome shows a comparable rhythmicity, with up to 15% of taxa

306  oscillating daily in concert with host feeding rhythms™*. This raised the question of whether

307  continuous presence of microbes, combined with modest changes in microbial abundance are
308 sufficient to alter the behavior of acircadian oscillator. To address this, we constructed a simple
309 mode of ahypothetical oscillator (Extended data Fig. 7A). In this framework, an activator

310 protein A represents the positive arm of the TTFL, while arepressive protein B represents the
311 negativearm.

312

313  Asshown in this study, bacterial exposure is capable of inducing PER2 (part of the negative arm
314  of the mammalian clock) in a Bmal 1-independent manner (part of the positive arm). We

315 therefore chose to model bacterial exposure such that an increase in bacterial signal directly

316  inducesrepressor B independently of enhancer A. In silico modeling of a single bacterial

317  exposure was able to produce a 4-hr phase shift (Extended data Fig. 7B), which issimilar to the
318  phase shift observed when bacteria are applied at a similar circadian phase (Fig. 3C, Extended
319 dataFig. 2C-D). We next adjusted bacterial concentrations so that the signal was always present
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320 but oscillated with a 24-hr rhythm to simulate bacterial fluctuations in the environment. All

321 simulations modeled aten-fold increase over a minimum, baseline amount (1, 5, or 10 bacteria)
322  which leadsto differing amplitudes of bacterial oscillation (amplitude of 10, 50 or 100). We
323 foundthat in all smulations, the in silico oscillator adjusted its phase over time to synchronize
324  with the bacterial fluctuations (Extended data Fig. 7C), though changes in phase occurred at a
325  greater rate when higher amounts of bacteria were simulated (Extended data Fig. 7D).

326

327  Previous studies examining the properties of in vitro circadian recording have shown that

328 individual celsexhibit stable circadian oscillations, yet across a community of cells, stochastic
329 fluctuations cause individual cellsto deviate over time from the overall average, leading to an
330  observed loss of amplitude over time® ., Therefore, to model this community dynamic, we
331 simulated random fluctuationsin the circadian oscillator model, then averaged the measurements
332  of 3000 independently simulated oscillators. When this community model was simulated with
333  bacterial exposure at repeated 24-hr intervals, the model predicted that the community remains
334  synchronized and resists amplitude loss (Extended data Fig. 7E).

335

336  Wetested thismodel experimentally by evaluating whether repeated exposure to HK Spn every
337  24-hrsissufficient to maintain synchrony in P2L MLF. As shown in Figure 6, repeated

338  stimulations with HK Son allowed P2L MLFs to maintain their amplitude for the duration of
339  dtimulation, after which damping occurred in a manner consi stent with desynchronization. PBS
340 (bacteria-free; handling control) had no effect at any timepoint, and amplitude in these cells
341  damped with kinetics similar to untreated cells (grey vs light blue traces in Fig. 6B-D). In

342  contrast, additional stimulation with HK Spn resulted in maintenance of amplitude (dark blue
343  traces compared to grey or light bluein Fig 6A-D). As we did not remove HK Spn during the
344  experiment, the observation that MLFs were able to respond to subsequent stimulations suggests
345  that MLFs sense changes in bacterial abundance rather than merely the presence or absence of
346  bacteria. Thisis congstent with the prediction that daily fluctuationsin bacterial abundance are
347  sufficient to influence mammalian circadian clocks. As microbial exposureis ubiquitous on

348 Earth and as bacteria are known to oscillate in response to well-established entraining cues such
349  aslight, temperature, and feeding rhythms, we propose that diverse organisms may use bacterial
350 detection as a mechanism to reinforce circadian synchrony with external time.

351

352 Discussion

353  Our findings reveal that microbial exposure can serve as a cue capable of resetting the

354 mammalian clock. Microbial exposure thus emerges as anovel circadian clock input, joining
355  well-characterized cues such as light'®, temperature®’, and feeding™ in shaping biological timing.
356  Theobservation that smilar effects occur in plants and algae suggests that sensitivity to

357 microbia cues may be a general feature of biological timekeeping across kingdoms.

358

359  Across ecosystems, microbial communities fluctuate predictably in response to environmental
360 changes, offering arich and ancient source of temporal information”2. Microbial cues may
361 therefore act as circadian amplifiers — reinforcing or substituting for classical zeitgebers,

362  especialy in environments where cues like light or temperature are weak or inaccessible (e.g.,
363  soil, internal tissues). Notably, germ-free mice exhibit disrupted circadian oscillations despite
364  standard light—dark housing™. While the extensive metabolic and immune defects present in
365 germ-free mice likely contribute to perturbationsin overall circadian rhythmicity in vivo, the data
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366 presented here demonstrate microbial signalsin vivo may also play adirect rolein clock

367  maintenance.

368

369 Inprinciple, circadian responsiveness to microbes could also confer local advantages. During
370 infection, bacteria can reach high densities within host tissues, resulting in rapid exposure to

371  microbial signals. The ability of host cells to adjust cellular phase upon detection of microbial
372  signalscould reflect an adaptive alignment that optimizes immune or stress responses without
373  disturbing systemic rhythms. Given that pathogens engage host tissues through diverse

374  mechanisms, resolving this question will require distinct analyses appropriate for each infection
375 model. Notably, during Spn infection, high bacterial density triggers regulated bacterial lysis
376  through at least two genetically separable pathways, LytA-mediated autolysis™® and Blp-

377  dependent bacteriocin activity®-®?, which together cause the release of intracellular bacterial

378 componentsinto thelocal environment. An important open question is therefore whether

379  microbial-derived phase shifts occur during natural infections, and if so, how this alters disease
380 outcome.

381

382  Whilethese hypotheses are tempting to speculate over, such ideas must also be %ualifi ed by the
383  current lack of understanding in the field of circadian host-microbe interactions™. For instance,
384  athough we have not observed differences in the bacteria-induced phase shift response across
385  our tested mammalian models, it is possible that specific organs or cell types may respond to
386 microbial exposure differently than we have observed in vitro. Additionally, recent research has
387 revealed that some species of non-photosynthetic bacteria— such as Bacillus subtilis®*, Klebsiella
388  aerogenes™® and Acinetobacter baumanii® — contain circadian clocks. While circadian clocks
389  have not been reported in our representative bacterial species (Son and E. coli), it is possible that
390 onemay berevealed in future studies. If an intrinsic circadian oscillator is discovered in these
391  organisms, an exciting future direction would be to determine if it influences the microbe-

392  induced phase shift. Understanding the biological function and evolutionary benefit of the

393  observed phase shift effect will therefore require collective effort to explore this emerging

394  interface between microbial biology and circadian timing.

395

396  Our studies point to a soluble bacterial factor as the effector of circadian resetting. While this
397  activity isnot mimicked by canonical PRR ligands, our data do not exclude the possibility of a
398 combinatorial signal. Given the vast repertoire of microbial products and potential for synergistic
399 interactions, identifying the precise signal(s) will be an important avenue for future investigation.
400 Functionally, microbial stimulation triggers acute PER2 induction, but whether this drives the
401  observed phase shifts or reflects a parallel consequence of upstream signaling remains unclear.
402  Notably, while acute changes in transcriptional Per2 reporters can be observed, we show that
403  protein PER2 induction does not require Bmal 1, transcription, or canonical translational control
404  through mTOR or elF4E. Given the complexity of MAPK signaling and the wide array of

405  downstream targets®, it remains unresolved whether p38 potentiates, constrains, or gates the
406  phase-resetting response™. These data define mechanistic constraints on the response but do not
407  resolve the upstream sensing mechanism or the direct p38 targets responsible for PER2

408 induction. Unbiased approaches such as proteomic or phosphoproteomic profiling will be a

409 valuable future direction to define the broader signaling landscape linking bacterial exposure to
410 regulation of the molecular clock. Microbial exposureiswell known to influence a wide range of
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411  host cellular processes beyond circadian regulation; however, how these pathways intersect with
412  the clock-resetting response described here remainsto be defined.

413

414  Together, these findings position microbial signals as anovel class of circadian input and

415  uncover apreviously unrecognized axis of host—microbe communication. That this signaling
416  appearsindependent of classical sensing or clock-resetting pathways suggests the existence of a
417  broader and more diverse landscape of circadian entrainment than previously appreciated. This
418 interaction between bacterial signals and host rhythmicity opens exciting questions about its
419 originsand functional relevance. We hope these findings lay the foundation for future studies
420 into how microbial cues shape circadian timing across commensal, environmental, and disease
421  contexts.

422
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636  Supplementary Materials

637 Materialsand Methods

638 Bacterial strainsand preparations

639 Detailed information on bacterial strains, phenotypes, media type and culture conditions can be
640 foundin Table S1. Briefly, most bacterial strains were inoculated into overnight liquid culture,
641  then subcultured and grown to mid log (ODego 0.4-0.5) with the exception of Streptococcus

642  pneumoniae, which was always maintained in log phase (to prevent autolysis that occursin

643  stationary phase), and E. coli DH5a which exclusively used stationary phase cultures.

644  Streptococcal species (S pneumoniae and S. agalactiae) were grown in liguid media without
645  agitation. All other bacteria were grown under shaking conditions when in liquid culture.

646  Bacteria colony forming units (CFU) were enumerated by 10-fold serial dilution and counted
647  following overnight growth on solid agar media. For experiments involving inactivated bacteria,
648 CFU was calculated prior to inactivation and is subsequently referred to as “CFU equivalents’.
649

650 Heat Killed (HK) bacteria were grown as described and a sample was collected for CFU

651  enumeration. Cultures were then pelleted by centrifugation and resuspended in minimal PBS (for
652 mammalian cdlls), half-strength Murashige and Skoog media (for A. thaliana), or salt water (for
653  O. tauri), typically resulting in at least 100-fold concentration (resuspend 50mL bacterial culture
654  in<500uL). Bacteriawere heat killed by boiling in a heat block at 100C for 30-60 min or until
655 plating revealed no viable bacteria. As B. subtilis produces heat-resistant endospores, these

656  samples were additionally autoclaved after boiling. For fractionation experiments, HK Spn or E.
657  coli were centrifuged at max speed (21,000 x g) to separate insoluble pellet from the soluble
658 fraction. The soluble fraction was then passed through a 3kDa MWCO filter (Millipore Sigma
659  UFC5003) according to manufacturer’ s directions. All samples were stored at -20°C until use.
660

661 Formalin Fixed (FF) bacteria underwent identical enumeration and concentration steps as HK
662  bacteria. After resuspension in PBS, bacterial pellets were diluted in 10% Neutral Buffered

663  Formalin and incubated at room temperature for 15 minutes. Formalin was then quenched and
664  removed by thorough washing with 3M Tris-HCI pH 8 (a minimum of three 15-minute washes
665  was necessary to prevent formalin-mediated toxicity in downstream steps), and bacterial pellets
666  wereresuspended in minimal PBS. Neutralization of formalin was confirmed by adding

667 formalin-inactivated bacteriato confluent P2L cells at afinal concentration of 5% (v/v) and

668  checking for the lack of morphological signs of cell stress over a period of 48 hours.

669

670 Eukaryotic cell culture

671  Mouse lung fibroblasts (MLF) were isolated as described previously** from

672 PERIOD2::LUCIFERASE? (P2L) mice. The NIH/3T3 murine embryonic fibroblast, U2-OS
673  human osteosarcoma, and Cryl:luciferase mouse fibroblast cell lines were produced

674  previously**®. All cells were grown in DMEM (Gibco 10569044) supplemented with

675 GlutaMAX (Gibco 35050061) and 10% (v/v) FBS (Hyclone FetalClone 111, ThermoFisher) and
676  maintained with regular media changes.

677

678 MLFswere seeded and allowed to reach full confluency before use in any assay. Asthese cells
679  exhibit strong contact-inhibition, variationsin initial seeding density and time to confluency did
680  not have any noticeable effects on downstream experiments. NIH/3T3 cells were seeded at 10%
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681  confluency used within 2 weeks of seeding. U2-OS cells were seeded at 50% confluency and
682  used within 3 days of seeding.

683

684  Bioluminescence recordings of mammalian samples

685  Bioluminescence recordings of mammalian cells and organotypic slices occurred in either a

686 LumiCycle 32 (Actimetrics), Tecan Spark (Tecan), or ALLIGATOR (Cairn Research). All cell
687  lineswere synchronized by temperature cycles of 12 hours at 37°C followed by 12 hours at 32°C
688  from seeding. Immediately before recording, cells were refreshed into the appropriate recording
689 media. To maintain the entrainment with the prior temperature cycling regimen, media changes
690 occurred between 6 to 10 hours after a 32°C-37°C temperature shift.

691

692 Recording media (CO,): DMEM (Gibco 31053036) supplemented with GlutaM AX (Gibco),
693  sodium pyruvate (Gibco), 10% FBS, and 1 mM D-luciferin (potassium salt, CAS# 115144-35-9,
694  Biosynth International FL08608)

695

696 Recording media (no-CO,): DMEM powder without sodium bicarbonate (Sigma D2902-1L)
697  supplemented with 4 mg/mL additional glucose, 0.35 mg/mL sodium bicarbonate, 0.02 M

698 MOPS, 100 ug/mL penicillin/streptomycin (Millipore Sigma P4333-100ML), 2% (v/v) B27 or
699 NS21, and 1 mM D-luciferin (potassium salt, CAS# 115144-35-9, Biosynth International

700  FL08608), pH 7.4, 325-340 mOsm

701

702  During stimulation, mammalian cells and tissues were removed from the recording device on a
703  veterinary heating pad (Deltaphase Isothermal Pad, Braintree Scientific) and kept at a constant
704  37°Cfor the duration of the trestment before returning to the recording device. Handling times
705  werekept as short as reasonably possible, with handling times of larger experiments spanning up
706  to 5 minutes. The volume of the stimulants added was at or less than 5% of the volume of the
707  cell culture mediato minimize temperature disruptions. In experiments where a wash was

708 performed, cells were placed in recording media without serum. During the wash, media was
709  removed from the cell culture, the cells were washed with warm PBS, and fresh recording media
710  was added to the cell culture.

711

712  LumiCycle: Cells were seeded in tissue culture-treated 35 mm dishes and maintained as

713  described above. Immediately before recording, the media was refreshed into recording media
714  (no CO,). Dishes were sealed with glass cover slips and vacuum grease (Dow Corning 1597418)
715  and placed into the LumiCycle at constant 37°C.

716

717  Tecan Spark: Cells were seeded in tissue culture-treated 24- or 48-well plates. Immediately
718  before recording, the mediawas refreshed into recording media (CO,), and wells at the plate
719 edge werefilled with PBS to serve as a humidity buffer. Plates were placed in the Tecan Spark at
720  constant 37°C, 5% CO,, and bioluminescent activity was recorded with a 40 second per well

721  exposure time and recording photon counts (not normalized to time).

722

723 ALLIGATOR: Celswere seeded in tissue culture-treated 24-, 48-, or 96-well plates or 35 mm
724  dishes. Immediately before recording, cells were placed in appropriate recording media

725  depending on whether or not CO, was provided during the experiment. Bioluminescent activity
726  wasthen recorded using the e ectron multiplying charge-coupled device (EM-CCD) on the
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727  ALLIGATOR. ALLIGATOR recordings were processed with the Cosmic Noise Reducer FIJI
728  plugin® and quantified with FIJI ™.

729

730  Organotypic dices

731  All animal experiments were licensed under 1986 Home Office Animal Procedures Act (UK)
732 and carried out in accordance with local animal welfare committee guidelines. Adult

733 PER2:LUC? mice were euthanized by cervical dislocation and confirmed by exsanguination.
734  Slices were sectioned to 300 um thickness in ice-cold phosphate-buffered saline (PBS) using a
735  Mcllwain Tissue Chopper (Stoelting) and placed in 1.2 mL DMEM (Gibco, D5921),

736  supplemented with 1% (v/v) GlutaMAX (Gibco), 2% (v/v) NS21, penicillin/streptomycin, and 1
737  mM D-luciferin. Tissue slices wererecorded in an ALLIGATOR (Cairn Research) at constant
738  37°Cimmediately upon sectioning.

739

740  Arabidopsisthaliana propagation and recor ding

741  For experiments with the model plant Arabidopss, seedlings of Arabidopsisthaliana (Col-0

742  background, harboring the transcriptional reporter of CIRCADIAN CLOCK ASSOCIATED 1
743  (pCCA1:LUCIFERASE)) were cultivated in dense clusters, as described previoudly, using sterile
744 tissue culture”. Surface-sterilized seeds were stratified for 3 days at 4°C in darkness, then

745  cultivated under cycles of 12-hr light and 12-hr dark, 19°C, for 10 days, under 80 pmol m? s* of
746  whitelight.

747

748 Onday 10, 5 mM D-luciferin (potassium salt; Biosynth) was applied to seedlings, which were
749  transferred on day 11 to a Photek EM-CCD bioluminescence imaging system under 34 pmol m™
750 s red and blue light supplied with custom LED panels. Heat-inactivated E. coli stocks were
751  diluted in half-strength Murashige & Skoog media (plant growth media; Duchefa) and applied at
752  4-hrintervals, over 24-hrs, to separate batches of seedlings, with additional seedlings receiving a
753  mock treatment as a phase reference. Subsequently, pCCAL: LUCIFERASE bioluminescence was
754  recorded for 7 days under constant light conditions™.

755

756  Ostreococcustauri culture and recording

757  For experiments with Ostreococcus tauri, atransgenic line expressing the CCA1 gene, fused to
758 firefly luciferase, from its native promoter was used” (CCA1::LUCIFERASE). Cells were

759  cultured in artificial seawater as reported previously’ and subjected to cycles of 12-hr light and
760  12-hr dark under 15-20 umol m? s* of blue light (Lee Filters 183 “Moonlight Blue"). 6 day old
761  cultures were transferred to 384 well plates (Greiner Bio-One Lumitrac). After 3 daysin

762  entrainment, 1 mM D-luciferin (potassium salt; Biosynth) was added, and imaging was started
763  under constant light conditions at dawn on the 4th day using a Tristar2 plate reader (Berthold) as
764  previously reported”. Heat-inactivated E. coli stocks and controls were applied at 4-hr intervals
765  to replicate wells, and bioluminescence was recorded every hour.

766

767  Analysisof bioluminescence traces

768  In experiments where the baseline of bioluminescent traces was linear, traces from mammalian
769 cells were fitted with damped cosine waves in Prism 10 (GraphPad) using the following
770  equation:

771
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ke (x — phase)

y =mx + ¢ + Amplitude - e ™™ - cos(2m -

)

period
772

773  where y is the luminescence, x the time, amplitude is the height of the peak of the waveform
774  abovethetrend line, k isthe exponential decay rate, phase isthe horizontal shift of the wave, and
775 theperiod isthetime taken for a complete cycle to occur.

776

777  In experiments where the baseline was non-linear, fitting with this equation was inaccurate, thus
778  the bioluminescent traces were detrended until alinear baseline was achieved. A 24-hour moving
779  average of each sample was calculated to estimate the baseline of the sample, and the baseline
780  was further refined by fitting the 24-hour moving average to an exponential decay, linear,
781  quadratic, or cubic equation in Prism 10. This baseline was then subtracted from the measured
782  luminescence.

783

784 We observed that the bioluminescence traces of P2L MLFs stabilized over the course of
785  approximately 16 hours post-stimulation and those of NIH/3T3 and U2-OS stabilized over the
786  course of approximately 24 hours. Therefore, the phase following bacterial stimulation was
787  calculated when the traces stabilized, which typically occurred between 12 to 24 hours post-
788 stimulation for P2L MLFs and 24 hours post-stimulation for NIH/3T3 and U2-OS cdlls.
789  Statistical analyses of quantified bioluminescent traces were performed using Prism 10.

790

791  With A. thaliana, we observed that after treatment with heat-inactivated E. coli, atransent

792  changein period occurred over aduration of about 24 h, until anew stable state was reached.

793  Therefore, to construct PRCs, the phase following HK E. coli treatment was estimated between
794 72 hours and 144 hours of free run using FFT-NLLS analysisin BioDare2"® (biodare2.ed.ac.uk).
795  With O. tauri, phase was calculated from treatment time to 96 hours of free run.

796

797  Thefitted phase was used to calculate the phase at the beginning of the measurement window,
798  which was used for phase and phase difference in all experiments. Phase is reported in circadian
799  time (CT), where an oscillation trough is defined as CTO, 24 circadian hours is defined as the
800 period of the oscillation, and CT3 corresponds to 3 circadian hours after CTO. Phase differenceis
801 reported asthe difference in phase between the test stimulation (e.g. bacteria) and control (e.g.
802 PBS) groupsin circadian hours, such that a negative phase difference represents a phase delay
803 relativeto the control and a positive phase difference represents a phase advance relative to the
804  control.

805

806  Pharmacological treatment

807  For experiments using inhibitors, the recording media were modified to replace FBS with 2%
808 NS21 or B27 and recorded as otherwise described above. Inhibitors were prepared in DM SO

809  such that thefinal concentration of DM SO in the cell culture mediawas at or less than 0.1%

810  (v/v), and theinhibitors were added to the cell culture 30 minutes before stimulation. Final

811  concentrations of the inhibitors are as follows: PKC (Sotrastaurin, 500 nM), AKT (MK 2206, 10
812 uM), mTOR (Torin-1, 1 uM), MEK (U0126, 10 uM), INK (SP 600125, 3 uM), ERK

813  (SCH772984, 100 nM), p38 MAPK (SB203580, 10 uM), MNK1 (CGP 57380, 10 uM), elF20
814  (ISRIB, 200 nM), B-/c-Raf (Sorafenib, 3 uM), GSK-3 (CHIR99021, 3 uM). For experiments

815  with BIRB796 (second p38 inhibitor), BIRB796 was added to afinal concentration of 10 uM. As
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816  with the stimulation procedure, cells were kept on a veterinary heating pad during the inhibitor
817  treatment. For experiments with anisomycin (p38 activator), anisomycin was added to afinal

818  concentration of 0.1 uM at the time of stimulation.

819

820 Pattern Recognition Receptor Agonists

821 Bacterial cell wall was donated by Elaine Tuomanen and Jason Rosch and was extracted from
822  Spn viaan established protocol***. The remaining ligands were purchased from commercial

823 vendors. TLR1/2, TLR3, TLR4, TLR5, TLR2/6, TLR7, and TLR9 agonists (Mouse TLR1-9

824  Agonist kit, Invivogen tlrl-kitlmw), NOD1 agonist (Invivogen tirl-tdap), NOD2 agonist

825  (Invivogen tirl-mdp), and NOD2/TLR2 agonist (Invivogen tlrl-c429) were purchased from

826  Invivogen. TLR2 agonist was obtained from Millipore Sigma (L3265-5MG).

827

828 (RT-PCR for mRNA

829 P2L MLFswere grown to confluencein 35 mm dishes and synchronized via temperature cycling
830 as described above. A paired set of dishes were handled similarly and recorded for
831  hioluminescent traces as described above. Before recording, the media for all dishes was
832 changed into recording media (no CO,) without FBS or NS21. After treatment, cells were
833 harvested and RNA was extracted using the RNeasy Mini Kit (Qiagen) according to
834  manufacturer’s instructions. cDNA was generated from these samples using the iScript cDNA
835 synthesis kit (Bio-Rad) using a total RNA concentration of 100 ng per sample. Samples were
836  then kept on ice while they were made up to a volume of 100 puL with nuclease-free water. Small
837 quantities of all samples were pooled and subsequently serially diluted to make standards.
838  Samples were diluted tenfold to ensure their values fell within the standard curve. gPCR was
839 carried out using a QuantStudio 3 machine (Applied Biosystems) and PerfeCTa SYBR Green
840 FastMix (Quantabio) as per manufacturer’s protocols. Primer sequences used are as follows:
841 Per2 forward 5 -CCTACAGCATGGAGCAGGTTGA-3, Per2 reverse 5-
842 TTCCCAGAAACCAGGGACACA-3, Rn18s forward 5 -CGCCGCTAGAGGTGAAATTC-3,
843 Rn18sreverse 5-TTGGCAAATGCTTTCGCTC-3'. All pairs of primers were annealed at 58°C.
844  Datawas then analyzed using the QuantStudio 3 software (Applied Biosystems). All values were
845 normalized against RN18S.

846

847 (RT-PCR for miRNA

848 P2L MLFs were harvested and miRNA isolated using an miRNeasy Micro Kit (Qiagen) as per
849 the manufacturer’s protocol. On-column DNase digestion was not performed. cDNA was
850 generated using the miScript 1l RT Kit (Qiagen). Briefly, a total reaction volume of 20 uL
851 consisted of 4 pL HiSpec Buffer, 2 puL miScript Nucleics Mix, 2 uL miScript Reverse
852  Transcriptase Mix, and 500 ng RNA, made up to volume with nuclease-free water. Samples were
853 thenincubated at 37°C for 60 mins, followed by 5 min at 95°C. Samples were kept on ice while
854  they were made up to avolume of 100 uL with nuclease-free water. Pooled standards and further
855 dilution of samples was performed as for g°PCR for mRNA. gPCR was performed using the
856 mMIRCURY LNA SYBR Green PCR Kit (Qiagen). Briefly, wells consisted of 5 uL miRCURY
857 SYBR Green PCR Master Mix, 1 uL PCR primer mix, and 1 ng cDNA, made up to 10 uL with
858 nuclease-free water. The plate was then sealed, vortexed and centrifuged briefly before being
859 placed in the QuantStudio 3 Real-Time PCR machine (Applied Biosystems). Wells were then
860  subjected to 15 min at 95°C, followed by 40 cycles of 15 seconds at 94°C, 30 seconds at 55°C,


https://doi.org/10.64898/2026.04.11.717924
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.11.717924; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

861 then 30 seconds at 70°C. Results were analyzed using the QuantStudio 3 software. All values
862  werethen normalized against the small RNA RNU6*,

863

864  Western blots

865 P2L MLFswere grown to confluence in 35 mm dishes and synchronized via temperature

866  cycling. A paired plate of cells was handled ssmilarly and recorded for bioluminescent traces as
867  described above. Before recording, the mediafor al plates was changed into recording media
868 (CO,). After treatment, cells were harvested and total protein was extracted by cell lysis by

869  application of 2X Laemmli buffer supplemented with HALT Protease Inhibitor Cocktail (Fisher)
870 and HALT Phosphatase Inhibitor Cocktail (Fisher). Proteins were denatured by boiling for 5

871  minutes. SDS-PAGE was performed to separate the proteinsin the samples and the proteins were
872  transferred to apolyvinylidene chloride (PVDC) membrane using a Bio-Rad Transfer-Blot

873  Turbo (Bio-Rad). Membranes were blocked in Tris-HCIl-buffered saline with 0.1% Tween-20
874  and 5% bovine serum albumin or skim milk for at least 30 minutes. Membranes were then

875  incubated with p-p38 (Cell Signaling 9211S), p38 MAPK (Cell Signaling 9212S), p-ERK (Cell
876  Signaling 9106S), ERK (Cdll Signaling 9102S), p-elF4E (Cell Signaling 9741S), el F4E (Cdll

877  Signaling 9742S), or actin (Cell Signaling 3700S) primary antibodies at 1:1000 dilution for 1

878  hour before incubating with Goat anti-Rabbit, HRP conjugate (Invitrogen 31460) or Goat anti-
879 Mouse, HRP conjugate (Invitrogen 32430) secondary antibodies at 1:5000 for 1 hour. Blots were
880  visualized with ClarityMax ECL substrate (Bio-Rad) or Pierce ECL substrate (Thermo

881  Scientific) and imaged in a Bio-Rad ChemiDoc MP (Bio-Rad). Images were quantified with the
882  FIJI software™, and statistical analyses of quantifications were performed in Prism 10.

883

884 ELISA

885  P2L MLFswere grown to confluencein 96-well plates and kept at constant 37°C, 5% CO.. PRR
886 agonists (Mouse TLR1-9 Agonist Kit, Invivogen tirl-kitlmw) were diluted in DMEM
887  supplemented with 10% (v/v) FBS to the following concentrations. Pam3CSK4 (0.3 png/mL),
888 Polyl:C (10 pg/mL), LPS (5 png/mL), Flagellin (1 pg/mL), FSL-1 (0.1 pg/mL). Cells were
889  dtimulated by aspirating all cell culture media, adding the diluted agonists, and incubating at
890 37°C, 5% CO, for 24 hours. The cdll culture media was collected and stored at -20°C upon
891 completion of the stimulation. IL-6 concentrations were quantified using the Mouse IL-6 ELISA
892 MAX Set Standard kit (BioLegend 431301).

893

894  Mathematical modeling of the circadian clock

895 A custom script was written in Python to simulate the functional mechanism of a circadian clock.
896 The script generates the simulation by continuously iterating upon the current state of the
897 simulated clock according to a set of rules. Briefly, activated enhancer protein A produces the
898  repressor protein B in alinear fashion. In turn, protein B inactivates protein A. At every iteration,
899  aset percentage of protein B is degraded. To simulate the kinetics of protein binding, trandation,
900 and tranglocation, changes in the production of protein B or the inactivation of protein A are
901 dedayed according to a production_change rate variable and a repression rate variable,
902 respectively. These variables, along with the protein B degradation rate, were optimized by
903 iterative testing to produce oscillations with a 24-hour period. To model community-driven
904  dynamics, a stochastic modeling step was added to the production and degradation of protein B,
905 such that the production and degradation rates are multiplied by a Gaussian random variable with
906 amean of 1 and a standard deviation of 0.20. This randomized oscillator was then independently
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907 smulated for 3000 iterations, and the output was obtained by averaging the outputs of the 3000
908 simulations. The simulation script is released on Github (https://github.com/devmo24/Circadian-
909  oscillator-simulation) under the GNU General Public License (GPL) v3.0.

910

911 Data presentation and statistical analysis

912 Detailed statistical reporting including sample size, p values, and the statistical test performed in
913 every figureis provided in Supplementary Table 2. Briefly, all experiments were completed in
914 triplicate or quadruplicate. Individual wells were considered distinct samples, and samples were
915 measured once per timepoint. Luminescence recording traces are graphically grouped by

916  experiment, such that if aPBS or bacterial control is shown on the same graph, it came from the
917  same experiment. For the purposes of statistical analysis, measurements were assumed to be

918 normally distributed with equal standard deviations across treatment groups. Where treatment
919  groups are compared to a negative control treatment, statistical comparisons were calculated by a
920 two-tailed unpaired t-test (for experiments with two treatment groups) or ANOV A with

921  Dunnett’s multiple comparisonstest (for experiments with more than two treatment groups).

922  Where comparisons are made across multiple treatment groups within a single experiment,

923  dtatistical comparisons were calculated by ANOV A with Tukey's multiple comparisons test. For
924  theinhibitor effect compilation graph (Extended data Fig. 5E), which contained data from

925  multiple experiments, inhibitors were compared only to their within-experiment (Son + mock)
926  groupsusing ANOVA with Sidak’ s multiple comparisons test. Western blot quantifications were
927  compared using Two-way ANOV A with Sidak’ s multiple comparisons test. Effect sizes and

928  degrees of freedom were calculated as recommended by Prism 10. All comparisons where

929  p<0.05were considered statistically significant.

930

931

932

933 Figurelegends

934

935 Figurel. Circadian phase shiftsarea common outcome of exposur e to bacteria.

936 (A) A diagram depicting the preparation of HK bacteria and the experimental procedure. (B)

937 Relative luminescence units (RLU) were monitored from PER2::LUC mouse lung fibroblasts
938 (P2L MLF) before and after stimulation with HK bacteria a time O (dashed line). The

939 differencesin phase between bacteriatreated and PBS treated samples are calculated in circadian
940 hoursand graphed as “phase difference’. A negative value indicates a phase delay and a positive
941 valueindicates a phase advance. Circadian time (CT) is defined such that CT0/24 is the trough
942 and CT12 isthe peak of PER2 expression. Relative luminescence units (RLU). (C) Severad

943  bacterial speciesfrom (A) were retested to determine their ability to drive changesin PER2

944  phase. (D-E) P2L MLF were stimulated with formalin-fixed (FF) and HK Spn (D) or E. coli (E)
945 and compared to PBS controls. (F) P2L MLF were stimulated with various strains of Son which
946  each express adifferent capsular serotype. Recording traces are shown as meantS.E.; al other
947  graphsare shown asmeantS.D. **** = p<0.0001. n > 3 for al groups, dotsindicate technical
948  replicates. See Table S2 for all sample sizes and detailed statistical results.

949
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950 Figure?2. Transient bacterial exposureis sufficient to drive changesin PER2 phase.

951 (A) P2L MLF were stimulated with HK E. coli at time 0 or 7 (dashed lines) or both. (B) P2L
952  MLF were stimulated with HK E. coli or PBS (time 0, dashed line) and |eft untreated or were
953  additionally washed at 2 hours post-stimulation (solid grey line). (C) P2L MLF were stimulated
954  with live E. cali (time O, dashed line) and washed at 2 hours post-stimulation (solid grey line) as
955 compared to PBS controls. Recording traces are shown as mean+S.E.; al other graphs are shown
956 asmeantS.D. *** = p<0.001; **** = p<0.0001; ns= not significant. n > 3 for all groups, dots
957 indicate technical replicates. See Table S2 for all sample sizes and detailed statistical results.
958

959  Figure3. Bacterial sgnalsreset circadian clocks acr oss kingdoms.

960 (A-B) P2L MLFswere stimulated with various concentrations of HK Spn (A) or E. coli (B) to
961 generate a dose response curve, and the resulting phase difference compared to PBS control is
962  graphed. Stimulation with 0 CFU equivaents/ mL indicates the PBS control. (C) P2L MLFs
963  were stimulated at various phases with either HK Spn or E. coli to generate a phase response
964  curve (PRC). Data are double-plotted. A phase transition curve (PTC) and raw data are provided
965 in Extended dataFig. 2. (D) Per2:luc transcriptional reportersin NIH/3T3 were stimulated with
966 HK Spnor PBS at either CT8 or CT20 of Per2 oscillation (dashed line). Each graph represents
967 anindividual experiment; samples are compared to the internal PBS control within that

968  experiment. (E-F) U2-OS cells expressing a Per2:luc transcriptional reporter (E) and MLFs

969  expressing a Cryl:luc transcriptional reporter were stimulated with HK Spn or PBS at time 0
970 (dashed line). (G) Organotypic lung slices from P2L mice were stimulated with HK Spn or PBS
971 attimeO (dashed ling). (H) Organotypic testis slices from P2L mice were stimulated with HK E.
972  coli or PBS at time 0 (dashed line). (1-J) Arabidopsis thaliana seedlings were stimulated with
973 HK E. coli or media control at various CCA1 phases. The full PRC is shown in (I). The maximal
974  change in phase occurred when bacteria were added at 28-hr in constant light (dashed line) (J).
975 (K-L) Ostreococcus tauri were stimulated with HK E. coli or media control at various CCA1
976  phases. Thefull PRCisshown in (K). The maximal change in phase occurred when bacteria
977  were added at 36-hr in constant light (dashed line) (L). Recording traces are shown as

978 meantS.E.; al other graphs are shown as meantS.D. * = p<0.05; *** = p<0.001; **** =

979  p<0.0001. n >3 for al groups, see Table S2 for all sample sizes and detailed statistical results.
980

981 Figure4. Circadian resetting isdriven by a soluble factor distinct from canonical immune
982 ligands.

983 (A-C) P2L MLFswere stimulated with pattern recognition receptor (PRR) agonists across

984  multiple independent experiments. Cross-experiment data of the resulting phase differences

985  between each agonist, as compared to internal PBS control is compiled in (A). Raw data of

986 experimentsare shown for LTA (B) and LPS (C), with the remainder shown in Extended data
987 Fig. 3. (D) P2L MLFswere stimulated with purified Son cell wall and compared to PBS

988 (negative control) and HK Spn (positive contral). (E-F) HK Spn (E) or HK E. coli (F) were l€eft
989 asacrude mixture or pelleted by centrifugation and the soluble fraction (frac.) was collected.
990 The soluble fraction was further passed through a 3kDa MWCO filter and the filtrate was

991 collected. All samples were added to P2L MLFs at time 0. Recording traces are shown as

992 meantS.E.; al other graphs are shown as meantS.D. *** = p<0.001,; **** = p<0.0001; ns = not
993 dgignificant. n> 3 for all groups, see Table S2 for all sample sizes and detailed statistical results.
994
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995 Figureb. p38 MAPK isa modulator of bacteria-induced phase shift response.

996  (A) Bmall” PER2::LUC cells were stimulated with HK Spn or PBS at time 0. (B-D) P2L MLFs

997  were pre-treated with vehicle (mock) or E-amanitin (B), leptomycin B (C), or cycloheximide (D)

998 30 minutes prior to stimulation with HK Spn at time O (dashed ling). Zoomin of -6to 12 hris

999  shown to visualize acute changes in luminescence. Relative Luminescence Units (RLU). (E) A
1000 heat map showing the relative ability of pharmacologic inhibitors to alter Son-induced phase
1001  shifts. 0% represents no effect, while 100% represents a larger effect. (F) P2L MLF were treated
1002  with p38 MAPK inhibitor SB203580 30-min before stimulation with HK Spn or PBS at time O
1003  (dashed line, left). RLU is shown as unprocessed traces and, below, in modulo-tau format
1004 normalized based on period (t). Modulo-tau graphs begin when the oscillations stabilize post-
1005 stimulation, indicated by the dotted line connecting the two graphs. Groups with a longer period
1006  (i.e. SB203580) end earlier in modulo-tau format as fewer circadian cycles were completed
1007  within 96 hr of recording. The effect of SB203580 on period and phase is shown. Phase
1008 differenceis calculated in circadian hours compared to control samples (DM SO+PBS). (G)
1009  Synchronized P2L MLFs were stimulated with HK Spon or PBS at CT19 and protein samples
1010 harvested at 0, 5, 15, 30, or 60-min were analyzed by Western blot. Total and phosphorylated
1011  (activated) p38, ERK, and el F4E are shown. Actinisaloading control. (H) Densitometry
1012 analysis of Western blots shown in (G) and Extended data Fig. 6A. The ratio of activated protein
1013  wascalculated at each timepoint as [ phosphorylated protein] / [total protein]. The fold changein
1014  activation was calculated by comparing each timepoint to the O minute sample on the same bl ot.
1015 Recording traces are shown as meantS.E.; al other graphs are shown as meantS.D. * = p<0.05;
1016  ** =p<0.01; *** = p<0.001; **** = p<0.0001; ns= not significant. n = 2 for (H); n> 3 for all
1017  other groups. See Table S2 for all sample sizes and detailed statistical comparisons.
1018
1019 Figure 6. Repeated exposur e to micr obes maintains cir cadian amplitude.
1020 P2L MLF were stimulated with HK Spn or PBS at times O-, 24-, 48-, and 72-hrs. Upon receiving
1021  PBS, P2L MLFsdo not receive stimulation in subsequent stimulations. Recording traces from
1022  the same experiment are shown. The amplitude over time of the graphed traces is shown. (A)
1023  Recording traces of P2L MLF receiving HK Spn or PBS at time O (dashed line). (B) Recording
1024  tracesof P2L MLF receiving HK Spn or PBS at time 24 (dashed line). The recording trace of
1025 P2L MLF receiving HK Spn at time 0 with no subsequent stimulation is shown as a no-handling
1026  control. (C) Recording traces of P2L MLF receiving HK Spn or PBS at time 48 (dashed line).
1027  Therecording trace of P2L MLF receiving HK Spn at time 24 with no subsequent stimulation is
1028  shown as ano-handling control. (D) Recording traces of P2L MLF receiving HK Spn or PBS at
1029 time72 (dashed line). The recording trace of P2L MLF receiving HK Spn at time 48 with no
1030  subsequent stimulation is shown as a no-handling control. All graphs are shown as mean£S.E. n

1031 = 6for all groups. See Table S2 for all sample sizes and detailed statistical comparisons.
1032
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1033  Supplementary Figures

1034 Extended data Fig. 1. Exposureto additional bacterial speciesinduces phase shifts.

1035 (A) A zoomin of -6 to 12-hr of the luminescence traces shown in Fig. 1A is shown to visualize
1036  acute changesin luminescence following HK bacteria exposure at time O (dashed line). Relative
1037  Luminescence Units (RLU). (B-C) P2L MLFs were stimulated with (B) L. monocytogenes, M.
1038 smegmatisor (C) B. subtilis, E. cali at time 0 (dashed line). Recording traces are shown as

1039 meantS.E.; al other graphs are shown as mean+S.D. ***p<0.001; ****p<0.0001. n > 3 for all
1040  groups, see Table S2 for al sample sizes and detailed statistical results.

1041

1042 Extended data Fig. 2. Raw data related to stimulations shown in Figure 3.

1043  (A-B) The data presented in Fig. 3C is presented here as a phase transition curve for Spn (A) and
1044  E. coli (B). Thedatais double-plotted along the horizontal axis and additionally double-plotted
1045 aong the vertical axis, with asingular data plot shown in blue (for Son) and red (for E. coli)
1046  representing the actual data collected. Duplicated data plots are depicted in gray. Initial circadian
1047  time(CT) indicates the circadian phase at the time of stimulation; final CT indicates the phase
1048  post-stimulation. Horizontal dashed lines indicate the average final CT across all stimulations.
1049 Thediagonal dashed lineisaline of identity and hasa slope of 1. An oscillation of best fitis
1050 shown asacolored line on the graph. Shading around the colored line indicates the 95%

1051 confidenceinterval of the oscillation. (C-D) Recording traces for the phase response curves
1052  (shownin Fig. 3C) for Son (C) and E. cali (D). Colored tracesin (C-D) represent the mean signal
1053  of n >3 samples, shading indicates S.E. Bacteria were added at specific phases (labeled in

1054 circadian time, CT) asindicated by the dotted line.

1055

1056 Extended data Fig. 3. Raw data related to stimulations shown in Figure 4.

1057 (A-E) Recording traces for the data presented in Fig. 4A are shown. An additional experimental
1058  replicate with LTA stimulation isshown in (A). (F) Unsynchronized P2L MLFs were stimulated
1059  with various pattern recognition receptor (PRR) agonists and analyzed for I1L-6 secretion.

1060 Recording traces are shown as meantS.E.; (F) is shown as mean£S.D. **** = p<0.0001. n >3
1061 for all groups, see Table S2 for all sample sizes and detailed statistical results.

1062

1063 Extended data Fig. 4. miRNA abundanceisunchanged following microbial exposure.

1064 miRNA abundance in P2L MLFswas quantified by gRT-PCR at 4-hr post stimulation with HK
1065  Spnor PBS. Graphs are shown as mean+S.D. * = p<0.05; ns = not significant. n = 4 for al

1066  groups, see Table S2 for all sample sizes and detailed statistical results.

1067
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1068 Extended data Fig. 5. p38 MAPK inhibition uniquely modulates microbe-induced phase
1069  shifts.

1070  Additional data demongtrating responses of P2L cells stimulated with PBS or HK Spn in the
1071  presence of select pharmacologic inhibitors. Recording traces are shown as relative light units
1072  (RLU) graphed in hours and, below, in modulo-tau format normalized based on period (t) for
1073  each group. Modulo-tau graphs begin when the oscillations stabilize post-stimulation, indicated
1074 by the dotted line connecting the two graphs. Period was determined from the raw RLU traces,
1075  and used to generate modulo-tau graphs. Groups with alonger period end earlier in modulo-tau
1076 format as fewer circadian cycles were completed within 96 hr of recording. (A) Effect of Torin-1
1077  on P2L oscillations (top), period (i), and differences in phase (ii) compared to PBS controls. (B)
1078  Effect of SB203580, an inhibitor of p38 MAPK, on P2L oscillations (top), period (i), and

1079 differencesin phase (ii) compared to PBS controls. Data is an independent experimental repeat
1080 of Fig. 5F. (C) Effect of BIRB796, an inhibitor of p38 MAPK, on P2L oscillations (top), period
1081 (i), and differencesin phase (ii) compared to PBS controls. (D) Effect of SCH772984, an

1082 inhibitor of ERK MAPK, on P2L oscillations (top), period (i), and differencesin phase (ii)
1083 compared to PBS controls. (E) Phase difference between Spon + inhibitor and Spn + mock

1084  control. Datais from Fig. 5F and Extended data 5A-D (thisfigure). (F) P2L MLFs were

1085  stimulated with HK Spn or anisomycin, with PBS or DM SO as controls. Shown is the effect of
1086 thestimulation on P2L oscillations (top), period (i), and differences in phase (ii) compared to
1087  PBS controls. Recording traces are shown as mean+S.E.; all other graphs are shown as

1088 meantS.D. * = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; ns= not significant. n >
1089  3for al groups, see Table S2 for al sample sizes and detailed statistical results.

1090

1091 Extended data Fig. 6. Additional replicatesfor Western blot analyses shown in Figure5.
1092  (A) An additional replicate of cell lysates was collected and blotted for total and phosphorylated
1093 p38, ERK, and elF4E. Actinisaloading control. (B) Densitometry analysis of Western blots
1094 showninFig. 5G and (A). The relative abundance of protein was calculated at each timepoint as
1095 [total protein] / [actin]. The fold changein activation was calculated by comparing each

1096 timepoint to the 0 minute sample on the same blot.

1097
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1098 Extended data Fig. 7. A mathematical model predicts environmental bacteriaarea

1099 circadian entrainment cue.

1100 (A) A diagram depicting the interactions used in the simulation model. In subsequent graphs, the
1101 levelsof “Protein B (Repressor)” are shown. (B) Levels of Protein B are modeled at baseline
1102  (red) or following addition of “300 bacteria’ (blue) added at time O (vertical dashed ling). An
1103 acuteincreasein Protein B occurs immediately and drives a change in the resulting phase of the
1104  oscillation. The phase difference (right) of the resulting smulated oscillation is calculated in
1105  circadian hours compared to the control (baseline). (C-D) The effect of daily oscillationsin the
1106  amount of bacteriawas modeled in silico to smulate how protein B responds over the course of
1107 50 days. All simulations modeled a 10-fold increase in bacteria over a minimum, baseline

1108  amount. Three minimum baseline amounts were used (1, 5, or 10 bacteria) which leadsto

1109  amplitudes of 10, 50, or 100 in the bacterial oscillations. The grey bands denote the 12 hour
1110 period when bacterial amount is greatest, and the white bands indicate when bacterial amount is
1111 lowest. (C) Days 0O - 5 of the simulation are shown on the |eft, and days 45 - 50 are shown on the
1112  right. Bacterial oscillations began at 0.25 days. All conditions lead to changes in the phase of
1113  Protein B, with higher amplitude oscillations exerting a stronger effect and driving more rapid
1114  adjustments. (D) Difference in phase of Protein B between baseline conditions (no bacteria

1115  present) and in the presence of bacterial oscillations was calculated at multiple timepoints along
1116 thestimulation. (E) Randomness in the production and degradation rate of Protein B is simulated
1117  at every simulation step, and measurements are recorded as the average of 3000 independent
1118 simulations. The effect of rhythmic addition of bacteria (time 0-, 24-, 48-, and 72-hrs; solid grey
1119 lines) on Protein B levelsis shown. * in the vertical axis label indicates simulated traces were
1120  distributed for visua clarity.

1121

1122 Tables

1123 Table Sl1. Bacterial strainsand growth conditions
1124

1125 Table S2. Detailed statistical reporting including sample sizes, statistical comparisons and
1126  exact p values.

1127

1128 Useof Al

1129  Thelarge language model ChatGPT (OpenAl) was used to reduce the word count of original text
1130  written by the authors by submitting individual sentences or paragraphs with instructions to “say
1131  thisinlesswords’ or “point out unnecessary redundancy.” Individual changes to the text were
1132  then manually incorporated into the manuscript by the authors as appropriate.
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Figure 1. Circadian phase shifts are a common outcome of exposur e to bacteria.

(A) A diagram depicting the preparation of HK bacteria and the experimental procedure. (B) Relative
luminescence units (RLU) were monitored from PER2::LUC mouse lung fibroblasts (P2L MLF) before and
after stimulation with HK bacteria at time O (dashed line). The differences in phase between bacteria treated and
PBS treated samples are calculated in circadian hours and graphed as “phase difference’. A negative value
indicates a phase delay and a positive value indicates a phase advance. Circadian time (CT) is defined such that
CTO0/24 is the trough and CT12 is the peak of PER2 expression. Relative luminescence units (RLU). (C)
Several bacterial species from (A) were retested to determine their ability to drive changes in PER2 phase. (D-
E) P2L MLF were stimulated with formalin-fixed (FF) and HK Spn (D) or E. coli (E) and compared to PBS
controls. (F) P2L MLF were stimulated with various strains of Son which each express a different capsular
serotype. Recording traces are shown as meantS.E.; all other graphs are shown as mean+S.D. **** = p<0.0001.
n > 3 for all groups, dots indicate technical replicates. See Table S2 for all sample sizes and detailed statistical
results.
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Figure 2. Transient bacterial exposureissufficient to drive changesin PER2 phase.

(A) P2L MLF were stimulated with HK E. coli at time O or 7 (dashed lines) or both. (B) P2L MLF were
stimulated with HK E. coli or PBS (time 0, dashed line) and left untreated or were additionally washed at 2
hours post-stimulation (solid grey line). (C) P2L MLF were stimulated with live E. coli (time 0, dashed line)
and washed at 2 hours post-stimulation (solid grey line) as compared to PBS controls. Recording traces are
shown as meantS.E.; al other graphs are shown as meantS.D. *** = p<0.001; **** = p<0.0001; ns = not
significant. n > 3 for all groups, dots indicate technical replicates. See Table S2 for all sample sizes and detailed
statistical results.
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Figure 3. Bacterial signalsreset circadian clocks acr oss kingdoms.

(A-B) P2L MLFs were stimulated with various concentrations of HK Spn (A) or E. coli (B) to generate a dose
response curve, and the resulting phase difference compared to PBS control is graphed. Stimulation with 0 CFU
equivalents / mL indicates the PBS control. (C) P2L MLFs were stimulated at various phases with either HK
Son or E. coli to generate a phase response curve (PRC). Data are double-plotted. A phase transition curve
(PTC) and raw data are provided in Extended data Fig. 2. (D) Per2:luc transcriptional reporters in NIH/3T3
were stimulated with HK Spn or PBS at either CT8 or CT20 of Per2 oscillation (dashed line). Each graph
represents an individual experiment; samples are compared to the internal PBS control within that experiment.
(E-F) U2-0S cells expressing a Per2:luc transcriptional reporter (E) and MLFs expressing a Cryl:luc
transcriptional reporter were stimulated with HK Spn or PBS at time 0 (dashed line). (G) Organotypic lung
slices from P2L mice were stimulated with HK Son or PBS at time O (dashed line). (H) Organotypic testis slices
from P2L mice were stimulated with HK E. coli or PBS at time O (dashed line). (1-J) Arabidopsis thaliana
seedlings were stimulated with HK E. coli or media control at various CCA1 phases. The full PRC is shown in
(. The maximal change in phase occurred when bacteria were added at 28-hr in constant light (dashed line) (J).
(K-L) Ostreococcus tauri were stimulated with HK E. coli or media control at various CCA1 phases. The full
PRC is shown in (K). The maximal change in phase occurred when bacteria were added at 36-hr in constant
light (dashed line) (L). Recording traces are shown as mean+S.E.; all other graphs are shown as meantS.D. * =
p<0.05; *** = p<0.001; **** = p<0.0001. n > 3 for al groups, see Table S2 for all sample sizes and detailed
statistical results.
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Figure 4. Circadian resetting isdriven by a soluble factor distinct from canonical immune ligands.

(A-C) P2L MLFs were stimulated with pattern recognition receptor (PRR) agonists across multiple independent
experiments. Cross-experiment data of the resulting phase differences between each agonist, as compared to
internal PBS control is compiled in (A). Raw data of experiments are shown for LTA (B) and LPS (C), with the
remainder shown in Extended data Fig. 3. (D) P2L MLFs were stimulated with purified Son cell wall and
compared to PBS (negative control) and HK Spn (positive control). (E-F) HK Spn (E) or HK E. coli (F) were
left as a crude mixture or pelleted by centrifugation and the soluble fraction (frac.) was collected. The soluble
fraction was further passed through a 3kDa MWCO filter and the filtrate was collected. All samples were added
to P2L MLFs at time 0. Recording traces are shown as meantS.E.; all other graphs are shown as meantS.D.
*** = p<0.001; **** = p<0.0001; ns = not significant. n > 3 for al groups, see Table S2 for al sample szes and
detailed gatistical results.
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Figure5. p38 MAPK isa modulator of bacteria-induced phase shift response.

(A) Bmall” PER2::LUC cells were stimulated with HK Spn or PBS at time 0. (B-D) P2L MLFs were pre-
treated with vehicle (mock) or @-amanitin (B), leptomycin B (C), or cycloheximide (D) 30 minutes prior to
stimulation with HK Spn at time O (dashed line). Zoom in of -6 to 12 hr is shown to visualize acute changes in
luminescence. Relative Luminescence Units (RLU). (E) A heat map showing the relative ability of
pharmacologic inhibitors to alter Son-induced phase shifts. 0% represents no effect, while 100% represents a
larger effect. (F) P2L MLF were treated with p38 MAPK inhibitor SB203580 30-min before stimulation with
HK Spon or PBS at time O (dashed line, left). RLU is shown as unprocessed traces and, below, in modulo-tau
format normalized based on period (t). Modulo-tau graphs begin when the oscillations stabilize post-
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stimulation, indicated by the dotted line connecting the two graphs. Groups with a longer period (i.e.
SB203580) end earlier in modulo-tau format as fewer circadian cycles were completed within 96 hr of
recording. The effect of SB203580 on period and phase is shown. Phase difference is calculated in circadian
hours compared to control samples (DM SO+PBS). (G) Synchronized P2L MLFs were stimulated with HK Spn
or PBS at CT19 and protein samples harvested at 0, 5, 15, 30, or 60-min were analyzed by Western blot. Total
and phosphorylated (activated) p38, ERK, and elF4E are shown. Actin is a loading control. (H) Densitometry
analysis of Western blots shown in (G) and Extended data Fig. 6A. Theratio of activated protein was calculated
at each timepoint as [phosphorylated protein] / [total protein]. The fold change in activation was calculated by
comparing each timepoint to the O minute sample on the same blot. Recording traces are shown as meantS.E.;
all other graphs are shown as mean+S.D. * = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not

significant. n = 2 for (H); n > 3 for al other groups. See Table S2 for all sample sizes and detailed statistical
comparisons.
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Figure 6. Repeated exposur e to micr obes maintains cir cadian amplitude.

P2L MLF were stimulated with HK Spn or PBS at times 0-, 24-, 48-, and 72-hrs. Upon recelving PBS, P2L
MLFs do not receive stimulation in subsequent stimulations. Recording traces from the same experiment are
shown. The amplitude over time of the graphed traces is shown. (A) Recording traces of P2L MLF receiving
HK Spn or PBS at time O (dashed line). (B) Recording traces of P2L MLF receiving HK Spn or PBS at time 24
(dashed line). The recording trace of P2L MLF receiving HK Spn at time 0 with no subsequent stimulation is
shown as a no-handling control. (C) Recording traces of P2L MLF receiving HK Spn or PBS at time 48 (dashed
line). The recording trace of P2L MLF receiving HK Spn at time 24 with no subsequent stimulation is shown as
a no-handling control. (D) Recording traces of P2L MLF receiving HK Spn or PBS at time 72 (dashed line).
The recording trace of P2L MLF receiving HK Spn at time 48 with no subsequent stimulation is shown as a no-
handling control. All graphs are shown as meantS.E. n = 6 for all groups. See Table S2 for all sample sizes and
detailed Statistical comparisons.
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Extended data Fig. 1. Exposure to additional bacterial speciesinduces phase shifts.

(A) A zoom in of -6 to 12-hr of the luminescence traces shown in Fig. 1A is shown to visualize acute changes in
luminescence following HK bacteria exposure at time O (dashed line). Relative Luminescence Units (RLU). (B-
C) P2L MLFs were stimulated with (B) L. monocytogenes, M. smegmatis or (C) B. subtilis, E. coli at time O
(dashed line). Recording traces are shown as meanS.E.; all other graphs are shown as meantS.D. ***p<0.001;
***%n<0.0001. n > 3 for al groups, see Table S2 for all sample sizes and detailed statistical results.
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Extended Data 2
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Extended data Fig. 2. Raw datarelated to stimulations shown in Figure 3.

(A-B) The data presented in Fig. 3C is presented here as a phase transition curve for Son (A) and E. coli (B).
The data is double-plotted along the horizontal axis and additionally double-plotted along the vertical axis, with
a singular data plot shown in blue (for Spn) and red (for E. coli) representing the actual data collected.
Duplicated data plots are depicted in gray. Initial circadian time (CT) indicates the circadian phase at the time of
stimulation; final CT indicates the phase post-stimulation. Horizontal dashed lines indicate the average final CT
across all stimulations. The diagonal dashed line is a line of identity and has a slope of 1. An oscillation of best
fit is shown as a colored line on the graph. Shading around the colored line indicates the 95% confidence
interval of the oscillation. (C-D) Recording traces for the phase response curves (shown in Fig. 3C) for Spon (C)
and E. coli (D). Colored traces in (C-D) represent the mean signal of n > 3 samples, shading indicates S.E.
Bacteria were added at specific phases (Iabeled in circadian time, CT) asindicated by the dotted line.
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Extended Data 3
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Extended data Fig. 3. Raw data related to stimulations shown in Figure 4.

(A-E) Recording traces for the data presented in Fig. 4A are shown. An additional experimental replicate with
LTA dtimulation is shown in (A). (F) Unsynchronized P2L MLFs were stimulated with various pattern
recognition receptor (PRR) agonists and analyzed for IL-6 secretion. Recording traces are shown as meantS.E.;
(F) isshown as mean+S.D. **** = p<0.0001. n > 3 for all groups, see Table S2 for all sample sizes and detailed
statistical results.
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Extended Data 4
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Extended data Fig. 4. miRNA abundanceis unchanged following microbial exposure.

mMiRNA abundance in P2L MLFs was quantified by gRT-PCR at 4-hr post stimulation with HK Spn or PBS.
Graphs are shown as meantS.D. * = p<0.05; ns = not significant. n = 4 for all groups, see Table S2 for all
sample sizes and detailed statistical results.
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Extended data Fig. 5. p38 MAPK inhibition uniquely modulates microbe-induced phase shifts.

Additional data demonstrating responses of P2L cells stimulated with PBS or HK Spn in the presence of select
pharmacologic inhibitors. Recording traces are shown as relative light units (RLU) graphed in hours and, below,
in modulo-tau format normalized based on period (t) for each group. Modulo-tau graphs begin when the
oscillations stabilize post-stimulation, indicated by the dotted line connecting the two graphs. Period was
determined from the raw RLU traces, and used to generate modulo-tau graphs. Groups with alonger period end
earlier in modulo-tau format as fewer circadian cycles were completed within 96 hr of recording. (A) Effect of
Torin-1 on P2L oscillations (top), period (i), and differences in phase (ii) compared to PBS controls. (B) Effect
of SB203580, an inhibitor of p38 MAPK, on P2L oscillations (top), period (i), and differences in phase (ii)
compared to PBS controls. Data is an independent experimental repeat of Fig. 5F. (C) Effect of BIRB796, an
inhibitor of p38 MAPK, on P2L oscillations (top), period (i), and differences in phase (ii) compared to PBS
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controls. (D) Effect of SCH772984, an inhibitor of ERK MAPK, on P2L oscillations (top), period (i), and
differences in phase (ii) compared to PBS controls. (E) Phase difference between Son + inhibitor and Spon +
mock control. Data is from Fig. 5F and Extended data 5A-D (thisfigure). (F) P2L MLFs were stimulated with
HK Spn or anisomycin, with PBS or DMSO as controls. Shown is the effect of the stimulation on P2L
oscillations (top), period (i), and differencesin phase (ii) compared to PBS controls. Recording traces are shown
as meantS.E.; all other graphs are shown as meantS.D. * = p<0.05; ** = p<0.01; *** = p<0.001; **** =
p<0.0001; ns = not significant. n > 3 for all groups, see Table S2 for all sample sizes and detailed statistical
results.
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Extended Data 6
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Extended data Fig. 6. Additional replicatesfor Western blot analyses shown in Figure5.
(A) An additional replicate of cell lysates was collected and blotted for total and phosphorylated p38, ERK, and
elF4E. Actin is a loading control. (B) Densitometry analysis of Western blots shown in Fig. 5G and (A). The
relative abundance of protein was calculated at each timepoint as [total protein] / [actin]. The fold change in
activation was calculated by comparing each timepoint to the O minute sample on the same blot.
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Extended data Fig. 7. A mathematical model predictsenvironmental bacteria are a circadian entrainment
cue. (A) A diagram depicting the interactions used in the simulation model. In subsequent graphs, the levels of
“Protein B (Repressor)” are shown. (B) Levels of Protein B are modeled at baseline (red) or following addition
of “300 bacteria’ (blue) added at time O (vertical dashed line). An acute increase in Protein B occurs
immediately and drives a change in the resulting phase of the oscillation. The phase difference (right) of the
resulting simulated oscillation is calculated in circadian hours compared to the control (baseline). (C-D) The
effect of daily oscillations in the amount of bacteria was modeled in silico to simulate how protein B responds
over the course of 50 days. All ssmulations modeled a 10-fold increase in bacteria over a minimum, baseline
amount. Three minimum baseline amounts were used (1, 5, or 10 bacteria) which leads to amplitudes of 10, 50,
or 100 in the bacterial oscillations. The grey bands denote the 12 hour period when bacterial amount is greatest,
and the white bands indicate when bacterial amount is lowest. (C) Days 0 - 5 of the ssmulation are shown on the
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left, and days 45 - 50 are shown on the right. Bacterial oscillations began at 0.25 days. All conditions lead to
changes in the phase of Protein B, with higher amplitude oscillations exerting a stronger effect and driving more
rapid adjustments. (D) Difference in phase of Protein B between baseline conditions (no bacteria present) and in
the presence of bacterial oscillations was calculated at multiple timepoints along the stimulation. (E)
Randomness in the production and degradation rate of Protein B is ssmulated at every simulation step, and
measurements are recorded as the average of 3000 independent simulations. The effect of rhythmic addition of
bacteria (time 0-, 24-, 48-, and 72-hrs; solid grey lines) on Protein B levelsis shown. * in the vertical axis label
indicates simulated traces were distributed for visual clarity.
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