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ABSTRACT

Circadian clocks are fundamental properties of all eukaryotic organisms and at least some
prokaryotic organisms. Recent studies in our laboratory have shown that the gastrointestinal system
contains a circadian clock that controls many, if not all, aspects of gastrointestinal function. We now
report that at least one species of intestinal bacteria, Enterobacter aerogenes, responds to the pineal
and gastrointestinal hormone melatonin by an increase in swarming activity. This swarming
behavior is expressed rhythmically, with a period of approximately 24 hrs. Transformation of
E. aerogenes to express luciferase with a MotA promoter reveals circadian patterns of
bioluminescence that are synchronized by melatonin and whose periods are temperature
compensated from 26°C to 40°C. Bioinformatics suggest similarities between the E. aerogenes and
cyanobacterial clocks, suggesting the circadian clock may have evolved very early in the evolution
of life. They also point to a coordination of host circadian clocks with those residing in the
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microbiota themselves.

The bacterial microbiome is an important modulator of
gastrointestinal function. The circadian biological clock
figures to play a central role in that process, both from
the perspective of circadian regulation of the micro-
biome by the host’s circadian clock and from the per-
spective that microbiota may influence gastrointestinal
(GI) clocks. There is extensive evidence from rodent
studies in our laboratory and others'™ that the gastro-
intestinal system contains a self-sustaining circadian
clock capable of regulating circadian patterns of motil-
ity, secretion and gene expression.' This clock is coor-
dinated with the light: dark cycle and the circadian
clock within the brain’s suprachiasmatic nucleus (SCN)
via the sympathetic nervous system.* Further, the GI
clock can independently entrain to the timing of the
presence or absence of food."*

Microbial signaling affects both homeostatic mainte-
nance of intestinal function as well as circadian control
of gastrointestinal function.™® Disruption of the circa-
dian clock, either via dietary restriction or phase shift-
ing (e.g. jet-lag) affects temporal distribution of the gut
microbiome constituents.”” While it is clear from these

studies that commensal bacteria and gut tissues do
communicate, it has not been clear how the GI tract
communicates with the microbiome or how the micro-
biome exploits to sustain its own homeostasis.

A potential human signal that may affect gastroin-
testinal microbiota is the secretion of the hormone mel-
atonin into the lumen of the gut. Although melatonin
is widely regarded as a pineal and retinal neuromodula-
10,11

tor of circadian and photoperiodic function, it is

present throughout the gastrointestinal system,'*"* in
part from pineal melatonin secretion,'®'” but there is
evidence for melatonin biosynthetic enzymes in the GI
tract itself'*'® In addition, many foods contain
melatonin.'*'® Interestingly, GI-synthesized melatonin
has never been shown to enter the systemic circulatory
system in any species.

To address the hypothesis that gut bacteria have
adapted to recognize and respond to melatonin
signaling from the gut, we identified from metagenom-
ics data in GenBank several enteric bacteria that
expressed sequences with 24-42% identity to known
melatonin binding sites in the human genome. Among
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Figure 1. The discovery of an enteric bacterium with an endogenous clock adds to the hierarchical organization of human circadian
rhythms. Circadian rhythms are generated in both the suprachiasmatic nucleus (SCN) of the brain as well as in the gut. These rhythms
are independent of, but feed back onto, each other. Within the gut, previous studies have shown that bacterial signaling to the gut via
TLRs may influence circadian rhythms. The discovery of an enteric bacterium that expresses circadian rhythms and is sensitive to melato-
nin (as depicted by blue rod-shaped bacteria) adds a novel signaling modality, and suggests that the rhythmic gut environment acts as a
zeitgeber, or time-giver, to the microbiome. Whether or not this signal is propagated to other, melatonin-insensitive bacteria (repre-

sented by green coccoid bacteria), remains to be determined.

these were sequences in the Gram-negative, indole-
negative motile Enterobacter aerogenes. Colonies
formed by clinical isolates of this bacterium prolifer-
ated — with respect to overall growth area - on semi-
solid Agar significantly more rapidly in the presence
of melatonin than in its absence in a specific, dose-

dependent fashion. This phenomenon was dose-

dependent, melatonin-specific, and not observed in
clinical strains of Klebsiella pneumoniae and E. coli,
nor in a lab strain of E. coli. Lab strains of E. aerogenes
have not been tested.

The more widely-spread cultures of E. aerogenes in
the presence of melatonin exhibited patterns of

swarming within the cultures, evidenced by
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stereotypical, concentric rings of colonies. These pat-
terns were less apparent in the smaller, control cul-
tures of E. aerogenes
Remarkably, the number of rings consistently coin-

in melatonin’s absence.
cided with the number of incubation days. Calculation
of banding periodicity — the number of bands visually
observed divided by the number of hours of incuba-
tion — revealed a period of much greater than 24 hours
in control-treated cultures. In contrast, in 1nM mela-
tonin’s presence, the period of swarming behavior was
25.1 &+ 1.4 (SD) hours.

We therefore hypothesized that the swarming
rhythms might represent the output of a circadian
clock. To test this, cultures of E. aerogenes were
transformed to express luciferase using a luxCDABE
construct driven by the motA promoter. Biolumines-
cence from these cultures measured in a Lumicycle
photomultiplier system indicated robust circadian pat-
terns when cultures were maintained in temperatures
ranging from ambient 26°C to those corresponding to
human body temperatures (Tg) to 40°C. The circadian
periods of these bioluminescence rhythms were tem-
perature compensated with a Q;¢ = 0.96 from 26°C to
40°C. While there was no effect of melatonin on circa-
dian period, there was a significant effect of melatonin
on the phase of peak bioluminescence. In the absence
of melatonin, the circadian phases of multiple repli-
cates were highly variable. However, in the presence
of 1 nM melatonin the phases of these rhythms were
synchronized, especially at 34-37°C.

This is the first demonstration of a bona fide cir-
cadian clock in a prokaryote outside Phylum Cya-
nobacteria. In Cyanobacteria, such as Synechococcus
elongatus, the only species in which a circadian
clock has been definitively demonstrated, circadian
rhythmicity results from the rhythmic phosphoryla-
tion and dephosphorylation of the Kai protein
complex, due in part by the rhythmic autokinase
activity of Kai C, which is in turn rhythmically
modulated by Kai A and Kai B.Y” In wvivo, this
oscillator responds to light, temperature and meta-
bolic state through the CikA, LdpA and Pex path-
ways, each of which can entrain the Kai oscillator
to environmental cues.'®*° This relatively simple
oscillator in turn regulates a wide array of pro-
cesses through transcriptional regulation and other
downstream processes. Cladistic analyses places
several E. aerogenes sequences closely nested within
Kai protein phylograms, suggesting, albeit not

demonstrating yet, that the cyanobacterial and E.
aerogenes
ancestors.

clocks share common evolutionary

These observations have at least 2 significant conse-
quences. First, should our future work demonstrate
that the molecular mechanisms underlying the circa-
dian rhythm in E. aerogenes are phylogenetically
related to the cyanobacterial clock, then, the evolution
of circadian organization likely predates the emer-
gence of oxygen generating photosynthesis some 3.5
billion years ago. This has far-reaching importance for
the understanding of biological evolution on early
Earth. Secondly, the data point to the view that overall
vertebrate circadian organization is an orchestration
of multiple circadian pacemakers organized in an hier-
archical symphony of clocks. Light-sensitive circadian
pacemakers within the SCN synchronize peripheral
oscillators throughout the body. Among these, the GI
tract contains its own circadian clock, coordinated to
the light: dark cycle via sympathetic afferents from the
SCN and to the timing of a meal directly. The GI clock
in turn synchronizes at least one circadian clock
within the enteric microbiome (Fig. 1), which, in turn,
may affect other components of the microbiome. The
biological and clinical significance of this grand scale
of circadian coordination will be important to discover
in the very near future.
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