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Synopsis The entrainment of circadian rhythms, physiological cycles with a period of about 24 h, is regulated by a

variety of mechanisms, including nonvisual photoreception. While circadian rhythms have been shown to be integral to

many processes in multicellular organisms, including immune regulation, the effect of circadian rhythms on symbiosis, or

host–microbe interactions, has only recently begun to be studied. This review summarizes recent work in the interactions

of both pathogenic and mutualistic associations with host and symbiont circadian rhythms, focusing specifically on three

mutualistic systems in which this phenomenon has been best studied. One important theme taken from these studies is

the fact that mutualisms are profoundly affected by the circadian rhythms of the host, but that the microbial symbionts

in these associations can, in turn, manipulate host rhythms. The interplay between circadian rhythms and symbiosis is a

promising new field with effects that should be kept in mind when designing future studies across biology.

Non-visual photoreception is integral to many pro-

cesses throughout all domains of life. One such func-

tion is to provide input into the circadian clock,

often through the action of blue light on photosen-

sitive proteins such as cryptochromes or melanop-

sins. By the activation of blue-light receptors and

other cues that vary over the day/night cycle, the

circadian clock regulates a large number of physio-

logical processes, including the immune system, the

means by which an organism interacts with symbi-

otic (both mutualistic and pathogenic) microbes.

This review will offer a view into the study of the

interplay of circadian rhythms and host–symbiont

interactions, with a focus on the effects of circadian

rhythms on mutualisms and vice versa.

Circadian rhythms and the immune
system

Circadian rhythms are cyclic changes in a given ac-

tivity that exhibit a period of about 24 h and are

normally entrained to this period by exposure to

daily cues, such as the presence of sunlight or

intake of food (Johnson 1992). In organisms with

robust circadian rhythms, which are found in all

domains of life (Edgar et al. 2012), these cycles are

usually controlled and maintained by transcriptional

oscillators that can remain free running, i.e., the pe-

riodicity degrades only gradually in the absence of

external cues. However, recent studies have shown

that perhaps the most phylogenetically widespread

type of oscillator is one based on the oxidation

state of peroxiredoxin proteins (Edgar et al. 2012),

so there may be more types of circadian oscillators

than was previously thought.

Circadian rhythms can provide input to many

physiological processes, such as sleep/wake cycles,

food intake, and body temperature; in fact, it has

been shown that about 10% of an animal’s transcrip-

tome is controlled in a circadian manner (Storch et

al. 2002). The evolutionarily convergent set of func-

tions that is commonly known as the immune

system is no exception, as connections between cir-

cadian circuitry and immunity have been found in

many organisms, including the plant Arabidopsis

thaliana (Wang et al. 2011) and mammals such as

mice and humans (reviewed in Arjona et al. 2012;

Scheiermann et al. 2013). In mammals, where this

connection has been most studied, the influence of
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time of day on immunity has been apparent since

1927, when Shaw observed that ‘‘the leucocytes of

man exhibit twice daily a tidal rhythm of about

twelve hours’ duration which is independent of cer-

tain recognized physiological stimuli’’ (Shaw 1927).

Almost a century later, this connection between cir-

culating immune cells and circadian rhythms was

supported when it was shown that splenic macro-

phages in mammals contain free-running circadian

clocks that control inflammatory processes (Keller

et al. 2009). This link is not restricted to mammals:

It was also shown that the phagocytic activity of

immune cells is circadian in the insect Drosophila

melanogaster (Stone et al. 2012).

Animal organ systems function in concert with their

bacterial partners

Immune system functions have, until recently, been

studied primarily in their role as host defense mech-

anisms during pathogenic insult. However, the mam-

malian immune system likely expends more energy

managing and communicating with the microbial

communities that colonize various tissues in the

body than defending against dedicated pathogens.

In fact, it is possible that the evolution of the verte-

brate adaptive immune system was driven by the

evolutionary advantages of allowing vertebrates to

interact with complex beneficial microbial consortia

instead of with only one or a few species of micro-

organisms, as is common for invertebrates, which

lack an adaptive immune system (McFall-Ngai

2007). As such, these consortia have profound effects

on the physiology of organs and organ systems,

cincluding stimulating proper development of the

immune system (Bouskra et al. 2008).

The gut consortium, which is by far the best stud-

ied, also assists in the digestion of food and can deli-

ver signals to sites as distant as the mammalian brain

(Cryan and Dinan 2012). Since many aspects of gut

physiology, such as processivity and the transcription

of many genes in gut epithelial and immune

cells, is highly circadian (Froy and Chapnik 2007;

Hoogerwerf et al. 2008; Keller et al. 2009), there is

likely an interface between the circadian rhythmicity

of the gut and the physiological effects of symbionts

therein.

While rhythms of the gut have been implicated in

diseases such as obesity and diabetes (Konturek et al.

2011; Lamia et al. 2011; Paschos et al. 2012), gastro-

enterologists are now beginning to integrate this in-

formation with the known roles of the microbiota in

these same disorders (Turnbaugh et al. 2006; Wen et

al. 2008). In addition, recent studies of gut–brain

interactions have demonstrated that behavioral dis-

orders such as depression, which have been known

to affect and be affected by circadian rhythms

(McCarthy and Welsh 2012), are also influenced by

the microbiota (e.g., Holzer et al. 2012). Taken to-

gether, the current data strongly implicate host–

microbiota interactions in the maintenance of

healthy circadian behaviors.

The effect of circadian rhythms on host–
symbiont interactions pathogenesis

The ability of an organism to defend against patho-

gens is dependent upon its immune state, so day/

night variations in immune state can lead to circa-

dian variation in the outcome of pathogenesis. This

was first shown in 1969, when it was reported that

mice challenged with pneumococci in the early

morning survived longer than animals inoculated at

any other time (Feigin et al. 1969); this phenomenon

was later also shown in mouse Coxsackie virus infec-

tion (Feigin et al. 1972). More recently, it was shown

that the inflammatory response to Salmonella typhi-

murium is strongly affected by circadian circuitry

in mice (Bellet et al. 2013). Once again, this variation

is not restricted to mammals, since D. melanogaster

also exhibits diel variation in its ability to sur-

vive infection with Pseudomonas aeruginosa or

Staphylococcus aureus (Lee and Edery 2008) and

plants such as A. thaliana require intact circadian

circuitry to fight off infections such as those caused

by Pseudomonas syringae (Bhardwaj et al. 2011; re-

viewed in Roden and Ingle 2009). These data suggest

that the influence of circadian rhythms on pathogen-

esis is a trait that is found throughout multicellular

eukaryotic life. In addition, these findings emphasize

the need to consider the time of day and the day/

night light cycle experienced by experimental subjects

in research concerning host–symbiont interactions.

While it is tempting to assume that circadian

rhythms in symbiosis are only experienced by the

host, it should be appreciated that circadian circuit-

ries of both the host and microbe can affect symbi-

ont behavior. This is perhaps best exemplified by

parasitic infections that require transmission by a

vector, as the infectious stage of the parasite must

be presented to the vector during the animal’s active

period. In malaria, the emergence of merozoites from

primate red blood cells en masse occurs soon after

midday, which allows infective gametocytes to de-

velop in time for peak mosquito feeding time in

the evening (Hawking et al. 1968; reviewed in

Mideo et al. 2013). Evidence suggests that this syn-

chronization of parasite development is driven by the
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host melatonin cycle (Hotta et al. 2000), which rep-

resents a co-option of host signaling cascades for the

adaptive benefit of the parasite, since de-coupling the

parasite from the circadian rhythm of the host results

in a net fitness cost to the malaria cells (O’Donnell et

al. 2011). Probing the exact mechanism of the inte-

gration of the parasite and host circadian rhythms

has so far been hampered by the fact that erythro-

cytes do not contain DNA and so cannot produce

transcriptional oscillators. However, erythrocytes

maintain a robust circadian rhythm through the ox-

idative state of a peroxiredoxin protein (O’Neill and

Reddy 2011), and so erythrocyte rhythms may prove

to be a fruitful avenue of research for malaria biol-

ogy. Other eukaryotic parasites also exhibit circadian

behavior, as shown by the coordination of daily par-

asite emergence by Schistosoma japonicum with the

activity cycles of its likely reservoir, the snail

Oncomelania hupensis (Lu et al. 2009) and by the

late afternoon shedding of Isospora turdi oocysts

from its bird hosts, which likely allows for increased

oocyst survival in the environment (Martinaud et al.

2009). Moreover, the use of circadian cues by para-

sites is not restricted to these unicellular eukaryotes.

A recent study showed that the fungus Cercospora

zeae-maydis requires both a cycle of exogenous

light and its own circadian machinery to time its

infection to when the host plant stomata, through

which the pathogen infects the plant, are open

(Kim et al. 2011).

Mutualisms

Though the bulk of research on the effect of circa-

dian rhythms on symbiosis has been performed in

pathogenic associations, day/night cycles can and do

have a profound effect on mutualisms (Fig. 1). While

several mutualisms have shown single instances of

ties to circadian rhythms, such as the nocturnal

spore formation of parrotfish gut symbionts (Flint

et al. 2005) and the diurnal variation of bacterial

number in the cow rumen (Leedle et al. 1982), the

bulk of research concerning the integration of sym-

biosis has been performed in three systems: The

Symbiodinium–Cnidarian association, the mutualism

between the Hawaiian bobtail squid and Vibrio

fischeri, and the mammalian gut microbiome.

Symbiodinium–Cnidarian symbioses

Many cnidarians form associations with unicellu-

lar algae called dinoflagellates of the genus

Symbiodinium. These unicellular algae can be ac-

quired vertically (through maternal inheritance) or

horizontally (anew each generation) by acquisition

of symbionts from the water column. Once acquired,

the dinoflagellates reside within specialized, mem-

brane-bound compartments in the gastrodermis of

the animal and the association continues throughout

the lifetime of the host. The algal symbionts are pho-

tosynthetic and provide sugars for the host in ex-

change for nutrients, a stable location for access to

sunlight, and protection from predators (Davy et al.

2012). While many species of cnidarians form

this type of association, it is perhaps best studied

in reef building corals. Coral–algal symbioses are of

critical ecological importance as the loss of these

symbionts (so-called coral bleaching) can lead to

the death of the coral and therefore loss of coral

reefs, habitats that are crucial to the survival of

many species.

As the dinoflagellates in these associations are

photosynthetic, it is not surprising that the activities

of the two partners are regulated on the day/night

cycle (reviewed in Sorek et al. 2014). The photosyn-

thetic capabilities of Symbiodinium as measured by

physiological and transcriptional metrics are regu-

lated in a circadian manner both in association

with its coral host and in its free-living niche

(Sorek et al. 2013). In addition, the daily rhythm

of photosynthesis in these algae exhibits temperature

compensation, a hallmark of circadian oscillators

(Sorek and Levy 2012a). While in a 2015 study the

Symbiodinium genome was not found to contain

any homologs of known transcriptional oscillators,

it does contain genes for photoreceptors such as

cryptochromes (blue-light receptors), phytochromes

(red-light receptors), and rhodopsin, suggesting that

it has the capability to perceive light in a manner

independent from its photosynthetic capabilities

(Noordally and Millar 2015). Indeed, the crypto-

chrome and phytochrome genes are transcriptionally

responsive to blue and red light, respectively (Sorek

and Levy 2012b).

The host corals also undergo circadian regulation

of symbiosis-related genes such as those encoding

stress-related chaperones and antioxidants (Levy et

al. 2011). As these genes are transcribed before

peak oxygen production on the part of the symbiont,

it is thought that the host uses its circadian circuitry

to anticipate oxygen stress and thereby ameliorate

the potentially harmful effects of the symbiosis.

While it is likely that the coral uses the output of

the dinoflagellates as one set of circadian cues, it has

been shown that corals themselves encode crypto-

chromes, which may also be used in the setting of

their circadian clocks (Levy et al. 2007). Indeed,

Reitzel et al. showed that Nematostella vectensis, an-

other anthozoan, undergoes regulation of a large
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number of circadian clock-related genes in response

to external light cycles, suggesting that anthozoans

have a robust circadian gene network (Reitzel et al.

2010). The presence of a known circadian gene rep-

ertoire in sea anemones is important for future work

since reef-building corals are at times difficult to

manipulate in laboratory; thus cell biological studies

of Dinoflagellate–Cnidarian interactions are often

performed in anemones such as Aptasia sp. as a

proxy for corals (Oakley et al. 2015). Using these

systems, the community will be able to begin de-

termining the pathways by which the host and sym-

biont affect each other’s circadian activities.

Understanding how circadian rhythms in corals are

intertwined with symbiosis may be of broad signifi-

cance, because the hallmarks of global warming that

lead to coral bleaching, such as increased tempera-

ture and decreased pH, have been shown to alter

expression of circadian genes in the coral Acropora

millepora (Kaniewska et al. 2015).

Euprymna scolopes—Vibrio fischeri symbiosis

Another symbiosis that is tied to the presentation of

light is the association between Euprymna scolopes,

the Hawaiian bobtail squid, and its luminescent

gram-negative bacterial symbiont Vibrio fischeri

(reviewed in McFall-Ngai 2014). E. scolopes first en-

counters its symbiont upon hatching, when the ani-

mal’s first ventilatory movements bring planktonic

V. fischeri cells along with water into its mantle

cavity and thus into contact with host tissue.

Through a process requiring both host and symbiont

chemical communication, the symbiont colonizes a

ventral, epithelium-lined organ called the ‘‘light

organ’’ within hours of the animal’s hatching.

Every day at dawn, the squid expels 90% of its bac-

terial symbionts into the water column in a process

known as ‘‘venting’’ (Nyholm and McFall-Ngai

1998). The remaining V. fischeri cells then regrow

throughout the day so that by sunset the light

organ contains the full complement of symbionts,

at a density high enough for the bacteria to produce

light through quorum sensing pathways (reviewed in

Miyashiro and Ruby 2012). This leads to the squid

being exposed to two different light cycles: that of

the sun and that of the bacterial symbionts inside its

body. One study performed a transcriptomic analysis

of both the host light organ and the resident symbi-

ont cells in the adult animal at four different time

points throughout the day (Wier et al. 2010). This

study found that the transcriptomes of both the host

and symbiont are regulated over the day/night cycle

Fig. 1 Interactions between host, symbionts, and external day/night cycles in mutualisms. Shown is a schematic of interactions between

host circadian rhythm regulators, microbial symbionts, and external day/night cycles. Interactions shown have experimental support in

one or more mutualisms.
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and showed reciprocal patterns. As one example, the

upregulation of genes related to chitin synthesis in

the host was followed by those involved in chitin

catabolism on the part of the symbiont. It was

shown later that this is due to the presence of

chitin in the host hemocytes (Heath-Heckman and

McFall-Ngai 2011), which migrate into the crypts at

dusk. The chitin is then released from the hemocytes

and catabolized by the bacterial symbionts, leading to

acidification of the crypt spaces and modulation of

the light-sensitive bacterial luminescence apparatus

(Schwartzman et al. 2015). The finding that the mi-

gration of blood cells into the light organ varies over

the day/night cycle suggests that circadian regulation

of immune cell abundance in different body sites

may be a shared trait of many animals, as humans

exhibit daily variation in immune cell migration as

well.

Although the cyclical regulation suggested that

these changes in transcription were circadian, the

mechanisms by which transcription was controlled

were not shown. A subsequent study found that

blue-light receptors called cryptochromes were not

only transcribed and produced in the light organ,

but that the transcription of one cryptochrome

gene was regulated by the presentation of bacterial

light to the host on a rhythm different from that

found in the head, suggesting that the light produced

by bacterial symbionts was being used as a circadian

cue (Heath-Heckman et al. 2013). This was the first

instance of symbionts directly controlling regulators

of circadian rhythms in a host. Subsequently, other

types of mutualisms, such as those found in the

mammalian gut, have been shown to involve similar

regulatory interactions, suggesting that the influence

of symbionts on host circadian rhythms may be ev-

ident in many mutualisms. As the details of the cir-

cadian circuitry in cephalopods have not yet been

elucidated, it will be of great interest to determine

the core components of the squid’s circadian clock

and how the output of that clock affects the light

organ and its activities.

Mammalian gut symbioses

In mammals, most major organ systems, including,

but not limited to, the gut, skin, mouth, and repro-

ductive tracts, maintain their own consortia of ar-

chaeal, bacterial, fungal, and viral species

(Dethlefsen et al. 2007). These consortia have pro-

found effects on the physiology of their respective

host organs and organ systems, such as stimulating

proper development of the immune system (Bouskra

et al. 2008). The gut consortium, which is by far the

most well-studied, also assists in the digestion of

food and can deliver signals to sites as distant as

the mammalian brain (Cryan and Dinan 2012).

Many aspects of gut physiology, such as processivity

and transcription of many genes in gut epithelial and

immune cells, are highly circadian (Froy and

Chapnik 2007; Hoogerwerf et al. 2008; Keller et al.

2009). Thus there seems likely to be an interface

between the circadian rhythmicity of the gut and

the physiological effects of symbionts therein.

Indeed, a 2013 study showed that when mice were

treated with antibiotics the cycle of clock gene tran-

scription in the gut was all but abolished due to a

lack of local Toll-like receptor signaling (Mukherji et

al. 2013). While this study suggested that the rhyth-

micity in signaling stemmed from rhythmic Toll-like

receptor transcription and arrhythmic presentation

of bacterial cues, later studies showed that the com-

position and activity of the gut community is regu-

lated over the day/night cycle as well. In mice, for

example, the composition of the microbiome

changes over the day/night cycle in response to feed-

ing. Genetic perturbations of the core clock circuitry

lead to aberrant feeding schedules which then cause

dysbiosis (altered bacterial consortia) in the host that

can lead to disease states such as obesity and glucose

intolerance (Thaiss et al. 2014). It was later shown

that, in addition to the diel regulation of the com-

position of the microbiome, the total number of bac-

teria in the gut fluctuates over the day/night cycle as

well, a phenomenon that requires the mammalian

core clock component Bmal1 and is more pro-

nounced in females (Liang et al. 2015). Another

study concluded that altered light regimes did not

cause dysbiosis in the host without a high-fat diet;

this interpretation may result from the fact that the

animals were not sampled over the day/night cycle

(Voigt et al. 2014). However, the association between

diet and circadian rhythms in gut symbiosis was

robust, as it was shown in a different study that in

conventionally raised mice, the microbiome responds

both to the external light cycle and to dietary com-

position: Mice that fed a high-fat diet exhibit a lack

of proper rhythmic changes in the composition of

the microbiome and become obese due to the pre-

sentation of aberrant microbial signals, such as short-

chain fatty acids, due to this dysbiosis (Leone et al.

2015). However, if the mice are raised in the absence

of a microbiome, they undergo disruptions in the

transcription of core clock genes in the liver and

brain but do not become obese. It was later shown

that the microbiome is necessary for both the pres-

ence and amplitude of normal transcriptional

rhythms in the liver as well as its metabolomic
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output (Montagner et al. 2016). Taken together, the

current research suggests that the presence and

proper circadian behavior of the gut microbiome is

critical for normal diel transcriptional activity of the

liver and gut, and that perturbation of microbial cues

can lead to disease states such as obesity and

diabetes.

While the study of circadian rhythms in gut sym-

biosis is still young, it has already brought to light

the many connections between symbiosis, circadian

rhythms, and disease. While much of the present

work focuses on the signaling pathways by which

the host and bacterial symbionts communicate with

each other to reinforce each other’s rhythms, it is

important to remember that the gut microbiome is

also composed of fungi and viruses that also affect

host physiology (Dethlefsen et al. 2007), and so it

will be of great interest to determine whether these

lesser-studied mammalian partners also exhibit vari-

ation over the day/night cycle.

Implications for research and future
directions

Understanding the integration of symbiosis and cir-

cadian rhythms has profound implications for how

scientific research should be conducted. Because the

time of day can profoundly influence the outcome of

both pathogenic and beneficial host–symbiont asso-

ciations, researchers should be mindful of the time of

day at which experiments are performed and be sure

to accurately record and report the timing of exper-

iments. In this vein, animal facilities may also benefit

from being maintained under day/night conditions

as close to natural as possible in order to minimize

the disruption of subject circadian behaviors. It

seems likely that certain discrepancies in the litera-

ture may be due to unappreciated differences among

animal facilities in day/night cycle and irradiance re-

gimes and/or that researchers perturb the animals at

different times of day to perform experiments.

One final important aspect of our increasing

knowledge of the integration of circadian and

immune functions is its potential to improve our

approach to human health. For example, transcrip-

tion of the murine Toll-like receptor 9 gene exhibits

circadian variation; in a recent study, this was shown

to result in a diurnal fluctuation in vaccine efficacy

(Silver et al. 2012). This leads to the idea that tuning

vaccine delivery to a certain time of day may im-

prove immunization outcomes in humans. TH17

cell differentiation is also under the control of the

circadian clock, suggesting that inflammatory dis-

eases mediated by these cells are also affected by

circadian dysfunction (Yu et al. 2013). Likewise, a

study has shown that placing circadian mutants on

a strict feeding regimen can stop the animals from

developing dysbiosis that can in turn cause obesity

and glucose intolerance (Thaiss et al. 2014). With the

development of new treatments and technologies that

can impact our microbial communities, such as fecal

transplants and probiotics, it would behoove us as a

community to understand and respect the interplay

between symbiosis and our body’s internal clock to

ensure that these treatments are implemented as ef-

fectively as possible.
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