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Abstract

Immune responses are widely accepted to be under circadian regulation via a molecular clock, with many practical consequences, but much less
is known of how other biological rhythms could affect the immune system. In this study, we search for lunar rhythms (circalunar, circasemilunar,
and circatidal cycles) in the immune expression of the recently marine-derived freshwater fish, the low-plate morph of the three-spined stick-
leback. We employed time series of immune expression (MRNA) measurements for 14 immune-associated genes, representing a variety of
immunological pathways. Times series measurements were taken on fish populations in the wild, in seminatural outdoor mesocosms, and in
the laboratory, according to sampling regimens originally designed to study circannual variation but with the additional potential to provide in-
formation about lunar variation. Our evidence best supported the existence of a very small endogenous tidal rhythm. This is consistent with
previous suggestions of the existence of a primordial tidal endogenous clock, some elements of which may be conserved in animals evolving
outside the marine environment.
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Introduction other, non-circadian cycles have a role in determining immune
expression is less studied. Biological rhythms linked to the

The vertebrate immune system is widely understood to be : . - )
relative astronomical position of the moon are important for

influenced by a circadian (24-hour) clock [1], but whether
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life processes in marine organisms [2—-4] and have recently
been proposed as the evolutionary precursor for an ultra-
dian 12-hour dawn—dusk transcriptional rhythm in mice that
involves many immunological transcripts [5-7]. This murine
dawn-dusk rhythm may be controlled by an independent
molecular clock [5] to the well-known circadian clock [8, 9]
that regulates immunity in mice. In the present study, we test
for the importance of lunar rhythms in the immune expres-
sion of a recently marine-derived peri-coastal vertebrate, the
freshwater low-plate morph [10] of the three-spined stickle-
back (Gasterosteus aculeatus). We reasoned that, outside of
the immediate marine environment, such an organism should
be amongst the most likely to show the effects of primordial
lunar cycles if a molecular clock machinery for these exists
and can be conserved in non-marine settings.

In G. aculeatus, a pronounced circannual oscillation in im-
mune gene expression has previously been demonstrated in
the natural populations we study here [11], although this is
driven by thermal and dietary variation and not by a mo-
lecular clock or photoperiodic cues. In the present study, we
will focus on the possibility of further modalities, linked to
the position of the moon, which could have biological rel-
evance under the conditions experienced by peri-coastal G.
aculeatus. For this, we employ long-term gene expression
datasets that we have previously generated for the purpose
of studying circannual variation. These datasets are based
on approximately calender-monthly sampling of fish in nat-
ural sites and mesocosms over 2 years, and weekly sampling
of fish in an experimental laboratory population subject to
controlled photoperiod and homogenous conditions over 31
weeks [11, 12]. The modalities we search for are those as-
sociated with the position of the moon and that drive im-
portant environmental cycles. These are circatidal oscillation,
varying with the approximately twice-daily ebb and flow of
the tides; circasemilunar oscillation, varying with the approx-
imately two-weekly neap-spring cycle of tidal amplitude; and
circalunar oscillation, varying with the new moon—full moon
phase cycle that approximates to a synodic month. The sam-
pling points for our datasets were executed around 12:00
UTC, placing them in the middle of the day at our study lat-
itude and thus approximately centring out the effect of any
constant circadian rhythm or harmonics thereof. Importantly,
the fact that the sampling intervals (calendar monthly in the
field and mesocosms and weekly in the lab experiment) are
never exact higher harmonics of the modalities of interest
means that their phase point shifts at every sampling point,
allowing statistical evaluation.

There are several reasons to consider the possible impor-
tance of lunar cycles in freshwater G. aculeatus. This is an
ancestrally marine species in which some populations (such
as those in the British Isles) invaded freshwater habitats as
these became available as the last ice age receded, approx-
imately 10 000-20 000 years ago [13]. Moreover, some
populations of freshwater G. aculeatus (including one of the
populations studied here) still occur in or close to zones of
marine influence [14]. In such zones, changes in the height of
the water column and in current strength, or in associated
physicochemical parameters, varying with circatidal and
circasemilunar oscillation, could affect organismal behavior
and the physiology and behavior of predators and prey.
Circalunar cycles could also be directly relevant for both
freshwater and marine organisms in shallow waters as they
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affect illumination at night, which, in turn, affects foraging
and predation risk [15].

In summary, in this study, we used long-term field and ex-
perimental datasets on immunological gene expression in
wild peri-coastal three-spined sticklebacks of the low-plate
morph to search for the presence of lunar expression cycles.
We robustly detected a small amplitude tidal cycle in labo-
ratory stickleback populations (the latter isolated from any
environmental tidal influence). This is consistent with the
presence of an endogenous circatidal clock that has effects on
the immune system and that can be conserved outside of the
immediate marine environment.

Methods and Materials

Data

We use the datasets described in detail in Ref. [11], which are
based on two separate studies of freshwater low-plate morph
three-spined sticklebacks in coastal areas of Wales. The first
of these studies was of freshwater field sites, exposed to nat-
ural lighting and weather, in the Aberystwyth area of Mid
Wales. These sites included a side channel of a lowland river
(52.4052,-4.0372), an upland lake (52.3599, -3.8776), and
an array of outdoors mesocosms (52.4151, -4.0670) stocked
from the lake (described in detail in Ref. [12]). The river
site was non-tidal and situated c. 3.5 km from the sea at an
elevation of c. 10 m; the lake was situated c. 14 km from
the sea at an elevation of c. 280 m. The sites were sampled
approximately calendar monthly across two annual cycles
between October 2013 and December 2015. For gene ex-
pression measurements, 5 fish per month each were sampled
from both the river and lake and 10 fish per month from the
mesocosms. In the case of the mesocosms (whose implemen-
tation is described in detail in Ref. [12]), these were initially
stocked with acclimated, parasite-treated post-larval fish from
the lake in late summer 2013 and these fish were studied from
October 2013 until September 2014. The mesocosms were
then refitted [11, 12] and restocked with a further cohort
of acclimated parasite-treated post-larval fish from the lake,
which were studied from December 2014 until November
20135. Datasets of, respectively, 217,235, and 446 fish for the
river, lake, and mesocosms were ultimately assembled with no
missing values for the variables analyzed below. The second
(experimental) study was of a population of laboratory fish
originally captured in Roath Brook, Cardiff, South Wales (a
non-tidal freshwater habitat c. 3 km from the sea at an eleva-
tion of c¢. 10 m; 51.499858°, —-3.168780°), and acclimatized
to laboratory conditions, including anti-parasitic treatment.
Fish were maintained in aquaria in a factorial design with
two photoperiodic regimens and two constant temperature
treatments and otherwise homogenous conditions. Four fish
per week were sampled for gene expression measurements
for 31 weeks giving a dataset of 124 fish with no missing
values for the variables analyzed below. The experiment and
maintenance conditions are described in detail in Ref. [11].
Sampling points in both the field and laboratory studies were
around the middle of the day (12:00 UTC), tending to ne-
gate the effect of any constant circadian rhythm. For both
studies a standard set of 14 expression measurements [16]
were taken in whole-fish mRNA pools for the genes defbl2
(ENSGACG00000020700; a beta defensin antimicrobial pep-
tide [17]), cd8a (ENSGACG00000008945; the T-cell receptor
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co-receptor alpha chain from cytotoxic T-cells [18]), foxp3b
(ENSGACG00000012777; the regulatory T-cell transcription
factorforkheadboxP3[19]),gpx4a(ENSGACG00000013272;
the anti-oxidative enzyme, glutathione peroxidise 4a [20]),
ighm (ENSGACG00000012799; the heavy chain of immu-
noglobulin M [21]), ighz (the heavy chain of immunoglob-
ulin Z, see [22]), il12ba (ENSGACG00000018453; a subunit
of the pro-inflammatory T-helper cell type 1 cytokine inter-
leukin 12 [23]), il17d (ENSGACG00000001921; a cytokine
of the pro-inflammatory interleukin 17 family [24]), i/1r1-
like (ENSGACG00000001328; Interleukin 1 receptor type
1-like involved in interleukin 1 family signaling [25]), il4 (a
piscine homolog of the mammalian T-helper cell type 2 cyto-
kine interleukin 4 and interleukin 13 lineage, see [26, 27]),
lyz (ENSGACGO00000018290; the bacteriolytic enzyme ly-
sozyme [28]), oraila (ENSGACG00000011865; a calcium
channel known to be necessary for T-cell activation and pro-
liferation in mammals [29]); tbk1 (ENSGACG00000000607;
TANK-binding kinase 1, involved in innate inflammatory
signaling [30]), and tirap (ENSGACG00000006557, Toll/
Interleukin-1 Receptor Domain-Containing Adapter Protein,
involved in innate inflammatory signaling [31]). As described
in detail in Ref. [16], levels of mRNA were measured via
two-step quantitative reverse-transcription PCR (QPCR) and
expressed as relative expression values indexed to a calibrator
sample employing the 2-2¢T algorithm [32]. Normalization
was carried out to two endogenous control genes acvrll
(ENSGACG00000010017; Activin A receptor type 1 like)
and yipf4 (ENSGACG00000002189; Yipl domain family,
member 4). These endogenous control genes have previously
been validated to show stable seasonal expression as a pairing
(where the normalization is to the geometric mean of the two
control genes) [33]. They did not show any lunar periodicity
in their raw threshold cycle values when these were analyzed
by confounder-adjusted cosinor regression (as below). Taken
together the gene expression data reflect a wide variety of
immune response pathways, and, in the case of gpx4a, anti-
oxidant function that correlates positively with high immune
activity [16]. Also included in the data set are host length, sex,
reproductive state, the date of sampling, and in the case of the
laboratory experiment, the treatment level for temperature
treatment (7°C or 15°C). The photoperiod treatment levels
for the laboratory experiment are not included in the analyses
here as they had no significant effect [11]. Physical data relating
to different cycles were obtained as follows. Day length on
given sampling dates was calculated using the daylength func-
tion [34] in the geosphere package of R [35]. Moon phase
data (% of the lunar disc illuminated) were obtained from
the web pages of the Astronomical Applications Department
of the US Naval Observatory [36]. Tidal amplitudes and tidal
heights are based on data published by the UK Hydrographic
Office for Aberystwyth in the case of the mid-Wales sites and
for Cardiff in the case of the south Wales sites.

The animal studies generating the datasets employed in
the present study have, as noted above, previously been thor-
oughly described [11, 12, 16] and fully followed institutional
and national ethical regulations and guidelines, as previously
documented [11, 12, 16]. Work involving regulated scientific
procedures as defined in the Animal (Scientific Procedures)
Act 1987 (ASPA) was conducted under UK Home Office
(HO) License PPL 302876 held at Cardiff University and all
other work was designed in consultation with the ASPA HO
inspectorate.

Physical background and collinearity between
cycles

We have previously studied circannual cycles in the immune
expression of low-plate-morph freshwater three-spined
sticklebacks from coastal areas of Wales, finding a very large
environmentally driven modality in wild sticklebacks and a
small endogenous modality, with distinct gene involvements
and phase relationships to the wild modality, in animals
maintained under homogenous laboratory conditions [11].
Here, bearing in mind the context of circannual variation, we
additionally consider the possibility of lunar rhythmicity in
immune expression in the same populations of sticklebacks.
We note that our previous studies establish that environ-
mental temperature and diet variation are necessary and suf-
ficient to explain the major circannual immunophenotypic
variation seen in wild sticklebacks and exclude a role for an
endogenous clock in driving this major modality [11, 37] and
that this exclusion would logically extend to lunar endoge-
nous clocks.

Each of the cycles that we consider here can be represented
by a physical quantity that is linked to the ultimate physical
environmental drivers of biotic effects (such as lighting in the
case of annual and lunar cycles and current strength in the
case of semilunar and tidal cycles). This quantity is day length
in the case of circannual cycles, proportion of the lunar disc
illuminated in the case of lunar cycles, tidal amplitude in the
case of semicircalunar cycles, and tidal height in the case of
tidal cycles. Nonetheless, any biological rhythm with a period
corresponding to one of these cycles might be out of phase
with the physical drivers and thus not necessarily temporally
correlated with them. For example, this might be due to time
lags as effects cascade through environmental and organismal
interaction networks. In order to detect cycles with a given
period, but with unknown acrophase (peak/trough timing)
and amplitude, we employ cosinor regression [38, 39],
which was originally developed to identify cycles with pre-
defined periods in relatively short and sparse time series.
Importantly for the field-based study, which was designed
to study circannual variation, the monthly sampling regimen
employed led to significant collinearity amongst some of the
annual and lunar physical variables and the cosinor regres-
sion terms used to describe them (see Figs 1 and 2). For the
field-based study, we thus proceeded with an analysis on the
basis that this might be somewhat informative, but any results
would require careful qualification in the light of the known
collinearity. As the circannual cycle was dominant, for anal-
ysis of the lunar rhythms in the field study we (conservatively)
analyzed residuals from base models describing circannual
variation and confounder variables, asking whether lunar
cycles could account for any variation over and above the
known circannual cycle. In the case of the laboratory study,
which had a weekly sampling regimen, collinearity amongst
cyclical physical variables and cosinor terms was more lim-
ited (see Figs 3 and 4) and analysis of all cycles could thus be
carried out within a single model and results interpreted more
straightforwardly.

Analyses

All analyses were conducted in R version 4.3.1 [40]. Gene
expression data tended to have distributions with right-hand
skews and so prior to analysis we evaluated different
normalizing data transformations using the bestNormalize
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Figure 1: scatterplots of the physical quantities representing the different cycles considered in this study against time (epoch 00:00 h 1 January
1900); points represent individual sampling occasions in the field sampling regimen (river, lake, and mesocosms). Annual variation is represented by
photoperiod; lunar variation is represented by the proportion of the lunar disc illuminated; semilunar variation is represented by tidal amplitude on the
adjacent coastline; and tidal variation is represented by tidal height on the adjacent coastline

package [41]. For consistency, we applied an ordered
quantile normalization transformation (orderNorm func-
tion) to all gene expression variables, as this was most fre-
quently the optimal transformation and gave good results
in all cases. Data were analyzed separately for each field site
(river, lake, and mesocosms) and for the laboratory study.
To provide high-level, overall hypothesis tests of the exist-
ence of lunar cycles in gene expression data, avoiding exces-
sive multiple testing, we employed multivariate linear mixed
models (MLMMs) with all 14 gene expression variables as
responses at each site for each cycle. For the gene expression
variables at the field sites, as noted above, we have previously
demonstrated a large circannual oscillation in gene expression
driven by thermal variation and diet. Thus, for these sites, for
each gene, prior to the MLMM analysis, we constructed a base
linear mixed model (LMM) with fixed terms that accounted
for circannual oscillation (continuous cosinor variables), host
length (continuous), sex (factor), reproductive state (factor),
infection with the larval tapeworm Schistocephalus (factor),
and year (factor). We additionally included interactions be-
tween the circannual cosinor terms and year to allow for the
differences in seasonality between years that we have previ-
ously observed. A random term was employed in the LMM

to represent technical variation between assay plates (see Ref.
[11]). To assess the presence of lunar cycles in site-specific
MLMMs, we then separately fitted a cosinor model with
each of the lunar periods to the 14 sets of residuals from
the circannual base LMMs, asking whether the lunar cycles
could explain any variation additional to that explained by
circannual variation. MLMMs were implemented with the
MCMCglmm function in the MCMCglmm package [42]
and additionally contained a random term for assay plate.
The significance of cosinor terms for the respective biolog-
ical rhythms of interest was assessed by a Wald test using the
posterior means and posterior covariances. These high-level
tests were carried out first for the field sites, arbitrarily set-
ting the periods at 12.4 hours, 14 days, and 28 days, respec-
tively, for the tidal, semicircalunar, and circalunar cycles. As
described further below, in these tests, there was a highly sig-
nificant effect for the circasemilunar cycle but not for other
lunar cycles at the field sites. We then secondarily, for each
cycle, assessed values of the period 10 increments (of ¢. 7%
cycle length) either side of widely quoted precise astronomical
estimates (12.4 hours, tidal; 14.7 days, semicircalunar; and
29.5 days, circalunar). This confirmed the significance of the
semicircalunar cycles (that were most significant at a period
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Figure 2: matrix pie chart plots for the field sampling regimen (river, lake, and mesocosms) showing Pearson correlations between the cosinor
terms used to represent different cycles in overall analyses and also the physical quantity for each cycle (annual variation = photoperiod; lunar
variation = proportion of the lunar disc illuminated; semilunar variation = tidal amplitude on the adjacent coastline; tidal variation = tidal height on the
adjacent coastline). Clockwise-orientated segments represent positive correlations

of 13.9-14 days) and lack of significance for other cycles. We
then employed the original period settings of 12.4 hours, 14
days, and 28 days in subsequent analyses (as these offered
no disadvantage over any other settings investigated), begin-
ning with high-level MLMM tests for the lunar cycles in the
laboratory fish, and then continuing with post hoc testing of
individual gene expression variables for all sites and cycles
(see below). MLMM analyses of the laboratory fish were on
the unmodified transformed gene expression variables due to
the smaller circannual cycle in this setting and much-reduced
collinearity between the cyclical explanatory variables
(see above). In these cases, each MLMM contained the 14
gene expression variables as responses. The fixed explana-
tory terms included cosinor terms for circannual, circatidal,
circasemilunar, and circalunar cycles, and host length (con-
tinuous), sex (factor), and reproductive state (factor). An ad-
ditional fixed factor was included to account for the effects
of a 7°C versus 15°C thermal manipulation [11] applied
during the experiment (which were substantial) but terms
representing photoperiodic regimen [11] were not included as
this was not previously found to be significant [11]. A random
term was employed to represent technical variation between
assay plates.

In order to further characterize the effects found in overall
multivariate MLMM tests, we carried out post hoc LMM

analysis of individual gene expression variables for all cycles
at all sites. In the case of LMMs for the field sites, we analyzed
the same residuals from base circannual LMMs as the re-
sponse, and the same explanatory variables, as employed in
the MLMMs for these sites (see above). For the post hoc
LMM analysis of individual gene expression variables in the
laboratory experiment, we used the transformed gene ex-
pression variables as the response and the same explanatory
variables as in the corresponding MLMMs. In all LMMs,
the significance of cosinor terms in each gene vs lunar cycle
combination was assessed by a 2-degree-of-freedom likeli-
hood ratio deletion test from a full model. All LMMs were
implemented in the /me4 package [43] using the lmer func-
tion.

In addition to the overall MLMM tests, for each habitat or
experiment, we also combined the LMM cosinor terms dele-
tion test P values for each lunar cycle across all 14 genes by
the Fisher method [44]; this produced a pattern of overall sig-
nificance consonant with that found via the MLMM analysis.
For gene expression variables within habitats or experiments
that showed individual significance for a given cycle, where
this cycle was also significant overall across all gene expres-
sion variables, we calculated the cycle acrophase from the
estimated LMM coefficients for the cosinor terms [38, 45].
We compared this acrophase to the acrophase for a cycle of
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Figure 3: scatterplots of the physical quantities representing the different cycles considered in this study against time (epoch 00:00 h 1 January 1900);
points represent individual sampling occasions in the laboratory sampling regimen. Annual variation is represented by photoperiod; lunar variation is
represented by the proportion of the lunar disc illuminated; semilunar variation is represented by tidal amplitude on the adjacent coastline; tidal variation

is represented by tidal height on the adjacent coastline

the same period fitted to the corresponding physical variable
at the nearby coast.

For all of the above analyses, collinearity involving cosinor
explanatory terms and also the physical variables associ-
ated with each cycle was evaluated by (Pearson) correlation
analysis (see Figs 2 and 4). We calculated Variance Inflation
Factors (VIFs) for the cosinor terms within given model
structures employing the vif function in the car package.
We considered a VIF > 10 to represent high collinearity. In
order to quantify the total amount of variation explained by
cosinor terms in LMMs we used the calcVarPart function in
the VariancePartition package [46]. P = 0.05 is taken as the
significance cutoff. For the higher level, overall multivariate
(MLMM) tests of the lunar cycles, if a Bonferroni multiplicity
adjustment is applied separately to the field and experimental
studies (which were independent) then all of the reported sig-
nificant P values are significant at the P = 0.05 level.

Results

Lunar cycles in natural habitats and semi-natural
mesocosms

Consonant with previous analyses based on the same dataset,
our present analysis reflected a very dominant circannual

expression cycle in wild fish that was diminished but still
prominent in mesocosm fish (see Fig. 5). Importantly, given
the monthly sampling regimen over 2 years, there was colline-
arity (Figs 1 and 2) amongst some of the cosinor functions for
the circannual cycle and the different lunar cycles and their as-
sociated physical quantities. In full cosinor models containing
sinusoidal terms for all of the cycles considered, VIF was high
for circalunar terms (c. 15-25 at the initial period settings
employed) and circatidal terms (c. 10-15) although lower for
circasemilunar terms (c. 1-2). Given this pattern of collinearity
we (conservatively) searched for circatidal, circasemilunar,
and circalunar cycles in the residuals from base models for
circannual variation, asking whether such cycles could ex-
plain any additional variation. This analysis provided con-
sistent statistical evidence for apparent circasemilunar-like
cycles occurring at all three sites, which was most detectable
at a period of 13.9-14 days. In the case of a 14-day period,
there was overall significance, in each case, for the upland
lake (MLMM, X2 = 63.6, DF = 28, P = 1.4 x 10, the low-
land river (X?=55.0, DF =28, P=1.7 x 107), and the out-
door mesocosms (X?=105.7, DF=28, P=5.9x101").
Significance for individual genes (at a 14-day period)
occurred for il4 in all three habitats, for #irap in the river
and mesocosms, for lyz in the lake and mesocosms, for il17
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in the lake, and for bdef, ighm, and il1r] in the mesocosms
(Fig. 5). The expression acrophases in significant genes indi-
cated expression maxima in the high amplitude half of the
circasemilunar cycle for lyz, illrl, gpx4a, and defb, and ex-
pression maxima in the low amplitude half of the cycle for il4,
tirap, ighm, and i[17 (Fig. 6). Given the collinearity amongst
the different cycles studied, however, the possible origin of
these apparent circasemilunar cycles through correlation with
other cycles should be borne in mind (considered further in
Discussion). There was no overall significance for circatidal
cycles at any of the sites, although there were significant indi-
vidual gene results for orail in the river, cd8 in the lake, and
ighm, lyz, and tirap in the mesocosms at a 12.4-hour period.
There was no evidence of circalunar cycles.

Lunar cycles under homogenous laboratory
conditions

Collinearity amongst circannual and lunar model terms was
limited in the weekly laboratory sampling regimen (Figs 3 and
4) (VIF for terms in full model < 2, excluding one or other
of the semilunar sinusoid terms, which were correlated).
There was overall support for a small circannual oscillation
in laboratory fish (as previously reported) (Fig. 5), with dif-
ferent timing to the major circannual cycle seen in wild fish.

The effects of this were detectable in 5/13 individual genes
(cd8, ighz, il4, orail, and tbk1), accounting for only a limited
amount of the total variation (4-11%) in these cases. There
was also overall support (X? = 52.45, DF =28, P = 3.4 x 10?)
for a very small tidal oscillation that was detectable individu-
ally in 2/13 genes (gpx4 and il17l) (see Table 1) at a 12.4-hour
period but with a further six genes (bdef, cd8, foxp3, ill17,
tbk1, and tirap) with P < 0.2. Variation explained was <2%
for both of the individually significant genes. The predicted
acrophases for these indicated maximum expression around
high tide on the adjacent coast (Figs 6 and 7). There was
no overall support for the existence of circasemilunar or
circalunar oscillation, although two genes (bdef and foxp3)
showed individually significant results for circasemilunar os-
cillation (at a 14-day period).

Discussion

We found evidence for a small endogenous tidal oscillation
in the immune system of peri-coastal 3-spined sticklebacks
from the western coast of Britain. Analyzing 14 immune-
associated genes, we robustly detected an overall circatidal
cycle of mRNA expression in laboratory-maintained animals.
Circatidal cycling was detectable for two individual genes.
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Figure 6: timing of individually significant gene expression cycles where there was overall significance in a given habitat. Clockwise circular
plots showing the acrophase of gene expression maxima in radians zeroed on the acrophase for the corresponding physical cycle (the highest
amplitude spring tide for semicircalunar cycles and high tide for tidal cycles). (A) semicircalunar cycles at field sites. (B) Circatidal cycles in the
laboratory

Table 1: significant circatidal cycles in the expression of individual genes in the laboratory population. Results from LMMs showing: the test statistic,
degrees of freedom, and P value for a likelihood ratio test; the reduction in Akaike Information Criterion when the sinusoid terms were added to a base
model (for models fitted by Maximum Likelihood);  and y coefficients for the sinusoid terms [38]; and the acrophase (®, radians) zeroed on the local
tidal height acrophase

Gene Xx? DF P AAIC B y il zero
1171 -like 6.41 2 0.040 2.4 -0.05=0.11 0.23 = 0.09 0.82
gpxda 6.10 2 0.047 2.1 -0.30=0.13 0.06 = 0.11 -0.12

These observations are consistent with an endogenous tidal
rhythm as the laboratory population lacked obvious tidal
environmental cues and the sampling regimen employed
avoided significant collinearity amongst predictors of the dif-
ferent relevant circannual and lunar cycles. In contrast, we
could not detect circatidal rhythmicity in overall tests in wild
and mesocosm populations of sticklebacks (exposed to nat-
ural lighting and weather). However, in the case of these field
localities, it is important to note that our ability to detect
circatidal rhythms may have been limited by collinearity in
circannual and lunar cycles under the monthly sampling reg-
imen adopted. Furthermore, the low amplitude modality seen
in the laboratory environment may have been suppressed or
masked by environmental variability in the wild.

We found no evidence of circasemilunar or circalunar
oscillations in the laboratory fish, suggesting a lack of any en-
dogenous rhythms with these periodicities. On the other hand,

ilr1-like RE
gpx4a-like RE

Time (hours) Time (hours)

Figure 7: smoothed density scatterplot of gene relative expression
(RE) partial residuals against time (decimal tidal phase point) with line

showing the predicted tidal sinusoid from an LMM. (A) RE for ilTr1-like.

(B) RE for gpx4a

we consistently detected small circasemilunar modalities in
the wild populations, which had overall significance and af-
fected several genes. This may indicate that the circasemilunar
patterns in the field were driven by environmental cues. It is
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also possible that, due to collinearity in the monthly field sam-
pling regimen, semicircalunar cycles might have been poorly
distinguishable from tidal cycles or circannual cycles, espe-
cially if the latter (which were substantial) were complex and
not fully described by a simple sinusoid pattern.

The small lunar modalities that we observed occurred
against the expected dominant background of circannual
oscillation that we have previously reported [11]. Although
we took a somewhat different approach to data transforma-
tion and analysis here than previously, we nonetheless still
found dominant, high amplitude circannual cycling in out-
doors populations. We have previously demonstrated that
these cycles are driven by a combination of environmental
temperature and seasonal diet changes and not by photoperi-
odic seasonal control, by an endogenous seasonal cycle, or by
an intersection with a circadian cycle [11, 37]. As previously
described, in these wild circannual cycles two distinctive sets
of genes consistently vary in approximate anti-phase, with ex-
pression maxima in one set tending towards late summer and
the other set towards late winter. Also as previously described,
we found a circannual rhythm in laboratory sticklebacks that
was much smaller and very distinct to the wild circannual
oscillations, although considerably larger than the small lab-
oratory tidal rhythm described above. We have previously
tentatively inferred that the circannual rhythm in laboratory
sticklebacks is a non-photoperiodically entrained endogenous
rhythm as it occurs independent of manipulations of seasonal
photoperiod. It is fundamentally distinct to the large ampli-
tude winter-summer oscillation seen in field populations,
predominantly with spring expression maxima 90° out-of-
phase with the environmentally driven circannual cycles in
the wild [11]. The present study confirms that the large field
circannual oscillations could not be due to endogenous lunar
cycles as these are either absent in laboratory fish or of much
smaller magnitude than the field oscillation.

Although we detected only a very small tidal modality, our
data support the possibility of a tidal clock that can persist
outside of the immediate marine environment in vertebrate
animals. Recently, robust expression modalities inconsistent
with a circadian rhythm, with 8-hour and 12-hour periods
and affecting thousands of genes, including important immu-
nological genes, have been demonstrated in mice [7]. In the
case of the 12-hour rhythm, this coincides with elevated dawn
and dusk activity and has been shown to be transcription-
ally regulated by Spliced Form of X-box Binding Protein 1
(XBP1s). This non-circadian clock may have evolved from a
tidal clock as XBP1s and conserved sets of transcripts cycling
detectably with a 12-hour period are present in primitive
marine organisms such as Cnidaria [5]. Thus, if the 12-hour
dawn-dusk clock in mice has evolved from a tidal cycle, we
might expect to see evidence of an unmodified c. 12-hour tidal
cycle in recently marine-derived vertebrates. This is what we
have found in the present study.

In the laboratory population, the only two individually sig-
nificant genes with tidal modalities were gpx4a, which is a
major antioxidant gene in fish [47], protecting cells against
oxidative damage, and il17], which is a member of the in-
terleukin 1 receptor family and involved in innate immune
signaling pathways [25]. The acrophase for both of these
genes was consistent with highest expression near high tide
on the local coastline. Speculatively, this could indicate an
adaptive readiness for higher innate immune reactivity and

Jackson et al.

protection from the oxidative stress that might result from
this [16], due to behavioral changes or environmental changes
across the tidal cycle. Interestingly, moreover, gpx4a and il17]
featured amongst the apparent circasemilunar cycling genes
in the wild populations, where their expression maxima were
close to the high tidal amplitude (spring tide) point of the
tidal cycles on the local coastline. Notwithstanding, these
and other genes with detectable apparent circasemilunar cy-
cling in the wild populations also tended to be genes with
winter circannual expression maxima when peaking in the
spring (high amplitude) half of the circasemilunar cycle and
to be genes with summer circannual expression maxima when
peaking in the neap (low amplitude) half of the cycle. These
coincidences of timing may reflect the possibility, discussed
above, that the observed circasemilunar modalities in wild
populations may originate from collinear circannual or tidal
modalities.

In summary, in the present study, we have found that ultra-
dian circatidal cycles in immune expression can be conserved
in vertebrates even where these have evolved to exploit
habitats outside of the immediate marine environment. This
is consistent with the existence of a primordial tidal clock
affecting the immune system, and with previous suggestions
that such a clock could drive biological rhythms that are
separate from the well-known circadian clock in other non-
marine vertebrates. This may have practical implications. For
example, in finfish aquaculture additional research might be
warranted in relation to the effect of tidal cycles on vaccina-
tion efficacy or disease susceptibility, particularly in organisms
with marine-linked life histories. In general, the possibility of
biological rhythms in the immune system other than circadian
rhythms should be given more attention.
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