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Fluctuations in immune response (phenol oxidase
activity) related to circadian and lunar cycles

in the symbiotic anemone Exaiptasia diaphana
(Actinaria: Aiptasiidae)

Miel A Rodriguez-Jiménez', Jacqueline Rivera-Ortegal”?, Patricia E Thomé!'*

ABSTRACT. The immune capacity of cnidarians allows them to maintain the integrity of
their tissues and prevent infections when facing threats of damage. Cnidarians have an innate
immune system that includes melanin and enzymes, like phenol oxidase, that is activated
in the presence of pathogens and generates reactive and toxic compounds for their elimina-
tion. The anemone Exaiptasia diaphana is a model organism for symbiosis, nutrition, and
immune studies, as it maintains a facultative symbiosis with microalgae of the Symbiodin-
iaceae family, like corals; E. diaphana can also exist in an aposymbiotic state. Therefore,
E. diaphana is a suitable model to study the cnidarian immune system. To learn about the
basic immune activity of this anemone, we asked ourselves if it exhibited variability in its
immune activity throughout the day, considering 2 lunar phases (full moon and new moon).
Mucus samples were taken from 6 symbiotic and 6 aposymbiotic anemones, which were pre-
viously acclimatized and maintained in 6-well plates with filtered seawater under natural light
conditions. Phenol oxidase activity was estimated every 6 h for 48 h, with 2 repetitions for
each moon phase. Phenol oxidase activity was highest at 14:00 h, whereas nocturnal activity
was low. Enzyme activity increased under the full moon in aposymbiotic anemones (H =
17.47, P = 0.0005). We found a negative relationship between symbiont density and phenol
oxidase activity (R*=0.05, P = 0.04). These results allow us to suggest that this anemone can
maintain a constant constitutive immunity under laboratory conditions, which responds to
biological cycles such as circadian and moon cycles.

Key words: constitutive immunity, mucus, lunar phases, symbiosis, circadian cycle, symbiot-
ic anemone, phenol oxidase, cnidarian.

INTRODUCTION

Exaiptasia diaphana is a symbiotic anemone and a

rhythms allow organisms to anticipate and adapt to natural
environmental changes (Roenneberg and Merrow 2005,
Bednarova et al. 2013). Symbiotic cnidarians exhibit het-

model organism to study various processes in cnidarians
such as symbiosis, nutrition, and immunological mecha-
nisms (Lehnert et al. 2012, Matthews et al. 2017, Radecker
et al. 2018, Mansfield and Gilmore 2019, Dungan et al.
2020). This anemone maintains a facultative symbiosis
with microalgae of the Symbiodiniaceae family (Weis et al.
2008). Cnidarians exhibit nocturnal behavior (Lewis and
Price 1975, Sebens and De Riemer 1977) and establish sym-
biosis with microalgae, which represents a challenge for the
study of basal parameters, since both are governed by dif-
ferent biological rhythms (Sorek et al. 2014). Biological
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erotrophic feeding habits at night (Lewis and Price 1975)
and use the energy provided by their endosymbiont algae
during the day; this complicates the study of their rhythmic
behavior. Furthermore, they show differential behavior
during the day and night; for example, non-symbiotic
anemones lose their circadian rhythm when kept under con-
stant light or darkness (Aguillon et al. 2024). In symbiotic
organisms, the tentacles of anemones and the corals that
allow them to feed expand at night, whereas those with a
higher density of symbionts expand during the day (Sebens
and De Riemer 1977).
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Lunar cycles are important for the reproduction of marine
animals (Raible et al. 2017). In corals, lunar cycles regulate
spawning (Harrison et al. 1984), although factors such as tem-
perature can modify this process (Lin and Nozawa 2023). In
addition, they have a correlation with the deposition of calcar-
eous structures called dissepiments and with the growth of the
calcareous skeleton of coral colonies (Winter and Sammarco).

Biological rhythms are key in controlling physiology and,
therefore, the immune system (Fagiani et al. 2022). In mam-
mals, studies have found that the circadian cycle is related
to the migration of cells of the innate immune system and
changes in the expression of immune molecules (Reviewed in
Scheiermann et al. 2013). Furthermore, when organisms face
an immunological challenge, they respond best in their active
phase (Reviewed in Westwood et al. 2019). In cnidarians,
the relationship between biological rhythms and the immune
system has not yet been studied.

As in other invertebrates, cnidarians have an innate
immune system whose function is to maintain the health of
the animal (Palmer 2018). An immunological pathway com-
monly used by invertebrates is the proPO system, or the
phenol oxidase (PO) pathway (Cerenius et al. 2008). The
proPO system is activated by proteins capable of binding
to peptidoglycans and lipopolysaccharides in various inver-
tebrates, such as insects (Zhao et al. 2018), crustaceans
(Liu et al. 2011), and cnidarians (Lehnert et al. 2012). Once
activated, it generates cytotoxic free radicals, binding agents,
and opsonin, which protect the animal without synthesizing
melanin (Zhao et al. 2007, Cerenius and Soderhill 2021). The
synthesis of melanin as a final product, known as melaniza-
tion, encapsulates potentially harmful microorganisms (Zhao
et al. 2007, Cerenius et al. 2008). For example, Palmer et al.
(2010) showed that after damage, melanin deposits appear in
some corals almost instantaneously.

In some cnidarians, PO has been studied as a response to
various diseases and bleaching (Mydlarz et al. 2009, Palmer
et al. 2010, Rivera-Ortega and Thomé 2018). However, the
study of the basal immune response and its relationship with
biological rhythms has not been considered. Studying the
immune response under basal conditions is important since
biological processes in any living organism alternate between
periods of high, low, or no activity (Cardinali 2005). There-
fore, our aim was to characterize the fluctuation of PO in
healthy E. diaphana individuals, both symbiotic and aposym-
biotic, throughout the day and during the phases of full moon
and new moon. In addition, to understand whether symbionts
affect the immune response, PO fluctuations were compared
in both symbiotic and aposymbiotic E. diaphana.

MATERIALS AND METHODS
Experimental design

To explore whether biological cycles influence the immune
response, the experiments were done at different times
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throughout the day and during 2 lunar phases (full moon
and new moon) using 6 symbiotic anemones and 6 aposym-
biotic anemones. In each lunar phase, mucus was collected
every 6 h in 2 cycles per 24 h; during the first cycle, sam-
ples were taken at 8:00 p.m., 2:00 a.m., 8:00 a.m., and 2:00
p.m. The next day, measurements of the second cycle were
resumed at 2:00 p.m., 8:00 p.m., 2:00 a.m., and 8:00 a.m.
Mucus extracted from the 6 symbiotic anemones and 6 apo-
symbiotic anemones (n = 48) was grouped in duplicate per
lunar phase and per symbiotic state. In total, 348 anemones
were used. The experiment was carried out from September
to November 2023.

To determine symbiont density, 6 symbiotic anemones
were used per hour of sampling. This experiment was done in
a cycle for each lunar phase. In total, 48 anemones were used.

Organisms

The symbiotic anemones were collected from the aquar-
iums of the Unidad Académica de Sistemas Arrecifales
(Instituto de Ciencias de Mar y Limnologia, Universidad
Nacional Autonoma de Meéxico), where they grew under
natural conditions. The aposymbiotic anemones came
from a laboratory culture of several years. After their col-
lection, the anemones were acclimatized for 14 d to avoid
the aquarium effect. Subsequently, anemones were main-
tained individually in 6-well plates with filtered seawater
(0.22 pm) under a light/dark regime (full moon = 67.9-985
lux; new moon = 67.4-838 lux) and at natural temperature
(full moon = 28.87-29.60 °C; new moon = 28.47-29.48 °C)
in a humid windowless laboratory. Anemones were fed once
a week with nauplii of Artemia spp.

Mucus extraction

Mucus was extracted from anemones exhibiting extended
tentacles and column. Before extraction, the water was com-
pletely removed from each well with a disinfected transfer
pipette, wiping off the remaining water with a sterilized
cotton swab. The mucus expelled by the anemone after 2 min
was collected with a micropipette and stored in individual
microtubes. Finally, 10 mL of filtered seawater was added to
each well.

Evaluation of the immune response

To determine the basal immune response in E. diaphana,
mucus PO activity was measured. We used 96-well plates in
90-uL reactions in triplicate, as described below. Each well
contained 30 pL of mucus (n = 6 anemones) and 30 pL of
pyrogen-free water. Subsequently, the plate was covered with
aluminum and incubated for 5 min at 35 °C with shaking
(60 rpm). The reaction was started by adding 30 uL of L-Dopa
substrate [2.5 mM]; measurements were immediately taken
in a plate reader. The absorbance reading was performed at
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450 nm every minute for 10 min. The activity of PO is pre-
sented as the change in absorbance per microliter of mucus
per minute.

Symbiont density

To count symbionts, the anemones were weighed and
placed in microtubes with 500 pL of filtered seawater. They
were homogenized manually with a plastic homogenizer until
no tissue was visible. Symbionts were purified by 3 centrifu-
gation cycles (14,000 rpm) for 1 min. They were resuspended
in 500 pL of filtered seawater and fixed by adding lugol
(30%). Algae were counted in a hemocytometer and calcu-
lated per milliliter. The total cell number count per anemone
was normalized to grams of wet weight.

Statistical analysis

Data normality and homoscedasticity were evaluated with
the Shapiro—Wilks and Levene tests, respectively. Because the
data did not meet the assumptions, nonparametric statistical
tests were used. To compare PO activity with the interaction
between the moon and symbiotic state, the Kruskal-Wallis
test and post hoc Mann—Whitney tests were used. A Pearson
correlation was applied between PO activity and symbiont
density. Statistical analyses were performed in RStudio
v. 4.1.0 (Posit Team 2024).

RESsuLTS
Immune response
Circadian cycle

The activity of PO in both symbiotic and aposymbiotic
anemones showed natural variability throughout the day,
with 2 acrophases. The highest peak of activity was at 2:00
p.m., with symbiotic anemones at full moon showing lower
PO activity compared to aposymbiotic anemones. A second
smaller, but equally represented, peak was detected at 2:00
h (Fig. 1). Despite showing some biological variability, data
showed no statistically significant differences (H [7] = 7.09,
P =0.41) throughout the day.

Lunar cycle

The analysis of PO activity, measured as the interaction
between the lunar phase and the symbiotic state, showed
statistically significant differences (H [15] = 17.47, P =
0.0005). According to the post hoc analysis, PO activity
in aposymbiotic anemones was found to be significantly
higher at full moon than at new moon and higher than in
symbiotic anemones for both moons (P < 0.05). Further-
more, PO activity in symbiotic anemones at full moon was
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significantly higher than that observed in aposymbiotic
anemones at new moon (P = 0.032) (Fig. 2).

Symbiont density

We found a negative relationship between PO activity
and symbiont density in symbiotic anemones (R* = 0.51, P =
0.04) (Fig. 3). Furthermore, symbiont density varied signifi-
cantly depending on the time of day (H [3] =8.55, P =0.035).
According to the post hoc analysis, symbiont density was sig-
nificantly higher at 14:00 h (P = 0.006, Fig. 4a). Taking into
account the lunar phase, we found that symbiont density was
similar for both the full moon (H [3] = 4.84, P=0.18) and the
new moon (H [3]=4.32, P=0.22) (Fig .4b).

DiscussioN

In this study, PO activity was measured in the mucus of
E. diaphana under basal conditions. We determined that both
symbiotic and aposymbiotic anemones show PO activity
throughout the day. Therefore, E. diaphana shows consti-
tutive immunity, and the proPO system is part of its basal
immunity. The above agrees with what was proposed by
Palmer (2018), who suggests that, though immunity is com-
monly approached as a response activated by damage signals,
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Figure 1. Variation of phenol oxidase (PO) activity during
the day in Exaiptasia diaphana. The activity of PO was
calculated in samples taken every 6 h for 48 h. Each mucus
sample corresponds to a group of 6 anemones. The results of
one estimation are shown; repetitions had very similar results.
Abbreviations: aposymbiotic anemones at full moon (apo.
1), aposymbiotic anemones at new moon (apo.ln), symbiotic
anemones at full moon (sim.ll), and symbiotic anemones at new
moon (sim.In).
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Figure 2. Comparison of phenol oxidase (PO) activity with
respect to the symbiotic state and the lunar phase using the
Kruskal-Wallis test. Boxplots represent the mean, first and third
quartiles, confidence interval (95%), and outlier points (red dot,
green dots, and purple dot). Each sample corresponds to the
activity values of 6 anemones. The horizontal black lines show
the comparisons between the different treatments; statistical
significance of comparisons is represented by asterisks (*P < 0.05;
**P < 0.01). Abbreviations: aposymbiotic anemones at full moon
(apo.ll), aposymbiotic anemones at new moon (apo.ln), symbiotic
anemones at full moon (sim.ll), and symbiotic anemones at new
moon (sim.In).

the immune system operates and remains active in a consti-
tutive manner, even if it is not being challenged by a threat.

Immunity fluctuation in the circadian cycle

The PO activity in the mucus of E. diaphana fluctuated
throughout the day, both in symbiotic and aposymbiotic
anemones, with the highest PO activity at 2:00 p.m. No pre-
vious studies track PO activity throughout the day in cnidar-
ians; our results provide a background for how the circadian
cycle of E. diaphana affects its basal immunity.

The variability of basal immunity throughout the day could
be consistent with what was observed at the transcriptomic
level in symbiotic cnidarians. Gong et al. (2023) found that
the corals Acropora pruinosa and Pocillopora damicornis
differentially transcribe certain genes at night compared to
the morning. At night, transcribed genes are mostly related
to the immune system, metabolism, and signal transduction,
whereas during the day, transcribed genes relate to transport
and catabolism. However, Levy et al. (2011) reported that
Acropora millepora genes associated with antioxidant activity
have expression peaks at night, whereas those associated with
metabolism are more expressed during the day. Furthermore,
some studies report that crustaceans have a bimodal variation
of PO in a diurnal cycle (She et al. 2019), whereas others have
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Figure 3. Relationship between phenol oxidase (PO) activity and
symbiont density using a Spearman correlation test. The activity
of PO decreases as symbiont density increases (cell'mL™'-ug
wet weight). The density of symbionts was determined in 48
anemones, grouped into 6 anemones for each sampling. The 95%
confidence level is shaded.

reported greater activity during the day (Rund et al. 2016) or
even constant PO activity (Pfenning-Butterworth et al. 2022).
These studies illustrate the importance of considering the cir-
cadian cycle in studies of the immune system because it could
help explain some variations.

Immunity fluctuations in response to the lunar cycle

The PO activity in E. diaphana mucus was slightly higher
with the full moon than with the new moon in anemones of both
symbiotic states. In corals, reproduction and growth are syn-
chronized with lunar cycles (Boch et al. 2011). However, despite
the extensive information on the influence of the moon on coral
reproduction, information on the immune system is scarce and
practically non-existent in E. diaphana. Given that the values
of PO activity in the mucus of E. diaphana showed different
behavior in the full moon than in the new moon, we can suggest
that the basal constitutive immunity in this anemone also obeys
the lunar cycles, regardless of its symbiotic state. This finding
constitutes a novel contribution of the present study.

Symbiont density

We found a negative relationship between symbionts
and the immune response that coincides with studies on the
coral Orbicella faveolata, which reported a reduction in the
expression of genes related to immunity (Fuess et al. 2020).
Other studies have positively correlated immune activity
with antioxidant activity and melanin synthesis (Changsut et
al. 2022). Finally, it has been hypothesized that, in corals,
the loss of symbionts after bleaching confers some protec-
tion, since a lower incidence of diseases has been observed
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Figure 4. Comparison of symbiont density with respect to time of day and lunar phase using the Kruskal-Wallis test. (a) Symbiont density
considering only the time of day, without taking into account the lunar phase. (b) Symbiont density considering lunar phase and time of day.
Boxplots represent the mean, first and third quartiles, confidence interval (95%), and outliers. The asterisk (*) shows significant differences
(P =0.035) in the density of symbionts at 14:00 h compared to the other samples.

(Merselis et al. 2018). It is possible that symbiosis in cnidar-
ians depends on reduced immune activity that facilitates this
relationship.

CONCLUSIONS

The study of constitutive immunity and its relationship with
biological cycles in E. diaphana is a scarcely explored field.
The present study expands the understanding of PO activity
as an immune response under basal conditions in aposymbi-
otic and symbiotic anemones, which showed basal constitutive
immunity under laboratory conditions. The response varied
according to biological rhythms, showing greater activity
during the day and low activity at night. Furthermore, we
observed that lunar cycles influenced PO activity, which was
greater in the full moon phase. We also found that symbiotic
status had an effect on the immune response, probably because
symbiont density was negatively correlated with PO activity,
with higher symbiont density observed at 14:00 h. These results
not only provide evidence for constitutive immunity, but also
illustrate the complexity of holobiont relationships. Future
studies focusing on the relationship between immunity and bio-
logical cycles are important to achieve a more adequate inter-
pretation of biological responses to stressors.

English translation by Claudia Michel-Villalobos.

DECLARATIONS
Supplementary material

This work does not include supplementary material.
Acknowledgments

We thank Dr. Cristina Pascual Jiménez for her ideas
to structure the experimental design and the PO database
and Dr. Ernesto Maldonado for donating the aposymbiotic
anemones and nauplii of Artemia spp.

Funding

This study was funded by the UNAM-PAPIIT Pro-
gram through the project “Inmunidad innata en Cnidarios:
el sistema proPO en el organismo modelo Exaiptasia
diaphana” (IN201323). JRO received a doctoral scholar-
ship from Consejo Nacional de Humanidades, Ciencias y
Tecnologias (CVU 747651).

Conflict of interest

The authors declare that they have no conflict of
interest.


http://www.cienciasmarinas.com.mx/index.php/cmarinas

Ciencias Marinas, Vol. 50(1B), 2024

Author contributions

Conceptualization: MARIJ, JRO, and PT; Data curation:
MARJ; Formal analysis: MARJ; Funding acquisition: PT;
Research: MARIJ and JRO; Methodology: JRO and MARJ;
Experimental development: MARJ; Resources: PT; Supervi-
sion: JRO and PT; Visualization: MARJ; Writing—original
draft: JRO and MARJ; Writing—review and editing: MARJ,
JRO, and PT.

Data availability

The raw data can be accessed at the following link: https://
www.researchgate.net/publication/385169280 Raw_data
Rodriguez-Jimenez et al 2024.

Use of Al tools
The authors did not employ any Al tools in this work.

REFERENCES

Aguillon R, Rinsky M, Simon-Blecher N, Doniger T, Appelbaum L,
Levy O. 2024. CLOCK evolved in cnidaria to synchronize
internal rhythms with diel environmental cues. Elife.
12:RP89499.
https://doi.org/10.7554/eLife.89499.4

Bednafova A, Kodrik D, Krishnan N. 2013. Nature’s timepiece—
Molecular coordination of metabolism and its impact on aging.
Int J Mol Sci. 14(2):3026-3049.
https://doi.org/10.3390/ijms14023026

Boch CA, Ananthasubramaniam B, Sweeney AM, Doyle FJ, Morse
DE. 2011. Effects of light dynamics on coral spawning
synchrony. Biol Bull. 220(3):161-173.
https://doi.org/10.1086/BBLv220n3p161

Cardinali P. 2005. Ritmos bioldgicos. 3th ed. Spain: McGraw-Hill
Interamericana. 1178 p.

Cerenius L, Lee BL, Soderhill K. 2008. The proPO-system: pros
and cons for its role in invertebrate immunity. Trends Immunol.
29(6):263-271.
https://doi.org/10.1016/;.it.2008.02.009

Cerenius L, Soderhidll K. 2021. Immune properties of invertebrate
phenoloxidases. Dev Comp Immunol. 122:104098.
https://doi.org/10.1016/j.dci.2021.104098

Changsut I, Womack HR, Shickle A, Sharp KH, Fuess LE. 2022.
Variation in symbiont density is linked to changes in constitutive
immunity in the facultatively symbiotic coral, Astrangia
poculata. Biol Lett. 18:20220273.
https://doi.org/10.1098/rsbl.2022.0273

Dungan AM, Hartman LM, Tortorelli G, Belderok R, Lamb AM,
Pisan L, McFadden GI, Blackall LL, van Oppen MJ. 2020.
Exaiptasia diaphana from the great barrier reef: a valuable
resource for coral symbiosis research. Symbiosis. 80:195-206.
https://doi.org/10.1007/s13199-020-00665-0

Fagiani F, Marino DD, Romagnoli A, Travelli C, Voltan D, Mannelli
LDC, Racchi M, Govoni S, Lanni C. 2022. Molecular
regulations of circadian rhythm and implication for physiology
and diseases. Signal Transduct Target Ther. 7:41.
https://doi.org/10.1038/s41392-022-00899-y

Fuess LE, Palacio-Castro AM, Butler CC, Baker AC, Mydlarz LD.
2020. Increased algal symbiont density reduces host immunity

C
M

SPECIAL ISSUE

in a threatened Caribbean coral species, Orbicella faveolata.
Front Ecol Evol. 8:572942.
https://doi.org/10.3389/fev0.2020.572942

Gong S, Li G, Liang J, Xu L, Tan L, Jin X, Xia X, Yu K. 2023. Day-
night cycle as a key environmental factor affecting coral-
Symbiodiniaceae symbiosis. Ecol Indic. 146:109890.
https://doi.org/10.1016/j.ecolind.2023.109890

Harrison PL, Babcock RC, Bull GD, Oliver JK, Wallace CC, Willis
BL. 1984. Mass spawning in tropical reef corals. Science.
223(4641):1186-1189.
https://doi.org/10.1126/science.223.4641.1186

Lehnert EM, Burriesci MS, Pringle JR. 2012. Developing the
anemone Aiptasia as a tractable model for cnidarian-
dinoflagellate symbiosis: the transcriptome of aposymbiotic A.
pallida. BMC Genomics. 13:271.
https://doi.org/10.1186/1471-2164-13-271

Levy O, Kaniewska P, Alon S, Eisenberg E, Karako-Lampeert S,
Bay LK, Reef R, Rodriguez-Lanetty M, Miller DJ, Hoegh-
Guldberg O. 2011. Complex diel cycles of gene expression in
coral-algal symbiosis. Science. 331(6014):175.
https://doi.org/10.1126/science.1196419

Lewis JB, Price WS. 1975. Feeding mechanisms and feeding
strategies of Atlantic reef corals. J Zool. 176(4):527-544.
https://doi.org/10.1111/j.1469-7998.1975.tb03219.x

Lin CH, Nozawa Y. 2023. The influence of seawater temperature on
the timing of coral spawning. Coral Reefs. 42(2):417-26.
https://doi.org/10.1007/s00338-023-02349-9

Liu H, Wu C, Matsuda Y, Kawabata SI, Lee BL, Soderhill K,
Soderhall I. 2011. Peptidoglycan activation of the proPO-system
without a peptidoglycan receptor protein (PGRP)? Dev Comp
Immunol. 35(1):51-61.
https://doi.org/10.1016/j.dci.2010.08.005

Mansfield KM, Gilmore TD. 2019. Innate immunity and cnidarian-
Symbiodiniaceae mutualism. Dev Comp Immunol. 90:199-209.
https://doi.org/10.1016/j.dci.2018.09.020

Matthews JL, Crowder CM, Oakley CA, Lutz A, Roessner U,
Meyer E, Grossman AR, Weis VM, Davy SK. 2017. Optimal
nutrient exchange and immune responses operate in partner
specificity in the cnidarian-dinoflagellate symbiosis. PNAS.
114(50):13194-13199.
https://doi.org/10.1073/pnas.1710733114

Merselis DG, Lirman D, Rodriguez-Lanetty M. 2018. Symbiotic
immuno-suppression: is disease susceptibility the price of
bleaching resistance? Peer]. 6:¢4494.
https://doi.org/10.7717/peerj.4494

Mydlarz LD, Couch CS, Weil E, Smith G, Harvell CD. 2009.
Immune defenses of healthy, bleached and diseased Montastrea
faveolata during a natural bleaching event. Dis Aquat Organ.
87(1-2):76-78.
https://doi.org/10.3354/da002088

Palmer CV. 2018. Immunity and the coral crisis. Commun Biol. 1:91.
https://doi.org/10.1038/s42003-018-0097-4

Palmer CV, Bythell JC, Willis BL. 2010. Levels of immunity
parameters underpin bleaching and disease susceptibility of
reef corals. FASEB Journal. 24(6):1935-1946.
https://doi.org/10.1096/j.09-152447

Pfenning-Butterworth AC, Nguyen DT, Hite JL, Cressler CE. 2022.
Circadian rhythms mediate infection risk in Daphnia dentifera.
Ecol Evol. 12(9):€9264.
https://doi.org/10.1002/ece3.9264

Posit Team. 2024. RStudio: Integrated Development Environment
for R. v. 4.1.0. Boston (USA): Posit PBC. https://posit.co

Rédecker N, Raina J-B, Pernice M, Perna G, Guagliardo P, Kilburn
MR, Aranda M, Voolstra CR. 2018. Using Aiptasia as a model


http://www.cienciasmarinas.com.mx/index.php/cmarinas
https://www.researchgate.net/publication/385169280_Raw_data_Rodriguez-Jimenez_et_al_2024
https://www.researchgate.net/publication/385169280_Raw_data_Rodriguez-Jimenez_et_al_2024
https://www.researchgate.net/publication/385169280_Raw_data_Rodriguez-Jimenez_et_al_2024
https://doi.org/10.1098/rsbl.2022.0273

Rodriguez-Jiménez et al.: Immune response in circadian and lunar cycles of Exaiptasia diaphana

to study metabolic interactions in cnidarian-Symbiodinium
symbioses. Front Physiol. 9:214.
https://doi.org/10.3389/fphys.2018.00214

Raible F, Takekata H, Tessmar-Raible K. 2017. An overview of
monthly rhythms and clocks. Front Neurol. 8:189.
https://doi.org/10.3389/fneur.2017.00189

Rivera-Ortega J, PE Thome. 2018. Contrasting antibacterial
capabilities of the surface mucus layer from three symbiotic
cnidarians. Front Mar Sci. 5:392.
https://doi.org/10.3389/fmars.2018.00392

Roenneberg T, Merrow M. 2005. Circadian clocks — the fall and rise
of physiology. Nat Rev Mol Cell Biol. 6:965-971.
https://doi.org/10.1038/nrm1766

Rund SS, Yoo B, Alam C, Green T, Stephens MT, Zeng E, George
GF, Sheppard AD, Duffield GE, Milenkovic T, Pfrender ME.
2016. Genome-wide profiling of 24 hr diel rhythmicity in the
water flea, Daphnia pulex: network analysis reveals rhythmic
gene expression and enhances functional gene annotation.
BMC Genomics. 17(1):1-20.
https://doi.org/10.1186/s12864-016-2998-2

Scheiermann C, Kunisaki Y, Frenette SP. 2013. Circadian control of
the immune system. Nat Rev Immunol. 13:190-198.
https://doi.org/10.1038/nri3386

Sebens KP, DeRiemer K. 1977. Diel cycles of expansion and
contraction in coral reef anthozoans. Mar Biol. 43:247-256.
https://doi.org/10.1007/BF00402317

She Q, Han Z, Liang S, Xu W, Li X, Zhao Y, Wei H, Dong J, Li Y.
2019. Impacts of circadian rhythm and melatonin on the specific
activities of immune and antioxidant enzymes of the Chinese

w<O

mitten crab (Eriocheir sinensis). Fish Shellfish Immunol.
89:345-53.
https://doi.org/10.1016/j.£51.2019.04.011

Sorek M, Diaz-Almeyda EM, Medina M, Levy O. 2014. Circadian
clocks in symbiotic corals: the duet between Symbiodinium
algae and their coral host. Mar Genomics. 14:47-57.
https://doi.org/10.1016/j.margen.2014.01.003

Weis VM, Davy SK, Hoegh-Guldberg O, Rodriguez-Lanetty M,
Pringle JR. 2008. Cell biology in model systems as the key to
understanding corals. Trends Ecol Evol. 23(7):369-376.
https://doi.org/10.1016/j.tree.2008.03.004

Westwood ML, O’Donnell AJ, de Bekker C, Lively CM, Zuk M,
Reece SE. 2019. The evolutionary ecology of circadian rhythms
in infection. Nat Ecol Evol. 3:552-560.
https://doi.org/10.1038/541559-019-0831-4

Winter A, Sammarco PW. 2010. Lunar banding in the scleractinian
coral Montastraea faveolata:fine-scale structure and influence
of temperature. J Geophys Res. 115(G4):G04007.
https://doi.org/10.1029/2009JG001264

Zhao P, LiJ, Wang Y, Jiang H. 2007. Broad-spectrum antimicrobial
activity of the reactive compounds generated in vitro by
Manduca sexta phenoloxidase. Insect Bioch Mol Biol.
37(9):952-959.
https://doi.org/10.1016/j.ibmb.2007.05.001

Zhao S, Wang X, Cai S, Zhang S, Luo H, Wu C, Zhang R, Zhang J.
2018. A novel peptidoglycan recognition protein involved in the
prophenoloxidase activation system and antimicrobial peptide
production in Antheraea pernyi. Dev Comp Immunol. 86:78-85.
https://doi.org/10.1016/j.dci.2018.04.009

This article pertains to a special issue of Ciencias Marinas comprising select papers from the 2024 "XII Congreso Mexicano de
Arrecifes Coralinos and 111 Congreso Panamericano de Arrecifes Coralinos" held in Ensenada, Baja California, Mexico.


http://www.cienciasmarinas.com.mx/index.php/cmarinas

