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Abstract

Background Anemonefish association with sea anemones is a prime example of mutualistic symbiosis. These fish
live inside the sea anemone, benefitting from the protection of its toxic nematocysts, and in return, protect the anem-
one from its own predators. How anemonefish manage to avoid their host toxic stings remains unclear. One hypoth-
esis suggests that low levels of sialic acids in anemonefish mucus prevent nematocyst discharge.

Results This study verified four predictions: (i) anemonefish mucus has lower sialic acid levels than non-symbiotic
damselfish; (ii) this reduction is specific to mucus; (iii) during development, sialic acid levels inversely correlate
with protection; (iv) sea anemone mucus has minimal sialic acids.

Conclusions We conclude that anemonefish regulates the level of sialic acids in their mucus to avoid nematocyst
discharge. We also highlight several genes implicated in sialic acid removal that could explain the protection mecha-
nisms in place. This mechanism, potentially used by Dascyllus trimaculatus juveniles, suggests a convergent strategy
for mutualistic associations with sea anemones.
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Background

Symbiosis, the intimate long-term association between
two or more organisms of different species, is a fascinat-
ing biological phenomenon. Such an association can be
beneficial to both partners (mutualism), to only one of
them (commensalism), or even be detrimental to one
partner (parasitism) [1]. One of the most striking exam-
ples is the long-term association between anemonefishes
and their giant sea anemone hosts [2]. The 28 species of
the Amphiprion genus that belong to the pomacentrids
family have in common the ability to form social groups
living in a close association with 10 sea anemones which
belong to 3 distinct clades [2—4].

Studied since the end of the nineteenth century [5],
this symbiosis is considered as a mutualistic relationship
as the sea anemone provides a protection to the anem-
onefish thanks to their deadly tentacles whereas, by their
aggressive behavior, the anemonefishes repel sea anem-
one predators. This symbiosis has always fascinated sci-
entists for three main reasons. First, the anemonefishes
can live safely inside the tentacles of their host otherwise
known to discharge stinging nematocysts contained in a
cnidocytes [6]. Nematocysts, which are threads releas-
ing a cocktail of neurotoxins once it penetrates its tar-
get, are released after a combination of chemical and
mechanical stimulation occurring at the surface of the
cnidocytes [7-9]. Briefly, the release of sea anemone
nematocysts requires first the fixation of specific sub-
strates on chemoreceptors located at the surface of the
tentacles. This will then cause structural modifications
of the cnidocyte complex making them more sensitive to
mechanical stimulation caused by swimming prey enter-
ing in contact with the tentacles (see [10] for review). It
is clear that anemonefish are influencing somehow the
triggering of these events as they succeed in living within
the sea anemone tentacles. Second, there is a complex
species specificity of this mutualistic relationship since a
few anemonefish species in the wild live only in one sea
anemone species (called specialists, e.g., Amphiprion fre-
natus, A. sebae, A. biaculeatus), whereas other may have
between 2 or even 10 possible hosts (called generalists,
e.g., A. ocellaris, A. bicinctus, A. perideraion, A clarkii) [4,
11, 12]. Third, this symbiosis is in fact a tripartite associa-
tion as the giant sea anemones are themselves symbiotic
animals that host a symbiotic dinoflagellate algae Sym-
biodinium providing them 80% of their energy via photo-
synthesis. It has also been shown that the 3 partners are
metabolically connected [13, 14]. Indeed, anemonefish
provide nitrogen and carbon to the host and its endos-
ymbiotic zooxanthellae, playing therefore an important
role in sea anemone nutrition [15, 16].

Even though numerous studies have tried to bet-
ter understand the resistance of anemonefishes to sea
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anemone stinging, this question remains unresolved
[2, 14]. Three main hypotheses have been proposed: (i)
anemonefish have a thicker mucus layer than other fishes
that protect them as a shield; (ii) anemonefish molecu-
larly mimics the composition of anemone mucus; and
(iii) anemonefish mucus lacks the trigger for firing sea
anemone nematocysts. Individual evidence supports
each of these claims. For example, it has been shown that
A. clarkii mucus was three to four times thicker than
that of other coral reef fish species, and did not elicit any
response from the sea anemone [17]. Concerning the sec-
ond hypothesis, it is proposed that anemonefish, by cov-
ering themselves with sea anemone mucus, would inhibit
nematocyst discharge via a similar mechanism used by
sea anemone to prevent nematocysts firing on their own
tentacles [18]. Comparison of anemonefish mucus and
sea anemone mucus revealed, for example, the presence
of anemone antigens in A. clarkii mucus when inhabiting
inside its host [19]. It has also been shown that anemone-
fish and sea anemone microbiome converge after asso-
ciation, providing an argument in favor of this hypothesis
and also suggests the potential for microbial proteins to
be involved in molecular mimicry [20, 21]. Arguments in
favor of the third hypothesis come from genomic analysis
that identified genes under positive selection at the base
of the anemonefish radiation [22]. Some of these genes
are implicated in sugar biogenesis, suggesting that differ-
ence in mucus composition may have been instrumental
for the protection. This is supported by the observation
that a sugar, the 5-N-acetylneuraminic acid (Neu5Ac),
can stimulate cyclic adenosine monophosphate (cAMP)
production and activate calcium channels in sea anem-
one tentacles, hinting at a role of Neu5Ac in chemo-
sensitization of nematocyst discharge [8]. In accordance
with these observations, it has been shown that A. ocel-
laris mucus lacks Neu5Ac [23]. These data suggest that
the lack of Neu5Ac may play a key role in avoidance of
nematocyst discharge. However, the reports listed above
are somewhat anecdotical and do not provide compelling
evidence regarding the mechanism that allows anemone-
fish, in contrast to other fishes, to live unharmed among
anemone tentacles.

Neu5Ac belongs to a class of acidic monosaccharides
called sialic acids that are themselves a subset of a fam-
ily of a-keto acid monosaccharides with a 9-carbon back-
bone called nonulosonic acids (NulOs). Neu5Ac typically
modifies glycolipids and protein glycans (abundant in
vertebrates) by substituting the extremity of their asso-
ciated glycan moieties. As a result, sialic acids are the
most external monosaccharides and serve as mediators
of numerous biological processes such as ligand-recep-
tor and cell-cell interactions [24]. Although Neu5Ac
is among the most abundant sialic acid encountered
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in nature, more than 50 other forms of sialic acids have
been identified among which 5-N-glycolylneuraminic
acid (Neu5Gc) and 2-keto-3-deoxy-nononic acid (Kdn),
which are well represented in microorganisms and most
animals (such as echinoderms, mammals, and teleost
fish) [25-27]. It should be noted that Neu5Ac, Neu5Gc,
and Kdn have all been identified in numerous species of
fishes, although sometimes in an organ-specific manner
[28-31]. It is thus highly possible that a precise regula-
tion of the types of sialic acids present in the fish skin
mucus could explain the inability of anemonefish to trig-
ger their host stinging cells.

If sialic acids play a substantial role in anemonefish
protection, we propose the following four predictions: (i)
sialic acid concentrations in the mucus of anemonefish
species and a sequentially symbiotic damselfish should
be substantially smaller than in the mucus of non-sym-
biotic damselfishes (i.e., the lineage most closely related
to anemonefish) which are known to trigger sea anemone
nematocyst discharge; (ii) as sialic acids are essential for
many biological process, we would not expect to see their
levels affected in other organs; (iii) during anemonefish
larval development, we should observe a concurrent
shift in both the level of sensitivity towards sea anemone
stinging and the concentration of sialic acid in the mucus.
Indeed, young larvae have been suspected to trigger
nematocyst discharge, they should contain more sialic
acid than juveniles or adults; (iv) if anemonefish are using
a Trojan horse strategy, that is, if the absence of sialic acid
prevents nematocyst discharge, we could expect low lev-
els of sialic acids in sea anemone mucus. In this study,
we test and validate these predictions, and we therefore
propose that the specific absence of sialic acids on fish
mucus indeed explains why anemonefish live unharmed
among their host tentacles.

Results

Prediction 1: mucus sialic acid composition

of anemonefishes is different compared to damselfish
mucus

Here we conduct analyses of sialic acid composition in
anemonefishes and damselfishes, both in specimens
maintained in husbandry (at the marine station of Bany-
uls-sur-Mer and at the Okinawa Institute of Science and
Technology) and in wild caught fishes (in French Polyne-
sia and in Okinawa).

We analyzed the mucus of 5 anemonefish species
maintained in laboratory without sea anemone (A. biacu-
leatus, A. clarkii, A. frenatus, A. ocellaris, and A. percula,
n=3 per species) and juveniles of two damselfish species
(Dascyllus trimaculatus and the non-symbiotic species
Acanthochromis polyacanthus, n=9 per species). The
interest of Dascyllus trimaculatus is that this damselfish
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species is known to live associated with sea anemone
when accepted by dominant anemonefish at the juvenile
stage whereas adults are mostly found over small patches
of reef and rubble areas, or hiding inside corals branches
[32, 33]. Occasionally, adults can be found close to sea
anemones [34]. They could represent an interesting case
of convergence since, while being part of damselfish, they
are not directly related to anemonefish [35].

Our analyses indicate that the mucus of symbiotic spe-
cies contains less sialic acids than the non-symbiotic
species (Fig. 1A). More specifically, we observe a sig-
nificant effect of species on sialic acid levels (Neu5Ac p
value=0.007, Kdn p value=0.0003). Both anemonefish
and juvenile D. trimaculatus mucus have less Neu5Ac
than A. polyacanthus and the deaminated sialic acid Kdn
is not detected in anemonefish and juvenile D. trimacu-
latus whereas it is detected in A. polyacanthus (Fig. 1A).
Neu5Gc was not detected in any of the analyzed species.

As anemonefish maintained in laboratory and used in
this study were not associated with sea anemone, we per-
formed the same analyses with the mucus from individu-
als sampled in the wild, comparing 7 anemonefish species
of the genus Amphiprion: A. chrysopterus from French
Polynesia (n=8) as well as A. clarkii (n=6), A. frenatus
(n=6), A. ocellaris (n=15), A. perideraion (n=6), A.
polymnus (n=6), A. sandaracinos (n=6), one symbiotic
damselfish species (D. trimaculatus juveniles and adults,
n=6 per stage), and 3 non-symbiotic damselfish, C. cya-
nea (n=>5), P. moluccensis (n=5), and C. viridis (n=5),
all from Okinawa. The results of these analyses (Fig. 1B)
confirmed our results obtained with lab-maintained fish
(Fig. 1A).

Symbiotic anemonefish species and symbiotic dam-
selfish D. trimaculatus showed significantly less Neu5Ac
compared to the three non-symbiotic damselfish spe-
cies (mean anemonefish Neu5Ac levels comprised
between 2.6 and 9.9 ng/100 pg of protein, mean D. tri-
maculatus Neu5Ac levels comprised between 12.3
and 14.7 ng/100 pg of protein whereas mean damself-
ish Neu5Ac levels were comprised between 28.2 and
81.5 ng/100 pg of protein; p value<0.05). As previously
mentioned for husbandry fishes, no Neu5Gc (data not
shown) nor Kdn were detected in anemonefish mucus
(Fig. 1B). Neu5Gc was also undetected in the three dam-
selfish, but Kdn was detected in various proportions in C.
viridis and C. cyanea but not in P moluccensis (Fig. 1B).
Interestingly, when we compared the amount of sialic
acid present in fish maintained in laboratory (without
sea anemone) from those living in the wild (with sea
anemone), we observed a statistically significant greater
amount in the mucus of specimens not associated with
sea anemone (Additional file 1: Fig. S1A). In order to
determine if this difference was linked to the presence of
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Fig. 1 Sialic acid levels in lab and wild caught pomacentridae showing less Neu5Ac in symbiotic species. A Neu5Ac and Kdn levels (expressed

in ng/100 pg of protein) in lab reared fish (held without sea anemone): five symbiotic anemonefish species (Amphiprion biaculeatus, A. clarkii, A.
frenatus, A. ocellaris, and A. percula) and 1 symbiotic (when juvenile) damselfish species (Dascyllus trimaculatus) compared to one non-symbiotic
damselfish species (Acanthochromis polyacanthus). A non-parametric Kruskal-Wallis test (p value on top of the graph) was performed. B Neu5Ac
and Kdn levels (expressed in ng/100 g of protein) in wild caught fish: seven symbiotic anemonefish species (A. chrysopterus, A. clarkii, A. frenatus,
A. ocellaris, A. perideraion, A. polymnus, and A. sandaracinos), one symbiotic damselfish species (D. trimaculatus at the juvenile and adult stage),

and three non-symbiotic species (Chrysiptera cyanea, Pomacentrus moluccensis, and Chromis viridis). A non-parametric Kruskal-Wallis test (p value
on top of the graph) followed by a pairwise Wilcoxon rank sum test was performed for Neu5Ac. Only significant differences between anemonefish
species, D. trimaculatus, and each damselfish species are displayed for Neu5Ac and indicated by a star (¥). A non-parametric Kruskal-Wallis test
was performed for the Kdn levels, followed by a pairwise Wilcoxon rank sum test (p value on top of the graph) (significant differences are displayed
by a star (*) below the graph). Data are presented in Additional file 6: Table S1
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sea anemone with fish sampled in the wild, we measured
Neu5Ac levels in A. ocellaris individuals living in aquaria
with a sea anemone for 3 months and compared with
fish held without sea anemone in the same conditions
(Additional file 1: Fig. S1B). No difference was observed
between the two conditions (with/without sea anemone)
suggesting that the sea anemone has no impact on the
regulation of Neu5Ac in A. ocellaris mucus and that the
difference observed between lab and wild sampled fish is
likely due to other environmental parameters.

Taken together these results validate the first predic-
tion: sialic acid levels (Neu5Ac and Kdn taken together)
are lower in anemonefish and D. trimaculatus (associated
with giant sea anemone at juvenile stage) than in non-
symbiotic damselfish whatever the conditions or the ori-
gins of the fish.

Prediction 2: anemonefish display reduced sialic acid
content only in mucus compared to other organs

To test the second prediction, we measured sialic acid
levels in various organs in comparison to mucus of the
symbiotic species A. ocellaris (n=10, which were never
in contact with sea anemone) compared to two non-
symbiotic species (C. cyanea and C. viridis, n=10 per
species). Interestingly, the results revealed much higher
levels of Neu5Ac in all anemonefish organs compared to
the mucus, suggesting that the observed reduction is spe-
cific to mucus (Fig. 2A, p value<0.05). When compared
to damselfish organs, A. ocellaris Neu5Ac levels were
not necessarily lower in all organs. For example, Neu5Ac
was significantly higher in A. ocellaris skin, muscle, liver,
and digestive tract compared to C. cyanea (Fig. 2B, p
value <0.05). On the contrary, C. viridis Neu5Ac levels
were significantly higher than both A. ocellaris and C.
cyanea in liver and brain (Fig. 2B, p value<0.05). Kdn
was only detected in C. viridis mucus, liver, and digestive
tract, but not in any organs of A. ocellaris or C. cyanea
(Additional file 1: Fig. S1B).

These results support the second prediction: sialic acid
levels are specifically decreased in anemonefish mucus
but not in other organs, including skin, which demon-
strates that the expression of sialic acids is regulated in
tissues and organs to fulfill their functions. The fact that
skin sialic acid level is not different between anemonefish
and C. viridis has interesting implications that will be dis-
cussed later.

Prediction 3: resistance towards stinging is acquired

during metamorphosis and correlates with sialic acid
content

Although it has always been claimed that young anem-
onefish larvae are sensitive to sea anemone tentacles,
no clear evidence has been brought for confirmation.

Page 5 of 15

To unequivocally determine when clownfish starts to
become resistant towards sea anemone stinging, Amphi-
prion ocellaris larvae were sampled at each of the 7 devel-
opmental stages (previously described in Roux et al. [36]),
put in contact with the giant sea anemone S. gigantea and
survival rates were recorded for each stage. We observed
that young larvae (stage 1 and 2) are extremely sensi-
tive towards stinging as none survived after contact with
sea anemone tentacles (Fig. 3A). Survival rates started
to increase at stage 3 and 4 (10% and 50%, respectively,
Fig. 3A) and reached 100% at stage 6 and 7. Stage 4 marks
the onset of metamorphosis and the transition between
the oceanic dispersal phase and the reef phase [36, 37].
After entering a reef, anemonefish larvae must locate a
suitable sea anemone to settle [38]. It is thus necessary
for them to be able to enter their host without being
stung, which is what has been observed here. Once larvae
start metamorphosing at stage 4, survival rates increase,
demonstrating that they are ready to settle into a sea
anemone.

In addition to assessing survival rates, we also meas-
ured the levels of sialic acid on stage 2, 4, and 6 larvae
to determine if the survival rate increase might corrobo-
rate with a change in the sialic acid composition of the
larvae. Among the three sialic acids commonly meas-
ured (Neu5Ac, Neu5Gc, and Kdn), only Neu5Ac was
detected, and we observed a significant decrease at stage
6 compared to stage 2 and 4 (p value<0.05, Fig. 3B). It is
worth noting that, because of the size of clownfish larvae,
mucus collection was not possible, therefore we com-
pared the sialic acid content in the whole animal. Despite
this experimental limitation, these results could be inter-
preted as confirmation of the third prediction.

These data suggest that the resistance is acquired dur-
ing metamorphosis. As the transcriptomic changes
occurring during anemonefish larval development and
metamorphosis have been previously analyzed [37],
we scrutinized the expression of sialic acid metabolism
genes during metamorphosis to eventually extend the
correlation between protection and sialic acids. For this,
transcriptomic data obtained by Roux et al. [37] for each
developmental stages (bulk RNA sequencing on entire
larvae) were used to retrieve the normalized expression
levels of 33 genes involved in Neu5Ac metabolism. These
genes were categorized into five genes sets: Neu5Ac syn-
thesis, Neu5Ac transport, Neu5Ac degradation, Neu5Ac
removal from glycans as well as Neu5Ac transfer and fix-
ation on glycans. The complete pathway and the expres-
sion pattern of each gene are presented in Additional files
2 and 3 (Figs. S2 and S3). We observed quite a heterog-
enous change of expression, which is not surprising since,
because of the small size of the larvae, these transcrip-
tomic data were obtained from entire fish in which sialic
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Fig. 2 Sialic acid levels in pomacentrids various organs confirm a decrease specific to A. ocellaris mucus. A Neu5Ac levels in A. ocellaris organs
(mucus, skin, muscle, liver, digestive tract, and brain). A non-parametric Kruskal-Wallis test (p value=9.8e — 11), followed by a pairwise Wilcoxon
rank-sum test, was performed to compare Neu5Ac levels between A. ocellaris organs. Organs displaying different letter are significantly different. B
Neu5Ac levels in A. ocellaris, C. cyanea, and C. viridis organs (mucus, skin, muscle, liver, digestive tract, and brain). Depending on the organ, a one-way
ANOVA or a non-parametric Kruskal-Wallis test was performed, followed by a Tukey HSD or a pairwise Wilcoxon rank-sum test to compare Neu5Ac
levels between the three species for each organ. Significant differences are displayed by a star (¥). Data are presented in Additional file 6: Table S2

acids have important roles in various organs (as shown
in Fig. 2). It is therefore not surprising to see such tight
regulation of key metabolic genes during larval develop-
ment. However, as exemplified in Fig. 3B, an increased

expression in early juvenile stages is observed for three
genes encoding for enzymes implicated in sialic acid
removal called neuraminidase (namely neul, neu3, and
neu3.1, Fig. 3B). The gene encoding for neuraminidase
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1 (neul) peaks at stage 4 and later increases in juveniles
is particularly interesting as it cleaves sialic acid from
substrate such as glycoproteins and could therefore be
used to remove sialic acid from proteins expressed by
mucous cells. The two genes neu3 and neu3.1 have simi-
lar expression patterns, with strong increases until stage
7 and could also be implicated in similar activities. This
may indicate that the removal of sialic acid is an active
phenomenon that is established during metamorphosis,
ensuring that the juvenile emanating from metamorpho-
sis can enter safely in a sea anemone (see “Discussion”).

Prediction 4: low level of sialic acids is sea anemone mucus
The fourth prediction suggests that anemonefish might
actually utilize the same mechanism as sea anemones
to prevent nematocyst discharge from being triggered
against their own tentacles. Nematocyst discharge, as
well as toxin synthesis, has a metabolic cost for sea anem-
one [39-41] and it is likely that these organisms have
developed a system not to sting themselves. One relevant
possibility would be that giant sea anemones also use the
lack of sialic acid to avoid stinging themselves and in that
view, anemonefish may in fact behave as Trojan horse
high jacking the very same strategy to avoid triggering
nematocyst discharge. This would imply that giant sea
anemone would also have low levels of sialic acid. For this
reason, we compared sialic acid levels in four giant sea
anemones (Heteractis magnifica, Stichodactyla gigantea,
Heteractis crispa, and Entacmaea quadricolor) that rep-
resents the three main clades of giant sea anemone asso-
ciated to anemonefish [3].

We did not observe significant amounts of Neu5Ac,
Neu5Gc, Kdn, or any other type of sialic acid in the
mucus sampled from these four species. Some signals
corresponding to potential sialic acids were detected but
their intensity was below the detection threshold (Addi-
tional file 4: Fig. S4). These data therefore confirm the
fourth prediction, suggesting that the absence of sialic
acid in sea anemone mucus may be linked to their pro-
tection against their own nematocysts and that anem-
onefish use this system as a Trojan horse to avoid being
stung.

(See figure on next page.)
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Discussion

Known since the nineteenth century [5], the symbiotic
relationship between giant sea anemone and anemone-
fish still holds secrets for the scientific community who
is eager to understand how these fish are able to live
unharmed in their deadly host. Our study brings new ele-
ments to this question and reinforces the hypothesis that
the lack of sialic acids, and more specifically Neu5Ac,
avoid anemonefish to trigger nematocyst discharge of
their host.

Sialic acid levels negatively correlate anemonefish
sensitivity towards sea anemone stinging

A novel finding of our study is that the ability of anem-
onefish to live safely in the sea anemone tentacles is
acquired during the larval development. Like most of
the marine fish, anemonefish life cycle is composed
of an oceanic larval dispersal followed by a sedentary
coastal phase. They reproduce in the vicinity of their sea
anemone host, laying eggs on a substrate close to the sea
anemone. Right after hatching, larvae are transported
into the open ocean and are not supposed to enter in
contact with the sea anemone. However, to the best of
our knowledge, no studies have directly investigated if
the anemonefish larvae were innately resistant to their
host stinging. Interestingly, we demonstrate that the
decrease of Neu5Ac levels is negatively correlated with
the increase of survival rates of A. ocellaris larvae. Our
results indeed clearly show that the newly hatched larvae
of A. ocellaris are highly sensitive to sea anemone sting-
ing as survival rates are low at the beginning of the devel-
opment. However, survival rates reached 100% at the end
of the larval development. The fact that Neu5Ac levels
follow a reverse tendency compared to survival rates and
decreased during larval development clearly suggests
that sensitivity towards sea anemone stinging might be
linked to Neu5Ac levels.

Anemonefish specifically decrease sialic acid levels in their
mucus

By comparing the levels of sialic acids between 9 species
of anemonefish (A. biaculeatus, A. clarkii, A. frenatus, A.
ocellaris, A. percula, A. chrysopterus, A. perideraion, A.

Fig. 3 Survival rates and sialic acid production changes during A. ocellaris larval development. A Combined graphs showing in red the survival
rates (percentage) of A. ocellaris larvae sampled at different developmental stages [37] and in blue Neu5Ac levels (expressed in ng/100 pg

of protein) of larvae sampled before metamorphosis (stage 2) and during metamorphosis (stage 4 and 6). A one-way ANOVA (p value displayed
on the graph) followed by a Tukey HSD test was performed on Neu5Ac levels to compare each developmental stage. Stage with different

letter has significantly different Neu5Ac levels. B Expression levels of genes involved in sialic acid synthesis (gne, nans, nanp, cmas), transport
(slc35al, slc17a5), removal from glycoconjugate (neul, neu3, neu3.1), and degradation (npl). Genes written in bold are significantly differentially
expressed between pre-metamorphosis stage (S1 and/or S2 and/or S3) and metamorphosis stages (S5 and/or S6 and/or S7) (see Roux et al. [37]
for the description of gene expression analysis method). Data are presented in Additional file 6: Tables S3 and 5S4
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polymnus, and A. sandaracinos), one species of symbiotic ~ Chrysiptera cyanea, Pomacentrus moluccensis, and
damselfish (Dascyllus trimaculatus), as well as 4 non-  Chromis viridis) sampled either in a lab environment or
symbiotic damselfish (Acanthochromis polyacanthus, in the wild, we also corroborated and extend the results
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obtained by Abdullah and Saad [23]: anemonefish and
symbiotic damselfish D. trimaculatus have less sialic
acids than non-symbiotic damselfish species. In addi-
tion, in accordance with the fact that sialic acids have
important biological functions [24], we observe that
this decreased level is tissue specific and affects only the
mucus of anemonefish.

Anemonefish use sialic acid metabolism as a Trojan horse
to get protection from sea anemone tentacles

The analysis of the sialic acid composition of the mucus
isolated from sea anemones did not allow us to observe
significant amounts of Neu5Ac, Neu5Gc, Kdn, or any
other type of sialic acid (Additional file 4: Fig. S4).
Although some signals corresponding to potential sialic
acids were observed, their intensity was below the detec-
tion threshold that would allow them to be distinguished
from background noise. These experimental results
are not in accordance with what has been obtained by
Abdullah and Saad [23] who detected high amounts of
sialic acids. However, the analysis method used in their
study, based on thiobarbituric acid, is not specific to
sialic acids and is known to be reactive with other com-
pounds like RNA and oxidized lipids. On the contrary,
the method used in our study is highly specific to sialic
acid detection; we are confident that the data obtained
on sea anemones are in accordance with the fact that
sialic acids have never been so far conclusively detected
in another species of cnidarians (from our knowledge).
Further investigation should be carried on investigating
the presence of genes involved in sialic acid metabolism
in cnidaria to validate our results.

Nematocyst discharge (and toxin synthesis) has a
metabolic cost for sea anemone [39-41]. It is thus very
likely that these organisms have developed a system to
not sting themselves as proposed originally by Schlichter
who suggested that sea anemone mucus contains inhibi-
tory substances that prevent self-stimulation and nema-
tocyst discharge, and that anemonefishes acquire these
substances during acclimation [18, 42]. Based on the
results obtained in our study, the model would be differ-
ent in that it suggests that sea anemones have low levels
of Neu5Ac in their mucus to avoid auto-stinging and that
anemonefish highjacked this system to enter safely into
their host. Interestingly, this model could explain why
anemonefish can live unharmed in other cnidarians as
frequently observed in captivity [32].

What could be the mechanisms at play?

How the anemonefish decreases the amount of sialic
acid in their mucus is still unclear and may result from
the combination of several mechanisms. First, it has been
shown previously that among genes positively selected
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at the base of the anemonefish radiation and therefore
potentially involved in the symbiosis establishment,
two encodes for proteins with a functional link with
N-acetylated sugars: versican core protein (vcan) and the
O-GlcNAc transferase (ogz) [22]. Versican core protein
is known to be a critical extracellular matrix regulator
of immunity and inflammation [43] that interacts with
several matrix molecules including glycosaminoglycans
containing N-acetylhexosamine [44]. Expression of ver-
sican core protein in clownfish skin is thought to bind
to N-acetylated sugars and could therefore mask them
to the host chemoreceptors therefore preventing nema-
tocyst discharge. Two vcan genes were identified in our
transcriptomic data and one, vcana, who is expressed in
the epidermis, showed an increase from stage 4 (mark-
ing the onset of metamorphosis, Additional file 5: Fig. S5)
suggesting it may play a role in this key period where the
young fish acquire the resistance [22, 37]. On the other
hand, protein O-GlcNAcase has the potential to cleave
N-acetylated sugars from different cell surface molecules
[45] and has also been found to be expressed in anemone-
fish epidermis [22]. One ogt gene has been identified in
the transcriptomic data set used in this study (ogtl) and
its expression level decreased from stage 3 in whole fish
(Additional file 5: Fig. S5) but we still do not know how
its expression is regulated in skin during metamorphosis.

A second possible mechanism could be the direct tis-
sue specific regulation of genes implicated in sialic acid
biochemistry that is sialyltransferases that transfer sialic
acid to nascent oligosaccharide, but also neuraminidases
(also called sialidase) that remove sialic acids from gly-
coconjugates. Despite coming from entire individuals
and therefore not representative of the exquisite tissue-
specific regulation probably at play, the expression lev-
els provide some interesting hints that can be explored
in further studies. Indeed, we observed an activation of
the pathways governing removal of Neu5Ac exemplified
by an increased expression of meul, neu3, and neu3.1
coinciding with metamorphosis, the increase of survival
rates, and the decrease of Neu5Ac levels. Further experi-
ments are required to address gene expression in a tissue
specific manner to understand the regulation mecha-
nism involved in the reduction of sialic acid levels in
anemonefish.

Another relevant hypothesis that could explain the
local regulation of sialic acid content in mucus could
be the action of bacteria involved in sialic acid removal.
Indeed, several bacteria are known to possess enzymes
(sialidases and neuraminidases) involved in sialic acid
removal [46] and it has been shown that the mucus of
fish and sea anemone converge after contact in terms of
microbiota [20, 21]. This is an interesting possibility as
it would explain why in many cases naive anemonefish
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need to acclimate to their sea anemone and would be also
consistent with the model suggesting a chemical mimicry
of anemonefish with sea anemone mucus. An interesting
path to follow would be therefore to test if host bacteria
are able to remove sialic acids from fish mucus.

Other possible mechanism at play

Our data suggest that the low level of sialic acid plays an
important role in the protection mechanism that allows
anemonefish to live unharmed inside sea anemone ten-
tacles. It would indeed be challenging to conceive how
anemonefish can thrive and reproduce over numerous
generations in tentacles that still daily sting and harm
them, even at minimal levels. The specific lack of sialic
acid in their mucus allows them to avoid such a situation.
However, we must clarify that we do not claim that this
lack of sialic acid is the only mechanism at play. Indeed,
this does not explain why some anemonefishes need to
acclimate for several minutes before entering in a sea
anemone, suggesting that a second process, likely asso-
ciated to chemical mimicry, is at play. Recent results
suggest that the sea anemone that has a direct inter-
est to host anemonefish because of territorial defense
and metabolic exchange may also play a role in allowing
anemonefish to settle by discharging fewer nematocysts
at familiar anemonefish after delayed mucus adaptation
[47]. The anemonefish-giant sea anemone relationships
appear much more profound and complex than antici-
pated and we believe this includes the mechanisms to
protect each other in their long-term association.

It is also known that nematocysts can fire following
chemical stimulation (like the presence of sialic acid)
but also via the activation of mechanoreceptors. It is
thus very likely that other unknown mechanisms also
participate to the protection. For example, there may be
difference in the organization of the epidermis between
anemonefish and damselfish such as epidermis thickness,
scale organization and thickness, and amount of mucus
that allow the anemonefish to be better protected against
low nematocyst discharge that would normally harm or
even kill another fish. In other words, it is likely that the
lack of sialic acid in the mucus is necessary but is coupled
to additional mechanism.

Another important aspect that is not explained by our
results is the specificity of association between the 28
species of anemonefish and the ca. 10 species of giant
sea anemone. It is clear that there are complex and still
largely unknown rules of association with some species
of anemonefish being specialists some other being gener-
alist [14]. In our study, we also did not note any difference
in sialic acid levels when considering anemonefish host
specificity. For example, the generalist A. clarkii showed
similar levels of Neu5Ac when compared to the specialist
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species A. frenatus (2.69+2.03 (sd) ng/100 pg of pro-
tein, 2.31+£0.98 (sd) ng/100 pg). Therefore, the model we
tested in this study does not explain these effects that are
likely due in part to ecological preference, chemoattrac-
tion mechanisms but that could also be linked to a sensi-
tivity of some species to the toxic compounds released by
the sea anemone [14, 48].

Is this a general phenomenon?

One intriguing result of our study is the fact that both
juvenile and adult domino damselfish (Dascyllus tri-
maculatus) also contain low levels of sialic acid in their
mucus (Fig. 1A, B). This species is known to live associ-
ated with sea anemone at juvenile stage when accepted
by dominant anemonefish [33]. Adults can also be found
from time to time close to sea anemones and are known
to be unharmed by sea anemone tentacles but they
mostly live above small patches of reef and rubble areas
[32, 34]. As domino damselfish is not closely related to
anemonefish [35], this clearly suggests a case of conver-
gence and reinforces the association between the lack of
sialic acid and the prevention of nematocyst release.

In this context, it is interesting to note that several spe-
cies of fish, such as cardinalfishes (Apogonidae), wrasses
(Labridae), hawkfishes (Cirrhitidae), butterflyfishes
(Chaetodontidae), a scaled blenny (Clinidae), and even a
temperate greenling (Hexagrammidae), also live loosely
associated with sea anemones [34, 49, 50]. Many of those
are in fact sensitive to nematocysts and can have lesions
after contact with the tentacles. In other cases, such as
the labrisomid Starksia hassi or the cardinalfish Apogon
moluccensis, no apparent lesions are observed despite
full contact with the tentacles suggesting that once again
a mechanism avoiding nematocyst discharge exists. It
is also worth to note that many invertebrates such as
shrimps or crabs are living permanently inside sea anem-
one, as anemonefish [6, 51]. Another interesting case,
while not being a symbiosis, is the case of nudibranch
that feed on cnidarians as they must defend themselves
from the prey’s nematocysts and it has been shown that
their mucus inhibit the discharge of nematocysts from
sea anemone tentacles [52]. It will be very interesting
to study these cases to see if the convergence observed
between anemonefish and the non-closely related dam-
selfish D. trimaculatus extends to other species, verte-
brates and invertebrates.

Conclusions

In conclusion, our study provides compelling evidence
supporting the hypothesis that anemonefish actively
reduce the levels of sialic acids in their mucus as a protec-
tive mechanism against nematocyst discharge from their
giant sea anemone hosts. Remarkably, our observations
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also suggest a shared utilization of these mechanisms by
unrelated damselfish juveniles, underscoring the broader
ecological significance of convergent adaptations in facili-
tating mutualistic interactions within marine ecosystems.
Overall, our research offers valuable insights into the
intricate mechanisms of the relationships between unre-
lated organisms and opens avenues for further explora-
tion in symbiosis biology.

Methods

Mucus sampling

A total of seven species were sampled in Banyuls-sur-
Mer Marine station husbandry: five anemonefishes (A.
biaculeatus n=3, Amphiprion ocellaris n=3, A. percula
n=3, A. clarkii n=3, A. frenatus n=3), one damself-
ish inhabiting sea anemone at juvenile stage (Dascyllus
trimaculatus n=3), and one non-symbiotic damselfish
(Acanthochromis polyacanthus n=9). Each species was
maintained in closed recirculatory system filled with arti-
ficial sea water (Red Sea salt, Antinéa, France) and with-
out sea anemones. Temperature was maintained at 26°C,
salinity at 34 g/L, and a 14/10 h light/dark photoperiod
was applied.

A total of ten species were sampled in the wild: one
species in Moorea, French Polynesia (A. chrysopterus
n=38), five species in Okinawa Island, Japan (A. clarkii
n=6, A. frenatus n=6, A. ocellaris n=15, A. peride-
raion n=6, A. polymnus n==6, A. sandaracinos n=6),
one symbiotic damselfish species (Dascyllus trimacula-
tus at juvenile and adult stage, n=7 per stage) and three
non-symbiotic damselfish species, also encountered in
Okinawa (Chrysiptera cyanea n=>5, Pomacentrus moluc-
censis n=>5, Chromis viridis n=>5). Fish were sampled
whether by snorkeling or diving using hand nets.

Mucus collection was always conducted using the fol-
lowing protocol with sterile material and gloves to avoid
contamination of the samples. Fish were individually
anesthetized in MS222 (200 mg/L, Sigma Aldrich) and
transferred in a glass petri dish without water. Sterile cell
scraper (SARSTEDT, Nimbrecht, Germany) was used
to gently scrap each flank of the fish from gills to tail (5
times per side without touching the gills). The fish were
then gently placed back in a container filled with sea
water for awakening and place back in their aquarium
or released in the wild. Mucus was washed off from cell
scraper and petri dish with 2 ml of ultrapure water, trans-
ferred in a glass tube and kept at—20°C until extraction
and analysis. Gloves were changed between species to
avoid any contamination.

Organ sampling
To determine if sialic acid composition in anemone-
fish is decreased in the mucus or in the entire body, fish
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maintained in aquaria without sea anemone were dis-
sected and the following organs were sampled: mucus,
skin, muscle, liver, digestive tract, and brain. The anem-
onefish A. ocellaris as well as 2 non-symbiotic damself-
ish C. cyanea and C. viridis were sampled for comparison
(n=10 per species). A. ocellaris juveniles were obtained
from OIST husbandry and juveniles of both C. cya-
nea and C. viridis were obtained from a local petshop
(Makeman, Uruma city). Fish were euthanized in MS222
(400 mg/L) and transferred in a glass petri dish for
mucus collection (described above) and organ dissection.
Organs were stored separately in 1.5-ml Eppendorf tubes
and kept at—20°C until extraction and analysis. Dissec-
tion tools and petri dish were rinsed and disinfected with
ethanol between each individual to avoid contamination
between samples.

Sialic acid hydrolysis and DMB derivatization

All samples were lyophilized before extraction. Once
lyophilized, samples were incubated in CHAPS extrac-
tion buffer (8 M urea; 2% CHAPS, 50 mM DTT, 1X
protease inhibitor) and maintained under constant agi-
tation at 4°C overnight. Protein extracts were then cen-
trifuged at 20,000 g, 4°C for 10 min and supernatants
were collected. Protein concentration was determined
by the Pierce” BCA Protein Assay Kit—Reducing Agent
Compatible, according to the manufacturer’s instruc-
tions. Forty micrograms of protein extract were loaded
into preconditioned HTS 96-well plates with hydro-
phobic Immobilon-P PVDF membrane and incubated
for 30 min at 37°C. The wells were washed 6 times with
200 pL. mQ water prior to centrifugation (1 min, 500 g).
Sialic acids attached to glycoconjugates were released at
60°C for 3 h in 0.1 M trifluoroacetic acid. Released sialic
acids were collected by centrifugation (1 min, 1000 g)
and lyophilized. They were then subsequently coupled to
1,2-diamino-4,5-methylenedioxybenzene  dihydrochlo-
ride (DMB). Samples were heated at 50°C for 2 h in the
dark in 7 mM DMB, 1 M B-mercaptoethanol, and 18 mM
sodium hydrosulfite in 5 mM acetic acid. Sialic acids cou-
pled to DMB (DMB-Sia) were then analyzed by liquid
chromatography fluorescence detector (LC-FLD).

Quantitation analysis of DMB-Sia on LC-FLD

DMB-labeled sialic acids were injected into the Promi-
nence LC-20AB micro LC system (Shimadzu). Samples
were applied to an analytical LC column (InfinityLab
Poroshell 120 EC-C18, 4.6 X150 mm, 2.7 um) and sepa-
rated isocratically by a solvent mixture of acetonitrile/
methanol/water (9:7:84) and identified by referring to the
elution positions of standard Neu5Ac, Neu5Gc, and Kdn
derivatives. Individual sialic acid derivatives were quan-
tified by integration of fluorescence signals after HPLC
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separation, plotted against standard curves of corre-
sponding authentic standards.

Survival experiment

To determine at which stage anemonefish larvae become
resistant to sea anemone stinging, larvae of A. ocellaris
were sampled at each developmental stage (7 distinct
stages according to the developmental table of Roux et al.
[36]) and put individually using a transparent pipette in
contact with the tentacles of the sea anemone Stichodac-
tyla gigantea (stage 1 to 5: n=10, stage 6: n=11, stage 7:
n=9). Individuals stuck to tentacles and unable to escape
were counted as dead and individuals able to freely swim
in between the tentacles without sticking to them were
counted as surviving. Total number of dead individuals
was then used to determine the survival rates for each
developmental stage. Larvae were raised in a closed sys-
tem using natural filtered sea water following methods
described in Roux et al. [53].

Developmental stage sampling

To assess the sialic acid composition and quantity dur-
ing A. ocellaris larval development, three developmen-
tal stages were sampled according to the developmental
table of Roux et al. [36]: before metamorphosis (stage 2
n=10), beginning of metamorphosis (stage 4 n=10), and
during metamorphosis (stage 6 n=10). Samples were fro-
zen and processed as described above.

Sea anemone mucus sampling

Four giant sea anemones (Heteractis magnifica, Stichodac-
tyla gigantea, Heteractis crispa, and Entacmaea quad-
ricolor) that represents the three main types of giant sea
anemone associated to anemonefish [3]. Animals were col-
lected from the wild in Okinawa and maintained in a nat-
ural sea water open circuit in OIST marine station. Each
specimen was gently caught with a bucket filled with sea
water from its own tank and gently brought to the surface
to emerge tentacles. Mucus was then collected by putting
a glass petri below some tentacles and gently scrapped
with a cell scraper. Mucus was then collected and handled
similarly as fish mucus sample. Collection was repeated 4
times on different tentacles for each species.

A. ocellaris with/without sea anemone mucus sampling

Two groups of 7 A. ocellaris were placed in separate aquari-
ums at OIST marine station. One group was placed with a
sea anemone (S. gigantea) and one group was held alone.
Mucus sampling occurred as described above 3 months
after A. ocellaris individuals were in contact with their host.
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Sialic acid signaling gene pathway expression level
Expression levels of 33 genes involved in sialic acid
pathway were retrieved from each A. ocellaris larval
developmental stages (n=3 larvae per stage) using
the transcriptomic data set published in Roux et al.
and Salis et al. [37, 54, 55]. Those genes were catego-
rized into the following 5 sets. Genes encoding for
enzymes involved in Neu5Ac synthesis: gne (UDP-
GlcNAc 2-epimerase/ManNAc kinase), nans (Neu5Ac
9-phosphate synthase), nanp (Neu5Ac 9-phosphate
phosphatase), cmas (CMP-Neu5Ac synthetase). Genes
encoding for enzymes involved in Neu5Ac transport:
slc35a1 (CMP-Sia transporter), slc17a5 (sialin). Genes
encoding for enzymes involved in Neu5Ac degrada-
tion: npl (N-acetylneuraminate pyruvate lyase). Genes
encoding enzymes involved in the transfer and fixa-
tion of Neu5Ac on sialoglycans (glycoproteins, gly-
colipids, glycoRNA): sialyltransferases. Finally, genes
encoding enzymes involved in sialic acid removal
from sialoglycans: neul, neu3, and neu3.1 (neuramini-
dase 1, 3, and 3.1).

Statistical analysis

Sialic acid levels were analyzed using RStudio soft-
ware [56]. When testing the effects of several groups
on sialic acid levels, one-way ANOVA was performed
for Neu5Ac followed by a Tukey HSD test for post hoc
comparison when parametric test could be used or
a non-parametric Kruskal-Wallis test followed by a
pairwise Wilcoxon rank sum test was performed with
Benjamini and Hochberg correction. When testing the
effects of only 2 groups on sialic acid levels, a para-
metric test of Student or a non-parametric Wilcoxon-
Mann-Whitney test was performed.

Abbreviations

Neu5Ac 5-N-acetylneuraminic acid

cAMP Cyclic adenosine monophosphate

NulOs Nonulosonic acids

Neu5Gc 5-N-glycolylneuraminic acid

Kdn 2-Keto-3-deoxy-nononic acid

gne UDP-GIcNAc 2-epimerase/ManNAc kinase

nans Neu5Ac 9-phosphate synthase

nanp Neu5Ac 9-phosphate phosphatase

cmas CMP-Neu5Ac synthetase

slc35al CMP-Sia transporter

slc17a5 Sialin

neul, neu3, neu3.1 Neuraminidase

npl N-acetylneuraminate pyruvate lyase

vcan Versican core protein

ogt O-GlIcNAc transferase

DMB 1,2-Diamino-4,5-methylenedioxybenzene
dihydrochloride

LC-FLD Liquid chromatography fluorescence detector

OIST Okinawa Institute of Science and Technology
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Additional file 1: Fig. S1 A) Comparison of Neu5Ac levels between lab
maintained anemonefish species and wild caught anemonefish species
(Amphiprion clarkii, Amphiprion frenatus, Amphiprion ocellaris). A parametric
test of Student or a non-parametric Wilcoxon-Mann-Whitney test was
performed to compare the mean Neu5Ac levels between lab and wild
environment for each species. Significant differences are displayed by

a star (*) for each species. B) Comparison of Neu5Ac levels between A.
ocellaris held without and with sea anemone (S. gigantea) in aquarium at
Okinawa marine station. A non-parametric Wilcoxon-Mann-Whitney test
was performed but no significant difference was observed between the
two groups. C) Levels of Kdn detected in organs of Amphiprion ocellaris,
Chrysiptera cyanea, and Chromis viridis. Data are presented in Additional
file 6: Table S1.

Additional file 2: Fig. S2 Complete signaling pathway of Neu5Ac metabo-
lism associated with gene expression levels retrieved from transcriptomic
data obtained by Roux et al. and Salis et al. [37, 54, 55]. Green genes are
involved Neu5Ac synthesis, red genes in Neu5Ac degradation, blue genes
in Neu5Ac removal from sialoglycans, and gray genes in Neu5Ac transport.
Genes written in bold are significantly differentially expressed between
pre metamorphosis stage (S1 and/or S2 and/or S3) and metamorphosis
stages (S5 and/or S6 and/or S7) (see Roux et al. [1] for the description of
gene expression analysis method). Data are presented in Additional file 6:
Table S4.

Additional file 3: Fig. S3 Expression levels of genes encoding enzymes,
called sialyltransferase, involved in the transfer and fixation of Neu5Ac on
sialoglycans. Expression levels were classified into 4 categories (increase,
surge at stage 4 or 5, decrease, and relatively stable). Data are presented in
Additional file 6: Table S4.

Additional file 4: Fig. S4 Neu5Ac levels in Heteractis magnifica, Stichodactyla
gigantea, Heteractis crispa, and Entacmaea quadricolor below the detection
limit. Data are presented in Additional file 6: Table S5.

Additional file 5: Fig. S5 Expression levels of genes encoding proteins with
a functional link with N-acetylated sugars: versican core protein (vcan) and
the O-GIcNAc transferase (ogt) [22]. Versican core protein is known to be

a critical extracellular matrix regulator of immunity and inflammation [43]
that interacts with several matrix molecules including glycosaminoglycans
containing N-acetylhexosamine [44] (see Roux et al. [37] for the descrip-
tion of gene expression analysis method). Data are presented in Additional
file 6: Table S4.

Additional file 6: Tables S1-S5. Tables displaying all the data allowing to
generate the figures and supplementary figures presented in this manu-
script. Table S1 Sialic acid levels in anemonefish and damselfish mucus;
Neu5Ac levels in anemonefish maintained with or without sea anemone.
Table S2 Sialic acid levels measured in Amphiprion ocellaris, Chrysiptera
cyanea, and Chromis viridis organs (brain, muscle, skin, liver, digestive tract,
mucus). Table S3 Survival rates of Amphiprion ocellaris after contact with
sea anemone tentacles and Neu5Ac levels measured in A. ocellaris larval
stages. Table S4 Expression levels of genes involved in Neu5Ac pathways
or having a functional link with N-acetylated sugars measured during

A. ocellaris larval development using transcriptomic analysis. Table S5
Neu5Ac levels measured in sea anemone mucus.
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