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Sea anemone and clownfish
microbiota diversity and variation
during the initial steps of symbiosis

Natacha Roux?7, Raphaél Lami3>’, Pauline Salis?, Kévin Magré?, Pascal Romans*,
Patrick Masanet®, David Lecchini®® & Vincent Laudet®*

Clownfishes and sea anemones form an intriguing long-term association, but the mechanism underlying
this symbiosis is not well understood. Since clownfishes seem to cover themselves with sea anemone
mucus, we investigated the microbiomes of the two partners to search for possible shifts in their
compositions. We used a 16S rRNA gene sequencing strategy to study the dynamics of the microbiota
during the association between the clownfish Amphiprion ocellaris and its host Heteractis magnifica
under laboratory conditions. The experiment conducted in aquaria revealed that both clownfish and

sea anemone mucus had specific signatures compared to artificial sea water. The microbiomes of

both species were highly dynamic during the initiation of the symbiosis and for up to seven days after
contact. Three families of bacteria (Haliangiaceae, Pseudoalteromonadacae, Saprospiracae) were shared
between the two organisms after symbiosis. Once the symbiosis had been formed, the clownfishes

and sea anemone then shared some communities of their mucus microbiota. This study paves the way
for further investigations to determine if similar microbial signatures exist in natural environments,
whether such microbial sharing can be beneficial for both organisms, and whether the microbiota is
implicated in the mechanisms that protect the clownfish from sea anemone stinging.

Symbiosis, the close and 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) or to only one
of them (commensalism), or it may even be detrimental to one partner (parasitism)'. However, many symbiotic
relationships are complex and do not necessarily obey these simple distinctions. As all eukaryotic organisms live
in symbiosis with complex communities of microorganisms, thus forming holobionts, symbiosis has a key role
in shaping ecosystems, food webs and communities. Those associations appear to be increasingly essential for
complex organisms**. However, symbiosis also exists between multicellular organisms. One of the most striking
examples is the long-term association between clownfishes and their sea anemones®.

Clownfishes, belonging to the Pomacentrids family, are an interesting group for the study of symbiosis. The
28 species of the Amphiprion genus and the unique species of Premnas can all live in close associations with 3
unrelated families (Thalassianthidae, Actinidae, Stichodactilidae)>° of sea anemones. Studied since the end of the
nineteenth century’, this symbiosis is considered to be a mutualistic relationship, as the sea anemones provide
protection and nutrients to clownfishes, and clownfishes provide ventilation, nitrogen and carbon to the host and
its endosymbiotic zooxanthellae, thus playing an important role in their nutrition®'°. Clownfishes also protect
their host against predators*!12,

This symbiosis has always fascinated scientists for two main reasons. First, clownfishes can live safely inside
the tentacles of their host, which is known to discharge stinging cells called nematocysts'®. Second, this mutual-
istic relationship shows complex species’ specificities, since a few clownfish species live in only one sea anemone
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Figure 1. Alpha diversity of the clownfish mucus microbiota (n = 5) in comparison to sea water microbiota
(n=3) with the Chaol and Shannon indexes respectively showing the richness and phylogenetic diversity of the
samples, with sea water being more diverse and richer than the clownfish mucus microbiota.

species (called specialists, e.g., A. sebae, P. biaculatus), whereas others may have between 2 or even 10 possible
hosts (e.g., A. ocellaris, A. bicinctus, A. perideraion, A. clarkii)®4-1°.

Even though many studies have attempted to better understand the resistance of clownfishes to sea anem-
one stinging, this question remains unresolved. One reason is probably because the 28 species of clownfishes
do not necessarily use the same mechanisms to protect themselves from the various sea anemone species. Two
main hypotheses have been formulated to explain the capacity of clownfishes to live safely in their host. The
first proposes that clownfishes are protected from sea anemone stinging by their own mucus, which either pre-
vents nematocyst discharge or protects the fish from the consequences of the discharge. Indeed, it has been sug-
gested that A. sebae secretes a protective mucus with a similar composition to its host and that A. ocellaris lacks
N-acetylneuraminic acid in its mucus, which is normally detected by sea anemone tentacles to discharge stinging
cells'”!8, The second hypothesis proposes that clownfishes coat themselves with sea anemone mucus, which is
therefore used as a chemical camouflage*!?. This second hypothesis implies that the fish acclimate to the sea
anemones by covering themselves with the sea anemone mucus, thereby becoming gradually invisible to the
anemone'>?. The acclimation is witnessed by serial changes in clownfish behaviour, when they carefully enter
between the tentacles of their host*!. First, they kiss the tentacles; then, they touch them with their pectoral fins;
and finally, they scrub their entire body against the tentacles. This behaviour has been observed in several, but not
all, species and seems to differ according to the sea anemone species. For example, A. clarkii needs no acclimation
when entering Stichodactyla haddoni, but it does need to acclimate when entering Entacmea quadricolor'*?>%. All
of these studies suggest that the mucus of the two symbionts is of particular importance for this symbiosis, as it
may provide clues about how clownfishes live in sea anemones without being harmed. In addition to its intrinsic
chemical composition, the mucus of aquatic living organisms is colonized by numerous microorganisms that can
play important roles in host defence and infection prevention®*%.

Investigation of the fish skin microbiome is a recent subject of interest for the scientific community. To our
knowledge, only two investigations have been reported on the microbiome of Pomacentrid fishes, and only one
of them has focused on the potential impact of sea anemone mucus on the microbiome of clownfish mucus*?.
Thus, little information is available, and no study has simultaneously recorded both fish skin mucus and sea
anemone mucus. Moreover, we found no information about the tropical sea anemone mucus micriobiome?-32,
Therefore, we studied the microorganisms living in each partner under laboratory conditions before and after the
association to (i) describe the microbiota of both the clownfish and sea anemone mucus and (ii) observe whether
the compositions of the mucosal microbiota of both the clownfish and sea anemone change during the initial
steps of symbiosis.

Results
Specificity of the clownfish mucosal microbiome. Before monitoring the changes in the microbiome
of the clownfish and the sea anemone mucus during symbiosis, the specificity of the clownfish mucosal micro-
biome was investigated. The diversity of prokaryotes in the sea water samples from the aquarium was compared
with the microbiome compositions of the mucus of five clownfishes. Altogether, the data clustered into 308 differ-
ent OT'Us at a 97% similarity level of 16 S rRNA gene similarity.

The OTU richness and phylogenetic diversity were significantly higher in sea water tank samples compared
with clownfish mucus samples, as shown by the diversity index Chaol and Shannon (Fig. 1, Supplementary.
Fig. 1 - sea water: Chaol = 1459.38 4 41.68; Shannon =4.73 4 0.15; clownfish mucus: Chaol =488.83 4 98.35,
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Figure 2. Bacterial diversity and composition of sea water and clownfish mucus samples. (A) Dendrogram
showing the specificity of the clownfish mucus compared with the sea water microbiomes. (B) Taxonomic
composition, with the percentages of the most representative families of the microbiomes of clownfish mucus
and sea water samples.

Shannon = 2.44 + 0.43; Kruskal-Wallis test, p-value =0.02535). Similarly, the dendrogram clustering samples
based on the OTU composition (Fig. 2A) highlighted a clear distinction between sea water samples and clownfish
mucus samples.

This difference was also visible at different taxonomic levels when comparing the relative abundance
of the most represented taxa in sea water samples with those detected in clownfish mucus samples (Fig. 2B).
Clownfish mucus was mostly composed of bacteria affiliated with the order Thiohalorhabdales (mean per-
centage: 30.01% =+ 1.8% of total sequences), as well as with the families Pseudomonadaceae (14.05% % 0.8%),
Rhodocyclaceae (11.2% £ 0.6%) and Corynebacteriaceae (6.1% % 5.9%). Those communities appeared to be spe-
cific to the clownfish mucus. Sea water samples from our aquariums were mostly composed of Alteromonadaceae
(35.8% =+ 2.6%). Thiohalorhabdales, Pseudomonadaceae, Corynebacteriaceae and Rhodocyclaceae were also
found in sea water, but these families may be considered rare since their abundance was below 1% (0.19% +
0.0048%, 0.076% =+ 0.0087, 0.027% =+ 0.0014, 0.053% =+ 0.011%, respectively). Even though 209 OTUs (+ 70)
were shared between clownfish mucus and sea water, 9 OTUs (£39) were strictly specific to clownfish mucus,
such as Chromatiaceae (0.001% + 0.002) and Halociobacillaceae (0.004% =+ 0.004). The high diversity of sea water
samples was due to a large abundance of rare OTUs (i.e., accounting for less than 1% of the total abundance),
which represented approximately 53% (£0.03%) of the total sequences. In contrast, the rare OTUs (<1%) col-
onizing the clownfish mucus represented a lower proportion of the total OTUs, accounting for 33% (£0.21%)
of the total sequences. Overall, these data clearly revealed that clownfish mucus exhibited a specific, less diverse
microbiome than sea water.
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Figure 3. Alpha diversity of the microbiota of clownfish mucus (n = 15), sea anemone mucus (n=9) and
sea water samples (n = 24), with the Chaol and Shannon indexes respectively showing the richness and
phylogenetic diversity of the samples at each sampling time.

Global diversity of the microbiota in clownfish and sea anemone mucus compared with sea
water. Before monitoring the change in the microbiome of the clownfish and the sea anemone mucus during
symbiosis, the diversity of prokaryotes was compared in the sea water samples from the two experimental aquaria
with the microbiome composition of the mucus of the sea anemone and clownfishes (with and without sea anem-
one). The data were clustered into 308 different OTUs at a 97% similarity level of 16STRNA gene similarity.

The prokaryotic diversity in the aquarium with the sea anemone (tank WSA) was significantly higher com-
pared with the diversity recorded in the aquarium without the sea anemone (tank NSA) (Fig. 3, Supplementary.
Fig. 2- maximum Chaol value for tank WSA = 2109.1355, and for tank NSA = 1712.589; Kruskal-Wallis test,
p-value = 0.0093; maximum Shannon value for tank WSA = 3.92, and for tank NSA = 3.58, Kruskal-Wallis test,
p-value =0.46). As expected based on the results presented above, the sea water samples from both tanks (with
and without sea anemone) had significantly higher OTU richness and phylogenetic diversity compared with both
clownfish and sea anemone mucus (Wilcoxon rank-sum test, p-value = 2.4 x 1071° and 1.6x 1077, respectively;
sea water Chaol 1150.13 - 2109.14, sea water Shannon 1.72-3.92; sea anemone mucus Chaol: 697.36-1180.69,
sea anemone mucus Shannon 3.13-5.04). The clownfishes’ mucosal microbiota was less diverse than the sea water
samples, as observed previously, with Chaol values between 659.61 and 1041.59 and Shannon values between
2.30 and 4.39. However, there were no significant differences in OTU diversities between clownfish mucus and sea
anemone mucus (Wilcoxon rank-sum test, p-value = 0.77). In conclusion, these results are consistent with those
presented previously, as sea water has a higher diversity than both clownfish and sea anemone mucus.

Change in the microbiota of clownfish and sea anemone mucus during the initial steps of sym-
biosis. To determine how the microbiota composition varied when establishing the sea anemone-clownfish
symbiosis, mucus samples of the two organisms and sea water from tanks with no sea anemone (NSA) and with
sea anemone (WSA) were sampled and sequenced at different sampling times: before introduction of organisms
in the tanks (T0), before contact between clownfishes and sea anemone (T1) and 24 hours (T2) and seven days
(T3) after the first contact (Fig. 4A,B). They were clustered into 373 OTUs at a 97% similarity level of 16SrRNA
gene similarity. For clarity, the microbiota compositions at these 4 time points are presented separately.

TO: Sea water sampling before the introduction of organisms. At TO, there were no fishes or anemone in the
experimental aquaria (Fig. 4A). The sea water in both tanks presented a very similar microbial composition,
sharing a mean of 838.44 OTUs (£15.3) among a total of 965 and 882 OTUs, respectively, in tank NSA and tank
WSA. The MDS (multidimensional scaling) confirmed these results, grouping the sea water samples from both
tanks together (Fig. 5A). Both tanks were mostly composed of cells affiliated with Pelagibacteraceae (SAR11 clade)
(tank NSA: 58.9% =+ 7%, tank WSA: 68.4% £3%). Rare taxa (<1% of the total community) represented between
33.6% (tank 1) and 25.9% (tank WSA) of the total sequences (Fig. 6A).

T1: Sampling of sea water and organism mucus before contact between sea anemone and clownfishes. At T1, sea
anemone had already been introduced in tank WSA, which could explain the observation of a first divergence in
the microbial composition in both tanks (Figs. 4A-5B). Even though the majority of taxa in both tanks remained
affiliated with Pelagibacteraceae (SAR11 clade), this taxa was found to be more abundant in tank WSA than tank
NSA (53.6% =% 5%, 37% =+ 4%, respectively - Fig. 6B), but this difference was not significant (Kruskal-Wallis test,
p-value = 0.3173). Many taxa were found to change when comparing the sea water of tank NSA and tank WSA.
For example, the following groups were found in tank NSA but not in tank WSA: Alteromonadaceae (10% =+ 3%),
Oceanospirillales (6% = 2%), Methylophilaceae (3% =% 1%), Rhodobacteraceae (3% =+ 1%).

Simultaneously, at T1, the clownfish mucus was mostly composed of Pelagibacteraceae taxa, which were
also found in the sea water (13% £ 11%) and were already present at TO (Fig. 6A). However, the proportion of
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Figure 4. Schematic of the experimental design to monitor the changes in the clownfish and sea anemone
mucosal microbiota during the symbiosis, with (A) showing the sampling time with T0 sampling before the
introduction of organisms, T'1 before contact with the sea anemone, T2 24 hours after the first contact and T3
seven days after the first contact. (B) The experimental aquaria with skimmers (S), heaters (H) controlled by a
thermo regulator (TR), brewing pumps (B), and external filters (EF).

sequences affiliated with this group presented a high interindividual variability between each fish. In accordance
with our observations conducted in the first experiment, the clownfish mucus also presented a specific micro-
bial signature compared with the composition of the sea water present in tank NSA. Clownfishes presented on
average 134.3 & 10.5 specific OTUs that were not detected in the sea water. This signature was characterized by
the presence of Betaproteobacteria (11% £ 11%), Colwelliaceae (8% =+ 2%), Pseudoalteromonadaceae (3% + 1%),
and Pseudomonadaceae (3% + 2%), families that were present at very low levels in sea water (<1% of the total
sequences).

The sea anemone mucus alone also demonstrated a distinct microbial signature in comparison to sea water
from tank WSA, with 97.6 £ 6.4 OTUs distinct from the sea water. This signature was mostly composed of
Endozoicomonaceae (27% =+ 15%) Acidaminobacteraceae (17% =+ 5%), Vibrionaceae (9% =+ 4%), Pelagibacteraceae
(6.7% =+ 1%) and Rickettsiaceae (6% £ 5%). Among these, the Pelagibacteraceae, Vibrionaceae and Rickettsiaceae
were also well detected in the sea water from tank WSA, and Acidaminobacteraceae were also found in clown-
fishes before they came into contact with sea anemone. In contrast, Endozoicomonaceae appeared to be specific
to the sea anemone mucus microbial signature, comprising less than 1% of the total sequences in other types of
samples.

T2: Sampling at 24 hours after contact between sea anemone and clownfishes. At T2, clownfishes and sea anem-
one had been in contact for 24 hours (Fig. 4A). The MDS analysis revealed that the microbial communities associ-
ated with clownfishes alone were clearly distinct from those of clownfishes in contact with sea anemone (Fig. 5C).
Indeed, clownfishes from tank NSA (with 463 OTUs + 40.8 OTUs) shared only 231.6 &+ 28 OTUs with clown-
fishes in contact with anemone in tank WSA (harbouring 444.3 & 73.8 OTUs). Interestingly, the MDS analysis
showed that at T2 (compared with T1), the microbial communities of clownfishes in contact with sea anemone
were closer to the communities of the sea anemone mucus. In tank WSA, the clownfishes shared 211 4 29 OTUs
with the sea anemone (444.3 4 73.8 OTUs in clownfish mucus; 428.6 4= 49.8 OTUs in anemone mucus). This
observation was mostly due to a few abundant OTUs presenting quite similar abundances between anemone and
clownfish mucus, as the total number of shared OTUs between clownfish and sea anemone mucus did not greatly
change (220 £ 10 at T1 and 211 + 29 at T2).

The divergence of the microbial community in sea water from both tanks was greater 24 hours after the
initiation of symbiosis. Indeed, the sea water from tank NSA (without sea anemone) was mostly composed of

SCIENTIFIC REPORTS |

(2019) 9:19491 | https://doi.org/10.1038/s41598-019-55756-w


https://doi.org/10.1038/s41598-019-55756-w

www.nature.com/scientificreports/

A B

TO T1
0.4 0.4
% St
0.2 0.2 ® Sea anemone
°
Clownfish ®
0.0 0.0 °
°
o
® Sea water
-0.21 -0.2 +
sea anemone Sample
Sea water Sea water without sea anemone
-0.4{ 0.4 @ Sea water with sea anemone

Sea water T
L . Clownfish without sea anemone

-0.25 0.0 0.25 0.50 -0.25 0.0 0.25 0.50 @ Clownfish with sea anemone
. Sea anemone
C D @ Sea anemone with clownfish
T2: 24 hours after contact T3: 7 days after contact
0.4+ Clownfish 0.4 4 Clownfish
+ ® 4 Sea Anemone . & Sea anemone
sea anemone + seaanemone® ® o +
° clownfish ° clownfish
0.2 . 0.2+
& Sea water
+

Clownfish Clownfish Sea anemone

0.0 d ®® Sea water 0.0 %o
Tl e + .
Sea anemone °
°
-0.2 -0.2
Sea Water Sea water

-0.4- -0.4-

-0.25 0.0 0.25 0.50 -0.25 0.0 0.25 0.50

Figure 5. Multidimensional scaling analysis showing the changes in the sea water, sea anemone and clownfish
mucus microbiota during the symbiosis (A) at TO prior to the introduction of any organisms in the tanks, (B) at
T1 before contact with the sea anemone, (C) at T2 24 hours after the first contact and (D) at T3 seven days after
the first contact. Light-coloured points correspond to the sampling time.

Alteromonadaceae (47.2% =+ 0.8%), Oceanospirillales (26.5% =+ 0.7%) and Pelagibacteraceae (14.5% =+ 1%). In
contrast, the sea water from tank WSA was mostly composed of Pelagibacteraceae (56.2% =+ 4%), Francisellaceae
(7.1% =+ 1.3%) and Pseudoalteromonadaceae (5.3% =+ 0.2%) (Fig. 6C).

The microbial community of both clownfishes and sea anemone was still distinct from sea water from both
tanks (Fig. 6C). The mucus of clownfishes in both tanks was mainly composed of Pelagibacteraceae (clownfishes
alone: 14.8% =+ 1.1%, clownfishes with sea anemone: 10.1% =+ 4.5%) and Alteromonadaceae (clownfishes alone:
31.7% =+ 2.5%, clownfishes with sea anemone: 6.2% =+ 2.8%). The sea anemone mucus was mostly composed
of Pelagibacteraceae (23.3% =+ 1.4%), Pseudoalteromonadaceae (20.6% + 6.1%), Endozoicomonadaceae (14.7 +
8.9%), and Vibrionaceae (3.7% £1.1%). Most of these taxa were clearly abundant in the sea water. In contrast, the
mucus of clownfishes in contact with sea anemone also contained three specific families that were not very abun-
dant in sea water: Haliangaceae (3.2% =+ 5.6%), Sphingomonadaceae (1.9% =+ 2.5%) and Comamonadaceae (1.8%
=+ 1.9%), but again with high interindividual variability. Interestingly, those three communities were absent in sea
anemone mucus and in clownfish mucus without sea anemone not only at T2 but also at T1.

In conclusion, after the initiation of symbiosis between clownfishes and sea anemone, we observed a diver-
gence between clownfishes alone in tank NSA and clownfishes in contact with sea anemone. Both types of clown-
fishes had a specific microbial signature but distinct associated microbial communities.

T3: Sampling at seven days after contact between anemone and clownfishes. At T3, clownfishes and sea anemone
had been in contact for seven days (Fig. 4A). As at T2, the MDS analysis showed that the prokaryotic communi-
ties associated with clownfishes alone were still different from those of clownfishes in contact with sea anemone
(Fig. 5D). Indeed, clownfishes alone in tank NSA (with 512 OTUs =+ 45.7 OTUs) shared only 259.2 + 18.4 OTUs
with clownfishes in contact with sea anemone in tank WSA (harbouring 489.6 4+ 57 OTUs). The MDS analysis
still highlighted that at T3 (compared with T1), the microbial communities of clownfishes in contact with sea
anemone were more similar to those in the communities of sea anemone mucus. In tank WSA, clownfishes shared
318.5 £ 41.4 OTUs with anemone (among a total of 489.6 &+ 57 OTUs in clownfish mucus and a total of 846 +
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Figure 6. Compositions of sea water and clownfish mucus microbiota (A) at TO before introduction of any
organisms in the tanks, (B) at T1 before contact with the sea anemone, (C) at T2 24 hours after the first contact
and (D) at T3 seven days after the first contact. Families between the black lines are those that appeared to be

very dynamic in the sampled microbiota.

198.5 OTUs in anemone mucus). In contrast to T2, the microbial community of sea anemone mucus was more
diverse at T3 (more than 400 news OTUs).

In terms of composition, the sea water microbial communities in both tanks were still composed of different
predominant taxa. Indeed, at T3, the sea water from tank NSA (without sea anemone) was mostly composed
of Ateromonadaceae (40.5% =+ 3.6%), Pelagibacteraceae (20.2% =+ 2.4%) and Rhodobacteraceae (9% =+ 0.1%),
whereas that from tank WSA was mostly composed of Francisellaceae (25.5% =+ 1%), Pelagibacteraceae (12.5% +
0.5%) and Saprospiraceae (8.3% =+ 0.1%).

The microbial communities of both clownfishes and sea anemone remained distinct from those of the sea
water samples from both tanks (Fig. 6D). Clownfish mucus was specifically composed of Betaproteobacteria
(23.5% =+ 25% for clownfishes without sea anemone, 7.1% =+ 5.8% for clownfishes with sea anemone),
Phyllobacteriaceae (9.9% =+ 16% for clownfishes alone), and Pseudoalteromonadaceae (2.9% =+ 0.3% for clown-
fishes alone, 11.7% =+ 4.8% for clownfishes with sea anemone). Sea anemone mucus was mainly composed of
Saprospiraceae (8.8% = 2.1%) and Endozoicomonadaceae (7.35% =+ 5.4%); however, some communities specific
to sea water were also found in the mucus of both living organisms, such as Alteromonadaceae (21.4% =+ 9% for
clownfish alone, 5.9% = 3.6% for clownfish with sea anemone), Rhodobacteraceae (3.5% =+ 0.4% for clownfish
alone, 6.3% =+ 3.9% for clownfish with sea anemone, 5.9% =+ 3.2% for sea anemone), Pelagibacteracea (10.6% =+
5.2% for clownfish alone, 4.1% =+ 2.4% for clownfish with sea anemone) or Vibrionaceae (3.8% =+ 2.1% for clown-
fish with sea anemone, 10.2% =+ 2.6% for sea anemone). After seven days in contact with each other, a few changes
were noted in the bacterial communities of the mucus of both species. Interestingly, three families were shared
between clownfishes and sea anemone: Pseudoalteromonadaceae (14.9% =+ 6.5% for sea anemone, 11.7 & 4.8%
for clownfish), Saprospiraceae (8.8% =+ 2.1% for sea anemone, 6.2% =+ 3.9% for clownfish) and Haliangaceae (2.3%
=+ 1.1% for sea anemone, 4.3% = 3.9% for clownfish). Haliangaceae was specific to clownfish in contact with sea
anemone, as this community was also found in clownfish mucus with sea anemone at T2.
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Figure 7. Composition differences between eight relevant microbiota families in clownfish alone, clownfish
with sea anemone and sea anemone before symbiosis (T1) and 24 hours (T2) and seven days after symbiosis
(T3).

These results indicated that the microbial communities in the mucus of the two symbionts started to mix dur-
ing symbiosis and were distinct from the sea water from both tanks and from clownfishes without sea anemone
(confirmed by the dendrogram shown in Supplementary Fig. 3). These results were also confirmed by a compari-
son of the change in the most relevant microbial communities between clownfishes without sea anemone, clown-
fishes with sea anemone and sea anemone mucus (Fig. 7). We observed a very dynamic microbiota over time and
noted that the communities shared between sea anemone and clownfishes after symbiosis were not present in
clownfish mucus without sea anemone (Haliangiaceae, Saprospiraceae, Pseudoalteromonadacea).

Discussion

High-throughput 16SrRNA sequencing approaches are now widely used to explore the diversity of microbiota
and have allowed the characterization of many types of fish microbiomes. However, most of these studies have
focused on gut microbiomes (for a review see Lleweyn et al.”’), and works dedicated to skin microbiomes are
much less numerous*?. They have also usually concerned the impact of environmental variations on the skin
microbiome. For example, a pH drop alters the composition of skin microbiota in the Amazonian fish tamb-
aqui (Collosoma macropomum)*?. Similarly, the salmon microbiome composition is modified during transit from
freshwater to sea water®*. However, to the best of our knowledge, no studies have addressed the question of how
the microbiome changes in two marine species that become involved in a symbiotic relationship. The initiation
of symbiosis can be considered a habitat transition that may involve environmental changes. Thus, we tested
whether, under laboratory conditions, contact between clownfish (A. ocellaris) and the sea anemone (H. mag-
nifica) has an impact on their mucosal microbiota, changing their compositions, and whether the two partners
might share some microbial communities. To test these hypotheses, we set up two experimental aquaria exposing
clownfishes to sea anemone in one tank and a control aquarium without sea anemone to confirm that the changes
observed in the clownfish microbiome were indeed linked to sea anemone rather than to other experimental
parameters.

Clownfish and sea anemone mucus have specific microbiomes. We first determined that both
clownfish and sea anemone mucus have specific microbiome signatures when maintained in a laboratory tank.
Clownfish mucus specifically contains Betaproteobacteria, regardless of whether the fishes are in contact with
sea anemone. Sea anemone mucus contains Endozoicomonas and Rickettsciaceae, which have also been detected
in other cnidarian species, such as the coral Pocillopora verrucosa® or the temperate sea anemone Anemonia
viridis*. During the experiment, sea water sample microbiomes were more diverse than those in both clownfish
and sea anemone mucus. This phenomenon has been previously observed for not only other fish species, such as
Dicentrarchus labrax and Sparus aurata®, but also other cnidarians, such as Eunicella singularis, Eunicella cavo-
lini, and Eunicella verrucosa®® (Mediterranean species). Coral reef waters are extremely diverse and contain very
diverse and contrasting types of habitats, colonized by very diverse species’ assemblages. Thus, defining a “core
bacterial community” associated with a reef’s sea water appears to be very complicated, if such a core community
exists. Several reports have clearly pointed out the large variability in coral reef water-associated communities**
Interestingly, our experimental system permitted the growth and development of bacteria that have been fre-
quently found in field samplings from reefs worldwide, including very diverse types of not only Proteobacteria®
but also Pelagibacteraceae, Oxalobacteraceae, Alteromonadaceae*® and many others. Thus, our experimental sys-
tem appears to present many common microbiological traits with a typical sea water reef-associated community,
if such a “core community” can be defined.
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The microbiome was highly dynamic and variable during the experiment. We observed that
throughout the experiment, the microbiomes of sea water and both clownfish and sea anemone mucus were
highly dynamic, with communities disappearing or appearing between sampling times (i.e., Haliangiaceae,
Rickettsiaceae, Alteromonadaceae, Phyllobacteraceae). Such variability has been observed in aquarium system
sea water, showing strong variations despite the stability of the physico-chemical parameters during the survey*.
For example, bloom events were observed with changes in the predominant communities (Rhodobacteraceae,
Kordiimonas sp.). According to this study, such fluctuations might be linked to sea water clarity, unmeasured fac-
tors or factors beyond the detection limits, or by an input of microorganisms through the filtration system. Thus,
one question raised by our results is whether the source of microbial community variation is due to the presence
of the sea anemone or to an effect of environmental variables. The observed clustering of both clownfish and sea
anemone mucus samples in tank WSA led us to suspect that the sea anemone mucus had a significant effect on
the community composition of the clownfish mucus (or reciprocally, the clownfish mucus modified the sea anem-
one mucus prokaryotic composition). The alternative hypothesis, that other types of environmental variables
simultaneously drive the mucus composition of both clownfish and sea anemone, seems less likely. We recorded
alarge set of environmental data to monitor the quality of sea water in our tanks (temperature, salinity, pH, chlo-
rophyll a, pheophytin, nutritive salts). The composition of the sea water remained relatively stable in our aquaria
during the experiment and in a range in accordance with that usually observed in marine aquaria. Moreover,
the bacterial abundance was stable in both tanks during the course of the experiments and was similar to that
commonly found in reef ecosystems (approximately 2x 10° cells.ml~!*, Supplementary Table 4D). In addition,
we did not observe any development of pathogens, confirming that the quality of our experimental system was
good. Nonetheless, our statistical analyses revealed that environmental variables had a significant effect on the
prokaryotic community composition (Supplementary Table 4D). We also found that the presence of sea anemone
had a significant effect on the community composition of clownfish mucus. It is difficult to disentangle all of
these variables because they depend on each other. Changes observed in chlorophyll 4 and pheophytin might be
linked to the presence of sea anemone, as cnidarians can enhance their photosynthetic efficiency by increasing
chlorophyll a abundance in poor light conditions (e.g., Stylophora pistillata)*®. Such changes may also be linked to
the increase in organic matter in the experimental aquaria following the introduction of clownfishes and the sea
anemone. This increase could also explain changes in nutrient concentrations over time (such as NO,~ and PO,")
during our experiments. Elevated values of NO,™ and NO;~ at T0 are typical in closed-system aquaria, as they
correspond to the nitrogen cycling that leads to stability of the system, as we observed (Supplementary Table 4C).
The nutrient concentration in our tanks was then relatively low, stable and consistent with that observed in some
coral reefs**-*. Despite those variations, the symbiotic relationship between clownfishes and the sea anemone
clearly appeared to involve a mix of some of their microbial communities.

Our data also showed the importance of inter-individual microbiota variability between clownfishes (Figs. 2B
and 4B); this variability has been previously reported in Lutjanus campechanus, Cynoscion nebulosus, Sparus
aurata, and Pangasius hypophthalmus®>>. Altogether, these observations suggest that such variability might be
an intrinsic feature of fish skin bacterial communities® that can be linked to feeding behaviour, as demonstrated
in Salmo salar?’. The skin mucus microbiome composition is dependent on the fish diet. The health status of fishes
is also a source of variation in the fish skin microbiome composition*. It is possible that this variability arose from
the use of different breeding pairs of clownfishes in this study. Even if they were reared and maintained in the
same conditions from birth to our experiment, genetic diversity may be involved in inter-individual variability.
To our knowledge, no studies have tested the effect of parental diversity on the fish skin microbiome. It would be
interesting to compare the inter-individual variability in fish skin microbiomes from the same breeding pairs with
those from several breeding pairs.

Clownfish and sea anemone share some communities after the initiation of symbiosis. As
mentioned above, the composition of the microbiota effectively changed during the initial stages of the symbi-
osis. Interestingly, we observed that seven days after contact, some communities (e.g., Pseudoalteromonadaceae,
Saprospiraceae and Haliangiaceae) were shared between both clownfishes and the sea anemone mucus. To the
best of our knowledge, our study is the first to demonstrate the presence of similar microbial communities in
the mucus of two organisms living in symbiosis. This result seems to corroborate the hypothesis that clownfishes
cover themselves with sea anemone mucus to avoid being stung by the tentacles of their host'**. Interestingly,
however, we also found typical clownfish bacterial communities in sea anemone mucus, suggesting that the
microbiota of both species had started to mix at seven days after the initiation of symbiosis. Whether sharing
their microbiota might play any role in the symbiotic relationship itself remains to be determined. For example,
do clownfishes and sea anemone benefit from their mutual microorganisms? The potential role of the microbiota
in such relationship is still unknown, but it may be substantial given the prominent metabolic capacities of bac-
teria. It is possible that bacteria living in the mucus of both symbionts may be involved in the transfer and pro-
cessing of some nutrients, such as nitrogen and carbon, between the two symbionts®*!2. To tackle this question, a
combination of metagenomic, metatranscriptomic and nanostring approaches will enable future studies to target
specific functions and gene expression levels within these microbiotas. These approaches could be applied to com-
pare the expression of bacterial functions between anemone-associated fishes and naturally (or experimentally)
non-associated fishes. In particular, the production of specific bacterial bioactive metabolites that may play spe-
cific roles in symbiosis should be questioned. We are currently testing this possibility experimentally. It would also
be very interesting to examine whether such sharing of the microbiota occurs in real situations in the wild. Even
if our experimental conditions were as close as possible to those found in reef ecosystems, and our data were in
accordance with previous studies on fish and cnidarian mucus microbiomes, we must consider that closed-system
aquaria cannot reproduce the variability and dynamic features of the coral reef microbiome. Thus, future studies
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should include field samplings to confirm our observations. It will also be necessary to sample clownfish eggs
before hatching in the field and rear them in circulated system aquaria linked to reef sea water until they reach
the juvenile stage. In this way, we might conserve the natural microbiome and characterize how it changes in a
natural environment during initiation of the symbiosis between clownfishes and their host. Our study in aquaria
was necessary initially to highlight how microbial communities are modified among partners involved in the
establishment of a symbiosis under laboratory conditions, thus providing a basis to conduct field experiments.

Conclusion

Our study allowed the microbial signatures of both symbionts to be compared before and after initiation of the
symbiotic relationship in experimental aquaria. Our data revealed that each symbiont harboured a distinct micro-
bial community and that these microbial signatures were significantly modified during the establishment of sym-
biosis. We also observed that the microbial compositions of both the sea water and the organisms were highly
dynamic, showing changes in OTU abundances throughout the experiments (possibly due to experimental con-
ditions). We gained an initial insight about the changes in the microbiota of both clownfishes and sea anemone
during initiation of the symbiosis in aquaria. Throughout this process, under our experimental conditions, sea
anemone and clownfishes began to share some bacterial taxa in the Pseudoalteromonadacae, Saprospiracea and
Haliangiacea families. It would be of interest to compare these data with in situ samplings, although the shared
communities may not be the same, since an enclosed sea water aquarium is, of course, very different from the
wild environment®. In situ sampling would enable a comparison of clownfish and sea anemone microbiota when
fishes are already settled in their host.

More generally, our results questioned the potential role of the microbiota in symbiotic relationships between
eukaryotic organisms, a subject that has been largely neglected until now. Thus, it would be interesting to ascer-
tain whether microbiota play a role in the initiation and/or the maintenance of symbiotic relationships in other
cases (e.g., carapids/holothurians; shrimps and fishes). There are many interesting cases in marine systems in
which the role of the microbiota in symbiotic relationships would be interesting to investigate.

Material and Methods

Clownfish and sea anemone maintenance conditions. Clownfishes were obtained from several
breeding pairs and were reared in the same tank without sea anemone in our supplier rearing facility. They were
thus completely naive, as they had never been in contact with a sea anemone from the egg to the juvenile stage.
Twenty juveniles were transferred to the marine station of Banyuls-sur-Mer (France) and were kept in aquaria
for three months before starting the experiments. In this way, the microbiome of the fishes had the time required
for stabilization for our experimental conditions*. Juveniles of the clownfish A. ocellaris and the sea anem-
one H. magnifica were maintained in 2 different aquaria to avoid any contact prior to the experiments. Fishes
were kept in a 60-L tank (artificial sea water) at 25°C with a 12:12-hour light:dark photoperiod. They were fed
twice a day with fresh food composed of mussels, shrimp, nori and sardines. The sea anemone H. magnifica was
chosen because it is the most suitable for aquarium experiments in comparison to the two other natural hosts
(Stichodactyla gigantea and S. mertensii). We have also acquired experience and background data in our teams,
as we have already manipulated this species®’. One sea anemone (imported from Indonesia) was used and main-
tained in a 100-L tank (closed-system aquarium filled with artificial sea water) at 25 °C in the aquarium of Canet
en Roussillon (France) since 2015. We only used one sea anemone to limit our impact on natural populations, by
avoiding the retrieval of several organisms from their natural environment. The sea anemone was introduced in
the experimental tank one month before starting the sampling so that its microbiome was stabilized*. The sea
anemone was also fed the same mixture of fishes once a week. Before starting the experiment, the presence of
bacterial cells in the mucus of both organisms was confirmed by DAPI staining (data not shown).

Experimental design. To determine if clownfish mucus has a specific microbiome signature, fishes and the
sea water from their tanks were sampled, and DNA was extracted before sequencing. Five fishes were sampled
and three water samples of 500 ml, collected in sterile bottles, were pre-filtered (0.8 um) and re-filtered through
0.2-um pore size filters before flash freezing for preservation. All samples were conserved at —20°C until DNA
extraction.

To compare the prokaryotic diversity of the mucus of A. ocellaris and its host H. magnifica, fishes were main-
tained in closed-system aquaria under two conditions: without sea anemone (Tank NSA) and with sea anemone
(Tank SA). Fishes held without sea anemone served as a control to (i) follow the change in the microbiome
throughout the experiment, and (ii) to ensure that potential microbiome variations observed in fishes held in
tank WSA were effectively due to the presence of the sea anemone. Sea water from the two tanks was sampled one
month before the introduction of any organisms to determine the initial prokaryotic diversity of the two experi-
mental aquaria. Then, sea water, fish mucus and sea anemone mucus were sampled at three different times: before
the introduction of twelve fishes in the 2 experimental tanks (T1, six fishes per aquarium), at 24 hours (T2) and at
seven days (T3) after the fishes had been placed with the sea anemone in tank WSA (Fig. 4A). At each sampling
time, three replicates were generated: the mucus of three fishes, three water samples (500 ml each), and three sea
anemone mucus samples. All of the sampled fishes were retrieved from the tanks.

Each tank was filled with 100 L of artificial sea water kept at 25 °C. To ensure that the two tanks were at the
same temperature, each heater was controlled by the same thermostat (biotherm Pro — Hobby). The same photo-
period was applied (12:12 hours light:dark). Each tank was equipped with two brewing pumps, a skimmer (Tunze
Comline Doc Skimmer) and an external filter (Eheim Pro 4) in closed-system aquaria. All of the equipment was
separated from the rest of the tank with a grid to avoid any injuries to the sea anemone and fishes (Fig. 4B). To
ensure that any changes in microbiome composition of fishes and/or sea anemone were linked to the symbiosis
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and not to changes in our experimental conditions, different physico-chemical parameters were monitored
throughout the experiment: bacterial abundance (cytometry), nutrients, chlorophyll concentrations (following
previously published protocols®*~>*), temperature, salinity and pH. No water changes were conducted during the
experiment, and no other compounds, such as antibiotics or antibacterial agents, were added to the water to con-
trol the bacterial population, since the bacterial population densities were stable throughout the experiment. The
organisms were fed once a day with the same quantity of food to avoid any leftovers and to increase the nutrient
concentrations.

DNA extraction. Fishes were anaesthetized individually an MS222 solution at 100 mg/l, placed in a sterile
petri-dish (changed after each individual), and measured, and their mucus was sampled with a sterile swab from
both flanks of the fish. Precautions were taken to avoid touching the gills with the swab due to the differences
in gill and skin microbiomes*. The swab was scrubbed three times on each flank up to the tail. A swab-based
protocol was chosen as the sampling method, as it causes no harm to the fishes, removes few epidermal cells,
and limits superficial abrasion®. The cotton was then removed from the plastic rod with a sterile scalpel blade
introduced into a 2-ml tube and flash frozen in liquid nitrogen. To sample the sea anemone mucus, the organism
was removed from the water, and the mucus was quickly collected from the tentacles with a sterile swab. Three
samplings were performed with three different swabs, taking care to sample the same tentacles. The cotton was
then removed from the swabs as described for the fish samples. Sea water was collected as described above. All
samples were kept at —20 °C before DNA extraction.

To extract DNA, each sample was crushed in liquid nitrogen with a sterile mortar and pestle. The Qiagen
allPrep DNA/RNA mini kit was used to extract total DNA following the manufacturer’s recommendations.
DNA concentrations were then measured with a NanoDrop (Agilent Plus). Samples were kept at —20 °C before
sequencing.

16SrRNA gene sequencing and analysis. The 16S rRNA sequencing process was performed commer-
cially at Mr DNA (http://www.mrdnalab.com, Shallowater, TX, USA) by applying routinely used MiSeq-based
pipelines. Briefly, the diversity and composition of prokaryotic communities were analysed by amplifying the V4
hypervariable region of 16STRNA genes, based on PCR amplification using the universal primer set 515F/806R>.
DNA samples were amplified with a HotStarTaq Plus Master Mix kit (Qiagen, Hilden, Germany) under the fol-
lowing conditions: 94 °C for 3 min, followed by 28 cycles of 94 °C for 30sec, 53 °C for 40 sec and 72°C for 1 min,
followed by a final elongation step at 72 °C for 5min. After amplification, PCR products were checked in 2%
agarose. Multiple samples were pooled together in equal proportions. Pooled samples were purified using cali-
brated Ampure XP magnetic beads (Beckman Coulter, Inc., Pasadena, USA). Then, the pooled and purified PCR
products were used to prepare an Illumina DNA library. Paired-end sequencing (2 x 300 bp) was performed on
the Illumina MiSeq sequencing platform (Illumina, San Diego, USA).

The raw MiSeq paired-end reads from 16SrRNA gene fragments were separately assembled and reoriented
using the Mr DNA pipeline. Then, all of the reads were quality filtered with a maximum expected error thresh-
old of 1°” and a minimum length of 300 bp, dereplicated and sorted by abundance after singleton removal®®.
Sequence analysis was then performed using QIIME (Quantitative Insights Into Microbial Ecology, http://www.
giime.org)®, except for the chimaera removal step and the OTU (operational taxonomic unit grouped by DNA
sequence similarity) clustering step, which were performed using UPARSE®®. OTUs were clustered at >97% iden-
tity to OTU centroid sequences (representative sequences that were selected based on their rank of read abun-
dance after dereplication). Complementary data analyses were also performed using the package phyloseq.®,
and a multidimensional scaling (MDS) was performed to visualize the level of similarity between each sample
throughout the experiment.

Statistical analysis of environmental variables effects. A canonical correspondence analysis (CCA)
based on the vegan package®! was used to investigate the variations in OTU data under the constraints of our set
of environmental variables. Significant variables (i.e., variables that significantly explained changes in commu-
nity composition) in our data set were chosen using a forward-selection procedure and 999 permutations (envfit
function in the vegan package)®>>-*. In all of these analyses, we assumed a unimodal response of species to envi-
ronmental variations, meaning that the species had only one clear peak of abundance according to environmental
variations.

Ethics approval. The animals were maintained in our aquarium facility prior to the experiments. No animals
were killed for this study; fishes were only anaesthetized, and they were all reintroduced in our aquarium facility
once they had recovered from anaesthesia in a quarantined aquarium. The experiments were thus conducted in
accordance with the relevant guidelines and regulations. We obtained approval for these experiments from the
C2EA - 36 Ethics Committee for Animal Experiment Languedoc-Roussillon (CEEA-LR), number A6601601. The
approval number for the premises for animal testing, issued by the Regional Directorate of Food, Agriculture and
Forestry of Occitania and the Departmental Directorate of Protection of Populations of the Pyrenees Orientales,
is A6601601. The experimental protocols were based on the regulations in force in France (Articles R214-87 to
R214-137 of the Rural Code), updated by Decree 2013-118 and by five decrees dated February 1, 2013, and pub-
lished on February 7, 2013, pursuant to Directive 2010/63/EU. This regulation is under the responsibility of the
Ministry of Agriculture.

Data availability
The datasets generated and analysed during the current study were submitted to the NCBI SRA database under
the following accession number: PRINA499037.

SCIENTIFIC REPORTS |

(2019) 9:19491 | https://doi.org/10.1038/s41598-019-55756-w


https://doi.org/10.1038/s41598-019-55756-w
http://www.mrdnalab.com
http://www.qiime.org
http://www.qiime.org

www.nature.com/scientificreports/

Received: 15 October 2018; Accepted: 18 November 2019;
Published online: 20 December 2019

References

1.
2.

3.
. Fautin, D. G. The Anemonfish Symbiosis - What is Known and What is Not? Symbiosis 10(23), 46 (1991).
. Elliott, J. K., Elliot, J. M. & Mariscal, R. N. Host selection, location, and association behaviors of anemonefishes in field settlement

[N

10.
11.
12.

13.
. Arvedlund, M., McCormick, M. I, Fautin, D. G. & Bildsoe, M. Host recognition and possible imprinting in the anemonefish

15.
16.
17.
18.
19.
20.
21.
. Elliott, J. K. & Mariscal, R. N. Acclimation or Innate Protection of Anemonefishes from Sea Anemones? Copeia, 284-289 (1997).
"
25.
26.
27.
. Bourne, D. G. et al. Coral reef invertebrate microbiomes correlate with the presence of photosymbionts. ISME J. 7, 1452-1458 (2013).
29.
30.
31.
32.
33.

34.
. Pogoreutz, C. et al. Dominance of Endozoicomonas bacteria throughout coral bleaching and mortality suggests structural

36.
37.
38.
39.
40.
41.
42.

43.
44.

Dimijan, G. Evolving together: the biology of symbiosis, part 1. BUMC Proc. 13, 217-227 (2000).

Barbosa, P. & Castellanos, I. Ecology of Predator-prey Interactions. in Ecology of Predator-prey Interactions (Barbosa, P.,
Castellanos, I., 2005).

Woyke, T. et al. Symbiosis insights through metagenomic analysis of a microbial consortium. Nature 443, 950-955 (2006).

experiments. Mar. Biol. 122, 377-389 (1995).

. Fautin, D. G. & Allen, G. R. Anemonefishes and their host sea anemones: a guide for aquarists and divers. (Western Australian

Museum, 1997).

. Collingwood, C. Note on the existence of gigantic seaa-anemones in the China sea, containing within them quasi-parisitc fish. Ann.

Mag. Nat. Hist. 4(31), 33 (1868).

. Cleveland, A., Verde, E. A. & Lee, R. W. Nutritional exchange in a tropical tripartite symbiosis: direct evidence for the transfer of

nutrients from anemonefish to host anemone and zooxanthellae. Mar. Biol. 158, 589-602 (2011).

. Verde, A., Cleveland, A. & Lee, R. W. Nutritional exchange in a tropical tripartite symbiosis II: direct evidence for the transfer of

nutrients from host anemone and zooxanthellae to anemonefish. Mar. Biol. 162, 2409-2429 (2015).

Szczebak, J. T., Henry, R. P,, Al-Horani, F. A. & Chadwick, N. E. Anemonefish oxygenate their anemone hosts at night. J. Exp. Biol.
216, 1350-1350 (2013).

Porat, D. & Chadwick-Furman, N. E. Effects of anemonefish on giant sea anemones: Ammonium uptake, zooxanthella content and
tissue regeneration. Mar. Freshw. Behav. Physiol. 38, 43-51 (2005).

Holbrook, S. J. & Schmitt, R. J. Growth, reproduction and survival of a tropical sea anemone (Actiniaria): benefits of hosting
anemonefish. Coral Reefs 24, 67-73 (2005).

Mebs, D. Chemical biology of the mutualistic relationships of sea anemones with fish and crustaceans. Toxicon 54, 1071-1074 (2009).

Amphiprion melanopus (Pisces: Pomacentridae). Mar. Ecol. Prog. Ser. 188, 207-218 (1999).

Dixson, D. L. et al. Experimental evaluation of imprinting and the role innate preference plays in habitat selection in a coral reef fish.
Oecologia 174, 99-107 (2014).

Elliott, J. K., Lougheed, S. C., Bateman, B., McPhee, L. K. & Boag, P. T. Molecular phylogenetic evidence for the evolution of
specialization in anemonefishes. Proc. R. Soc. B Biol. Sci. 266, 677-685 (1999).

Balamurugan, J., Kumar, T. T. A., Kannan, R. & Pradeep, H. D. Acclimation behaviour and bio-chemical changes during anemonefish
(Amphiprion sebae) and sea anemone (Stichodactyla haddoni) symbiosis. Symbiosis 64, 127-138 (2014).

Abdullah, N. S. & Saad, S. Rapid Detecion of N-Acetylneuraminic Acid from False Clownfish using HPLC-FLD for Symbiosis to
Host Sea Anemone. Asian. J. Appl. Sci. 3, 858-864 (2015).

Scott, M. W. Damsefishes and Anemonefishes: the complete illustrated guide to their identification, behaviors and captive care. 4,
(T. E. H. Publications, 2008).

Elliott, J. K., Mariscal, R. N. & Roux, K. H. Do anemonefishes use molecular mimicry to avoid being stung by host anemones? J. Exp.
Mar. Biol. Ecol. 179, 99-113 (1994).

Schlichter, D. Das Zusammenleben von Riffanemonen und Anemonenfischen. Z. Fiir Tierpsychol. 25, 933-954 (1968).

Lubbock, R. The clownfish/anemone symbiosis: a problem of cell recognition. Parasitology 82, 159-173 (1981).

Benhamed, S., Guardiola, E. A., Mars, M. & Esteban, M. A. Pathogen bacteria adhesion to skin mucus of fishes. Vet. Microbiol. 171,
1-12(2014).

Rosenberg, E., Koren, O., Reshef, L., Efrony, R. & Zilber-Rosenberg, I. The role of microorganisms in coral health, disease and
evolution. Nat. Rev. Microbiol. 5, 355 (2007).

Chiarello, M. et al. Skin microbiome of coral reef fish is highly variable and driven by host phylogeny and diet. Microbiome 6 (2018).
Pratte, Z. A. et al. Association with a sea anemone alters the skin microbiome of clownfish. Coral Reefs 37, 1119-1125 (2018).

Har, J. Y. et al. Microbial diversity and activity in the Nematostella vectensis holobiont: insights from 16S rRNA gene sequencing,
isolate genomes, and a pilot-scale survey of gene expression. Front. Microbiol. 6 (2015).

Ledn-Palmero, E. et al. Diversity and antimicrobial potential in sea anemone and holothurian microbiomes. PloS One 13, €0196178
(2018).

Morelan, I. A., Gaulke, C. A., Sharpton, T. J., Vega Thurber, R. & Denver, D. R. Microbiome Variation in an Intertidal Sea Anemone
Across Latitudes and Symbiotic States. Front. Mar. Sci. 6 (2019).

Mortzfeld, B. M. et al. Response of bacterial colonization in Nematostella vectensis to development, environment and biogeography:
Bacterial colonization in Nematostella vectensis. Environ. Microbiol. 18, 1764-1781 (2016).

Sylvain, F.-E. et al. pH drop impacts differentially skin and gut microbiota of the Amazonian fish tambaqui (Colossoma
macropomum). Sci. Rep. 6 (2016).

Lokesh, J. & Kiron, V. Transition from freshwater to seawater reshapes the skin-associated microbiota of Atlantic salmon. Sci. Rep. 6 (2016).

inflexibility of the Pocillopora verrucosa microbiome. Ecol. Evol, https://doi.org/10.1002/ece3.3830 (2018).

Muller, E. M., Fine, M. & Ritchie, K. B. The stable microbiome of inter and sub-tidal anemone species under increasing pCO2. Sci.
Rep. 6 (2016).

Chiarello, M., Villéger, S., Bouvier, C., Bettarel, Y. & Bouvier, T. High diversity of skin-associated bacterial communities of marine
fishes is promoted by their high variability among body parts, individuals and species. FEMS Microbiol. Ecol. 91, fiv061 (2015).

van de Water, J. A. J. M. et al. Comparative Assessment of Mediterranean Gorgonian-Associated Microbial Communities Reveals
Conserved Core and Locally Variant Bacteria. Microb. Ecol. 73, 466-478 (2017).

Campbell, A. M., Fleisher, J., Sinigalliano, C., White, J. R. & Lopez, J. V. Dynamics of marine bacterial community diversity of the
coastal waters of the reefs, inlets, and wastewater outfalls of southeast Florida. MicrobiologyOpen 4, 390-408 (2015).

Ziegler, M. et al. Coral microbial community dynamics in response to anthropogenic impacts near a major city in the central Red
Sea. Mar. Pollut. Bull. 105, 629-640 (2016).

Kegler, H. E et al. Bacterial Community Composition and Potential Driving Factors in Different Reef Habitats of the Spermonde
Archipelago, Indonesia. Front. Microbiol. 8 (2017).

Staley, C. et al. Differential Impacts of Land-Based Sources of Pollution on the Microbiota of Southeast Florida Coral Reefs. Appl.
Environ. Microbiol. 83 (2017).

Patin, N. V. et al. Microbiome Dynamics in a Large Artificial Seawater Aquarium. Appl. Environ. Microbiol. 84 (2018).

Weinbauer, M. et al. Bacterial community composition and potential controlling mechanisms along a trophic gradient in a barrier
reef system. Aquat. Microb. Ecol. 60, 15-28 (2010).

SCIENTIFIC REPORTS |

(2019) 9:19491 | https://doi.org/10.1038/s41598-019-55756-w


https://doi.org/10.1038/s41598-019-55756-w
https://doi.org/10.1002/ece3.3830

www.nature.com/scientificreports/

45. Mass, T. et al. The spectral quality of light is a key driver of photosynthesis and photoadaptation in Stylophora pistillata colonies
from different depths in the Red Sea. J. Exp. Biol. 213, 4084-4091 (2010).

46. Le Nguyen, D. D., Ngoc, H. H., Dijoux, D., Loiseau, G. & Montet, D. Determination of fish origin by using 16S rDNA fingerprinting
of bacterial communities by PCR-DGGE: An application on Pangasius fish from Viet Nam. Food Control 19, 454-460 (2008).

47. Landeira-Dabarca, A., Sieiro, C. & Alvarez, M. Change in food ingestion induces rapid shifts in the diversity of microbiota associated
with cutaneous mucus of Atlantic salmon Salmo salar: effect of diet on s. salar mucous microbiota. J. Fish Biol. 82, 893-906 (2013).

48. Legrand, T. P. R. A. et al. The Inner Workings of the Outer Surface: Skin and Gill Microbiota as Indicators of Changing Gut Health
in Yellowtail Kingfish. Front. Microbiol. 8 (2018).

49. Pratte, Z. A., Richardson, L. L. & Mills, D. K. Microbiota shifts in the surface mucopolysaccharide layer of corals transferred from
natural to aquaria settings. J. Invertebr. Pathol. 125, 4244 (2015).

50. Larsen, A., Tao, Z., Bullard, S. A. & Arias, C. R. Diversity of the skin microbiota of fishes: evidence for host species specificity. FEMS
Microbiol. Ecol. 85, 483-494 (2013).

51. Roux, N. & Lecchini, D. Clownfish chemically recognized their sea anemone host at settlement. Life Environ. 65, 17-20 (2015).

52. Troussellier, M., Courties, C. & Zettelmaier, S. Flow cytometric analysis of coastal lagoon bacterioplankton and picophytoplankton:
fixation and storage effects. Estuar. Coast. Shelf Sci. 40, 621-633 (1995).

53. Aminot A., Kérouel R. Dosage automatique des nutriments dans les eaux marines: méthodes en flux continu. in Méthodes d’analyse
en milieu marin, p188 (Ifremer, 2007).

54. Billy, I, Oriol, L., Mousseau, L. & Passafiume, O. Détermination de la chlorophylle a par fluorimétrie. Procédure Protoc. Natl.
Chlorophylle SOMLIT (2015).

55. Raj, V. S. et al. Skin mucus of Cyprinus carpio inhibits cyprinid herpesvirus 3 binding to epidermal cells. Vet. Res. 42, 92 (2011).

56. Caporaso, J. G. et al. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. 108,
4516-4522 (2011).

57. Edgar, R. C. & Flyvbjerg, H. Error filtering, pair assembly and error correction for next-generation sequencing reads. Bioinformatics
31, 3476-3482 (2015).

58. Edgar, R. C. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996 (2013).

59. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335 (2010).

60. McMurdie, P. . & Holmes, S. phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data.
PloS One 8, €61217 (2013).

61. Oksanen, J. et al. Package ‘vegan. Community Ecol. Package Version 2 (2013).

Acknowledgements

This research was supported by the Federative action “Biotic interactions” of the Banyuls-sur-Mer Observatory. We
thank Paul Labatut and Eric Maria for chlorophyll a and the pheophitine dosage, Olivier Crispi for the measurements
of nutrient concentrations and Christophe Salmeron for the cytometry analysis (BioPic platform). We thank Yves
Desdevises for his help with the statistical analyses. We thank Romans Pascal, Nancy Trouillard, Rémy Pillot and
Valentin Logeux from the aquariology service of OOB for their help and advice in the maintenance of the sea anemones
and clownfishes. We thank Nigel Grimsley for his assistance with the correction of English grammar and writing. This
work was partly supported by different research grants (LabEx Corail project ‘Etape’ 2018, Contrat de Projet Etat-
Polynésie frangaise 2015-2020, PSL project Pesticor, PSL project Ecora, Agence de leau — Rhone Méditérranée Corse
- 10 2018 1765). We appreciate the technical support of EMBRC-France, the French state funds of which are managed
by ANR within the Investments of the Future programme under reference ANR-10-INBS-02.

Author contributions

N.R. contributed to the design of the experiment, collected samples, performed DNA extractions, conducted
bioinformatics and statistical analyses and wrote the manuscript. R.L. contributed to the design of the experiment,
bioinformatics and statistical analyses, and wrote the manuscript. P.S. contributed to the DNA extractions and
contributed to the writing of the manuscript. K.M. and P.R. contributed to the design of the experiment and the
maintenance of the experimental aquaria. P.M. assisted with the maintenance of the sea anemone. V.L. and D.L.
assisted with the experimental design and manuscript text. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55756-w.

Correspondence and requests for materials should be addressed to V.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:19491 | https://doi.org/10.1038/s41598-019-55756-w


https://doi.org/10.1038/s41598-019-55756-w
https://doi.org/10.1038/s41598-019-55756-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sea anemone and clownfish microbiota diversity and variation during the initial steps of symbiosis

	Results

	Specificity of the clownfish mucosal microbiome. 
	Global diversity of the microbiota in clownfish and sea anemone mucus compared with sea water. 
	Change in the microbiota of clownfish and sea anemone mucus during the initial steps of symbiosis. 
	T0: Sea water sampling before the introduction of organisms. 
	T1: Sampling of sea water and organism mucus before contact between sea anemone and clownfishes. 
	T2: Sampling at 24 hours after contact between sea anemone and clownfishes. 
	T3: Sampling at seven days after contact between anemone and clownfishes. 


	Discussion

	Clownfish and sea anemone mucus have specific microbiomes. 
	The microbiome was highly dynamic and variable during the experiment. 
	Clownfish and sea anemone share some communities after the initiation of symbiosis. 

	Conclusion

	Material and Methods

	Clownfish and sea anemone maintenance conditions. 
	Experimental design. 
	DNA extraction. 
	16SrRNA gene sequencing and analysis. 
	Statistical analysis of environmental variables effects. 
	Ethics approval. 

	Acknowledgements

	Figure 1 Alpha diversity of the clownfish mucus microbiota (n = 5) in comparison to sea water microbiota (n = 3) with the Chao1 and Shannon indexes respectively showing the richness and phylogenetic diversity of the samples, with sea water being more dive
	Figure 2 Bacterial diversity and composition of sea water and clownfish mucus samples.
	Figure 3 Alpha diversity of the microbiota of clownfish mucus (n = 15), sea anemone mucus (n = 9) and sea water samples (n = 24), with the Chao1 and Shannon indexes respectively showing the richness and phylogenetic diversity of the samples at each sampli
	Figure 4 Schematic of the experimental design to monitor the changes in the clownfish and sea anemone mucosal microbiota during the symbiosis, with (A) showing the sampling time with T0 sampling before the introduction of organisms, T1 before contact with
	Figure 5 Multidimensional scaling analysis showing the changes in the sea water, sea anemone and clownfish mucus microbiota during the symbiosis (A) at T0 prior to the introduction of any organisms in the tanks, (B) at T1 before contact with the sea anemo
	﻿Figure 6 Compositions of sea water and clownfish mucus microbiota (A) at T0 before introduction of any organisms in the tanks, (B) at T1 before contact with the sea anemone, (C) at T2 24 hours after the first contact and (D) at T3 seven days after the fi
	Figure 7 Composition differences between eight relevant microbiota families in clownfish alone, clownfish with sea anemone and sea anemone before symbiosis (T1) and 24 hours (T2) and seven days after symbiosis (T3).




