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INTRODUCTION

The relationship between anemonefish and sea anemo-
nes is one of the most recognizable examples of mutualistic 
symbiosis in coral reefs (Apprill, 2020). This symbiosis had 
provided a unique ecological opportunity that resulted in the 
evolutionary radiation of anemonefish, a monophyletic 
group of ca. 30 species that diverged 7–12 million years ago 
(Litsios et al., 2012; Marcionetti et al., 2019). Indeed, after 
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The relationship between anemonefish and sea anemones is one of the most emblematic examples 
of mutualistic symbiosis in coral reefs. Although this is a textbook example, the major aspects of 
this symbiosis are still not fully understood in mechanistic terms. Moreover, since studies of this 
relationship have usually been focused on anemonefish, much less is known about giant sea 
anemones, their similarities, their phylogenetic relationships, and their differences at the molecu-
lar level. Since both partners of the symbiotic relationship are important, we decided to explore 
this well-known phenomenon from the perspective of giant sea anemones. Here, we report refer-
ence transcriptomes for all seven species of giant sea anemones that inhabit fringing reefs of 
Okinawa (Japan) and serve as hosts for six species of local anemonefish. Transcriptomes were 
used to investigate their phylogenetic relations, genetic differences and repertoires of nemato-
cyte-specific proteins. Our data support the presence of three distinct groups corresponding to 
three genera: Entacmaea, Heteractis, and Stichodactyla. The basal position among the three groups 
belongs to Entacmaea, which was the first to diverge from a common ancestor. While the magni-
tude of genetic difference between the representatives of Entacmaea and Stichodactyla is large, 
intra-specific variation within Stichodactyla is much smaller and seems to result from recent spe-
ciation events. Our data reconfirms that Heteractis magnifica belongs to the genus Stichodactyla, 
despite an overall morphological similarity with representatives of the genus Heteractis. The avail-
ability of reference transcriptomes will facilitate further research into the fascinating relationship 
between sea anemones and anemonefish.
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the acquisition of this association, anemonefish have diver-
sified into multiple ecological niches depending on the host 
and habitat use (Litsios et al., 2012). It is known that the fish 
and the sea anemone mutually protect each other: the sea 
anemone provides shelter since the fish is not harmed by 
the stinging tentacles (Nedosyko et al., 2014), and the sea 
anemone is protected from the predators due to the aggres-
sive behavior of the fish defending its territory (Burke da 
Silva and Nedosyko, 2016). In addition, fish and the sea 
anemones are linked by complex metabolic exchanges with 
a third symbiotic partner, an intracellular photosynthetic 
dinoflagellate (from the family Symbiodiniaceae), which 
inhabits the gastric epithelium of the latter (Cleveland et al., 
2011; Verde et al., 2015; LaJeunesse et al., 2018). Lastly, fish 
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have been shown to saturate their host with oxygen at night 
when photosynthesis is not taking place, which has a benefi-
cial effect on anemone metabolism (Alan et al., 2015).

Despite being a textbook example of mutualism, many 
aspects of this symbiosis are still not fully understood from a 
mechanistic point of view (Burke da Silva and Nedosyko, 
2016). For example, it is still unclear how an anemonefish 
defends itself against sea anemone toxins and does not trig-
ger the discharge of sea anemone nematocysts (Burke da 
Silva and Nedosyko, 2016; Roux et al., 2020). But if we look 
at this symbiosis from the anemone point of view, it is even 
more mysterious because anemones are sometimes found 
without fish, unlike anemonefish, which never live without 
their cnidarian host. Thus, the benefit of this symbiosis for 
sea anemones seems less obvious, although it has been 
shown that sea anemones grow more rapidly when anem-
onefish are present (Mariscal et al., 1993; Porat and 
Chadwick-Furman, 2004). Since both partners are important 
in a symbiotic relationship, we decided to investigate this 
well-known phenomenon from the anemone’s point of view.

The 30 species of anemonefish can live in symbiosis with 
10 species of sea anemones, but not all combinations are 
possible (Mariscal et al., 1993; Miyagawa-Kohshima et al., 
2014; Burke da Silva and Nedosyko, 2016). There is a very 
clear specificity in the interaction. Some species of anemone-
fish (e.g., Amphiprion clarkii) are generalists that can live with 
many sea anemone species, whereas others (e.g., A. 
frenatus) live in only one sea anemone species and are there-
fore considered as specialists (Litsios et al., 2014; Burke da 
Silva and Nedosyko, 2016). Many intermediate situations 
exist between these two extremes (e.g., A. ocellaris living in 
three species), and there appear to be some geographical 
variations in association specificity, probably related to com-
petition between species or possible imprinting for the host 
selection (Miyagawa-Kohshima et al., 2014; Burke da Silva 
and Nedosyko, 2016). It has been shown that anemonefish 
mucus lacks a specific N-acetylneuraminic acid, a 9-carbon 
monosaccharide commonly found in fish skin mucus, which 
triggers cnidocyte discharge (Mariscal et al., 1993; Abdullah 
and Saad, 2015). It is tempting to connect this observation to 
the fact that out of 17 genes found to be under positive selec-
tion at the base of the anemonefish radiation, two (versican 
and N-acetylglucosaminyl hydrolase) are associated with 
N-acetylated sugars (Marcionetti et al., 2019). However, 
although very interesting, these observations alone cannot 
explain the specificity of associations between certain spe-
cies of anemonefish and sea anemones, nor the existence 
of specialists or generalist species. Therefore, additional 
information on the sea anemone side, for example, compar-
ison of their genetic diversity, gene sets in different species, 
and the variations in the genes responsible for nematocyte 
development, is now essential.

Our knowledge of giant sea anemones living in associa-
tion with Amphiprion and Premnas is still imperfect. Recent 
molecular phylogenetic analyses have confirmed that the 10 
species of giant sea anemone living in association with 
anemonefish do not form a monophyletic group but, in fact, 
three distinct ensembles within Actiniaria: (i) Entacmaea; (ii) 
Stichodactyla +  Cryptodendrum and (iii) Heteractis + 
Macrodactyla (Titus et al., 2019; Nguyen et al., 2020). These 
three groups differ drastically in their morphology, with 

Stichodactyla species being the largest in size, followed by 
the representatives of Entacmaea and Heteractis (Mariscal 
et al., 1993). However, it came as a surprise that the mag-
nificent sea anemone Heteractis magnifica has been shown 
to cluster inside the Stichodactyla group and not within 
Heteractis (Titus et al., 2019; Nguyen et al., 2020). However, 
in the previous analyses, the placement of different species 
within these three groups was often poorly resolved. For 
example, within Heteractis, Heteractis crispa was found in 
three different clades, sometimes associated with other 
Heteractis, sometimes even closer to Macrodactyla doreen-
sis (Titus et al., 2019; Nguyen et al., 2020). It is difficult to 
determine whether this result is linked to slowly evolving 
phylogenetic markers used in these studies or to deeper 
causes due to our still limited knowledge of the taxonomy of 
these animals. This clearly shows that more work is needed 
to identify phylogenetic markers that will improve our under-
standing of the taxonomy and phylogeny of giant sea anem-
ones (Titus et al., 2019). Indeed, if we are not yet sure about 
something as basic as accurate species identification, how 
can we hope to understand the general rules governing the 
symbiotic relationship between sea anemones and anem-
onefish?

The three main groups of giant anemones have been 
characterized for their toxicity using several functional tests, 
including acute toxicity to brine shrimps, hemolytic activity to 
sheep erythrocytes, and neurotoxicity to shore crabs 
(Nedosyko et al., 2014). This led to the interesting observa-
tion that the anemones with intermediate toxicity are associ-
ated with the highest number of fish species, while sea 
anemones with very low or very high toxicity are able to host 
far fewer fish species (Nedosyko et al., 2014). This suggests 
that variation in toxicity among sea anemone hosts is impor-
tant in the establishment and maintenance of the symbiosis. 
But, in contrast to other cnidarian models such as Hydra or 
Nemastostella the genomic underpinning of nemytocyte 
specific gene sets has not been well studied in the giant sea 
anemones.

For all these reasons, we started a research program to 
improve the knowledge of giant sea anemones living in 
association with anemonefish. As the first step, we estab-
lished a reference transcriptome dataset of the seven spe-
cies (Entacmaea quadricolor, Stichodactyla haddoni, S. 
gigantea, S. mertensii, Heteractis magnifica, H. crispa, and 
H. aurora) that inhabit fringing reefs of Okinawa, Japan (Fig. 
1 A–H) and are known to participate in symbiotic relation-
ships with six species of anemonefish (Hayashi et al., 2018). 
Our goal was to estimate phylogenetic relationships among 
these sea anemones and to find genetic characteristics 
which might be responsible for differences among them. For 
each species, we sequenced the transcriptome of the ten-
tacles. We selected this tissue because this is the main area 
where anemones and fish interact. Tentacles contain vari-
ous types of nematocytes whose stings the anemonefish 
are able to avoid. Since the gastrodermis of sea anemones 
contains endosymbiotic dinoflagellates (of the family 
Symbiodiniaceae), the resulting transcriptomes contained 
both cnidarian and algal transcripts, which were separated 
by a computational approach. Final cleaned transcriptomes 
and corresponding protein sets have high BUSCO values 
and, thereby, capture the majority of the genes present in 
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each of the species. Using these data as references, we 
show that phylotranscriptomics can be used as an efficient 
strategy to improve our knowledge of the diversity within 
each of the three clades of a giant sea anemone. Thus, our 
analysis is an important step towards a comprehensive 
genetic characterization of giant sea anemones from Japan.

MATERIALS AND METHODS

Sampling and sequencing
Depending on the species, from two to seven tentacles were 

collected per individual sea anemone. The species identification is 
described in Supplementary Text S2. Tentacles were cut by scis-
sors and homogenized in 700 μL of Trizol (Thermo Fisher Scientific, 
USA; Catalog #155596018). The resulting solution was immediately 
snap-frozen in liquid nitrogen. For high coverage transcriptomes, 

samples for E. quadricolor, S. haddoni and S. gigantea were 
obtained from the marine aquarium in Yomitan Village (Umi-no-
Tane Aquarium). Samples of H. crispa and H. aurora were collected 
from the reef near Senaha Beach in Yomitan and S. mertensii from 
the Okinawa Churaumi Aquarium (see Table 1 for the coordinates 
of sampling locations). Heteractis magnifica from the Ginowan 
region was provided by a local fisherman. Animals kept in Umi-no-
Tane Aquarium and Okinawa Churaumi Aquarium were originally 
collected from local fringing reefs within Yomitan and Motobu 
regions, respectively. Total RNA was extracted from the tentacles 
frozen in Trizol according to the manufacturer’s protocol, and 4 μg 
of RNA was used for library construction with a TruSeq Stranded 
mRNA kit (Illumina, USA; Catalog #20020594). RNA quality was 
checked by gel electrophoresis prior to library construction. Librar-
ies were sequenced on the NovSeq6000 instrument with 138 × 
106 – 186 ×  106 reads per sample or 34.5 ×  106 – 46 ×  106 reads 
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Fig. 1.  Sampling locations, specimens, removal of Symbiodiniaceae, and statistics for the cleaned transcriptome assemblies. (A) Samples 
were collected on the main island of Okinawa in Ginowan, Yomitan, Onna, and Motobu regions. Red stars: sampling locations for high cover-
age sequencing. Blue arrows: sampling locations for low coverage sequencing. (B) Entacmaea quadricolor, 30 cm in diameter. (C) Heteractis 
crispa, 25 cm in diameter. (D) Heteractis aurora, 33 cm in diameter. (E) Heteractis magnifica, 70 cm in diameter. (F) Stichodactyla mertensii, 
55 cm in diameter. (G) Stichodactyla gigantea, 30 cm in diameter. (H) Stichodactyla haddoni, 25 cm in diameter. (I) Separation of cnidarian 
and Symbiodiniaceae transcripts based on their GC content. Initial transcriptome assembly of E. quadricolor (left panel) and selection of 
cnidarian (middle) and Symbiodiniaceae (right panel) transcripts. Peak with ~38% GC corresponds to E. quadricolor sequences and peak 
with ~57% GC to the transcripts of Cladocopium. (J) Phylogenetic tree of LSU sequences from algae identified in seven species of Okinawan 
sea anemones. Reference sequences from nine Symbiodiniaceae clades (grey bubbles) as well as species outside Symbiodiniaceae were 
used as references. Location of the sequences obtained from our samples is highlighted with orange bubble. (K) Plot with BUSCO values for 
high coverage (seven samples) and low coverage (six samples) transcriptome assemblies after the removal of algal transcripts.
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per sample for high coverage and low coverage transcriptomes, 
respectively (Table 1).

Assembly and annotation
Sequenced reads were processed using Trimmomatic v.0.36 

(Bolger et al., 2014) in order to remove low-quality regions and any 

remaining Illumina adapters. After quality trimming, the reads were 
assembled by using Trinity v.11 using Deigo HPC at Okinawa Insti-
tute of Science and Technology Graduate University (OIST), and 
redundant transcripts were removed by using CD-HIT-EST with 
95% similarity cut-off (Fu et al., 2012). After the cd-hit-est step, the 
number of assembled transcripts per species ranged from 212,053 

Table 1.  Description of the samples.

Sample  

No.
Species/Sample Number Figure Sampling Coordinates Locality on Okinawa

Depth  

(m)
BioSample/TSA accession Anemonefish species

1 Entacmaea quadricolor-1 1 B 26°24’31.9”N 127°42’55.9”E Umi-no-tane  

Aquarium

0.3 SAMN18817341/GJFF00000000 A. frenatus

2 Stichodactyla mertensii 1 F 26°41’40.2”N 127°52’40.9”E Okinawa Churaumi  

Aquarium

6 SAMN18817343/GJFE00000000 A. polymnus

3 Stichodactyla haddoni 1 H 26°24’31.9”N 127°42’55.9”E Okinawa Churaumi  

Aquarium

0.3 SAMN18817345/GJFH00000000 no fish

4 Stichodactyla gigantea-1 1 G 26°24’31.9”N 127°42’55.9”E Okinawa Churaumi  

Aquarium

0.3 SAMN18817344/GJFK00000000 A. ocellaris

5 Heteractis crispa-1 1 C 26°42’73”N 127°73’39” E Yomitan 2.5 SAMN18817339/GJFA00000000 A. clarkii

6 Heteractis aurora-1 1 D 26°42’68”N, 127°73’51”E Yomitan 1 SAMN18817340/GJFG00000000 A. clarkii

7 Heteractis magnifica-1 1 E 26°28’97.10”N 127°71’80.84”E Ginowan 8 SAMN18817342/GJFJ00000000 A. ocellaris

8 Entacmaea quadricolor-2 S2 A 26°42’96”N, 127°73’56”E Yomitan 5 SAMN18817348 A. frenatus

9 Entacmaea quadricolor-3 S2 B 26°42’96”N, 127°73’56”E Yomitan 7.5 SAMN18817349 A. frenatus

10 Stichodactyla gigantea-2 S2 C 26°30’25.2”N 127°52’45.3”E Onna 4 SAMN18817351 A. ocellaris

11 Heteractis crispa-2 S2 D 26°30’25.2”N 127°52’45.3”E Onna 2 SAMN18817346 A. clarkii,  

Dascyllus trimaculatus

12 Heteractis aurora-2 S2 E 26°42’90”N, 127°73’60”E Yomitan 8 SAMN18817347 A. clarkii, D. trimaculatus,  

D. reticulatus

13 Heteractis magnifica-2 S2 F 26°42’95”N, 127°73’48”E Yomitan 12 SAMN18817350 A. ocellaris

Table 2.  Statistics of the transcriptome assemblies.

Sample  

No.
Species/Sample Number

Data amount  

per species  

(million reads)

Yield  

(Mbases)

Totall  

Transcripts

N50  

(bases)

Longest  

Transcript  

(bases)

BUSCO  

(cleaned transcriptome)

BUSCO  

(proteins)
CG%

1 Entacmaea quadricolor-1 145 21,910 341,093 1,848 33,093
C:90.5%[S:50.7%,D:39.8%], 

F:3.7%,M:5.8%,n:954

C:86.6% [S:85.1%,D:1.5%], 

F:4.7%,M:8.7%,n:954
43.32

2 Stichodactyla mertensii 156.2 23,580 269,130 2,063 37,745
C:91.9%[S:56.6%,D:35.3%], 

F:2.4%,M:5.7%,n:954

C:88.1% [S:86.8%,D:1.3%], 

F:3.7%,M:8.2%,n:954
45.46

3 Stichodactyla haddoni 186.5 28,156 343,778 2,302 53,044
C:92.7%[S:44.8%,D:47.9%], 

F:2.1%,M:5.2%,n:954

C:87.5% [S:86.6%,D:0.9%], 

F:3.5%,M:9.0%,n:954
43.75

4 Stichodactyla gigantea-1 169.6 25,612 323,507 2,178 64,912
C:92.5%[S:47.0%,D:45.5%], 

F:2.0%,M:5.5%,n:954

C:88.0% [S:87.1%,D:0.9%], 

F:2.9%,M:9.1%,n:954
43.71

5 Heteractis crispa-1 138.7 20,949 252,997 1,986 32,026
C:92.0%[S:53.7%,D:38.3%], 

F:2.5%,M:5.5%,n:954

C:87.2% [S:86.4%,D:0.8%], 

F:3.6%,M:9.2%,n:954
45.57

6 Heteractis aurora-1 161.4 24,377 243,055 1,944 32,920
C:92.2%[S:57.4%,D:34.8%], 

F:1.7%,M:6.1%,n:954

C:88.5% [S:87.0%,D:1.5%], 

F:2.5%,M:9.0%,n:954
45.04

7 Heteractis magnifica-1 148.9 22,489 286,530 2,045 35,951
C:92.5%[S:53.4%,D:39.1%], 

F:2.4%,M:5.1%,n:954

C:88.2% [S:86.5%,D:1.7%], 

F:1.6%,M:10.2%,n:954
44.29

8 Entacmaea quadricolor-2 42.9 5,660 134,868 1,561 20,945
C:78.7%[S:54.4%,D:24.3%], 

F:8.3%,M:13.0%,n:954

C:78.7%[S:55.3%,D:23.4%], 

F:9.4%,M:11.9%,n:954
46.22

9 Entacmaea quadricolor-3 37.5 6,478 127,976 1,526 19,233
C:75.5%[S:55.9%,D:19.6%], 

F:11.7%,M:12.8%,n:954

C:75.9%[S:57.8%,D:18.1%], 

F:11.9%,M:12.2%,n:954
45.81

10 Stichodactyla gigantea-2 46 6,208 118,439 1,516 24,056
C:80.9%[S:55.3%,D:25.6%], 

F:8.5%,M:10.6%,n:954

C:86.2%[S:70.2%,D:16.0%], 

F:5.7%,M:8.1%,n:954
44.98

11 Heteractis crispa-2 39.7 5,991 126,553 1,594 29,259
C:87.3%[S:67.6%,D:19.7%], 

F:5.3%,M:7.4%,n:954

C:87.5%[S:56.4%,D:31.1%], 

F:5.0%,M:7.5%,n:954
45.15

12 Heteractis aurora-2 41.1 5,220 120,341 1,721 31,875
C:87.6%[S:54.0%,D:33.6%], 

F:5.0%,M:7.4%,n:954

C:87.9%[S:59.6%,D:28.3%], 

F:4.5%,M:7.6%,n:954
44.06

13 Heteractis magnifica-2 34.5 6,945 121,458 1,413 26,376
C:89.7%[S:56.1%,D:33.6%], 

F:3.2%,M:7.1%,n:954

C:80.1%[S:57.0%,D:23.1%], 

F:10.0%,M:9.9%,n:954
44.95
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in H. crispa to 290,200 in S. haddoni. The quality of the resulting 
assemblies was assessed by using BUSCO v.4.1.2 (Table 2).

Initial assemblies contained a mixture of transcripts from sea 
anemones and Symbiodiniaceae (Fig. 1I). In order to detangle these 
meta-transcriptomes, we created a BLAST database with the collec-
tion of transcripts from Symbiodinium (former clade A), Breviolium 
(former clade B) and Cladocopium (former clade C). All the tran-
scripts were screened against this database by using BLASTN with 
cut-off E-value of 1e-20. It turned out that all seven species of sea 
anemones contained only Cladocopium (former clade C) as their 
symbiont (see Fig. 1J). Next, we calculated GC content for each tran-
script, analyzed the distribution of GC content frequencies in each 
species, and classified all transcripts into two categories based on 
their BLASTN matches against Symbiodiniaceae and GC content 
(see Fig. 1J). Since dinoflagellates and cnidarians differ drastically 
in their GC content (Anthozoa ~40% whereas Symbiodiniaceae 
~55%), all transcripts without BLAST hits to algae, and GC content 
below 60% were referred to as cnidarian once. Sequences with GC 
content above 40% and hits to Symbiodiniaceae were considered 
to be from dinoflagellates. This approach allowed us to separate the 
transcriptomes of the sea anemones and their symbionts effec-
tively (Fig. 1I). At the same time, the fraction of complete +  frag-
mented BUSCOs in the resulting ‘cleaned’ transcriptomes remained 
above 94.2% (see Fig. 1K and Table 2).

After removing the algae sequences, for each transcriptome, 
the corresponding proteins were predicted using a combination of 
Transdecoder and EstScan (Lottaz et al., 2003; Haas et al., 2013). 
Only the transcripts encoding open reading frames (ORFs) with ≥ 
70 amino acids were taken into further consideration. The number 
of predicted proteins per species varied between 53,485 for H. 
aurora and 84,403 for S. haddoni (see Supplementary Table S2). 
Redundancy in the sets of predicted proteins was reduced ~40% by 
using CD-HIT with a 95% similarity cut-off. For example, 32,813 
peptides in H. aurora and 39,518 in S. haddoni remained after CD-
HIT processing. Transcriptomes assembled by Trinity represent all 
detected splice variants of the genes and, therefore, multiple pro-
tein isoforms derived from the same gene are usually present. In 
order to reduce this redundancy, only one representative ORF from 
all splice variants of a gene was selected. Namely, for each group 
of transcripts representing a gene (in Trinity output, such transcripts 
differ in their last index, i.e., xxx_i1, xxx_i2, ... xxx_iN), we selected 
a transcript with the longest open reading frame. This approach 
allowed us to further reduce the number of predicted proteins per 
species (see Supplementary Table S2). After this filtering step, the 
number of predicted proteins per species matched well with the 
number of genes in the sequenced anthozoan genomes. For exam-
ple, the final number of proteins was 25,690 and 26,535 in H. crispa 
and S. haddoni, respectively, with the mean number of proteins per 
species being 25,996. In the genomes of Nematostella, Acropora, 
and Exaiptasia, 27,273, 23,700, and 29,269 genes were predicted, 
respectively (Putnam et al., 2007; Shinzato et al., 2011; Potter et al., 
2018). BUSCO values for the proteomes of seven anemone species 
are shown in Table 2.

Low-coverage transcriptomes
Generation of reference transcriptomes for seven species 

required one lane on a NovaSeq6000 SP flow cell. This number of 
raw reads is excessive for phylogenetic reconstructions, and suffi-
cient data could be generated with ~4-fold fewer Illumina reads. 
With 34–45 million reads per sample, the quality of assemblies 
after the removal of Cladocopium transcripts showed only a slight 
reduction of BUSCO values compared to that for high-coverage 
sequencing. As shown in Fig. 1K, BUSCO values ranged from 
75.5% in E. quadricolor to 89.7% in H. magnifica (see Table 2 for 
details). Six low-coverage transcriptomes were used to estimate 
the levels of intra-specific variability among sea anemones.

Data availability
Raw sequence data were submitted to NCBI SRA under 

BioProject number PRJNA723429. Cleaned transcriptome assem-
blies of sea anemones were submitted to NCBI TSA archive under 
accessions GJFF00000000 (E. quadricolor), GJFG00000000 (H. 
aurora), GJFA00000000 (H. crispa), GJFJ00000000 (H. magnifica), 
GJFK00000000 (S. gigantea), GJFH00000000 (S. haddoni) and 
GJFE00000000 (S. mertensii). Reference protein sets (anemones.
tar.gz) can be downloaded from OIST BLAST server (http://
compagen.unit.oist.jp/aurelia/datasets.html). BLAST search against 
nucleotide and protein sequences can be done at http://compagen.
unit.oist.jp/aurelia/blast.html. To access these resources, please use 
login “guest” and password “welcome”.

Phylogeny reconstruction
In order to reconstruct the phylogenetic position of sea anemo-

nes, the protein sets from 16 cnidarian species and six bilaterian 
genomes were used as reference datasets (Fig. 2A and see Sup-
plementary Table S3). Orthologous genes were identified by using 
OrthoFinder-v2.4.0 with default settings (Emms and Kelly, 2019). 
Phylogenetic relationships of sea anemones and their placement 
within Cnidaria were assessed based on concatenated multi-
sequence alignments of one-to-one orthologs generated by MAFFT 
with ‘--maxiterate 1000 --localpair --leavegappyregion’ settings 
(Katoh and Standley, 2013). Low complexity regions in the align-
ments were removed by using TrimAL-1.2rev59 with ‘-gappyout’ 
option (Capella-Gutiérrez et al., 2009). Individual alignments were 
concatenated by FASconCAT-G v1.02 (Kück and Longo, 2014). 
Phylogenetic trees were reconstructed with MPI version of RAxML 
8.2.4 (raxmlHPC-MPI-AVX) with 100 rapid bootstrap inferences fol-
lowed by a thorough ML search with the ‘-m PROTGAMMALG’ 
option (Fig. 2A–F). Data matrices were partitioned by genes. Trees 
were visualized and re-rooted by using FigTree-v1.4 (http://tree.bio.
ed.ac.uk/software/figtree/).

Nematocyst-specific genes
We used the list of 410 nematocyst-specific genes of Hydra 

(Balasubramanian et al., 2012) as a reference set in order to identify 
putative nematocyst-specific proteins of the sea anemones. Ortho-
logs of these nematocyst-specific proteins were identified in the 
proteomes of 24 cnidarian species by OrthoFinder v2.4.0. As a 
result of this similarity-based clustering, in each of the species, we 
identified groups of proteins (‘orthogroups’ in terms of OrthoFinder) 
which contained orthologs of the nematocyst-specific proteins of 
Hydra. Hence, for each species, we could estimate the number of 
proteins that putatively take part in the formation of nematocysts. In 
order to better group together paralogous sequences (for example, 
minicollagens) we reduced the inflation rate parameter “I” of Markov 
clustering algorithm (MCL) utilized by OrthoFinder from its default 
value of 1.5 to 1.2 (Enright et al., 2002). This setting is based on our 
empirical observation that the most accurate grouping of different 
classes of minicollagens and other structural capsule proteins is 
achieved with I =  1.2 (Khalturin et al., 2019). Nematocyst proteins 
often contain repetitive regions, areas of low complexity, and mul-
tiple repeated domains. Due to these features OrthoFinder often 
erroneously places the paralogous genes into different orthologous 
groups if the inflation rate parameter is set to 1.5. The number of 
putative nematocyst-specific proteins in each cnidarian species is 
shown in Supplementary Table S6. A reduced dataset in which 13 
species were clustered based on the similarity of their nematocyte-
specific protein sets is shown in Fig. 3A. Several examples of varia-
tion in the number of proteins among the species are shown in Fig. 
3B (a subset of Supplementary Table S6). A high-resolution heat-
map representing the distribution of nematocyte-specific genes 
(see Fig. 3A) is shown in Supplementary Figure S1.

Sequences of D-galactoside/L-rhamnose binding SUEL lectins 
from the representatives of Anthozoa and Medusozoa were aligned 
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Fig. 2.  Phylogenetic relationships of seven species of giant sea anemones from Okinawa. (A) Maximum likelihood (ML) tree based on 
concatenation of 354 proteins which are present in all species of the anemones and reference datasets. Protein sets from 16 species repre-
senting the major cnidarian clades as well as proteomes from six genomes of bilaterians were used as references. The data matrix consists 
of 97,598 distinct alignment patterns with 22.07% gaps or undetermined characters. LG +  GAMMA substitution model with matrix partitioning 
according to the genes. All bipartitions have the maximum bootstrap support. Branches leading to seven sequenced species are shown in 
red and marked with a grey rectangle. (B–F) Phylogeny reconstructions based on gene sets with different rates of evolution. (B) ML tree 
based on a concatenated supermatrix of 1365 genes present in all samples. This shows the power of RNAseq in terms of data availability 
compared to single-gene approaches used previously. (C) The plot of mean bootstrap support versus the sum of branch lengths for 451 gene 
trees representing BUSCO proteins. Genes for which the sum of branch lengths ≥  median value of 1.01986 are marked as red dots. Among 
451 BUSCO genes, 226 genes had a sum of branch lengths ≥  the median value. This is a subset of genes with a higher evolutionary rate, 
which is good for distinguishing differences among closely related species or even within the species. (D) Tree based on 226 BUSCO genes 
with an elevated rate of evolution (sum of branch lengths above the median). Here we get a higher BS support value for Equ/Eq3 branch (96% 
compared to 85% in (B). (E) The plot of mean bootstrap support versus the sum of branch length for 451 gene trees. 111 BUSCO proteins for 
which these sequences differ in all samples of our dataset are marked with red dots. The remaining 340 genes are shown as black dots. (F) 
Phylogenetic tree based on 111 BUSCO proteins for which these sequences are different in all 13 samples of the giant sea anemones. Poten-
tially this is the optimal marker set for population genetics studies.
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by MAFFT, areas of low complexity in the alignment were trimmed 
by TrimAL, and the gene tree was reconstructed by using RAxML 
with the LG +  GAMMA substitution model (see Fig. 3C).

RESULTS

Reference transcriptomes of Okinawan sea anemones
We sequenced the transcriptomes of seven sea anem-

one species from Okinawa that establish symbiotic relations 
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Fig. 3.  Identification of putative nematocyst-specific proteins in the giant sea anemones. (A) Heatmap shows the variation in the number of 
putative nematocyst-specific proteins in seven species of sea anemones and six reference cnidarians. Three groups of proteins with varying 
levels of evolutionary conservation are highlighted. (B) Selection of several examples where variation is especially evident or might 
indicate functional significance for symbiotic relations between sea anemones and anemonefish. (C) Phylogenetic tree of 
D-galactoside/L-rhamnose-binding SUEL lectin proteins that are expanded in the anthozoan lineage. ML tree, LG-GAMMA substitution 
model. The grey rectangles indicate the proteins from Okinawan sea anemones. The color code of branches and species names is similar to 
that in Fig. 2 B–F. Proteins from the reference species have the following identifiers: xe2 - Xenia, adi - Acropora digitifera, apa - Exaiptasia 
(Aiptasia), pau - Porites, nve - Nematostella, hvi - Hydra viridis, hma - Hydra magnipapillata, abs - Aurelia (Baltic sea), tri - Tripedalia, mvi - 
Morbakka virulenta.
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with anemonefish (Fig. 1; Tables 1, 2). These were E. 
quadricolor, H. aurora, H. crispa, H. magnifica, S. gigantea, 
S. haddoni and S. mertensii. Since it was difficult to estimate 
the amount of raw sequence data required to obtain high-
quality transcriptomes, two successive rounds of sequenc-
ing were performed (see Table 2). In the first round, one rep-
resentative individual per species was selected for high 
coverage sequencing, and ca. 138–186 million reads were 
sequenced per species (which corresponds to 21–28 Gbp of 
2x150bp NovaSeq6000 reads). For the second round with 
lower coverage, we selected two additional individuals of E. 
quadricolor, and one additional individual each of H. aurora, 
H. crispa, H. magnifica, and S. gigantea. We were not able 
to get other samples of S. haddoni or S. mertensii from our 
sampling location. In the second sequencing round, data 
was reduced to 34–46 million reads per specimen (5.2–8.9 
Gbp per library). The first round of sequencing provided 
high-quality reference transcriptomes for seven anemone 
species, and additional data from the second round were 
used to identify markers that can resolve not only inter-
specific but also intra-specific diversity (Tables 1, 2).

Giant sea anemones harbor symbiotic dinoflagellates in 
their gastrodermis and in the endodermal epithelial cells of 
their tentacles. Therefore, our initial transcriptome assem-
blies contained a mixture of cnidarian and algal transcripts, 
which should be separated to obtain pure sequence data 
from the giant sea anemones (Fig. 1I). Since no prior knowl-
edge about the species identity of the dinoflagellates that 
inhabit giant sea anemones on Okinawa was available, we 
used BLASTN to screen our data sets against the transcrip-
tomes of Symbiodinium (former clade A), Breviolum (former 
clade B), and Cladocopium (former clade C), which are the 
most frequent symbionts of corals and other marine inverte-
brates (LaJeunesse et al., 2018; Pochon and LaJeunesse, 
2021). It is known that dinoflagellates and cnidarians differ 
drastically in their GC content (Shoguchi et al., 2013). While 
the GC content in Anthozoa is ~40%, the GC content in 
Symbiodiniaceae is ~55%. This feature, therefore, can be 
used as an additional criterion to separate transcripts 
belonging to sea anemones from those belonging to Sym-
biodiniaceae. Combined filtering based on BLASTN search 
(no hit to algae) and GC content (below 60%) allowed us to 
effectively separate the transcriptomes of the sea anemo-
nes and their symbionts (Fig. 1I). Based on the above-men-
tioned screening parameters, 70.5% of all assembled tran-
scripts belonged to sea anemones, and only 29.5% were 
derived from Cladocopium (Fig. 1I). This ratio indicates that 
tentacles are the optimal tissue source for transcriptomic 
analysis, since the number of cnidarian transcripts was 
~2-fold higher than that of algal ones. Thus, by using tenta-
cles as an RNA source, the price overhead for unavoidable 
sequencing of algal transcripts remains within the accept-
able range.

Since, in addition to the transcriptomes of the giant sea 
anemones, we obtained seven high-quality transcriptomes of 
their symbionts (see Supplementary Table S1 for BUSCO 
values), it was interesting to estimate the genetic diversity of 
the symbionts derived from different hosts. In order to 
address this question, we used the LSU rDNA reference data 
set (see Supplementary Text S1) that includes Symbiodinia-
ceae and other subclades as query sequences (LaJeunesse 

et al., 2018). Phylogenetic analysis of LSU sequences 
showed that symbiotic algae from all seven species of giant 
sea anemones belong to Cladocopium (former Clade C) 
(Fig. 1J). There was little previous information on the 
Durusdinium (former Clade D) that inhabit Okinawan giant 
sea anemones (Santos et al., 2003). In contrast, there were 
several reports from Japan and outside of Japan about giant 
sea anemones’ symbiotic relationship with Cladocopium in 
previous research (Rodriguez-Lanetty et al., 2003; Ono et al., 
2010; Hill et al., 2012; Behrouz et al., 2021).

After the removal of Cladocopium (former clade C) tran-
scripts, the combined values for complete (C) and frag-
mented (F) BUSCOs in all transcriptomes were above 94.2% 
and 87.2% for high- and low-coverage datasets, respectively 
(Fig. 1K, Table 2). N50 values of the transcriptomes ranged 
from 1.8–2.2 Kb, and the longest assembled transcript 
length ranged between 32–64 Kb (Table 2). Thus, by using 
on average 162 million reads derived from tentacle tissue, 
we were able to obtain high-quality reference transcriptomes 
suitable for phylogenetic reconstructions. Detailed quality 
statistics for the cleaned transcriptomic assemblies (without 
algae sequences) are shown in Table 2.

Prediction and annotation of protein sequences
After the removal of algae-derived sequences, the 

‘cleaned’ transcriptomes were used to predict peptides by 
using the combination of Transdecoder and EstScan (Haas 
et al., 2013; Lottaz et al., 2003). Only the transcripts with 
open reading frames (ORFs) encoding ≥  70 amino acids 
were taken into consideration for further analyses. For each 
transcript, only the best ORF was selected. Redundancy in 
the sets of predicted proteins was reduced ~40% by using 
CD-HIT with a 95% similarity cut-off (see Supplementary 
Table S2). The resulting protein sets were annotated by 
BLASTP search with E-value 1e-5 against the human pro-
teome, HMMER search against Pfam-33.1 release (Potter et 
al., 2018; Mistry et al., 2021), and InterProScan pipeline 
(Jones et al., 2014). BUSCO values for the final non-
redundant proteomes of seven anemone species are shown 
in Table 2. Protein sequences for seven anemone species in 
FASTA format are available at the OIST BLAST server 
(http://compagen.unit.oist.jp/aurelia/datasets.html).

Phylogeny and genetic variability among giant sea 
anemones

The major goal of our transcriptomic analyses was to 
clarify phylogenetic relationships of the anemonefish-
hosting sea anemones and to estimate the levels of diver-
gence among them. In addition, we sought to identify a set 
of markers that would be optimal for population genetics 
studies in the future.

In order to reconstruct the giant sea anemone phylog-
eny, we used protein sets from 14 cnidarian and six bilate-
rian species as references (see Supplementary Table S3). 
All bilaterian proteomes were derived from genomic data. 
For cnidarian species, we utilized data sets of either 
genomes or transcriptomes. In addition, two sets of proteins 
from two versions of Hydra magnipapillata genome annota-
tions were used to assess the level of variability that might 
be caused by differences in protein model predictions within 
the same species. For the same reason, we selected two 
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protein sets of Nemopilema nomurai (Nomura jellyfish) – 
one derived from the genome (Kim et al., 2019) and another 
one from the transcriptome (Khalturin et al., 2019). Our data-
set includes several reference species for which genetic 
distances and divergence times are well known. Such infor-
mation is available for Hydra viridis and H. magnipapillata 
within Hydrozoa (Chapman et al., 2010), for Aurelia within 
Scyphozoa (Khalturin et al., 2019), and for the corals 
Acropora spp (Shinzato et al., 2011, 2021). Divergence times 
within Bilateria have reliable estimations based on fossil 
records (Benton et al., 2015).

Orthologous genes were identified by using OrthoFinder 
(see Materials and Methods) with 737,660 proteins (90.5% of 
total number) assigned to 46,993 orthologous groups (ortho-
groups). There were 2405 orthogroups with all species pres-
ent. Six of these consisted entirely of single-copy genes. 
354 orthogroups were represented by single-copy genes in 
a minimum 71% of species. Phylogenetic relationships of 
the sea anemones and their placement within cnidaria were 
assessed based on a concatenated alignment of these 354 
genes that were present in all 27 species. The phylogenetic 
tree was reconstructed by a maximum-likelihood method in 
RAxML using the LG +  GAMMA substitution model (see 
Materials and Methods for details).

As shown in Fig. 2A, the general placement of the giant 
sea anemones (H. crispa, H. aurora, E. quadricolor, H. 
magnifica, S. mertensii, S. gigantean, and S. haddoni) 
within Cnidaria was consistent with that in previous reports 
(Titus et al., 2019; Nguyen et al., 2020). As expected from 
the combined usage of hundreds of genes, all branches 
have maximum bootstrap support, which had not been 
achieved with the limited number of markers used previ-
ously. Exaiptasia (referred to as Aiptasia in Baumgarten et 
al., 2015) is the most closely related species among the out-
groups used in our phylogeny reconstruction.

Giant sea anemones make up three distinct groups cor-
responding to three genera: Entacmaea, Heteractis, and 
Stichodactyla, with the genus Entacmaea branching off 
prior to the divergence of the Heteractis and Stichodactyla 
genera. Our results support previous observations that H. 
magnifica actually belongs to the genus Stichodactyla (Titus 
et al., 2019; Nguyen et al., 2020). Anemones belonging to 
each of these three genera are quite similar genetically. The 
range of divergence among them is less than that within the 
extreme representatives of the genus Hydra. At the same 
time, if compared with bilaterians, the genetic distance 
between Entacmaea and Stichodactyla is equivalent to that 
between humans and chickens. Although differences among 
the genera are clear, genetic diversity within genera is low 
(Fig. 2A, B, D, F). When compared to the variability observed 
within the Aurelia species complex, it is more in line with dif-
ferences between strains than between species. Relation-
ships within the genus Stichodactyla are formally resolved 
with our set of markers, but the level of variability is extremely 
low, making it uncertain whether S. mertensii occupies the 
basal position within the genus. Thus, several additional 
samples of S. mertensii would be of high importance.

In order to explore the relationships of Okinawan giant 
sea anemones in more detail, we included data of the low 
coverage transcriptomes so that we had several (e.g., two or 
three) individuals per species to compare. We also excluded 

distant outgroups (all deuterostomes, Hydrozoa, Scypho-
zoa, and Cubozoa) and used only Nematostella and 
Exaiptasia protein sets to root the phylogenetic trees. As a 
result, the number of markers present in all 15 datasets 
(which correspond to nine species) increased to 6889 
genes. From them, we selected 1365 orthogroups with a 
minimum of 86.7% of species having single-copy genes in 
any orthogroup. As shown in Fig. 2B, the ML tree based on 
concatenated alignments of 1365 proteins fully supports the 
topology shown in Fig. 2A obtained with 354 markers. This 
large set of 1365 markers allows distinguishing between 
individuals in all species except S. mertensii and S. haddoni, 
for which only one individual was available for sequencing 
so far. However, with this dataset, the bootstrap support for 
two clades within Entacmaea was 85%. Of note, the topol-
ogy within the Stichodactyla clade was identical to that with 
the 354 markers set, with S. mertensii having the basal posi-
tion within the genus Stichodactyla.

The selection of markers for phylogenetic reconstruction 
may influence the topology of the resulting trees consider-
ably. Taking this into consideration, we reconstructed the 
phylogeny of the sea anemones by using the controlled set 
of markers that all belong to basic universal single-copy 
orthologs (BUSCO genes) (Seppey et al., 2019). These 
genes, by definition, are convenient markers for phyloge-
netic reconstruction since, in the majority of metazoan spe-
cies, they are present in just one copy. In most cases, this 
feature removes the problem of marker selection from sev-
eral alternative paralogs. In the proteomes of Nematostella, 
Exaiptasia, and seven species of sea anemones, we identi-
fied 451 orthologous groups (OGs) that correspond to the 
proteins from the BUSCO metazoa_odb09 database. Next, 
we sought to identify the subset of proteins with the stron-
gest phylogenetic signal. For each BUSCO orthogroup, indi-
vidual ML gene trees were built by RAxML with the LG + 
GAMMA substitution model. The mean branch lengths were 
calculated for each tree and 226 genes with the mean 
branch lengths larger or equal to the median distribution 
were selected (shown as red dots in Fig. 2C). We thereby 
selected the subset of BUSCO proteins with an elevated rate 
of evolution in the sea anemones. After that, we constructed 
a supermatrix by concatenation of 226 proteins from 15 
datasets. As shown in Fig. 2D, the general topology of the 
tree reconstructed with these 226 markers did not change 
except for the position of S. mertensii, which now grouped 
together with H. magnifica. At the same time, the bootstrap 
support within Entacmaea increased from 85% to 96%.

The analysis of individual gene trees of the BUSCO set 
showed that the cases in which the protein sequences were 
identical in two or more species were relatively frequent. 
Thus, from 451 BUSCO proteins, we selected a subset 
where all sequences were always different among the spe-
cies as well as among all the individuals within each spe-
cies. In total, as shown in Fig. 2E, this subset of BUSCO 
proteins with the highest degree of variability comprised 111 
genes. The ML tree based on this subset is shown in Fig. 2F. 
Bootstrap support was maximal for all branches except 
those in E. quadricolor, and the topology was identical to the 
tree obtained previously with 226 markers (Fig. 2D). For 
population genetics studies, this may be the most informa-
tive and convenient set of markers since it allows the capture 
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of intra-specific and inter-specific variation simultaneously. 
The list of 111 genes used in Fig. 2E, F with their annotations 
is shown in Supplementary Table S4.

Nematocyst-specific genes in the giant sea anemones
Transcriptomic data from the tentacles potentially allow 

us to compare the repertoires of genes expressed in the 
nematocytes of the different sea anemone species. Hence, 
the molecular basis of interactions between anemonefish 
and sea anemones can be better understood. However, this 
type of analysis is only possible if nematocyte development 
occurs in the tentacles and not in the body column, as in 
several model cnidarians such as Hydra, Clytia and Aurelia 
(Chapman et al., 2010). There is evidence that in the sea 
anemones, the areas of nematocyte development differ from 
those in the representatives of Medusozoa. Indeed, in 
Nematostella, in strong contrast to that in Hydrozoa and 
Scyphozoa, three minicollagen genes (NvNcol-1, NvNcol-3, 
and NvNcol-4) known to be the major structural constituents 
of the nematocysts were shown to be expressed predomi-
nantly in the tentacles (Zenkert et al., 2011). Similar indica-
tion that the nematoblasts originate in the tentacles was also 
obtained by the transcriptomic analysis of NvNcol-3 reporter 
line in Nematostella (Sunagar et al., 2018). Given these 
results, it is reasonable to expect that nematocyte develop-
ment also occurs in the tentacles in the giant sea anemones, 
as in Nematostella.

In order to verify whether the nematocyte genes are 
indeed expressed in the tentacles, we utilized the set of 90 
proteins from Nematostella, the most widely studied sea 
anemone model organism. The single-cell transcriptomic 
approach confirmed that these proteins were cnidocyte-
specific (Sebé-Pedrós et al., 2018). We screened for the 
presence of these proteins in the tentacle-derived transcrip-
tomes of seven species of Okinawan sea anemones. Out of 
90 Nematostella proteins, 68–70 proteins were present in all 
species (see BLAST results in Supplementary Table S5). It 
is important to note that from the 90 nematocyte-specific 
proteins reported in Sebé-Pedrós et al. (2018), only 69 could 
be identified among the filtered protein models of the 
Nematostella genome by BLASTP with e-value 1e-5 
(Putnam et al., 2007). Thus, the actual detection rate of cnid-
ocyte-specific genes in our case was not ~76.6% (69/90) but 
close to 100%. Our result demonstrates that active nemato-
cyte proliferation occurs in the tentacles of giant sea anemo-
nes. Therefore, our transcriptomes representatively capture 
the repertoire of genes associated with nematocyte devel-
opment.

Currently, there are no data comprehensively describing 
a proteome of anthozoan nematocysts. Transcriptomic 
approaches were used to characterize cnidocyte genes in 
Nematostella (Sebé-Pedrós et al., 2018; Sunagar et al., 
2018), but that type of data does not enable one to separate 
structural proteins that constitute the nematocyst wall and its 
contents from the proteins localized elsewhere in the cyto-
plasm of this cell type. The only comprehensive proteome of 
nematocysts known to date is from Hydra, a more distant 
species, where 410 proteins constituting the capsule wall or 
localized in the capsule lumen were identified by a proteomic 
approach followed by MALDI/TOF (Balasubramanian et al., 
2012). Despite the large evolutionary distance between 

Hydra and Anthozoa, we decided to use this comprehensive 
proteomic dataset to identify putative nematocyst-specific 
proteins in seven sea anemone species.

Orthologs of these Hydra proteins were identified in 22 
cnidarian species by OrthoFinder (Emms and Kelly, 2019) 
(see Supplementary Table S6). Since functional characteris-
tics of the stinging cells are dependent on the repertoire of 
capsule proteins, our main interest was to identify differ-
ences in nematocyst composition among the giant sea 
anemones as well as between sea anemones and other 
representatives of Hexacorallia such as Nematostella, 
Exaiptasia, Acropora, and Porites. This comparison should 
be considered as a preliminary analysis because a homol-
ogy-based search with a distant evolutionary species like 
Hydra may miss important anemone-specific genes. More-
over, not all types of nematocytes in anemones are localized 
to the tentacles (England, 1991). For example, nematocysts 
of a particular type, such as mastigopore nematocysts, are 
usually found only in mesenterial filaments. Our tentacle 
transcriptomes, therefore, might have missed the genes 
associated with the capsule types that are not present in the 
tentacles. However, this is the first step to identifying genes 
that might be responsible for the differences in stinging 
capacity among sea anemones and, therefore, important for 
the interactions between anemonefishes and sea anemo-
nes. From the set of 410 Hydra proteins, we were able to 
identify 197 orthologs in at least one species other than 
Hydra. Variation in a number of putative nematocyst-specific 
proteins in 13 cnidarian species is shown as a heatmap in 
Fig. 3A. Detailed information about the phylogenetic distri-
bution of 20 genes which we found the most interesting, is 
given in Fig. 3B, and the complete dataset is represented in 
Supplementary Table S6 (see also Supplementary_Text_
S1).

As shown in the cladogram at the bottom of Fig. 3A, a 
grouping of the species based on the repertoires of their 
nematocyst-specific proteins perfectly recapitulates the phy-
logenetic relationships obtained by maximum likelihood 
analysis described previously in Fig. 2A, B, D, F. Nematostella 
and Exaiptasia (Aiptasia) form outgroups, and Entacmaea is 
the basal species among the sea anemones. Both H. crispa 
and H. aurora form a distinct clade, and all representatives 
of Stichodactyla as well as H. magnifica group together.

Our analysis shows that among putative nematocyst-
specific genes, there are several groups with varying 
degrees of evolutionary conservation. First, there is a group 
of 27 genes that are highly conserved and present in all cni-
darians in large copy numbers (group I in Fig. 3A). This 
group contains modular proteins with repeated vWFA, EGF, 
thrombospondin domains, zinc-dependent metalloprotein-
ases and peptidases. One representative of the minicolla-
gen family, minicollagen-3, also belongs to this category. 
Second, a large group contains genes that are present only 
in H. magnipapillata and H. viridis and, thereby, represent 
taxonomically restricted genes at the genus level (group II in 
Fig. 3A). Several genes from this category are also sporadi-
cally present in Medusozoa (Hydrozoa, Scyphozoa, and 
Cubozoa) but absent in Anthozoa. Except for ATPases, one 
Zn-finger transcription factor, several minicollagens, and 
toxin precursors, these are mostly transmembrane and 
secreted proteins lacking any functionally characterized 
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domains. The most interesting category (group III in Fig. 3A) 
includes proteins that are present in the majority of species 
but with variation in the number of orthologs among the spe-
cies.

The number of putative nematocyst-specific genes is 
relatively uniform across all giant sea anemone species. For 
example, as shown in Fig. 3B, there are from five to nine 
copies of cnidarian proline-rich protein-1 (CPP-1), which is 
one of the structural components of the nematocyst wall. 
Minicollagens are present in large numbers without any 
clear trend within sea anemones, except for the absence 
of several types of Hydrozoa-specific minicollagens in 
Anthozoa. This trend has been observed earlier (David et 
al., 2008) and is fully supported by our data. The presence 
of only five copies of minicollagen-21 in E. quadricolor, com-
pared to 8–10 copies in Stihodactyla and Heteractis, is also 
interesting. Such a difference may have a functional signifi-
cance, since the mechanical strength of nematocysts, and 
hence their stinging power, depends on the repertoire of 
minicollagens that reinforce the capsule structure.

Interestingly, there is considerable variation among spe-
cies in the number of proteins with MACPF (membrane attack 
complex/perforin), EGF-like, and EGF_Ca domains. The 
same trend is true for Zinc carboxypeptidase (Peptidase M14) 
and two types of alpha carbonic anhydrase proteins. Poten-
tially interesting is the loss of Alpha-L-arabinofuranosidase in 
all representatives of Stichodactyla, H. magnifica, and E. 
quadricolor, while one and two copies of this enzyme 
involved in the hydrolysis of polysacchrides have been 
retained in H. crispa and H. aurora, respectively. A similar 
case is the loss of Lipase-3 in all representatives of 
Stichodactyla as well as in H. magnifica. This observation 
may indicate differences in lipid metabolism within the 
group. Interestingly, the same type of lipase also has been 
lost in all representatives of Cubozoa.

D-galactoside/L-rhamnose binding SUEL lectins dem-
onstrate another trend—expanding a gene family in the 
anthozoan lineage. While in Hydrozoa, Scyphozoa, and 
Cubozoa, this is a single-copy gene, in Anthozoa, several 
paralogs with slightly different protein structures are pres-
ent. As shown in Fig. 3C, each species of giant sea anemo-
nes, except for E. quadricolor, has at least three copies of 
the D-galactoside/L-rhamnose binding SUEL lectin gene. 
These genes encode secreted proteins with two adjacent 
D-galactoside/L-rhamnose binding domains followed by a 
relatively long C-terminal region without recognizable homol-
ogy to any other proteins. In H. magnifica, in addition to pro-
teins shown in the phylogenetic tree (Fig. 3C), there are three 
additional proteins that show high similarity to the C-terminal 
part but do not contain D-galactoside/L-rhamnose binding 
domains. In the giant sea anemones, we do not yet have 
information about the location of these genes in the genome, 
but in Acropora digitifera, all three D-galactoside/L-rhamnose 
binding lectin genes are clustered together in scaffold 61, 
which might indicate their origin as a result of tandem gene 
duplication (Shinzato et al., 2011).

DISCUSSION

Giant sea anemones are species with a broad geo-
graphical distribution that exhibit a wide variety of morpholo-
gies, rendering species identification very difficult (Dunn, 

1981). Therefore, the taxonomy of these species is still con-
fusing. To date, species-level differences in the taxonomy of 
giant sea anemones are still not fully resolved since, in 
recent analyses, no clear delineation of the various species 
was obtained based on several concatenated markers such 
as CO3, 12S, 16S, 18S, and 28S (Titus et al., 2019; Nguyen 
et al., 2020).

In this paper, we performed transcriptomic analyses of 
seven giant anemone species native to Okinawa, Japan, to 
obtain key information on these important partners of the 
mutualistic symbiosis with anemonefish and to gain insight 
into their genetic makeup and relationships. As a result, we 
obtained high-quality transcriptomes for all seven species 
(over 90% complete based on BUSCO values), which can 
serve as references for future research on giant sea anemo-
nes.

Phylogenetic trees based on several sets of protein-cod-
ing genes from the transcriptomes (ranging from 111 to 1365 
concatenated markers) showed that these giant sea anemo-
nes cluster in three groups: the first divergence happened 
between the Entacmaea group and a group containing 
Heteractis and Stichodactyla species. Furthermore, we con-
firmed that H. magnifica should be included in the 
Stichodactyla clade and not in the genus Heteractis. This 
confirmed previous reports and therefore suggests that H. 
magnifica is indeed more closely related to Stichodactyla 
than to Heteractis (Titus et al., 2019; Nguyen et al., 2020). 
This result corresponds well to the observation that 
Amphiprion ocellaris is able to establish mutualistic relation-
ships with both S. gigantea and H. magnifica (Miyagawa-
Kohshima et al., 2014). The same is true for Amphiprion 
polymnus, which uses the anemones of the Stychodactyla 
group as well as H. magnifica as its host. Thus, clownfish 
are sometimes better at identifying the genus of anemones 
based on their morphology than humans.

Due to sampling limitations (only one sample was avail-
able), it is still difficult to identify the place of S. mertensii 
within the respective genus unambiguously. While two sets 
of markers favor the most basal position of S. mertensii 
within Stichogactyla with the maximum support (Fig. 2A, B), 
one alternative topology is highly supported with two sub-
sets of BUSCO markers (Fig. 2D, F). Thus, an increased 
number of samples from multiple locations around Okinawa 
Island is needed for S. mertensii. This also applies to S. 
haddoni, for which a single individual was also sampled. 
Morphological comparisons with type specimens and speci-
mens from type localities may allow us in the future to better 
define the species composition within the Heteractis, 
Stichodactyla, and Entacmaea genera, as well as to detect 
eventual cryptic species previously unrecognized. The main 
difficulty is that the ethanol-preserved type specimens are 
usually not suitable for transcriptomic analysis due to RNA 
degradation. That greatly hinders direct comparison of the 
type specimens with newly collected samples at the molecu-
lar level.

The high BUSCO values, as well as the total number of 
non-redundant proteins, clearly indicate that the tentacle-
derived transcriptomes provide a surprisingly complete rep-
resentation of gene sets typical of Anthozoa. Such a high 
proportion of recovered genes is rather unexpected since 
only a small subset of cell types is typically present in the 
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tentacles of other cnidarians. For example, all types of gland 
cells, as well as all stages of developing nematocytes, would 
be missing in the tentacles of Hydra or Aurelia. Hence, a 
transcriptome derived from the tentacles of the aforemen-
tioned species would be missing thousands of genes. Inter-
estingly, we do not observe this tendency in the tentacle 
transcriptomes of Entacmaea, Heteractis, and Stichodactyla. 
In contrast, about 200 genes that are known to be involved 
in nematocyst formation were detected, indicating that sting-
ing cells also develop within the tentacles and not only in the 
body column. This unexpected feature made it possible to 
compare the repertoires of nematocyst-specific genes 
among the representatives of Entacmaea, Heteractis, and 
Stichodactyla, which differ considerably in their stinging 
capacity.

We used a set of 410 nematocyst-specific genes from 
Hydra (Balasubramanian et al., 2012) as a reference and 
made three interesting observations: (i) First, we observed 
the grouping of the species based on the repertoires of their 
nematocyst-specific proteins, which perfectly recapitulates 
the phylogenetic relationships that were obtained through 
transcriptomic data (bottom of Fig. 3A). In particular, we 
found that the set of putative H. magnifica nematocyte pro-
teins is more closely related to the Stichodactyla set of pro-
teins than to those from Heteractis. This solves the paradox 
previously highlighted by Nedosyko et al. (2014), who 
observed the strong toxicity of H. magnifica in contrast to 
other members of this genus. Our data clearly suggest that 
H. magnifica is indeed a Stichodactyla and shares similar 
toxicity with these species. However, this conclusion needs 
to be confirmed by more direct functional experiments com-
paring the toxicity of these various anemones. This observa-
tion also suggests that the divergence of nematocyte genes 
among the three groups of giant anemones can be explained, 
at least in part, by phylogenetic divergence. (ii) Second, we 
noticed that the number of putative nematocyst-specific 
genes is relatively uniform across the species of giant sea 
anemones. Therefore, differences in toxicity measured 
between various sea anemone species (Nedosyko et al., 
2014) and known to be important for the establishment and 
maintenance of anemonefish–anemone symbiosis is likely 
related to variations in a few genes and/or changes in their 
expression levels, not in any huge variations in the copy 
number of those genes (Marcionetti et al., 2019). Analysis of 
the differences in the expression levels of nematocyte-
specific genes among the species is, therefore, the next 
logical step for future research. (iii) We, however, observed 
some interesting differences in gene copy numbers between 
giant anemones and other anthozoans, as well as among 
the three types of giant anemones. Among those, we think it 
is worth noting the case of alpha-L-arabinofuranosidase, an 
enzyme important for the hydrolysis of polysaccharides and, 
in particular, cellulose (Numan and Bhosle, 2006). This gene 
is present in H. crispa and H. aurora, but not in the other 
giant sea anemones (Stichodactyla, H. magnifica, and E. 
quadricolor). Similarly, D-galactoside/L-rhamnose-binding 
SUEL lectins are present in three copies in all giant sea 
anemones except E. quadricolor. These observations are 
particularly interesting in the context of the symbiosis with 
the anemonefish and the Symbiodiniaceae. SUEL lectins 
have been implicated in the coral-zooxanthellae symbiosis 

mechanism, suggesting that these genes may be important 
for the interactions between sea anemones and Clado-
copium (Zhou et al., 2017). It has also been shown previ-
ously that specific sugars such as N-acetylneuraminic acid 
are able to stimulate nematocyte discharge (Ozacmak et al., 
2001; Anderson and Bouchard, 2009) and are present in low 
levels in clownfish skin (Abdullah and Saad, 2015). In addi-
tion, recent genomic analysis has found sugar genes 
(namely versican core protein and protein OGlcNAse, 
whose functions are associated with N-acetylated sugars) 
under positive selection at the base of the anemonefish radi-
ation (Marcionetti et al., 2019). It is not yet known whether 
sugar biology is also involved in the mechanisms that allow 
tentacles to avoid nematocyte discharge upon contact with 
neighboring ones, but it is clear that more information is 
needed about the role of sugars in giant sea anemones and 
their symbiosis with anemonefishes.

Taken together, transcriptomic analyses of seven spe-
cies of giant sea anemones have improved our understand-
ing of their taxonomic relationships within the group. We 
obtained comprehensive transcriptomic data for each of the 
species, allowing us to perform the first phylotranscriptomic 
analysis with sufficient resolution at all evolutionary scales 
with high reliability. Our results indicate that the first diver-
gence happened between the Entacmaea group and a clade 
containing Heteractis and Stichodactyla species. We hope 
that our data will be useful as a platform for future experi-
ments on population structure and symbiotic relationships. 
High-quality reference transcriptomes will also serve as an 
important dataset for future giant sea anemone genome 
projects. Our data open up promising avenues of research 
to better understand this fascinating example of mutualistic 
symbiosis.
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