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Abstract
How can we explain morphological variations in a holobiont? The genetic determinism of phenotypes is not always obvious
and could be circumstantial in complex organisms. In symbiotic cnidarians, it is known that morphology or colour can
misrepresent a complex genetic and symbiotic diversity. Anemonia viridis is a symbiotic sea anemone from temperate seas.
This species displays different colour morphs based on pigment content and lives in a wide geographical range. Here, we
investigated whether colour morph differentiation correlated with host genetic diversity or associated symbiotic genetic
diversity by using RAD sequencing and symbiotic dinoflagellate typing of 140 sea anemones from the English Channel and
the Mediterranean Sea. We did not observe genetic differentiation among colour morphs of A. viridis at the animal host or
symbiont level, rejecting the hypothesis that A. viridis colour morphs correspond to species level differences. Interestingly,
we however identified at least four independent animal host genetic lineages in A. viridis that differed in their associated
symbiont populations. In conclusion, although the functional role of the different morphotypes of A. viridis remains to be
determined, our approach provides new insights on the existence of cryptic species within A. viridis.

Introduction

The most straightforward way to recognize a species is from
its morphological description. However, there are limits to

the applicability of this. Indeed, in several cases, different
species have no distinguishing phenotypic features, leading
to the concept of cryptic species (see for review Struck et al.
2018; Fišer et al. 2018). Many studies have shown that
cryptic species are quite common in most of the animal
phyla (Pfenninger and Schwenk 2007; Pérez-Ponce de León
and Poulin 2016). In the marine realm, the number of
described cryptic species has increased in the last years,
thanks to new and diversified molecular approaches (see for
review Pante Puillandre et al. 2015), but Appeltans et al.
(2012) estimated that many species remain to be discovered.
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The forces explaining the existence of cryptic species in
some groups are not clear, but could be the result of low
standing genetic variation or environmental/developmental
constraints (see for review Struck et al. 2018).

On the other hand, morphological polymorphisms could
be due to phenotypic plasticity and response to a given
environment (Price et al. 2003). Many species transplant
experiments have shown that the same genotype could
generate different phenotypes depending on the environ-
mental conditions (Merilä and Hendry 2013). Those mor-
phological variations among individuals could even be due
to environmentally stabilized allelic polymorphisms, as in
the well-known example of the peppered moth Biston
betularia (Creed et al. 1980), rather than to a loss of
interfecundity among morphs.

In cnidarians, morphological variation is often a poor
indicator of species divergence. Corals are especially well
known to demonstrate extraordinary variation in ecomor-
phology that may or may not correspond well with the
underlying genetic diversity (Veron and Pichon 1976; Flot
et al. 2011; Schmidt-Roach et al. 2013). In addition,
Schmidt-Roach et al. (2013) showed that depending on the
molecular marker used, the ecomorphs could be either
grouped together or sub-divided. In sea anemones also,
morphological traits are poor predictors of species delimi-
tation (Rodríguez et al. 2014). In the species Actinia equina
(Douek et al. 2002; Pereira et al. 2014) and Phymanthus
crucifer (González-Muñoz et al. 2015), phenotypic diversity
was not strictly linked to genetic differences. Moreover, in
the genus Anthothoe, Spano et al. (2018) recently identified
the existence of several cryptic species not revealed by the
characters used in morphological classification. In addition,
many species of cnidarians live in symbiosis with intra-
cellular photosynthetic dinoflagellates belonging to the
family Symbiodiniaceae (LaJeunesse et al. 2018) that play
an important trophic role (Muscatine et al. 1991) and could
also influence the cnidarian phenotype. Indeed, it has been
shown that in the coral Madracis pharensis, a correlation
between the symbiont Breviolum sp. (formerly clade B)
present in the host cells and the colour morph of the host
exists (Frade et al. 2008). The authors suggested that this
diversity in colour could be a functional response to light,
thus demonstrating the existence of putative strong links
between host phenotype and symbiont population.

The sea anemone Anemonia viridis (Forskål 1775) is a
conspicuous member of benthic communities throughout
the Mediterranean Sea and from the Azores to the North
Sea. It is among the largest sea anemones in the region and
can form extensive aggregations of clonemates that can
carpet the benthos. It thus plays an important role in shaping
benthic community structure, as a dominant benthic pre-
dator in temperate habitats. A. viridis displays five colour
morphs, characterised by the expression pattern of genes

coding for fluorescent and non-fluorescent proteins (FPs):
the three most frequent of these morphs are var. rustica (no
detectable fluorescence and no pink tentacle apex), var.
smaragdina (green FPs expression and pink tentacle apices)
and var. rufescens (green and red–orange FPs expression
and pink tentacle apices) (Wiedenmann et al. 1999;
Wiedenmann et al. 2000). The taxonomic nature of these
morphs has been debated for a long time and the functional
role of the fluorescence is not elucidated in A. viridis yet.
Recently, De Brauwer et al. (2018) suggested to use the
fluorescence properties of coral reef fishes as a survey tool
for cryptic marine species. Therefore, the hypothesis of the
existence of a correlation between genetic differentiation
and fluorescence among A. viridis morphs could be rele-
vant. In the past, based on allozyme differentiation and
presumed different reproduction strategies, some authors
already raised the non-fluorescent var. rustica to species
level, (Bulnheim and Sauer 1984; Sauer 1986; Sauer et al.
1986). Furthermore, Wiedenmann et al. (1999) highlighted
a differential bathymetric distribution of the var. rustica and
var. smaragdina in the first 2 meters of depth, raising the
question of the adaptive nature of the morphs. In our pre-
vious work (Mallien et al. 2017), using exon-primed intron-
crossing (EPIC) polymorphism analysis with relatively few
EPIC loci (n= 5) for a relatively low number of individuals
(n= 34), we did not detect any clear phylogenetic split
among the morphs. However, our conclusions may have
lacked the resolution needed to detect incompletely sepa-
rated lineages. This last scenario will correspond to what De
Queiroz (2007) defined as the “grey zone of speciation”,
where the level of population interconnectivity is decreasing
leading to the build-up of independent genetic pools. This
scenario could not be a priori excluded for the A. viridis
colour morphs, but to evaluate such an ongoing split
between emergent morph lineages, it is necessary to use
more powerful molecular investigations than the ones we
used previously. Consequently, here we have used a RAD
sequencing (RADseq) approach in order to generate several
tens of thousands of genetic markers in a larger collection of
individuals, a sampling scheme fit to uncover population
level diversity patterns, species delimitation, and their
phylogenetic relationships (Emerson et al. 2010; Pante et al.
2015; Ree and Hipp 2015). Moreover, previous studies
investigating the nature of A. viridis morphs did not sys-
tematically consider A. viridis as a holobiont. A. viridis’
gastrodermal tissue harbours millions of dinoflagellate cells
(Muscatine et al. 1998; Suggett et al. 2012; Zamoum and
Furla 2012; Ventura et al. 2016) belonging to the family
Symbiodiniaceae (LaJeunesse et al. 2018) that live in a
close trophic relationship (Davy et al. 1996) and that are
vertically transmitted (Schäfer 1984). The Symbiodiniaceae
associated to A. viridis belong to the temperate clade A
(LaJeunesse et al. 2018; or A’ sensu Savage et al. 2002;
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Visram et al. 2006) presenting not only an intra-clade
genetic diversity partially structured by host species but also
an intra-host genetic diversity (Visram et al. 2006; Forcioli
et al. 2011; Casado-Amezúa et al. 2014). Among A. viridis
morphs, no study provided a clear view of the symbiont
genetic diversity distribution that could however be a driver
of the morphological differentiation of A. viridis morphs.

In the present study, we tested for the existence of
genetic divergence among the three most frequent A. viridis
morphotypes var. smaragdina, rustica and rufescens using
high throughput host genotyping by RADseq. In addition,
we also tested for correlation between host morph and the
genetic diversity of symbiont populations. This diversity
was assessed using the rDNA internal transcribed spacer 2
(ITS2) sequence variation, a known standard for Symbio-
diniaceae diversity assessment, through a targeted sequen-
cing approach and using two independent methods for the
identification of the ITS2 variants: SymPortal (Hume et al.
2019) and an ad hoc pipeline (D&S).

Materials and methods

Sampling

We sampled 177 individuals of Anemonia viridis belonging
to the three most frequent colour morphs (25 var. rufescens,
74 var. rustica and 78 var. smaragdina) sampled from five
locations (three in the Mediterranean Sea and two in the
English Channel) between 2011 and 2014. To identify the
morphotypes, we detected their respective diagnostic
fluorescence patterns using a fluorescence torch (Tekna T6,
FireDiveGear, The Netherlands). In addition, four indivi-
duals of Paranemonia cinerea were used as an outgroup.
The sampling sites are detailed in Fig. 1. For each speci-
men, a dozen tentacles were cut, fixed as soon as possible
in 70% ethanol and preserved at −80 °C until DNA
extraction.

DNA extraction

All DNA extractions were performed as in Mallien et al.
(2017) using a modified “salting out” protocol (Miller et al.
1988). However, to test for Symbiodiniaceae DNA influ-
ence on RADseq efficiency, we isolated symbiont-free
epidermal tissue of a tentacle from a subset of 63 samples
following Richier et al. (2003) and performed DNA
extraction on this tissue fraction following the same pro-
cedure. This allowed us to compare the yield in total
RADseq loci among symbiont-rich and symbiont-poor
samples to infer the impact of Symbiodiniaceae DNA
contamination. Extracted DNA concentrations were deter-
mined using Quant-it Picogreen kit (Invitrogen).

Host RADseq and genetic analyses

Library preparation

For this study, libraries were prepared following Etter et al.
(2011) with these modifications: (i) DNA extracts were
classified depending on DNA degradation (measured by
electrophoresis of the total DNA) and symbiont con-
tamination level (measured by PCR using Symbiodiniaceae
cp23S specific primers from Santos et al. (2003)) and split
into nine libraries containing between 32 and 44 indivi-
duals; (ii) libraries were constructed using 0.6–1 µg of DNA
per individual digested by PstI-HF enzyme (New England
Biolabs), and ligated to sample specific RADseq adaptors;
(iii) each pooled library was sheared for 60 s using the S220
Focused-ultrasonicator (Covaris); (iv) after ligation of the
second RADseq adaptor, a final amplification of 16 cycles
was carried out for each library. Sequencing was performed
on an Illumina HiSeq 2000 (100-bp, single read format) at
MGX (Montpellier, France).

De novo RADseq loci identification

Raw sequence reads were demultiplexed, filtered and clus-
tered with iPyRAD v0.3.41 (Eaton 2014) in the 181 initial
individuals. Briefly, restriction sites and adaptors were
trimmed out and raw reads were regrouped under individual
names using their sample specific barcode. Base mis-
matches were not allowed in those barcodes. The clustering
threshold was set to 90%. A minimum of five individuals
were needed to validate a locus and the maximum propor-
tion of shared polymorphic sites within a locus was set to
50%. Based on locus count in all individuals, some indi-
viduals turned out almost unamplified and were conse-
quently discarded from the subsequent analyses.

A second run of iPyRAD was then performed with the
same parameters, excluding individuals with low locus
count (less than 4000) and using a clustering threshold of
90%. This led us to a dataset of 137 A. viridis individuals
(25 from var. rufescens, 48 from var. rustica and 64 from
var. smaragdina) and three P. cinerea individuals (see Fig.
1 for their geographical origin). The iPyRAD loci were
further filtered using VCFTools v0.1.15 (Danecek et al.
2011) to keep only bi-allelic loci present in at least 70% of
all individuals. This allowed us to define a first total dataset,
N140, of 140 individuals (137 A. viridis and 3 P. cinerea
anemones), containing a total of 45,519 SNPs.

We verified the distribution of the missing data within
this 140 host individuals’ dataset by computing the pro-
portion of shared loci between all the pairs of individuals in
R using the package RADami (Hipp et al. 2014, https://
github.com/cran/RADami). This analysis led to the selec-
tion of a subset of 85 individuals (N85 dataset) with an
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average of 5% of missing data. The distribution of missing
data was represented with a heatmap using R (Fig. S1).

Host phylogeny

An individual-based tree was built for the N140 dataset
using RAxML v8.2.4 (Stamatakis 2014), from the phylip
output of iPyRAD, using a GTR +Γ nucleotide substitution
model and bootstrap support was estimated from 100
replicates. Mega v6.06 (Tamura et al. 2013) was used to
visualize the output of RAxML.

Clonality test

Considering the propensity for clonal reproduction of A.
viridis (Wiedenmann et al. 1999; Wiedenmann et al. 2000;
Mallien et al. 2017), we determined the putative presence of
clonal lineages within host samples. Since all the individual
RADseq genotypes we obtained were different, the classical
way of identifying clonal genets through the detection of
repeated multilocus genotypes was not applicable. Instead,
using the R package RClone (Bailleul et al. 2016), we
computed between individuals pairwise genetic distances
keeping only SNPs present in all individuals in the N85
dataset (396 SNPs). These distances were computed at the
level where recombination would be expected to occur that
is within each of the secondary hypothesis species that we

obtained after a first run of SVDquartets on the N140
dataset (see below). The observed distributions of pairwise
genetic distances thus obtained were compared each to a
simulated distribution of expected genetic distances under
the assumption of purely sexual reproduction (with or
without inbreeding) computed with RClone. This allowed
us to define for each SVD clade a threshold pairwise dis-
tance value that we used to affect individuals to clonal
lineages (MLL) using the function mlg.filter from the R
package poppr (Kamvar et al. 2014). Keeping only one
ramet per genet, this led us to the definition of a 109 indi-
viduals dataset (N109). To test for an effect of clonality on
species delimitation, SVDquartets, snmf and BFD* analyses
were performed as well on this non-clonal dataset (see
below).

Host species delimitation

To construct species hypotheses within A. viridis, we first
performed a taxonomic partitioning from the N140 and the
N109 datasets with SVDquartets software from Chifman
and Kubatko (2014) implemented in PAUP* v4.0a152
(Swofford 1998) using default parameters. This non-
Bayesian approach infers the relationship among quartets
of taxa under a coalescent model and uses this information
to build the species tree. P. cinerea individuals were iden-
tified as outgroups. We performed a 500 bootstrap replicate

Fig. 1 Sampling sites of the
N140 dataset in the
Mediterranean Sea (Vulcano:
38°21′14′′N 14°59′22′′E; Thau
lagoon: 43°23′32.82′′N 3°36′
1.43′′E; Banyuls: 42°28′50′′N
03°07′50′′E) and in the English
Channel (Plymouth: 50°16′40′′
N 03°54′49′′W; Southampton:
50°36′38.16′′N 02°8′3.252′′W).
The brackets indicate the
number of sampled individuals
per site per morph (var.
rufescens/var. rustica/var.
smaragdina, respectively). The
black crosses mark the three
sampling sites for the three P.
cinerea individuals
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analysis for each dataset. We considered the strongest
monophyletic clades identifying at least the expected split
between Mediterranean and English Channel individuals as
possible species hypothesis to test. To validate these
hypotheses, we also performed a quantitative genetic clus-
tering by computing individual ancestry coefficients in the
N109 dataset using the snmf function from the LEA R
package (Frichot and François 2015). This function allows
for the identification of population structure in a way similar
to STRUCTURE (Pritchard et al. 2000) and ADMIXTURE
(Alexander et al. 2009) analysis, but in a more efficient way
(Frichot et al. 2014). First, the optimal number of clusters
(identified as ancestral populations, K) from which the
individuals in the dataset could be traced back was deter-
mined using an entropy criterion. The admixture coefficient
among these K clusters was then estimated for each indi-
vidual, using sparse non-negative matrix factorization
(snmf) (Frichot and François 2015). The result was visua-
lized using a STRUCTURE-like representation showing,
for each individual, the contribution of each cluster to its
multilocus genotype.

We then compared our primary species hypothesis (the three
morphs as species, irrespective of the geographical origins of
the individuals) to the secondary species hypothesis obtained
with SVDquartets and snmf. We also compared the SVD
clades/snmf clusters to another, more geographically based,
primary species hypothesis in which the two non rufescens
Mediterranean SVD clades/snmf clusters were lumped toge-
ther. These species delimitation hypotheses were tested using
BFD* (Leaché et al. 2014). In order to manage computing
times, these analyses were performed using only a subset of
non-clonal individuals representing most of the genetic diver-
sity from the N85 dataset (see Table S1) and a set of 1000
filtered bi-allelic SNPs (no missing data, minor allele frequency
0.1). The BFD* analyses were performed in BEAST2
(Bouckaert et al. 2014) with 48 path sampler sets of 100,000
MCMC repetitions, a 10% burnin to sample in 1,000,000
MCMC iterations of SNAPP (Bryant et al. 2012). The number
of SNAPP iterations was chosen to ensure proper convergence
of the species tree inference. The parameters for the BFD*
analysis were chosen following the recommendations of the
2018 version of the BFD* tutorial (https://github.com/
BEAST2-Dev/beast-docs/releases/download/v1.0/BFD-tutoria
l-2018.zip), that is mutation rates priors set to 1, coalescent rate
sampled from the data and a fixed prior value of the speciation
rate Lambda estimated as stated in the document table.

The Wright’s F-statistics among and within populations,
along with basic diversity indices, were computed using the
R package hierfstat (Goudet 2005, version 0.04-22. https://
CRAN.R-project.org/package=hierfstat). These statistics
were calculated on the N109 dataset for the SVD clades/
snmf cluster.

Temperate clade A Symbiodiniaceae ITS2 and
genetic analyses

Amplification and sequencing of the rDNA ITS2

To infer the genetic diversity of the temperate clade A
Symbiodiniaceae populations, the nuclear ribosomal DNA
ITS2 region was amplified by PCR using the primers from
Stat et al. (2009): the forward itsD (5′-GTGAATTGCAGA
ACTCCGTG-3′) and the reverse its2rev2 (5′-CCTCCG
CTTACTTATATGCTT-3′).

PCR amplifications of the ITS2 were performed by
Access Array (FLUIDIGM) PCR and the amplicons were
sequenced by MiSeq Illumina Technology (2 × 250 bp
paired-end) at the Brain and Spine Institute (ICM, Paris,
France).

Genotyping of the symbiont populations

The aim here was to build a catalogue of all Symbiodinia-
ceae ITS2 sequences out of the sequencing background
noise for each host sea anemone. To do so, we tested two
different ITS2 genotyping pipelines: one based on the depth
(i.e. number of reads) and the sharing of the variants among
individuals (identified as D&S pipeline in the rest of the
article), and another based on minimum entropy decom-
position (MED) algorithm (Eren et al. 2015) and referred to
as the SymPortal pipeline in the remainder of this article
(Hume et al. 2019; Hume 2019).

The D&S pipeline consisted in assembling forward and
reverse reads using OBITools scripts (Boyer et al. 2016).
We then aligned the assembled reads to a temperate A
reference ITS2 sequence obtained in the laboratory, using
BWA MEM v0.7.12-5 (Li 2013). To separate the real ITS2
alleles from sequencing errors in the reads, which mapped
to the reference, we used a three-step protocol (Table S2).
For the first step, we clustered the reads across all samples
at a threshold of 80% of identity among the reads, and we
conserved only clusters that contained more than 5% of the
total number of reads to exclude the rarest sequences, most
likely sequencing errors. For the second step, we pooled all
the sequences that passed the first step and applied a second
clustering identity threshold of 100% to identify unique
sequences. Finally, a last step was necessary to determine
which unique sequence was a valid ITS2 variant and not
background sequencing noise. For this, we considered (i)
the number of hosts harbouring a given unique sequence
(with a minimum of two individuals), and (ii) the median
number of reads per host for this unique sequence, to set up
a validation threshold as follows:

Q50 readsð Þix Ni � 50
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where Q50(reads)i is the median number of reads for the
putative ITS2 allele i and Ni the number of hosts in which it
was found. This dataset was identified as the T50 dataset.

For the second pipeline, the MED algorithm imple-
mented in SymPortal (Hume et al. 2019; Hume 2019) was
used. In the MED algorithm (Eren et al. 2015), the most
variable positions in the sequences (those with the highest
Shannon’s entropy value forming an entropy peak) were
used to split the dataset and decompose it into more
homogeneous groups within the symbiont population of
each animal host. At each step of decomposition, if there are
still entropy peaks in the entropy profile of the dataset, the
dataset is sub-split depending on the identified variable
position, otherwise the algorithm stops. The number of
homogeneous groups (or MED nodes) obtained thus cor-
responded to the biologically informative ITS2 sequence
variants within each animal host (see Hume et al. 2019 for a
more thorough description of SymPortal). We used Sym-
Portal up to this step to obtain a dataset comparable with the
D&S pipeline previously described. This dataset was
identified as the SP dataset.

ITS2 diversity

To visualise the diversity of the ITS2 variants, we built an
ITS2 median joining network (Bandelt et al. 1995, 1999) for
each pipeline, using SplitsTree (Huson and Bryant 2006).
PopART v1.7 (Leigh and Bryant 2015) was used to cal-
culate the nucleotide diversity (π) among the sequences
obtained by the both pipelines.

Measure of the differentiation among symbiont
populations

Each sea anemone hosts up to 1 million Symbiodinium cells
per cm2 of tissue (Suggett et al. 2012), and therefore con-
stitutes a pooled sample of symbionts. Because we could
not estimate properly the number of symbionts per ane-
mone in our samples, we considered the presence (1) or the
absence (0) of each ITS2 variants rather than its number of
reads in each individual. Consequently, the genotype of
each symbiont population was coded as for binary
haploids.

We tested the differences in the composition of symbiont
populations among sea anemones depending on (i) the
morph of the host, or (ii) the host genetic lineages by
PERMANOVA using Jaccard’s distance (based on pre-
sence/absence of variants) over 9999 permutations with the
R package vegan (Oksanen et al. 2016). When these factors
had an effect on the distribution of the genetic diversity of
symbionts, we then computed pairwise PERMANOVAs
between each level of the given factor with an FDR cor-
rection to avoid false positives.

Results

Host species delimitation

The analysis of sequences obtained by RADseq, as descri-
bed in section “Materials and methods”, allowed the iden-
tification of an average of 33 407 ± 1162 SE RADseq loci
(with a minimum number of SNPs of 4214 up to 45,447 for
the maximal value) per animal host individual.

As there is still no reference genome either for Anemonia
viridis or for the Symbiodiniaceae temperate clade A, there
was no efficient way to filter symbiont contamination from
the obtained RADseq loci. However, the symbiont-poor
samples obtained from the epidermal DNA extracts dis-
played significantly more RADseq loci (N= 65,
57,696.26 ± 25,693.28 loci) than the symbiont-rich samples
obtained from both the epidermal and the gastrodermal
DNA extracts (N= 116, 29,720.77 ± 30,948.38 loci) (Stu-
dent’s t test p-value= 9.58 · 10−10), even if they contained
less DNA per extract (N= 65, 56.52 ± 28.65 ng/µL vs N=
116, 122.30 ± 56.62 ng/µL, Student’s t test p-value= 5,42 ·
10−20).

After the different filtering steps, these RAD loci pro-
vided 45,519 bi-allelic SNPs shared by at least 70% of the
140 selected individuals. The missing data were not struc-
tured by host populations but depended on the quality of
DNA extracts (Fig. S1). On the full dataset, we computed a
global Fst and a Fis of 0.38 and 0.37, respectively.

To measure the actual genetic differentiation among host
individuals, we computed a RAxML individual tree on the
N140 dataset (Fig. 2). The outgroup P. cinerea, which was
well differentiated from A. viridis, was used to root the tree.
We identified three monophyletic clades in A. viridis (grey
circles on the Fig. 2): the first clear split separated the sea
anemones var. rufescens from Banyuls from the other
individuals, then a Mediterranean clade with sea anemones
mostly from Banyuls and Vulcano was separated from a
clade with the English Channel and Thau sea anemones
(each with bootstrap values higher than 80%).

Some of the individuals did cluster very closely in this
RAxML tree. We therefore tested for the occurrence of
clonal lineages in the N85 dataset that was the most relevant
to detect extremely close RAD genotypes, as it contained
very few missing data. RClone (Bailleul et al. 2016)
simulations allowed us to identify individuals that, although
genetically different, were too genetically close to be issued
from sexual recombination (Fig. S2). Several clonal linea-
ges (MLLs) were thus identified: five (of respectively 2, 2,
3, 4 and 5 individuals) were found among non var. rufes-
cens individuals from the Banyuls sampling site, one of
three individuals in Thau, two of three individuals each in
Southampton and four in Plymouth (of 2, 4, 5 and 7 indi-
viduals). The var. rufescens individuals were very likely the
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products of sexual reproduction (Fig. S2). Keeping only one
individual per clonal genetic lineage (i.e. one ramet per
genet), we thus obtained the N109 dataset on which we
checked the species hypotheses formulated on the N140
dataset.

To formulate secondary species hypotheses from these
data, we used SVDquartets to produce a coalescent taxo-
nomic partitioning from the N140 dataset (Fig. 3) and N109

dataset (Fig. S3) and snmf clustering on the N109 dataset
(Fig. 4).

For the SVDquartets analyses, as in the RAxML tree, the
P. cinerea individuals were separated from A. viridis and
formed an independent clade. Then the first split among A.
viridis separated with high support the var. rufescens ane-
mones from Banyuls and all the other anemones, forming
the BanRuf clade. These individuals from Banyuls were in

Fig. 2 Animal host RAD differentiation at the individual level. Max-
imum likelihood phylogeny of the N140 dataset using RAxML with
GTR +Γ model of evolution and 100 bootstrap replicates. For each
individual, the origin is coded by colour (red: Vulcano, orange: Thau,
green: Banyuls, blue: Plymouth, pink: Southampton and black: P.

cinerea outgroup) and its morph by symbol (square: A. viridis var.
rufescens, triangle: A. viridis var. rustica, and circle: A. viridis var.
smaragdina). The outgroup P. cinerea is marked by a diamond
symbol. The individuals falling in the same MLL are boxed in red
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fact as divergent as the outgroup (100% of the quartets
including var. rufescens anemones from Banyuls supported
this split). In addition, two clades were identified, one
grouping the other Banyuls individuals and the Vulcano
ones, that we named the Med2 clade, and the second
grouping individuals from the English Channel and Thau.
This last clade was further split in two by SVDquartets
separating English Channel populations (EngCh clade)
from Thau (Med1 clade). The BanRuf, Med1 and Med2
SVD clades can be found in sympatry: the three have been
sampled in Banyuls (six var. smaragdina Banyuls

individuals belonged to the Med1 clade), and the Med1 and
Med2 clades have been sampled in Thau (three var. smar-
agdina Thau individuals were attributed to the Med2 clade).
These few rare individuals that did not belong to the locally
more frequent clade are identified by arrowheads in Fig. 3.
These SVD clades were retained in the analysis of the MLL
pruned N109 dataset (Fig. S3).

To validate these SVD clades as secondary species
hypotheses, we also performed a quantitative genetic clus-
tering by snmf (Frichot and François 2015). We determined
K= 4 as the optimal number of genetic clusters in this

Fig. 3 Non-Bayesian taxonomic partitioning among A. viridis morphs
(SVDquartets analysis on the N140 dataset) at the individual level.
Support values at the nodes are shown only if equal or superior to
70%. The coloured bars correspond to the five identified clades (i) P.

cinerea (black), (ii) BanRuf (green), (iii) English Channel (EngCh,
purple), (iv) Med1 (yellow) and (v) Med2 (orange). The black
arrowheads point to the sea anemones from Banyuls attributed to the
Med1 clade and to the Thau sea anemones attributed to the Med2 clade
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dataset, based on the minimum value of cross entropy (Fig.
S4). For the individuals with less missing data (marked with
stars in Fig. 4), the snmf clustering was in complete
accordance with the SVD clades. On the other hand, most of
the individuals with too much missing data had similar
probabilities of attribution to all four clusters (Fig. 4),
showing the impact of low data quality on this analysis.

In individuals with high quality data, snmf clustering can
be used to measure introgression (Frichot and François
2015). The a priori most likely introgressed individuals, i.e.
the var. smaragdina from Thau lagoon belonging to the
Med2 clade/cluster and the ones from Banyuls belonging to
the Med1 clade/cluster (identified by arrowheads in Fig. 3
and identified as Med2(Tha) and Med1(Ban), respectively,
on the Fig. 4), had coancestry patterns similar to those of
anemones from the same cluster. However, whereas no
admixture was detected in the Med2(Tha) individuals, the
Med1(Ban) individuals were weakly introgressed by Med2
genetic background (Fig. 4). Likewise, the BanRuf clade
corresponded to a homogenous cluster different from the
other clusters, and notably from the others found in
Banyuls.

The SVD clades/snmf clusters are the best secondary
species hypothesis as shown by the Bayes factor compar-
isons following BFD* computations (Table S3). Splitting
the individuals according to their SVD clades/snmf clusters
is decisively better than splitting them either by their

morphs or by their sampling region. Hence, we identified
five clear independent genetic lineages in the dataset: (i) the
outgroup P. cinerea, and among A. viridis samples (ii) the
var. rufescens individuals from Banyuls (BanRuf), (iii)
English Channel populations (EngCh) and two main Med-
iterranean groups (iv) one with mostly anemones from Thau
lagoon (Med1), and (v) one with mostly sea anemones from
Banyuls and Vulcano (Med2). These lineages harboured the
same level of diversity and all displayed a marked deficit in
heterozygosity (Table S4).

Influence of the symbiont on morphs differentiation

The analysis of the ITS2 sequences, following the D&S
pipeline, allowed the identification of 92 ITS2 sequence
variants (T50 dataset) from the populations of A. viridis
symbionts (Fig. S5.A, Table S2). Most of the sampled
populations harboured more than half of this allelic diver-
sity: between 44 and 91 alleles were present within each
host genetic lineage (Table S4, T50 dataset). Similarly, each
anemone harboured on average 32.4 ± 1.6 ITS2 variants.
The most abundant variant was harboured by 95% of the
animal hosts (Fig. S5.A). There was a low divergence
among the ITS2 sequences, 90% of them were one sub-
stitution away from the most frequent one and the nucleo-
tide diversity was π= 0.0117. P. cinerea harboured less
variants than A. viridis (12 alleles from three individuals,

Fig. 4 snmf clustering on the N109 dataset: the probabilities of attri-
bution to the most probable K= 4 clusters or ancestral populations are
displayed in a bar plot for each individual. The morph of A. viridis sea
anemones is coded by the shape above the diagram (triangle: var.
rustica, circle: var. smaragdina, and square: var. rufescens). The

individuals kept in the N85 dataset are identified by black stars below
the diagram. The sampling sites are detailed in brackets (Vul: Vulcano,
Ban: Banyuls, Tha: Thau, Sha: Southampton, and Ply: Plymouth). The
four clusters are identified by the colours of the corresponding
SVD clades
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Table S4) but all the sequence variants found in P. cinerea
were also found in A. viridis (Fig. S5.A).

There was no statistically significant differentiation
of the symbiont populations among the three morphs
(Table 1). As host independent genetic lineages were
identified (Fig. 3 and Table S3), we tested the differentiation
in symbiont populations and the ITS2 composition of these
populations among genetic lineages and among morphs
nested within these lineages. These analyses revealed an
influence of the genetic lineage on the symbiont populations
(Table 1). The pairwise comparisons highlighted a differ-
ence among EngCh and Mediterranean lineages, and also
between Med1 and Med2 (Table 2). A weak difference
between BanRuf and Med1 was detected (Table 2). Within
these lineages, we detected a differentiation among morphs
in symbiont content (Table 1). However, the morphs were
not systematically differentiated within all lineages but only
within the Med2 lineage (PERMANOVA comparisons
Table S5).

To validate this image of symbiont differentiation, we
also used the MED algorithm implemented in SymPortal to
identify the ITS2 sequence variants by an alternative
method (SP dataset). We obtained 93 ITS2 variants in 106
animal hosts. Thirty nine of these variants were common
with the T50 dataset (grey circles on Fig. S5). The different
populations harboured 4–23 variants out of the 93 identified
(Table S4, SP dataset), with an average of 4.17 ± 0.2 var-
iants per sea anemone. The most frequent variant was har-
boured by 97% of the anemones and the ITS2 sequences
were less divergent than the sequences obtained with D&S
pipeline (π= 0.0019). P. cinerea was also less diverse than
A. viridis and again did not harbour any unique ITS2
variant.

In agreement with the SP dataset, the var. smaragdina
and rustica shared the same symbiont ITS2 diversity (Table
S7). By contrast, the var. rufescens individuals were dif-
ferentiated for their symbiont content (Table S7), which led

to an overall statistically significant differentiation among
morphs (Table S6). It should however be noted that all the
var. rufescens anemones did not share a common symbiont
pool, as the English Channel var. rufescens individuals were
more differentiated from Mediterranean var. rufescens
individuals than from individuals belonging to the other
morphs (Table S8). Indeed, the composition of symbiont
populations was correlated to the host genetic lineages
independently of the morphs (Table S6). The pairwise
analysis of the SP-ITS2 variants among A. viridis lineages
showed that the EngCh lineage was different from the
Mediterranean ones and that Med1 and Med2 were different
from each other (Table S9). No difference between BanRuf
and Med1 lineages has been detected with the SP-ITS2
variants. Moreover, no effect of the morphs was detected
within lineages with the SP dataset (Table S6).

Discussion

NGS data validation

Symbiont contamination among host RADseq loci

One of the major concerns when working on symbiotic
organism is separating the effects due to each of the part-
ners. This is all the more true when using reduced repre-
sentation sequencing to measure the genetic diversities of
the host and symbionts separately without reference gen-
omes. However, in symbiotic hexacorals, as the sequencing
depth is usually tailored for the host, it results in an under
sampling of the bigger symbiont genome, and therefore, an
even modest filtering on missing data yields a very low
Symbiodiniaceae contamination in the final set of loci
(Bellis et al. 2016; Titus and Daly 2018). Moreover, the size
of A. viridis tentacles allowed us to efficiently dissect the
symbiont-free epidermis from the symbiont rigged gastro-
dermal cell layer in fresh or properly preserved samples. In
the epidermis fraction, Symbiodiniaceae contamination at

Table 1 PERMANOVA analysis of the differentiation and partitioning
of the temperate clade A T50-ITS2 diversity in A. viridis

df Sums of
squares

F R2 P(>F)

Among morphs 2 0.779 1.2732 0.02325 0.0764

Residual 107 29.974 0.89478

Total 109 33.499 1

Among host genetic
lineage

3 2.329 2.6416 0.06952 0.0001

Among morphs within
host genetic lineage

4 1.196 1.0175 0.05117 0.0031

Residual 102 29.974 0.89478

Total 109 33.499 1

The values in bold are statistically significant with p-value < 0.05

Table 2 PERMANOVA analysis of the pairwise differentiation and
partitioning of the temperate clade A T50-ITS2 diversity among A.
viridis genetic lineages

F R2 Adjusted p-value

BanRuf vs EngCh 2.738076 0.04742236 0.003

BanRuf vs Med1 1.844418 0.06870769 0.0156

BanRuf vs Med2 1.013963 0.03071315 0.439

EngCh vs Med1 2.166855 0.02844879 0.0003

EngCh vs Med2 4.364921 0.0511325 0.0003

Med1 vs Med2 2.225183 0.04180696 0.0066

The values in bold are statistically significant with p-value < 0.05. The
p-value was adjusted with an FDR correction
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the protein level was estimated at a mere 3% (Richier et al.
2003). This probably explains the fact that the mean number
of RAD loci per individual we obtained after filtering on
missing data was significantly lower in symbiont-rich DNA
extracts (from whole tentacles), although they contained
more DNA than the symbiont-poor DNA extracts (from
epidermis only). The lower yield of the symbiont-rich
extracts probably reflects the contamination dispersion
effect as described by Titus and Daly (2018).

Moreover, in the subsequent analysis, symbiont-rich and
symbiont-poor samples did finally belong to the same
lineages. In addition, the BanRuf lineage that was the most
divergent on host RADseq (Fig. 2) did not contain a
divergent ITS2 symbiont population (Tables 2 and S9).
Although we cannot exclude that a few of the loci among
the tens of thousands per individual we obtained could be
Symbiodiniaceae loci, we are therefore quite confident that
the RAD genotypes reflect the host’s genetic diversity and
not the symbiont’s.

Pipelines for the identification of symbiont ITS2 sequence
variants

To detect intra-cladal/generic diversity, we used sequencing of
ITS2 amplicons, now a standard method for genotyping
Symbiodiniaceae populations (Quigley et al. 2014; Arif et al.
2014; Batovska et al. 2017; Bonthond et al. 2018). An
operational taxonomic units (OTU) approach is commonly
used to filter and quality check the huge quantity of raw data
obtained by NGS. OTUs are identified by a clustering
approach of the variant sequences, at for example a 97%
similarity threshold (Arif et al. 2014). However, such a 97%
cut-off would miss most of the intra-cladal/generic Symbio-
diniaceae diversity. To overcome that issue, we used two
different pipelines generating catalogues of ITS2 sequence
variants: one based on sequencing depth and shared occur-
rence of variants among individuals, D&S, that we developed
(generating T50 dataset) and the other based on the MED
algorithm applied within animal hosts, implemented in Sym-
Portal (Hume et al. 2019) (generating the SP dataset). Through
the D&S and SP pipelines, we identified 92 and 93
ITS2 sequence variants, most of which were identical between
both pipelines. In fact, the two datasets differed mainly in two
ways: they did not detect the same rare sequence variants (Fig.
S5) and the SymPortal pipeline conserved less sequences per
animal host (Table S4). These differences are due to the dif-
ferent rationale of the two pipelines: to identify ITS2 sequence
variants, one works over the whole dataset (D&S pipeline),
whereas the other works within individuals (SymPortal pipe-
line). Cunning et al. (2017), using an OTU-based approach,
did also obtain different images of the same raw diversity
whether they applied a 97% identity threshold over their whole
dataset or within individuals.

Obviously, a large part, or even the majority, of this
detected genetic diversity probably corresponds to multi-
copy intragenomic ITS2 variants, considering the number of
sequence variants we obtained within each host individual
(Sampayo et al. 2009; Smith et al. 2017). However, these
intragenomic variants can be used to better define the
Symbiodiniaceae lineages harboured by the hosts, this is
even the very goal of the SymPortal pipeline (Hume et al.
2019). But, in order to be able to use this information,
SymPortal relies on the assumption that a majority of hosts
harbours a single dominant genetic strain per symbiont
genus. Considering that in the Mediterranean Sea, the pre-
viously observed genetic diversity corresponds to within
clade/genera diversity (Forcioli et al. 2011) it seems that this
basic assumption may not be respected. The dearth of
Symbiodiniaceae temperate clade A ITS2 sequences in
SymPortal database so far precludes a formal test of this
hypothesis. Further analyses could however be done using
single copy markers (as psbA sequences LaJeunesse and
Thornhill 2011). By consequence, we chose to use the
observed ITS2 sequence diversity as a fingerprint of the
symbiont population content, without further tentative to
sort intragenomic variation from among strains
differentiation.

Absence of genetic differentiation among the
morphs of Anemonia viridis

In the present study we investigated whether the different A.
viridis morphs were genetically differentiated and therefore
could represent adaptations to different environmental
conditions. This hypothesis is supported by the previous
observations of Wiedenmann et al. (1999) who identified a
differential bathymetric distribution for some of the recog-
nized A. viridis morphs (var. rustica and smaragdina).
Previously, using five EPIC markers, we showed that these
morphs were not differentiated species (Mallien et al. 2017).
However, we could have missed a low level of differ-
entiation if the morphs were still in the speciation grey zone
(De Queiroz 2007). In the present work, using high
throughput RADseq, we could demonstrate that A. viridis
var. smaragdina and rustica are definitely not monophyletic
groups, independent of the origin of the samples (Medi-
terranean Sea or English Channel). However, independent
genetic lineages were found in our dataset (Figs. 3 and S3),
which were not correlated to morphology but, on the whole,
rather correlated to the geographic origin of the samples. In
addition, the clustering pattern analysis identified several
groups of individuals mixing different morphs together and
demonstrating admixture, and hence interfecondity between
morphs (Fig. 4). Concerning var. rufescens, our previous
study suggested that only this morph was more differ-
entiated (Mallien et al. 2017). The present analysis showed
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that this morph was not a monophyletic independent lineage
because the var. rufescens individuals belonged to at least
two different genetic lineages (BanRuf in the Mediterranean
Sea and EngCh in the English Channel, Figs. 3 and 4). This
discordance between morphological differentiation and
genetic polymorphism was also found in another sea ane-
mones, e.g. Actinia equina, which displays three different
morphotypes (brown, red and green), out of which at least
two have been shown by phylogenetic analysis to share two
genetic units (Pereira et al. 2014). In the study models for
developmental and functional studies belonging to the
genus Exaiptasia, Grajales and Rodríguez (2016) identified
a new cryptic species, E. brasiliensis, morphologically
indistinguishable and living in sympatry with E. pallida.
Spano et al. (2018) using RADseq, inferred the existence of
a “wide-spread complex of sea anemones” in the genus
Anthothoe, not correlated with classical morphological
features but here also structured by geographical
distribution.

A similar symbiotic dinoflagellate composition
among the morphs

Having demonstrated that A. viridis var. smaragdina and
rustica belong to the same genetic pool, we tested the
correlation between the symbiotic composition and the
morphotypes mainly differentiated by FP and related pig-
ments expression (Wiedenmann et al. 1999; Wiedenmann
et al. 2000). These proteins may have photoprotective
functions (Salih et al. 2000; Gittins et al. 2015) or they may
enhance symbiont photosynthesis (Quick et al. 2018),
suggesting a possible correlation between morph fluores-
cence pattern and the symbiotic composition of the morphs,
irrespective of genetic differentiation. To assess the genetic
diversity of the A. viridis symbiont populations, that all
belong to the unique temperate clade A (Savage et al. 2002;
Visram et al. 2006; Forcioli et al. 2011; Casado-Amezúa
et al. 2014), we genotyped the pooled Symbiodiniaceae
from each single host and compared the obtained symbiotic
compositions with one another in order to detect any dif-
ferentiation among the different host morphs or lineages.

In A. viridis, the distribution of the ITS2 sequence var-
iants did not correlate with the three host morphs. If a dif-
ferentiation between var. smaragdina and rustica was
indeed detected with the T50 dataset (Table S5), it was
restricted to within the Med2 lineage, thus suggesting a
sampling artefact. Such a differentiation was not found with
the SP dataset and if we only used the individuals present in
the SP datasets in the D&S pipeline, this morph differ-
entiation within Med2 lineage disappears (result not
shown). This absence of correlation between colour morphs
and symbiont populations was not in accordance with the
previous observations in the coral Madracis pharensis

(Frade et al. 2008), where a relation between the symbiont
type harboured by the coral colonies and the colour of the
colonies was found. As such the generalisation that the
cnidarian FP pattern is a response to Symbiodiniaceae
diversity may be excluded. We also could hypothesise that
the FP expressed by A. viridis has a less important role in
the photoprotection of Symbiodiniaceae than in other
symbiotic cnidarians (Salih et al. 2000; Smith et al. 2013;
Gittins et al. 2015).

What is the origin of morph differentiation in A.
viridis?

The question of the nature of the A. viridis morphs still
remains. Even if the morphs are not divergent host lineages
nor due to morph specific symbiont assemblages, we still
cannot exclude that morphs are genetically determined.
Very few genes could be involved in such morphological
variation, and even a unique gene could be responsible for a
critical effect on the phenotype, as in maize (Dorweiler et al.
1993). Even in Littorina saxatilis, a marine gastropod har-
bouring different ecomorphs along the foreshore and known
as a classical example of ecological speciation, only 4% of
SNPs were identified as outliers between the morphologi-
cally differentiated species (Kess et al. 2018). Given this, a
genome wide association study could be powerful enough
to detect SNPs correlated to the morph pattern (Korte and
Farlow 2013) in A. viridis if the morphs are due to allelic
differences at a few major genes. Unfortunately, the
RADseq loci generated in our study covered only a small
part of the genome (less than 1% considering the number of
RADseq loci obtained and an estimated genome size of
around 480Mb) and would not be enough for this analysis.

Obviously, the morphological variations within A. viridis
could also be a plastic phenotypic response of the organism.
In corals, the expression profile of FPs can vary during the
different development stages (Roth et al. 2013). However,
to the best of our knowledge, there was no report of this
kind of variation in A. viridis neither in the literature nor
during monitored embryonic development (Zamoum et al.,
personal communication). Nevertheless, A. viridis morphs
could still be the consequence of a local plastic response at
the larval settlement stage, followed by developmental
canalization (Zamer and Mangum 1979; Kawecki and Ebert
2004).

Cryptic species in the snakelocks anemone

The RADseq was resolutive enough to detect differentiation
among different independent genetic groups but not among
the studied morphs. This approach enabled us to identify
four cryptic species (BanRuf, Med1, Med2 and EngCh) in
A. viridis, which were supported by three lines of analysis:
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SVDquartets (Fig. 3), snmf (Fig. 4) and BFD* (Table S3).
Three of these species globally coincided with the geo-
graphical origin of the sea anemones: an English lineage
(EngCh), a Mediterranean Sea lineage (Med2) and a mostly
Mediterranean lagoon lineage (Med1). Our data also sug-
gest further structuring within these lineages, as all dis-
played relatively strong FIS values probably diagnostic of
Wahlund effects (Table S4).

Vicariance between the English Channel and Mediterranean
Sea

During the last glacial period, the English Channel coasts
were not suitable habitats for A. viridis (Bianchi and Morri
2000). The English populations of A. viridis are therefore
the result of a post-glacial recolonization. The differences
observed between EngCh and the Mediterranean lineages
could then be the result of a vicariance process, in line with
what was described for the lagoon cockle Cerastoderma
glaucum (Sromek et al. 2019) or Cymodocea nodosa
(Alberto et al. 2008). This cleavage was also supported by
the distribution of the symbiont assemblages (Tables 2 and
S9). A similar pattern of distribution of the symbiotic
genetic diversity was observed in another sea anemone
species, Aiptasia couchii, with a temperate clade A
“Atlantic strain” in the English Channel and a “Mediterra-
nean strain” on Portuguese and Spanish Atlantic and
Mediterranean coasts (Grajales et al. 2016). However, the
lack of sampling points between the North-Western Medi-
terranean and English Channel in our datasets does not
allow for a formal test of this scenario.

Cryptic species within the Western Mediterranean basin?

In our study, the Med1 lineage individuals were, for their
vast majority, sampled in the Thau lagoon. This lineage
could therefore correspond to some differentiation due to
ecological conditions (Thau lagoon vs Mediterranean open
sea), as found in other lagoon species (Lemaire et al. 2000;
Chaoui et al. 2012). This was reinforced by the differentia-
tion of symbiont populations between Med1 and Med2,
which could be linked to a functional intra-cladal diversity
(Howells et al. 2012), or as the result of a strict vertical
transmission of the symbionts in A. viridis (Schäfer 1984).
Nevertheless, we also found individuals belonging to the
Med1 lineage at Banyuls (i.e. not in a lagoon) and indivi-
duals belonging to the Med2 lineage in the Thau lagoon.
Furthermore, we do not know the extent of the geographical
distribution of the species in the Western Mediterranean Sea.

At Banyuls, we found three species in sympatry (Ban-
Ruf, Med1 and Med2) with or without introgression among
them (Fig. 4). We know however that the BanRuf lineage
could not be a “sampling site effect” because the var.

rufescens individuals in the study of Mallien et al. (2017)
came from another more northern site (Collioure, France,
about 7 km away from Banyuls) and were already differ-
entiated from the others A. viridis individuals. Nevertheless,
as Banyuls was the more genetically diverse site, we hence
hypothesise that the French–Spanish border could harbour a
secondary contact zone between a Western Mediterranean
genetic pool (which contains the Med2 and Med1 lineages)
and another highly divergent one (BanRuf) from the
Northern coast of Africa or from the Atlantic Ocean. Again,
a formal test of this hypothesis would require a more
thorough sampling of the geographical zone than the one
we performed for this study, which was aimed at clarifying
the taxonomic status of A. viridis colour morphs.

To conclude, A. viridis, as it is described today, appears
as a complex of more or less introgressed cryptic species
sharing morphotypes and harbouring differentiated sym-
biont populations. These different lineages, from the Eng-
lish Channel to the Mediterranean Sea, do live under
different environmental conditions. Therefore, if there is
any adaptive genetic differentiation to be found in A. viridis,
it should be looked for among the genetic lineages rather
than among the morphs.
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