
Horizontal acquisition of Symbiodiniaceae in the Anemonia 
viridis (Cnidaria, Anthozoa) species complex 

Barbara Porro1G Thamilla Zamoum1G Cedric Mallien1G Benjamin C. C. Hume2 G 
Didier Forcioli1 G Christian R. Voolstra3 G Eric Röttinger1 G Paola Furla1 G 

1CNRS, INSERM, Institute for Research on 
Cancer and Aging (1 RCAN), Universite Cöte 

d'Azur, Nice, France 
2Red Sea Research Center, Division of 
Biological and Environmental Science and 
Engineering, King Abdullah University of 
Science and Technology (KAUST), Thuwal, 

Saudi Arabia 
3Department of Biology, University of 

Konstanz, Konstanz, Germany 

Correspondence 
Didier Forcioli, CNRS, INSERM, Institute 

for Research on Cancer and Aging (1 RCAN). 
Universite Cöte d'Azur, 28 avenue de 
Valombrose, 06107 Nice, France. 
Email: forcioli@univ-cotedazur.fr 

1 INTRO DUCTI O N 

Abstract 

All metazoans are in fact holobionts, resulting from the association of several or­

ganisms, and organismal adlaptation is then due to the composite response of this 

association to the environment. Deciphering the mechanisms of symbiont acquisi­

tion in a holobiont is therefore essential to understanding the extent of its adap­

tive capacities. In cnidarians, some species acquire their photosynthetic symbionts 

directly trom their parents (vertical transmission) but may also acquire symbionts 

from the environment (horizontal acquisition) at the adult stage. The Mediterranean 

snakelocks sea anemone, Anemonia viridis (Forskäl, 1775), passes down symbionts 

from one generation to the next by vertical transmission, but the capacity for such 

horizontal acquisition is still unexplored. To unravel the flexibility of the association 

between the different host lineages identified in A. viridis and its Symbiodiniaceae, 

we genotyped both the animal hosts and their symbiont communities in members 

of host clones in five differ,ent locations in the North Western Mediterranean Sea. 

The composition of within-host-symbiont populations was more dependent on the 

geographical origin of the hosts than their membership to a given lineage or even to 

a given clone. Additionally, similarities in host-symbiont communities were greater 

among genets (i.e. among different clones) than among ramets (i.e. among members 

of the same given clonal genotype). Taken together, our results demonstrate that 

A. viridis may form associations with a range of symbiotic dinoflagellates and suggest 

a capacity for horizontal acQ1uisition. A mixed-mode transmission strategy in A. viridis, 

as we posit here, may help explain the !arge phenotypic plasticity that characterizes 

this anemone. 
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From their earliest development stages, all met azoans live in close 

association with different microorganisms (symbionts) forming 

a so-called holobiont (Margulis & Fester, 1991). The evolution of 

these holobionts is influenced by t he transmission mode of sym­

bionts. Two modes of symbiont acquisiti on have been described: 

from the parents or from t he environment, called vertical trans­

mission and horizontal acquisition, respectively. Vertical trans­

mission is trad itionally more associated with mutualism, whereas f urla and f orcioli authors contributed equally to this work. 
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horizontal acquisition corresponds more to parasitism (Moran & 

Wernegreen, 2000). Vert ical transmission indeed ensures the main­

tenance of beneficial associations at the embryonic stage (Zilber­

Rosenberg & Rosenberg, 2008), but with less flexibilit y in the 

host- symbiont associat ion. A strong correlation between the hast 

and symbionts phylogenies can therefore be expected (for a review 

on the topic, see Baumann, 2005). However, this binary vision of a 

clearly split t ransmission mode between mutualism and parasitism 

is not so obvious and many examples of mutualistic symbiosis main­

tained by horizontal acquisition have been observed and described 

(Henry et al., 2013; Kaufman et al., 1998; Nelsen & Gargas, 2008; 

Rowan & Knowlton, 1995). In such case, the horizontal acquisition, 

which could be hazardous because of the uncertainty in partner oc­

currence, is nevertheless an efficient way to obtain new or locally 

better adapted symbionts. 

Host-symbiont acquisition is not necessarily exclusive by means 

of vert ical or horizontal mechanisms: a situation named by Ebert 

(2013) as the mixed-mode transmission of symbionts. This mixed­

mode has already been observed in cases where host- symbiont 

phylogenies were not totally coupled due to occasional horizontal 

acquisition in holobionts alternat ively classified as vertical t rans­

mitters (Stewart et al., 2008). The horizontal acquisition and the 

mixed-mode transmission imply some flexibil it y in the symbiotic 

association, an important point for the response to environmental 

variations. lndeed, if the whole holobiont is the unit of selection in 

a strict vertical t ransmission, in a mixed-mode transmission, the se­

lect ive pressure could act on either hosts or symbionts as weil as the 

holobiont level (Theis et al., 2016). 

In marine Cnidaria (including hydrozoans, cora ls, gorgonians 

and sea anemones), the animal hast can be associated with eukary­

otic mutualistic photosynthetic symbionts (see for review Clavijo 

et al., 2018). These symbionts play key roles in the physiology and 

ecology of their hosts. Among Anthozoa, the main photosynthetic 

symbionts are dinoflagellates belonging to the Symbiodiniaceae 

family (laJeunesse et al., 2018). Located intracellularly, these 

symbionts translocate most of the organic compounds they pro­

duce by photosynthesis to their hast cells (Oavy et al., 2012). The 

cn idarian-dinoflagellate symbiosis is highly diverse with the possi­

ble occurrence of multiple dinofl agellate genotypes within a given 

hast. This diversity can be partially explained by diverse ecological 

factors which can lead to the presence of different dinoflagellate 

genotypes (see Parkinson & Baums, 2014 for review). In addition, 

bacterial symbionts are involved in the good working of the cnidar­

ian-dinofl agellate holobiont (e.g. for nitrogen cycle) and contribute 

to the holobiont diversity (Rohwer et al., 2002; Suggett et al., 2017). 

The dinoflagellate symbionts can be acquired by the cnidarian hosts 

via vert ical t ransmission or horizontal acquisition (at larval or adult 

stages). W hy vertical or horizontal symbiont acquisition modes are 

associated with a given cnidarian species is still not understood, but 

in scleractinian corals, only 25% of spawning species (i.e. those that 

emit their gametes direct ly into the ocean) have symbionts in their 

eggs (i.e. vertica l transmission) and belang to only a few specific gen­

era (Montiporo, Acropora, Pocillopora, and Porites; Baird et al., 2009). 

In contrast, temperate symbiotic sea anemones have mainly vertical 

'closed acquisition systems' (Muller-Parker & Davy, 2005). Although 

horizontal acquisition in adult cnidarians has been poorly studied in 

the field (except after postbleaching episodes and mainly for scler­

actinian corals (Boulotte et al., 2016; Silverstein et al., 2015)), Byler 

et .al. (2013) demonstrated that some species, such as Stylophora 

pistillata, display mixed-mode transmission. The fl exibili ty that hor­

izontal transmission may offer to the host is part icu larly important 

considering the functiona l diversity of symbionts at genus or species 

level (Brading et al., 2011; Reynolds et al., 2008; Roberty et al., 2016; 

Suggett et al., 2008; Tchernov et al., 2004), and may also apply to as­

sociated bacteria (Neave et al., 2017). Even within Symbiodiniaceae 

species, functiona l genetic differentiation has been measured be­

tween two symbiont populations (Howells et al. , 2012, 2020). 

Using ITS2 variability, we previously investigated the genet ic 

diversity of the symbionts hosted by Anemonia viridis, a species 

of symbiot ic sea anemone widely distributed in Europe, from the 

Mediterranean Sea to the North Sea and the west coast of lreland, 

in which different cryptic species (independent lineages) have 

been recent ly identified (Porro et al., 2019). In A. viridis, a unique 

Symbiodiniaceae clade, 'Temperate A' (LaJeunesse et al., 2018; or A' 

sensu Savage et al., 2002; and Visram et al., 2006), has been iden­

t ified, showing a clear genet ic diversity within the clade (Casado­

Amezua et al., 2014; Porro et al., 2019). This symbiont diversity 

was observed with respect to the geographical origin and the host 

lineage (Porro et al., 2019). Specifically, in this latter study, we re­

vealed the occurrence of dif ferent assemblages of Temperate A 

Symbiodiniaceae in at least two lineages of A. viridis (English Channel 

and Mediterranean Sea). However, as the two lineages were found 

in two far geographically distinct areas, it was unclear whether the 

symbiotic assemblage was a result of response to the environment 

versus a result of genetic dritt in a closed system. 

Anemonia viridis can reproduce both sexually, emit t ing gam­

etes in the water column, and asexually, by longitudinal fis­

sion of the gastrovascular column (from t he foot to the mouth. 

Shi ck, 1991). Whatever the reproduction mode, this sea anemone 

is thought to inherit its symbionts by vertical transmission ei ­

ther by (i) maternal t ransmission through oocytes (Schäfer, 1984; 

Utrilla et al., 2019) with a mean of 300 symbionts per oocytes 

(personal observations) or (i i) by partitioning of the symbiont pop­

ulation of t he 'mother' between the two 'daughter' sea anemo­

nes. The vertical transmission guarantees the continuity of this 

important association, as the A. viridis holobiont has t he potent ial 

to be completely autotrophic (Davy et al. , 1996; Muller-Parker 

& Oavy, 2005). Even it symbiont diversity has been studied in 

A. viridis (Casado-Amezl'.ia et al., 2014; Porro et al., 2019; Savage 

et .al., 2002; Sugget t et al., 2012; Visram et al., 2006), no study 

of the dynamics of symbiont populations at the adul t stage has 

been conducted so fa r, although it would fill an important gap in 

the understanding ot t he plast ic and adapt ive capacit ies of t his 

species. lndeed, many studies have highlighted its strong capac­

ity for resistance to extreme and disturbed environments (Richier 

et al., 2005; Suggett et al., 2012; Ventura et al., 2016). In this 



context, the occasional occurrence of horizontal symbiont acqui­

sit ion on top of the vertical t ransmission may provide a mech­

anism for adaptation, adding to the intergenerational stability 

of the association the capacit y to acquire locally better adapted 

symbiont genotype (Parkinson & Baums, 2014). 

To determine whether a closed vert ical mode of symbiont 

t ransmission occurs in Anemonia viridis or if concurrent and com­

plementary horizontal symbiont acquisition w ithin a mixed-mode 

t ransmission is also possible in this species, we investigated the 

strength of the link between hast genetic diversity and symbiont 

assemblage. A more extensive sampling of the North Western 

Mediterranean Sea than in Porro et al. (2019) was used. We first de­

limitated reproductively isolated lineages within the A. viridis species 

complex (using RAD sequencing markers) and then compared their 

symbiotic contents (based on NGS acquired nuclear ITS2 and micro­

satellite diversity) to establish the host-symbiont genetic specificity. 

We also used the pervasive asexual reproduct ion occurring within 

these A. viridis lineages to estimate the similarity of the symbiont 

communities within and among different sea anemone clonal gen­

otypes (as identified w ith RAD sequencing markers) sampled in dis­

t inct geographical locations. We hypothesized that, in strictly closed 
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vert ical transmission, ramets (i.e. representatives of the same clonal 

genotype) should be more similar in their symbiont content than two 

sea anemones from different genets (d ifferent clonal genotypes), ir­

respect ive of their geographical location. In contrast, t he occurrence 

of horizontal symbiont acquisition would be revealed by a strong 

geographical effect independent of the lineage and/or genotype of 

the host. 

2 M ATERI A LS AND METHODS 

2.1 Mediterranean Sea anemones 

We sampled 237 individuals of Anemonia viridis (Forskal, 177S) var 

smaragdina (characterized by pink t ips and a green fluorescence, 

Mallien et al., 2017; Wiedenmann et al., 1999) from f ive locations 

in t he Mediterranean eastern basin: Banyuls [Ban, SO sea anemo­

nes sampled]. Barcares [Bar, 44). Sete [Tha, 48), Marseille [Mar, 49) 

and Scandola [Sca, 46) (see Figure 1 for GPS coord inates). For each 

sea anemone, a dozen tentacles were cut, f ixed in 70% ethanol and 

preserved at -80°C until DNA extract ion. Total DNA was extracted 

' 10° 
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(Clon~JrlchM$IJ 

K1 - Med1 (R•0.45) 

K2 - Med2(R• 0 29) 

K3 - Med3(R• 0.19) 

K4 - Mod4 (R• 0.86) 

&mpling locetion dctails 

F 1 GUR E 1 sNMF genetic clusters of Anemonia viridis and their geographic distribution in the Mediterranean Sea. (a) Barplot 
representat ion of the sNMF analysis of t he animal host (N65 data set). The genetic diversity cou ld originate from 4 ancestral genetic 
clusters (named K1 to K4, respectively, in purple, red, blue and green). The bar plot represents the contribut ion of each of these clusters 

to the genetic constitution of each individual in this data set. The sampling location of each individual is mentioned above the barplot. 
(b) Proportion of each duster in each sampling location (N148 data set; Table 51), along w ith local sample size and clonal richness R. 
(Banyuls: 42°28'50"N 03°07'50"E; Barcares: 42°47'15.828"N 3°2'11.633"E: Sete: 43°23'32.82"N 3°36'1.43"E; Marseille: 43°17'44.337"N 
S0 20'34.348"E; Scandola: 42°21'29.S71"N 8°33'19.166"E). 0Host genetic lineages correspond to genetic lineages either identified in Porro 
et al. (2019) (Med1 and Med2) and in the present study (Med3 and Med4), see discussion section 



394 

as in Mallien et al. (2017) following a modified 'salting out' protocol 

(Miller et al., 1988). 

2.2 Host genotyping 

2.2.1 RAD sequencing 

The ad hoc libraries were prepared following Porro et al. (2019). 

Sequencing was performed on an lllumina HiSeq 2000 (100-bp 

single read format) at the Montpellier-GenomiX platform (MGX, 

Montpellier, France). Raw sequence reads were demultiplexed. fil­

tered and clustered with iPyRAD v0.3041 (Eaton, 2014) with a clus­

tering threshold set to 90%. 

2.2.2 Host data sets 

From the iPyRAD outputs, we derived a base dato set by f iltering 

on missing data: the individuals with a low proportion of shared loci 

were identified using the R package RADami v1.1-2 (Hipp, 2014) 

and removed using VCFTools v0.1.15 (Danecek et al., 2011); the loci 

were then filtered to only keep loci present in at least 95% of indi­

viduals (197 individuals and 25,603 SNPs) (Figure 2). 

We then filtered the base dato set to keep only biallelic loci w ith a 

minimum allele frequency (maf) of 1%. This new data set was called 

N197 dato set with 197 individuals and 5,299 SNPs. This data set was 

used to detect clonality. By selecting only the 148 individuals for 

which the symbionts could be genotyped (see below), we defined 

the N148 dato set. This data set was used for host/symbiont differ­

entiation comparison. 

After clonality detection, we were able to filter the individuals 

from the base dato set by keeping only one ramet per genet, and we 

only kept the biallelic loci with a maf of 1%. This constituted the N65 

dato set with 65 individuals and 6,498 SNPs that were used for host 

genetic clustering and lineage identification. 

The N65 dato set was further filtered to keep 14 individuals only 

(one individual per location and genetic duster), and for the SNPs 

without missing data, with a maf of 10% and a linkage disequilib­

rium pruning threshold (LD) of 0.2 (package SNPRelate vl.11.2: 

Zheng, 2012) which constituted the BFD dato set of 1,197 SNPs. This 

data set was used for the test of species hypotheses by BFD• (see 

below). 

2.2.3 Detection of clonality 

Even if no anemones did share the same multilocus genotypes, we 

repeatedly detected similar genotypes in the sampling. These gen­

otypes were likely a consequence of asexual reproduction events 

and have been grouped into multilocus lineages called genets (see 

Harper, 1977) in this paper (the representatives of each genet being 

referred to as ramets). To formally delineate these genets and asso­

ciate individual samples to them, we computed between individual 

pairwise distances for all individuals in the N197 dato set (Figure 2) 

with the R package RClone vl.0.2 (Bail leul et al., 2016). The observed 

237 sampled ind1v1duals 

SWP filt8.t8 
Indivi.d11al Lilt•r• 

Oalaset name 

iföfiißi@?lllJlfhiiJl44 
C Analyses oo the dataset J 

1 individual / 
(location x host clvstersJ 

I 

INo missing data 
LD 0 . 2 , 

8L-t11talic, 
•-.. mat 1% ... 

N 197 dalasel 

F 1 GUR E 2 Host data sets. Description 
(number of individuals and SNP markers) 
of the different data sets used for 
each analysis. BFD is for Bayes factor 
delimitation and refers to the BFD• 

analysis to test species hypotheses 



distributions of pairwise genetic distances thus obtained were com­

pared w ith simulated distributions of the expected genetic distances 

under the assumption of purely sexual reproduction (with or without 

selfing) computed w ith RClone (using the functions genet_dist and 

genet_dist_sim) (ßailleul et al., 2016). This allowed us to identify a 

gap in distance distribution and define a threshold distance value 

separating distances w ithin genets from distances among genets. 

We could thus associate individuals to genets using the function 

mlg.filter (with the 'farthest_neighbor' algorithm) from the R pack­

age POPPR v2.5.0 (Kamvar et al., 2014). We then calculated the clonal 

richness (R) considering the number of genets as the number of dif­

ferent genotypes over the total number of sampled sea anemones 

(globally, per location and per host genetic d uster). 

2.2.4 Structure of host genetic diversity 

To identify putative species within A. viridis indiv iduals from the 

Western Mediterranean basin, we used the N65 dato set (Figure 2) 

and we computed a species tree using SVDquartets (Chifman & 

Kubatko, 2014) implemented in PAUP* v4.0A165 (Swofford, 1998, 

2001) with an exhaustive quartet sampling and performed a sNMF 

quantitative hierarchical genet ic clustering w ith the LEA (v2.2.0) R 

package (Frichot & Fran~ois, 2015), based on individual ancestry 

coefficients. The optimal number of ancestral clusters, from w hich 

the individuals in the data set could be t raced back, was determined 

using the entropy criterion. The results were v isualized using a 

STRUCTURE-like representat ion showing, for each individual, the 

relative contribut ion of each ancestral cluster to its multilocus geno­

t ype. The ramets not kept in the N65 dato set were attributed by 

extension to the main duster of their genet. 

To test whether the sNMF clusters and SVD clades were inde­

pendent species, we compared the likelihood of the species hypoth­

esis they constitute, to the likelihood of a primary species hypothesis 

based on the geographical locations of the individuals using Bayes 

factor delimitation with genomic data (BFD*; Leache et al., 2014). In 

order to manage computing t imes, these analyses were performed 

using the BFD dato set (Figure 2). The BFD* analyses were performed 

in BEAST2 (Bouckaert et al., 2014) with 48 path sampler sets of 

100,000 MCMC repetitions, to sample in 800,000 MCMC iterations 

of SNAPP (Bryant et al., 2012). The number of SNAPP iterations was 
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chosen to ensure proper convergence of the species tree inference. 

To ensure the convergence of the computat ions while maintaining 

amenable computing times, the BFD* analyses were repeated on 

two partit ions of the 1,197 SNPs of the BFD dato set. The first analy­

sis was run on the 598 first SNPs and the second one the other 599 

SNPs of the data set. 

Wright's F-statistics among and w ithin populations were com­

puted using the R packages StAMPP vl.5.1 (Pembleton et al., 2013) 

and hierfstat v0.04-22 (Goudet & Jombart, 2015). 

2.3 Symbiont genotyping 

2.3.1 Amplicon sequencing 

The symbiont populations were genotyped using the nu· 

clear ribosomal DNA internal transcribed spacer 2 (ITS2). We 

used the primers from Stat et al. (2009): the forward itsD 

(5'-GTGAATTGCAGAACTCCGTG-3') and the reverse its2rev2 

(5'-CCTCCGCTTACTTATATGCTT-3' ). 

The symbiont populations were also genotyped using four micro­

satellites: three designed from an Expressed Sequence Tag library of 

A. viridis holobionts (Sabourault et al., 2009) and one from the study 

of Cataneo et al. (2009) (see also Abdoullaye et al., 2010) about the 

Temperate A symbionts from the Mediterranean gorgonian Eunicella 

singularis (with the NCBI Accession no FJ917549.1; Table 1). These 

markers are particularly useful to genotype populations instead of 

species (Coffroth & Santos, 2005) as they are more informative of 

recent evolutionary events (Cornuet et al., 2010). 

PCR amplifications of the symbiont markers were performed 

by Access Array (FLUIDIGM) PCR, and next-generation sequenc· 

ing of the amplicons was obtained by MiSeq lllumina Technology 

(2 x 250 bp paired-end) at the Brain and Spine Institu te (ICM, Paris, 

France). 

2.3.2 Genotyping methods 

Because a given sea anemone can host 3 to 20 million symbiont 

cells per milligram of protein (values from field and laboratory ex· 

peri ments; Ventura et al. , 2016), the sequences obtained from each 

TAB L E 1 Detail of the symbiont microsatellite markers sequenced by NGS 

Locl Symblodlnlaceae ex Motlf 

CAES-67 Eunicella singularis GT 

64,238 Anemonio viridis CA 

71.379 CT 

72,276 AG 

Prlmers (forward reverse) 

GTTTCGGGTCTCGGGATAGG 
TTAGCCCCAAAAACATAAACC 

AGGGGTCTAGTTTCCCTGAC 
GGACCGGATTTCCTCTTGC 

CAGCAGTTAGTCAATTTAAACGGC 
TCATGGTCGGTACACTGGG 

GGGAGTTATCAAGCTGTTGGC 
TGTTTACATGCATAAACATCAGGAC 

References 

Cataneo et al. (2009) 
(FJ917549.1) 

Present study 
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anemone were in fact obtained from a pooled sample of symbionts. 

Their genotyping was therefore not st ra ightforward and required 

additional analysis steps. 

In this context, we performed an analysis of the symbiont di­

versity w ithin the A. viridis using ITS2 and microsatell ite sequence 

variants. The analysis of ITS2 sequence variant assemblages is an ef­

fective method for comparing Symbiodiniaceae populations despite 

the marker's multicopy nature, which complicates data interpreta­

tion (see Hume et al., 2019). The ITS2 sequences were processed 

and identified using the SymPortal pipeline (Hume, 2019; Hume 

et al., 2019) based on a minimum entropy decomposition algorithm, 

as in Porro et al. (2019). 

For the microsatellite markers, the forward and reverse reads 

were assembled, then t rimmed and tagged by microsatell ite locus 

using OBITools script s (Boyer et al., 2016). To filter background 

noise and to ident ify reads with actual microsatellite repeats, we 

used the MicNe5s python script (Suez et al., 2016) with a tolerance 

of one substitution in the microsatellite motif. Because MicNe5s 

was designed for diploid organisms, and because we did not want 

to bias the genetic diversity by forcing a maximum of two micro­

satell ite alleles per within-host-symbiont populat ion, we chose to 

consider fo r each individual, instead of the genotype, the raw ob­

served dist ribut ion of the reads containing a given microsatelli te 

locus. We kept for further analysis only the sea anemones with 

amplificat ion for at least three out of t he 4 symbiont microsatel­

lite markers used. Therefore, as we did not at tempt to ascertain 

any of t he microsatellite alleles present in t he read collections, this 

raw observed distribut ion of the reads is more a f ingerprint of the 

symbiont community composit ion than a proper collect ion of in­

dividual genotypes. Nevertheless, it can still be used to measure 

the level of differentiation in symbiont content among different 

sea anemones. 

The symbiont populations were not successfully amplified from 

all the sampled individuals, and only 148 sea anemones could be 

genotyped for both host and symbiont microsatell ite markers. These 

individuals composed the N148 dato set (Table 51). 

2.3.3 Symbiont differentiation 

We compared the dif ferent compositions of symbiont populations 

using over the N148 dato set, for the ITS2, the presence/absence of 

sequence variants among the hosts, and for the microsatellite mark­

ers, the observed relative frequency distributions of the reads. For 

these reasons, the differentiation between hosts in terms of symbiont 

community composition was expressed both as a Jaccard's distance 

(for IT52 sequence variant assemblage considering the presence and 

absence of the variants) and a Manhattan's distance (for the distribu­

t ions of microsatellite markers). The distances among hosts/symbi­

ont community compositions were visualized with neighbour-joining 

t rees with R package APE vS.3 (Paradis et al., 2004) with 1,000 boot­

straps. We measured the correlation between symbiont population 

distance and host genetic distance by Mantel's tests. We also tested 

by PERMANOVA with the R package vegan v2.5-5 (Oksanen et al., 

2016) the differences in symbiont community composition between 

sea anemones depending on (i) the host genetic clusters. or (ii) the 

sampling location. When these factors had significant effects on the 

distribution of the genetic diversity of the symbionts, we then com­

puted pairwise PERMANOVAs between each level of the given fac­

tor w ith an FDR correction to avoid false positives. The Manhattan's 

distances were also used to compare the differentiation within mul­

t ilocation genets. Following the approach of Baums et al. (2014) in a 

coral species, we took advantage of asexual reproduction in A. viridis 

to test for the tightness of the closed vert ical symbiont t ransmission 

in A. viridis, by comparing the symbiont diversity among ramets. lt 

symbiont diversity is only the result of mother to offspring t ransfer, 

we expected that ramets from the same genet should have a similar 

symbiont community composition, and hence, the distances should 

be shorter compared with genetically distant hosts. The di fferences 

were statist ically tested with a Kruskal-Wallis test implemented in R 

(R Core Team, 2018). 

3 RE SULTS 

3.1 Clonality in A. viridis var. smaragdina 
populations 

We detected clonality in the data set w ith a gap in the distribut ion 

of pairwise genet ic distances among A. viridis individuals (Figure 51), 

and hence identified 65 genets over the 197 sea anemones se­

quenced, w ith 37 genets considered as unique (one ramet) and 28 

genets (here called donal genets) w ith at least two representatives 

(i.e. at least two ramets produced from asexual reproduction events, 

see Table 51). These 28 donal genets could be found in different 

dist ant sampling locations (Table 51). We hence estimated a global 

donal richness of 0.33. 

3.2 Host genetic structure 

To identify independent genetic pools, we performed a sNMF ge­

netic dustering. Based on minimum cross-entropy value (Figure 52). 

we detennined K = 4 as the optimal number of ancestral genet ic clus· 

ters among the 65 genets (N65 dato set). Among these four different 

genetic clusters, we detected admixture, more specifically two of 

them seemed tobe more admixed (Kl and K2; Figure la): more than 

a th ird of the sea anemones in K2 where not purely descended from 

this duster, and had at least 15% of their loci from Kl and, recipro­

cally, more than half of the sea anemones in K1 admixed with the 

K2 duster (Figure 1a and Table 51). All these clusters were found 

in at least two different sampling locat ions (Figure 1a,b) with K2 

being the most common d uster among the Mediterranean sampled 

populat ions. The admixture K1 / K2 was correlated with the lowest 

Fsr value of 0.119 compared with the other pairwise differentia­

t ions (Table 52). The K4 cluster appeared as the most differentiated 



genet ic cluster in the Mediterranean 5ea with Fsr values to other 

clusters ranging from 0.242 to 0.350. 

We also used 5VDquartets to produce a coalescent taxonomic 

partitioning from the N65 data set (Figure 53). The SVDquartets 

analyses showed three main clades (clades t , 3 and 4) and an unre­

solved group (clade 2). These clades are partially congruent with the 

clusters identified by the sNMF analysis: the clades 3 and 4 corre­

sponded to the clusters K3 and K4 respectively, and clade t corre­

sponded to a part of the cluster Kt (Table 5t). 

To know which one of the part itions given by sNMF cluster­

ing (hypothesis 2 in Table 2) or SVDquartet clades (hypothesis 3 in 

Table 2) was the most likely secondary species hypothesis (SSH), we 

compared them to a null hypothesis (a primary species hypothesis, 

hypothesis t) based on geographical origin, using BFD•. In addition 

to these species hypotheses, we considered another one bringing 

Kt and K2 together (hypothesis 4) because of the admixture be­

tween Kl and K2 (Figure la). In addition, using two different sets 

of host 5NPs (see Material and Method section), the best 55H, using 

Bayes Factor comparisons, was the sNMF cluster partition (Table 2). 

We hence identified four different host genetic lineages in A. viridis 

Mediterranean populations. 

3.3 Symbiont dif ferentiation 

The two types of genetic markers (ITS2 and microsatellites) used 

to genotype the symbiont populations from t 48 A. viridis individu­

als (N148 data set) revealed an overall similar picture of the symbi­

ot ic composit ion, with no clear partitioning of the data set based 

on either t he obtained t22 IT52 variants (Figure 3a) or the mi· 

crosatellite markers (Figure 3b). lndependently of the host genetic 

cluster, we furt her tested the correlation between host genetic 

distances and the differences in symbiont content. The analysis 

did not show global correlation either w ith the IT52 assemblages 

(Mantel's r = - .06 and a p-va lue of .839; Figure 4a) or with the 

microsatellite markers (with a Mantel's r = 0.06 and a p-value of 

.086; Figure 4b). 

397 

However, we detected with both types of markers a global ef­

fect of the sampling location on the symbiont composition with 

PERMANOVA analyses (Table 3, Tables 53 and 54) with similar sym­

biont content among host clusters at the same location (Table 54). 

Nevertheless, with microsatellite markers, a weak effect of the host 

genetic cluster was revealed (Table 3) mainly due to a di fferentiation 

between K2 and K4 occurring at Scandola (Table S4). 

Symbiont community composition was more similar among 

sea anemones from the same location (intra- and interlineages 

Manhattan's average distances of D = 2.t86 and 2.502, respectively; 

Figure Sa), than within the same host lineage at different locat ions 

(intralineage interlocation, D = 2.95t) and f inally nonrelated individu· 

als (interlineage interlocat ion, D = 3.063). At a finer genet ic scale, we 

used the clonal host genets found in different locations to evaluate 

the differentiat ion of the symbiont community composition within 

a genet. Six of the identified genets were distributed in at least two 

locations with at least two ramets within a locat ion (Table S5). lf ver­

tical t ransmission was the only mode of transmission of symbionts, 

we expected t hat the weakest differentiat ion would be observed 

within a genet independently of the geographical origin. However, 

the differences in the symbiont community composition among in· 

dividuals from the same location were significantly lower (intra· and 

intergenets: D = 1.33t, 2.782 resp.) than the differences among in­

dividuals from different locations (intra· and intergenets: D = 3.223, 

3.027 resp.; Figure Sb). Hence, the genets from the same location 

had similar symbiont populations. 

4 DI SCU SS ION 

In this study, we questioned whether the symbiont diversity ob· 

served in A. viridis adult individuals was the result of closed vert i· 

cal transmission only or whether secondary horizontal acquisition 

and/or local selection could also occur and modify the symbiont 

population in respect to the environment. We showed that sea 

anemones belonging to the same host lineage, but sampled from dif­

ferent locations, harbour different symbiont communities, revealing 

TAB L E 2 Test of Anemonio viridis species hypotheses by BFo•. The four species hypotheses tested were (1) a geographic partit ioning 
(the primary species hypothesis), (2) the sNMF clustering, (3) the SVDquartets part itioning and (4) an intermediate SVDquartets part itioning 

considering the K1 and K2 admixture. (MLE = maximum-likelihood estimator, BF = Bayes factor). In bold, the secondary species hypothesis 
retained with the lowest MLE and the degree of significance when compared with the other species hypotheses 

First BFD• run (598 SNPs) Second BFD' run (599 SNPs) 

2 In BF 21n BF 

3 
Specles hypotheses MLE 1 versus 2 versus 3 versus MLE 1 versus 2 versus versus 

t Ban/ Bar/ Mar/5ca/Tha -8844.82 -90t0.55 

2 K1/K2/K3/K4 -8478.39 -732.85 - 8694.89 - 631.32 

3 Clade1/ Clade2/ - 8506.24 - 677.16 55.69 - 8713.98 - 593.15 38.17 
Clade3/Clade4 

4 (Clade1 + Clade2)/ -8584.?t -S20.22 212.63 t56.94 -8793.75 -433.60 197.72 159.54 
Clade3/Clade4 
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F 1 GUR E 3 Differentiation of Anemonia viridis individuals based on algal symbiont composition (N148 dato set): (a) NJ tree based on 
Jaccard's distances of ITS2 assemblages among the sea anemones; (b) NJ tree based on Manhattan's distances of microsatellite distributions 
among sea anemones. The bootstraps higher than 40 were displayed on the nodes. Colours correspond to the host genetic duster from the 
Figure 1 (K1: purple, K2: red, K3: blue and K4: green); the symbols correspond to the host genets: the ramets of the same genet shared the 

same coloured symbol, and full circles correspond to the unique genets 

F 1 G U RE 4 Scatterplot and 
Mantel's tests of pairwise host genetic 
distances against pairwise symbiont 
distances among A. viridis (N148 dato 
set): considering, (a) the symbiont 
ITS2 sequences assemblage (Jaccard's 
distance-with a Mantel's r = - 0.06 
and p-value = .839); (b) the symbiont 

microsatell ite distributions (Manhattan's 
distance-with a Mantel's r = .06 and 
p-value = .086). The dashed line indicates 

the threshold host distance between 
intragenet and intergenet distances (see 
Figure 51) 0 00 
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TAB L E 3 PER MAN OVA tests of differentiation of symbiont community compositions based on ITS2 sequences (upper part) or 
microsatellite distributions (lower part) 

Sums of 
Markers Factors Df squares Mean Sqs F.Model R2 Pr(>F) 

ITS2 Location 4 2.4868 0.6217 2.92662 0.08028 1.00E-05 

Lineage 3 0.6705 0.2235 1.05212 0.02165 0.3437 

Locationxlineage 7 1.2646 0.18066 0.85043 0.04083 0.857 

Residuals 125 26.5536 0.21243 0.85725 

Total 139 30.9755 1 

Microsatellite Location 4 196.64 49.16 15.152 0.2829 1.00E-05 

Lineage 3 25.66 8.552 2.636 0.03691 0.00221 

Locationxlineage 7 41.29 5.898 1.818 0.0594 0.00566 

Residuals 133 431.5 3.244 0.62079 

Total 147 695.09 1 

Note: PERMANOVAs were realized over 99,999 permutations. The bold values indicate factors with statistically significant effect on the symbiont 

differentiation. 
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a mixed-mode symbiont transmission. However, how different are 

A. viridis host lineages? 

4.1 Multiple A. viridis lineages in the 
Mediterranean Sea 

As we previously identified cryptic species in A. viridis, it was critical 

to first identify to which host lineage the sampled individuals be­

longed. After taking clonality into account, we could group the sam­

pled individuals into 4 genetic clusters, recognized by BFD' as four 

differentiated lineages. As a subset of samples used in this study had 

already been analysed in Porro et al. (2019), we could recognize that 

the Kl and K2 lineages from this study corresponded, respectively, 

to the Medl and Med2 lineages from Porro et al. (2019). Moreover, 

having increased the Mediterranean sampling density, we were 

now able to redefine the distribution of Medl and Med2, which are 

no longer single-location lineages, and identify two new lineages, 

named Med3 and Med4, that corresponded to the clusters K3 and 

K4, respectively (Figure 1 and Table 2). 

At all locations, lineages were found in sympatry with different 

degrees of admixture among them. These admixture signals prob­

ably explained the incongruence between quantitative genetic 

clustering (sNMF) and coalescent analysis (SVDquartet), w ith, for 
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example, seven admixed individuals of the duster K1 belonging 

to the clade 2 (Table S1). As previously found, Banyuls was the 

most genetica lly diverse location (with the presence of the four 

lineages), supporting our supposition of the presence of a strong 

contact zone between genetic pools in this Mediterranean zone 

(Porro et al. , 2019). In addition, we now describe an ubiquitous 

presence of the Med2 (K2) lineage at all sites, suggesting a strong 

abi li ty for th is lineage to occupy different habitats and maybe great 

dispersal capacities as weil. In all lineages and sites, we detected 

an important clonal richness, which confirmed that A. viridis can 

deploy genets with a great number of ramets (Mallien et al., 2017; 

Porro et al., 2019; Sauer, 1986: Sauer et al., 1986; Wiedenmann 

et al „ 2000), even if, within this sampling, the Med4 (K4) lineage 

exhibited a much lower clonali ty. lt is interesting to note that the 

Med2 (K2) lineage showed varying levels of clonality from one site 

to the other (R varied from 0.0S in Scandola to 0.9 in Sete), in a 

similar way to what had been observed in anot her sea anemone, 

Metridium senile, with different clonality rates in different loca­

tions along the N W Atlantic coast (from New York to Nova Scotia) 

(Hoffmann, 1986). More surprisingly, the ramets of the Medl (Kl), 

Med2 (K2) or Med3 (K3) genets were not always located at the 

same site and some genets were comprised of individuals present 

in distant sites (Tables 4 and Sl), suggesting again a potentially 

high capacity of migration/dispersion in th is species, as already 

(b) 
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F 1 GUR E 5 lntralocation differentiation and interlocation differentiation in symbiont microsatellite contents for the different host 
genetic structures (N148 dato set). (a) Comparison of distance distributions within lineages (intra-) or between lineages (inter-) from the 

same sampling location (intralocations) or between different locations (inter locations). (b) Comparison of distance distributions w ithin genet 
(intra -) or between genet (inter-) from the same sampling location (intralocat ions) or between different locations (interlocations). The global 
p-va lues for both comparisons (a and bJ are < 2.2 x 10· 16 and tested with Kruska l- Wallis tests. The lowercase letters indicate the statist ical 
differences. The boxes are the two first quartiles of distributions, and the whiskers are the third and the fourth quartiles. The black 
horizontal bars (in the boxes) are the medians (with IC95 figured with the notches). The dots correspond to the averages of Manhattan's 

distances of the distributions, and the standard deviation is given by the crosses. Blank points are outlier values 
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FIGURE 6 Schematic illustration of 
the host and symbiont dif ferentiation 

• • among sites according to our results. The Vo Vo 

:/= ~ ~ colours of the sea anemones correspond Oo 00 

to the host lineages or host lineages, 
and the symbols inside are the symbiont 
communities Location 1 Location 2 

alluded to in Porro et al. (2019). To disperse, adult sea anemones 

may detach and move up to several metres away (Ayre, 1984; 

Mackie, 1974; Shick, 1991), but long-distance migration could 

likely occur by rafting attached to freely drifting natural (as wood) 

or artificia l (as ships' bottoms) substrates (Jackson, 1986). The 

dispersal of asexual larvae as it occurs in some corals could also 

explain the distribution of clonal genets (Gelin et al., 2017), but it 

was not observed yet in A. viridis (Utrilla et al., 2019). /n fine, even 

if established sea anemone clones have been considered as highly 

locally adapted (Ayre, 198S), migration and successful new estab­

lishment of ramets are not ra re in A. viridis. 

4.2 Hosts from the same genetic lineage harbour 
different symbiont communities 

With both marker types (ITS2 and microsatellites), no correlation 

was revealed between the genetic distances among symbionts and 

the genetic distances among their hosts (Figures 3 and 4), suggest­

ing that the closed vertical transmission is not the only mechanism 

of symbiont acquisition in adult hosts. Our results also showed that 

the symbiont ITS2 diversity was only, and strongly, linked to the 

geographical site of sampling. Microsatellite diversity was strongly 

linked to the sampling location as weil (Table 3). The microsatellite 

markers also revealed a weak correlation of symbiont content with 

the host genetic lineage (Table 3), which would be expected consid­

ering that symbionts are transferred through the eggs in this spe­

cies (Schäfer, 1984; Utrilla et al„ 2019). This finding was summarized 

in Figure 6. lt should also be noted that only one of the within-site 

comparisons of symbiont microsatellite size distribution between 

host lineages was significant, at Scandola, where a strong differen­

tiation between the lineages of Med2 (K2) and Med4 (K4) occurred 

(Table S4). This was likely due to a large effect of host clonality on 

symbiont differentiation (preponderance of the genet RlSS at this 

site; Figure 3b and Table SS). The presence of this large genet is sur­

prising and could reflect a sampling artefact but could also be the 

consequence of the dominance of a highly aggressive clone, a phe­

nomenon already identified in sea anemones by Ayre and Grosberg 

(199SJ. 

4.3 Hosts from the same genet harbour dif ferent 
symbiont communities 

lf symbionts are vertically transmitted, the individuals belonging to 

the same gen et, present or not at the same site, should be dominated 

by the same symbiont community. We observed, however, that in­

dividuals from the same genet, but from different locations, were 

not more similar than individuals from different genets (Figure Sb, 

intragenet interlocation versus intergenet intra- or interlocation). 

Considering the high probability that the revealed microsatellite di ­

versity is neutral, this result is strongly in favour of the occurrence of 

horizontal acquisition of symbionts at the adult stage in A. viridis, and 

thus against the hypothesis of an entirely closed vertical transmis­

sion of symbionts. 

4.4 A mixed-mode symbiont transmission in 
Anemonia viridis 

This result highlights the potential for a plast ic response of A. viridis 

lineages to the environment by modifying their symbiont community 

composition. Previous studies stated that no genetic changes in the 

symbiont community composition occurred in A. viridis in response 

to environmental change between subtidal and intertidal habitats 

(Bythell et al., 1997) or different pH conditions (Borell et al„ 2014; 

Suggett et al., 2012) or after living for a decade in proximity to 

cnidarians containing mostly clade C (genus C/adocopium now) sym­

bionts (Hartle-Mougiou et al., 2012). These studies used ribosomal 

sequences as a genetic marker, but the flexibility has never been in­

vestigated at the symbiont diversity scale using marker analysis by 

NG S (ITS2 or microsatellite) or sampling geographically distant A. vir­

idis populations. Such flexibility would be beneficial for an organism 

living in a diverse and changing environment such as th is temperate 

sea anemone (see, e.g. Secord and Muller-Parker, 2005). 

However, the mechanism involved in this symbiont flexibility 

cannot be unambiguously resolved yet as it could still be putatively 

due to (i) a renewal of symbiont content by horizontal acquisition 

from the environment at the adult stage or (ii) convergent changes 

in symbiont frequency within large and diverse inherited symbi­

ont populations. In the cora l Montipora capitata, comparing ITS2 

sequence assemblages in eggs and their parent colonies, Padilla­

Gamiiio et al. (2012) demonstrated that the eggs harboured a large 

range of ITS2 sequences and that symbiont assemblages in the eggs 

were strongly influenced by symbiont composition of the parent 

colony, which in turn differed and reflected characteristics of their 

physical environment. In M. capitata, an environmental selection of 

the inherited symbiont diversity is then more plausible, as was also 

strongly suggested by Quigley et al. (2019) in another species of the 

same genus. However, these Montipara species harbour dif ferent 

genera (or species) of Symbiodiniaceae, known to have different eco­

physiological profiles. Therefore, the relative proportions of these 
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different symbiont strains within a hast could very likely be influ· 

enced by local selection. 

In our case. considering that A. viridis harbours only Temperate 

A Symbiodiniaceae, to explain the observed pattern of local similar· 

ity in symbiont composition among hast genets and even lineages 

by convergent selection without horizontal acquisition, one would 

have to imagine that each hast larva, independently of its mother's 

affil iation to a clone or to a reproductively isolated lineage, should 

inherit the whole complement of symbiont genetic diversity that 

would allow such local differentiation. This would mean that adult 

sea anemones belonging to genetically differentiated lineages still 

manage to transfer a wide array of microsatell ite diversity to their 

offspring, despite generat ions of local adaptation and successive 

bottlenecks (at the production of the ovule). A mixed-mode of sym· 

biont acquisition with episodes of horizontal acquisition from local 

environment is the most parsimonious explanation of the distribu· 

t ion of symbiotic diversity we observed. lndeed, a very similar pat· 

tern of variabil ity in symbiont population among hast ramets had 

also been observed in Acroporo palmata, a coral species that only ac· 

quires its symbiont from the environment at each generation (Baums 

et al., 2014). 

Additional horizontal symbiont acquisition in hosts with mater· 

nal vertica l symbiont transmission has already been suggested in 

some corals such as Pocillopora meandrina, Pocillopora damicomis, 

Stylophora pistillata and Seriatopora hystrix (Boulotte et al., 2016; 

Byler et al., 2013; Magalon et al., 2006; Quigley et al., 2018). In 

addition, analysing specifically w ithin·colony symbiont diversity 

in Pocillopora sp., Pettay et al. (2011), also strongly suggested that 

switching may occur between clonal hast lineages and that this spe· 

cies can mix vert ical and horizontal symbiont acquisition. Mixed· 

mode symbiont acquisition is frequent in symbiotic cnidarians and 

supports the conclusions of Ebert (2013) that symbionts with mixed· 

mode transmission may be the most common type of symbionts in 

animals. 
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