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The phylum Cnidaria is usually divided into five classes: Anthozoa, Cubozoa,
Hydrozoa, Scyphozoa and Staurozoa. The class Anthozoa is sub-divided into two sub-
classes: Hexacorallia and Octocorallia. Morphological and molecular studies based on
nuclear rDNA and recent phylogenomic studies support the monophyly of Anthozoa.
On the other hand, molecular studies based on mitochondrial markers, including two
recent studies based on mitogenomic data, supported the paraphyly of Anthozoa, and
positioned Octocorallia as sister group to Medusozoa (the monophyletic group of
Cubozoa, Hydrozoa and Scyphozoa). On the basis of 51 nuclear orthologs from four
hexacorallians, four octocorallians, two hydrozoans and one scyphozoan (with
poriferans and Homo sapiens as outgroups), we built a multilocus alignment of 9 873
amino acids, which aimed at minimizing missing data and hidden paralogy, in order to
understand the discrepancy between nuclear and mitochondrial phylogenies. Our
phylogenetic analyses strongly supported the monophyly of Anthozoa. We compared the
level of substitution saturation between our dataset, the datasets of two recent
phylogenomic studies and one of a mitogenomic study. We found that mitochondrial
DNA is more saturated than nuclear DNA at all the phylogenetic levels studied. Our

results emphasize the need for a good evaluation of phylogenetic signal.
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Introduction

The phylum Cnidaria is usually divided into five classes: Anthozoa, Cubozoa,
Hydrozoa, Scyphozoa and Staurozoa (Collins 2009; Daly et al. 2007). Historically,
Octocorallia (soft corals, sea fans, sea pens and gorgonians) and Hexacorallia (hard
corals or Scleractinia and sea anemones) were considered as sister groups, forming the
clade of Anthozoa (Fig. 1. A; Berntson et al. 1999; Bridge et al. 1995; Cavalier-Smith et
al. 1996; Collins 1998; Daly et al. 2007; Kim et al. 1999; Medina et al. 2001; Odorico
& Miller 1997; Salvini-Plawen 1978; Won et al. 2001). The free-swimming medusa
stage is absent in the Anthozoa clade, with no known exceptions. The life cycle of
anthozoans is comprised of a sessile, reproductive, polyp stage with a larval stage. The
remaining four classes belong to the clade of Medusozoa where the alternance between
a sessile polyp stage and a free-swimming medusa stage is generally considered as an
apomorphy lost several times (Collins et al. 2006; Daly et al. 2007). Recently, a
phylogenomic study placed the clade of Myxozoa, a group of obligate endoparasites, as
sister group to Medusozoa with good support (Chang et al. 2015). Understanding the
phylogeny of Cnidaria is therefore of great interest to the study of the evolution of life
cycles and life history traits in this group. The Anthozoa and Medusozoa clades are
supported by nuclear phylogenies (Berntson et al. 1999; Cavalier-Smith et al. 1996;
Chang et al. 2015; Collins 1998; Kim et al. 1999; Medina et al. 2001; Odorico & Miller
1997; Won et al. 2001; Zapata et al. 2015), by anatomical and life cycle features
(Bridge et al. 1995; Collins et al. 2006; Daly et al. 2003, 2007; Marques & Collins
2004; Reft & Daly 2012; Salvini-Plawen 1978; Won et al. 2001). However, several
studies based on mitochondrial genes have shown the paraphyly of Anthozoa, and the
monophyly of a group constituted by Medusozoa and Octocorallia (Kayal et al. 2013;
Kayal & Lavrov 2008; Osigus et al. 2013; Park et al. 2012; Shao et al. 2006; Fig. 1. B),
without however being able to reject the hypothesis of anthozoan monophyly in Kayal
et al. (2013). This clade (Octocorallia + Medusozoa), is not supported by morphological
phylogenies (Won et al. 2001), and does not present evident synapomorphies. The
results of Park et al. (2012) and Kayal et al. (2013) have been recently reanalyzed by

Figueroa & Baco (2014). These authors observed that the level of saturation of
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mitochondrial sequences was high, with a significant loss of information in the case of
the deepest phylogenetic relationships. They suggested using nuclear gene phylogenies
to resolve the high level phylogenetic relationships inside Cnidaria. Recently,
phylogenomic data clarified the question of relationships among Hexacorallia,
Octocorallia and Anthozoa by showing the monophyly of Anthozoa (Chang et al. 2015;
Zapata et al. 2015). Nevertheless, we still lack studies dedicated to understanding the
discrepancy between mitogenomics and phylogenomics studies. This discrepancy has
been observed in other phylogenetic studies, including those of octocorals (Ament-
Velasquez et al. 2016). It is well known today that the phylogeny of a specific gene or
gene family does not necessary represent the phylogeny of the corresponding species
because of incomplete lineage sorting (Hobolth et al. 2008), horizontal gene transfer
(Gogarten et al. 2007), introgression (Rieseberg et al. 1996), hidden paralogy or lack of
phylogenetic information (because of long branch attraction or substitution saturation,
for example; Figueroa & Baco 2014) (Brocchieri 2001; Galtier & Daubin 2008). Today,
Next Generation Sequencing methods allow to fill the gap between mitochondrial and
nuclear gene sampling in cnidarian class-level phylogeny. It is now pertinent to use
phylogenomics in order to better understand the origins of different phylogenetic signals
between mitochondrial and nuclear markers (Fig. 1). We used a method comparable to
the one of Zapata et al. (2015) to build a new phylogeny of the Cnidaria phylum with 51
nuclear genes for 11 cnidarian species in which we attempted to maximize our control
on hidden paralogy. First, we confirmed the congruence of our phylogeny using a
concatenated gene alignment with previous phylogenomics results. In a second step, we
used the individual alignments to check if the alternative scenario (i.e. anthozoan
paraphyly) was well supported at the individual gene level. Finally, we tried to
understand the differences between nuclear and mitochondrial phylogenies by analyzing
our dataset and the datasets of Kayal et al. (2013), Chang et al. (2015) and Zapata et al.
(2015) in light of substitution saturation which is a mechanism known to lead to

incongruent phylogenies.

Material and Methods
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Markers selection

Our strategy aimed at identifying a set of markers with the lowest levels of missing data
and sequence saturation, as well as minimizing putative paralogs. Therefore we used
stringent criteria in the choice of the markers. We used OrthoMCL (Li et al. 2003) to
search for potential ortholog reciprocal relationship between the available ESTs banks
or transcriptomes of four hexacorallians (Cnidaria, Anthozoa): Acropora palmata (order
Scleractinia), Pocillopora damicornis (order Scleractinia), Anemonia viridis (order
Actiniaria) and Nematostella vectensis (order Actiniaria); four octocorallians (Cnidaria,
Anthozoa): Corallium rubrum (order Alcyonacea), Eunicella verrucosa (order
Alcyonacea), Leptogorgia sarmentosa (order Alcyonacea), Gorgonia ventalina (order
Alcyonacea); two hydroidolinans (Cnidaria, Hydrozoa): Clytia hemisphaerica (order
Leptothecata) and Hydra vulgaris (order Anthoathecata); one Discomedusa (Cnidaria,
Scyphozoa): Aurelia aurita (order Semaeostomeae). We downloaded directly amino
acid sequences from Ensembl and Compagen (Cunningham et al. 2015). Concerning all
remaining species, we downloaded nucleic acid sequences and found the longest open
reading frame using the getorf EMBOSS tool (Rice et al. 2000). The characteristics and
references of each dataset are indicated in Table 1. First, we manually chose
orthologous groups containing at least one sequence of each species. Then, we aligned
all the sequences for each orthologous group using MUSCLE with default parameters
(Edgar 2004) and we built individual maximum likelihood trees using FASTTREE
(Price et al. 2009). Concerning inparalogs (sequences of the same species forming a
monophyletic group), we kept the sequence with the shortest branch length in order to
select genes with the lowest evolution rate (and therefore minimize substitution
saturation). In order to avoid the problem of unrecognized paralogy, we used
PhyloTreePruner (Kocot et al. 2013) that kept only orthologous groups forming a
monophyletic group containing one sequence per species. At this step, we lacked an
outgroup, which we did not include in the orthoMCL analysis for reasons of memory
limitation. We performed a blastp (Altschul et al. 1990) search of the sequences of each
orthologous groups against the peptides banks of the sponges Amphimedon

queenslandica (Porifera, Demospongiae, Heteroscleromorpha, order Haplosclerida),
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Ephydatia muelleri (Porifera, Demospongiae, Heteroscleromorpha, order Spongillida),
Sycon ciliatum (Porifera, Calcarea, Calcaronea, order Leucosolemida), Oscarella
carmela (Porifera, Homoscleromorpha, order Homosclerophorida), and of Homo
sapiens (Chordata, Mammalia, order Primates). These outgroups were chosen because
they represent two main Metazoan lineages: sponges and bilaterians. Inside bilaterians
we chose H. sapiens, for which a wealth of genetic data is available, in order to
maximize the probability of identifying genes orthologous to those analyzed in
Cnidarians. We used an e.value of 10° and kept all the hits. Finally, we performed the

same procedure as before for the control of paralogy.

Phylogenetic analyses

For each individual alignment, we selected conserved regions using Gblock (Castresana
2000) with the option allowing gaps for all positions. Next, we concatenated all
individual alignments and obtained a final alignment of 9 873 positions (with 8.9 % of
missing data; Appendix 1). ProtTest (Abascal et al. 2005) was used to choose the model
for protein evolution that best fitted our dataset. We performed Maximum-likelihood
phylogenetic analyzes of our final alignment using RaxML (Stamatakis 2014) with
1000 fast bootstraps iterations and a PROTGAMMAILG model according to the
ProtTest output. A Bayesian phylogenetic analysis was performed for the final
concatenated alignment and for each individual alignment / gene using MrBayes
(Ronquist et al. 2012) (number of generations: 200 000; sample frequencies: 100;
burnin=25 %; number of chains: 4; model of protein evolution: GAMMA-I-LG).

Using the resulting tree files of the individual alignments analyzes, we performed a
Bayesian concordance analysis with Bucky (Larget et al. 2010) which estimates a
concordance tree from clades supported by the largest proportions of genes. We then
applied three commonly used tests to test phylogenetic hypotheses for output trees from
RaxML: the Approximately Unbiased (AU) test (Shimodaira 2002), the Hasegawa (KH)
test (Kishino & Hasegawa 1989), and the Shimodaira-Hasegawa (SH) test (Shimodaira
& Hasegawa 1999). We specifically tested the following hypotheses: 1: monophyly of
Anthozoa, 2: monophyly of Octocorallia and Medusozoa, 3: monophyly of
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Hexacorallia and Medusozoa. All these tests were performed with the software

CONSEL (Shimodaira & Hasegawa 2001).

Substitution saturation analysis

Because we aimed to compare the levels of substitution saturation between datasets
from different studies with different number of species, we first analyzed the effect of
the number of species on two commonly used analyses of substitution saturation
(Appendix 2). We showed that the statistical test of Steel et al. (1993) implemented in
DAMBE (Xia & Xie 2001) was sensible to the number of species in the dataset and thus
was not appropriate in the case of our comparative analysis. This was not the case for
the slope of the regression of the plot of phylogenetic distances against observed
distances. Therefore, we chose to keep only this last analysis of substitution saturation
for the following analysis.

We drew the plot of phylogenetic distances against observed distances for the individual
alignments. Phylogenetic and observed distances were calculated with PATRISTIC
(Fourment & Gibbs 2006) using the RaxML trees, and PAUP software (Swofford 2004)
respectively. For each plot, we calculated the linear regression using R (R Development
Core Team 2008). Additionally, we performed this analysis for the mitochondrial dataset
of Kayal et al. (2013). For this second dataset, we built individual ML trees using
RaxML and the PROTCATGTR model used in the original paper. In order to compare
the nuclear and mitochondrial concatenated alignments, we performed a hierarchical
substitution saturation analysis in a similar way than Figueroa and Baco (2014) using
our dataset and the datasets of Kayal et al. (2013), Zapata et al. (2015) and
Chang et al. (2015) (characteristics of these datasets are detailed in Table 2). We plotted
phylogenetic distances against observed distances for the concatenated alignments of
these four studies using i) Cnidaria + Porifera datasets, ii) Cnidaria datasets, iii)
Anthozoa datasets, iv) Hexacorallia datasets, v) Octocorallia datasets, vi) Medusozoa
datasets. In each case, we calculated the linear regression using R (R Development Core
Team 2008). Because divergent clades could mislead our comparison if they are not

present in all considered studies, we removed Myxozoa from the dataset of Chang et al.
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(2015) and Cerianths from the dataset of Kayal et al. (2013) for this analysis. We used

here original trees and alignments provided by the authors.

Results and discussion

Nuclear phylogeny of Cnidaria

We found 335 orthologous groups between the eleven Cnidaria species included in our
orthoMCL analysis. From these 335 groups, 123 were kept after the PhyloTreePruner
filtration, which reduced the inaccurate orthology assignment bias. Finally, 51
orthologous groups were retained after the addition of the outgroup sequences.

The Maximum Likelihood (ML) and Bayesian trees based on the concatenation of the
sequences of these 51 genes were identical with the exception of the relationships
between poriferans (Fig. 2, Appendix 3). In the two cases, we found the monophyly of
Cnidaria, Octocorallia, Hexacorallia and Medusozoa which were supported by most of
the previously published phylogenies (Berntson et al. 1999; Chang et al. 2015; Chen et
al. 1995; Collins 2009; Daly et al. 2007; France et al. 1996; Kayal et al. 2013; Kayal &
Lavrov 2008; Park et al. 2012; Ryan et al. 2013; Song & Won 1997; Won et al. 2001;
Zapata et al. 2015).

Regarding the relationships between the main cnidarian groups, the ML and Bayesian
trees gave high support to the monophyly of Anthozoa (Fig.2, Appendix 3; ML
bootstrap support of 99 and Bayesian posterior probability of 1), which confirmed the
results obtained in other studies based on nuclear markers (Cavalier-Smith et al. 1996;
France et al. 1996; Odorico & Miller 1997; Zapata et al. 2015). The two alternative
hypotheses (i.e. grouping Octocorallia — Medusozoa and grouping Medusozoa —
Hexacorallia) were strongly rejected by all AU, KH and SH tests (Table 3). However,
our study did not take into account the possible paraphyly of Hexacorallia due to the
uncertain position of Ceriantharia, which is placed either as sister taxon to Hexacorallia,
to Octocorallia or to Anthozoa (Stampar et al. 2014; Zapata et al. 2015). Furthermore,
these taxonomic results should be take cautiously due to the limited taxa sampling and

lack of any basal taxa at the level of the phylum, classes and subclasses. More than
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strictly resolving cnidarian phylogeny, we highlighted here the congruence of our
phylogeny in order to explore the differences between individual gene based
phylogenies as well as differences between nuclear and mitochondrial phylogenies.

The topology of the Bucky's primary concordance tree (using individual — gene
alignment — Bayesian phylogenies) was identical to the one resolved with the ML and
Bayesian phylogenies based on concatenated sequences (Fig. 2. A). The monophyly of
Anthozoa was supported here by 32 % [24 ; 41] of individual trees while the two
alternative hypotheses had lower support (9% [2;14] for the monophyly of
(Octocorallia — Medusozoa) and 6 % [2; 10] for the monophyly of (Hexacorallia —
Medusozoa)) (Fig. 2. B-C). Our results therefore confirmed other phylogenies obtained
using nuclear markers and underlined the incongruence between mitochondrial and
nuclear phylogenies. Moreover, this result raised limitations concerning the use of a
limited number of genes in phylogenetic analyses. In our case, although the main signal
was congruent with the accepted cnidarian phylogeny, 15 % of our genes showed a
different signal.

Concerning nuclear markers, all concatenated and individual plots of patristic distance
versus observed distance demonstrated substitution saturation signal with different
strengths (Fig. 3): for small distances, the phylogenetic distances followed the observed
distanced but for larger distances, phylogenetic distances increased faster than observed
distances. As a complementary test, we also built a new phylogeny using a concatenated
alignment of the 20 % less saturated genes (i.e. those with the highest slopes). This
phylogeny again supported the monophyly of Anthozoa with a bootstrap value of 84.
Therefore our results based on nuclear genes do not seem to be strongly biased by

saturation.

Possible origin of the discrepancy between nuclear and mitochondrial phylogenies

Substitution saturation could be one of the mechanisms explaining the discrepancy
between our results and previous results based on mitochondrial data (Figueroa & Baco
2014). To test this hypothesis, we compared the slope of the linear regression of the

phylogenetic vs observed distances plots performed on hierarchical datasets (Fig. 4,



PRATLONG 10

Appendix 4). A low slope is the signal of saturated sequences. Our hierarchical
substitution saturation analysis showed that in all studies, the slope of the linear
regression was low in the dataset Cnidaria + Porifera, increased in Cnidaria, Anthozoa,
Hexacorallia, and Octocorallia where it reached its maximum. In Medusozoa, the slope
was weaker than in Octocorallia and Hexacorallia. This result is congruent with
divergent times proposed for Cnidarian clades: around 600 Ma for Medusozoa, 300 Ma
for Octocorallia and Hexacorallia (Park et al. 2012). The difference in the saturation
levels observed between Hexacorallia and Octocorallia, despite similar divergence
times, could be due to a slower evolution rate in Octocorallia, for nuclear and
mitochondrial markers. In all datasets, the slope was much higher in our study and in
the study of Zapata et al. (2015) than in the mitochondrial study of Kayal et al. (2013).
This confirms that the mitochondrial sequences are globally more saturated than nuclear
sequences in Cnidaria, with an increase of the level of saturation with taxonomic level.
The slope of the regression in our study was always higher than the one in the study of
Zapata et al. (2015). This may be the result of our conservative control of paralogy
resulting in the selection of slowly evolving genes. The difference between the nuclear
and mitochondrial slope was very small in Octocorallia. This clade seems to be the only
one where mitochondrial sequences could be used with the same effectiveness as
nuclear sequences. In the case of the study of Chang et al. (2015), the slope of the
regression was also higher than for the mitochondrial study, but with much less
difference than the two other nuclear studies. This could be the consequence of the
presence in the concatenated alignment of Chang et al. (2015) of 27 % of ribosomal and
mitochondrial genes. As ribosomal genes have been reported to be more saturated than
other nuclear genes and may contain a different phylogenetic signal (Nosenko et al.
2013), Chang et al. (2015) state that their results was not influenced by these genes, but
they still could induce a decrease of the saturation level of their dataset.

Finally, we compared the slope of the linear regression of the phylogenetic vs observed
distances plots between the individual genes, in our study and in the study of Kayal et
al. (2013), in order to check if some of the mitochondrial genes are less saturated than
others. The 13 mitochondrial genes used in Kayal et al. (2013) showed signal of

substitution saturation, because of their relatively low slopes. The slopes of the linear
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regression of nuclear genes were significantly higher than those of mitochondrial genes
(p = 2.4e-08; Fig. 3). This confirms that mitochondrial DNA is more saturated than
nuclear DNA at the gene level in Cnidaria. The level of saturation of all mitochondrial
genes is similar, with less variation than in nuclear genes. The gene COB (cytochrome
b) was the least saturated with a slope of 0.366.

When substitution saturation is high, similarity between sequences does not necessarily
reflect phylogenetic relationships (Steel et al. 1993; Xia et al. 2003; Xia & Lemey
2009). The results observed here suggest that mitochondrial sequences may not be
appropriate to resolve deep cnidarian phylogeny, as suggested by Figueroa & Baco
(2014), Osigus et al. (2013) and Van Iten et al. (2014). The paraphyly of Anthozoa,
observed in several studies based on mitochondrial markers (Kayal et al. 2013; Kayal &
Lavrov 2008; Osigus et al. 2013; Park et al. 2012; Shao et al. 2006), could indeed be
the result of substitution saturation. Here, on the basis on an extended gene dataset, we
confirm the analysis of Figueroa and Baco (2014), namely that nuclear markers are less
affected by substitution saturation and more appropriate to resolve deep phylogeny of
Cnidaria. Mitochondrial DNA is usually considered as poorly informative for anthozoan
phylogeny at the species and genus level because of its slow evolution rate (Chen et al.
2009; France & Hoover 2002; McFadden et al. 2011; Shearer et al. 2002). Stampar et
al. (2014) argued that the most parsimonious scenario for this slow mtDNA evolution in
Anthozoa is that the rate of evolution was high in the common ancestor of Cnidaria and
Bilateria, and decreased in anthozoans. Because we highlighted here that mitochondrial
DNA seems to be much more saturated than nuclear DNA in Cnidaria, including
Anthozoa, it seems indeed that the slow mitochondrial evolution rate appeared in the

branch leading to Anthozoa.

Conclusion

The validation of this Cnidaria tree of life has major impact for the study of
morphological and life history traits among Cnidaria. We argue here that nuclear
markers should be favored for resolving cnidarian class-level phylogeny. More

generally, our results confirm the caution concerning the use of a reduced number of
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markers for phylogenetic analyzes. Indeed, even within nuclear markers, different
phylogenies were inferred depending on the gene. The high diversity of phylogenetic
histories and levels of informations between genes therefore requires the use of enough

markers and adequate statistical tests before validating a phylogenetic result.

Appendices

The following supplementary material is available:
Appendix 1. Amino acid alignment used in this study.

Appendix 2. Analysis of the sensitivity to the number of species of two markers of

substitution saturation.

Appendix 3. Phylogenetic relationships among cnidarians based on A. Maximum-
likelihood analysis; B. Bayesian analysis. Bootstrap supports in A were all 100 % apart

from the two indicated values. In B, all posterior probabilities were equal to 1.

Appendix 4. Saturation plots of the hierarchical substitution saturation analysis.
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Tables and Figure Legends

Fig. 1. Hypotheses of the cnidarian phylogeny tested in this study. A. The monophyly of
Anthozoa. B. The paraphyly of Anthozoa.

Fig. 2. A. Bayesian primary concordance tree resulting from the analysis of MrBayes
results (bayesian analysis) using the program Bucky (Larget et al., 2010). Numbers on
branches represent the average concordance factor. The 95 % confidence intervals are
included. B-C. Results of the average concordance factors for the two alternative trees

for the nodes of interest.

Fig. 3. Boxplot of the slopes' distributions of the saturation plots for this dataset and the
dataset of Kayal et al. (2013).

Fig. 4. Slopes of the linear regression of the saturation plots from the hierarchical

substitution saturation analysis.
Table 1. Characteristics and references of each dataset used in the phylogeny.

Table 2. Details of the characteristics of the datasets of this study and of those of Kayal
et al. (2013), Zapata et al. (2015) and Chang et al. (2015).

Table 3. Results of the tests of alternative topologies for the ML analyses (only p values
are indicated). AU : Approximately Unbiased test; KH : Kishino-Hasegawa test; SH :
Shimodaira-Hasegawa test. The topologies tested were the monophyly of Anthozoa (1),
the monophyly of [Octocorallia + Medusozoa] (2), the monophyly of [Hexacorallia +
Medusozoa] (3).
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Table 1.
Classification
Number of
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Phylum Class Order
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Table 2.
Zapata et al. Chang et al. Kayal et al.
Characteristics This study
2015 2015 2013
Missing data on complete dataset (%) 8.9 43 12 5
Number of amino acids 9873 365 159 51 940 3485
Porifera 4 1 13 21
Number of Hexacorallia 4 10 30
Anthozoa

sequences = Cnidaria Octocorallia 4 4 2 19

Meduzosoa 3 17 10 29
Table 3.

Topology AU KH WKH SH WSH
(Med,(Hex,Oct)) 1 1 1 1 1
(Hex,(Med,Oct)) 8x10™" 0 0 0 0
(Oct,(Med,Hex)) 7x107 0 0 0 0




