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a b s t r a c t

A comprehensive inventory of global biodiversity would be greatly improved by automating methods for
species delimitation. The Automatic Barcode Gap Discovery method, the Poisson tree processes algorithm
and the Generalized mixed Yule coalescent model have been proposed as means of increasing the rate of
biodiversity description using single locus data. We applied these methods to explore the diversity within
the Aglaopheniidae, a hydrozoan family with many species widely distributed across tropical and tem
perate oceans. Our analyses revealed widespread cryptic diversity in this family, almost half of the
morpho species presenting several independent evolutionary lineages, as well as support for cases of
synonymy. For two common species of this family, Lytocarpia brevirostris and Macrorhynchia phoenicea,
we compared the outputs to clustering analyses based on microsatellite data and to nuclear gene phylo
genies. For L. brevirostris, microsatellite data were congruent with results of the species delimitation
methods, revealing the existence of two cryptic species with Indo Pacific distribution. For M. phoenicea,
all analyses confirmed the presence of two cryptic species within the South Western Indian Ocean. Our
study suggests that the diversity of Aglaopheniidae might be much higher than assumed, likely related to
low dispersal capacities. Sequence based species delimitation methods seem highly valuable to reveal
cryptic diversity in hydrozoans; their application in an integrative framework will be very useful in
describing the phyletic diversity of these organisms.
1. Introduction

The global biodiversity crisis requires focusing conservation
efforts on key areas that ensure the long term persistence of the
greatest fraction of global biodiversity (Barnosky et al., 2011;
Myers et al., 2000). The identification of such regions requires reli
able assessments of alpha diversity, i.e. the number of species pre
sent in the area of interest (Margules and Pressey, 2000).
Historically, species have been described and identified based on
morphological characters. Even if traditional taxonomic work con
tinues to be important for species inventories and conservation
(Daugherty et al., 1990), ignoring cryptic diversity leads to incom
plete taxon sampling and erroneous assessments of biodiversity,
biogeographic patterns and speciation processes (Heath et al.,
2008). Indeed, traditional taxonomy does not integrate genetic
diversity and might ignore potential cryptic species [i.e. two dis
tinct sympatric species classified under the same taxonomic name
based on morphological characters (see box 1 in Bickford et al.,
2007)]. Hence, protecting only the ‘visible biodiversity’ will nega
tively affect conservation and management efforts of biodiversity
and evolutionary processes (Briggs, 2005; Moritz, 2002, 1999).

Most evolutionary biologists concur that species and higher tax
onomic levels form independent genealogical lineages of organ
isms (Mayden, 2002; Samadi and Barberousse, 2006) and the
broad use of molecular markers during the past decades has
revealed the prevalence of cryptic lineage diversity among marine
organisms, especially in marine invertebrates (Boissin et al., 2008;
Duda et al., 2008; Hoareau et al., 2013; Huelsken et al., 2013;
Knowlton, 1993; Lindner et al., 2011; Niemiller et al., 2011;
Palumbi, 1994; Pfenninger and Schwenk, 2007; Prada et al.,
2014). The main issue in species delimitation is not the definition
of what a species is, but resides in the issue of choosing a criterion
(e.g. morphology, ecology, genetic distances, etc.) to identify lin
eages. No consensus exists (De Queiroz, 2007, 2005, 1992) and
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the criterion used can possibly lead to a false representation of a
taxon’s evolution and diversity (Agapow et al., 2004; De Queiroz,
2005; Mayden, 2002; Samadi and Barberousse, 2006). Thus, when
describing alpha diversity, identification and description of species
using morphological characters generate primary species hypothe
ses (PSHs) that need to be tested and confronted to other sources of
information in order to delineate robust secondary species
hypotheses (SSHs) and potentially reveal cryptic species [see
Puillandre et al. (2012b) for an example in gastropods].

Among marine invertebrates, cnidarians in particular can be
expected to present cryptic diversity due to the paucity of morpho
logical characters useful for species description and systematics
(e.g. Addamo et al., 2012; McFadden et al., 2014; Stampar et al.,
2012). These morphological clues do not necessarily represent
phylogenetic relationships since evolution of reproductive, ecolog
ical and physiological traits and eventually speciation do not
always have morphological outcomes. Among cnidarians, the class
Hydrozoa is particularly subject to morphological plasticity and
taxonomic incertitude (Bavestrello et al., 2000; Bouillon et al.,
2006; Leclère et al., 2009; Meroz Fine et al., 2003; Miglietta
et al., 2009). Hydrozoans are found in almost all aquatic ecosys
tems: polar to tropical regions, shallow waters to abyssal plains,
freshwater and marine ecosystems (Bouillon et al., 2006). Recent
phylogenies showed that morphological characters thought to be
taxonomically significant in this class were actually highly labile
and plastic (e.g. Leclère et al., 2007; Miglietta et al., 2009; Moura
et al., 2012; Postaire et al., 2015c). Several studies investigated
cryptic diversity in hydrozoans (e.g. Schuchert, 2014; Folino
Rorem et al., 2009; Moura et al., 2008; Govindarajan et al., 2005),
and the existence of ‘‘true” cryptic species (sensu Bickford et al.,
2007) in cosmopolitan morpho species (i.e. species delimited using
morphological characters) has already been revealed or hypothe
sized (Lindner et al., 2011; Miglietta et al., 2007; Schuchert,
2005). Unfortunately, recent studies on hydrozoan systematics
are often limited to a DNA barcoding approach, a method which
was originally developed to help species identification by associat
ing DNA sequences to type specimens (Hebert et al., 2003;
Puillandre et al., 2011; Vernooy et al., 2010). While DNA barcoding
and genetic data in general were not initially proposed to be
employed as species delimitation tools, it can help to uncover spe
cies diversity in complex taxa (Hebert et al., 2004) and several
novel methods have been developed to use genetic data as a first
step to delimit putative species, especially in taxa with limited
comprehensive information (Carstens et al., 2013). These methods
are particularly useful in taxa lacking clear synapomorphies and
species boundaries, such as hydrozoans [see Castelin and
Lambourdière (2010) for an example in gastropods].

Here we used three of these methods on the Aglaopheniidae
(Agassiz, 1862), a highly specious family of mostly brooding hydro
zoans with unresolved taxonomy and phylogeny (Bouillon et al.,
2006; Moura et al., 2012; Postaire et al., 2015c). First, the Auto
matic Barcode Gap Discovery (ABGD) method (Puillandre et al.,
2012a) uses a genetic distance based approach to detect a barcode
gap dividing candidate species in the dataset by assuring that
intra and inter specific genetic distances do not overlap. This
method is independent of tree topology. ABGD calculates all pair
wise distances and orders them as ranked values. A sliding window
is then applied to calculate a local slope function across these val
ues: the barcode gap is the first significant peak (increase of slope)
that allows inferring primary partitions of the dataset. Each sub
partition is then analyzed using the same approach until no further
significant gaps are found (Puillandre et al., 2012a). Secondly, spe
cies delimitation methods based on the Generalized mixed Yule
coalescent (GMYC) model (Fontaneto et al., 2010; Fujita et al.,
2012; Pons et al., 2006) are based on tree topologies to infer spe
cies hypotheses. Using a likelihood function modeling evolutionary
processes, this model states that each node of a phylogenetic tree
corresponds to one of two possible events: divergence between
species following a strict Yule process [no extinction; (Yule,
1925)] or neutral coalescent events between lineages forming a
species (Kingman, 1982). As coalescent events are assumed to
occur at higher rates than speciation, it is thus possible to identify
a limit on a phylogenetic tree between inter and intra specific
divergence, delimiting clusters of leaves. Such clusters represent
genetically isolated, independently evolving lineages, in which
selection and genetic drift operate (Fujita et al., 2012), i.e. species
hypotheses. Finally, the Poisson tree processes (PTP) species delim
itation method is based on the differences between sequences
(number of substitutions), but contrary to the GMYC models, it
does not use a calibrated tree (Zhang et al., 2013). This method
makes the assumptions that each mutation event has a non null
probability of forming a new species and, as a consequence, that
the number of substitutions between species is significantly higher
than the number of substitutions within species. We used a combi
nation of the three methods (i.e. ABGD, GMYC and PTP) to delin
eate SSHs.

Although considered efficient in identifying species limits
(Puillandre et al., 2012b), even when singletons (i.e. a single haplo
type per species hypothesis, PSH and/or SSH) represent an impor
tant part of the dataset (Talavera et al., 2013), some studies
highlighted the tendency of these methods to overestimate the
number of species (Hamilton et al., 2014; Lohse, 2009; Puillandre
et al., 2012a; Zhang et al., 2013). Several studies further underlined
that basing species delimitation solely on genetic data, a fortiori on
a single mitochondrial marker, must be made cautiously (Dellicour
and Flot, 2015; Hamilton et al., 2014; Jörger et al., 2012; Lohse,
2009). Indeed, deeply divergent mitochondrial lineages do not
always imply distinct species: divergence might result from ances
tral polymorphism, genetic introgression or hybridization (Ladner
and Palumbi, 2012). Furthermore, gene trees do not always reflect
species evolution (Hoelzer, 1997) and phylogenies must be dis
cussed in an integrative framework that includes all available
information (Dayrat, 2005; Padial et al., 2010; Puillandre et al.,
2009; Schlick Steiner et al., 2010).

We tested SSHs for two PSHs, Lytocarpia brevirostris (Busk,
1852) and Macrorhynchia phoenicea (Busk, 1852), using newly
developed microsatellite markers to assess the congruence
between the ABGD method, GMYC models, the PTP method and
population genetics data. Microsatellite data have already been
efficiently used for this purpose (Hausdorf et al., 2011; Hausdorf
and Hennig, 2010; Turini et al., 2014). Furthermore, microsatellite
markers present the advantage of being co dominant, bi parentally
inherited and neutral, unlike mitochondrial markers. Finally, we
compared species delimitation outputs to phylogenies produced
with two nuclear markers: the first exon of the calmodulin and a
sequence comprising ITS1 and ITS2.

This study is the first to apply species delimitation methods
based on DNA sequences in Aglaopheniidae, a highly diversified
family lacking clear synapomorphies and/or species limits
(Moura et al., 2012; Postaire et al., 2015c). It aims to clarify taxo
nomic issues associated with cryptic diversity by using a combina
tion of population genetics data, molecular phylogenies and DNA
based species delimitation methods.
2. Material and methods

2.1. Sampling of PSHs

The samples used for phylogenetic analyses are the same as in
Postaire et al. (2015c). Between 2007 and 2014, we explored three
marine provinces as defined by Spalding et al. (2007), comprising



six localities in two ecoregions of the Western Indian Ocean (WIO)
province (western/northern Madagascar and Mascarene Islands),
one locality in the South East Polynesian province (SEP; Moorea,
Society Islands) and one in the tropical South Western Pacific pro
vince (SWP; New Caledonia) (Fig. 1a). We explored shallow coral
reefs habitats (0 40 m depth) for Aglaopheniidae morpho species
using SCUBA or snorkeling and picked samples manually. We pref
erentially collected parts of large colonies (i.e. feathers between 3
and 40 cm), referred herein to as individuals, at several decimeters
distance to limit resampling the same genet (hydrozoans are cap
able of clonal propagation notably through stolonial growth). We
identified individuals based on morphological characters used in
routine for hydrozoans identification using the taxonomic litera
ture [see references listed in Gravier Bonnet and Bourmaud
(2012, 2006a, 2006b)]. We used the ‘‘Hydrozoa Handbook”
(Bouillon et al., 2006) for species and genera lists. We aimed to col
lect and sequence a minimum of three individuals per morpho
species, referred hereafter as primary species hypotheses (PSHs).

For population genetics analyses, we sampled new individuals
of L. brevirostris (n = 679, Fig. 1b) and M. phoenicea (n = 1337,
Fig. 1c) following the same protocol as above at several locations
in the WIO and in New Caledonia. Both PSHs were equally
prospected in all locations, indicating that sampling discrepancies
Fig. 1. (a) Main sampling sites of Aglaopheniidae specimens used in this study (Leclère e
and number of samples of Lytocarpia brevirostris (this study) and (c) Macrorhynchia pho
represent the absence of the corresponding morpho species at the
location. During sampling, we separated individuals of M. phoeni
cea into two groups, morpho types A and B, based on the general
aspect of the colonies (general colony shape, color; Appendix A):
morpho type A is usually tall (up to 10 cm), stiff and colored black
and white, whereas morpho type B is more gracile and usually
brown orange. The distinction was also based on empirical ecolog
ical data: both morpho types were found at similar depth but
seemed to inhabit different microhabitats. Morpho type A occurs
in well illuminated micro habitats exposed to strong currents,
often at the base of Pocillopora sp. colonies, whereas morpho
type B is found under sheltered cliff edges.

Specimens were fixed and preserved in 90% ethanol for DNA
extraction. Whenever possible, a part of each sequenced individual
was also preserved in a 3% formalin solution in seawater. Samples
are available on request and stored in the biological collections of
the Université de La Réunion.

2.2. DNA extraction

All reproductive structures were removed from each individual
prior to DNA extraction. One or two ramifications per individual
were used for extraction with DNeasy Blood & Tissue kit (Qiagen),
t al., 2007, 2009; Moura et al., 2008, 2012; Postaire et al., 2015c) (b) sampling sites
enicea (this study).



following the manufacturer’s protocol. We assessed the extraction
quality on a 0.8% agarose gel stained with GelRed Nucleic Acid
Stain, 10000X in DMSO (Gentaur).

2.3. Mitochondrial marker sequencing

We amplified and sequenced a fragment of the 16S rRNA (16S)
mitochondrial gene with primers SHA (50 ACG GAA TGA ACT CAA
ATC ATG T 30) and SHB (50 TCG ACT GTT TAC CAA AAA CAT A 30)
(Cunningham and Buss, 1993). For L. brevirostris and M. phoenicea,
we also sequenced two nuclear regions for several individuals (rep
resenting main sampling sites and mitochondrial lineages): (1) a
fragment of the first exon of the calmodulin (CAM) gene with pri
mers CAMF1 (50 GAT CAA YTR CAN GAR GAA CAA ATT GC 30) and
CAMR1 (50 CCA TCN CCA TCR ATA TCA GC 30) (Lindner et al.,
2008), and (2) the complete internal transcribed spacer 1, 5.8S
rDNA and internal transcribed spacer 2 region of the ribosomal
DNA (ITS) with partial 18S and 28S ribosomal genes flanking both
ITS, respectively upstream and downstream, with primers ITSF (50

CAC CGC CCG TCG CTA C TA CCG ATT GAA TGG 30) and ITSR (50 CGC
TTC ACT CGC CGT TAC TAG GGG AAT CC 30) (Martínez et al., 2010).
PCR reactions were conducted in 30 lL: 10 lL of ultra pure water,
15 lL (0.625 U) of AmpliTaq mix (Applied Biosystems), 0.5 lL of
each primer (10 lM) and 4 lL of template DNA (10 ng/lL). The
PCR conditions for 16S and CAM markers were: (5 min at 95 �C),
(30 s at 94 �C; 30 s at 46 �C; 1 min at 72 �C) � 5, (30 s at 94 �C;
30 s at 51 �C; 1 min at 72 �C) � 30, and (5 min at 72 �C). The PCR
conditions for the ITS marker were: (5 min at 95 �C), (30 s at
94 �C; 30 s at 55 �C; 1 min at 72 �C) � 35 and (5 min at 72 �C).
PCR products were visualized on a 1% agarose gel stained with
GelRed Nucleic Acid Stain, 10000X in DMSO (Gentaur, Kampen
hout, Belgium). PCR products were sequenced in both directions
by Genoscope (CEA Evry, France) and by Genoscreen (Lille, France)
on capillary sequencer ABI3730XL.

2.4. Microsatellite amplification and genotyping

We used the microsatellite markers developed for L. brevirostris
(Postaire et al., 2015a) and M. phoenicea (Postaire et al., 2015b),
using the same PCR conditions as Postaire et al. (2015b). Fragment
analysis was performed on an ABI Prism 3730 automated sequen
cer (Applied Biosystems) at the Plateforme Gentyane (INRA,
Clermont Ferrand, France). Genotypes were analyzed using
GeneMapper v.4 (Applied Biosystems).

2.5. Phylogenetic analyses

Sequences were checked and edited using Geneious v.6.0
(Kearse et al., 2012) and deposited in GenBank (Appendix B). Addi
tional 16S, CAM and ITS sequences previously published (Leclère
et al., 2007, 2009; Moura et al., 2008, 2012; Postaire et al.,
2015c) were retrieved from GenBank (Appendix B). Sequences
were aligned using MAFFT (Katoh et al., 2005) and trimmed to
the shortest sequence. JModeltest v.2.5 (Darriba et al., 2012;
Posada, 2008) was used to identify the best substitution model
based on AICc criterion of each fragment (16S: GTR + I + G; CAM:
TPM2uf + I + G; ITS: TIM1 + I + G).

We performed Maximum Likelihood (ML) using PhyML (Gen
eious plug in; Guindon et al., 2010) and Bayesian inferences (BI)
analyses usingMrBayes v.3.2 (3 independent runs of: 20 � 106 gen
erations, 8 chains, temperature to 0.2, 10% burn in length, sampling
every 2 � 103 generations; Geneious plug in; Ronquist et al., 2012).
Nodes can be considered robust if their posterior probability (PP) is
equal or higher to 0.95 for Bayesian reconstruction and when their
bootstrap (BS) values are superior to 75% for ML reconstruction
(Erixon et al., 2003). These criteria were used hereafter. We used
the same outgroups as Moura et al. (2012) and Postaire et al.
(2015c) for 16S tree reconstruction, i.e. the hydrozoans Schizotricha
turqueti (Billard, 1906) and S. nana Peña Cantero et al., 1996.

As assessed by Postaire et al. (2015c), the phylogenetic signals
of the three markers are not incongruent and thus we recon
structed two phylogenetic trees: (1) using the whole dataset of
16S unique haplotypes and (2) using a concatenated alignment of
the three molecular markers, focusing on L. brevirostris and M.
phoenicea (see Section 3).

2.6. Delimiting SSHs

All species delimitation methods used in this study have been
designed for barcode markers. As the nuclear markers, calmodulin
fragment and ITS, have not yet been sequenced for several PSHs of
Aglaophenia, we only analyzed the 16S marker for all PSHs to deli
mit secondary species hypotheses (SSHs).

2.6.1. ABGD
We used the ABGD method developed by Puillandre et al.

(2012a) on the web server http://wwwabi.snv.jussieu.fr/public/
abgd/abgdweb.html. After sequence alignment, we computed a
matrix of pairwise distances using the K2P model (Kimura,
1980). A graphical representation of the pairwise distance distribu
tion of our dataset showed a narrow barcoding gap between 0.07
and 0.09 divergence. We used Pmin = 0.001 and Pmax = 0.1 and
X = 1.0 as it was the highest value that could be applied.

2.6.2. GMYC models
We used the GMYC method developed by Pons et al. (2006),

implemented in R (R Development Core Team, 2008). GMYC anal
yses require an ultrametric tree (i.e. calibrated with a molecular
clock), which was constructed using BEAST v.1.8. (Bouckaert
et al., 2014). We used a relaxed log normal clock with a coalescent
tree prior as these have been identified as best prior parameters for
GMYC analyses (Esselstyn et al., 2012; Monaghan et al., 2009).
Monte Carlo Markov chains (MCMC) ran for 35 � 106 generations,
sampling every 3500 generations. Chains convergence was
assessed using Tracer v.1.6 (Rambaut et al., 2014). The consensus
tree (maximum clade credibility tree; 10% burn in; tree not pre
sented) was constructed with TreeAnnotator v.1.7 (Rambaut and
Drummond, 2013).

To account for uncertainty in species delimitation, we used
three applications of the GMYC model: (1) the single threshold
species delimitation GMYC model, (2) the multiple threshold spe
cies delimitation GMYC model using R (R Development Core Team,
2008) packages ape (Paradis et al., 2004) and splits (Ezard et al.,
2009), and (3) Bayesian GMYC (bGMYC) model developed by
Reid and Carstens (2012) in the package bGMYC. Using the consen
sus tree, single and multiple threshold GMYC species delimitation
models allow identifying respectively one or several thresholds,
dividing coalescent and Yule processes on the tree (Monaghan
et al., 2009). As the multiple threshold model allows variation of
evolution rates along branches and thus several shift points
between Yule and coalescent processes across the phylogenetic
tree, we compared the likelihood of the two model outcomes.
The Bayesian implementation of the GMYC model (Reid and
Carstens, 2012) accounts for uncertainty in the phylogeny and
model parameters by sampling trees and conducting MCMC. This
application gives marginal probabilities to species hypotheses. As
recommended by the authors, we conducted the bGMYC analysis
by resampling the tree file generated by BEAST at a lower fre
quency, resulting in 100 trees (one every 35 � 104 generations).
Each of them was re run for 5 � 104 generations, with 4 � 104 gen
erations of burn in and sampling every 100 steps, resulting in 100
new trees per initially sampled tree: in fine, 104 new trees were
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used. MCMC estimates from each tree were pooled to calculate the
probabilities that two leaves in the phylogeny are conspecific. We
set the probability of two leaves being conspecific at 0.90 or higher,
i.e. each bGMYC cluster has a minimum probability of 0.90 to rep
resent a species. This threshold was used because we observed that
these clusters most often corresponded to robust genetic clades
and were composed of morphologically rather similar individuals.
We excluded lower threshold values as they resulted in outlining
larger clades composed of several PSHs with distinct reproductive
systems as conspecifics.

2.6.3. PTP analyses
We ran a PTP species delimitation analysis in the bPTP web

server http://species.h its.org/ptp/. As input, we used the maxi
mum likelihood phylogeny of the 16S dataset (see Section 2.5).
Outgroups were pruned before conducting the PTP analyses to
avoid bias that may arise if some of the outgroup taxa are too dis
tantly related to ingroup taxa (Zhang et al., 2013). We ran the PTP
analysis for 5 � 105 MCMC generations, with a thinning value of
100, a burn in of 25% and we visually confirmed the convergence
of the MCMC chain as recommended by Zhang et al. (2013).

2.6.4. Comparison of methods outputs
Since ABGD, GMYC and PTP have a general tendency to over

estimate the true number of species from the dataset, we combined
their outputs: SSHs were defined considering only the more
inclusive clades found by all three methods. These methods make
different assumptions and simplifications of evolutionaryprocesses,
forcingus to compile their different results intoa single evolutionary
model that is the basis for the interpretations of SSHs (Carstens et al.,
2013). Furthermore, we excluded singletons (i.e. SSHs represented
by only one haplotype): we will discuss only SSHs represented by
several haplotypes. We chose this conservative approach because
we considered that failing to detect potential cryptic species a lesser
problematic pitfall than delineating entities that do not represent
real evolutionary lineages (Carstens et al., 2013).

2.7. Testing SSHs of L. brevirostris and M. phoenicea using
microsatellite data and nuclear sequence data

For both PSHs, prior to clustering analyses using microsatellite
data, repeated multi locus genotypes (MLGs) were identified with
GenClone v.2.0 (Arnaud Haond and Belkhir, 2007) using the max
imum set of loci for each sampling location. Further analyses were
conducted using one representative of each MLG per population.

We used two different methods to assess the genetic clustering
of individuals within both PSHs. First, we performed a Discriminant
Analysis of Principal Components (DAPC) in the R package adegenet
(Jombart, 2008; Jombart et al., 2010). DAPC is a non model based
method that maximizes the differences between groups while min
imizing variation within groups without prior information on indi
viduals’ origin. In addition, this method does not assume Hardy
Weinberg equilibrium (HWE) or absence of linkage disequilibrium
(LD). We used the function find.clusters() to assess the optimal
number of groups with the Bayesian information criterion (BIC)
method (i.e. K with the lowest BIC value should reflect the optimal
number of clusters). We tested values of K = 1 30, but BIC values
may keep decreasing after the true K value in case of genetic clines
and hierarchical structure (Jombart et al., 2010). Furthermore
retaining toomany discriminant functionswith respect to the num
ber of populations can lead to over fitting of data, resulting in spu
rious discrimination of any set of clusters. Therefore, the rate of
decrease in BIC values was visually examined to identify values of
K after which BIC values decreased only slightly (Jombart et al.,
2010). The dapc() function was then executed using the best group
ing, retaining axes of PCA sufficient to explain P80% of the total
variance. Afterwards, we estimated the number of populations
and conducted population assignment of individuals using meth
ods implemented in STRUCTURE v.2.3.4 (Pritchard et al., 2000).
The analysis assigns MLGs probabilistically to one of K clusters (K
is user defined) so that HWE is maximized and LD minimized in
each cluster. For all STRUCTURE analyses, we used the admixture
model and the correlated allele frequencies model, without any
location or population priors using the following parameters (after
validation of chains convergence): three iterations of 5 � 105

MCMC generations after an initial burn in of 5 � 104 generations
for each K, varying from K = 1 to K = 14. In addition to direct exam
ination of STRUCTURE outputs, Evanno et al. (2005) proposed a
method to choose the most likely K by analyzing the second
order rate of change of the posterior probability (PP) of the data
(DK) between successive K values, whichwas realized using STRUC
TURE Harvester v.0.6.94 (Earl and vonHoldt, 2012). Results files
were permuted using CLUMPP v.1.1.2 (Jakobssen and Rosenberg,
2007) and visualized using DISTRUCT v.1.1 (Rosenberg, 2004).

2.7.1. Lytocarpia brevirostris
We analyzed the whole dataset (525 MLGs) and calculated pair

wise FST values between lineages a and b (see Section 3.3), merging
populations in Arlequin v.3.5 (Excoffier et al., 2005). The signifi
cance of the observed FST statistics was tested using the null
distribution generated from 5 � 103 non parametric random per
mutations. We calculated pairwise FST values between the clusters
identified by STRUCTURE. As sampling was geographically and
numerically uneven between lineages, we tested whether
microsatellite loci could detect the differentiation between both
lineages without an extensive population sampling. Thus, we sim
ulated 10 new datasets composed of all individuals belonging to
lineage b previously identified (n = 22, six from WIO and 16 from
SWP) and 22 randomly selected individuals among lineage a, con
serving the same proportions concerning their geographic origin
(six from the WIO and 16 from the SWP). For each created dataset,
we ran STRUCTURE (see Section 2.7 for parameters) and calculated
pairwise FST between clusters after convergence.

2.7.2. Macrorhynchia phoenicea complex
Prior to microsatellite data analysis, MLGs belonging to under

sampled PSHs [i.e. M. sibogae (Billard, 1913) and M. spectabilis (All
man, 1883)] and locations (i.e. the Scattered Islands except Juan de
Nova Island) were pruned from the dataset, as genetic clustering
analyses are not powerful enough to handle such small sample
sizes. We analyzed the whole dataset (1073 MLGs) and calculated
pairwise FST values between SSHs and morpho types while merg
ing populations, using Arlequin v.3.5 (Excoffier et al., 2005). The
significance of the observed FST statistics was tested using the null
distribution generated from 5 � 103 non parametric random per
mutations. We calculated pairwise FST values between the clusters
identified by STRUCTURE.

2.7.3. Comparison to nuclear sequences
After comparison of sequenced based species delimitation and

microsatellite data outputs in L. brevirostris and the M. phoenicea
complex, we observed the congruence of these methods with a
phylogenetic reconstruction based on 16S, CAM and ITS concate
nated sequences. ML and BI were used (see Section 2.5. for param
eters) to reconstruct phylogenetic relationships.

3. Results

3.1. 16S variability in Aglaopheniidae and phylogenetic reconstruction

A total of 37 PSHs were identified in this study. A set of 340
sequences (207 unique haplotypes) of 521 base pairs (bp) was gen

http://species.h-its.org/ptp/
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Fig. 2. Phylogenetic relationships of Aglaopheniidae species based on 16S
sequences. Outgroups were removed. The tree summarizes the results of Maximum
Likelihood (ML) and Bayesian Inference (BI) analyses. Black stars indicate tree nodes
with a posterior probability (PP)P 0.95 and bootstrap support (BS) > 75%; grey
stars indicate tree nodes with a PPP 0.95; blank stars indicate tree nodes with
BS > 75%. Grey boxes represent primary species hypotheses (PSH; A.: Aglaophenia
C.: Cladocarpus; G.: Gymnangium; L.: Lytocarpia; M.: Macrorhynchia; S.: Strepto-
caulus). Black vertical bars represent singletons and clusters identified by species
delimitation methods (from left to right: the ABGD, the multiple-threshold GMYC
the bGMYC with a 0.90 probability of being conspecific and the PTP analyses). The
number juxtaposed to vertical bars is the secondary species hypothesis (SSH
identifier (singletons excluded) with, in brackets, the number of individuals (n), the
number of unique haplotypes (Nh) and the sampling provinces (AD: Andaman; AG
Agulhas; AR: Artic; LT: Lusitania; MS: Mediterranean Sea; NES: Northern European
seas; SEP: South-Eastern Polynesia; SWA: warm temperate South-Western Atlantic
SWP: South-Western Pacific; WIO: Western Indian Ocean).
erated and analyzed; this dataset comprised 396 polymorphic
sites, 98 identical sites (19.0%), 81.9% pairwise identity and a GC
content of 24.6% (base composition: A = 42.5%, C = 12.3%,
G = 14.6%, T = 30.6%). Six PSHs were singletons (i.e. PSHs repre
sented by only one haplotype): Streptocaulus multiseptatus (Bale,
1915), S. dolfusi (Billard, 1924), Cladocarpus integer (Sars, 1873), C.
paraformosus Schuchert, 2000, A. latecarinata Allman, 1877, Lyto
carpia sp.1. The 16S sequences of sampled WIO M. phoenicea
morpho type A presented a deletion of 95 bp compared to all other
Aglaopheniidae sequences, including M. phoenicea morpho type B.
The reconstructed phylogeny and the results of ABGD, GMYC and
PTP analyses are presented in Fig. 2. Before further analyses and
after tree reconstructions, all outgroups were pruned from the
trees.

As found by Moura et al. (2012) and Postaire et al. (2015c),
almost all PSHs were monophyletic, except five: (1) the clade
formed by Gymnangium eximium (Allman, 1874) and G. gracilicaule
(Jäderholm, 1903), and (2) the clade formed by Aglaophenia octo
donta Heller, 1868, A. pluma (Linnaeus, 1758) and A. tubiformis
Marktanner Turneretscher, 1890 (Fig. 2).

3.2. Outputs of species delimitation methods

First, the ABGD method delimited 77 groups (44 clusters and 33
singletons), with a maximum intragroup divergence P = 0.010594
(Fig. 2). Almost all identified groups represented PSHs (48.6%) or
clades within PSHs (46%). Two groups of PSHs were merged into
ABGD groups: (1) M. phoenicea morpho type B with M. spectabilis,
and (2) A. pluma, A. tubiformis and A. octodonta. Second, the GMYC
single threshold model (phylogeny composed of several species
with one coalescent time value) was preferred over the null model
(single species phylogeny with only coalescent processes;
P < 0.001). This model identified 15 GMYC clusters (95% Confidence
Interval = [6 34]). Based on AICc scores, the multiple threshold
model was preferred over the null model (P < 0.001) but also per
formed slightly better than the single threshold model (multiple
threshold AICc = 2715; single threshold AICc = 2710); therefore
the latter was excluded from further analyses. The multiple
threshold model identified four independent switches between
speciation and coalescent processes, resulting in 81 entities: 49
GMYC clusters (95% Confidence Interval = [36 51]) and 32 single
tons (Fig. 2). Twenty four GMYC clusters (49%) corresponded to
robust phylogenetic clades. Eight GMYC clusters (16.3%) corre
sponded to PSHs whereas all others divided PSHs into several clus
ters (Fig. 2). Third, the bGMYC analysis identified 53 entities,
among which 37 clusters presented a probabilityP 0.90 of being
conspecific. Of these clusters, 27 (73%) were phylogenetically
robust (Fig. 2). Finally, the PTP analysis identified 63 phylogenetic
species, with 33 clusters and 30 singletons.

3.3. Identification of SSHs

The comparison of the four species delimitation methods led to
the identification of 35 SSHs (Fig. 2, Appendix C). Among these, 19
SSHs (61.3%) matched their corresponding PSHs, while all methods
tended to split various PSHs into several lineages. Conversely, some
PSHs were merged, highlighting incongruences between morpho
logical and genetic data: G. eximium/G. gracilicaule, SSH 10; A.
pluma/A. octodonta/A. tubiformis, SSH 31; M. phoenicea morpho
type B/M. spectabilis, SSH 14 (Fig. 2, Appendix C), supporting the
results of previous phylogenetic studies (Moura et al., 2012 and
Postaire et al., 2015c). One PSH (G. allmani (Marktanner
Turneretscher, 1890)) was divided into two singletons. All other
singletons belonged to PSHs also represented by clusters.

Four PSHs [M. phoenicea morpho type A, L. phyteuma
(Kirchenpauer, 1876), L. brevirostris and G. eximium] were
;
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composed of several SSHs (Fig. 2, Appendix C). Concerning L. phy
teuma, these SSHs were partly related to the geographic origin of
the samples: two in the SEP (SSHs 23 and 24), one in the SWP
(SSH 25) and one in the WIO (SSH 26). This pattern was similar
in M. phoenicea morpho type A with SSHs 15 and 16 from SWP
and WIO, respectively. The PSH L. brevirostris was composed of
two highly divergent clades that were not entirely related to
geography: SSHs 20 and 21 were found in the same geographic
region (WIO) and formed a group more related to SSH 19
(SWP; these three SSHs were hereafter referred to as L. brevi
rostris lineage a) than to SSH 18 (found both in WIO and SWP;
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referred hereafter as L. brevirostris lineage b). Finally, SSHs in G.
eximium and G. gracilicaule were not clearly related neither to
geography nor morphology.

Even if the phylogenetic relationships within PSHs M. phoenicea
sensu lato (i.e. M. phoenicea morpho types A and B, M. sibogae and
M. spectabilis) were not clear, it is noteworthy that the distinction
observed between M. phoenicea morpho types seemed relevant.
Indeed, two SSHs were found within the M. phoenicea morpho
type A (SSHs 15 and 16), each corresponding to a biogeographic
province, and a third SSH is formed by M. spectabilis and M. phoe
nicea morpho type B (SSH 14).
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Table 1
Proportion of missing data (%) in the L. brevirostris microsatellite dataset by locus, sampling province and lineage with the number of multi-locus genotypes in parentheses (n).
The 10 loci conserved for the analyses of the whole dataset are in bold.

Lb01 Lb02 Lb03 Lb04 Lb05 Lb06 Lb07 Lb08 Lb09 Lb10 Lb11 Lb12 Lb14 Lb15 Lb16

WIO a (n = 430) 9.5 6.5 2.8 49.8 6.4 4.2 2.6 5.3 68.1 5.1 6.3 49.3 14.0 11.6 4.4
SWP a (n = 73) 1.4 8.2 0.0 1.4 0.0 1.4 2.7 1.4 1.4 1.4 1.4 1.4 4.1 1.4 1.4
WIO b (n = 6) 16.7 0.0 0.0 66.7 0.0 0.0 0.0 0.0 100.0 0.0 50.0 100.0 83.3 0.0 50.0
SWP b (n = 16) 31.3 37.5 0.0 81.3 56.3 0.0 6.3 25.0 100.0 0.0 93.8 81.3 43.8 56.3 25.0
Total (n = 525) 9.1 7.6 2.3 44.2 7.0 3.6 2.7 5.3 60.2 4.4 8.8 44.2 14.3 11.4 5.2
3.4. Comparison of SSHs in L. brevirostris and M. phoenicea with
microsatellite data

As indicated above, the subtree of L. brevirostris presented two
highly divergent lineages a and b, both composed of individuals
sampled in the WIO and the SWP (Fig. 3a). Noteworthy, all loci
were amplified but several loci amplified poorly in individuals
from SWP: the proportion of missing data by locus according to lin
eage and origin of individuals is indicated in Table 1 (NB: Lb13 was
pruned early from our study due to high scoring incertitude). In
fine, eliminating loci with a high proportion of missing data
(P10%) resulted in 10 usable loci. High genetic differentiation
between lineages a and b was indicated by differential amplifica
tion of loci (Table 1), as well as by the high and significant FST value
between both lineages calculated using the 10 common loci
(FST = 0.16, P < 0.001). FST values between L. brevirostris SSHs were
also high and significant (P < 0.001), ranging from 0.15 to 0.24
(Table 2).

DAPC and STRUCTURE analyses revealed that genotypes of L.
brevirostris grouped mostly according to their geographic origin.
DAPC identified six clusters (Fig. 3b): five corresponding to individ
uals sampled from different islands or marine ecoregions, while
the sixth was composed of individuals from both the WIO and
the SWP (corresponding to lineage b). STRUCTURE analysis also
showed that DK yielded a clear maximum at K = 6: five clusters
corresponded to sampled islands plus a cluster formed by individ
uals from the WIO and the SWP (corresponding to lineage b;
Fig. 3c). FST values between STRUCTURE clusters were all highly
significant, ranging from 0.09 (P < 0.001) to 0.21 (P < 0.001;
Table 3). The creation of the 10 artificial datasets, composed evenly
by individuals from both lineages and sampling zone, led to the
elimination of two additional loci, for the same reasons as
explained above. Their STRUCTURE analyses all converged to
K = 2, with mean FST = 0.27⁄⁄⁄ (se = 0.0066).

Phylogenetic relationships in the M. phoenicea sensu lato sub
tree were not fully resolved (Fig. 4a), but Bayesian inference indi
cated that morpho types A and B formed robust clades. Among
Table 2
Lytocarpia brevirostris pairwise FST values for all pairs of secondary species hypotheses
(SSH) with test significance (*P < 0.05; **P < 0.01; ***P < 0.001). Lineage a: SSHs 19, 20
and 21; lineage b: SSH 18.

SSH 18 SSH 19 SSH 20

SSH19 0.22⁄⁄⁄

SSH 20 0.22⁄⁄⁄ 0.24⁄⁄⁄

SSH 21 0.24⁄⁄⁄ 0.24⁄⁄⁄ 0.15⁄⁄⁄

Table 3
Lytocarpia brevirostris pairwise FST values for all pairs of STRUCTURE clusters with test sig

Lineage b (SSH 18) Juan de Nova Islan

Juan de Nova Island 0.10⁄⁄⁄

Madagascar 0.16⁄⁄⁄ 0.09⁄⁄⁄

New Caledonia 0.11⁄⁄⁄ 0.14⁄⁄⁄

Rodrigues 0.20⁄⁄⁄ 0.11⁄⁄⁄

Reunion Island 0.16⁄⁄⁄ 0.13⁄⁄⁄
available loci, two failed to amplify for morpho type A and several
loci were mono or poly allelic depending on morpho types
(Table 4). After eliminating loci with P10% of missing data and
conserving only those polymorphic in both morpho types, the
analysis of the M. phoenicea complex was conducted using 8 loci.
Pairwise FST values between M. phoenicea SSHs were extremely
high and significant, ranging from 0.27 (P < 0.001) to 0.41
(P < 0.001; Table 5). Differentiation between morpho types was
also strong and significant (FST = 0.33, P < 0.001). DAPC analyses
did not converge to a single scheme, indicating a possible hierar
chical structure in our dataset. However, in the successive number
of clusters tested, the initial decline in BIC values slightly slowed at
K = 4 (Fig. 4b), but continued decreasing with increasing K. The
four clusters corresponded to sampling provinces and morpho
types, with morpho type B spread among two clusters (Fig. 4b).
This clustering was consistent when increasing the value of K,
new clusters being formed by splitting the four original ones. The
Bayesian clustering analysis also converged poorly. Indeed, for
the entire dataset (n = 1073 MLGs), DK showed a maximum at
K = 2. The peak corresponded to the clustering of individuals
according to their origin: SWP versus WIO (Fig. 4c). At K = 3, indi
viduals clustered according to SSHs (see Table 5 for FST values)
and, as this clustering was consistent when increasing K, we
decided to use only individuals from the WIO since both
morpho types were present in this region. In this subset
(n = 509), DK showed a maximum at K = 2. At K = 2, one cluster
regrouped all individuals identified as M. phoenicea morpho type
A (SSH 16), and the second cluster comprised all individuals of
M. phoenicea morpho type B (SSH 14; Fig. 4c) with a high genetic
differentiation (FST = 0.33, P < 0.001).
3.5. Comparison of SSHs in Lytocarpia brevirostris and Macrorynchia
phoenicea with nuclear sequences

A set of 175 unique haplotypes (Appendix B) of 1870 bp was
generated and analyzed (only the subtrees corresponding to L. bre
virostris and M. phoenicea sensu lato are presented); this dataset
comprised 1171 polymorphic sites, 699 identical sites (37.7%),
79.2% pairwise identity and a GC content of 39.5% (base composi
tion: A = 33%, C = 18.6%, G = 20.9%, T = 27.5%).

The subtree containing L. brevirostris sequences presented the
same topology and even higher node support than the 16S phylo
genetic reconstruction: lineages a and b were recovered, each con
taining individuals from both sampling provinces (Fig. 5a).

In contrast, the results concerning M. phoenicea sensu lato were
not unequivocal (Fig. 5b). On one hand, samples of M. phoenicea
nificance (⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001).

d Madagascar New Caledonia Rodrigues

0.18⁄⁄⁄

0.19⁄⁄⁄ 0.20⁄⁄⁄

0.11⁄⁄⁄ 0.18⁄⁄⁄ 0.21⁄⁄⁄
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morpho type A formed robust clades according to their origin, cor
responding to SSHs 15 and 16. On the other hand, SSH 14, which
represented M. phoenicea morpho type B and M. spectabilis, was
polyphyletic when using the concatenated dataset. Indeed, M.
phoenicea morpho type B and M. spectabilis haplotypes clustered
in two different partly unsupported clades. FurthermoreM. sibogae
(SSH 13) was no longer external to the clade composed byM. phoe
nicea morpho types A, B and M. spectabilis (Fig. 5b). Interestingly,
concatenated sequences presented the same structure as
microsatellite data: sequences grouped principally according to
geographic origin, but with low support.
4. Discussion

We used the mitochondrial marker 16S to study lineage diver
sity in Aglaopheniidae and detect potential cryptic species. Based
on our protocol (i.e. excluding singletons), the combination of sev
eral molecular based species delimitation methods identified 35
SSHs among 37 PSHs (Fig. 2, Appendix C). Several SSHs did not cor
respond to PSHs, revealing potential cases of synonymy and the
presence of independent lineages within PSHs. Nevertheless, the
majority of PSHs were monophyletic and SSHs were often related
to geography (see L. phyteuma, L. brevirostris,M. phoenicea complex,
Fig. 2).

4.1. Life cycle and evolutionary lineages

All methods used split several PSHs into independent lineages.
These lineages might reflect deep divergences occurring between
populations across PSHs distributions. Indeed, high diversity of
independent lineages in widely distributed hydrozoan species
has been documented in Plumularia setacea (Linnaeus, 1758),
another brooding hydrozoan (Schuchert, 2014), as in other hydro
zoans (e.g. Folino Rorem et al., 2009; Moura et al., 2008). In Plumu
laria setacea, each of the 10 sampled regions presented a highly
divergent, geographically delimited lineage lacking clear morpho
logical distinctions (Schuchert, 2014). As individuals were sampled
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Table 4
Allelic range per microsatellite locus for both M. phoenicea morpho-types with the
number of multi-locus genotypes in parentheses (n). The eight loci conserved for the
analyses of the whole dataset are in bold.

Morpho-type A (n = 706) Morpho-type B (n = 367)

Mp01 No amplification 119–164
Mp02 No amplification 106–123
Mp03 153–194 153–165
Mp04 150–189 155–171
Mp05 228–256 230–256
Mp06 268–324 308–333
Mp07 143–162 140–164
Mp08 155–167 155–167
Mp09 176–196 186–194
Mp10 241–347 236–324
Mp11 301 289–324
Mp12 136 135–171
Mp13 154 138–164
Mp14 182 177–188
Mp15 202 202–225
Mp16 212 197–218
Mp17 114–159 132
Mp18 127–180 144
Mp19 153–174 159
Mp20 192–204 201
Mp21 271–305 284
Mp22 119–129 121
Mp23 126–168 136–154
Mp24 139–202 143
Mp25 157–169 166
Mp26 216–242 233

Table 5
Macrorhynchia phoenicea complex pairwise FST values for pairs of SSHs with test
significance (⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001).

SSH 14 SSH 15

SSH 15 0.41⁄⁄⁄

SSH 16 0.34⁄⁄⁄ 0.27⁄⁄⁄
in similar ecosystems, the author argued that this pattern was
likely the outcome of a low dispersal capacity of this taxon rather
than the result of morphological convergence related to ecological
constraints. The majority of Aglaopheniidae morpho species are
brooders: larvae are released only when mature and ready to settle
(Boero and Bouillon, 1993; Bouillon et al., 2006). Incubating larvae
is thought to limit gene flow, but the relationship between pelagic
larval duration and dispersal capacity measured via population
genetics is not straightforward (Ayre and Hughes, 2000; Faurby
and Barber, 2012; Shanks, 2009; Siegel et al., 2008; Teske et al.,
2007; Weersing and Toonen, 2009). Indeed, even when considering
species with potentially high dispersal capacities, genetic
exchanges across ocean basins can still be constrained due to the
presence of biogeographic barriers (Ayre et al., 2009; Muths
et al., 2011; Ridgway and Sampayo, 2005). However, in ophiuroids,
low phylogenetic diversity across ocean basins was associated with
the presence of a planktotrophic larva, whereas taxa with lecitho
trophic larvae presented important cryptic diversity and allopatric
speciation over relatively small geographic scales (Hoareau et al.,
2013). Thus, potentially low dispersal capacity appears to facilitate
vicariance and allopatric speciation in marine organisms (Paulay
and Meyer, 2002).

In the present study, G. hians (Busk, 1852) and M. philippina
Kirchenpauer, 1872 are not brooders but present a reduced
medusa stage called medusoid (Bourmaud and Gravier Bonnet,
2004). These two morpho species were represented by few SSHs,
composed of individuals from distant biogeographical provinces.
In contrast, brooding morpho species with hypothetically
lower dispersal capacities, sampled over large geographic scales,
presented higher numbers of SSHs: L. phyteuma and L. brevirostris
were composed of several robust clades, some occurring within
the same biogeographic provinces or even sympatrically at sam
pling sites. These results suggest that larval brooding enhances
diversification opportunities in Aglaopheniidae by limiting a tax
on’s dispersal capacities and its populations’ connectivity. While
the majority of Aglaopheniidae morpho species are thought to pre
sent global distributions (Costello et al., 2013), the extensive lin
eage diversity uncovered within these taxa (Moura et al., 2012,
this study) indicates that they are more likely to represent mosaics
of independent meta populations, restricted to small geographic
areas, forming cryptic species similarly to some other cnidarians,
gastropods and understudied cosmopolitan taxa (Aurelle et al.,
2011; Jörger et al., 2012; Mokhtar Jamaï et al., 2011; Payo et al.,
2013).

4.2. Sequence based species delimitation methods

The species delimitation methods used here reveal synonymies
of several PSHs: A. pluma, A. tubiformis and A. octodonta do not form
monotypic clusters but are regrouped into a single SSH. Unfortu
nately, only one marker was available for these PSHs, and their tax
onomic status thus remains unresolved. However, their synonymy
was already predicted by Moura et al. (2012) and is supported by
their strong morphological similarity and their low genetic diver
sity. Gymnangium eximium and G. gracilicaule present another
example of PSHs with ambiguous taxonomic status, which is



currently under revision using both morphological and molecular
data (Ronowicz et al., submitted for publication).

Previous phylogenetic studies of other cnidarian groups have
revealed complex species relationships without clear boundaries,
possible hybridization and high cryptic diversity (e.g. Reimer
et al., 2007; Souter, 2010), highlighting the difficulty of using mor
phological characters to delimit species in this phylum. Likewise,
hydrozoans, or at least Aglaopheniidae, present a good case where
an integrative approach is necessary to settle species limits by
combining as much information as possible (Padial et al., 2010;
Schlick Steiner et al., 2010) to avoid overlooking cryptic diversity
[see an example for cave spiders in Hedin (2015)]. Noteworthy,
even if some morphological characters do not represent phyloge
netic relationships in this family, most PSHs do form robust mono
phyletic clades (Moura et al., 2012; Postaire et al., 2015c);
therefore morphological characters are valuable in the identifica
tion of these taxonomic entities, even if they may encompass more
than a single species.

However, before considering each identified SSHs as a species,
the priors and specificities of each delimitation method must be
considered. First of all, ABGD and GMYC methods might fail to rec
ognize clades undergoing rapid radiation or recently formed spe
cies (Puillandre et al., 2012a; Reid and Carstens, 2012).
Furthermore, GMYC models assume that the studied taxa do not
present a meta population structure (i.e. each identified cluster
of haplotypes is a meta population in itself), while ABGD is only
based on a measure of distance between sequences, without con
sidering phylogenetic relationships. Also, both methods do not
ponder possible introgressions. As it is very unlikely that
Aglaopheniidae PSHs are represented by a single evolutionary
lineage across multiple ocean basins, SSHs that correspond to the
sampling regions might reflect complex population genetic struc
turing and incomplete lineage sorting (Talavera et al., 2013).
Furthermore, all the methods used are designed for barcoding
markers, i.e. 16S in this study. Some other universal markers exist
for hydrozoans, but they are either too conserved for these meth
ods (supposed absence of a barcoding gap; Baba et al., 1984;
Lindner et al., 2011) or present too high intra specific variation
(Coleman, 2003; Merino Serrais et al., 2012) to be useful as bar
codes. In addition, these methods require samples of the entire
species range, with several individuals from each sampling site
(Lim et al., 2011; Powell, 2012; Talavera et al., 2013). For most
studied PSHs, however, distribution ranges are roughly estimated
or inaccurate. As sequence based species delimitation methods
identified several entities within PSHs, finer morphological mea
sures, ecological and population genetics data are required. Indeed,
populations genetics is particularly helpful in determining whether
lineages are interbreeding and thus represent biological species
(Mayr, 1942).

In our case, a conservative approach would be to consider as
SSHs each robust clade that corresponds to a major biogeographic
province, or even ecoregion, and complement species delineation
methods with population genetics studies and other data types.
We covered several of these aspects for two PSHs: L. brevirostris
and M. phoenicea sensu lato.

4.3. Integrative taxonomy in Aglaopheniidae

Our study reveals the extent of the hidden diversity in this fam
ily. In the case of L. brevirostris, the use of microsatellite data con
firmed (1) the identification of several SSHs, while merging some
of them, and (2) the existence of sympatric highly divergent lin
eages within this morpho species (lineages a and b), with little
gene flow between them. However, when used in species with
low gene flow and high population differentiation, the differentia
tion levels between species and between isolated populations
within species may be indistinguishable. Nonetheless, the phyloge
netic relationships reconstructed with nuclear markers supported
the results of both mitochondrial and microsatellite data. Thus,
considering the congruent outcomes of (1) species delimitation
methods, (2) microsatellite data, (3) nuclear sequence markers
and (4) the fact that individuals belonging to different SSHs
occurred sympatrically, we conclude that this PSH is at least com
posed of two true biological cryptic species: L. brevirostris a and L.
brevirostris b.

Using microsatellite data was also conclusive for the M. phoeni
cea complex but needs further exploration: population genetics
requires extensive geographic and taxonomic sampling, which
we could not achieve for M. sibogae and M. spectabilis. The status
of the former PSH is quite variable depending on authors: M. sibo
gae has been considered either a valid PSH (Billard, 1913; Gravier
Bonnet and Fontaine, 1981) or a synonym of M. phoenicea (Di
Camillo et al., 2009). The incongruence between mitochondrial
and nuclear data does not help to clarify this issue. It is worth not
ing, however, that M. phoenicea morpho type B and M. spectabilis
share a 16S haplotype, supporting their potential synonymy or at
least high relatedness. Microsatellite data were useful to clarify
the relationships between both M. phoenicea morpho types. Even
if the clustering scheme and nuclear sequences reflected the mix
ing of phylogenetic (i.e. differentiation between SSHs and morpho
types) and population genetics information (i.e. differentiation
between SWP and WIO), all available information confirmed the
differentiation between morpho types A and B. Schuchert (2003)
already suspected two variants of M. phoenicea to be two full spe
cies in the Kei Islands (Maluku Province, Indonesia). Thus, as (1)
morpho types A and B occur sympatrically in the WIO, (2) they
present a reciprocal monophyly, (3) microsatellite loci present dis
crepancies in amplification and allelic richness, and (4) genetic dif
ferentiation is extremely high in sympatric populations, we
conclude that M. phoenicea sensu stricto is composed of at least
two biological species with probable distinct microhabitats. These
two species deserve the attention of taxonomists; morpho type A
from SWP might either represents another true species or a highly
divergent lineage of M. phoenicea morpho type A. Our field obser
vations are congruent with genetic data, showing the importance
of gathering ecological information (even succinct) when studying
taxonomy.
5. Conclusions

In this study we employed species delimitation tools to assess
the congruence between genetic data and morphological classifica
tion in hydrozoans from the Aglaopheniidae family. We identified
several independent lineages in nominal morpho species, repre
senting true cryptic species. These results, based on the congruence
of sequence and microsatellite data, reveal part of the hidden
diversity within the Aglaopheniidae family. Our results underline
the relevance of integrative taxonomy in Aglaopheniidae and have
direct implications for taxonomy and conservation, highlighting
that the current Aglaopheniidae register might seriously underes
timate the true diversity within this family.
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