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Mitochondrial phylogeny 
of the brittle star genus 
Ophioderma
H. A. Lessios1* & Gordon Hendler2

We reconstructed the mitochondrial phylogeny of the species of the brittle star genus Ophioderma, 
using sequences of the Cytochrome Oxidase I gene (COI) to address four questions: (i) Are the species 
of Ophioderma described on morphological evidence reflected in mitochondrial genealogy? (ii) Which 
species separated from which? (iii) When did speciation events occur? (iv) What is the rate of COI 
evolution in ophiuroids? We found that most of the 22 described species we sampled coincide with 
monophyletic clusters of COI sequences, but there are exceptions, most notably in the eastern Pacific, 
in which three undescribed species were indicated. The COI phylogeny lacks resolution in the deeper 
nodes, but it does show that there are four species pairs, the members of which are found on either 
side of the central American Isthmus. Two pairs with a genetic distance of ~ 4% between Atlantic 
and Pacific members were probably split during the final stages of Isthmus completion roughly 3 
million years ago. The rate of divergence provided by these pairs allowed the calibration of a relaxed 
molecular clock. Estimated dates of divergence indicate that the lineages leading to extant species 
coalesce at times much older than congeneric species in other classes of echinoderms, suggesting 
that low extinction rates may be one of the reasons that ophiuroids are species-rich. The mean rate of 
COI substitution in Ophioderma is three times slower than that of echinoids. Conclusions of previous 
mitochondrial DNA studies of ophiuroids that relied on echinoid calibrations to determine divergence 
times need to be revised.

The Ophiuroidea (brittle stars), with more than 2000 species, is one of the two most species-rich echinoderm 
 classes1. They inhabit benthic environments in nearly all depths and  latitudes2. Molecular data have been used to 
elucidate their higher level  phylogeny3–9, to delimit species  borders10–19, and to document intraspecific population 
genetic  structure20–26. However, to our knowledge, there are only two published molecular phylogenies of brittle 
stars at the genus or family level, those of Macrophiothrix27 and of ophiocomid brittle  stars28. Phylogenies showing 
the order of splitting of congeneric species from each other, the time that these splits occurred, and sister species 
relationships are the first step towards determining the possible causes of speciation. This paper attempts to make 
the first strides towards this end through a mitochondrial phylogeny of the species of the genus Ophioderma.

The genus Ophioderma Müller & Troschel, 1840 encompasses 33 extant described  species1, though two, O. ton-
ganum Lütken, 1872 and O. propinquum Koehler, 1895, both described from the Indo-Pacific, appear to be based 
on doubtful locality information and possibly  misidentified29–31. Another species, O. besnardi Tommasi, 1970, 
described from  Brazil32 may be the juvenile form of O. cinereum33. Five of the 33 species were recently described. 
Stöhr et al.34 split O. longicaudum (Bruzelius, 1805) into O. longicaudum, O. zibrowii Stöhr, Weber, Boissin & 
Chenuil, 2020, O. hybridum Stöhr, Weber, Boissin & Chenuil, 2020, and O. africanum Stöhr, Weber, Boissin & 
Chenuil, 2020 and also resurrected O. guineense Greeff, 1882, which  Madsen35 had placed into synonymy with 
O. longicaudum. Granja-Fernandez et al.36 described Ophioderma hendleri Granja-Fernandez, Pineda-Enriquez, 
Solis-Marin & Laguarda-Figueras, 2020 and pointed out that a number of Ophioderma museum specimens from 
the eastern Pacific were erroneously identified as belonging to previously described species.

The species of Ophioderma are distributed on both sides of tropical and subtropical America, the Mediter-
ranean, and the West African coast. O. anitae Hotchkiss, 1982, O. appressum (Say, 1825), O. brevicaudum Lütken, 
1856, O. brevispinum (Say, 1825), O. cinereum Müller & Troschel, 1842, O. devaneyi, Hendler & Miller, 1984, O. 
elaps Lütken, 1856, O. ensiferum Hendler & Miller, 1984, O. guttatum Lütken, 1859, O. holmesii (Lyman, 1860), 
O. pallidum (Verrill, 1899), O. phoenium H.L. Clark, 1918, O. rubicundum Lütken, 1856, and O. squamosissi-
mum Lütken, 1856 are found in the Caribbean, Bahamas, and  Bermuda37,38. Of these, only O. brevispinum, O. 
cinereum and (perhaps) O. brevicaudum have a range extending south to  Brazil39,40, and only O. brevicaudum 
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and O. brevispinum spread north to the Carolina Banks and to the Cape Cod  respectively38. O. januarii Lütken, 
1856 is common in  Brazil40–43. A nominal Brazilian species, O. divae Tommasi, 1971was described from Baía de 
Santos in Sao Paulo  State44, but it has never been reported from any other location. O. longicaudum exists in the 
Eastern Atlantic from Bretagne to Macaronesia and widely in the  Mediterranean34,45. O. zibrowii is found in the 
eastern Mediterranean. O. hybridum is only known from the coast of Tunisia. O. africanum is only known from 
Senegal. O. guineense is listed by Stöhr et al.34 as extending from Senegal to the Gulf of Guinea, although one 
mitochondrial clade, designated as corresponding to this species, was found by Boissin et al.14 to also be present 
in the Mediterranean. O. wahlbergii Müller & Troschel, 1842 is found on the Atlantic coast of South Africa from 
Namibia to Danger  point46,47. Depth records of most Atlantic species range from the littoral to ca 200 m, but O. 
pallidum has only been reported from 198 to 360 m off  Cuba38.

In the eastern Pacific there are 8 nominal species: Ophioderma panamense Lütken 1859, O. pentacanthum 
Clark 1917, O. teres (Lyman 1860), and O. variegatum Lütken 1856 range from southern California to Ecuador 
at depths of 0 to approximately 100  m48 O. hendleri is spread from the Gulf of California to  Colombia36. Other 
species have more restricted reported ranges. O. vansyoci Hendler 1996 is known from only two localities, one 
on each side of Baja  California49,50, O. peruanum Pineda-Enriquez, Solis-Marin, Hooker & Laguarda-Figueras, 
2013 is only known from the coast of  Peru30, and O. sodipallaresi Caso, 1986 is only known from Mazatlán, 
 Mexico51. O. elaps, known from the  Caribbean29,31,52–54, where it was originally collected and described, has also 
been reported from one locality in the  Galapagos29,48,55.

Fossils ascribed to extinct species of Ophioderma have been reported from the  Permian56,  Triassic56–59, 
 Jurassic60–62,  Cretaceous63, and the  Miocene64. Chen and  McNamara57 have pointed out that many of these 
records are based on disarticulated plates or possess characters that do not place them in the genus.  Aronson65, 
on the other hand, described Jurassic fossils of Ophioderma at the British museum as “exceptionally well pre-
served”. The transcriptomic phylogeny of O’Hara, et al.5, calibrated by multiple reliably identified fossils, suggests 
that the Ophiodermatidae did not originate until the Cretaceous, approximately 100 MYA (million years ago).

The majority of species of Ophioderma have lecithotrophic vitellaria larvae that in the laboratory settle 
approximately in eight  days37,66–70. However, O. wahlbergii off South Africa broods its  young71,72, as do individu-
als previously considered as belonging to O. longicaudum but recently described as O. zibrowii from the eastern 
Mediterranean and O. hybridum from  Tunisia14,15,34. Individuals of some species are estimated to be quite long-
lived; O. brevispinum is thought to reach an age of 25–28 years, and O. longicaudum 30  years69.

In this study we use partial sequences of the Cytochrome Oxidase I (COI) mitochondrial gene to address 
the following questions: (i) Are the species of Ophioderma described on morphological evidence reflected in 
mitochondrial genealogy? (ii) Which species separated from which? (iii) When did speciation events occur in 
this genus? (iv) What is the rate of COI evolution in ophiuroids?

Results and discussion
The COI phylogeny of Ophioderma (Figs. 1 and 2) showed little resolution in deeper nodes. Thus, little can be 
said about the relationships between species on COI alone. However, COI of most morphologically recognized 
species was shown to be monophyletic, which bolsters the case that COI evidence can be used to delimit spe-
cies in this genus. Part of the doubt created by the Maximum Likelihood (ML) reconstruction is that the genus 
Ophioderma may not be monophyletic with respect to Ophiarachnella. The node joining these two genera was 
supported with a posterior of 1.00 in MrBayes, but with only 55% of the bootstrap reiterations of RAxML (Fig. 1). 
Conversely, the node joining these two genera with Ophiarachna received support of 1.00 in MrBayes and of 
89% in RAxML. Such discrepancies between methods of phylogenetic reconstruction have made it necessary to 
collapse nodes that did not receive high support from at least one of the two methods.

Species delimitation. COI sequences of most morphologically defined species were monophyletic, but 
there were some inconsistences between morphology and DNA. In the Atlantic, two COI haplotypes, one from 
French Guiana and one from Suriname, which were morphologically identified as belonging to O. januarii, were 
nested within haplotypes of O. brevispinum. That this was not the result of low phylogenetic resolution is evident 
from their being reciprocally monophyletic from haplotypes of O. brevispinum from Belize, while the Belize and 
South American clades were sister to O. brevispinum from Massachusetts (Fig. 2). O. januarii and O. brevispinum 
are morphologically  similar74, but the arms of the former are broader and more carinate near the disk and more 
tapered distantly, and the arm spines are longer and more  tapered73,75. It remains to be determined whether 
they are, indeed, separate species. Another possibility is that Caribbean O. brevispinum and South American 
O. januarii belong to the same species, whereas the Massachusetts “O. brevispinum” is a separate species. This 
hypothesis would be consistent with a strict interpretation of relative genetic distances. The Maximum Com-
posite Likelihood Genetic Distance between Caribbean O. brevispinum and O. januarii (6.80%) is smaller than 
the genetic distance between Massachusetts and Caribbean O. brevispinum (9.53%) or between Massachusetts 
O. brevispinum and O. januarii (8.05%). It is also possible that all three clades are separate species. Although 
molecular sampling in Brazil is necessary to choose between these alternatives, it would not be surprising if 
North American populations ascribed to O. brevispinum, occurring at higher latitudes than any other species of 
Ophioderma, were a distinct species. These northern populations had, in fact, been described as belonging to O. 
olivaceum by Ayres in  185276, but  Lyman77, without providing an explanation, synonymized O. olivaceum with 
“Ophiura brevispina”.

In the eastern Pacific there were two distinct and distantly related COI clades, the morphology of which 
does not fit the species description of any species from this ocean. One clade, designated in Fig. 1 as O.sp.1 and 
found in Anacapa, San Clemente and Santa Barbara islands off California, has a genetic distance of 14.31% from 
a clade found in California and Mexico that is designated as O. sp. 2, which it resembles in gross morphology 
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Figure 1.  Part of the phylogeny of COI haplotypes of Ophioderma. Second part is shown in Fig. 2. 
Reconstruction is based on Maximum Likelihood (ML), using  RAxML109, and Bayesian Information (BI) using 
 MrBayes108. The tree is rooted on Ophiocomella pumila, but Ophiarachna incrassata and Ophiarachnella petersi 
were also included in the phylogeny to verify monophyly of Ophioderma. All nodes that did not receive support 
of at least 80% in ML or 0.9 in BI have been collapsed. Numbers next to nodes indicate ML and BI support (in 
this order). Asterisks indicate support of 100%. Codes indicate individuals in which a haplotype was present.
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(Supplementary Table S1). The latter clade, is sister to O. panamense, but separated by a genetic distance of 10.53% 
from it. Given the magnitude of these genetic distances, these two clades in all probability represent undescribed 
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Figure 2.  Second part of the phylogeny of COI haplotypes of Ophioderma, continued from Fig. 1. All nodes 
that did not receive support of at least 80% in ML or 0.9 in BI have been collapsed. Numbers next to nodes 
indicate ML and BI support (in this order). Codes indicate individuals in which a haplotype was present. 
Asterisks indicate support of 100%. Haplotypes obtained from the study of Boissin, et al.14 are identified by 
codes that start with either “JN” or “FJ” (GenBank numbers). Clade labels starting with “L” are those designated 
by Boissin, et al.14 , labels starting with C are from Weber et al.101.
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species. The morphology of the specimens from which the sequences were obtained clearly indicates that they 
do not belong to O. pentacanthum, O. vansyoci, O. peruanum, or O. sodipallaresi, nominal eastern Pacific species 
which we were unable to sequence. Two haplotypes of Ophioderma from Clipperton are reciprocally monophy-
letic with those of Atlantic O. elaps (Fig. 2). Given that their genetic distance from O. elaps is 4.95%, slightly 
higher than the distance between O. holmesii and O. teres (Supplementary Table S1), and given that O. elaps has 
also been reported from the eastern  Pacific29, they might have been expected to belong to this species. However, 
they are morphologically very different from O. elaps and much more similar to O. pentacanthum. They differ 
from O. pentacanthum in that their arm spines are longer and more tapered, their dorsal arm plates are trapezi-
form and relatively narrow, their ventral arm plates are W-shaped, rather than rhomboid or quadrangular, and 
separated by large gaps. These specimens must also belong to an undescribed species to which we refer here as 
O. aff. pentacanthum.

Relationships between species. Despite the low resolution of the COI phylogenetic reconstruction, evi-
dence of shared common ancestors among some species is recorded in this mitochondrial marker (Figs. 1 and 2). 
The common ancestor of O. holmesii and O. teres split from the common ancestor of O. phoenium and O. cinereum. 
That O. phoenium and O. cinereum are sister to each other was also shown by Bribiesca-Contreras et al.8, based 
on sequence from1462 exons and from COI, and by Christodoulou et al.9 based on the same data, plus sequence 
from 28S. These studies did not sample O. holmesii but reported that O. peruanum, which we did not sample, is 
sister to O. teres. It is, therefore, possible that the eastern Pacific O. teres and O. peruanum are closely related and 
their ancestor was separated from the Atlantic O. holmesi by the rise of the Isthmus of Panama. Contrary to the 
unsupported speculation of  Madsen35, and in accordance with the conclusions of  Tortonese45, which were based 
on several reliable morphological features, O. cinereum and the O. longicaudum complex, with an average genetic 
distance of 12.43% from each other (Supplementary Table S1) are not related. O. guttatum is an outgroup of O. 
appressum and O. hendleri. In the phylogeny of Bribiesca-Contreras et al.8 (which does not include O. hendleri), 
O. guttatum is an outgroup to a clade composed of O. squamosissimum and O. vansyoci, but the lower resolution 
of COI in our data did not provide support for the node joining it with O. squamosissimum. O. appressum and 
O. hendleri are another amphi-isthmian pair, but probably separated earlier than the completion of the Isthmus 
(see below). The members of the majority of geminate species in a variety of organisms were either separated by 
the protracted emergence of the central American Isthmus before the final closure, or else appear as if they have 
done so because of the extinction of true  geminates78,79. Bribiesca-Contreras et al.8 show O. variegatum, rather 
than O. hendleri, as the sister species of O. appressum, but, as O. hendleri had not yet been described at the time 
of their  publication36, it is not unexpected that they would assign the specimen they sequenced to O. variegatum. 
As Granja-Fernandez et al.36 point out, O. hendleri and O. variegatum can easily be confused, because they both 
have radial shields covered with granules and naked adoral shields. The Isthmus also appears to have separated 
O. variegatum (proper) from the common ancestor of O. brevispinum and O. januarii, and also O. aff. pentacan-
thum at Clipperton from Atlantic O. elaps (Fig. 2). O. wahlbergii in both the Bribiesca-Contreras et al.8 and the 
Christodoulou et al.9 phylogenies appears as an outgroup of nearly all other species of Ophioderma, which is not 
incompatible with our COI phylogeny that lacks support for deep nodes. The COI phylogeny, however, shows O. 
wahlbergii to be in a clade that includes O. devaneyi and O. elaps and O. aff. pentacanthum, species that were not 
included in the Bribiesca-Contreras8 et al. and the Christodoulou et al.9 phylogenies.

We have included in our set of data sequences of O. longicaudum from a study by Boissin, et al.14 primarily 
to determine the affinities of our sample from the Kassandra peninsula in the northern Aegean to the six clades 
they discovered. Stöhr, et al.15, Boissin, et al.14 and Weber et al.16,80 found that individuals with brooded young 
belonged to mitochondrial clades labeled L2, L3 and L4 (as defined in ref.14), all found in warm, oligotrophic 
waters of the Mediterranean east of Peloponnese, whereas lineages L1, L5, and L6 contained broadcast spawning 
individuals. They suggested that the brooding lineages are separate species, and they were subsequently described 
as  such34. In our phylogeny (Fig. 2) the Kassandra specimens were nested in lineage L1 along with specimens 
from the eastern Atlantic, Cyprus, Croatia, and Marseille. Their average genetic distance from the rest of clade 
L1 is 0.62%, whereas from the other clades of the O. longicaudum complex their average distance is 4.39% (Sup-
plementary Table S1). Clade L1is predominantly found in the western Mediterranean but also in the Saronic 
Gulf, east of the  Peloponnese14. Its presence at the Kassandra peninsula in the northern Aegean may be related 
to the colder waters of this area, because this clade is adapted to lower  temperatures80.

Chronology of branching and rate of evolution. In the COI phylogeny (Figs. 1 and 2), there were four 
clades separated by the Central American Isthmus: (a) Sequences of O. appressum were nested in those of O. hen-
dleri (Fig. 1); (b) O. variegatum was reciprocally monophyletic with the O. brevispinum-O. januarii clade (Fig. 2); 
(c) Sequences of O. holmesii were nested in those of O. teres (Fig. 1); and (d) Sequences of O. elaps were sister to 
sequences of O. aff. pentacanthum (Fig. 2). The genetic distance between members of pair (a) was 13.03%, the 
distance between members of pair (b) was 12.99%, whereas that between members of pair (c) was 4.02% and 
between members of pair (d) was 4.95% (Supplementary Table S1). We, therefore, assumed that the divergence 
between the members of the last two pairs was more likely to reflect separation caused by the final stages of the 
emergence of the Central American Isthmus roughly 3 million years (MY)79. Thus, the split of O. holmesii from 
O. teres and the split of O. elaps from O. aff. pentacanthum were given an offset of 3 MY, and the resultant rate of 
COI divergence in Ophioderma was used by BEAST to estimate dates of clade separation by a log normal relaxed 
clock (Fig. 3). To estimate divergence times, it is necessary to preserve information on branch length. Nodes, if 
collapsed because of low support, would produce a false impression of antiquity. For this reason, all nodes in the 
fully resolved RAxML tree needed to be included in the BEAST analysis, even when they might have received 
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low support. Figure  3, therefore, constitutes a chronogram. Given the wide 95% Highest Posterior Density 
(HPD) intervals of each node, the chronogram is compatible with the collapsed phylogenetic tree (Figs. 1 and 2).

The general impression provided by the BEAST chronology (Fig. 3) is that in comparison to echinoid and 
asteroid molecular phylogenies, clades leading to extant species of Ophioderma are quite old. In fact, they may be 
much older than is estimated by median ages in COI, because codon positions of mitochondrial DNA (mtDNA) 
that are free to vary are likely to become saturated with time. That COI sequences underestimate the antiq-
uity of the older clades is revealed by a comparison of the age of deeper nodes of Ophioderma involving the 
outgroups, with the estimated ages for the separation of ophiuroid families obtained by O’Hara, et al.5 from 
285 kb of sequence from 1552 exons and 11 fossil-based reliable date calibrations. By COI, the Ophiocomoidea 
(represented by Ophiocomella) and the Ophiodermatoidea (represented by Ophiarachna, Ophiarachnella and 
Ophioderma) were estimated by the COI chronogram to have branched from each other between the Paleocene 
and the Oligocene (median: 49.2 MYA, 95% HPD: 86.1–25.5 MYA). The Ophiomyxidae (Ophiarachna) were 
estimated as having split from the Ophiodermatidae (Ophiarachnella, Ophioderma) at 37.6 MYA (95% HPD: 
64.8–18.9 MYA). According to the more reliable analysis by O’Hara et al. these separations between superfamilies 
and families occurred much earlier, between the Triassic and the Cretaceous 250–100 MYA.

More recent dates estimated on the basis of COI, which may be more accurate as they involve fewer multiple 
hits, suggest that Ophioderma clades that lead to extant species are older than those of extant congeneric species 
in other echinoderm classes. In Ophioderma, lineages terminating in extant species coalesce in the Oligocene; 
much of the cladogenic activity has occurred 27–10 MYA between the middle-Oligocene and early Miocene 
(Fig. 3). In most phylogenies of extant echinoids, COI lineages of extant species within genera coalesce more 
recently: ~ 0.5 MYA in Paracentrotus81, ~ 3 MYA in Tripneustes82 and also in Lytechinus83, ~ 4 MYA in Echinome-
tra84, Heliocidaris85 and in Arbacia86, ~ 5 MYA in Eucidaris87, ~ 5.5 MYA in Mellita88 (but ~ 14 MYA in Diadema89, 
and ~ 15 MYA in Encope90). The limited number of dated phylogenies of asteroid genera also suggest that lineages 
within a genus coalesce more recently than they do in Ophioderma. In Asterias they only go back to ~ 3.5  MYA91 
and in Leptasterias ~ 8  MYA92. In holothurians the most distant species of Stichopus go back to 4.6–8.8  MYA93, but 
those of the immense, paraphyletic genus Holothuria are quite old, coalescing in the Triassic, some 240  MYA94. 
The case of Holothuria illustrates that taxonomic decisions as to the size of a genus will influence the appearance 
of antiquity of the species it contains. However, it is not likely that the species of Ophioderma appear to be old 
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only because the genus has been too broadly defined, because there are no obvious morphological or molecular 
discontinuities that would suggest that it should be subdivided.

Whether this longevity of lineages is characteristic of ophiuroids in general or of Ophioderma in particular 
remains to be determined. The phylogeny of Ophiocomidae by O’Hara, et al.28 reveals that their genera are also 
old. In this family, the genus that evolved most recently dates back to the Paleogene, 30 MYA. The persistence 
of ophiuroid lineages terminating to the present time suggests that this class of echinoderms may suffer a lower 
rate of extinction than echinoids. This may be part of the reason that they contain more than double the number 
of extant species than echinoids.

Contrary to conclusions from previous studies that the ophiuroid mitochondrial mitogenome in general 
and the COI gene in particular evolve faster than that of other classes of  echinoderms95,96, COI substitution rate 
in Ophioderma, as calibrated from the age of the completion of the Isthmus of Panama, is three times slower 
than the average rate of similarly dated echinoids. The separation between the geminate species O. teres and O. 
holmesii dated from BEAST, occurred 3.5 MYA, and the genetic distance between the two species was 4.02%. The 
separation of O. elaps from O. aff. pentacanthum was also dated at 3.5 MYA and the genetic distance was 4.95%. 
Thus, Ophioderma divergence rate in COI has proceeded at approximately 1.15–1.41% per MY. Roy and  Sponer97 
estimated the rate of COI divergence in Ophiactis to be 0.87% per MY. In echinoids, the average rate of COI 
divergence in six genera summarized by  Lessios78 is 3.66% (range 2.90–4.50%) per MY. Since that publication, a 
higher rate of 7.85% per MY has been found in Mellita88 and a much slower rate of 0.23% in Encope90, illustrating 
that even within a single family rates of substitution can vary by an order of magnitude, but preserving the echi-
noid mean at 3.76% per MY. With the exception of Roy and Sponer 97 and of Richards, et al.25, previous studies 
of evolution in ophiuroids based on  COI12,14,17,18,98 relied on rate calibrations from echinoids, as the echinoderm 
group in which the calibrations were most extensively determined at the time that the studies were conducted. 
The dates in these studies are in need of revision, as are some of the conclusions based on them. Given the substi-
tution rate of COI in Ophioderma, the clades (now different species) of O. longicaudum did not begin separating 
at the time of Pleistocene glaciations after 2.4 MYA as Boissin, et al.14 estimated, but more likely at about 7 MYA, 
before the Messinian  crisis99. Assuming that class-specific calibrations provide better estimates than phylum-
based estimates, and applying the Ophioderma calibration to studies of other ophiuroid genera, the sister clades 
of Ophiarachnella, Ophiopeza and Ophiolepis discovered by Hoareau, et al.18 in the southern Indian Ocean did 
not separate between 1.6 and 3.9 MYA, but rather between 4.2 and 11.7 MYA. The divergence between intertidal 
and subtidal populations of Acrocnida brachiata occurred closer to 10 MYA instead of 3.598 or 5  MYA12, adding 
evidence in favor of recognizing the intertidal form as a separate  species100. Similarly, divergence between line-
ages of European Ophiothrix occurred 14–22 MYA, rather than the Miocene–Pliocene transition 4.8–7.5  MYA10.

Conclusions
The COI phylogeny of the species of Ophioderma is far from the last word on the reconstruction of the relation-
ships between its species, but it does illustrate that several undescribed species may be present, and that, dated 
with calibrations specific to this genus, lineages coalesce farther back in time than those of the studied genera 
of echinoids, asteroids and holothuroids.

Materials and methods
Collection of specimens. We sampled a total of 185 individuals of 21 species of Ophioderma from 25 
localities (Fig. 4) either collected by us, donated at our request, or available in the Natural History Museum of 
Los Angeles County. To the set of our data, we added 16 Cytochrome Oxidase I (COI) sequences of O. longicau-
dum from Boissin, et al.14, 3 to 5 from each of the six clades of COI they identified. Their clade L1 (C3 in Weber 
et al101) corresponds to O. longicaudum34, their clades L2, L3 and L4 (C2, C5 and C6 in Weber et al.101) corre-
spond to O. zibrowii, clade L5 (C2) is present in O. africanum, and L6 (C1) in O. guineense, although the species 
name of Mediterranean specimens that share this clade is unclear (see introduction). Sequences of O. longicau-
dum from the Canary Islands and from Madeira (GenBank Accession numbers FJ716117, FJ716121, FJ716122, 
JN603483-JN603485, JN603517- JN603525, JN603556) that appeared in Boissin, et al.14 had been obtained by us 
for the present study. Of the species of Ophioderma that are currently regarded as valid in the World Register of 
Marine  Species1, we were unable to either obtain specimens or to amplify DNA from O. besnardi, O. ensiferum, 
O. divae and O. pallidum from the western Atlantic and from O. pentacanthum, O. vansyoci, O. peruanum, and 
O. sodipallaresi from the eastern Pacific. As outgroups we included one specimen of Ophiarachnella petersi from 
the Bahamas, one of Ophiarachna incrassata from the Philippines, and one of Ophiocomella (previously Ophio-
coma) pumila from the Atlantic coast of Panama. Samples were preserved in 95% ethanol or in high-salt DMSO 
 buffer102.

DNA extraction and sequencing. Genomic DNA was extracted from pieces of the arms of the ophi-
uroids by proteinase K  digestion103, or using Qiagen DNeasy Blood and Tissue®, or Gentra Puregene Tissue® Kits, 
or Lucigen “Quick Extract” protocol®, or Promega Wizard Plus Purification System®. Amplifications of a 625 bp 
fragment of the COI region of mtDNA were carried out with primers CO1-f 5 CCT GCA GGA GGA GGA GAY 
CC or OphCOI-For 5’ CAA CAY YTA TTY TGR TTY TTYGG in the forward direction, and CO1-a 5’ AGT ATA 
AGC GTC TGG GTA GTC or OphCOI-Rev 5’ CCT ARR AAR TGT TGW GGG AARAA or CO1-TR1 5’ GGC ATT 
CCA GCT AGT CCT ARAA in the reverse direction. PCR amplification was performed in 50 μL of PCR reaction 
mixture A (0.3 units of Promega Flexi Go Taq® , 2.5 μL of 5X colorless buffer, 0.625 μ1 of 10 μM of each primer, 
1.25 μL of 8 mM dNTPs, 1.25 μL of 25 mM  MgC12) or reaction mixture B (0.4 units of Invitrogen Platinum Taq® 
, 1.25 μL of 10X buffer, 0.625 μL of 10 μM of each primer, 2 μL of 0.8 mM dNTPs, 0.625 μL of 100% Dimethyl 
Sulfoxide, 0.75 μL of 50 mM  MgC12). The samples were heated to 96 °C for 5 s, then cycled 39 times through 
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94° C for 30 s, 50° C for 45 s, 72° C for 60 s, followed by 5 m in 72 °C and 5 m in 10 °C. The PCR products were 
cleaned with the ExoSap-IT® kit (USBCorporation), then cycle sequenced in both directions using the amplifi-
cation primers and electrophoresed in an ABI3130 or and ABI3500 automated sequencer. Attempts to amplify 
nuclear markers, the i51  intron104 and an Actin-2 intron, produced unreliable amplifications and inconsistent 
results in different extractions; these data were not used.

Phylogenetic analyses. We eliminated redundant haplotypes and the outgroups from the set of data and 
then used Posada’s105 jModelTest v. 0.1.1 program to determine the simplest model of mitochondrial DNA that 
produced the best fit of the data to the tree, based on the AIC  criterion106. This was the General Time-Reversible 
 model107 with a gamma correction (α = 0.907) and a proportion of invariable sites (P = 0.5480). After adding the 

Figure 4.  Collection localities of specimens of Ophioderma used in this study. Colors indicate the species as 
determined from their morphology; letters indicate localities, numbers indicate sample size of each species. O. 
anitae: D: Belize (Carrie Bow Cay). O. appressum: E: Panama (Bocas del Toro), D: Belize (Carrie Bow Cay). 
O. brevicaudum: E: Panama (Bocas del Toro), D: Belize (Carrie Bow Key), W: Puerto Rico (off Isla Maguayez), 
Σ: Bahamas (San Salvador), X: US Virgin Islands (St. Croix). O. brevispinum: D: Belize (Norval Cay), Y: 
Massachusetts (Waquoit Bay, Cape Cod). O. cinereum: D: Belize (Carrie Bow Cay, Twin Cays), B: Saint Vincent, 
E: Panama (Portobelo), F: Salvador, Brazil. O. devaneyi: G: Gulf of Mexico (S. of Galveston), H: Florida (NE 
of Vero Beach). O. elaps: Σ: Bahamas (San Salvador, Eleuthera, Rum Cay), B: Saint Vincent, C: Barbados. O. 
guttatum: D: Belize (Carrie Bow Cay), B: Saint Vincent. O. hendleri Θ: Isla del Coco, R: Bay of Panama (Islas 
Perlas). O. holmesii: H: Florida (NE off Vero Beach), G: Gulf of Mexico. J: South Carolina (Edisto Island). O. 
januarii: K: Guyana (Maroni), L: Suriname (Paramaribo). O. sp. 1: Γ: Southern California (Anacapa Island, San 
Clemente Island, Santa Barbara Island, Santa Catalina Island), O. sp. 2: Γ: South California (Corona del Mar, San 
Clemente Island, Santa Catalina Island), Δ: Isla Guadalupe, Mexico. O. panamense: R: Bay of Panama (Perlas 
Islands). O. phoenium: D: Belize (Carrie Bow Cay), E: Panama (Portobelo). O. rubicundum: E: Panama (Bocas 
del Toro, Portobelo), G: Gulf of Mexico, M: Curacao (Habitat Reef, W. Coast), D: Belize (Carrie Bow Cay). O. 
variegatum: N: Off El Salvador. O. aff. pentacanthum: P: Clipperton Island. O. squamosissimum: Q: Navassa 
Island, Σ: Bahamas (San Salvador). O. teres: R: Bay of Panama (Isla Taboguilla, Islas Perlas). O. wahlbergii: V: 
South Africa (False Bay, Cape of Good Hope). O. longicaudum: Z: Gran Canaria, Ψ: Madeira, Ω: North Aegean 
(Kassandra Peninsula). Two-letter codes starting with “A” in O. longicaudum, O. zibrowii, O. africanum and 
O. guineense are localities of sequences obtained by Boissin, et al.14 with species names designated by Stöhr 
et al.34. AA: Senegal (Dakar), AB: France (Marseille), AE: Lebanon, AF: Crete, AG: Dodekanese (Symi, Rhodes), 
AH: Cyprus, AI: Portugal (Algarve), AJ: Croatia, AK: African Spain (Ceuta), AL: Tunisia, AM: Italy (Naples). 
Detailed location data are listed in Supplementary Table S2. See text for explanation of taxa designated as O. 
sp,1, O. sp,2, and O. aff. pentacanthum. Map outline downloaded from http:// woods hole. er. usgs. gov/ mapit/.

http://woodshole.er.usgs.gov/mapit/
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outgroups, we used this model and two algorithms to reconstruct the mitochondrial phylogeny of the species of 
Ophioderma. We performed phylogenetic reconstruction by Bayesian Inference (BI) in MrBayes v.3.2.2108 and by 
Maximum Likelihood (ML) in RAxML v. 8.2.6109 (without the invariable site correction). The ML analysis was 
run in the CIPRES  Gateway110. We used the options for rapid bootstraps and automatic halting. Support values 
for the nodes were estimated from 504 bootstraps. In MrBayes we employed the models suggested by jModel-
Test, but let the program estimate the parameters. Mr. Bayes was run in 2 chains for 3 ×  107 steps, which allowed 
the average standard deviation of split frequencies to fall below 0.01, and the potential scale reduction factor to 
be equal to 1.00. Convergence was also determined in multiple runs, which produced the same topology. Nodes 
that received < 80% support in ML and < 0.9 in BI were collapsed.

To estimate dates of divergence between major clades we used BEAST v. 1.10.4111. The program was given 
the fully resolved tree produced by RAxML, which was compatible with the MrBayes tree. Operators causing 
topology searches (“SubtreeSlide”, “Narrow Exchange”, “Wide exchange”, “WilsonBalding”) were turned off to 
force BEAST to place time estimates on the nodes of the ML tree, but BEAST was allowed to estimate branch 
lengths. To calibrate rate of divergence, the separation between Atlantic and Pacific haplotypes of two pairs of 
amphi-American sister species with the least divergence between their members, O. holmesii-O. teres and O. 
elaps-O. aff. pentacanthum (see results), was given an offset of 3 million years (MY) in a Lognormal Uncorrelated 
Relaxed clock. Three MY is the generally accepted approximate date of the completion of the Central American 
 Isthmus78,79,112,113. However, as there are claims that there were intermittent closures starting at approximately 
13  MYA113,114, the priors for these calibration points were set with exponential distributions, ranging from 3 
to 13 MY. Three separate runs of  107 steps each, recording every 1000th tree were performed. Logs from the 
three runs were combined in LogCombiner v. 1.10.4 after removing the first  103 trees from each run and viewed 
in Tracer v. 1.6 to verify that there were no trends and that effective sample size (ESS) values for all estimated 
parameters was > 231.

Maximum likelihood composite genetic  distances115, taking into account differences in composition  bias116, 
were calculated in MEGA v. 7.0.20117 with gamma corrections as estimated by jModelTest.

Data availability
The sequence data generated during the current study are available in GenBank (https:// www. ncbi. nlm. nih. gov/ 
genba nk/) under accession numbers shown in Supplemental Table S2.

Received: 22 December 2021; Accepted: 11 March 2022

References
 1. Stöhr, S. in World Ophiuroidea database. (eds S. Stöhr, T. O’Hara, & B. Thuy) World Ophiuroidea Database. http:// www. marin 

espec ies. org/ ophiu roidea  Accessed 18 Feb 2022.
 2. Stöhr, S., O’Hara, T. D. & Thuy, B. Global diversity of brittle stars (Echinodermata: Ophiuroidea). PLoS ONE 7, e31940. https:// 

doi. org/ 10. 1371/ journ al. pone. 00319 40 (2012).
 3. Smith, A. B., Paterson, G. L. J. & Lafay, B. Ophiuroid phylogeny and higher taxonomy: morphological, molecular and palaeon-

tological perspectives. Zool. J. Linn. Soc. 114, 213–243 (1995).
 4. O’Hara, T. D., Hugall, A. F., Thuy, B. & Moussalli, A. Phylogenomic resolution of the Class Ophiuroidea unlocks a global micro-

fossil record. Curr. Biol. 24, 1874–1879 (2014).
 5. O’Hara, T. D., Hugall, A. F., Thuy, B., Stöhr, S. & Martynov, A. V. Restructuring higher taxonomy using broad-scale phylogenom-

ics: The living Ophiuroidea. Mol. Phylogenet. Evol. 107, 415–430 (2017).
 6. Okanishi, M., O’Hara, T. D. & Fujita, T. Molecular phylogeny of the order Euryalida (Echinodermata: Ophiuroidea), based on 

mitochondrial and nuclear ribosomal genes. Mol. Phylogenet. Evol. 61, 392–399 (2011).
 7. Okanishi, M. & Fujita, T. Molecular phylogeny based on increased number of species and genes revealed more robust family-

level systematics of the order Euryalida (Echinodermata: Ophiuroidea). Mol. Phylogenet. Evol. 69, 566–580 (2013).
 8. Bribiesca-Contreras, G., Verbruggen, H., Hugall, A. F. & O’Hara, T. D. Global biogeographic structuring of tropical shallow-

water brittle stars. J. Biogeogr. 46, 1287–1299. https:// doi. org/ 10. 1111/ jbi. 13620 (2019).
 9. Christodoulou, M., O’Hara, T. D., Hugall, A. F. & Arbizu, P. M. Dark ophiuroid biodiversity in a prospective abyssal mine field. 

Curr. Biol. 29, 3909–3912. https:// doi. org/ 10. 1016/j. cub. 2019. 09. 012 (2019).
 10. Baric, S. & Sturmbauer, C. Ecological parallelism and cryptic species in the genus Ophiothrix derived from mitochondrial DNA 

sequences. Mol. Phylogenet. Evol. 11, 157–162 (1999).
 11. O’Hara, T., Byrne, M. & Cisternas, P. The Ophiocoma erinaceus complex: another case of cryptic speciation in echinoderms. 

Echinoderms: München.(Eds T. Heinzeller and JH Nebelsick.) pp, 537–542 (Balkema, 2004).
 12. Muths, D., Davoult, D., Gentil, F. & Jollivet, D. Incomplete cryptic speciation between intertidal and subtidal morphs of Acrocnida 

brachiata (Echinodermata: Ophiuroidea) in the Northeast Atlantic. Mol. Ecol. 15, 3303–3318 (2006).
 13. Boissin, E., Feral, J. P. & Chenuil, A. Defining reproductively isolated units in a cryptic and syntopic species complex using 

mitochondrial and nuclear markers: the brooding brittle star, Amphipholis squamata (Ophiuroidea). Mol. Ecol. 17, 1732–1744 
(2008).

 14. Boissin, E., Stöhr, S. & Chenuil, A. Did vicariance and adaptation drive cryptic speciation and evolution of brooding in Ophio-
derma longicauda (Echinodermata: Ophiuroidea), a common Atlanto-Mediterranean ophiuroid?. Mol. Ecol. 20, 4737–4755 
(2011).

 15. Stöhr, S., Boissin, E. & Chenuil, A. Potential cryptic speciation in Mediterranean populations of Ophioderma (Echinodermata: 
Ophiuroidea). Zootaxa 2071, 1–20 (2009).

 16. Weber, A.A.-T., Stöhr, S. & Chenuil, A. Genetic data, reproduction season and reproductive strategy data support the existence 
of biological species in Ophioderma longicauda. C.R. Biol. 337, 553–560 (2014).

 17. Perez-Portela, R., Almada, V. & Turon, X. Cryptic speciation and genetic structure of widely distributed brittle stars (Ophi-
uroidea) in Europe. Zoolog. Scr. 42, 151–169 (2013).

 18. Hoareau, T. B., Boissin, E., Paulay, G. & Bruggemann, J. H. The Southwestern Indian Ocean as a potential marine evolutionary 
hotspot: perspectives from comparative phylogeography of reef brittle-stars. J. Biogeogr. 40, 2167–2179 (2013).

 19. Taboada, S. & Perez-Portela, R. Contrasted phylogeographic patterns on mitochondrial DNA of shallow and deep brittle stars 
across the Atlantic-Mediterranean area. Sci. Rep. 6, 32425 (2016).

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.marinespecies.org/ophiuroidea
http://www.marinespecies.org/ophiuroidea
https://doi.org/10.1371/journal.pone.0031940
https://doi.org/10.1371/journal.pone.0031940
https://doi.org/10.1111/jbi.13620
https://doi.org/10.1016/j.cub.2019.09.012


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5304  | https://doi.org/10.1038/s41598-022-08944-0

www.nature.com/scientificreports/

 20. Hunter, R. L. & Halanych, K. M. Evaluating connectivity in the brooding brittle star Astrotoma agassizii across the Drake passage 
in the Southern Ocean. J. Hered. 99, 137–148 (2008).

 21. Hunter, R. L. & Halanych, K. M. Phylogeography of the Antarctic planktotrophic brittle star Ophionotus victoriae reveals genetic 
structure inconsistent with early life history. Mar. Biol. 157, 1693–1704 (2010).

 22. Muths, D., Jollivet, D., Gentil, F. & Davoult, D. Large-scale genetic patchiness among NE Atlantic populations of the brittle star 
Ophiothrix fragilis. Aquat. Biol. 5, 117–132 (2009).

 23. Naughton, K. M., O’Hara, T. D., Appleton, B. & Cisternas, P. A. Antitropical distributions and species delimitation in a group 
of ophiocomid brittle stars (Echinodermata: Ophiuroidea: Ophiocomidae). Mol. Phylogenet. Evol. 78, 232–244 (2014).

 24. O’Hara, T. D., England, P. R., Gunasekera, R. M. & Naughton, K. M. Limited phylogeographic structure for five bathyal ophiuroids 
at continental scales. Deep Sea Res. Part 1 Oceanogr. Res. Pap. 84, 18–28 (2014).

 25. Richards, V. P., DeBiasse, M. B. & Shivji, M. S. Genetic evidence supports larval retention in the Western Caribbean for an 
invertebrate with high dispersal capability (Ophiothrix suensonii: Echinodermata, Ophiuroidea). Coral Reefs 34, 313–325 (2015).

 26. Weber, A. T., Mérigot, B., Valiere, S. & Chenuil, A. Influence of the larval phase on connectivity: strong differences in the genetic 
structure of brooders and broadcasters in the Ophioderma longicauda species complex. Mol. Ecol. 24, 6080–6094 (2015).

 27. Hart, M. W. & Podolsky, R. D. Mitochondrial DNA phylogeny and rates of larval evolution in Macrophiothrix brittlestars. Mol. 
Phylogenet. Evol. 34, 438–447 (2005).

 28. O’Hara, T. D. et al. Phylogenomics, life history and morphological evolution of ophiocomid brittlestars. Mol. Phylogenet. Evol. 
130, 67–80 (2019).

 29. Ziesenhenne, F. C. A. review of the genus Ophioderma M. & T. in Essays in the natural sciences in honor of Captain Allan Hancock 
on the occasion of his birthday 26, 1955 pp.185–201 (University of Southern California Press, 1955).

 30. Pineda-Enríquez, T., Solís-Marín, F. A., Hooker, Y. & Laguarda-Figueras, A. Ophioderma peruana, a new species of brittlestar 
(Echinodermata, Ophiuroidea, Ophiodermatidae) from the Peruvian coast. ZooKeys 357, 53–65. https:// doi. org/ 10. 3897/ zooke 
ys. 357. 6176 (2013).

 31. Hendler, G. & Miller, J. E. Ophioderma devaneyi and Ophioderma ensiferum, new brittlestar species from the western Atlantic 
(Echinodermata: Ophiuroidea). Proc. Biol. Soc. Wash. 97, 442–461 (1984).

 32. Tommasi, L. R. Os ofiuróides recentes do Brasil e de regiões Vizinhas. Contribuições Avulsas do Instituto Oceanografico, Univ. 
Sao. Paulo, sér. Ocean Biol. 20, 1–146 (1970).

 33. Tommasi, L. Echinodermata marinhos registrados no litoral brasileiro, recentes e fósseis do Brasil. Instituto Oceanografico da 
Universidade de Sao Paulo http:// www. bdt. org. br/ zoolo gia/ echin oderm ata (1999).

 34. Stöhr, S., Weber, A.A.-T., Boissin, E. & Chenuil, A. Resolving the Ophioderma longicauda (Echinodermata: Ophiuroidea) cryptic 
species complex: Five sisters, three of them new. Eur. J. Taxon. 600, 1–37 (2020).

 35. Madsen, F. J. West African Ophiuroids. Atlantide Rep. 11, 151–243 (1970).
 36. Granja-Fernandez, R., Pineda-Enriquez, T., Solis-Marin, F. A. & Laguarda-Figueras, A. Ophioderma hendleri sp. Nov. (Echi-

nodermata: Ophiuroidea: Ophiodermatidae) and its congeners from the Eastern Pacific. Eur. J. Taxon. 729, 11–41 (2020).
 37. Hendler, G., Miller, J. E., Pawson, D. L. & Kier, P. M. Sea stars, sea urchins, and allies: echinoderms of Florida and the Caribbean 

(Smithsonian Institution Press, 1995).
 38. Pawson, D. L., Vance, D. J., Messing, C. G., Solís-Marin, F. A. & Mah, C. L. Echinodermata of the Gulf of Mexico in Gulf of 

Mexico: Origin, Waters, and Biota Vol. 1 Biodiversity (eds Darryl L Felder & David K Camp) 1177–1204 (Texas A&M University 
Press, 2009).

 39. Prata, J., De Castro Manso, C. L. & Christoffersen, M. L. Occurrence of Ophioderma brevicauda Lütken, 1856 (Ophiuroidea: 
Echinodermata) from the Brazilian coast. Marine Biodiversity, 1–5 (2016).

 40. Magalhães, W., Martins, L. & Alves, O. F. S. Inventário dos Echinodermata do Estado da Bahia. Braz. J. Aqua. Sci. Technol. 9, 
61–65 (2005).

 41. Monteiro, A. M. G., Reis, de Olivera, M. & Pardo, E. V. Morfologia comparativa e distribuição batimétrica de duas espécies de 
Ophiuroidea, na região costeira de Ubatuba. Boletim do Instituto Oceanográfico, 40, 39–53 (1992).

 42. Gondim, A. I., Lacouth, P., Alonso, C. & de Castro-Manso, C. L. Echinodermata da Praia do Cabo Branco, João Pessoa, Paraíba, 
Brasil. Biota. Neotrop. 8, 151–159 (2008).

 43. Barboza, CAd. M. & Borges, M. A checklist of the extant species of ophiuroids (Echinodermata: Ophiuroidea) from Brazilian 
waters. Zootaxa 3447, 1–21 (2012).

 44. Tommasi, L. R. Equinodermes do Brasil: I. Sôbre algumas espécies novas e outras pouco conhecidas, para o Brasil. Boletim do 
Instituto oceanogràfico do São Paulo 20, 1–21 (1971).

 45. Tortonese, E. Remarks on the morphology and taxonomy of Ophioderma longicaudum (Retz) from the Mediterranean. Atti 
della Societa Italiana di Scienze Naturali e del Museo Civico di Storia Naturale in Milano 124, 21–28 (1983).

 46. Bartsch, I. Ophioderma tonganum Lütken und Ophioderma leonis Döderlein (Ophiuroidea, Echinodermata). Mitteilungen aus 
dem Hamburgischen Zoologischen Museum und Institut 70, 97–104 (1974).

 47. Olbers, J. M. Taxonomy, biodiversity and biogeography of the brittle stars (Echinodermata: Ophiuroidea) of South Africa Ph. D. 
thesis, University of Cape Town, (2016).

 48. Maluf, L. Y. Composition and distribution of the central eastern Pacific echinoderms. Nat. History Museum Los Angeles County 
Tech. Rep. 2, 1–242 (1988).

 49. Hendler, G. Echinodermata collected at Rocas Alijos, in Rocas Alijos Results from the Cordell Expedition (ed R. W. Schmieder) 
v. 75 Monographie Biologicae (ed H.J. Dumont and M.J.A. Werger)319–338 (Kluwer Academic Publishers, 1996).

 50. Hernández-Herrejón, L.A., Solís-Marín, F.A., Laguarda-Figueras, A. & Pineda Enríquez, T. First record of Ophioderma vansyoci 
(Echinodermata: Ophiuroidea) in the Gulf of California. Mar. Biodiver. Records 3 (2010).

 51. Caso, M. E. Descripción de una nueva especie de ofiuroideo de la Bahía de Mazatlàn, Sin. Ophioderma sodipallaresi sp. nov. y 
comparacion con Ophioderma variegatum Lütken. Anales del Instituto de Ciencias del Mar y Limnología Univ. Nal. Autón. México 
13, 223–247 (1986).

 52. Clark, A. H. Reports of the crinoids, ophiuroids, Brachyura, Tanidacea and Isopoda, amphipods, & Echinoidea of the Barbados-
Antigua Expedition of 1918. Univ. Iowa Stud. Nat. Hist. 9, 1–63 (1921).

 53. Parslow, R. E. & Clark, A. M. Ophiuroidea of the lesser Antilles. Stud. Fauna Curaçao Caribbean Islands 15, 24–50 (1963).
 54. Koehler, R. Echinoderma I: Asteroidea, Ophiuroidea et Echinoidea in Beiträge zur Kenntinis der Meeresfauna Westafrikas 1(2) 

129–303 (W. Michaelsen, Friederichsen & Co Hamburg 1914).
 55. Maluf, L. Y. Echinoderm fauna of the Galapagos in Galapagos Marine Invertebrates (ed M. J. James) 345–367 (Springer, 1991).
 56. Feng, R. l. New discovery of fossil ophiuroids from Guizhou and southern Sichuan, China. Acta Palaeontologica Sinica 24, 

337–343, (1985).
 57. Chen, Z. & McNamara, K. End-Permian extinction and subsequent recovery of the Ophiuroidea (Echinodermata). Palaeogeog. 

Palaeocl. Palaeoec. 236, 321–344 (2006).
 58. Yang, T.-Y. On the discovery of a scythic ophiuroid from Kueichou, China. Acta Palaeontologica Sinica 8, 159–163 (1960).
 59. Yang, Z. y., Yin, H. f. & Lin, H. M. Marine. Triassic faunas from Shihchienfeng group in the northern Weihe River basin, Shaanxi 

Province. Acta Palaeontologica Sinica 18, 465–474 (1979).
 60. Hess, H. Trias-Ophiurien aus Deutschland, England, Italien und Spanien. Mitteilungen der Bayerischen Staatssammlung fur 

Palaontologie und Historische Geologie 5, 151–177 (1965).

https://doi.org/10.3897/zookeys.357.6176
https://doi.org/10.3897/zookeys.357.6176
http://www.bdt.org.br/zoologia/echinodermata


11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5304  | https://doi.org/10.1038/s41598-022-08944-0

www.nature.com/scientificreports/

 61. Hess, H. Die Ophiuren des englischen Jura. Eclogae Geol. Helv. 57, 756–801 (1964).
 62. Reich, M., Villier, L. & Kutscher, M. The echinoderms of the RüWhite Chalk (Maastrichtian, Germany) in Echinoderms: Munchen 

(eds T. Heinzeller & J. H. Nebelsick) 495–501 (A.A Balkema, 2004).
 63. Durham, J. W. & Roberts, W. A. Cretaceous asteroids from California. J. Paleontol., 432–439, (1948).
 64. Martinez, S. & del Rio, C. J. A new, first fossil species of Ophioderma Müller and Troschel, 1842 (Echinodermata: Ophiuroidea)

(Late Miocene, Argentina). Zootaxa 1841, 43–52 (2008).
 65. Aronson, R. B. Predation on fossil and Recent ophiuroids. Paleobiology 13, 187–192 (1987).
 66. Feneaux, L. L. développement larvaire chez Ophioderma longicauda (Retzius). Cah. Biol. Mar. 10, 59–62 (1969).
 67. Grave, C. Notes on the development of Ophiura olivacea, Lyman. Zool. Anz. 22, 92–96 (1899).
 68. Hendler, G. Reproductive periodicity of the ophiuroids (Echinodermata: Ophiuroidea) on the Atlantic and Pacific coasta of 

Panamá in Reproductive Ecology of Marine Invertebrates (ed S. E. Stancyk) 145–156 (The Belle W. Baruch Library in Marine 
Science. South Carolina Press, 1979).

 69. Hendler, G. Echinodermata: Ophiuroidea in Reproduction of Marine Invertebrates Vol. 6. Echinoderms and Lophophorates (eds 
A. C. Giese, J. S. Pearse, & V. B. Pearse) 355–511 (The Boxwood Press, 1991).

 70. Hendler, G. & Littman, B. S. The ploys of sex: relationships among the mode of reproduction, body size and habitats of coral-reef 
brittlestars. Coral Reefs 5, 31–42 (1986).

 71. Landschoff, J. & Griffiths, C. L. Brooding behavior in the shallow water brittle star Ophioderma wahlbergii. Invertebr. Biol. 134, 
168–179 (2015).

 72. Landschoff, J. & Griffiths, C. L. Three-dimensional visualisation of brooding behaviour in two distantly related brittle stars from 
South African waters. Afr. J. Mar. Sci. 37, 533–541 (2015).

 73. Da Costa, H. R. & Da Costa, L. S. Sobre espécies brasileiras do gênero Ophioderma (Echinodermata, Ophiuroidea). Avulsos do 
Centro de Estudos Zoológicos da Universidade de Brasília 16, 1–4 (1962).

 74. Alitto, R. A. et al. Shallow-water brittle stars (Echinodermata: Ophiuroidea) from Araçá Bay (Southeastern Brazil), with spatial 
distribution considerations. Zootaxa 4405, 1–66 (2018).

 75. Pomory, C. M. Key to the common shallow-water brittle stars (Echinodermata: Ophiuroidea) of the Gulf of Mexico and Carib-
bean Sea. Carib. J. Sci. 10, 1–42 (2007).

 76. Ayres, W. An account of the structure of the Ophiuridae and a description and drawings of a new species belonging to the genus 
Ophiolepis. Proc. Boston Soc. Nat. Hist. 4, 133–135 (1852).

 77. Lyman, T. Report on the Ophiuroidea dredged by HMS Challenger during the years 1873–1876. Rep. Sci. Results Voyage HMS 
Challeng 1873–1876 Zool. 5, 1–386 (1882).

 78. Lessios, H. A. The Great American Schism: Divergence of marine organisms after the rise of the Central American Isthmus. 
Annu. Rev. Ecol. Evol. Syst. 39, 63–91 (2008).

 79. O’Dea, A. et al. Formation of the Isthmus of Panama. Science Advances 2, UNSP e1600883, https:// doi. org/ 10. 1126/ sciadv. 16008 
83 (2016).

 80. Weber, A.A.-T., Dupont, S. & Chenuil, A. Thermotolerance and regeneration in the brittle star species complex Ophioderma 
longicauda: A preliminary study comparing lineages and Mediterranean basins. C.R. Biol. 336, 572–581 (2013).

 81. Calderon, I., Turon, X. & Lessios, H. A. Characterization of the sperm molecule bindin in the sea urchin genus Paracentrotus. 
J. Mol. Evol. 68, 366–376 (2009).

 82. Lessios, H. A., Kane, J. & Robertson, D. R. Phylogeography of the pantropical sea urchin Tripneustes: contrasting patterns of 
population structure between oceans. Evolution 57, 2026–2036 (2003).

 83. Zigler, K. S. & Lessios, H. A. Speciation on the coasts of the new world: Phylogeography and the evolution of bindin in the sea 
urchin genus Lytechinus. Evolution 58, 1225–1241 (2004).

 84. McCartney, M. A., Keller, G. & Lessios, H. A. Dispersal barriers in tropical oceans and speciation of Atlantic and eastern Pacific 
Echinometra sea urchins. Mol. Ecol. 9, 1391–1400 (2000).

 85. Zigler, K. S., Raff, E. C., Popodi, E., Raff, R. A. & Lessios, H. A. Adaptive evolution of bindin in the genus Heliocidaris is correlated 
with the shift to direct development. Evolution 57, 2293–2302 (2003).

 86. Lessios, H. A. et al. Phylogeography and bindin evolution in Arbacia, a sea urchin genus with an unusual distribution. Mol. Ecol. 
21, 130–144 (2012).

 87. Lessios, H. A., Kessing, B. D., Robertson, D. R. & Paulay, G. Phylogeography of the pantropical sea urchin Eucidaris in relation 
to land barriers and ocean currents. Evolution 53, 806–817 (1999).

 88. Coppard, S. E., Zigler, K. S. & Lessios, H. A. Phylogeography of the sand dollar genus Mellita: Cryptic speciation along the coasts 
of the Americas. Mol. Phylogenet. Evol. 69, 1033–1042. https:// doi. org/ 10. 1016/j. ympev. 2013. 05. 028 (2013).

 89. Lessios, H. A., Kessing, B. D. & Pearse, J. S. Population structure and speciation in tropical seas: global phylogeography of the 
sea urchin Diadema. Evolution 55, 955–975 (2001).

 90. Coppard, S. E. & Lessios, H. A. Phylogeography of the sand dollar genus Encope: implications regarding the Central American 
Isthmus and rates of molecular evolution. Sci. Rep. 7, 1–12 (2017).

 91. Wares, J. P. Biogeography of Asterias: North Atlantic climate change and speciation. Biol. Bull. 201, 95–103 (2001).
 92. Foltz, D. W., Nguyen, A. T., Kiger, J. R. & Mah, C. L. Pleistocene speciation of sister taxa in a North Pacific clade of brooding sea 

stars (Leptasterias). Mar. Biol. 154, 593–602 (2008).
 93. Byrne, M., Rowe, F. & Uthicke, S. Molecular taxonomy, phylogeny and evolution in the family Stichopodidae (Aspidochirotida: 

Holothuroidea) based on COI and 16S mitochondrial DNA. Mol. Phylogenet. Evol. 56, 1068–1081 (2010).
 94. Borrero-Perez, G. H., González-Wangüemert, M., Marcos, C. & Pérez-Ruzafa, A. Phylogeography of the Atlanto-Mediterranean 

sea cucumber Holothuria (Holothuria) mammata: the combined effects of historical processes and current oceanographical 
pattern. Mol. Ecol. 20, 1964–1975 (2011).

 95. Scouras, A., Beckenbach, K., Arndt, A. & Smith, M. J. Complete mitochondrial genome DNA sequence for two ophiuroids 
and a holothuroid: the utility of protein gene sequence and gene maps in the analyses of deep deuterostome phylogeny. Mol. 
Phylogenet. Evol. 31, 50–65 (2004).

 96. Perseke, M. et al. Mitochondrial genome evolution in Ophiuroidea, Echinoidea, and Holothuroidea: Insights in phylogenetic 
relationships of Echinodermata. Mol. Phylogenet. Evol. 56, 201–211 (2010).

 97. Roy, M. S. & Sponer, R. Evidence of a human-mediated invasion of the tropical western Atlantic by the “world’s most common 
brittlestar”. Proc. R. Soc. Lond. Ser. B. 269, 1017–1023 (2002).

 98. Muths, D., Davoult, D., Jolly, M. T., Gentil, F. & Jollivet, D. Pre-zygotic factors best explain reproductive isolation between the 
hybridizing species of brittle-stars Acrocnida brachiata and A. spatulispina (Echinodermata: Ophiuroidea). Genetica 138, 667–679 
(2010).

 99. Hsu, K. J. The Mediterranean Was a Desert: A Voyage of the Glomar Challenger (Princeton Univ, 1983).
 100. Stöhr, S. & Muths, D. Morphological diagnosis of the two genetic lineages of Acrocnida brachiata (Echinodermata: Ophiuroidea), 

with description of a new species. J. Mar. Biol. Assn. UK 90, 831–843 (2010).
 101. Weber, A.A.-T., Stöhr, S. & Chenuil, A. Species delimitation in the presence of strong incomplete lineage sorting and hybridiza-

tion: Lessons from Ophioderma (Ophiuroidea: Echinodermata). Mol. Phylogenet. Evol. 131, 138–148 (2019).
 102. Seutin, G., White, B. N. & Boag, P. T. J. Preservation of avian blood and tissue samples for DNA analyses. Can. J. Zool. 69, (1991).

https://doi.org/10.1126/sciadv.1600883
https://doi.org/10.1126/sciadv.1600883
https://doi.org/10.1016/j.ympev.2013.05.028


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5304  | https://doi.org/10.1038/s41598-022-08944-0

www.nature.com/scientificreports/

 103. Lessios, H. A., Kessing, B. D., Wellington, G. M. & Graybeal, A. Indo-Pacific echinoids in the tropical eastern Pacific. Coral Reefs 
15, 133–142 (1996).

 104. Gérard, K. et al. PCR survey of 50 introns in animals: Cross-amplification of homologous EPIC loci in eight non-bilaterian, 
protostome and deuterostome phyla. Mar. Genomics 12, 1–8 (2013).

 105. Posada, D. jModelTest: Phylogenetic model averaging. Mol. Biol. Evol. 25, 1253–1256 (2008).
 106. Akaike, H. A new look at the statistical model identification. IEEE Trans. Autom. Contr. 19, 716–723 (1974).
 107. Tavare, S. Some probabilistic and statistical problems in the analysis of DNA sequences in Lectures on Mathematics in the Life 

Sciences Vol. 17 (ed R. M. Miura) 57–86 (American Mathematical Society, 1986).
 108. Ronquist, F. & Huelsenbeck, J. P. MRBAYES 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 19, 1572–

1574 (2003).
 109. Stamatakis, A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30, 

1312–1313. https:// doi. org/ 10. 1093/ bioin forma tics/ btu033 (2014).
 110. Miller, M. A., Pfeiffer, W. & Schwartz, T. Creating the CIPRES Science Gateway for inference of large phylogenetic trees in 

Gateway Computing Environments Workshop (GCE), 2010. 1–8 (IEEE).
 111. Suchard, M. A. et al. Bayesian phylogenetic and phylodynamic data integration using BEAST 1.10. Virus Evol. 4, 16 (2018).
 112. Coates, A. G. & Obando, J. A. The geological evolution of the Central American Isthmus in Evolution and Environment in Tropical 

America (eds J. B. C. Jackson, A. G. Coates, & A. Budd) 21–56 (Univ. of Chicago Press, 1996).
 113. Jaramillo, C. Evolution of the Isthmus of Panama: Biological, Paleoceanographic and Paleoclimatological Implications in Moun-

tains, Climate and Biodiversity (eds K Hoorn, A Perrigo, & A Antonelli) 641–668 (Wiley Blackwell, 2018).
 114. Montes, C. et al. Middle Miocene closure of the Central American Seaway. Science 348, 226–229 (2015).
 115. Tamura, K., Nei, M. & Kumar, S. Prospects for inferring very large phylogenies by using the neighbor-joining method. Proc. 

Natl. Acad. Sci. USA 101, 11030–11035 (2004).
 116. Tamura, K. & Kumar, S. Evolutionary distance estimation under heterogeneous substitution pattern among lineages. Mol. Biol. 

Evol. 19, 1727–1736 (2002).
 117. Kumar, S., Stecher, G. & Tamura, K. MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. 

Evol. 33, 1870–1874 (2016).

Acknowledgements
We thank C. Smith for specimens of O. wahlbergii from South Africa, D. Hunt for specimens of O. elaps from 
Barbados, D. Knott , J. Herrera and R. Turner for specimens of O. holmesii from S. Carolina and Florida, G. and 
N. Voss for specimens of O. januarii from Suriname and French Guiana, H. Perry and J. Herrera for specimens 
of O. devaneyi from Florida and the Gulf of Mexico, J. Bozanic and K. Kaiser for specimens of Ophioderma from 
Clipperton Is. and Curaçao, J. McLean for specimens of Ophioderma from Mexico and South Africa, P. Humann 
for specimens of O. teres from the Galapagos, R. Peck and H. Kuck for specimens of O. hendleri from Isla del 
Cocos, and W. Kirby Smith for specimens of O. brevispinum from N. Carolina. For help with our field work, we 
thank the captain and crew of the R/V Urraca and A. Calderon (in El Salvador and Panama), K. Reutzler, M. 
Carpenter and V. Paul (in Belize), R. Collin (in Bocas del Toro), R. Haroun, M. Garrido, and A. Casanas (in the 
Canaries) and A. Abreu (in Madeira), J. Miller, D. Pawson, P. Kier, and personnel of Harbor Branch Oceano-
graphic Institution ships and submersibles (in the Caribbean), the captain and crew of the R/V Cormorant, and 
J. Engle (in the Channel Islands, California), the captain and crew of the R/V Coral Reef II and T. DiBenedetto, 
D. O’Foighel, and M. Miller (at Navassa Island), Á. Valdés, W. Wood, J. Martin, R. Granja-Fernández, A. López-
Pérez, and F.Benítez-Villalobos and (in Oaxaca, Mexico), the captain and crew of the R/V Sea Hunter, J. Martin, 
and T. Zimmerman (at Isla del Coco), and P. Yoshioka (in Puerto Rico). The Allan Hancock Foundation’s col-
lection of echinoderms, which was established by Capt. F. Ziesenhenne, was an invaluable taxonomic resource 
and also a source of specimens used in this study. We express our appreciation to the University of Southern 
California for donating this collection to the Natural History Museum of Los Angeles County. We are especially 
grateful to Ligia Calderon who persevered in extracting and amplifying DNA from difficult museum specimens. 
For critical comments to the manuscript, we thank Alexandra Hiller, Laura Geyer and two anonymous reviewers.

Author contributions
G.H. and H.L. conceived the study. H.L. collected specimens, obtained and analyzed data and wrote the man-
uscript. G.H. collected, procured and identified specimens, provided taxonomic expertise, and edited the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 08944-0.

Correspondence and requests for materials should be addressed to H.A.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1038/s41598-022-08944-0
https://doi.org/10.1038/s41598-022-08944-0
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5304  | https://doi.org/10.1038/s41598-022-08944-0

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2022

http://creativecommons.org/licenses/by/4.0/

	Mitochondrial phylogeny of the brittle star genus Ophioderma
	Results and discussion
	Species delimitation. 
	Relationships between species. 
	Chronology of branching and rate of evolution. 

	Conclusions
	Materials and methods
	Collection of specimens. 
	DNA extraction and sequencing. 
	Phylogenetic analyses. 

	References
	Acknowledgements


