MORPHOLOGICAL AND MOLECULAR EVOLUTION OF SEA ANEMONES
AS REVEALED BY AN EMERGING MODEL ORGANISM:
AIPTASIA (CNIDARIA: ACTINIARIA: AIPTASIIDAE)

A Dissertation
submitted to the Faculty of
The Richard Gilder Graduate School
at the
American Museum of Natural History
in partial fulfillment of the requirements for the
degree of
Doctor of Philosophy

By

Alejandro Grajales, M.Sc.

Richard Gilder Graduate School
at the
American Museum of Natural History
New York, NY
January 31, 2014



©
Copyright 2014
by
Alejandro Grajales M.Sc.
All Rights Reserved



MORPHOLOGICAL AND MOLECULAR EVOLUTION OF SEA ANEMONES
AS REVEALED BY AN EMERGING MODEL ORGANISM:
AIPTASIA (CNIDARIA:ACTINIARIA:AIPTASIIDAE)

Alejandro Grajales M.Sc.

Chair: Estefania Rodriguez, Ph.D.

ABSTRACT

Sea anemones (Cnidaria: Actiniaria) of the family Aiptasiidae Carlgren, 1924 are
conspicuous members of shallow-water environments and several species within the
family are widely used as model systems for studies of cnidarian-dinoflagellate symbiosis
and coral bleaching. Although previously published phylogenetic studies of sea
anemones recovered the family Aiptasiidae as monophyletic, they only included partial
sampling of its diversity. This study explores the diversity within this group of organisms
in an integrative way, from the family to population levels. In this study, | explored the
morphological and molecular diversity of the group using newly collected material
covering the distribution of most of the described genera and species. The family
Aiptasiidae was found to be a monophyletic lineage. Similarly, most of the genera within
the family represent monophyletic lineages, with the exception of the genus Aiptasia,
now divided into Aiptasia and Exaiptasia. Bellactis Dube, 1983 and Ragactis Andres,
1883 are now genera included within Aiptasiidae, in agreement with previous
morphological studies and the morphological homogeneity observed here by the
members of this family. In addition, | discovered new diagnostic morphological

characters supporting the relationships among the major clades within the family. The



molecular phylogenetic results provided evidence to diagnose two species within
Exaiptasia: E. pallida—a single widespread species—and a new cryptic species, E.
brasilensis sp. nov.—restricted geographically to the southwestern Caribbean Sea and the
southwestern Atlantic Ocean. Finally, although the algal diversity within the group
showed no evidence of coevolution at the family level, an interesting pattern of
adaptation and cladogenesis of the endosymbiotic algae (Symbiodinium spp.) was found

within host species.
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CHAPTER |

BACKGROUND

Sea anemones (Cnidaria: Actiniaria) are ubiquitous components of marine
environments. These organisms are adapted to a wider range of environmental conditions
compared to other members of the subclass Hexacorallia (e.g. hard corals), with
representatives in shallow and abyssal waters, tropical, temperate and polar waters, or
chemosynthetic environments. Their ecological success has been attributed to their
morphological diversity, the plasticity of their reproductive strategies as well as the
associations they form with other organisms. Although these adaptations have been
recognized for a long time, efforts to examine these traits within an evolutionary context
for sea anemones are very recent. A broad phylogenetic framework is now available for
the order Actiniaria (Daly et al. 2008) but it only accounts for one of four traditionally
recognized suborders (Fautin 2010). Although recently some phylogenetic work also has
been done at the family level (Gusméo and Daly 2010; Rodriguez et al. 2008; Rodriguez
and Daly 2010), those workers also emphasize the necessity of increasing efforts in
taxonomy and systematics within families and genera. As a consequence, the potential for
the formulation of hypotheses concerning the evolution of morphological characters and
reproductive strategies is still limited. One of the main difficulties working with sea
anemones is associated with the challenges of obtaining material. Due to their long
evolutionary history, monophyletic groups within anemones often have extensive and
discontinuous distributions, and specimen collection usually requires extensive fieldwork,

combined with revision of material scattered around the world. Although these



characteristics also make them an interesting group from a biogeographic point of view,
comprehensive studies of this topic are scarce for sea anemones (Riemann-Ziirneck,
1986; Rodriguez et al. 2007). Because the diversity of the group remains poorly
understood, this type of research is often limited to a summary of occurrence records
from taxonomic descriptions (e.g. Fautin 1999, 2005). Another important limiting factor
for the research at lower taxonomic levels is the uncertainty about species boundaries. As
a consequence of this, population-level studies are often limited to very reduced
geographical scales (e.g. Edmands and Potts, 1997 Douek et al. 2002).

Species within the genus Aiptasia present a suitable opportunity to address
hypothesis within an evolutionary framework, both at the population and above-species
levels. Aiptasia species are conspicuous components of shallow water environments
worldwide. A rapid growth rate, allowed by a symbiotic relationship with a dinoflagellate
(Symbiodinium spp.) combined with asexual reproduction by pedal laceration (Clayton et
al. 1985; Lin et al. 1992) make them excellent competitors that usually overgrow other
organisms. These features, that are undesirable in some contexts (they are considered
aquarium pests), make them excellent model organisms. Research on Aiptasia spp. (a
group usually making reference to specimens within the distribution of A.pallida,
A.californica or A. pulchella) over more than 30 years has significantly improved our
understanding of dinoflagellate-cnidarian symbiosis (e.g. Rodriguez-Lanetty et al. 2006;
Sunagawa et al. 2008, 2009). They have also been selected as models to understand the
processes responsible for coral bleaching (e.g., Sawyer and Muscatine, 2001). As

opposed to corals, which usually die, these anemones are able to survive long time



without their symbionts and can be subsequently re-infected (Weis et al. 2008). Despite
its importance and accessibility, to date there have been no comprehensive analyses of
the systematics of the group. The latest compilation accounted 16 species records (Fautin,
2006). This scenario, however, is far from being settled. Species within Aiptasia show
very disparate distributions (See figure 1) and most of them have descriptions that are
incomplete by modern standards. Additionally recent phylogenetic studies of sea
anemones showed that the genus is paraphyletic (Daly et al. 2008; Gusmé&o and Daly
2010; Rodriguez and Daly, 2010) although only two species of the genus were included
in those analyses. Without an adequate phylogenetic framework in hand, hypotheses
concerning the diversification and evolution of this group cannot be formulated.
Population-level studies have also being hindered because of the lack of clearly defined
taxonomic units within Aiptasia.

Given the lack of a phylogenetic hypothesis, controversy arises about whether this
“model organism” is actually composed of one or a few cosmopolitan species, or by a
more diverse group of cryptic or insufficiently described ones. To test both hypotheses,
this thesis project studied this group of sea anemones from the population to the family
level, integrating a comprehensive taxonomic revision, molecular phylogenetics analysis
as well as a study of the endosymbiotic algal diversity across the family. These three

elements comprise the three following chapters of this dissertation.
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CHAPTER |

MORPHOLOGICAL REVISION OF THE GENUS AIPTASIA AND THE FAMILY
AIPTASIIDAE (CNIDARIA, ANTHOZOA, ACTINIARIA, METRIDIOIDEA)

(Adapted from Grajales, A. & Rodriguez, E. Submitted. Morphological revision of the
genus Aiptasia and the family Aiptasiidae (Cnidaria, Actiniaria, Metridioidea))

ABSTRACT

Sea anemones of the genus Aiptasia Gosse, 1858 are conspicuous members of
shallow-water environments worldwide and serve as a model system for studies of
cnidarian-dinoflagellate symbiosis. However, to date there have been no
comprehensive analyses investigating the systematics of the group. In addition,
previously published phylogenetic studies of sea anemones have shown that the genus
is not monophyletic. Herein | revise the genus Aiptasia and the family Aiptasiidae
Carlgren, 1924 using newly-collected material. | find that the formerly-named A.
pallida (Agassiz in Verrill, 1864) (now Exaiptasia pallida comb. nov.) encompasses a
single, widespread species from the tropics and subtropics; | erect a new genus,
Exaiptasia gen. nov., for this species primarily based on cnidae, mode of asexual
reproduction and symbionts. | also find morphological evidence that supports splitting
A. mutabilis (Gravenhorst, 1831) into two species: A. couchii Cocks, 1851 and A.
mutabilis. In addition, | find that Bellactis Dube, 1983 (formerly placed within
Sagartiidae Gosse, 1858) and Ragactis Andres, 1883 (whose familial placement was
previously uncertain) within Aiptasiidae. Aiptasiidae is a morphological
homogeneous family whose members are characterized by ectodermal longitudinal

muscles in the distal column, rows of cinclides in mid-column, microbasic b-
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mastigophores in the column, and acontia with basitrichs and microbasic p-

amastigophores.

KEY WORDS. Aiptasia pallida; Anthozoa; cnidom; microbasic p-amastigophores,

nomenclature, synonym.

INTRODUCTION

Sea anemones (Cnidaria: Actiniaria) of the genus Aiptasia Gosse, 1858 are
conspicuous members of tropical and subtropical shallow-water marine environments
worldwide. More than 30 years of research on Aiptasia has vastly improved our
understanding of dinoflagellate-cnidarian symbiosis (e.g. Rodriguez-Lanetty et al. 2006;
Sunagawa et al. 2008, 2009). Aiptasiids have also been selected as model systems to
understand the processes responsible for coral bleaching (e.g. Sawyer & Muscatine
2001). However, despite their importance, accessibility and the fact that publications
using Aiptasia spp. as focal taxa are common, to date there has not been a comprehensive
systematic analysis of the group (e.g. Dunn et al. 2002; Muller Parker & Davy 2001,
Weis et al. 2008; LaJeunesse et al. 2010).

The latest compilation of the genus included 14 species distributed worldwide
(Fautin 2013); however, most of these descriptions are incomplete by modern standards.
Additionally, molecular phylogenetic studies of sea anemones have shown that the genus
Aiptasia, the type genus of the family is not monophyletic (e.g. Daly et al. 2008

Bartholomea annulata, appears as the sister group to A. mutabilis. only two species
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within the genus were included. Similarly, molecular and morphological evidence show
that membership and diagnostic features of the family Aiptasiiidae Carlgren, 1924 need

to be revised (Rodriguez et al. 2012; Gonzalez-Mufioz et al. 2012). Without an adequate
phylogenetic framework, hypotheses concerning the diversification and evolution of this
group cannot be formulated. Population-level studies have also been hindered due to the
lack of clearly-defined taxonomic units within Aiptasia.

Herein, | revise the genus Aiptasia and the family Aiptasiidae based on newly-
collected specimens. I erect a new genus for the former species A. pallida (Agassiz in
Verrill, 1864) (now Exaiptasia pallida comb. nov.) and synonymize several species under
this name. This species is distributed worldwide in the tropics and subtropics. | consider
the formerly-named A. mutabilis (Gravenhorst, 1831) to comprise two different species,
A. mutabilis and A. couchii Cocks, 1851. I revise Aiptasiidae and amend the diagnosis to
reflect our new findings: i.e., members of the family have microbasic p-amastigophores
in the acontia (~ p-rhabdoibs B2 sensu Schmidt 1969) and microbasic b-mastigophores in
the column (~ b-rhabdoibs sensu Schmidt 1969). In addition, | move the genus Bellactis
Dube, 1983 within Aiptasiidae, based on the combination of two diagnostic
morphological characters, the presence of ectodermal musculature at the distal end of the
column and the presence of b-mastigophores in the scapus. Finally, I confirm that

Ragactis Andres, 1883 also belongs in Aiptasiidae.
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Materials and Methods

The material studied was collected between 2009-2012 from 18 different
localities spanning the globe (Fig. 2.1, Appendix 2.1).

Sea anemones were relaxed using menthol crystals and photographed alive. Small
pieces of tissue from selected specimens were preserved in absolute ethanol for DNA
analysis, and subsequently fixed in 10% seawater-buffered formalin. All preserved
specimens were examined whole, while a subset were dissected. Histological sections 7—
8 um thick from parts of several specimens were made (Johansen 1940) and stained with
Ramén y Cajal's Triple Stain (Gabe 1968). Measurements of cnidae were made from
preserved material; small pieces of tissue were smeared on slides and examined using
DIC microscopy at 1000X magnification. | scanned through the slides and randomly
chose 15 capsules of each type (when possible) to measure to generate a range:
frequencies given are subjective impressions based on all the cnidae seen on the slides.
For each type, a mean and standard deviation has been provided to give an idea of the
distribution of sizes; these are not statistically significant (see Williams 1998, 2000 for
minimal requirements for statistical significance in cnida sizes) but provide some
qualitative information about variability in capsule size for each type of nematocyst.
Cnida terminology follows Mariscal (1974); however, | allude to Schmidt’s (1969)
terminology and correspondences between classifications because the latter is more

detailed.
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The studied material has been deposited in the American Museum of Natural
History in New York (AMNH) and in the Museu de Zoologia da Universidade de S&o

Paulo (MZUSP) in Brazil (Appendix 2.1).
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FIGURE 2.1. Map showing localities where studied species were collected.
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I have followed the taxonomic classification implemented in Fautin (2013) but
incorporated modifications from Rodriguez et al. (2012). Taxa are presented in
alphabetical order except in the case of Exaiptasia gen. nov.; | described Exaiptasia
following Aiptasia because members in the former genus were previously included
within the latter and it makes the comparison between genera clearer. | modified the
order and wording of the genus-level diagnoses to homogenise them, but did not mark
these changes; other more significant modifications from prior diagnoses are marked in
italics. The lists of citations for described species are not exhaustive; | provide only
references to the first citation of a species by a particular name. With regards to
taxonomic remarks of the species, in some cases | have spelled out the names of the

genera to avoid confusion.

RESULTS AND DISCUSSION
Order Actiniaria Hertwig, 1882
Suborder Nynantheae Carlgren, 1899
Superfamily Metridioidea Carlgren, 1893
Family Aiptasiidae
Diagnosis (after Carlgren 1949 and Rodriguez et al. 2012). Metridioidea with well

developed pedal disc and basilar muscles. Column sometimes distinctly divided into
regions. Tentacles and distal column with ectodermal longitudinal muscles. Cinclides in

mid-column, margin tentaculate. Mesogleal marginal sphincter muscle. Mesenteries not
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divisible into macro- and micro-cnemes. Six to eight pairs of mesenteries perfect and
fertile. Two siphonoglyphs. Acontia with basitrichs and microbasic p-amastigophores.

Cnidom: Spirocyst, basitrichs, and microbasic b-mastigophores and p-amastigophores.
Type genus. Aiptasia.

Included genera. Aiptasia; Aiptasiogeton Schmidt, 1972; Bartholomea
Duchassaing de Fombressin & Michelotti, 1864; Bellactis; Carlgreniella Watzl, 1922 (?);
Exaiptasia gen. nov., Paranthea Verrill, 1868 (?); Ragactis.

Taxonomic remarks. | modified the familial diagnosis to reflect the recent changes
in the higher-level classification of the order (see Rodriguez et al. 2012). I also noted that
the column is not always clearly divided into regions, the mesogleal marginal sphincter
muscle is not always weak, and that the cnidom of the family includes microbasic b-
mastigophores (in the column) and microbasic p-amastigophores but not microbasic p-
mastigophores (p-rhabdoids B2 but not p-rhabdoids A sensu Schmidt (1969),
respectively).

England (1992) erected the genus Paraiptasia for P. radiata (Stimpson, 1856) and
modified the diagnosis of Aiptasiidae to accommodate it within the family (England
1992). Paraiptasia has catch tentacles and lacks cinclides (England 1992); these features
are not common to the rest of the genera within Aiptasiidae. The distribution and size
ranges of cnidae among tissues within members of Aiptasiidae are relatively uniform (see
Tables 2.1-2.7). However, the cnidom, cnidae and distribution and sizes of Paraipatasia
are quite different from the other genera within the family (see England 1992: fig. 2.18

and table 2.11). For example, Paraiptasia does not have microbasic b-mastigophores in
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the column or the smaller microbasic p-amastigophores (1) in the acontia, and the large
microbasic p-amastigophores (2) in the acontia are considerably shorter than those of the
other aiptasiid genera with non-overlapping length ranges (to ~20—36 pm vs. 41-80 um).
Furthermore, Paraipatasia seems to have p-rhabdoid Bla (specific category of
microbasic p-amastigophores) in the filaments (see England 1992: fig. 18), according to
the size and shape of the capsule, although it was not possible to fully differentiate the
type due to poor image quality, a nematocyst category not present in any other member of
Aiptasiidae (Reft pers. com.). Additionally, England (1992) does not mention the
longitudinal muscles in the distal column in his redescription of P. radiata, a distinctive
character for the family. Paraipatasia seems unlikely to belong within Aiptasiidae and
thus I do not consider it within the family. The appropriate familial placement of this
genus among the remaining families remains uncertain until further revision.

The genus Neoaiptasia Parulekar, 1969 currently includes two species (Fautin
2013): N. comensali Parulekar, 1969 and N. morbilla Fautin & Goodwill, 2009. The
original assignment of both species of Neoaiptasia to the family Aiptasiidae was suspect
(Parulekar 1969; Fautin & Goodwill 2009). Similarly to Paraiptasia, Neoaiptasia lacks
cinclides and the cnidom of both species does not correspond to other members of
Aiptasiidae (see Parulekar 1969: 60-61; Fautin & Goodwill 2009: fig. 5). Furthermore,
molecular evidence clearly shows that N. morbilla does not belong within Aiptasiidae
(Rodriguez et al. 2012). | do not consider Neoaiptasia to belong within Aiptasiidae;

however, the familial position of this genus remains uncertain.
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Paranthea originally included three species (Fautin 2013); however, currently it
only includes one species P. armata Verrill, 1868 (the other two species have been
synonymized as species of Aiptasia, see below). The description of P. armata is
incomplete to modern standards and the type material of the species is not available
(Fautin 2013). Based on existing data (only color of the specimen and the approximately
length and number of tentacles are provided, see Verrill 1868) it is not possible to
determine the identity of P. armata or the familial placement of the genus Paranthea.

Watzl (1922) erected Carlgreniella for C. robusta Watzl, 1922 and distinguished
it from Bartholomea based on the presence of 24 longitudinal rows of papillae in the
column and a fairly strong mesogleal marginal sphincter muscle in Carlgreniella.
Although Watzl (1922) illustrated and described in detail the papillae of C. robusta,
Carlgren (1949) synonymized this species with B. annulata; he added the putative
presence of papillae in the column (marking it with a question mark) in the diagnosis of
Bartholomea. Current data are insufficient to determine whether C. robusta represents a
different species from B. annulata and if the presence of rows of papillae in the column
warrants a genus-level distinction within these taxa. Pending further revision I consider
the synonymy of C. robusta and B. annulata and the generic status of Carlgreniella
unresolved.

Finally, Aiptasiodes Stephenson, 1918 was previously placed within Aiptasiidae
(Fautin 2013). Stephenson (1918) erected the genus for forms related to Aiptasia but
having a mesogleal sphincter muscle because at the time the type species of Aiptasia was

described without having a marginal sphincter muscle. After a mesogleal marginal
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sphincter muscle was noticed in A. mutabilis, Aiptasioides became a junior synonymy of

Aiptasia and Aiptasiodes is no longer considered a valid genus (Fautin 2007).

Genus Aiptasia

Diagnosis (after Carlgren 1949). Aiptasiidae with adherent pedal disc. Column
usually elongated, smooth, with cinclides in 2—-3 longitudinal rows in mid-column;
sometimes scattered cinclides proximally. Column not distinctly divisible into scapus and
capitulum. Mesogleal marginal sphincter moderately strong. Strong longitudinal
ectodermal muscles in distal column. Tentacles long, simple, to 192, always smooth,
without projections. Same number of mesenteries distally and proximally or more
distally. Six pairs of perfect mesenteries. First and second cycles of mesenteries fertile.
Retractor muscles diffuse to restricted. Acontia well developed. Symbiotic with
Symbiodinium spp. or Amphidinium spp. Asexual reproduction by longitudinal or
transversal fission. Cnidom: spirocysts, basitrichs, microbasic b-mastigophores and p-

amastigophores.
Type species. Aiptasia amacha Gosse, 1858 by monotypy (Fautin et al. 2007a).

Included species. Aiptasia couchii; A. erythrochila (Fisher, 1874) (?); A. mutabilis; A.
prima (?).

Taxonomic remarks. The genus Aiptasia includes 14 species (Fautin 2013).
However, molecular evidence shows that the genus is not monophyletic (Daly et al.
2008; Rodriguez et al. 2012). Similarly, I could distinguish two different genera

morphologically, one corresponding to forms similar to the well-known European species
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A. mutabilis and the second corresponding to those forms similar to the more widely-
distributed species known up to now as A. pallida — for which I erect a new genus,
Exaiptasia gen. nov. (see below). Both genera are distinguishable by gross external
morphology when specimens are alive, but are difficult to distinguish once specimens are
preserved. They differ in the number of mesenteries proximally and distally (more
numerous distally or equal numbers proximally and distally in Aiptasia whereas this
number is equal in Exaiptasia gen. nov.), the mesogleal marginal sphincter muscle
(reticulated and relatively stronger in Exaiptasia gen. nov. than in Aiptasia), cnidae
(particularly in the size and shape of the microbasic b-mastigophores in the column, those
of Aiptasia longer and slimmer — similar to the ones found in other aiptasiid genera —
than the ones in Exaiptasia gen. nov., shorter and thicker, similar to those of
Aiptasiogeton; however, microbasic p-amastigophores in the acontia of Exaiptasia gen.
nov. are also slightly shorter than those of Aiptasia: see Tables 2.1-2.3 and Schmidt
1972), mode of asexual reproduction (transverse or longitudinal fission in Aiptasia but
pedal laceration in Exaiptasia gen. nov.) and in habitat (Exaptasia gen. nov. is restricted
to tropical and subtropical waters whereas species of Aiptasia are restricted to subtropical
and temperate waters of the Eastern Atlantic and the Mediterranean Sea (except for A.
prima but see below)). Furthermore, both genera are associated with different species of
symbiont; Symbiodinium sp. “A1_med” clade and Amphidinium sp. in Aiptasia whereas
Symbiodinium minutum “B1”” and Symbiodinium sp. “A4” are found in Exaiptasia gen.
nov.) (Thornhill et al. 2013; Grajales & Rodriguez unpub.). Most of the morphological

differences | find are of degree more than of kind (e.g. marginal sphincter muscle).
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However, | think that the combination of morphological, cnidae, ecological and
molecular differences warrant the distinction of Aiptasia and Exaiptasia gen. nov. Thus,
after this revision | restrict the use of the genus Aiptasia to four species (see taxonomic
remarks below). Nevertheless, the identity of A. erythrochila and A. prima remains
unclear because available data are not conclusive (see taxonomic remarks in pages 15-16

for a discussion on these).

Aiptasia couchii Cocks, 1851

(Figs. 2.2-2.4, Table 2.1)

Synonymy

Anthea Couchii [sic] Cocks, 1850 (nomen nudum)
Anthea Couchii [sic] Cocks, 1851

? Actinea biserialis Forbes, 1840

? Entacmaea biserialis Milne Edwards & Haime, 1851
? Dysactis biseralis Milne Edwards, 1857
Aiptasia amacha Gosse, 1858

Aiptasia Couchii [sic]: Gosse 1860

Aiptasia Couchii [sic]: Johnson 1861

Aiptasia Couchi [sic] Gosse: Andres 1883 (1884)
Non Aiptasia couchii Cocks: Pax 1909

Aiptasia couchi [sic]: Stephenson 1920
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Aiptasia mutabilis Form I: Schmidt 1972

Aiptasia mutabilis Form Il: den Hartog & Ates 2011

External anatomy (Fig. 2.2): Pedal disc to 15 mm diameter, wider than column.
Column smooth, to 15 mm height and 5 mm diameter in preserved specimens. Cinclides
in mid-column, relatively conspicuous, in three rows, corresponding with endocoels of
first two cycles of mesenteries; sometimes scattered cinclides in proximal column.
Mesenterial insertions visible. Oral disc to 15 mm diameter. Tentacles to 96, smooth,
tapering towards tips; inner tentacles longer than outer ones, to 15 mm and 5 mm length,
respectively.

Internal anatomy and microanatomy (Fig. 2.3): Mesogleal marginal sphincter
muscle diffuse, relatively strong, restricted to column margin. Same number of
mesenteries proximally and distally. Mesenteries hexamerously arranged in four cycles.
Only first cycle perfect; first three cycles fertile, including directives. Two pairs of
directives each associated with a well-developed siphonoglyph. Gonochoric. Retractor
muscles diffuse to restricted. Parietobasilar muscles differentiated, weak. Longitudinal
muscles of tentacles ectodermal. Strong longitudinal ectodermal muscles in distal end of
column. Basilar muscles well differentiated, relatively weak, with fibers on short

mesogleal pennon. Acontia numerous, well developed.
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FIGURE 2.2: External anatomy of Aiptasia couchii. A, B) Oral view of living
specimens. C) Lateral view of living specimen; notice rows of cinclides (arrows). D)
Detail of proximal column of preserved specimen; notice scattered cinclides (arrows). E)
Lateral view of preserved specimen; notice cinclides and acontia (arrows). Scale bars: A—

E, 10 mm.
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FIGURE 2.3. Internal anatomy of Aiptasia couchii. A) Cross section of the column at
the level of the actinopharynx showing the cycles of mesenteries (indicated by roman
numbers between pairs). B) Detail of fourth cycle of mesenteries. C) Cross section
through a tentacle showing the ectodermal longitudinal musculature. D) Cross section
through distal column showing the strong ectodermal longitudinal musculature. E) Detail
of a longitudinal section of the proximal end showing the basilar muscles (arrows). F)
Longitudinal section of distal column showing mesogleal marginal sphincter muscle.

Abbreviations: ep, epidermis: ga, gastrodermis; me, mesoglea. Scale bars: A-F, 0.1 mm.
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FIGURE 2.4. Cnidae of Aiptasia couchii. A, C, F, I, K, L, N, O) Microbasic p-
amastigophores. B, D, G, J, M, P) Basitrichs. E) Microbasic b-mastigophore. H)

Spirocyst.
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Table 2.1. Size ranges of the cnidae of Aiptasia couchii. X , mean; SD, standard
deviation; S, ratio of number of specimens in which each cnidae was found to number of
specimens examined; N, Total number of capsules measured; F, frequency; +++, very
common; ++, common; +, rather common; Abbreviations: M, Microbasic.

Range of length and width

Categories of capsules (Lm) X +SD S N F
PEDAL DISC
M p-amastigophores (16.8-38.1) x (3.6-6.1) 22.1+33x4.7+05 10/10 207  +++
Basitrichs (11.1-24.5) x (1.6-4.9) 16.5+0.4 x 3.2 +0.5 10/10 193  +++
COLUMN
M p-amastigophores (10.6-36.2) x (2.5-8.7) 23.245.4 x 4.6£1.2 10/10 241 +++
Basitrichs (11.4-21.2) x (1.9-3.4) 17.1+3.9 x 2.3+0.9 10/10 157  +++
M b-mastigophores (18.1-30.4) x (2.2-5.8) 23.9+ 2.8 x 3.8+£0.7 10/10 172 ++
TENTACLES +++
M p-amastigophores (15.5-41.6) x (2.7-7.8) 29.5+5.6 x 4.7x0.9 10/10 194  +++
Basitrichs (13.4-38.2) x (1.9-6.6) 24.1+4.9 x 3.6+0.9 10/10 199  +++
Spirocysts (11.3-31.2) x (2.7-5.8) 19.9+4.3 x 3.9+0.7 10/10 229  +++
ACTINOPHARYNX
M p-amastigophores (10.6-38.1) x (2.4-6.1) 21.64£3.1 x 4.3£0.7 10/10 227  +++
Basitrichs (11.1-24.5) x (1.6-4.9) 7.9+2.3x9.9+0.5 9/10 190  ++
FILAMENTS
M p-amastigophores 1 (8.7-21.4) x (1.7-7.1) 12.54+2.4 x 3.4£1.7 10/10 220  +++
M p-amastigophores 2 (27.6-44.5) x (3.6-6.3) 35.1+3.4 x 4.9+0.6 10/10 276  +++
Basitrichs (9.6-21.6) x (1.3-3.2) 12.744.1 x 2.1£0.6 10/10 217  ++
ACONTIA

M p-amastigophores 1 (14.2-33.5) x (2.5-6.3) 20.1+5.8 x 3.3+1.1 8/10 215 +
M p-amastigophores 2 (53.4-93.6) x (5.8-10.9) 74.5+£105x7.9+1.1 10/10 278  +++
Basitrichs (17.9-35.9) x (1.4-4.6) 29.143.9 x 2.7+0.5 10/10 303  +++
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Color (Fig. 2.2): In living specimens column translucent proximally and greyish-
brownish distally; tentacles and oral disc translucent greyish, the latter often with radial
whitish stripes corresponding with mesenterial insertions. Mouth and actinopharynx
whitish. Preserved specimens tan to yellowish in color.

Cnidom: Spirocysts, basitrichs, microbasic b-mastigophores and p-
amastigophores (Fig. 2.4). See Table 1 for size and distribution.

Geographic and bathymetric distribution. Aiptasia couchii is distributed in the
eastern Atlantic coast of Europe, Canary Islands and Madeira, and in the Mediterranean
Sea (Schmidt 1972; Manuel 1981; Ocafia et al. 1994; den Hartog & Ates 2011). Aiptasia
couchii is a shallow water species preferring protected subtidal waters and usually found
in crevices, between 1-5 m.

Taxonomic remarks. Schmidt (1972) revised the European species of Aiptasiidae;
he synonymized A. couchii as A. mutabilis but stated that they were different ecotypes of
the same species (A. mutabilis Form | = A. couchii and A. mutabilis Form 11 = A.
mutabilis, see Schmidt 1972). However, A. couchii and A. mutabilis can be differentiated
by size (to 15 mm vs. to 30 mm length), color pattern (particularly that of the tentacles
and oral disc, see Figs. 2, 5), number of mesenteries distally and proximally (equal
numbers vs. more cycles distally) and tentacles (48-96 vs. 96-192), cnidae (e.g.
microbasic p-amastigophores 2 in acontia: although sizes ranges overlap, in A. couchii,
this category is shorter than in A. mutabilis, which has a more restricted size range; a
similar situation in found in the column and the tentacles; see Tables 2.1, 2.2), ecology

(clonal vs. solitary), geographical distribution (A. mutabilis is restricted to the
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Mediterranean Sea), depth (intertidal vs. up to 30 m), kind of symbionts (Symbiodinium
vs. Amphidinium, Grajales & Rodriguez unpub.), and mode of asexual reproduction
(transversal vs. longitudinal fission). Schmidt (1972) mainly based the synonymy of both
species on his observation that one specimen of A. couchii kept in an aquarium could
grow more than 96 tentacles representing an intermediate form between both species. In
my opinion, morphological and ecological evidence clearly distinguishes Schmidt’s
(1972) ecotypes as different species. Furthermore, molecular evidence supports this
differentiation (Grajales & Rodriguez in prep.).

Our cnidae size range data differ from those of Schmidt (1972), particularly in the
microbasic b-mastigophores of the column and the shorter microbasic p-amastigophores
(2) of the acontia (Tables 2.1, 2.2). Schmidt (1972) did not report these two categories in
his specimens. Both categories are easily overlooked or confused with other types present
in the tissue because of similarities in length and width of the capsules. The category
Schmidt (1972) named as anisorhize haplonemes in the column probably corresponds
partly with what | named as basitrichs. Den Hartog and Ates (2011) identified one small
specimen from the northern Atlantic coast of Spain as Aiptasia mutabilis type 11 sensu
Schmidt (1972) stating that this corresponds with the previously known as A. couchii.
However, A. couchii corresponds with A. mutabilis Form | sensu Schmidt (Schmidt 1972;
Manuel 1981). Den Hartog and Ates (2011) provided only cnida data from the sole
examined specimen. Similarly to those of Schmidt (1972), their cnida data differ from
ours in the absence of the microbasic b-mastigophores of the column and the shorter

microbasic p-amastigophores (1) of the acontia. The sizes ranges provided for cnida
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categories in all examined tissues overlap but are more restricted than ours (den Hartog &

Ates 2011).

Aiptasia mutabilis (Gravenhorst, 1831)

(Figs. 2.5-2.7, Table 2.2)

Synonymy
Actinia mutabilis Gravenhorst, 1831
Cribina punctata Schmarda, 1852
Sagartia Penoti [sic] Jourdan, 1880
Aiptasia turgida Andres, 1881
Aiptasia carnea Andres, 1881
Aiptasia mutabilis: Andres 1883 (1884)
Aiptasiomorpha mutabilis: Carlgren 1949
Aiptasia mutabilis bicolor Andres: Pax & Miller 1953
Aiptasia mutabilis maculata Andres: Pax & Miller 1953
Aiptasia mutabilis Form Il: Schmidt 1972
External anatomy (Fig. 2.5): Pedal disc to 15 mm diameter, wider than column.
Column smooth, more or less cylindrical, to 30 mm height and 28 mm diameter in

preserved specimens. Cinclides in mid-column, inconspicuous, in three rows,
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FIGURE 2.5: External anatomy of Aiptasia mutabilis. A) Oral view of living
specimen. B) Detail of the color pattern of the tentacle. C) Lateral view of preserved

specimen. D) Detail of pedal disc of preserved specimen. Scale bars: A-D, 10 mm.
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FIGURE 2.6. Internal anatomy of Aiptasia mutabilis. A) Cross section of the column
at the level of the actinopharynx showing the cycles of mesenteries (indicated by roman
numbers between pairs). B) Detail of fifth cycle of mesenteries (arrows). C) Detail of
parietobasilar muscles (arrows). D) Detail of a longitudinal section of the proximal end
showing the basilar muscles (arrows). E) Cross section through a tentacle showing the
ectodermal longitudinal musculature. F) Cross section through distal column showing the
ectodermal longitudinal musculature. G) Longitudinal section of the distal column
showing the mesogleal marginal sphincter muscle. Abbreviations: ep, epidermis; ga,

gastrodermis; me, mesoglea. Scale bars: A-G, 0.1 mm.
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FIGURE 2.7. Cnidae of Aiptasia mutabilis. A, C, F, I, K, L, N, O) Microbasic p-
amastigophores. B, D, G, J, M, P) Basitrichs. E) Microbasic b-mastigophore. H)

Spirocyst.
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Table 2.2. Size ranges of the cnidae of Aiptasia mutabilis. X , mean; SD, standard

deviation; S, ratio of number of specimens in which each cnidae was found to number of

specimens examined; N, Total number of capsules measured; F, frequency; +++, very

common; ++, common; +, rather common; Abbreviations: M, Microbasic.

Range of length and width of

X +5D

Categories capsules (um) S N F
PEDAL DISC
M p-amastigophores (15.6-24.9) x (2.3-5.5) 20.2+1.9x 3.6£0.9  2/2 32 +++
Basitrichs (14.4-26.7) x (2.1-4.8) 21.1+0.6 X 35+4.7 2/2 25 +++
COLUMN
M p-amastigophores (18.2-21.4) x (3.5-5.4) 20.1+2.1 x45+£05 2/2 19 +
Basitrichs (14.3-19.9) x (2.4-3.9) 17.3+1.3x2.9+0.4 2/2 36 +++
M b-mastigophores (18.8-30.4) x (3.2-4.9) 27.4+3.1x4.1+04  2/2 26+
TENTACLES
M p-amastigophores (28.3-38.1) x (4.2-6.3) 35.2+2.6 x5.1+0.6  2/2 29  +++
Basitrichs (19.4-32.3) X (1.8-6.6) 23.4+25x3.1+13 22 39 +++
Spirocysts (12.8-28.7) X (2.2-5.5) 211446 x3.9+0.9 2/2 52 +++
ACTINOPHARYNX
M p-amastigophores (32.1-46.1) x (4.1-6.9) 35.2+2.4 x5.1+0.7  2/2 39  +++
Basitrichs (14.7-31.1) x (2.3-3.8) 25.2+3.4x3.0£0.3 2/2 38 +++
FILAMENTS
M p-amastigophores 1 (10.7-15.9) x (1.4-3.6) 12.441.1x2.6£05 2/2 39 +++
M p-amastigophores 2 (20.9-36.9) x (3.7-5.9) 33.1+4.4x 4.7£0.7  2/2 27  ++
Basitrichs (9.9-20.1) x (1.9-3.2) 13.342.7x2.840.4  2/2 27 +
ACONTIA
M p-amastigophores 1 (16.4-31.7) x (2.1-4.5) 21.646.3x 3.5£0.6 2/2 20 +
M p-amastigophores 2 (76.1-92.7) x (7.2-11.3) 84.1+4.6 x 9.1+0.8  2/2 38  +++
Basitrichs (24.4-35.5) x (1.7-3.5) 30.3+2.3x2.6804 2/2 59 +++
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corresponding with endocoels of first two cycles of mesenteries. Oral disc to 10 mm
diameter. Tentacles to 192, smooth, tapering towards tips; inner tentacles longer than
outer ones, to 30 mm and 20 mm length, respectively.

Internal anatomy and microanatomy (Fig. 2.6): Mesogleal marginal sphincter
muscle diffuse, relatively strong, restricted to column margin. More mesenteries distally
than proximally. Mesenteries hexamerously arranged in five cycles (fifth cycle only
distally). Only first cycle perfect; first forth cycles fertile, including directives. Two pairs
of directives each associated with a well-developed siphonoglyph. Gonochoric. Retractor
muscles diffuse to restricted. Parietobasilar muscles weak. Longitudinal muscles of
tentacles ectodermal. Strong longitudinal ectodermal muscles in distal end of column.
Basilar muscles weak, poorly differentiated. Acontia numerous, well developed.

Color (Fig. 2.5): In living specimens column translucent brownish; tentacles
translucent brownish with distinct pattern with whitish longitudinal marks. Mouth and
actinopharynx whitish. Preserved specimens tan in color.

Cnidom: Spirocysts, basitrichs, microbasic b-mastigophores and p-
amastigophores (Fig. 2.7). See Table 2.2 for size and distribution.

Geographic and bathymetric distribution. Restricted to the Mediterranean Sea
(Schmidt 1972), in shallow waters to 30 m.

Taxonomic remarks. Andres (1884) shorty re-described Aiptasia erythrochila
within Aiptasia. Based on the available information on this species (mostly color and

external anatomy) and because it is described as having 150 tentacles, it likely
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corresponds to A. mutabilis. However, the type material is not available and not enough
data are available to be certain about the identity of this species.

Stephenson (1918) thoroughly described Aiptasia prima; however, he did not
provide cnidae data for the species because it was not a common practice at the time.
Thus, the generic position and identity of this species remains unclear pending an
examination of the cnidae. However, based on the geographic distribution of the species
(South Trinidad Islands, temperate climate) | think it probably corresponds better with

Aiptasia rather than with the widely-distributed Exaiptasia pallida comb. nov.

Genus Exaiptasia gen. nov.

Diagnosis. Aiptasiidae with adherent pedal disc. Column elongated, smooth, with
cinclides in 2-3 longitudinal rows in mid-column; column not distinctly divisible into
scapus and capitulum. Mesogleal marginal sphincter moderately strong. Strong
longitudinal ectodermal muscles in distal column. Tentacles long, simple, to 96, always
smooth, without projections. Same number of mesenteries distally and proximally. Six
pairs of perfect mesenteries. First and second cycles fertile. Retractor muscles restricted.
Acontia well developed. Symbiotic with Symbiodinium spp. Asexual reproduction by
pedal laceration. Cnidom: spirocysts, basitrichs, microbasic b-mastigophores and p-

amastigophores.
Type species. Dysactis pallida Agassiz in Verrill, 1864 by original designation.

Included species. Exaiptasia pallida comb. nov., E. insignis (Carlgren, 1941) comb. nov.

(?), E. parva (Carlgren, 1938) comb. nov. (?).
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Taxonomic remarks. | chose to erect a new generic name for Exaiptasia pallida
comb. nov. because all the previously used generic names in which E. pallida comb. nov.
was included referred also to species included within the genus Aiptasia as currently

defined.

Exaiptasia pallida comb. nov.

(Figs. 2.8-2.10, Table 2.3)

Synonymy

Actinia diaphana Rapp, 1829

Cribina diaphana: Deshayes & Milne Edwards 1840

Actinia elongata Delle Chiaje, 1841

Adamsia diaphana: Milne Edwards 1857

Dysactis pallida Agassiz in Verrill, 1864

Bartholomea Tagetes [sic] Duchassaing de Fombressin & Michelotti, 1864
Bartholomea Inula [sic] Duchassaing de Fombressin & Michelotti, 1864
Dysactis mimosa Duchassaing de Fombressin and Michelotti, 1864
Bartholomea inula: Duchassaing de Fombressin & Michelotti, 1866
Dysactis minuta Verrill, 1867 (1866)

Paranthea minuta: Verrill 1868

Paranthea pallida: Verrill 1868
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Disactis Mimosa [sic]: Duchassaing 1870
Aiptasia saxicola Andres, 1881

Aiptasia diaphana: Andres 1883 (1884)
Aiptasia [sic] Agassizii: Andres 1883 (1884)
Aiptasia inula: Andres 1883 (1884)

Aiptasia minuta: Andres 1883 (1884)
Aiptasia mimosa: Andres 1883 (1884)
Aiptasia tagetes: Andres 1883 (1884)
Aiptasia pallida: McMurrich 1887

Aiptasia leiodactyla Pax, 1910

Aiptasioides pallida: Stephenson 1918
Aiptasiomorpha diaphana: Stephenson 1920
Aiptasiomorpha leiodactyla: Stephenson 1920
Bartholomea tagetes: Stephenson 1920
Aiptasia pulchella Carlgren, 1943

Aiptasia californica Carlgren, 1952

Aiptasia tagetes: Atoda 1954

Aiptasiomorpha minuta: Uchida & Soyama 2001

Aipstasia [sic] pulchella: Reimer et al. 2007
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FIGURE 2.8. External anatomy of Exaiptasia pallida comb. nov. A) Oral view of
living specimen. B) Lateral view of living specimen. C) Lateral view of preserved

specimen; notice cinclides and acontia (arrows). Scale bars: A—C, 10 mm.
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FIGURE 2.9. Internal anatomy of Exaiptasia pallida comb. nov. A) Cross section of
the column at the level of the actinopharynx showing the cycles of mesenteries(indicated
by roman numbers between pairs). B) Detail of fourth cycle of mesenteries (arrows). C)
Cross section through a tentacle showing the ectodermal longitudinal musculature; notice
zooxanthellae in gastrodermis. D) Cross section through distal column showing strong
ectodermal longitudinal musculature. E) Detail of weak parietobasilar muscles. F) Detail
of a longitudinal section of the proximal end showing the basilar muscles (arrows). G)
Longitudinal section of the distal column showing reticulate mesogleal marginal
sphincter muscle. Abbreviations: ep, epidermis; ga, gastrodermis; me, mesoglea; s,

siphonoglyph. Scale bars: A-G, 0.1 mm.
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FIGURE 2.10. Cnidae of Exaiptasia pallida comb. nov. A, C, F, I, K, L, N, O)
Microbasic p-amastigophores. B, D, G, J, M, P) Basitrichs. E) Microbasic b-

mastigophore. H) Spirocyst.
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Table 2.3. Size ranges of the cnidae of Exaiptasia pallida comb. nov. X , mean; SD,
standard deviation; S, ratio of number of specimens in which each cnidae was found to

number of specimens examined; N, Total number of capsules measured; F, frequency;
+++, very common; ++, common; +, rather common; Abbreviations: M, Microbasic.

Range of length and

Categories width of capsules (Lm) X 8D S N F
PEDAL DISC
M p-amastigophores (9.7-27.5) x (1.9-6.4) 18.97+2.8 x4.3x0.7  30/30 610 +++
Basitrichs (9.1-19.1) x (1.2-4.4) 13.1+2.2 x 3.1+0.7 30/30 615 +++
COLUMN
M p-amastigophores (9.7-40.4) x (1.8-6.4) 18.2+4.9 x 4.2+0.7 30/30 483  +++
Basitrichs (8.4-28.4) x (1.6-5.7) 14.143.1 x 3.2+0.6 30/30 493  +++
M b-mastigophores (9.5-19.1) x (2.3-6.7) 14.2+2.5 x 4.3+0.7 30/30 346 ++
TENTACLES
M p-amastigophores (19.5-47.8) x (2.6-7.1) 28.8+2.7 x 4.8+0.5 30/30 519 +++
Basitrichs (9.3-25.1) x (1.4-4.9) 16.942.7 X 2.9+0.5 30/30 466 +++
Spirocysts (9.2-30.6) x (2.1-6.6) 17.244.1 x 3.7+0.9 30/30 585  +++
ACTINOPHARYNX
M p-amastigophores (12.1-35.9) x (2.4-6.7) 24.8+4.5x 4.1+0.5 30/30 563 +++
Basitrichs (8.6-30.1) x (1.6-4.7) 17.3+4.5 x 2.9+0.5 30/30 511  ++
FILAMENTS
M p-amastigophores 1 (7.4-17.2) x (1.8-5.4) 11.6+1.7 x 3.3+0.5 30/30 578 +++
M p-amastigophores 2 (20.1-44.7) x (1.9-7.1) 28.6+4.1 x 4.6+1.1 30/30 435 +++
Basitrichs (7.7-29.1) x (1.1-6.2) 18.1+6.1 x 2.8+0.6 24/30 261 +
ACONTIA
M p-amastigophores 1 (10.4-31.2) x (1.9-6.2) 18.9+4.9 x 3.5£0.8 26/30 282 +
M p-amastigophores 2 (44.9-85.2) x (5.1-12.1) 62.1+6.1 x 7.7+1.3 30/30 439  +++
Basitrichs (13.4-34.4) x (2.1-4.4) 24.1+¥2.5x 2.9+0.4 30/30 498  +++
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Material examined
See Appendix 1
Description

External anatomy (Fig. 2.8): Pedal disc to 10 mm diameter, wider than column.
Column smooth, to 60 mm height and to 30 mm diameter in preserved specimens.
Cinclides often conspicuous in mid-column, in 2-3 rows, with ~12 cinclides per row,
alternated, corresponding with endocoels of first two cycles of mesenteries. Mesenterial
insertions visible. Oral disc to 10 mm diameter in preserved specimens. Tentacles to 96,
smooth, long, tapering toward tips, all of same length, to 20 mm.

Internal anatomy and microanatomy (Fig. 2.9): Mesogleal marginal sphincter
muscle diffuse, strong, reticulate, relatively short, restricted to column margin; fibers
occupying entire mesoglea. Mesenteries hexamerously arranged in four cycles. Only first
cycle perfect; first two cycles fertile, including directives (?); third and fourth cycles
poorly developed. Two pairs of directives each associated with a well-developed
siphonoglyph. Gonochoric. Asexual reproduction by pedal laceration. Retractor muscles
restricted, strong. Parietobasilar muscles differentiated, weak. Longitudinal muscles of
tentacles ectodermal. Strong longitudinal ectodermal muscles in distal end of column.
Basilar muscles well differentiated, with fibers on thin mesogleal pennon. Acontia
numerous, well developed.

Color (Fig. 2.8): In living specimens column translucent proximally and greyish-

brownish with scattered spots distally; oral disc and tentacles greyish, the latter with
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scattered white transversal stripes. Whitish mouth and actinopharynx with yellowish
circle around. Preserved specimens tan in color.

Cnidom: Spirocysts, basitrichs, microbasic b-mastigophores and p-
amastigophores (Fig. 2.10). See Table 2.3 and Appendix 2.2 for size and distribution.

Geographic and bathymetric distribution. Exaiptasia pallida comb. nov. is a
widespread species recorded worldwide along the northwestern Atlantic coast (Fautin
2013), the Gulf of Mexico (e.g. Cary 1906; Gunter & Geyer 1955) and the Caribbean Sea
(e.g. Silbiger & Childress 2008; Gonzalez-Mufioz et al. 2012), the coast of Brazil in the
southwestern Atlantic Ocean (e.g. Corréa 1964, 1973; Dube 1983; Pires et al. 1992;
Castro et al. 1995; Echeverria et al. 1997; Zamponi 1998; Farrapeira et al. 2007),
Galapagos Islands (Fautin et al. 2007b), and Australia. In this study | extend the
distribution of the species to the Mediterranean Sea and western Africa (geographic
distribution of the former Aiptasia diaphana), the east and west Pacific coasts (e.g.
California [geographic distribution of former A. californica], Japan and Hawaii
[geographic distribution of former A. pulchella]). In this study | provide new records for
the coast of Brazil, Australia, and Panama (Appendix 2.1). Exaiptasia pallida comb. nov.
is a tropical and subtropical, shallow-water subtidal species, preferring calm and
protected waters, found between 0-5 m.

Taxonomic remarks. The genus Aiptasia presently includes 14 nominal species
(Fautin 2013). Three of these species (A. mutabilis, A. erythrochila and A. prima) I
consider to belong within Aiptasia (see Taxonomic remarks in pag. 9). Descriptions of

most of the other 11 species are rather old and incomplete for modern standards —

57



particularly those of species within the Caribbean Sea (Gonzéalez-Mufioz et al. 2012) —
and type material is not available in most cases. Differences among these species are
usually the lack of several characters — such as rows of cinclides or the marginal
sphincter muscle — which are sometimes variable but also difficult to detect in some
preserved specimens (e.g. differences between A. tagetes and A. leiodactyla vs. E. pallida
comb. nov., see Gonzalez-Mufioz et al. 2012). After detailed morphological and cnidae
examination of newly-collected material from almost all localities reported for the 11
putative species (except South Africa, South Trinidad Islands and Saint Helena, see
Appendix 2.1) I did not find any constant morphological character distinguishing among
the former Aiptasia pallida, A. californica, A. diaphana, A. inula, A. leiodactyla, A.
mimosa, A. pulchella, and A. tagetes. As mentioned, the symbiotic dinoflagellates of all
collected individuals correspond to Symbiodinium minutum (type B1), with the exception
of A. pallida from specimens in Florida harboring Symbiodinium sp. “A4” in addition to
S. minutum. Appendix 2.2 shows a breakdown of cnida data of examined populations
pooled by geographical regions (i.e. east Atlantic and Caribbean Sea, west Atlantic, and
Pacific Ocean). Although I found slight differences in sizes ranges of the cnidae among a
few localities — the most remarkable difference is longer microbasic p-amastigophores
(2) in the filaments of specimens from Hawaii (to 35 um vs. to 45 um) — ranges always
overlap and thus I do not consider this difference alone to distinguish species.
Furthermore, molecular evidence supports a unique widely distributed species (Grajales
& Rodriguez in prep.). Thus, | synonymized the former seven species as E. pallida comb.

nov. Aiptasia minuta (Verrill, 1867) is described from Japan relatively close to the former
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A. pulchella. Verrill (1866) did not detect cinclides in this species and Uchida and
Soyama (2001) placed it within Aiptasiomorpha (Stephenson, 1920), which implies that
they did not detect a marginal sphincter muscle (Carlgren 1949). However, the latter
authors did not describe the species or provided cnidae data and it is not clear from their
publication if they studied the species following taxonomic standards. In addition,
cinclides are easily overlooked and thus | consider that this species corresponds with E.
pallida comb. nov. (as a synonymy of the former A. pulchella).

According to the Principle of Priority (Art. 23 of the International Code of
Zoological Nomenclature, the Code hereafter, ICZN 1999), the former Aiptasia diaphana
is the senior subjective synonym and thus must be used over the junior synonym, the
former A. pallida. Although the name pallida has currently a broader use than diaphana
(particularly in non-taxonomic works) this name does not fulfill the requirements for a
reversal of precedence of a junior synonym —i.e. Art. 23.9.1 of the Code — (ICZN
1999). However, | consider that the use of the senior synonym (diaphana) will cause
confusion threatening stability and wish to maintain the use of the junior synonym
(pallida). Following Art. 23.9.3 of the Code (ICZN 1999), the matter has been referred to
the ICZN (Grajales & Rodriguez in press: Case 3633) and is awaiting resolution. While
the case is under consideration the junior name is to be maintained (ICZN 1999); thus,
here | use Exaiptasia pallida comb. nov.

Carlgren (1938) described Aiptasia parva from South Africa, including an
account of cnidae sizes ranges but it is incomplete. This species seems to have

accumulations of nematocysts (nematocyst batteries?) in the column, up to 70 tentacles,
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cinclides in mid-column but not distinctly arranged, lower number of mesenteries in mid-
column and only eight mesenteries were perfect proximally in two of the examined
specimens, suggesting pedal laceration (Carlgren 1938). In addition, Carlgren (1938) did
not mention the presence of zooxanthellae. Thus, his description suggested that this is a
different species than E. pallida comb. nov. Based on the size range of the longer
microbasic p-amastigophores in the acontia and in the occurrence of pedal laceration, |
think that this species is more closely related to Exaiptasia pallida comb. nov. rather than
to species within Aiptasia. However, the identity of this species remains unclear until
further revision.

Carlgren (1941) described shortly Aiptasia insignis from Santa Helena Island; he
noted that it resembled A. couchii. However, his description fits that of Exaiptasia gen.
nov. better than that of Aiptasia, especially in the size range of the longer microbasic p-
amastigophores of the acontia (55-70.5 um in length) and the geographic distribution
(tropical and subtropical). The marginal sphincter muscle is weaker than in E. pallida
comb. nov. and there are several differences in cnida data (mainly narrower sizes ranges
than those of E. pallida comb. nov. and absence of small categories of cnidae —e.g.,
smaller category of microbasic p-amastigophores in acontia — these differences might be
due to lower numbers of capsules and specimens measured). Thus, until further
examination, 1 would rather consider E. insignis comb. nov. as a separate species,

probably closely related to E. pallida comb. nov.
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Genus Aiptasiogeton

Diagnosis (after Schmidt 1972). Aiptasiidae with well developed pedal disc.
Column elongate, smooth, with cinclides in mid-column. Column not distinctly divisible
into scapus and capitulum. Mesogleal marginal sphincter weak. Strong longitudinal
ectodermal muscles in distal column. Tentacles rather or very long, to 96, simple, always
smooth, without projections. More mesenteries distally than proximally. Eight perfect
mesenteries. All cycles of mesenteries fertile. Retractor muscles restricted. Acontia well
developed. Zooxanthellae absent. Asexual reproduction by pedal laceration. Cnidom:

spirocysts, basitrichs, and microbasic b-mastigophores and p-amastigophores.
Type species. Paractis comata Andres, 1881 by monotypy.

Included species. Aiptasiogeton eruptaurantia (Field, 1949); Aiptasiogeton hyalinus

(Delle Chiaje, 1822).

Aiptasiogeton hyalinus

(Figs. 2.11-2.13, Table 2.4)

Synonymy

Actinia hyalina Delle Chiaje, 1822
Actinia pellucida Hollard, 1848
Non Actinia lacerata Dalyell, 1848

Paractis comata Andres, 1881
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Aiptasia lacerata: Andres 1884 (part.)
Solecnactinia erythrochila Fisher, 1874
Sagartia erythrochila Fisher, 1889
Aiptasiogeton comatus Schmidt, 1972
Aiptasiogeton pellucidus Manuel 1981
Non Haliplanella lineata: Ramil 1987

Aiptasiogeton hyalinus: Ocafia & den Hartog 2002
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FIGURE 2.11. External anatomy of Aiptasiogeton hyalinus. A) Oral view of living
specimen; notice the distinct tentacles corresponding with directives. B) Lateral view of
living specimen; notice spots. C) Lateral view of preserved specimen. D) Lateral view of
living specimen. E) Oral view of living specimen undergoing pedal laceration. Scale bars:

A-E, 10 mm.
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FIGURE 2.12. Internal anatomy of Aiptasiogeton hyalinus. A) Cross section of the
column at the level of the actinopharynx showing the cycles of mesenteries(indicated by
roman numbers between pairs). B) Detail of fourth cycle of mesenteries (arrows). C)
Detail of restricted retractor muscles. D) Detail of a longitudinal section of the proximal
end showing the well-developed basilar muscles (arrows). E) Cross section through a
tentacle showing the ectodermal longitudinal musculature; notice the absence of
zooxanthellae in the gastrodermis. F) Cross section through distal column showing strong
ectodermal longitudinal musculature. G) Longitudinal section of the distal column
showing strong mesogleal marginal sphincter muscle. Abbreviations: ep, epidermis; ga,

gastrodermis; me, mesoglea; s, siphonoglyph. Scale bars: A-G, 0.1 mm.
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FIGURE 2.13. Cnidae of Aiptasiogeton hyalinus. A, C, F, I, K, L, N, O) Microbasic p-
amastigophores. B, D, G, J, M, P) Basitrichs. E) Microbasic b-mastigophore. H)

Spirocyst
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Table 2.4. Size ranges of the cnidae of Aiptasiogeton hyalinus. X , mean; SD, standard

deviation; S, ratio of number of specimens in which each cnidae was found to number of

specimens examined; N, Total number of capsules measured; F, frequency; +++, very

common; ++, common; +, rather common; Abbreviations: M, Microbasic.

Range of length and

Categories width of capsules (Lm) X +SD S N F
PEDAL DISC
M p-amastigophores (11.8-20.3) x (3.3-5.8) 16.2+2.1 x 4.2+0.6 2/2 58 +++
Basitrichs (10.1-17.6) x (2.1-4.5) 14.3+£1.7 x 3.1+£0.6 2/2 38 +++
COLUMN
M p-amastigophores (15.1-22.4) x (2.9-6.1) 19.1%1.9 X 4.5+0.6 202 31 +++
Basitrichs (8.9-19.1) x (2.6-4.9) 14.8+2.8 X 3.8+2.6 212 39 +++
M b-mastigophores (11.5-19.1) x (2.1-7.8) 15.3+1.9 x 4.0£1.7 2/2 32 ++
TENTACLES
M p-amastigophores (21.6-30.5) x (3.1-5.9) 26.5+2.4 x 4.4+0.7 2/2 40 +++
Basitrichs (15.9-16.7) X (2.9-3.2) 16.2+0.5 X 3.1+0.2 202 32 ++
Spirocysts (10.3-21.8) X (2.4-5.7) 17.243.2 X 3.940.8 2/2 39 +++
ACTINOPHARYNX
M p-amastigophores (10.8-29.9) x (2.9-6.1) 19.442.8 x 4.1+0.7 2/2 34 +++
Basitrichs (12.1-20.5) X (2.1-4.3) 15.6+2.6 X 3.2+0.6 22 32 4+
FILAMENTS
M p-amastigophores 1 (10.3-20.7) x (2.4-4.9) 13.3£2.9 x 3.4+0.5 2/2 39 +++
M p—amastigophores 2 (27.6-40.2) x (4.6-6.4) 33.1£3.7 x 5.4+0.5 2/2 33 ++
Basitrichs (11.6-16.7) X (1.4-3.5) 13.6+1.9 X 2.240.6 22 32 4+
ACONTIA
M p-amastigophores 1 (16.7-27.5) x (1.9-4.5) 22.3+x3.1x 3.2+0.6 212 36+t
M p-amastigophores 2 (45.4-69.3) x (4.6-7.5) 57.4+5.7 X 6.1+0.6 2/2 58 +++
Basitrichs (26.8-37.1) x (1.5-3.6) 30.5+2.3x2.3t05  2/2 32 +++
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Material examined
See Appendix 1
Description

External anatomy (Fig. 2.11): Pedal disc to 5 mm diameter. Column elongated,
not divisible into scapus and capitulum, 7-20 mm height and 10-15 mm diameter in
preserved specimens. Cinclides in mid-column, few, scattered. Mesenterial insertions
visible. Oral disc to 10 mm diameter in preserved specimens. Tentacles to 96, smooth,
tapering toward tips; inner tentacles longer than outer ones, 3-5 mm and 1-3 mm length

in preserved specimens, respectively.

Internal anatomy and microanatomy (Fig. 2.12): Mesogleal marginal sphincter
muscle diffuse, strong; fibers closer to gastrodermis. Mesenteries hexamerously arranged
in five cycles (to 64 pairs). More mesenteries distally than proximally. First cycle and one
pair of second cycle perfect; rest imperfect. Fifth cycle only present distally. All perfect
mesenteries fertile, including directives. Two pairs of directives each associated with a
siphonoglyph. Gonochoric. Retractor muscles restricted to reniform. Parietobasilar
muscles differentiated, weak; fibers on thick mesogleal processes. Longitudinal muscles
of tentacles ectodermal. Strong longitudinal ectodermal muscles in distal column. Basilar
muscles well differentiated, with fibers on short but thick mesogleal pennon. Acontia
few, well developed.

Color (Fig. 2.11): In living specimens column translucent with orange spots

distally. Oral disc reddish. Tentacles translucent greyish with tips reddish to pink; those
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two corresponding with endocoels of directives with white base. Preserved specimens
yellowish.

Cnidom: Spirocysts, basitrichs, microbasic b-mastigophores and p-
amastigophores (Fig. 2.13). See Table 4 for size and distribution.

Geographic and bathymetric distribution. Aiptasiogeton hyalinus has been
recorded in the western Mediterranean Sea, Atlantic coast of France and north of Spain,
British Islands, Canary Islands, Atlantic coast of Morocco, Madeira, Azores, and Israel
(reviewed in den Hartog & Ates 2011). In this study | provide a new record from the
south Atlantic coast of Spain (see Appendix 1). Aiptasiogeton hyalinus is a shallow water

species, found between 0—7 m.

Taxonomic remarks. The name of this species has a relatively complex history.
Delle Chiaje (1822) provided a drawing and then in 1823 describes vaguely Actinia
hyalina. Hollard (1848) concisely described Aiptasiogeton hyalinus in his thesis as
Actinia pellucida on the French Atlantic coast. Fisher (1889) provides an adequate
description of the species but named it as Sagartia erythrochila (Fisher, 1874) because he
thought it was different than A. pellucida. Andres (1881) describes Paractis comata but
then (Andres 1884) described it and A. pellucida under the name Aiptasia lacerata
Dalyell, 1848 with three varieties. Two of those varieties, A. lacerata planifrons and A.
lacerata crucifrons corresponded to Aiptasiogeton hyalinus but the third one, A. lacerata
ungicolata corresponded to Paractis comata (synonym with Sagartiogeton laceratus
(Dalyell, 1848) [Tur 1989; Fautin 2013]). In addition, Andres (1884) synonymized

Actinia hyalina with Aiptasia lacerata although with some reservations.
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Schmidt (1972) described the genus Aiptasiogeton for this species with material
from the Mediterranean Sea as A. comatus, the same name that Manuel (1979) uses for
specimens in the British Islands. However, Manuel (1981) corrected the name of the
species to A. pellucidus because Paractis comata was introduced by Andres (1881) to
designate a species that today is considered as Sagartiogeton laceratus.

According to den Hartog and Ates (2011) Aiptasiogeton hyalinus is the correct
name for this species. | agree with those authors in considering the description of Delle
Chiaje (1825) diagnostic — although the date of publication of the description provided
by den Hartog and Ates (2011) is incorrect and | correct it here to 1822 (Fautin 2013).
Thus, the name A. hyalinus precepts A. pellucidus. Furthermore, the name pellucidus is
probably not available because it was published in a thesis (Tubbs 2001).

There are slight differences among the cnida data provided by Schmidt (1972),
those of den Hartog and Ates (2011) and data in this study. However, | consider that most
of the differences are attributable to different interpretation of cnidae categories (e.g. |
consider one category of microbasic p-amastigophores in the filaments whereas den
Hartog and Ates (2011) consider two, but the ranges of these nematocysts coincide), to
low numbers of studied specimens (den Hartog and Ates (2011) only examined one
specimen, and Schmidt (1972) and this work only examined two specimens) and the
intraspecific variability among localities (Schmidt material was from the Mediterranean
whereas den Hartog and Ates (2011) and ours are from the Atlantic coast of Spain). The

studied specimens, similarly to that of den Hartog and Ates (2011), show an additional
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smaller category of microbasic p-amastigophores (1) in the acontia rather than only one
as described by Schmidt (1972).

The other species of the genus, Aiptasiogeton eruptaurantia might be a synonymy
of A. hyalinus (Schmidt 1972; den Hartog & Ates 2011); however, further studies are

necessary to address this.

Genus Bartholomea

Diagnosis (after Carlgren 1949). Aiptasiidae with well developed pedal disc.
Column rather long, smooth (or with minute papillae ?), with up to five rows of cinclides
in mid-column; column distinctly divisible into scapus and capitulum. Mesogleal
marginal sphincter weak. Tentacles to 192, rather long, not fully retractile, with spiral or
incomplete annular raised bands with nematocyst batteries; bands throughout entire
tentacle or near tip only. More mesenteries distally than proximally. Perfect mesenteries
6-8 pairs, fertile. Oral stoma. Retractors diffuse, sometimes fairly restricted. Symbiotic
with Symbiodinium spp. No asexual reproduction (?). Cnidom: spirocysts, basitrichs, and

microbasic b-mastigophores and p-amastigophores.

Type species. Currently no type species; the designation of Actinia annulata by
Stephenson (1920) and agreed to by Carlgren (1949) is invalid because this species is not

among species originally in genus (Fautin 2013).

Included species. Bartholomea annulata; Bartholomea pseudotagetes Pax, 1924

(?); B. werneri Watzl, 1922 (?); B. peruviana Pax, 1924.
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Taxonomic remarks. | specified in the diagnosis of the genus that cinclides in
mid-column might be arranged in up to five rows as | observed in Bartholomea annulata.

| also added the presence of oral stoma because | detected them in B. annulata.

Bartholomea annulata

(Figs. 2.14-2.16, Table 2.5)

Synonymy

Actinia annulata Le Sueur, 1817

Actinia solifera Le Sueur, 1817

Non Actinia annulata Gay, 1854

Paractis solifera: Milne Edwards 1857
Dysactis annulata: Milne Edwards 1857
Bartholomea solifera Duchassaing de Fombressin & Michelotti, 1864.
Bartholomea [sic] Solifera: Duchassaing 1870
Aiptasia solifera: Andres 1883 (1884)
Aiptasia annulata: Andres 1883 (1884)
Aiptasia annulata solifera: Verrill 1907
Bartholomea annulata: Stephenson 1920

? Carlgreniella robusta Watzl, 1922

Aiptasia arrulata Atoda, 1954

Batholomea [sic] annulata: Chen et al. 2008
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Material examined

See Appendix 1

Description

External anatomy (Fig. 2.14): Pedal disc to 40 mm diameter in preserved
specimens. Column elongated, divisible into scapus and capitulum, to 40 mm height and
to 20 mm diameter in preserved specimens (to 100 mm height and 40 mm diameter in
living specimens). Cinclides in mid-column, in 4-5 rows. Small, rounded oral stoma.
Mesenterial insertions visible. Oral disc to 13 mm diameter in preserved specimens.
Tentacles to 192, tapering toward tips, rather long, all of same length, 5-11 mm in
preserved specimens (50—-70 mm length in living specimens). Tentacles not fully
retractile, with spiral or incompletely annular raised bands with batteries of microbasic p-

amastigophores and basitrichs; bands throughout entire tentacle.

Internal anatomy and microanatomy (Fig. 2.15): Mesogleal marginal sphincter
muscle diffuse, short and weak. Mesenteries hexamerously arranged in five cycles. More
mesenteries proximally than distally. Only first cycle perfect. All cycles fertile. including
directives. Two pairs of directives each associated with a deep siphonoglyph. Retractor
muscles diffuse, strong. Parietobasilar muscles differentiated, weak. Longitudinal
muscles of tentacles ectodermal. Relatively weak longitudinal ectodermal muscles in
distal end of column. Basilar muscles well differentiated, distinct, strong, with fibers on

long mesogleal pennon. Acontia numerous, well developed.
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FIGURE 2.14. External anatomy of Bartholomea annulata. A) Oral view of living
specimen. B) Detail of tentacular bands (arrow). C) Lateral view of preserved and

contracted specimen; notice up to five rows of cinclides. Scale bars: A—C, 10 mm.
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FIGURE 2.15. Internal anatomy of Bartholomea annulata. A) Cross section of the
column at the level of the actinopharynx showing the cycles of mesenteries (indicated by
roman numbers between pairs). B) Detail of a longitudinal section of the proximal end
showing the distinct basilar muscles (arrows). C) Cross section through distal column
showing the weak ectodermal longitudinal musculature. D) Longitudinal section of the
distal column showing weak mesogleal marginal sphincter muscle. E) Cross section
through a tentacle showing the ectodermal longitudinal musculature. F) Longitudinal
section of the tentacle; notice zooxanthellae in gastrodermis and nematocyst batteries in
the epidermis (arrows). Abbreviations: ep, epidermis; ga, gastrodermis; me, mesoglea; s,

siphonoglyph. Scale bars: A, C-F, 0.1 mm; B, 0.05 mm.
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FIGURE 2.16. Cnidae of Bartholomea annulata. A, C, F, I, K, L, N, O) Microbasic p-
amastigophores. B, D, G, J, M, P) Basitrichs. E) Microbasic b-mastigophore. H)

Spirocyst.
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Table 2.5. Size ranges of the cnidae of Bartholomea annulata. X , mean; SD, standard

deviation; S, ratio of number of specimens in which each cnidae was found to number of

specimens examined; N, Total number of capsules measured; F, frequency; +++, very

common; ++, common; +, rather common; Abbreviations: M, Microbasic.

Range of length and

Categories width of capsules (um) X +SD S N F
PEDAL DISC
M p-amastigophores (18.2-25.9) x (3.6-5.2) 22.1+2.2 x4.5+0.4 212 29 +++
Basitrichs (10.3-15.7) x (1.8-3.2) 131204 X 2.4£04  2[2 o5  +++
COLUMN
M p-amastigophores (20.1-25.7) x (3.8-5.7) 23.2+1.4x 4.8+0.5 212 39 +++
Basitrichs (10.7-20.2) x (2.6-3.9) 15.9+3.1x 3.2+0.4 2/2 29 +++
M b-mastigophores (18.7-26.8) X (3.4-5.7) 21.5+2.7x 44406 22 23 44
TENTACLES
M p-amastigophores (18.7-43.1) x (2.6-7.7) 374452 x55+1.1 22 4 44t
Basitrichs (17.4-31.2) X (2.2-4.7) 23.1+4.1x32+06 22 43 444
Spirocysts (12.8-33.3) x (1.7-5.9) 19.846.2x35+1.1 22 26 444
ACTINOPHARYNX
M p-amastigophores (31.4-40.7) x (3.9-6.6) 36.242.3x5.1+0.7 22 38 44
Basitrichs (9.9-21.5) x (2.3-4.4) 15.7+4.4x 3.420.7 22 34 444
FILAMENTS
M p-amastigophores 1 (10.2-16.7) x (2.1-5.1) 12.9+1.3x3.2¢0.8 22 33 444
M p-amastigophores 2 (19.4-37.4) x (4.3-6.3) 26.4+8.3 x 5.3+0.8 212 34 +++
Basitrichs (10.9-14.2) x (2.1-4.9) 12.6+1.1x34+08 22 31  +
ACONTIA
M p-amastigophores 1 (14.3-19.2) x (2.2-3.5) 16.2+1.6 x 2.84£0.3 212 38 +++
M p-amastigophores 2 (60.3-71.6) x (7.7-9.9) 65.6+3.3 x 8.5+0.5 2/2 37 +++
Basitrichs (24.4-29.3) x (1.9-3.4) 27.2412x26+04 22 31 444
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Color (Fig. 2.14): Living specimens with proximal column translucent whitish,
brownish with white dots distally; tentacles brown with distinct white annular bands.
Preserved specimens with whitish column; tentacles dark brown when preserved.

Cnidom: Spirocysts, basitrichs microbasic b-mastigophores and p-amastigophores
(Fig. 2.16). See Table 2.5 for size and distribution.

Geographic and bathymetric distribution. Bartholomea annulata is reported along
the entire Caribbean Sea, from Bermuda to Barbados (Gonzalez-Mufioz et al. 2012). It is
a shallow-water species found between 1-20 m.

Taxonomic remarks. Currently, Bartholomea includes four valid species (Fautin
2013); all but B. peruviana (described from the coast of Peru) are distributed in the
Caribbean Sea. Waltz (1922) provides a relatively detailed description of B. werneri and
differentiates it from B. annulata based on the number of tentacles (to 96 B. werneri vs.
to 192) and shape of tentacular bands (wide but flatter in B. werneri), and because the
cinclides are not conspicuous externally in B. werneri. He also provides an account of
cnidae sizes and ranges of both species but it is incomplete, some types of nematocysts
are missing for several body regions, furthermore the provided ranges do not differ
between both species. The cited differences may be due to less developed examined
specimens and intraspecific variation. In addition, Waltz (1922) erroneously describes the
genus Bartholomea with the first cycle of mesenteries sterile. | agree with Gonzalez-
Mufioz et al. (2012) in that species descriptions for this genus (except for B. annulata)
are not complete to modern taxonomic standards and no clear differences distinguish

among the four putative species. Pending examination of the available type material (for
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B. annulata and B. werneri) and further revision I currently consider two valid species: B.
annulata distributed along the entire Caribbean Sea and B. peruviana distributed along

the coast of Peru.

Genus Bellactis

Diagnosis (after Dube 1983). Aiptasiidae with broad base. Column elongate,
smooth, thin, with 3—4 rows of cinclides in mid-column; column not distinctly divide into
scapus and capitulum. Mesogleal marginal sphincter strong. Oral disc lobed. Tentacles
very numerous, rather short. More mesenteries proximally than distally. Mesenteries
irregularly arranged; seven pairs of perfect mesenteries; first and second cycles fertile.
Retractor muscles diffuse. Symbiotic with Symbiodinium spp. Asexual reproduction (?).

Cnidom: spirocysts, basitrichs, and microbasic b-mastigophores and p-amastigophores.
Type species. Bellactis ikalyseae Dube, 1983 by monotypy.

Included species. Bellactis ikalyseae.

Bellactis ikalyseae

(Figs. 2.17-2.19, Table 2.6)

Synonymy
Bellactis ikalyseae Dube, 1974 (nomen nudum)
Bellactis ikalyseae Dube, 1983

Bellactis ikalysae [sic]: Gasparini et al. 2005
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Material examined
See Appendix 1
Description

External anatomy (Fig. 2.17): Pedal disc to 10 mm diameter in preserved
specimens. Column elongated, not divisible into regions, to 22 mm height and to 10 mm
diameter in preserved specimens. Cinclides not numerous, in mid-column, in 3—4 rows.
Mesenterial insertions visible. Oral disc to 20 mm diameter in preserved specimens.
Tentacles to ~204, smooth, tapering toward tips, 2—3 mm length in preserved specimens;

irregularly arranged.

Internal anatomy and microanatomy (Fig. 2.18): Marginal sphincter muscle
mesogleal, diffuse, very weak. Mesenteries irregularly arranged in four cycles. First cycle
perfect, with 7 pairs of mesenteries; second (6 pairs) and third (~28 pairs) cycles
imperfect; fourth cycle only proximally. First and second cycles fertile, including
directives. Two pairs of directives each associated with a siphonoglyph. Retractor
muscles diffuse to restricted. Parietobasilar muscles poorly developed. Longitudinal
muscles of tentacles ectodermal. Relatively strong longitudinal ectodermal muscles in
distal end of column. Basilar muscles well differentiated, with fibers on short and thick

mesogleal pennon. Acontia very numerous, well developed.
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FIGURE 2.17. External anatomy of Bellactis ikalyseae. A, B) Oral and lateral view of
living specimen. C) Oral view of preserved specimen; notice irregular arrangement of
tentacles. D) Lateral view of preserved specimen; notice cinclides and acontia (arrows).

Scale bars: A-D, 10 mm.
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FIGURE 2.18. Internal anatomy of Bellactis ikalyseae. A) Cross section of the column
at the level of the actinopharynx showing the cycles of mesenteries(indicated by roman
numbers between pairs). B) Cross section through a tentacle showing the ectodermal
longitudinal musculature; notice zooxanthellae in gastrodermis. C) Cross section through
distal column showing the ectodermal longitudinal musculature. D) Detail of a
longitudinal section of the proximal end showing the well-developed basilar muscles. E)
Longitudinal section of the distal column showing weak mesogleal marginal sphincter
muscle. Abbreviations: ep, epidermis; ga, gastrodermis; me, mesoglea. Scale bars: A—F,

0.1 mm.
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FIGURE 2.19. Cnidae of Bellactis ikalyseae. A, C, F, I, K, L, N, O) Microbasic p-
amastigophores. B, D, G, J, M, P) Basitrichs. E) Microbasic b-mastigophore. H)

Spirocyst.
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Table 2.6. Size ranges of the cnidae of Bellactis ilkalyseae. X , mean; SD, standard
deviation; S, ratio of number of specimens in which each cnidae was found to number of
specimens examined; N, Total number of capsules measured; F, frequency; +++, very
common; ++, common; +, rather common; Abbreviations: M, Microbasic.

Range of length and

Categories width of capsules (Hm) X +SD S N F
PEDAL DISC
M p—amastigophores 1 (21.8-25.6) x (3.4-5.5) 19.4+23x43+0.6 2/2 44 +++
Basitrichs (10.7-23.7) X (2.3-3.4)  16.2+0.3x2.8+0.3 2/2 34 +++
COLUMN
M p-amastigophores 1 (11.7-25.4) x (3.1-5.2) 165+29x4.1+05 22 35 +++
Basitrichs (9.7-22.4) x (2.3-4.3) 15.942.9x3.1+05 2/2 44  +++
M b-mastigophores (22.2-30.6) x (3.2-5.6) 26.8+0.4x43+05 2/2 42 ++
TENTACLES
M p—amastigophores 1 (15.4-36.4) x (3.4-5.3) 246 +45x4.4+04 2/2 78 +++
Basitrichs (12.4-19.7) x (1.9-3.3) 159+419x27+04 2/2 34 +++
Spirocysts (115-27.5) x (2.2-5.1)  17.1437x3520.6 2/2 37 +++
ACTINOPHARYNX
M p-amastigophores 1 (25.2-30.1) x (3.5-4.5) 285+1.6x4.2+0.3 22 32 +++
Basitrichs (15.8-22.8) x (2.3-4.1)  19.4+19x3.1 05 2/2 38 ++
FILAMENTS
M p-amastigophores 1 (9.5-12.6) x (1.9-4.1) 11.4+0.7x3.2+04 2/2 33 ++
M p—amastigophores 2 (22.3-36.3) x (3.1-6.4) 32.1435x52+0.2 2/2 37 +++
Basitrichs (9.7-16.7) x (1.6-2.8) 11.7+1.7x24+04 2/2 33 +
ACONTIA
M p—amastigophores 1 (13.8-18.7) x (2.1-3.4) 16.1+19x28+04 2/2 29 ++
M p—amastigophores 2 (66.4-88.6) x (5.7-8.2) 74.7+55x7.1405 2/2 43 +++
Basitrichs (24.6-35.7) x (1.7-3.2)  30.9+25x2.2+03 2/2 40 +++
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Color (Fig. 2.17): Living specimens with column whitish-translucent; tentacles
with yellow tips, grey-bluish with irregular spots proximally. Preserved specimens with
yellow column and slightly darker tentacles.

Cnidom: Spirocysts, basitrichs, microbasic b-mastigophores and p-
amastigophores (Fig. 2.19). See Table 2.6 for size and distribution.

Geographic and bathymetric distribution. Bellactis ikalyseae is distributed in the
coast of Brazil (Fautin 2013). This is an intertidal species found between 0-2 m.

Taxonomic remarks. Bellactis was originally placed within the family Sagartiidae
(Dube 1983). However, general external and internal anatomy (particularly the presence
of ectodermal longitudinal muscle along distal column) and the cnidom correspond with
those of Aiptasiidae.

Our specimens agree well with the original description of the species (Dube
1983). Dube (1983) describes the retractor muscles as diffuse and relatively weak

whereas in our specimens these muscles are relatively strong and restricted.

Genus Ragactis

Diagnosis (after Carlgren 1949). Aiptasiidae with well developed pedal disc.
Column smooth, with to five rows of cinclides in mid-column; column distinctly divisible
into scapus and capitulum. Mesogleal marginal sphincter weak. Tentacles to 192, not
fully retractile with scattered, spherical hollow vesicles with nematocyst batteries and
longitudinal muscles. More mesenteries distally than proximally. Six pairs of perfect and

fertile mesenteries. Oral stoma. Retractors diffuse. Symbiotic with Symbiodinium spp. No
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asexual reproduction (?). Cnidom: spirocysts, basitrichs and microbasic b-mastigophores

and p-amastigophores.

Type species. Capnea lucida Duchassaing de Fombressin & Michelotti, 1860

by original designation.

Included species. Ragactis lucida (Duchassaing de Fombressin & Michelotti, 1860); R.

hyalina (Le Sueur, 1817) (?).

Ragactis lucida

(Figs. 2.20-2.21, Table 7)

Synonymy

Capnea lucida Duchassaing de Fombressin & Michelotti, 1860
Heteractis lucida: Duchassaing de Fombressin & Michelotti 1864
Heteractis Lucida [sic]: Duchassaing de Fombressin 1870
Ragactis lucida: Andres 1883 (1884)

Aiptasia lucida: Duerden 1897

Bartholomea pseudoheteractis Watzl, 1922

Bartholomea lucida: Carlgren 1949

Material examined

See Appendix 1
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External anatomy (Fig. 2.20): Pedal disc to 50 mm diameter in preserved
specimens. Column elongated, divisible in scapus and capitulum, to 50 mm height and to
30 mm diameter in preserved specimens (to 120 mm height and 50 mm diameter in living
specimens). Cinclides in mid-column, very numerous, in to five rows, corresponding with
endocoels of first two cycles of mesenteries. Rounded, relatively big oral stoma.
Mesenterial insertions visible. Oral disc to 30 mm diameter in preserved specimens.

Tentacles to 192, tapering toward tips, all of same length, 10-30 mm in preserved
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FIGURE 2.20. External anatomy of Ragactis lucida. A) Lateral view of living
specimen. B) Lateral view of preserved and contracted specimen. C) Detail of tentacular

vesicles. Scale bars: A-C, 10 mm.
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FIGURE 2.21. Internal anatomy of Ragactis lucida. A) Cross section of the column at
the level of the actinopharynx showing the cycles of mesenteries(indicated by roman
numbers between pairs). B) Detail of a longitudinal section of the proximal end showing
the distinct basilar muscles (arrows). C) Longitudinal section of the distal column
showing the weak mesogleal marginal sphincter muscle. D) Cross section through distal
column showing the ectodermal longitudinal musculature. E) Cross section through a
tentacle showing the ectodermal longitudinal musculature. F) Detail of longitudinal
section of the tentacle showing a tentacular vesicle; notice zooxanthellae in gastrodermis
and nematocyst batteries in epidermis (arrows). Abbreviations: ep, epidermis; ga,

gastrodermis; me, mesoglea; s, siphonoglyph. Scale bars: A, C—F, 0.1 mm; B, 0.05 mm.
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FIGURE 2.22. Cnidae of Ragactis lucida. A, C, F, I, K, L, N, O) Microbasic p-
amastigophores. B, D, G, J, M, P) Basitrichs. E) Microbasic b-mastigophore. H)

Spirocyst.
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Table 2.7. Size ranges of the cnidae of Ragactis lucida. X , mean; SD, standard
deviation; S, ratio of number of specimens in which each cnidae was found to number of
specimens examined; N, Total number of capsules measured; F, frequency; +++, very
common; ++, common; +, rather common; Abbreviations: M, Microbasic.

Range of length and

Categories width of capsules (um) X +SD S N F
PEDAL DISC
M p-amastigophores (20.4-34.7) x (3.5-6.3) 23.8+3.2 x 4.9+0.7 2[2 38 +++
Basitrichs (11.9-27.7) x (1.9-5.7) 16.6+1.1x5.7+1.1  2/2 32 +++
COLUMN
M p-amastigophores (13.1-22.3) x (3.2-5.6) 17.1+2.7 x 4.2+0.5 2[2 35 +++
Basitrichs (11.1-17.1) x (1.4-2.9) 13.6+1.8 x 2.3+0.4 2[2 34  +++
M b-mastigophores (16.6-24.8) x (3.2-5.1) 21.9+1.8x4.1+0.5 2[2 34 +++
TENTACLES
M p-amastigophores (36'1_5;"57.)2))( (18.1- 41.8+3.8 x 6.5+0.9 212 30 +++
Basitrichs (18.1-25.2) x (1.5-3.1) 21.2+2.3 x 2.5%0.5 22 28 ++
Spirocysts (15.1-30.3) x (2.3-6.7) 22.4+4.4 x 3.9+0.9 2[2 37 +++
ACTINOPHARYNX
M p-amastigophores (34.1-40.1) x (4.7-5.8) 37.4+1.8 x5.1+0.4 2[2 41 +++
Basitrichs (18.2-26.5) X (2.2-3.5) 22.3+2.4x29+04  2/2 38 ++
FILAMENTS
M p-amastigophores 1 (12.2-14.2) x (2.3-3.1) 13.2+0.6 x 2.8+0.2 2[2 31 +++
M p-amastigophores 2 (38.6-44.5) x (5.3-7.2) 40.7+1.8 x 6.2+0.7 22 30 +++
Basitrichs (11.6-12.9) x (1.9-3.6) 12.2+0.4 x 2.4+0.6 22 271 +
ACONTIA
M p-amastigophores 1 (61.8-71.1) x (8.4-10.3) 67.1+2.8 x 9.5+0.5 2[2 33 ++
M p-amastigophores 2 (15.6-16.5) x (3.2-3.3) 16.1+0.6 x 3.3+0.1 22 32 +++
Basitrichs (22.7-35.1) x (1.5-3.2) 30.6+£2.4 x 2.3x0.4 2[2 35 +++
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specimens (50-70 mm length in living specimens). Tentacles not fully retractile, with
hollow vesicles with batteries of microbasic p-amastigophores and basitrichs.

Internal anatomy and microanatomy (Fig. 21): Marginal sphincter muscle
mesogleal, diffuse, weak. More mesenteries distally than proximally. Mesenteries
hexamerously arranged in five cycles. All cycles fertile, including directives. Two pairs
of directives each associated with a deep siphonoglyph. Retractor muscles diffuse, long,
occupying entire mesentery. Parietobasilar muscles well differentiated with strong
processes. Longitudinal muscles of tentacles ectodermal. Strong longitudinal ectodermal
muscles in distal end of column. Basilar muscles well differentiated, distinct, strong, with
fibers on long mesogleal pennon. Acontia very numerous, well developed.

Color (Fig. 2.20): Living specimens with yellowish-translucent column
proximally, darker distally; tentacles translucent with brown small spots and distinct
white vesicles. Preserved specimens with yellowish column proximally and slightly
darker distal column and tentacles.

Cnidom: Spirocysts, basitrichs, microbasic b-mastigophores and p-
amastigophores (Fig. 2.22). See Table 2.7 for size and distribution.

Geographic and bathymetric distribution. From Bahamas to Barbados, along the
entire Caribbean Sea (Gonzalez-Mufoz et al. 2012). This is a shallow water species
found between 1-15 m.

Taxonomic remarks. Ragactis lucida has a complicated taxonomic history
(reviewed in Gonzélez-Mufioz et al. 2012). | agree with Gonzalez-Mufioz et al. (2012) in

that based on morphology R. lucida clearly belongs within Aiptasiidae. Available
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information on the other species of the genus, R. hyalina, is too scarce to determine the
identity of the species (Le Sueur 1817; Milne Edwards 1857); thus, the status of R.
hyalina and its relationship with R. lucida remains unclear.

As previously suggested (e.g. Dunn 1981; Gonzalez-Mufioz et al. 2012), the
present results show that R. lucida and B. annulata basically differ in the morphological
structure of the tentacles, and thus both genera may be synonyms. However, | prefer to
keep both genera separate until the status of the additional species within both genera is
studied further. Furthermore, molecular data do not support a sister relationship between

Bartholomea and Ragactis (Rodriguez & Grajales in prep.).
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CHAPTER |11

MOLECULAR SYSTEMATICS OF THE FAMILY AIPTASIIDAE
(CNIDARIA, ACTINIARIA, METRIDIOIDEA)

ABSTRACT
Sea anemones of the family Aiptasiidae (sensu Grajales & Rodriguez, submitted:;
Chapter 2 of this thesis) are conspicuous members of shallow-water environments,
with several species widely used as a model system for studies of cnidarian-
dinoflagellate symbiosis and coral bleaching. Although previously published
phylogenetic studies of sea anemones recovered the family Aiptasiidae as
monophyletic, they only included a very partial sampling in terms of its overall
taxonomic diversity. This study explores the phylogenetic relationships of this family,
including newly collected material from the distribution of most of the currently
described genera and species. | found a monophyletic family Aiptasiidae. Most of the
proposed genera were recovered as monophyletic units, with the exception of the
genus Aiptasia, now divided into Aiptasia and Exaiptasia, a finding also supported by
diagnostic morphological characters. 1 also included the genera Bellactis Dube, 1983
and Ragactis Andres, 1883 as members of the family Aiptasiidae, in agreement with
previous morphological studies. These findings are congruent with the morphological
homogeneity of the members of this family. The obtained results also allowed
elucidating the evolution of morphological characters. | further found evidence for a
new species, Exaiptasia sp. nov., based on the results from the phylogenetic analysis,

geographical distribution, and the identity of their endosymbiotic algae.
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Keywords: Phylogenetics, Metridioidea, Aiptasiidae, Aiptasia, Exaiptasia pallida,

Exaiptasia sp. nov, nuclear rDNA.

INTRODUCTION

Despite their ubiquity in marine ecosystems, and their plasticity in terms of
reproductive strategies, symbiotic relationships and ecological relevance, sea anemones
(Cnidaria: Actiniaria) traditionally have been neglected from a taxonomic and
evolutionary point of view. While some recent work has assembled a broad phylogenetic
framework (Daly et al. 2003; Rodriguez et al., 2010; Rodriguez et al., in prep) much
work is still needed in terms of efforts to solve the phylogenetic relationships within
genera and species, except some notable exceptions (Daly et al., 2002; Gusméo et al
2010). As a consequence, the formulation of hypotheses concerning the evolution of
morphological characters, taxonomic diversity through time and across habitats, and
reproduction at lower levels has not been feasible. Population-level studies are also
hindered by the lack of clearly defined taxonomic units — and taxonomist specialists in
the field.

Species within the genus Aiptasiidae (Fig. 3.1) present a suitable opportunity to
address hypotheses within an evolutionary framework, both at the population and above-
species levels. Most of the species within this family of symbiotic sea anemones species
are conspicuous components of shallow water environments worldwide. Previous studies

of the group have recovered this family as a monophyletic clade (Rodriguez et al. 2010;
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Rodriguez et al., in prep), however they only included three specimens representative of
two genera. Members of the genus Aiptasia, in particular, have been extensively used as a
model organism for studies of dinoflagellate-cnidarian symbiosis, reproduction and
development (e.g. Dunn et al. 2002; Muller-Parker & Davy 2001; Weis et al. 2008;
LaJeunesse et al. 2010). In addition, rapid growth rate, allowed by their symbiosis with a
dinoflagellate (Symbiodinium spp.) combined with asexual reproduction by pedal
laceration (Clayton et al., 1985; Lin et al., 1992) make them make them excellent
laboratory specimens, while at the same time undesirable in some other contexts, like the
aquarium trade business, where they are considered pests. However, without a
phylogenetic framework in hand, hypotheses concerning the diversification and evolution
of this group cannot be formulated, and the true diversity from both population and
above-species levels is still unexplored. Controversy exists about whether this “model
organism” is actually one cosmopolitan species, or a group of cryptic, or insufficiently
described ones.

Grajales & Rodriguez (submitted) conducted a detailed taxonomic study of
members of the genus Aiptasia, as well as the family Aiptasiidae (Cnidaria: Anthozoa:
Actiniaria: Metridioidea). That study proposed major nomenclatural changes for the
group based on a detailed the revision of morphological characters. The authors proposed
that Neoaiptasia is not part of the group, and included two new genera Bellactis and
Ragactis, all based on a combination of internal and external anatomical characters.
Furthermore, they separated the genus Aiptasia into two different genera, Aiptasia and

Exaiptasia, according to differences in the cnidae (the combination of different
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nematocysts in the body). Within genera, the authors proposed the separation of Aiptasia
into two species, A. mutabilis and A. couchii, due size to differences in reproduction,
mesentery cycles and their association with different genera of endosymbiotic algae (also
reviewed in Grajales et al. b, in prep). Within Exaiptasia, the main focus of the
taxonomic revision, the authors examined specimens corresponding to most of the
reported localities of species within species other than A. mutabilis and A. couchii (still
included in Aiptasia) and could not find morphological differences that separated
currently described species, and thus synonymized all Exaiptasia species as a single
widespread species, Exaiptasia pallida. Thornhill et al. (2013) also conducted a
comprehensive study on the identity of the endosymbiont algae within members of
Exaiptasia, and found that most of the studied individuals harbored a singe Symbiodinium
algal subtype, a fact that also agrees with the hypothesis of a widespread species. In order
to further test the results obtained by Grajales & Rodriguez (submitted; Chapter 2 of this
thesis) | produced the first molecular phylogenetic hypothesis for the group, by
sequencing more than ~8 Kbp and including all currently described genera, as well as
representatives from most of the localities of previously described species within
Aiptasia. Here, | found a monophyletic family Aiptasiidae, validated the genus Aiptasia
and Exaiptasia as monophyletic, and discovered a new species, Exaiptasia sp. nov.,

restricted to the Southern Caribbean Sea and the Southwestern Atlantic Ocean.
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Material and Methods

Taxonomic sampling

Multiple specimens were collected by snorkeling or during SCUBA dives,
depending on depth. Ingroup sampling included 51 specimens (see Table 3.1)
corresponding to genera currently included in the family Aiptasiidae (Aiptasia,
Aiptasiogeton, Exaiptasia comb. nov., Bartholomea) according to the last taxonomic
review (Fautin, 2013); as well as representatives of genera (Ragactis, Bellactis) that share
some combination of diagnostic morphological characters typically found in members of
the family Aiptasiidae (Figure 3.1). Outgroup sampling included representatives of
previously identified phylogenetic clades Metridioidea, Endomyaria, Actinostolina and
Edwardsiidea. (Rodriguez et al., 2012). Voucher specimens in formalin have been
deposited at the American Museum of Natural History (AMNH), and the Museu de
Zoologia da Universidade do Sao Paulo (MZUSP).
Data Collection

The material studied was collected during 2009-2012 from 40 different localities
spanning the globe (Table 3.1). Sea anemones were relaxed using menthol crystals and
photographed alive. Small pieces of tissue from selected specimens were preserved in
absolute ethanol for DNA analysis. Preliminary identifications were made through
histological sections as well as the inspection of the cnidae of each individual.

Genomic DNA was isolated from tentacle or column tissue using the Qiagen

DNAasy® kit. Template DNA was amplified from genomic samples using published
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primers for the mitochondrial markers 12S, 16S and CO3. 18S and 28S sequences were
amplified using newly developed primers specific to Actiniaria (Grajales et al., in prep a),
to avoid the amplification of Symbiodinium nuclear ribosomal genes (See Table 3.2).
PCR products were cleaned using ExosaplT. Sequencing reactions used a total of 5uL of
cleaned PCR product, at a concentration of 25 ng of product for every 200 base pairs of
marker length. Cleaned PCR products were sequenced using amplification primers on an
ABI 3770x at the in-house facilities of the AMNH. Forward and reverse sequences were
assembled in Geneious (version 6.16 created by Biommaters), and blasted against the
nucleotide database of GenBank to confirm whether the obtained product corresponded
to the target organism and not their algal symbionts. All sequences have been deposited

in GenBank (Table 3.1).

Genomic DNA was isolated from tentacle or column tissue using the Qiagen
DNAasy® kit. Template DNA was amplified from genomic samples using published
primers for the mitochondrial markers 12S, 16S and CO3. 18S and 28S sequences were
amplified using newly developed primers specific to Actiniaria (Grajales et al., in prep a),
to avoid the amplification of Symbiodinium nuclear ribosomal genes (See Table 3.2).
PCR products were cleaned using ExosaplT. Sequencing reactions used a total of 5uL of
cleaned PCR product, at a concentration of 25 ng of product for every 200 base pairs of
marker length. Cleaned PCR products were sequenced using amplification primers on an
ABI 3770x at the in-house facilities of the AMNH. Forward and reverse sequences were
assembled in Geneious (version 6.16 created by Biommaters), and blasted against the

nucleotide database of GenBank to confirm whether the obtained product corresponded
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to the target organism and not their algal symbionts. All sequences have been deposited

in GenBank (Table 3.1).
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Figure 3.1 Representative species of the genera within the family Aiptasiidae. A.
Exapitasia pallida B. Aiptasiogeton hyalinus C. Bellactis ilkalyseae. D. Aiptasia couchii.
E. Aiptasia mutabilis. F. Ragactis lucida. G. Bartholomea annulata. Top right rectangles

depict a detail of the tentacle, useful for field identification.
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Data analysis

Sequences for each marker were aligned in MAFFT v 7.017 (Katoh & al. 2002)
using the following settings E-INS-i option Scoring Matrix 200PAM / k=2 Gap open
penalty 1.53. In order to compare the effect of using all the obtained characters (all
positions in the alignments) vs. excluding ambiguously aligned positions, an increasingly
common practice; two datasets were compared, the first one containing all aligned
positions, and a second dataset processed with Gblocks (Castresana, 2000). The
following parameters were used (Maximum number of contiguous non-conserved
positions: 8, Minimum length of a block: 5, Gap positions allowed) to produce a less
stringent set of conserved aligned blocks. The complete and reduced datasets were
deposited in TreeBase (http://www.treebase.org/treebase/index.html).

Maximum likelihood (ML) inference. Maximum likelihood analyses were

performed in RAXML v.7.6.3 (Stamatakis, 2006) implemented on the CIPRES portal
(Miller et al., 2010), using the GTR + I' (GTRGAMMA) option as model of substitution,
but allowing to estimate different o shape, GTR rates and base frequencies for each
marker in the combined alignment. Cox3 alignment data was treated as two different
partitions, one corresponding to the first two-codon positions and a second one for the
third position. The Majority Rule Criterion implemented in RAXML (-autoMRE) was
used to assess clade support.

Maximum Parsimony.

Tree searches under maximum parsimony were conducted using random and

random and constrained sectorial searches, tree drifting, and 100 rounds of tree fusing
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(command xmult=hits 10 rss drift css fuse 100) in TNT v1.1 (Goloboff et al., 2008).
Separate analyses were run with gaps treated as missing data and as a fifth state. 1000
bootstrap replicates were run to assess clade support on the obtained strict consensus tree.

Ancestral state reconstructions:

Ancestral states reconstructions were performed under Maximum Parsimony using
the Software Mesquite v.2.75 (Maddison & Maddison, 2011) counting only unequivocal

states. A total of 13 characters were examined within members of Aiptasiidae.

RESULTS AND DISCUSSION

Phylogenetic position of the family Aiptasiidae.

Both ML and MP analyses recovered the family Aiptasiidae as a monophyletic
clade (Figure 3.2 and supplementary figure 1), in agreement with the taxonomic
hypothesis of the family Aiptasiidae being a morphologically homogeneous group. Due
to the lower mutation rate in mitochondrial as well nuclear ribosomal genes mutation in
Cnidaria (Shearer et al., 2002), and more specifically in Anthozoa (e.g., vanOpen, 1999),
resulting in fewer segregating characters, it was relevant to test the effect of excluding
characters from obtained alignments, as proposed by Castresana (2000). As expected, the
number of discarded positions ranged from zero on the CO3 alignment, a protein-coding
gene, to more than thousand base pairs on a nuclear ribosomal region such 28S-nrDNA

(see
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Table 3.1. Taxa included in this study, with voucher and location. Old species concepts, plus

changes proposed in this manuscript and in Grajales et al. (2013).
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1
1

W 6 48 07.06
W 82 15 18.67

monophyletic of Aiptasiidae, however the sister group of Aiptasiidae did

N 21300920
N 0920 50.34

change (Figure 3.2 and supplementary figure 2). Overall the branch

lengths increased when including all the data, an expected and previously

. é documented result (Castresana, 2000). Interestingly, the support values

E % increased when the complete dataset was used, perhaps a counterintuitive

S results if the assumption was to get rid of ambiguously aligned regions. |

% g favored the dataset including all the aligned positions, as it better resolves

g - the internal relationships of the genera within Aiptasiidae.

r% ";,: | further confirmed that the genus Neoaiptasia Parulekar, 1969 does
not belong to the family Aiptasiidae, as shown in previous phylogenetic

% % analyses (Rodriguez et al., 2012). This also agrees with a recent taxonomic

revision (Grajales & Rodriguez, submitted; Chapter 2 of this thesis).
According to the authors, the placement of this genus within the family

was questionable due to the lack of morphological characters diagnostic to

Ragaciis lucida
(Duchassaing de
Fombressin and
Michelotti, 1860}

all other genera within the family (see Goodwill & Fautin 2009). The ML
tree recovered the genus Alicia as a sister group of the family Aiptasiidae.

The phylogenetic position of the family Aiptasiidae has been shown to

Fombressin and
Michelotwd, 1860}

Laviactis lucida
(Duchassaing de

vary, depending on the analyzed dataset (see Daly et al., 2008, Rodriguez

et al., 2010, Rodriguez et al., submitted). However, the present study represents an

significant increase in taxon sampling, which has shown to be positive affect for
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resolution of phylogenetic trees, both within and outside Actiniaria (e.g., Rodriguez et al.,
in prep.; Zwickl & Hillis, 2002; Dunn et al., 2008). Species belonging to (composed by
Gonactinia + Protanthea + Boloceroidaria) share the presence of presence of ectodermal
longitudinal muscles at the distal end of the column, a morphological character that is not
prevalent among Actinaria (Rodriguez et al., in prep.). The placement of the Sagartia +
Sagartiogeton and Cereus clades being related to Aiptasiidae is intriguing, if not strongly
supported. Both Sagartia and Sagartiogeton have been shown to be polyphyletic, both in
this study as well as other phylogenetic analyses (Rodriguez et al., 2012; Rodriguez et al.,
in prep.), confirming the necessity of further morphological revision for these genera.

Phylogenetic Relationships within genera of Aiptasiidae.

The phylogenetic relationships within the family Aiptasiidae are depicted in Figure
3.3. All genera, except Aiptasia, now divided into Aiptasia and Exaiptasia, were
recovered as monophyletic, with strong support from both ML and MP analyses. The fact
that the genus Aiptasia was not monophyletic was hinted at in previous studies (Daly et
al., 2003; Rodriguez et al., 2012) however | more robustly confirmed this result by
including representatives from all described genera and species within the family (sensu
Grajales & Rodriguez, submitted; Chapter 2 of this thesis). Sampling efforts were
especially exhaustive within the genus Aiptasia, which previously contained 16 species
(Fautin et al., 2013). These efforts made possible make a significant increase in the
number of included terminals; from 2 representatives included on previous studies, to a
total of 41 terminals corresponding of newly collected material from localities

corresponding to the distribution of currently described species within the genus, plus
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new records from different localities in Brazil, Panama and Australia (see Table 3.1).
Aiptasiogeton hyalinus was recovered as the sister group of all remaining members
of the family Aiptasiidae. The sister clade is further subdivided in two well-supported
clades, one corresponding to the genus Exaiptasia, and the other clade composed of all
remaining genera. The newly erected genus Exaiptasia encompasses most of the species
previously recognized as Aiptasia (see Table 3.1), except for the type species of the
genus, A. mutabilis and the species A.couchii, both species distributed in the
Northwestern Atlantic Ocean and the Mediterranean Sea. The subdivision is further
supported by two synapomorphies for the clade composed of Aiptasia, Bartholomea,
Bellactis and Ragactis. These show an increase in the size of the b-mastigophores in the
scapus (Figure 3.3 and 3.4l) and the lack of pedal laceration, compared to a smaller b
mastigophore and the presence of pedal laceration, these features shared by both
Aiptasiogeton and Exaiptasia. Despite clear morphological differences, including size,
number of mesenteries, differences of endosymbiont type as well as fixed differences in
the mitochondrial gene 16S, the current molecular markers did not provide enough
resolution to further differentiate the two species within Aiptasia, A. couchii and A.

mutabilis.
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Figure 3.2 Phylogenetic position of the family Aiptasiidae. Maximum likelihood (ML)
topology showing the hypothesized phylogenetic position of the family Aiptasiidae

within the Order Actiniaria. ML bootstrap support values indicated on the bottom left

box.
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Figure 3.3. Detailed phylogenetic relationships within the family Aiptasiidae. Extract
from the ML topology showing the phylogenetic relationships of genera and species
within the family Aiptasiidae. Bootstrap support values (> 0.5) are shown on top of each
branch. ML values left, MP values right. Detailed locality is provided for species and
genera with more than one sample, followed by their general location among the different
Ocean basins. CAR= Caribbean Sea, MED= Mediterranean Sea, PAC= Pacific Ocean,
RED= Red Sea SWATL= South Western Atlantic Ocean, NEATL= North Eastern

Atlantic Ocean, NWAT L= North Western Atlantic Ocean.
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Morphological evolution within the family Aiptasiidae.

Morphologically, the family Aiptasiidae, as well as most families within the
superfamily within Actiniaria, is defined by set of morphological characters, that are not
exclusive for the group. Such characters have not, until recently (Rodriguez et al., in
prep.) have been explicitly mapped using a phylogenetic context. As in other cases, the
morphological features defining Aiptasiidae are not synapomorphies; it is rather the
distinctive combination of them that makes possible to circumscribe its members. Among
these, some characters like the presence of ectodermal longitudinal muscles are static
within members of the family (not possible to define different states among different
genera or species), while others do present some degree of variability, thus being
amenable for optimization within the clade. A total of 12 morphological characters
(Table 3.2) presented enough variability within the Aiptasiidae to allow further analysis.
This reduced number of characters is not uncommon for morphological character-
depauperate taxa such as sea anemones (e.g., Daly 2002; Gusméo & Daly, 2008;
Rodriguez et al., 2008). | used the genus Alicia to polarize the character states. A detailed
depiction of the characters in the parsimony reconstructions is shown on Figure 3.4. The
obtained results allowed evaluating the degree to which some morphological characters,
commonly used to define taxonomic groups, are informative of the phylogenetic
relationships within the group, or instead are the product of convergence or homoplasy.
The comparison between the number of mesenteries proximally and distally, the number
of mesenteries distally, the number of tentacles (Figures 3.4a, 3.4b and 3.4d, respectively)

show the highest degree of homoplasy, partially explaining the fact that Aiptasia and
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Exaiptasia were previously classified together as a single genus (Carlgren, 1949). On the
contrary, the number of mesenteries distally, the distribution of fertile mesenteries and
the differences in the size of b-mastigophores (Figures 3.4c, 3.4f and 3.4) show no
homoplasy. These results can be used as a case study from which future studies can make
decisions about which characters should perhaps be considered in taxonomic
determinations (i.e., merging or splitting genera and families). Usually the presence or
absence of a determined nematocyst is considered a strong character to define
intermediate taxonomic such as families (e.g. Carlgren 1949). At the same time,
differences in the measurements of nematocysts have been traditionally used as an
indication of the presence of separate species. In this example, a clear cut difference in
the size of nematocysts could be used as a diagnostic character above the species level,
but Grajales & Rodriguez (submitted; Chapter 2 of this thesis) showed that this is rather
an exception, as all other nematocyst types did not show any indication of size
differences across the entire family. It is also interesting to notice that some characters,
like the tentacle shape (Figure 3.4e) and the shape of the basilar musculature (Figure
3.4j), seem to be the product of homoplasy, as opposed to the general assumption by
taxonomists of these features being the product of common ancestry.

Exapitasia brasiliensis sp. nov.

Within Exaiptasia, two distinctive and well-supported clades could be recognized,
and | considered them as two distinct cryptic species. Grajales & Rodriguez (submitted,;
Chapter 2 of this thesis) conducted a detailed taxonomic review of the members within

Aiptasiidae, and could not find differences between specimens within Exaiptasia. |

141



conclude that these two clades, namely E. pallida and E. brasiliensis can be diagnosed as
different species based upon independent lines of evidence. First, they were shown to be
reciprocally monophyletic. They also present different geographical patterns — E. pallida
being a cosmopolitan species while E. brasiliensis is restricted to the Southwestern
Caribbean Sea and the Southwestern Atlantic Ocean. It was also possible to find fixed
differences in the DNA, including a nonsynonimous substitution in the CO3 gene region,
a feature also observed in other taxa within Cnidaria (e.g., Medina et al., 1999; Hellberg
et al, 2006), as well as some other fixed changes in 12S and 18S rDNA. Finally, E.
pallida predominantly associates with Symbiodinium subtype B1 (Thornhill et al., 2013),
while E. brasiliensis has been found to associate with at least two different Symbiodinium
from clade A (Grajales et al., in prep b).

Thornhill et al (2013) found the first pieces of evidence for the existence of a
widespread species within Exaiptasia by looking at the diversity of their endosymbiotic
algae (Symbiodinium spp.) as well as some population level (SCAR) genetic markers.
Despite their extensive sampling efforts, the authors did not include samples from the
Southwestern Caribbean Sea or Brazil. The presence of individual specimens from both
species within single localities (see Figure 3.3- Panama) was an intriguing finding,
however it is not a totally unexpected observation for species within Exaiptasia. E.
pallida is considered a weedy (Calado & Narciso, 2005), invasive species (Mito &
Uesugi, 2004) a fact that can be enhanced by the possibility of rapid spread via pedal
laceration. Thornhill et al. (2013) found very little genetic differentiation among

endosymbiotic algae across different ocean basins, possibly indicative of recent
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introduction. The authors discussed two possible explanations for such an unusual pattern
of genetic homogeneity of vectored introductions of specimens, via the aquarium trade,
or ballast/fouling communities. Either possibility is likely in a highly transited area such
as the Panamanian Caribbean Sea. It is worth noticing that the specimens collected in the
Pacific Ocean side of Panama, from the Azuero Peninsula (>200 km away from the
Panama Canal) clearly belonged to the widespread species E. pallida. Further
clarification of this observation would be obtained by the use of population level markers

that help elucidation the demographic history within each species.
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Table 3.2. Morphological characters and character states of species within

the family Aiptasiidae.

Character States Code
Equal number of Same number of mesenterial cycles proximally and 0
mesentery cycles distally
Different number of mesenterial cycles proximally 1
and distally
Number Four cycles 0
mesenteries
proximally
More than four cycles 1
Number of Four cycles 0
mesentery cycles
distally
More than four cycles 1
Number of 96 0
tentacles
192 1
> 192 2
Tentacle shape Smooth 0
Not smooth 1
Fertility First and second cycle 0
More than first and second cycles 1
Endosymbionts Absent 0
Present 1
Arrangement of Rows 0
cinclides
Scattered 1
Pedal laceration Present 0
Absent 1
Basilar musculature ~ Lobed 0
Flame-like 1
Scapus/Scapulus Non differentiated 0
Differentiated 1
Size of b- 11-15 0
mastigophores in
column (um)
16-25 1
Mesogleal Weak 0
sphincter
Strong 1
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FIGURE 3.4. Parsimony character state reconstructions of morphological traits of the
species within the family Aiptasiidae. Ahya = Aiptasiogeton hyalinus, Bilk = Bellactis
ilkalyseae, Rluc= Ragactis lucida, Acou = Aiptasia couhcii, Amut = Aiptasia mutabilis,

Bann = Bartholomea annularis, Epall = Exaiptasia pallida, Enov = Exaiptasia sp. nov.
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CHAPTER IV

PATTERNS OF SYMBIODINIUM SPP. SPECIFICITY WITHIN THE FAMILY
AIPTASIIDAE, A MONOPHYLETIC LINEAGE OF SYMBIOTIC OF SEA
ANEMONE

ABSTRACT
Although the symbiotic relationships between dinoflagellates and cnidarians are well
recognized, few studies have examined these associations from an evolutionary
perspective. This is especially true for symbiotic sea anemones, where many reports
consist of an approximate species identification of the host, followed by the identification
of the dinoflagellate symbiont using molecular genetic markers. To further explore the
evolutionary history of sea anemone-dinoflagellate associations,| documented the
diversity of Symbiodinum spp. in a monophyletic clade of sea anemones, the family
Aiptasiidae. | combined information from several molecular genetic markers, including
nuclear ITS2 and plastid cp23S-rDNA, to evaluate the patterns of evolution and
diversification of Symbiodinum in the light of an existing phylogenetic framework for the
host. At the host family level, | found no evidence for coevolution or reciprocal
phylogenies between host and endosymbiont. However, within some individual host
species, Symbiodinium spp. exhibited patterns of host specialization and cladogenesis.
This pattern suggests that coevolution between host and symbiont occurred within
species and genera lineages, but that this process was regularly disrupted and symbiotic
partners were recombined during the longer-term evolutionary history of the Aiptasiidae.
Furthermore, | observed two independent cases of Symbiodinium cladogenesis within a

single host species, suggesting ecological speciation along an environmental gradient.
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Keywords: Aiptasia, Exaiptasia, Type A4 Symbiodinium, Type B1 Symbiodinium,

Adaptation.

INTRODUCTION

Symbiotic relationships between sea anemones (Cnidaria: Actiniaria) and
endosymbiotic dinoflagellates (Dinophyceae: Symbiodinium) have been recognized for
over one hundred years (Gee, 1913; Elmhirst & Sharpe, 1920), yet few studies have
analyzed the evolutionary history of these associations. Only recently were the
phylogenetic relationships for sea anemones explored at both broad (Daly et al., 2008;
Rodriguez et al., 2010) and fine taxonomic levels (Daly et al., 2002; Gusmao et al.,
2010). Most previous work on anemone-endosymbiont relationships either was
conducted from the dinoflagellate perspective (e.g., LaJeunesse, 2002; LaJeunesse et al.,
2004), or were species-specific, ecological studies, often occurring over latitudinal
gradients (e.g., LaJeunesse & Trench, 2000; Muller-Parker & Davy, 2001; Savage et al.,
2002; Venn et al., 2008). Studies such as these, combined with work in other host taxa
and free-living dinoflagellates, demonstrated that Symbiodinium is a diverse
dinoflagellate lineage comprising nine sub-generic clades (designated A through I) and
many more species, phylotypes, and strains (Pochon & Gates, 2010; Finney et al., 2010;
LaJeunesse and Thornhill, 2011; Pochon et al., 2012; Thornhill et al., 2013a). In contrast
to the abundant data on Symbiodinium diversity, information about the molecular

diversity and evolutionary history of the anemone host is often neglected or unavailable.
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Figure 4.1 Maximum likelihood (ML) tree showing the phylogenetic position of
Symbiodinium spp. across members of the family Aiptasiidae, based on the domain V of
the cp-23S region. Only bootstrap values supporting the monophyly of each clade are
shown. The diagram on the bottom right deptics the phylogenetic relationships among the

host anemone species, extracted from Grajales et al., 2013b.
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Most reports of Symbiodinium diversity within the Aiptasiidae focused on
Exaiptasia pallida (formerly Aiptasia pallida, Grajales & Rodriguez, submitted [Chapter
2 of this thesis]). Notably, E. pallida is an important model organism for symbiosis
studies, including several cultured clones lines of host and symbiont that are used in
experimental manipulations (e.g., Rodriguez-Lanetty et al., 2006; Sunagawa et al., 2008,
2009; Pringle, 2012). Although few studies document the diversity and diversification of
both the host anemone and their associated Symbiodinium spp., Thornhill et al. (2013b)
recently explored this topic within Exaiptasia spp. This circumtropical study
demonstrated that Exaiptasia spp. exclusively harbors S. minutum (ITS2 type B1Aiptasia)
throughout most of the world, with the exception of anemones in Florida that associated
with S. minutum, Symbiodinium type A4, and one lineage of Symbiodinium clade C.
According to four SCAR genetic markers, Exaiptasia did not exhibit population genetic
structure across most of the world, signifying a single widespread anemone species
(Thornhill et al., 2013b). However, Florida Exaiptasia were genetically distinct compared
to other localities, suggesting a differentiated population, or even an incipient species, of
symbiotic anemone at that locality (Thornhill et al., 2013b). The combined host and
symbiont data indicated a correlation between the diversity of each partner, with a
globally distributed specific association and a Florida endemic flexible association
(Thornhill et al., 2013b). Notably, Thornhill et al. (2013b) did not sample locations
within the Caribbean Sea, such as Panama and Brazil and various Symbiodinium lineages
can be induced to infect E. pallida in a laboratory setting (e.g., Kinzie et al., 2001; Goulet

et al., 2005). Grajales & Rodriguez (in prep. [Chapter 2 of this thesis]), provided further
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evidence for the existence of at least two species within Exaiptasia, based on genetic
markers. These Exaiptasia spp. had distinct biogeographies, including a widespread
species, designated Exaiptasia pallida, and a second more geographically restricted
species, Exaiptasia sp. nov. found in Brazil and Panama (Grajales & Rodriguez, in prep.
[Chapter 2 of this thesis]). In contrast to Thornhill et al. (2013), Grajales & Rodriguez (in
prep. [Chapter 2 of this thesis]) detected no differences between Florida Exaiptasia and
E. pallida from other localities; however, the two studies used different molecular genetic
markers with different taxonomic resolution (i.e., populations vs. species).

In addition to the two Exaiptasia species, six other species comprise the
Aiptasiidae. Sister to Exaiptasia is a clade comprised of five species: Bellactis ilkalyseae,
Ragactis lucida, Aiptasia mutabilis, Aiptasia couchii, and Bartholomea annulata (Fig. 1).
Basal to this group and Exaiptasia is one final aiptasiid species: Aipasiogeton hyalinus
(Figure 4.1). To date few studies have examined the symbiotic dinoflagellates within
these hosts. Thus I elucidated dinoflagellate-anemone relationships within this group by
combining molecular genetic and phylogenetic data from both symbiotic partners. I
explicitly addressed whether or not anemones and symbionts follow a pattern consistent
with the diversification history of the family Aiptasiidae, both between as well as within
species. | also examined what environmental factors, if any, correlated with the

diversification of Symbiodinium within this lineage.

158



Materials and Methods
Data Collection

The material studied was collected on 2009-2012 from 41 different localities
spanning the globe (Table 4.1). All collected anemone species were collected from 0 and
5 m, except for the specimens of Aiptasia mutabilis, which were collected at 10 m depth.
Genomic DNA was isolated from tentacle or column tissue using the Qiagen DNAasy®
kit.

cp23S-rDNA:

An approximately 0.7-kb region of dinoflagellate cp23S-rDNA, corresponding to
Domain V of the cp23S-rDNA molecule (Harris et al., 1994), was PCR amplified from
the same isolates as those above using the primer pair 23S1 (5-
CACGACGTTGTAAAACGACGGCTGTAACTATAACGGTCC-3) and 23S2 (5-
GGATAACAATTTCACACAGGCCATCGTATTGAACCCAGC-3). PCRs were
performed in 25-pL volumes containing 10 mM Tris—HCI (pH 8.3), 50 mM KCI, 2.0 mM
MgCl,, 0.001% gelatin, 200 uM dNTPs, 100 pmol of each primer, 2U Taqg polymerase,
and 50-70 ng of template DNA. Reactions were carried under the following conditions:
initial denaturing period of 1 min at 95 °C, 35 cycles consisting of 95 °C for 45 s, 55 °C
for 45s, and 72 °C for 1 min, and a final extension period of 7 min. PCR products were
cleaned using ExosaplT. Sequencing reactions used a total of 5uL of cleaned PCR
product, at a concentration of 25 ng of product for every 200 base pairs of marker length.
Cleaned PCR products were sequenced using amplification primers on an ABI 3770x at

the in-house facilities of the AMNH. Forward and reverse sequences were assembled in
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Geneious (version 6.16 created by Biommaters), and blasted against the nucleotide
database of GenBank to confirm whether the obtained product corresponded to the target

organism. All sequences have been deposited in GenBank (Table 4.2).

1TS2:

The ITS2 region was amplified from Symbiodinium DNA extracts for denaturing
gradient gel electrophoresis (DGGE) using primers ITSintfor2 and ITS2clamp, followed
by excision and DNA sequencing of all discreet, prominent bands in the DGGE profile as
described by LaJeunesse (2002). Profiles and sequences were assigned an alphanumeric
ITS2 type designation (sensu LaJeunesse 2001) representative of that fingerprint and
symbiont type. This technique targets the numerically dominant sequence variants in the
symbiont’s genome (Thornhill et al. 2007) and is able to detect symbionts comprising
approximately 10% or more of a symbiotic population (Thornhill et al. 2006). Gels were
poured following manufacturer’s instructions using 8% polyacrylamide (37.5:1
acrylamide/bisacrylamide ratio), approximately 20 cm long plates, 0.75 mm spacers, and
a 45-80% denaturing gradient (100% denaturant contains 7 mol L urea and 40%
deionized formamide). Prior to loading samples, excess denaturant was purged from the
wells using a micropipette. 20 pL of each PCR reaction was added to 10 pL of xylene
cyanol loading dye (pH 7.0) and a total of 10 pl of the combined product was loaded onto
each gel. Runs were performed at 60 °C. Gels were electrophoresed at 150 V for 10 h on
a C.B.S. Scientific™ DGGE-1001 model apparatus (following Thornhill et al. 2010).

Gels were stained with SYBR Green (Molecular Probes, 10,000x diluted in 1XxTAE) for
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20 min and photographed under UV light. In addition to band excision and sequencing,
identifications of types were confirmed by comparison of the DGGE fingerprint for each
sample to ITS2 PCR product standards from clonal Symbiodinium cultures representing

types within Clades A, B, C, and D.

Data Analysis

23S

Sequences for the 23Scp-rDNA were aligned in MAFFT v 7.017 (Katoh & al.
2002) using the following settings L-INS-i option Scoring Matrix 200PAM / k=2 Gap
open penalty 1.53. The produced alignment was processed with Gblocks (Castresana,
2000) to discard ambiguously aligned regions. The following parameters were used
(Maximum number of contiguous non-conserved positions: 8, Minimum length of a
block: 5, Gap positions allowed) to produce a less stringent set of conserved aligned
blocks. The reduced alignment was deposited in TreeBase
(http://www.treebase.org/treebase/index.html). A Maximum likelihood (ML) analysis
was performed in RAXML v.7.6.3 (Stamatakis, 2006) implemented on the CIPRES portal
(Miller et al., 2010). It included obtained sequences from this study plus voucher cp23S-
rDNA sequences from cultured Symbiodinium types A through H, representatives of the
diversity within the genus (Pochon et al., 2006). Gymnodinium simplex was used as an
outgroup. A GTR + I' (GTRGAMMA) was chosen as substitution model, I" shape, GTR

rates and base frequencies alignment were allowed to be estimated by the software. The
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Majority Rule Criterion implemented in RAXML (-autoMRE) was used to assess clade
support.

ITS2 genotyping:

Chromatograms were checked and assembled using the software Geneious
(version 6.16 created by Biomaters). Sequences were aligned using MAFFT v 7.017
(Katoh & al. 2002) with reference ITS2 sequences, in order to observe whether or not
they were identical to known types. New variants were characterized as potential newly

discovered subtypes within each Symbiodinium clade.
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FIGURE 4.2. Detailed view of Symbiodinium spp. per host genera and species a.
Exaiptasia pallida, b. Aiptasia couchii and Bellactis ilkalyseae, c. Bartholomea annularis
and Ragactis lucida. Detailed locality is provided for species and genera, followed by
their general location among the different ocean basins. CAR= Caribbean Sea, MED=
Mediterranean Sea, PAC= Pacific Ocean, RED= Red Sea SWATL= South Western
Atlantic Ocean, NEATL= North Eastern Atlantic Ocean, NWATL= North Western

Atlantic Ocean.
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RESULTS

All but one species within the family Aiptasiidae were found to be associated with
endosymbiotic dinoflagellates. The species Aiptasiogeton hyalinus, which is the sister
clade to all other members of the family did not harbor endosymbiotic algae, a fact that
was also confirmed by histological sections of the column (not shown) and the tentacles
(Figure 4.1a and 4.1b). At total of three different Symbiodinium clades (A, B and C) were
found across the different genera of Aiptasiidae (Figure 4.1).

By combining the information obtained from the phylogenetic tree of the cp23S-
rDNA sequences (Figure 4.1), and the DGGE profiles and sequencing of the ITS2 (Table
4.1), it was possible to assign most of the symbiont present the studied sea anemones to
known types, as well as to identify possible new types. It is now accepted that that the
combination of ITS2 + DGGE profiling allows for the identification of multiple subtypes
of symbionts within single individuals, as well as the utility of the markers to identify
physiologically differentiated strains (see LaJeunesse, 2001, 2002), although some
controversy exists (see Correa & Baker, 2009). This protocol also allows for the
identification of multiple subtypes of Symbiodinium per individual, in the case of sea
anemones, single polyps. In addition | compared the profiling of ITS2 with the
information provided by the cp23S, marker, as a sort of independent marker from the
chloroplast genome. In general, the information provided by the 23S sequences is
consistent with the identity of the symbionts provided by ITS2, but it was not possible to
confidently conclude about the specific subtypes, due to the lack of support for the

depicted relationships within the clade (Figure 4.2c). All screened individuals, except for
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the one species of Exapitasia pallida from Bermuda, are associated with a single type of
symbiont (Table 4.1). From a species perspective, all were found to be associated with a
single symbiont clade, except for Exaiptasia pallida, which was found to associate with
both clades A and B. Aiptasia couchii and Bellactis ilkayseasae were found to be
associated with clade A Symbiodinium, the first species symbiont was identified as A4
subtype, according to ITS2, while all specimens from Aiptasia couchii were associated
with a symbiont closely related to the Al subtype (Figure 4.3a). Both Bartholomea
annularis and Ragactis lucida were found to associate exclusively with type C1
according to the ITS2, while the 23S phylogenetic hypothesis recovered these specimens
with the type C clade, without further resolution (Figure 4.3c). Finally, species within the
genus Exaiptasia showed different association patterns with Symbiodinium. Exaiptasia
pallida was found to be associated with clade B except from three localities in the
Caribbean and one in the south of Brazil (Figure 4.3b) associated with clade A. From the
specimens that harbored clade B Symbiodinium, most of them were associated with
subtype B1, except two samples, one in the Florida Keys and in Florianopolis (south of
Brazil), associated with subtype B2. The 23S information suggests that the sample from
Florida belongs to subtype B2, but also suggest that the Symbiodinium found in the
sample from the south of Brazil might be a new subtype. Exaiptasia sp. nov. was found
to exclusively associate with clade A Symbiodinium. Two the samples seem to be closely
related to type A13, according to the information from the 23S marker, while a third
specimen, from Sao Sebastiao (Brazil), could also be a previously undiscovered subtype,

given its position on the 23S tree (Figure 4.3a).
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DISCUSSION

From an evolutionary point of view, the lack of endosymbionts in Aiptasiogeton
hyalinus is likely to be a derived rather than an ancestral condition, given the
phylogenetic position of the species. Grajales et al. (2013a) recovered this species as
nested within a clade of symbiotic lineages, including the sister group of the family
Aiptasiidae, the genus Alicia. The lack of symbionts in other related groups such as
scleractinian corals has been found to be associated with deep-sea lineages (Barbeitos et
al., 2010), while in this case this endosymbiont-free species is found between 0 and 10 m
depth.

The observed phylogenetic pattern shows no evidence of coevolution between the
dinoflagellates and their hosts at a broad level; the phylogenetic position of the symbionts
(Figure 4.1a) does not mirror host phylogeny (Figure 4.1b). In some instances the utilized
markers show lack of resolution conclude about the definite symbiont identity (Figure
4.3c), while other parts of the tree allow us to observe some interesting patterns (Figure
4.1a and 4.1b), always within a single anemone species. This fact is contrasting with what
is found in other taxa, such as scleractinian corals, where the cladogenesis events seem to
occurr both at the same time in both host and symbiont phylogeny (Thornhill et al.,
2013), a pattern consistent with coevolution. The observed cladogenesis events in this
study are more likely to be the adaptation within species towards the edges of their
distribution. The first example of this pattern is observed along a latitudinal gradient
along the North Eastern Atlantic Ocean. At least two symbiont subtypes were observed

within individuals of Aiptasia couchii (Figure 4.1a). These symbionts were associated
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with the symbiont A1_med, a symbiont observed in other sea anemones of the North
Eastern Atlantic Ocean (Savage et al., 2002), where it is described as a ‘temperate’ clade.
Within this clade, two samples collected in Plymouth, classified here as Al_atl, seem to
be divergent and are probably specialists only found at the northernmost distribution of
the species. A parallel situation is observed within Exaiptasia pallida, which was found
to associate with subtypes B1 and A4; it presented two exceptions, one in Florida (US)
with subtype B2, and at Florianopolis (Brazil), where a divergent B2 subtype was found.
Even though the latter case is less extreme in terms of latitude (correlated with
seasonality changes in temperature), both cases of this pattern might reflect possible
adaptations to colder environmental conditions. In the case of A. couchii, current
evidence suggests that they subtype labeled here as Al_atl could be considered a new
type, and possibly a new species. Subtype B2 was first described from an Exaiptasia
specimen in Florida, and it has been identified as a dominant type on temperate coral
populations on the Western Atlantic Ocean (Thornhill et al, 2007) while being less
common in tropical latitudes. Interestingly, the divergent B2 subtype (noted here as B2*)
was found in Florianopolis, Brazil, which corresponds to the southernmost report of
Exaiptasia pallida (Grajales & Rodriguez, 2013a). Giving the geographic distance and
climatic barriers between these two localities, it is striking that these two subtypes appear
as strongly supported sister clades. Additional makers such as PsbA (see LaJeunesse et
al., 2011, Thornhill et al., 2013) as well as an increased taxon sampling should be able to
provide more resolution, in order further elucidate the mechanisms of diversification

within clade B.
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Our findings largely agree with the results obtained by Thornhill et al (2013b),
regarding the diversity of Symbiodinium within the widespread species Exaiptasia
pallida. The authors detected Symbiodinium B1 as the only symbiont in most localities,
except Florida, a pattern consistent with that found in this study (Figure 4.3a). This
subtype is a generalist and the prevalent symbiont in the Caribbean Sea, and also is
present in other anthozoan taxa such as scleractinian corals and octocorals (LaJeunesse,
2001). Its presence in other localities other than the Caribbean might be associated with
the possible human mediated-dispersal of its host Exaiptasia pallida (see Thornhill et al,
2013b for further details) rather than ancestral variation. This study increased the
sampling of Exaiptasia within the Caribbean Sea, including localities in the Bahamas,
Yucatan and Panama, as well as different localities along the coast of Brazil.
Interestingly, we found an increase in the diversity of symbionts, compared to the
worldwide pattern suggested by Thornhill at al. (2013b). The ITS2 identification
suggested that most of the samples from the Caribbean Sea correspond to the type A4,
while the 23S tree clusters the samples on a monophyletic clade, related to A13 and A3
subtypes. None of the markers used in this study seem to give enough resolution to
further characterize this symbiont, in order to identify whether it is a new and endemic
type, or if it is the same subtype found in other hosts within the Caribbean (Correa &
Baker, 2009). On a similar note, we found that a newly described species, Exaiptasia sp.
nov., restricted to Panama and Brazil, associates exclusively with clade A symbionts, one

related to subtype A4 and a second, divergent clade, possibly representing another newly
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discovered subtype. Better resolution, again to be provided by molecular markers such as
PsbA (LaJeunesse et al., 2011), will help further elucidate the diversification history

within this clade.
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CHAPTERV
CONCLUSIONS

By reviewing newly collected material from around the world, | was able to
circumscribe the members of the family Aiptasiidae, by making a morphological
revision of external and internal morphological charaters. This revision also
allowed exclusién of some anemone species previously described as members of
Aiptasiidae.

The family Aiptasiidae was circumscribed morphologically by using a
combination of only one synapomorphy for the group — namely the presence of b-
mastigophores in the scapus, as well as a unique combination of other
plesiomorphic characters prevalent in other closely related families of acontiate
sea anemones. This further confirms the current lack of unique diagnostic
synapomorphic morphological characters for the family, and encourages the use
of current and novel molecular characters that further support the taxonomic
hypothesis of monophyly.

The family Aiptasiidae, sensu Grajales & Rodriguez (in prep) is composed of
representatives that present remarkable morphological homogeneity. These
findings are also corroborated by the phylogenetic hypothesis showing that this
group of sea anemones forms a monophyletic clade.

Despite their limited ability to distinguish different species within Actiniaria, the
molecular makrers used in this study were able to provide enough resolution to

support the phylogenetic relationships among the different genera within the
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family Aiptasiidae.

At the species levels, diagnostic DNA characters for species were mostly found
on the mitochondrial markers. This finding contrasts with the fact that these
markers have been found to have little to no resolution to distinguish species of
other related groups, both within and outside Actiniaria.

16 currently valid species of the genus Aiptasia were separated into two different
genera: Aiptasia and Exapitasia comb. nov. based on differences of their cnidom,
specifically the size of the b-mastigophores in the scapus. This result confirms the
importance of nematocysts for taxonomy and systematics in the Order Actiniaria,
and the phylum Cnidaria, as observed in previous studies.

The genus Exaiptasia was found to be composed of two species, E. pallida and E.
brasiliensis. E. pallida is a widespread seeminlgy invasive species, present in
tropical and subtropical shallow water marine environments worldwide. Most of
the currently described species of Exapitasia (formerly part of the genus Aiptasia)
now belong to this one species. The second species, E. brasiliensis, was only
found in the Southwestern Caribbean Sea and some localities along the Southern
Atlantic Ocean in Brazil.

This study raises some important questions regarding the usability of certain
characters that should be considered in taxonomic determinations (i.e., merging
splitting genera and families). Usually the presence or absence of a particular
nematocyst is considered a strong character to define intermediate taxonomic

levels (i.e., families). At the same time, differences in the measurements of
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nematocysts have been traditionally used as an indication of the presence of
separate species. In this study, a clear cut distinction in the size of nematocysts
was used as a diagnostic character, also corresponding to a cladogenesis event
above the species level. This, however, proved to be rather an exception; all other
nematocyst types did not show any indication of size differences across the entire
family.

It is also noteworthy that some morphological characters, like tentacle shape and
the shape of the basilar musculature, seem to be the product of convergence, as
opposed to the general assumption of taxonomists of these features being the
product of common ancestry.

E. pallida and E.brasiliensis could not be distinguished morphologically, but are
defined by fixed nucleotides in several of the DNA sequences used in this study.
Furthermore, each species show different endosymbionts (Symbiodinium spp.). E.
pallida was found to be mostly associated with subtype B1, while E. brasiliensis
is exclusively associated with subtypes of clade A, including subtype A4, and a
newly underscribed subtype, also first found in this study.

In contrast, the genus Aiptaisa was divided into two different species, A. couchii
and A. mutabilis. These species can easily be differentiated morphologically, by
their size, the number of tentacles, their mode of asexual reproduction, and their
algal specificity. A. couchii is exclusively associated with different subtypes of
clade A Symbiodinium, while A. mutabilis, also harboring algal endosymbionts,

shows the presence of a different, currently unidentified alga, not belonging to the
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genus Symbiodinium.

The presence of Symbiodinium minutum in many localities and low genetic
diversity within this algal endosymbiont species may be the result of human
mediated-dispersal of its host Exaiptasia pallida rather than ancestral variation
(see Thornhill et al., 2013b). Thornhill et al. (2013) reported genetic distinctions
between E. pallida from Florida and those found at other locations. Such
distinctions were not observed in the current dataset, but this may be explicable
by the dissimilar rates of evolution among the different genetic markers used in

the two studies.

e Thornhill et al (2013) found the first pieces of evidence for the existence of a

widespread species within Exaiptasia by looking at the diversity of endosymbiotic
algae (Symbiodinium spp.) as well as some population level (SCAR) genetic
markers. Despite their extensive sampling efforts, those authors did not include
samples from the Southwestern Caribbean Sea or Brazil, which might explain the
fact that they could only distinguish a single species within this genus whereas
this thesis work identified two.

E. pallida and E. brasiliensis were both found in a single locality of the Caribbean
Sea in Panama, a highly transited area that offers the opportunity for long distance
transport of weedy species like Exapitasia via ballast water such as found in the
Panamanian Caribbean Sea. It is worth noting that the specimens collected in the
Pacific Ocean side of Panama, from the Azuero Peninsula (>200 km away from

the Panama Canal) clearly belonged to the widespread species E. pallida. Further
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clarification of this observation would be obtained by the use of population level
markers that may help elucidate the demographic history within each species.
This dissertation research combined information from several molecular genetic
markers, including nuclear ITS2 and plastid cp23S-rDNA, to evaluate the patterns
of evolution and diversification of Symbiodinum in the light of an existing
phylogenetic framework for the host. Those different markers showed different
levels of variablilty among the clades. That fact emphasizes the importance of
using a multiple set of molecular markers, ideally from different genomes, in
order to accurately describe the algal diversity within Symbiodinium, as shown in
related studies.

The observed phylogenetic pattern showed no evidence of coevolution between
the dinoflagellates and their hosts at a broad level; the phylogenetic position of
the symbionts does not mirror the phylogeny of their hosts. This corroborates the
patterns found in other symbiotic metazoan taxa, such as scleractinian corals
harboring Symbiodinium, in which cladogenic events do not typically coincide for
both host and symbiont.

Within some individual host species, Symbiodinium spp. exhibited patterns of host
specialization and cladogenesis. This pattern suggests that coevolution between
host and symbiont occurred within species and genera lineages, but that this
process was regularly disrupted and symbiotic partners were recombined during
the longer-term evolutionary history of the Aiptasiidae. Furthermore, independent

cases of phylogeographic partitioning of Symbiodinium within a single host
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species were observed.

In addition to specificity driving the observed associations, there was evidence for
sea anemone/dinoflagellate associations adapted to local environmental
conditions, such as cold temperatures at the edges of the hosts’ distributions. An
example of this pattern occurred in Aiptasia couchii along a latitudinal gradient
along the North Eastern Atlantic Ocean. At least two symbiont subtypes of
Symbiodinium sp. “Mediterranean A” were observed within individuals of
Aiptasia couchii, including a northeast Altantic haplotype and a Mediterranean
haplotype. The Mediterranean haplotype has been observed in other sea anemones
of the North Eastern Atlantic Ocean and is considered to be a cold-tolerant
‘temperate’ type. A parallel situation was observed within Exaiptasia pallida,
which associated with B1 and subtype A4 throughout most of its range, but is
associated with the cold-tolerant B2 subtype near the northern and southern limits
of E. pallida’s distribution.

This study corroborated the importance of thorough morphological revision and
taxonomic sampling at lower ranks, in order to help resolve the interrelationships

among groups of sea anemones, and possibly other groups among Anthozoa.
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APPENDIX A:

SUPPLEMENTARY MATERIAL FOR CHAPTER II:
MORPHOLOGICAL REVISION OF THE GENUS AIPTASIA AND THE FAMILY
AIPTASIIDAE (SNIDARIA, ANTHOZOA, ACTINIARIA, METRIDIOIDEA)

182



APPENDIX Al

183



184

L9BISITESM  PEOSOT6ON puEls] ERuME)  Tweuey € ISESHNWY HNIWY
LOSFIS M  OTGDOEITN fowo)eys) ooy € 0SESHNIWY HNWY “AOU "QUIOd
opany UMDY
S6ETO0F M €SETSSHIS supey g € P6ETASNZIN dSNZN avasijoy)y
SOp eiRig — Oeg mundsy suovjlag
TOSESTOS M SOI9E0STN soyepuoly VSN € 6LESHNIWY HNIWY
ULOSFIS M OTE00E ITN fowo) eps] ooy € SLESHNWY HNIWY vipnuuD
ig
SLTSTOLOM  FSLTTILEN BAPOH ‘uog 3 uredg € LLESHNIWY HNIAY snupoly
uosadosoidiy
SLGLSTSFM  9COP6F €S oenseqag OFS ‘onegd 0pS Zeig € SOSTOOASNZIN  dSNZIN
09SETEREM  S6TFEFEOS eZoEu04 wRY) g € 9ESTONASNZIN  dSNZIN
LOBISITSM  FEOSOTEON puejs] BI2u2sE)  Pwuty € 9LESHNNY HNWY
TCHHEOM ISIOTTLEN e 1y epauudg £ SLESHNWY HNIKY
RTOESIR M LSSIOSOTN SOpNOY OuINg  CONXIPY € PLESHNINY HNWY
TOSESTOS M SOI9SOSIN siayepuoly  vSN € SLESHNWY HNWY
SRLFSFOI M PSTSTPIEN QIMPEY - AP [ESNLIO € TLESHNWY HNIWY
6895STSIM  SI6061STN BURUR) URI) 3P STWfEg ST umedS € ILESHNIY HNWY
€OSSISLTII  OLOISE9TN pueis] ONos3S —emeuny)  ueder € OLESHNIWY HNIWY
WEOSSI M LEISEFGIN opH —uEmeH VSN € H69ESHNIY HNWY
SSTFIFOTII  SO00SOTIN SumBuly  wesic) € S9CSHNINY HNWV
$TOCIIOS M OFOSSTLON opeud)  Tumury € LISSHNIWY HNIWY
TITSOEOIL M 9P 9P SIPTN uorxdouo)  ONXIY 9 99ESHNINY HNWY “AOU "qIu0d
eigeg — s enuoje) vieg opiyod visoidioxg
S6LOSIEDT  SOTSTOTPN Tuon yuersy]  wedg € SOLSHNIWY HNWY
LFI0€PSTT 69O0F LI SEN SoejOyIN SOBY NAD 0D 4 POCSHNINY HNWY siiqom o1soidiy
OOPPOPO M SSLSRIOSN yinow|4 b i8] € SOESHNIWY HNWY
SFLPLOSOM  6F6SSTTEN oonpely — ENApE)  [ESnUOg € TIESHNNY HNIWY
06SETTH0M €01 ITH6EN TUBUE) URIO) 3P STwifed e uredg € 19€SHNINY HNIWY
SLTSTOLOM  $SLTTILEN zpe) guey  uedg € 09ESHNIWY HNIWY 1yonod visvdiy
Ppmne] pmBuo] 7 e Giesoy  suawpads # 3o wnasnjy ads
qidaq #

O OBS I IPEPISIALUN EP BISO[00Z I NISN ‘dSNZIN “AI01STH [RINIEN JO wndsnjy
[PUONEN URUWY ‘HNWYV Ajeduageydie paziuedio e exe ] dap pue Seupiood “GIEd0] UONES0] 2YoNoA Yitm ‘Apnis i ul papnjout exel *| XIANIddY



APPENDIX A2

z (Te S (v L vy
syauiise
UL g1 1ox(mezsen e P eDx@Eezsen 61 Y 1 x(veven) HoLhised
z (z6 (e 8 (Tet Z saioydobnsewe
(LR, —-G'6) X (6'0L-€'19) 8 9/ -9'G) X (9'8,-€'29) or M 1o x(zsgevh) -d N
(g (z9 6 (9 T saloydobnsewre
8 AP rax@ezgon € % gax@reesn st MM gpx(sezvon) dW
VILNOOV
- ) - o T (z9
s8 19 (es8Dx@eTL8) S¢ 92 (e TDXOver8) o Ul oy y(5g1s2) syoLnseg
4 (T2 L9 S (12 Z saioydobnsewe
Y e exUvrzon) P poxtevod oz MY e x(Tor-T00) -dW
Z L A 8 . . . [ 's T saloydobnsewe
6T o1 (6v¥72)x(2LT-T6) T 9 Or—2T1)x(9€T¥2) SR AL AT S S AW
SININV I
4 Ty (g€ 8 (k4
syauiise
8l 1o eax@oeven 9 enxErern ez M 9Dx(ree9s) oiisea
z (L9 9 (19 9 (99 saioydoBnsewre
BU e wvox@zetod ot P 9dx@Esersn) sz ‘MY 9 x(eseTer) -d W
XN
AYVHJONILOV
14 (T9 6 - e T (99
— X — s)sAooad
ST 1 —22) x (1'62-9'0T) o 99 (19-T2) x(9°0e+'8) 60 Y o) x(96z-26) 1 1ds
z T o (6€ L (67
syauiise
161 or Qv TOx(E0Ce6) 2 99 oywrozzon) 1 Y 12)x(1szzo) Yyornseg
4 (6's G (T2 6 (89 sasoydoBnsewre
B zoxsssen) v P eox(oezid) oz MY 99 x(gv-56T) -d W
S3T1OVINIL
z o S (9s [ (6'512)
— X — saloydoBisew-
T (99-22)x(T6T-56) 09 9/9 2 X (£ 1T-50T) g e X (Z'G 1T-6'0T) ydoBnsew-q
z i ) . 0 . ) . 12 (Ls
— — X — Syauise
6T (9°5-1°2) X (v'82-8'6) op %9 (rv—2T) x(8°9T-2°6) 1z T’ ex(giz9) younseg
14 oo . . (€5 A 79 saJoydoBnsewe
0z 1o (ro-8T) X (Forz6) 9L 9/9 —6T) X (1'52-T°01) 0z Cuet —2) X (T62-1'6) AN
NINNT02D
wz  .°. (@ozox(Eozss) © 99  @yvDXxX©@0zTe L zuel v syoLseg
T/2T €1 €2 —ZT)X(T'6T-T'6) o
z (6's 0 (6's v (9 saloydobnsewre
% e -9 X(T'92-€'11T) a P -G'€) X (T'SZ-1'02) 9z CHet —6'T) X(§'22-L'6) -d N
2s1a Tva3ad
e|jayoind eueydelp epljjed eisexdiy
N S eiseidry (wrl) N S eiseldry (wrl) N S (wrl) sa|nsdea saL0Ba1ED

sa|nsded Jo yipim
pue ybus| Jo abuey

sa|nsded Jo yipim
pue yibus| jo abuey

0 Yipim pue
yibuaj Jo abuey

"3ISBQOUDIA ‘N :SUOIBIASIGQY ‘UOWWOI JBYIR) ‘+ ‘UOWIWOD ‘++4 ‘UOWIWOI AJBA ‘+++ ‘Aouanbaly ‘4 ‘painsesw
sa|nsded JO Jaquuinu [e10] ‘N ‘paulwexa suawidads JO Jaquinu 0 punoy Sem sepiud Yaes YdIym ul suswioads
JO Jagquinu Jo o1jel ‘S 'sa1oads eiseldiy aAneInd [elonss JO sepiud ay) Jo sabuel 8215 'gT'zS 9|gel Atejuswa|ddns

185



APPENDIX A3
Case 3633: Dysactis pallida Agassiz in Verrill, 1864 (currently Aiptasia
pallida; Cnidaria, Anthozoa, Hexacorallia, Actiniaria): proposed
precedence over Aiptasia diaphana (Rapp, 1829), Aiptasia tagetes
(Duchassaing de Fombressin & Michelotti, 1864), Aiptasia mimosa
(Duchassaing de Fombressin & Michelotti, 1864) and Aiptasia inula

(Duchassaing de Fombressin & Michelotti, 1864)

Alejandro Grajales & Estefania Rodriguez

Richard Gilder Graduate School, American Museum of Natural History,
Central Park West at 79th Street, New York, NY 10024, U.S.A.

Division of Invertebrate Zoology, American Museum of Natural History,
Central Park West at 79th Street, New York, NY 10024, U.S.A.

(e-mails: agrajales@amnh.org; erodriguez@amnh.org)

Abstract. The purpose of this application, under Article 23.9.3 of the Code, is to
conserve the specific name Aiptasia pallida (Agassiz in Verrill, 1864) for a species of
sea anemone (Cnidaria, Actiniaria) widely used as a model system for dinoflagellate
cnidarian symbiosis and coral bleaching studies. The name A. diaphana (Rapp, 1829)

is a senior subjective synonym of A. pallida, while Aiptasia inula (Duchassaing de
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Fombressin & Michelotti, 1864), Aiptasia mimosa (Duchassaing de Fombressin &
Michelotti, 1864) and Aiptasia tagetes (Duchassaing de Fombressin & Michelotti,
1864) are also synonyms, but published in the same year. The use of the name A.
pallida meets the requirements for reversal of precedence of a junior synonym (Article
23.9.1) in the case of A. inula and A. mimosa, which were not used in the 20th century
and are declared nomina oblita under Article 23.9.2 in this paper. The names A.
diaphana and A. tagetes were used after 1899; hence the conditions of Article 23.9.1.1
are not met. However, in the interest of nomenclatural stability, we request a ruling

to maintain the use of the junior synonym under the plenary power, thereby making

A. pallida a nomen protectum, and A. diaphana and A. tagetes nomina oblita.

Keywords. Nomenclature; taxonomy; Actiniaria; Aiptasia; Aiptasia pallida; Aiptasia

diaphana; Aiptasia tagetes; sea anemone.

1. Sea anemones (Cnidaria, Actiniaria) of the genus Aiptasia Gosse, 1858 are
conspicuous members of tropical and subtropical shallow-water marine environments
worldwide and serve as a model system for studies of cnidarian-dinoflagellate
symbiosis. However, despite their importance, accessibility and the fact that publications
using Aiptasia spp. as focal taxa are common (e.g. Dunn et al., 2002;

Muller-Parker & Davy, 2001; Weis et al., 2008; LaJeunesse et al., 2010), to date there
has not been a comprehensive systematic analysis of the group.

2. The latest inventory of the genus Aiptasia recorded 14 species distributed
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worldwide (Fautin, 2013); however, most of the descriptions of the 14 species
inventoried by Fautin (2013) are incomplete by modern standards and type material
is only available in a few cases. The type series of Aiptasia pallida (Agassiz inVerril,
1864, p. 26) consists of two syntypes deposited in the Museum of Comparative
Zoology at Harvard University (MCZ: SCOR-1004). There are no types in existence
for A. tagetes (Duchassaing de Fombressin & Michelotti, 1864, p. 39), A. mimosa
(Duchassaing de Fombressin & Michelotti, 1864, p. 29), A. inula (Duchassaing de
Fombressin & Michelotti, 1864, p. 39) or A. diaphana (Rapp, 1829, p. 57). There were
originally two syntypes of A. tagetes from Puerto Rico, one syntype of A. mimosa
from the Virgin Islands, one syntype of A. diaphana from Naples (Italy); however,
there is no information available about the museum collections were these types were
deposited (Fautin, 2013), and they are thought to have been lost. After detailed
morphological examination of available type and newly-collected material and
cnidae from all but three of the type localities or nearby localities of the type reported
for 11 of the 14 putative species within Aiptasia, Grajales & Rodriguez (2013
submitted) did not find any constant morphological character to distinguish between
A. diaphana, A. pallida, A. inula, A. mimosa, A. tagetes, A. minuta (Verrill, 1867, p.
50), A. leiodactyla Pax, 1910, p. 178, A. pulchella Carlgren, 1943, p. 38, and A.
californica Carlgren, 1952, p. 388. Thus, they proposed to synonymize these eight
species. Although there is no type material in existence for A. inula, A. mimosa, A.
tagetes or A. diaphana, the synonymy was possible based on available descriptions

and newly-collected material from nearby localities to the type localities of these
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species (Grajales & Rodriguez, 2013, submitted).

3. According to the Principle of Priority, the name Aiptasia diaphana is the senior
subjective synonym and thus must be used over the junior synonym, A. pallida. In
addition, the names Dysactis mimosa (currently A. mimosa), Bartholomea tagetes
(currently A. tagetes), and Bartholomea inula (currently A. inula) might also have
priority over the name A. pallida. Verrill’s (1864) paper was published in July 1864,
while Duchassaing de Fombressin & Michelotti’s (1864) supplement was published
between May 1864 and January 1865 (on page 7 of the supplement Duchassaing de
Fombressin & Michelotti included a footnote, which is dated 17 May 1864).
Duchassaing de Fombressin & Michelotti’s paper (1864) has a flyleaf note to say that
it is an extract from the Memoires de 1’Academie des Sciences de Turin, Serie 2, Tome
23. The supplement was indeed republished in the Memoires de 1’ Academie des
Sciences de Turin, but only in 1866.

4. Aiptasia pallida has been used as a model system for research of
dinoflagellatecnidarian

symbiosis and the processes responsible for coral bleaching over more than

30 years (e.g. Hessinger & Lenhoff, 1973; Palinscar et al., 1989; Sawyer & Muscatine,
2001; Rodriguez-Lanetty et al., 2006; Sunagawa et al. 2008, 2009, see Appendix) and
thus is currently in wider use than its senior putative synonyms: in the last 50 years
the name A. diaphana has been used in 25 publications, A. tagetes in seven
publications, and A. mimosa and A. inula have not been used, whereas A. pallida has

been used in at least 50 publications. Furthermore, most of the studies using A.
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pallida are non-taxonomic works which do not always follow formal nomenclature.

In the interests of nomenclatural stability and to avoid potential confusion, it would
be ideal to maintain the use of the junior synonym by reversal of precedence (Article
23.9 of the Code). The names A. inula and A. mimosa have not been used as valid
names after 1899, thus meeting the conditions of Article 23.9.1.1. They are considered
as nomina oblita under Article 23.9.2 of the Code. However, the names A. diaphana
and A. tagetes have been used as valid after 1899 (e.g. Schmidt, 1982; den Hartog &
Ocania, 2003) and so do not meet the conditions of Article 23.9.1.1. Therefore reversal
of precedence cannot be automatically granted, although the name A. pallida has

been the most widely used in the last 50 years. We consider that the use of the senior
synonyms A. diaphana, A. inula, A. mimosa and A. tagetes would cause confusion and
threaten stability and, under Article 23.9.3 of the Code, we request the Commission

to use its plenary power to maintain the use of the junior synonym, A. pallida. A list
of 50 supporting references demonstrating the prevailing usage of A. pallida is held
by the Commission Secretariat.

5. The International Commission on Zoological Nomenclature is accordingly

asked:

(1) to use its plenary power to give precedence to the name pallida Agassiz in

Verrill, 1864, as published in the binomen Dysactis pallida, over the following
names, whenever they are considered to be synonyms:

(a) diaphana Rapp, 1829, as published in the binomen Actinia diaphana;

(b) tagetes Duchassaing de Fombressin & Michelotti, 1864, as published in the
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binomen Bartholomea tagetes;

(2) to place on the Official List of Specific Names in Zoology the following names:
(a) pallida Agassiz in Verrill, 1864, as published in the binomen Dysactis
pallida, with the endorsement that it is to be given precedence over the

names diaphana Rapp, 1829, as published in the binomen Actinia diaphana,
and tagetes Duchassaing de Fombressin & Michelotti, 1864, as

published in the binomen Bartholomea tagetes, whenever it and either of

the other two are considered to be synonyms;

(b) diaphana Rapp, 1829, as published in the binomen Actinia diaphana, with
the endorsement that it is not to be given priority over the name pallida
Agassiz in Verrill, 1864, as published in the binomen Dysactis pallida,
whenever the two are considered to be synonyms;

(c) tagetes Duchassaing de Fombressin & Michelotti, 1864, as published in the
binomen Bartholomea tagetes, with the endorsement that is not to be given
priority over the name pallida Agassiz in Verrill, 1864, as published in the

binomen Dysactis pallida, whenever the two are considered to be synonyms.
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APPENDIX B:

SUPPLEMENTARY MATERIAL FOR CHAPTER II1:
MOLECULAR SYSTEMATICS OF THE FAMILY AIPTASIIDAE
(CNIDARIA, ACTINIARIA, METRIDIOIDEA)

B.1 Parsimony phylogenetic position of the family Aiptasiidae.

Aiptasiidae
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B. 2. Supplementary table 1. Specimens, voucher numbers and GenBank accession

numbers per gene region.
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B.3. Supplementary table 2. Numbers of
base pairs included in the downstream

analysis, partitioned by genes.

Gene

region  W/out Gblocks  Gblocks
12s 912 838
16S 421 327
18S 2157 1705
28S 4210 3121
CO3 723 723
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APPENDIX C:

SUPPLEMENTARY MATERIAL FOR CHAPTER IV:
MOLECULAR DIVERSITY OF SYMBIODINIUM SPP. (ALVEOLATA,

DINOPHYCEAE) SYMBIOTIC WITH MEMBERS OF THE FAMILY

AIPTASIIDAE

C.1. Detailed view of a cross section of the tentacles. a. Aiptasiogeton hyalinus and b.
Bartholomea annularis. Notice the absence of algal cell in the gastrodermis of the
azooxanthellate species A. hyalinus, in comparision with B. annularis. ep = epidermis me

= mesoglea ga = gastrodermis.
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C. 2. Supplementary Table 1. Genbank accession numbers from c23s-rDNA and ITS2 per

specimen.
Species Locality Accession No
23S ITS

Aiptasia couchii United Kingdom KP761369 KP761369
United Kingdom KP761348 -
France KP761350 -
Portugal KP761353 -
Spain KP761349 -
Spain KP761351 -
Spain KP761356 -
Spain KP761368 KP761368

Bartholomea annulata Bermuda - -
Bermuda KR002407 KR002397
Bermuda KR002408 KR002401
Bermuda KR002409 -
Honduras KR002410 -
Honduras KR002411 -
Honduras KR002412 -
Mexico KR002405 -
Mexico KR002406 -
Mexico KP761344 -
Panama KR002418 -
USA KR002413 KR002395
USA KR002414 -
USA KT270575 KR002398
USA KP761339 -
US Virgin Islands KR002415 -
US Virgin Islands KR002416 -

Bellactis ilkalyseae Brazil KP761340 -

Exaiptasia pallida Bahamas KP761332 -
Bermuda KP761333 KP761367

KP761366

Brazil KP761362 KP761362
Israel KP761357 -
Israel KP761358 -
Mexico KP761331 -
Mexico KP761335 -
Panama KR002417 KP761364
Panama KP761359 -
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Exaiptasia sp. nov.

Laviactis lucida

Portugal
Spain
Spain

St. Helena
Taiwan
USA
USA
USA
USA
USA
Brazil
Brazil
Panama
Honduras
Mexico
Panama
Panama
Panama

KP761354
KP761355
KP761352
KP761342
KP761330
KP761338
KP761334
KP761335
KP761336
KP761374
KP761373
KP761345
KR002404
KP761363
KR002402
KR002403
KP761346

KR002394

KP761374
KP761373
KP761370
KR002400
KP761363
KR002396
KR002399
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