219

© Museum fiir Tierkunde Dresden, eISSN 1864-8312, 25.8.2009

Arthropod Systematics
67(2)

Phylogeny
219-228

Cirripede Cleavage Patterns and the Origin of the Rhizocephala
(Crustacea: Thecostraca)

GERHARD ScHoLtz*, EKATERINA PonomARENKO & CARSTEN WOLFF

Humboldt-Universitat zu Berlin, Institut fiir Biologie, Vergleichende Zoologie,
Philippstr. 13, 10115 Berlin, Germany
[gerhard.scholtz@rz.hu-berlin]

* Corresponding author

Received 25.iii.2009, accepted 11.v.2009.
Published online at www.arthropod-systematics.de on 25.viii.Z009.

>  Abstract

Several aspects of phylogenetic relationships among barnacles (Cirripedia) are still unresolved. One of the contentious is-
sues is the position of the parasitic Rhizocephala. In most molecular phylogenies Rhizocephala are resolved as sister group
to a monophyletic Thoracica. However, since Rhizocephala are morphologically highly derived there is not a single morpho-
logical character supporting this view. Here we present data on the early cleavage patterns and the gastrulation of two rhizo-
cephalan species. Based on our results and data from the literature we suggest that early cleavage and gastrulation indicate
a monophyletic group comprising the thoracican Iblomorpha and the Rhizocephala. This renders thoracicans paraphyletic
with respect to Rhizocephala. Based on this, we develop a new hypothesis for the origin of parasitism in the rhizocephalan
stem lineage starting with parasite-like dwarf males of an iblomorph-like ancestor which already had the ability to penetrate

the surface of a host animal — originally conspecific females, but later the decapod, probably a pagurid, host.
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Introduction

Cirripedia is a strange group of animals that most
laypersons would not identify as Crustacea. Adults
are either sessile filter feeders, like the well visible
and common goose and acorn barnacles, or parasites.
These lifestyles correlate with dramatic alterations of
body organization compared to other crustaceans and
arthropods in general (ANDERSON 1994; DEuTscH et al.
2004; Hokeg et al. 2004). This makes cirripedes highly
interesting for evolutionary considerations and they
have even been classified as putative “hopeful mon-
sters” (GEANT et al. 2006). The parasitic forms, in par-
ticular the endoparasitic Rhizocephala, are even more
derived and sometimes hardly recognizable as animals
(e.g. HoEG 1992; GRUNER 1993). Adults are not much
more than a root-like network of tissue in the body
cavities of the hosts, the interna, and an outer sack, the
externa, containing the reproductive organs and the

early life stages (GLENNER & H@EeG 2002). Only since
THompsoN (1836) detected the nauplius and cypris
larvae of rhizocephalans was it clear that they are ar-
thropods, and more specifically a group of crustaceans
closely related to filter feeding barnacles (see WIN-
sor 1969; Schortz 2008). Nevertheless, the pathway
from a sessile, filter feeding barnacle-like animal to
an, in many aspects derived, parasitic rhizocephalan
remains largely obscure and is subject to speculations
based on analogies (NEwMaAN et al. 1969; GLENNER &
Hgec 2002). To resolve the problems of the evolution
of parasitism of Rhizocephala and their correlated idi-
osyncratic body organization, the phylogenetic posi-
tion and, in particular, the sister-group relationship of
Rhizocephala has to be reconstructed. However, the
recognition of the rhizocephalan’s phylogenetic posi-
tion is hampered for the above mentioned reason of a
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Fig. 1. Cleavage and gastrulation of Sacculina pilosella. A: First cleavage showing the dividing nucleus (dn) and the yolk free
cytoplasm at one of the longitudinal ends of the egg. The arrows indicate the rotation that happens during the further process of the
first cleavage resulting in an arrangement of the two blastomeres as seen in B. Blend mode of surpass view in Imaris. B: The 2-cell
stage with the nuclei (n) and the yolk free cytoplasm at the short axis of the embryo indicating the future animal pole, lateral view.
Blend mode of surpass view in Imaris. C: The 4-cell stage with the long cross furrow (arrowheads) at the animal pole connecting
two cells that are not sister cells. The nuclei are in early metaphase indicating the beginning third cleavage to the 8-cell stage. Blend
mode (with “light enabled”) of surpass view in Imaris. D: The 4-cell stage with a different arrangement of blastomeres lacking a
cross furrow. Blend mode of surpass view in Imaris. E: The 8-cell stage showing four micromeres (mi) and four macromeres (ma),
which contain all the yolk. Blend mode (with “light enabled”) of surpass view in Imaris. F: The 16-cell stage, animal view. The
eight micromeres are of equal size (mi). The macromeres divide asymmetrically resulting in four large macromeres (ma) and four
smaller cells forming additional micromeres. Blend mode (with “light enabled”) of surpass view in Imaris. G: 8- to 16-cell stages,
view on the animal pole. The micromeres (mi) forming a cap of smaller cells; the four macromeres (ma) contribute by their unequal
divisions to this cap. The smaller macromere derivatives divide symmetrically. MIP mode of surpass view in Imaris. H: Epibolic
gastrulation, seen from the vegetal pole, which is marked by four large macromeres (ma) containing most of the yolk and forming
a cross furrow. They are surrounded and overgrown by medium sized blastopore cells (bm) and the micromere cap (mi). Note the
polar bodies in the region of the blastopore, the vegetal pole. MIP mode of surpass view in Imaris. (Scale bars: 50 pum)

highly derived adult anatomy and accordingly, there
is only a preliminary notion of their affinities based
on morphology. In contrast to this, several molecular
studies resolve the Rhizocephala as sister group to the
whole group of barnacles, the Thoracica (e.g. SPEARS
et al. 1994; BiLLoup et al. 2000; PErez-LosaDA et al.
2002, 2004, 2008, 2009). To overcome this lack of
morphological data for reconstructing rhizocephalan
affinities we chose development as a potential source
for resolving phylogenetic relationships. In particular
for crustaceans, this has been shown to be a promising
approach (e.g. SITEWING 1979; ANDERSON 1973; ScHoLTZ
& WoLrr 2002; ScHortz et al. 2009).

Here we present data on the early cleavage and
gastrulation of two rhizocephalan species, Sacculina
pilosella and Pelterogasterella gracilis. Our results in
combination with a comparison of early developmen-
tal patterns amongst Cirripedia suggest close affinities
between Rhizocephala and the thoracican subtaxon
Iblomorpha. This would render Thoracica paraphy-

letic. The implications of our results on the view on
evolution of parasitism and evolutionary transforma-
tion of adult morphology in the stem lineage of Rhizo-
cephala are discussed.

Materials and methods

Material for the study was collected at the Biostation
Vostok (Sea of Japan, Far East of Russia) in June and
July 2006 and in August 2007. Pugettia quadridens
(De Haan, 1839) crabs infested with Sacculina pilo-
sella Van Kampen & Boschma, 1925 were captured
at a depth of 0.5-2 m. Hermit crabs Pagurus brachio-
mastus (Thallwitz, 1891) with multiple externae of
Peltogasterella gracilis (Boschma, 1927) were col-
lected at 2-3 m depths. Hosts with parasites were kept
in the laboratory at 18°C in aerated marine water.
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Fig. 2. Cleavage and gastrulation of Peltogasterella gracilis. A: First cleavage showing the dividing nucleus (dn) and the yolk free
cytoplasm at one of the longitudinal ends of the egg. The arrows indicate the rotation that happens during the further process of the
first cleavage resulting in an arrangement of the two blastomeres as seen in B. View in epifluorescent microscope. B: The 2-cell
stage with the nuclei and the yolk free cytoplasm at the short axis of the embryo indicating the future animal pole. Blend mode of
surpass view in Imaris. C: The second cleavage leading to the 4-cell stage. Again the blastomeres undergo a rotation as is indicated
by the arrows. The chromosomes of two cells are seen in metaphase. Blend mode of surpass view in Imaris. D: The 4-cell stage
with the long cross furrow (arrowheads) at the animal pole connecting two cells that are not sister cells. The nuclei are in prophase
indicating the beginning of the third cleavage to the 8-cell stage. The polar bodies (pb) are recognisable. They are not situated at
the animal pole. Blend mode of surpass view in Imaris. E: The transition between the 8- and 16-cell stages. All eight micromeres
(mi) are present, whereas the divisions of the macromeres (ma) are somewhat delayed. MIP mode of surpass view in Imaris. F: The
micromeres (mi) forming a cap of smaller cells the four macromeres (ma) contribute by their unequal divisions to this cap. Blend
mode of surpass view in Imaris. G: A similar stage as in F from a more lateral perspective. Blend mode (with “light enabled”) of
surpass view in Imaris. H: Epibolic gastrulation, seen from the vegetal pole which is marked by four large macromeres (ma) con-
taining most of the yolk. They are surrounded and overgrown by medium-sized blastopore cells (bm) and the micromere cap (mi).

MIP mode of surpass view in Imaris. (Scale bars: 50 pum)

Embryos of P. gracilis were preserved together
with the externae, since this species is colonial and
has many small, elongated reproductive bodies. In
each of these, the embryos are almost at the same
developmental stage. In the case of S. pilosella we
had to take developing embryos directly out of the
mantle cavity of the living externa at certain periods
of time.

A developmental sequence of embryos was pre-
served with 4% PFA in PBS (Phosphate Buffered Sa-
line) for light microscopy, fluorescence microscopy,
and confocal-laser-scanning-microscopy (CLSM).
Fixed specimens were observed with a light micro-
scope (Zeiss Axiophot 2plus) with Nomarski optics.
Pictures were obtained by means of a digital camera
(Axiocam HRc).

The dye applied was nucleic acid specific Sy-
tox Green (S-7020; Molecular Probes). In addition

to staining nuclei it allows the visualization of the
cytoplasm of stained cells and thus the cell shape
which is crucial for detailed reconstructions. Pre-
served specimens were washed in Tris-buffer (TBS)
several times and transferred to Sytox solution in
TBS (1:1000). Incubation time was 3 h. Embryos were
then washed again in TBS and mounted on micro-
scopic slides in an anti-bleaching medium (DABCO-
Glycerol).

Samples were scanned under the confocal-laser-
scanning-microscope (Leica SP2) and the stacks of
images were processed with the 3D-reconstruction
software “Imaris 5.5.3” (Bitplane). The computer-aid-
ed three-dimensional reconstructions allow not only
the visualization of the embryos in total, but also the
evaluation of the relative size of cells, the detection of
the position of nuclei and their spatial relation to one
another.
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Results

The early development of Peltogasterella gracilis and
Sacculina pilosella is very similar. Accordingly, we
describe the cleavage of both species together. The
eggs are more or less oval, with those of Sacculina
pilosella being slightly rounder (Figs. 1, 2). The po-
lar bodies show a variable position and the animal-
vegetal axis of the eggs cannot be determined in the
early stages (Figs. 1,2). Nevertheless, the zygotes are
already polarized with the nuclei and some yolk-free
cytoplasm situated at one end of the longitudinal egg
axis (Figs. 1A, 2A). The spindle of the first division is
almost perpendicular to the long egg axis. During di-
vision, the embryo rotates to 90° within the eggshells,
and from now on the axis between the yolky and the
yolk free cytoplasmatic areas is oriented transversally
along the short egg axis (Figs. 1A,B, 2A,B). The first
division is adequal, and the yolk is almost evenly dis-
tributed between two blastomeres. The second cleav-
age is adequal and synchronous in the two blastomeres
(Figs. 1C, 2C,D). Only sometimes the division of one
blastomere is slightly retarded. Spindles are parallel
to each other and perpendicular to the long axis of the
egg. During the second division the embryo rotates
45° with respect to the long axis. Accordingly, the four
blastomeres show a specific arrangement (Figs. 1C,D,
2C,D). In most cases, two of the cells (non-sister-cells)
form a contact zone, the cross-furrow, at the yolk-free
pole, which is oriented along the long egg axis. The
other two cells form a contact zone (cross-furrow) at
the yolky pole. In this case the cross-furrow is perpen-
dicular to the long egg axis. Since the yolky area marks
the region of the future blastopore, the yolk-free/yolky
axis corresponds to the animal-vegetal axis.

The third cleavage is equatorial and highly unequal
(Fig. 1E). It leads to a tier of four small, almost yolk-
free cells (micromeres) at the animal pole and four
large yolk containing cells (macromeres) at the vegetal
pole. The arrangement of the micro- and macromeres
in relation to each other can vary. The micromeres are
placed directly upon their sister macromeres, when the
spindles of the third cleavage are parallel to the ani-
mal-vegetal axis of the embryo. Sometimes the spin-
dles are slightly oblique to this axis, and the resulting
micromere positions resemble to some degree a “spi-
ral pattern.” Also, the arrangement of the micromeres
with respect to the cross-furrows varies. In most cases
they show a cross-furrow that is parallel to the long
egg axis, but sometimes the cross furrow is perpen-
dicular to the long axis.

The fourth cleavage is asynchronous and starts in
the micromeres (Figs. 1F, 2E). These begin their divi-
sions synchronously or with slight retardation of one
or two blastomeres. It is not clear whether this delay

always occurs in the same cells. The spindle orienta-
tions in the micromeres vary. The two micromeres that
are not forming the cross-furrow show parallel spin-
dles in most of the embryos studied. Although there is
no common pattern of the spindles in the micromeres
forming the cross-furrow, it is still possible to distin-
guish at least three common positions: (1) spindles are
parallel to each other but perpendicular to those of the
two non-contacting micromeres; (2) spindles are per-
pendicular to each other, one being parallel to the spin-
dles of the non-contacting two micromeres; (3) spin-
dles are almost parallel to each other and oblique or
almost parallel to the other pair of micromere spindles
(Figs. 1F, 2E). The macromeres divide again unequal-
ly after the cleavage round of the micromeres has been
completed. In some cases, the division of macromeres
is delayed by only one phase of mitosis (Figs. 1F, 2E).
Again, the spindles are oriented along the animal-
vegetal axis and parallel to each other. Thus, after the
fourth cleavage, the embryo consists of sixteen cells,
twelve micromeres and four macromeres. Eight of the
micromeres have a micromere origin and four are the
product of the macromeres. As a consequence of the
variations described above, the 16-cell-stage varies
with respect to the position of micromeres. Therefore,
from this stage on it is almost impossible to definitely
establish sister relationships between cells in the pre-
served embryos.

The following divisions of the micromeres are
almost synchronous with slight retardation of those
originating from the macromeres (Figs. 1G, 2F,G). In
contrast to this, the macromeres continue with their
unequal divisions giving rise to quartets of micromer-
es. Step by step the micromeres cover the yolk-rich
macromeres, thus performing an epibolic gastrulation.
In the meantime the four nuclei of the macromeres mi-
grate towards the vegetal pole of the embryo (Figs. 1H,
2H). These macromere nuclei maintain their positions
at the surface until they are surrounded by micromeres
forming the margin of the blastopore (Figs. 1H, 2H).
Embryos at this stage are composed of approximately
128 cells. After epiboly has been completed, the mac-
romeres divide more or less equally.

Discussion

The current view of cirripede phylogenetics

In contrast to older views (e.g. NEwMAN et al. 1969),
there is now a general agreement based on morpho-
logical and molecular studies that Rhizocephala is a
monophyletic group (see GRUNER 1993; HgEG et al.
2004; GLENNER & HEBSGAARD 2006; PEREZ-LOSADA et



Arthropod Systematics & Phylogeny 67 (2)

223

Ascothoracida Acrothoracica

Cirripedia %

Rhizocephala Thoracica

Fig. 3. The current consensus of the phylogenetic relationships of the Cirripedia based on morphological and molecular analyses.

al. 2009). According to these analyses it is also obvi-
ous that Rhizocephala is part of the Cirripedia, together
with Acrothoracica and Thoracica. Furthermore, most
recent studies resolve Ascothoracida as sister taxon to
Cirripedia and within Cirripedia, the Acrothoracica as
sister taxon to a group formed by Thoracica and Rhizo-
cephala (Perez-Losapa et al. 2002, 2009; HgEic et al.
2004) (Fig. 3). The monophyly of Cirripedia is sup-
ported by a number of different data sources includ-
ing larval morphology, spermatology, molecular and
genetic studies (e.g. HEALY & ANDERSON 1990; SPEARS
et al. 1994; GLENNER et al. 1995; MoUCHEL-VIELH et al.
1998; BiLLoup et al. 2000; HoEc & KoLBasov 2002;
PrrEz-Losapa et al. 2002, 2009; Hgec et al. 2004).
The close affinities between the thoracican barnacles
and rhizocephalans are evident based on larval char-
acters such as the type of lattice organs and molecular
data sets (SPEARS et al. 1994; GLENNER et al. 1995; Pg-
REZ-Losapa et al. 2002, 2009; HgkG et al. 2004). The
crucial question, however, is whether Rhizocephala is
the sister-group to a monophyletic Thoracica (Fig. 3)
or to a subgroup of the latter, which would render tho-
racicans paraphyletic (ScHraM & Hgec 1995). Adult
and larval morphologies do not resolve the question
because the morphology of Rhizocephala is so highly
derived compared to thoracican barnacles that there
are hardly any morphological similarities to be found.
Molecular studies so far suggest a sister group rela-
tionship between the whole Thoracica and the Rhizo-
cephala (Spears et al.1994; Mizrani et al. 1998; Har-
RIS et al. 2000; PERL-TREVES et al. 2000; PErez-LosaDa
et al. 2002, 2004, 2008, 2009) (Fig. 3). Interestingly
enough, some of the molecular trees presented in the
article by GLENNER & HEBsGAARD (2006: figs. 2, 4, 5)
show the Thoracica as paraphyletic with respect to
Rhizocephala.

The internal relationships of Thoracica are also
contentious. This concerns, in particular, the position
of the Iblomorpha (see GLENNER et al. 1995; HgEG et

al. 1999). Based on several morphological features
such as a capitulum with a chitinous cover, the poorly
pronounced border between the capitulum and pedun-
cle, the absent carina, and the primitive cirri construc-
tion, the classical view interprets Iblomorpha as the
sister group to all other Recent Thoracica (e.g. KLEpPAL
1985; NEwMAN 1987; BUCKERIDGE & NEwMAN 2006).
This suggestion is supported by a number of phylo-
genetic analyses using morphology (HgEkG et al. 1999)
and molecular data sets including the most recent mul-
tiple gene approaches (Harris et al. 2000; GLENNER &
HEEBSGAARD 2006; PErEz-Losapa et al. 2004, 2008,
2009). In contrast, a morphological cladistic and sev-
eral earlier molecular analyses reveal Iblomorpha as
nested in different places within the Thoracica (GLEN-
NER et al. 1995; MizraHi et al. 1998; PERL-TREVES et al.
2000). GLENNER et al. (1995) discuss their own result
critically and suggest that there is also a high likeli-
hood for the iblomorphs being the sister group to the
rest of the thoracicans. In a later study including fos-
sils and using a different character treatment these au-
thors achieved exactly this result (HgkG et al. 1999).
Discussing the phylogenetic position of Iblomorpha,
Hgka et al. (2009) found no morphological support for
a sister group relationship between Ibla and either the
Acrothoracica or Rhizocephala. However, based on
their analysis of cypris morphology and other data,
these authors restrict the possible field of iblomorph
phylogenetic positions to three putative sister-group
relationships, namely to a clade comprising Rhizo-
cephala and the other Thoracica, to the Rhizocephala,
or to the remaining Thoracica.

In summary, leaving Rhizocephala aside, it seems
a relatively well supported view to place Iblomorpha
as the sister group to all other thoracican barnacles.
In contrast to this, the exact relationship of the rhizo-
cephalans to thoracicans needs better resolution based
on additional data. We think that early developmental
patterns may contribute to this issue.
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Early development suggests a sister group
relationship between Iblomorpha and
Rhizocephala

The early development of Rhizocephala

The early development of the embryos of Peltogas-
terella gracilis and Sacculina pilosella studied by us
corresponds to that of other rhizocephalan barnacles:
Peltogasterella sulcata (Liljeborg, 1859), Sacculina
carcini Thompson, 1836, and Chtamalophilus delagei
Bocquet-Védrine, 1957 (SHIRASE & Y ANAGIMACHI
1957; BocQUET-VEDRINE 1961, 1964). It can be gen-
eralized as follows. The first two divisions are total
and almost equal. During this time the embryo rotates
twice. The first rotation results in the position of the
animal and vegetal poles at the lateral sides of the egg.
The third cleavage is unequal and forms quartets of
yolky macromeres and yolk-free micromeres. Subse-
quently, macromeres continue to divide unequally giv-
ing rise to additional micromeres. Thus, the number
of four macromeres does not change until late gas-
trulation. After epiboly has been completed, the four
yolk-containing macromeres divide almost equally
resulting in eight internal cells covered entirely by the
blastoderm formed by the micromeres.

The number of studies on the early development of
Rhizocephala is limited, and the embryology of some
akentrogonid taxa such as the Clistosaccidae, Thomp-
soniidae, or Duplorbidae has not been studied at all.
Nevertheless, if the occurrence of the corresponding
cleavage pattern is mapped onto the phylogeny of
Rhizocephala (GLENNER & HEBsSGAARD 2006) it is rea-
sonable to assume that this type of early development
is plesiomorphic for the whole group.

Developmental patterns in Ascothoracida,
Acrothoracica, and Thoracica

The development of Ascothoracida (LAcAZE-DUTHIERS
1883; KnrpowirscH 1892; WacIN 1949), Acrotho-
racica (TUurQuIER 1967) and most Thoracica (GrRoom
1894; BigeLow 1902; DELSMAN 1917; KRUGER 1922;
BatHam 1946; ANDERSON 1969), as far as is known,
follows a uniform general pattern. It starts with a total
and highly unequal division resulting in a macromere
containing almost all the yolk and a micromere which
is more or less yolk-free. Subsequent divisions of the
macromere are also highly unequal and the yolk re-
mains in one large cell. Because of the retardation in
division related to the yolk, the cleavage of the blasto-
meres is highly asynchronous. The blastopore forms
at the lower lateral side in the macromere region of
the egg indicating an oblique animal vegetal axis with

respect to the long axis of the egg. The gastrulating
embryos consist of about 300 cells in Ascothoracida
(WaaIN 1949) and of 250 cells in Acrothoracica (Tur-
QUIER 1967). In contrast to this, thoracican embryos
are made up of only 32-62 cells during gastrulation
(e.g. GrRooM 1894; BiceLow 1902; DELSMAN 1917; AN-
DERSON 1969). This is due to a less pronounced asyn-
chrony in cell division between the macromere and the
micromeres. Therefore, one can see stages of 4, 8, 16,
and 32 cells, which are typical for synchronous cleav-
ages (e.g. GrooMm 1894; BigeLow 1902; DELsMaN 1917;
ANDERSON 1969). The development of Lepas is slightly
different, in that, due to low general yolk content, the
size difference between the macromere and the micro-
meres is less pronounced than in other thecostracans
(GrooMm 1894; BiceLow 1902). However, the general
pattern of blastomere arrangement and division cor-
responds to that in other thoracican species.

This distribution of these particular cleavage and
gastrulation modes within the Cirripedia and the As-
cothoracida clearly indicates that they are at least
characteristic for the ground pattern found in the last
common ancestor of these sister taxa. Furthermore, it
is evident that the same patterns have been conserved
in the lineage leading to the Thoracica (Fig. 5).

The development of Iblomorpha

In contrast to this ancestral pattern, the embryos of
the thoracican subtaxon Iblomorpha show a differ-
ent type of early cleavage, as is exemplified in /bla
quadrivalvis Cuvier, 1817 (ANDERSON 1965) (Fig. 4).
The first two cleavages are meridional and divide the
embryo into four similarly sized blastomeres. The
third division is unequal and perpendicular to the pre-
vious ones (equatorial). It leads to a quartet of yolk-
free micromeres and a quartet of yolky macromeres.
During the first divisions the embryo rotates in such a
way that the animal-vegetal axis is shifted to the lat-
eral sides of the egg and that the blastomeres show a
specific arrangement in the 4-cell stage. With further
development, the macromeres continue their unequal
divisions producing more micromeres. Only at later
stages they show equal cleavages (ANDERSON 1965).
The micromeres apparently undergo only equal divi-
sions. During gastrulation the micromeres overgrow
the larger yolk containing macromere descendants via
epiboly (Fig. 4).

A comparison of iblomorph and rhizocephalan
development

In summary, the iblomorph type of development is
different and derived in several aspects compared to
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Fig. 4. Cleavage and gastrulation of Ibla quadrivalvis (modified after ANDERSON 1965). A: Beginning first cleavage along the lon-
gitudinal axis of the egg. The arrows mark the direction of the rotation. B: 2-cell stage after the rotation. C: Early 8-cell stage with
four micromeres and four macromeres containing all the yolk, animal view. D: Late 8-cell stage with the four micromeres (mi)
showing the nuclei, the nuclei of macromeres (ma) are hidden in the yolk. E: Advanced stage, lateral view, showing the activity of
the micromeres (mi) forming a cap on the macromeres (ma). Micro- and macromeres divide symmetrically. F: Epibolic gastrula-
tion. The yolk containing macromeres at the blastopore (bp) marking the vegetal pole are overgrown by micromeres (compare with

Figs. 1,2).

that of all other thoracican representatives and that of
Acrothoracica and Ascothoracida. In contrast to this,
it looks very much like the development described for
Rhizocephala. Several shared characteristics of the
early development of these two groups can be pointed
out. First of all, the two first meridional cleavages re-
sult in four almost equal-sized yolky cells and the third
equatorial cleavage produces the quartets of the mi-
cro- and macromeres. This leads to a different distri-
bution and arrangement of the cells in the micromeres
between the remaining cirripedes and ascothoracidans,
on the one hand, and the iblomorphs and rhizocepha-
lans, on the other hand. In addition, the embryos of
Iblomorpha and Rhizocephala undergo the same rota-
tion during the first two divisions (90° and 45° suc-
cessively). These rotations are independent characters
and not necessarily a mechanical constraint due to the
oval egg shape as is exemplified by other crustaceans
with oval eggs which show a great variability of the
arrangement of the blastomeres at the 4-cell stage (see
ScHorrz & WoLFrF 2002). As a consequence of the first
rotation, the animal and vegetal poles of the embryo
are placed laterally in the egg. Hence, the animal-
vegetal axis is not oblique as in the other cirripedes
and ascothoracidans, but perpendicular to the long egg
axis. The only difference between the cleavages in
iblomorph and rhizocephalan embryos is related to the
division of macromeres. Those in Rhizocephala divide
unequally and remain four in number until epiboly is
completed (Figs. 1, 2), and only then do they start to
divide equally (BocQUET-VEDRINE 1964). In addition to
these unequal divisions which contribute to the forma-
tion of micromeres, the macromeres of /. quadrivalvis
show some equal divisions before epiboly is complet-
ed (ANDERsSON 1965) (Fig. 4). Despite this difference,
the general developmental similarity suggests the
homology of the above mentioned characteristics in
iblomorph and rhizocephalan cleavage and gastrula-
tion. Recent studies on crustacean early development
imply that the older views that the cleavage pattern of

Ibla might be plesiomorphic among crustaceans and
thus cirripedes (e.g. ANDERSON 1994; ScHorrz 1997)
are no longer tenable. There is no substantial corre-
spondence to cleavage patterns in other crustaceans
such as Malacostraca and Branchiopoda (e.g. ScHoLTZ
& WoLrr 2002; ALwes 2008; ScHorrz et al. 2009).
Moreover, based on the overall tree topology and the
distribution of the early developmental characters
shared by the other cirripedes and ascothoracidans
(Figs. 3, 5), we consider the cleavage and gastrulation
patterns of Iblomorpha and Rhizocephala as being
synapomorphies indicating that these two taxa may
form a clade (Fig. 5). This would render thoracicans
paraphyletic and parasitic rhizocephalans originating
within thoracicans.

A scenario for the evolution of rhizocephalan
parasitism

The evolution of parasitism in the rhizocephalan line-
age is not well understood; although some ideas exist
that suggest reasonable scenarios based on analogies
to other parasitic thecostracans (NEwMAN et al. 1969;
NEwMAN 1987; GLENNER & HgEec 2002). If our view
of an iblomorph/rhizocephalan clade is correct, then
this would allow a new perspective on the origin of
parasitism in the lineage leading to rhizocephalans.
This new scenario is not only based on analogy, but on
more direct evidence such as character transformation
during the habitual change from a sessile stalked filter
feeding organism to an endoparasite as represented by
iblomorphs and rhizocephalans, respectively. GLEN-
NER & HEBsGaArRD (2006) make a good case for the
assumption that the original hosts for rhizocephalans
are representatives of anomalan decapods, namely
hermit crabs. This makes sense because the rigid cuti-
cle found in most reptant decapods creates a problem
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Ascothoracida Acrothoracica

Iblomorpha

Rhizocephala Other Thoracica

~
~N
N

Fig. 5. The new hypothesis based on cleavage and gastrulation patterns in which Rhizocephala originate within the “Thoracica”
forming a clade with Iblomorpha. According to this idea, “Thoracica” would be paraphyletic. However, the questions of whether
Iblomorpha are monophyletic with respect to Rhizocephala and where to put the Iblomorpha/Rhizocephala clade are unresolved
(indicated by the dotted line). Characteristic features of the early cleavages are depicted for every taxon (see text). After various

authors.

for the parasites to enter the host and in most cases
they use the less calcified intersegmental areas of the
leg joints, the arthrodial membranes (GLENNER & H@EG
2002). Nevertheless, these authors suggest that the an-
cestral settling site of rhizocephalans was the branchi-
al chamber of the decapod host. Opposed to the view
of GLENNER & HgeG (2002), however, and based on
the phylogeny of GLENNER & HEBSGAARD (2006), the
distribution of the attachment site of rhizocephalan
cyprids allows the conclusion that ancestrally rhizo-
cephalans entered the hosts via the arthrodial mem-
branes, i.e. through the outer cuticle. Pagurids have a
cuticle lacking rigid calcification over large parts of
their body, making it much easier for the infectious
stages of parasites to enter the host. This is reflected,
for instance, by the fact that representatives of pel-
terogastrids often infest hermit crab individuals in
high numbers. This soft body of the hermit crabs is
correlated with the use of gastropod shells for protec-
tion. Iblomorpha mostly settle either epizoically on
other cirripedes or on a hard substrate, often on shelly
grounds (KLepAL 1985). This could lead to the situ-
ation that shells used by hermit crabs are colonized
by iblomorph individuals. Iblomorpha possess dwarf
males which are attached to the females in the mantle
cavity (DARWIN 1852; KLEPAL 1985). DARWIN (1852)
discussed the morphology of these dwarf males in
some detail showing that they are not parasites, but
are indeed the reduced males of iblomorphs. Their
epizoic lifestyle, however, implies that these miniatur-
ized males penetrate the cuticle of the female “host”
in order to anchor themselves in the tissue (DARWIN
1852; KLepaL 1985). The males possess a functional
digestive tract, thus it is unlikely that they also gain

nutrients from the female’s body liquid, although
this cannot be excluded. In any case, this anatomical
precondition of the dwarf males, which is part of the
iblomorph genomic constitution, in combination with
the colonization of shelly substrates might indeed be
the starting point for using soft hermit crabs and later
more and more calcified decapod species as hosts.
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