
ARTICLE IN PRESS
1439-6092/$ - se

doi:10.1016/j.od

�Correspond
E-mail addre
Organisms, Diversity & Evolution 8 (2008) 66–76
www.elsevier.de/ode
Symbiosis between Symbiodinium (Dinophyceae) and

various taxa of Nudibranchia (Mollusca: Gastropoda),

with analyses of long-term retention

Ingo Burghardta,�, Kristina Stemmera, Heike Wägeleb
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Abstract

Long-term retention of zooxanthellae in five different species belonging to two different nudibranch groups
(Aeolidoidea and Dendronotoidea) was investigated. Specimens belonging to the species Phyllodesmium briareum,
Phyllodesmium colemani, Phyllodesmium longicirrum, Pteraeolidia ianthina and Melibe engeli were cultivated for
70–270 days under various feeding conditions, and photosynthetic activity was analysed by taking pulse amplitude
modulated (PAM) fluorometer measurements. All five species showed stable symbiosis and long-term retention of
zooxanthellae. Interspecific differences are discussed. Morphological adaptations for housing zooxanthellae in the
digestive glandular system were investigated and documented by histological means.
r 2007 Gesellschaft für Biologische Systematik. Published by Elsevier GmbH. All rights reserved.
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Introduction

The mutualistic symbiosis of members of various
clades in Nudibranchia with zooxanthellae (unicellular
dinoflagellates of the genus Symbiodinium Freudenthal,
1962) was already described by Rousseau (1934, 1935).
Assignment to the genus Symbiodinium with its known
eight clades (see LaJeunesse 2001; Rodriguez-Lanetty
2003; Ulstrup and van Oppen 2003; Pochon et al. 2006)
was verified by investigating zooxanthellae from several
nudibranchs belonging to the family Facelinidae using
molecular means (Melkonian, pers. comm.). Other taxa
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(‘zoochlorellae’, e.g. Carteria Diesling, 1866, Prochloron

(Lewin, 1975)) living in symbiotic relationships with
marine invertebrates (e.g. didemnid tunicates) are known
from only one nudibranch, the temperate species Aeolidia

papillosa (Linné, 1761), although this symbiosis does not
seem to be stable (McFarland and Muller-Parker 1993).

The zooxanthellae are housed inside the cells of the
digestive gland. In general, the nudibranchs take up
Symbiodinium through their prey, mostly by feeding on
soft corals, in some cases also on hard corals (Rudman
1981b, 1991; Kempf 1984; Wägele and Johnsen 2001;
Burghardt and Wägele 2004; Burghardt et al. 2005). Some
nudibranchs, e.g. Melibe Rang, 1829, do not feed on
cnidarians, and the source of their zooxanthellae remains
unverified. The general advantages of a symbiosis with
ik. Published by Elsevier GmbH. All rights reserved.
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zooxanthellae have already been discussed by several
authors. The nudibranchs’ incorporation of zooxanthellae
results in a cryptic appearance (Rudman 1987; Wägele and
Johnsen 2001; Gosliner 1987; Burghardt and Wägele 2004,
2006; Burghardt et al. 2005; Burghardt and Gosliner 2006)
and photosynthetic products (Hoegh-Guldberg and Hinde
1986; Hoegh-Guldberg et al. 1986; Rudman 1991; Wägele
and Johnsen 2001; Burghardt and Wägele 2004, 2006;
Burghardt et al. 2005; Burghardt and Gosliner 2006). The
additional nutrients produced by the symbionts allow the
slugs to survive food shortages lasting from weeks to
(several) months (Burghardt and Wägele 2004, 2006;
Burghardt et al. 2005; Burghardt and Gosliner 2006). The
symbiosis with zooxanthellae might be a key character for
increased radiation in certain taxa (Wägele 2004).

In the past, zooxanthellae inside nudibranchs were
mainly detected by histological and ultrastructural
investigations (Rudman 1981a, b, 1982a, b, 1991; Kempf
1984; Marin and Ros 1991; Wägele and Johnsen 2001).
Wägele and Johnsen (2001) and Burghardt et al. (2005)
have already discussed that the existence of Symbiodinium

inside the digestive gland cells does not necessarily prove
a symbiotic relationship with the host. Wägele and
Johnsen (2001) were the first who introduced the now
established method of using a pulse amplitude modulated
(PAM) fluorometer to distinguish digested from photo-
synthetically active zooxanthellae in situ, i.e. inside the
seaslugs. Burghardt and Wägele (2004) and Burghardt
et al. (2005) performed long-term experiments with ‘solar-
powered’ nudibranchs of the genus Phyllodesmium

Ehrenberg, 1831 and of Pteraeolidia ianthina (Angas,
1864), and showed intra- and interspecific differences in
the efficiency of the symbiosis by means of PAM data.

In this study, we compare data from various nudi-
branch species belonging to two subtaxa in Cladobran-
chia. These are Phyllodesmium briareum (Bergh, 1896),
P. longicirrum (Bergh, 1905), P. colemani Rudman, 1991,
and Pteraeolidia ianthina (Angas, 1864) as representatives
of the Aeolidoidea, and Melibe engeli Risbec, 1937 as a
representative of the Dendronotoidea. All species have
shown long-term retention of zooxanthellae and seem to
have evolved different morphological adaptations and
behaviour for this symbiosis. We discuss the respective
efficiency of their symbiosis with Symbiodinium by
presenting results of long-term starvation experiments
including PAM data, and examine the role of this
symbiosis in evolution. Histological data are compared
with PAM data to highlight the morphological adapta-
tions of each species for cultivating zooxanthellae.
Material and methods

For this study, nudibranchs from various localities in
the Indopacific and the Red Sea were sampled. The
specimens investigated are listed in Table 1.
Phyllodesmium briareum (specimen #1), P. longicirrum

(specimens #1 and #2), and Pteraeolidia ianthina (specimen
#1) were kept under natural moderate light conditions
(up to a maximum of �350mmolquantam�2 s�1 at solar
noon) for the whole time of the experiments at the Lizard
Island Research Station (LIRS; for details see Burghardt
et al. 2005). Natural light conditions mean natural light
climate conditions in which irradiance, spectral irradiance
and photoperiod are driven by the sun’s position (sun
angle), clouds, and the extinction coefficient of water and
depth. Melibe engeli and Pteraeolidia ianthina (specimen
#2) were kept in natural light conditions (shade) during
the first 10–14 days, and after transfer to Germany
under controlled artificial light conditions (plant lamp
Osram Lumilux 11, Germany; up to a maximum of
70mmolquantam�2 s�1) in the laboratory at the Ruhr-
University Bochum. Phyllodesmium colemani was kept
under the same conditions in Bochum.

All starving specimens were kept without their
documented food in aquaria to prevent the uptake of
fresh zooxanthellae. All aquaria were cleaned regularly
to remove faeces and prevent algal growth. The animals
on Lizard Island were kept in a flow-through water
system, in the other cases seawater was replaced by
sterilised fresh seawater every 1 or 2 weeks.

A PAM fluorometer (Diving-PAM, Walz, Germany)
was used to detect in vivo photosynthetic activity of
zooxanthellae in the investigated specimens by measur-
ing the fluorescence emitted by photosystem II (PSII) of
chlorophyll a. This allows distinction between active
photosynthetic zooxanthellae and digested ones inside
the nudibranch, and interspecific differences could also
be detected (Wägele and Johnsen 2001; Burghardt and
Wägele 2004, 2006; Burghardt et al. 2005; Burghardt
and Gosliner 2006).

The PAM consists of a main instrument, a cosinus-
corrected light collector, and an optic fibre. The fibre
detects the fluorescence of the zooxanthellae inside the
nudibranch by measuring the ground fluorescence (F0)
using a very low light source. F0 is defined as the
fluorescence measured in dark-acclimated tissues.
A flash of approximately 10,000 mmol quantam�2 s�1

for 0.8 s is applied via the optic fibre to shut down the
reaction centres of PSII and therefore obtain maximum
fluorescence (Fm).

The maximum quantum yield of fluorescence for PSII
(FIIe-max) is defined as

FIIe�max ¼ ðFm � F 0Þ=Fm.

Measurements of the maximum fluorescence yield
(FIIe-max) were taken in darkness. Between measure-
ments, breaks of at least 10min allowed the reaction
centres of PSII to recover after light saturation. FIIe-max

was plotted versus time in order to show long-term
photosynthetic activity as a function of time (Wägele



ARTICLE IN PRESS

Table 1. Synopsis of investigated specimens, collecting data, and environmental conditions during experiments

Species # Locality Coll. date Depth (m)/substrate Cultivation

conditions

(d ¼ day)

Cult. (days)

Phyllodesmium

briareum

1 Cobia Hole,

Lizard Island,

GBR, Australia

July 2002 16/Briareum violacea

(Roule, 1908)

Starvation: d0–70 70

2 Orpheus Island,

GBR, Australia

July 1995 –/Briareum violacea Directly preserved �

Phyllodesmium

colemani

1 Moalboal, Cebu

Island,

Philippines

Nov. 2003 –/Tubipora musica

Linnaeus, 1758

Starvation: d0–74 74

Phyllodesmium

longicirrum

1 Bird Island,

Lizard Island,

GBR, Australia

Feb. 2005 7/Sarcophyton sp. Starvation: d0–116;

fed with

Sarcophyton:

d117–135;

starvation:

d136–160

160

2 Cobia Hole,

Lizard Island,

GBR, Australia

Mar. 2005 12/Sarcophyton sp. Fed with

Sarcophyton:

d0–109; starvation:

d110–132

132

Pteraeolidia

ianthina

1 Coconut Beach,

Lizard Island,

GBR, Australia

July 2002 Intertidal/coral rubble Starvation: d0–70 71

2 Dahab Lagoon,

Red Sea, Egypt

May 2003 1/sand Starvation: d0–207 207

3 Orpheus Island,

GBR, Australia

July 1995 –/– Directly preserved �

Melibe engeli 1 Dahab Lagoon,

Red Sea, Egypt

May 2003 0.5–1.5/coral rubble Starvation: d0–270 270
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and Johnsen 2001; Burghardt and Wägele 2004, 2006;
Burghardt et al. 2005; Burghardt and Gosliner 2006).

Cerata were either cut off with scissors or freshly
autotomised cerata were collected and preserved in
formaldehyde/seawater (1:4) and transferred to 70%
ethanol for later histological investigation. After the
long-term experiments and before the animals’ natural
death, all specimens were preserved in the same way.
The samples were embedded in hydroxyethylmethacry-
late for histological serial sections (2.5 mm, stained with
toluidine blue). Photos were taken with a digital camera
(Olympus DP 50) on an Olympus microscope.
Results

PSII maximum quantum yield versus time curves

(UIIe-max–T curves)

The maximum fluorescence yield versus time curves
(Fig. 1) show interspecific differences:
The FIIe-max values of the first starvation period of
specimen #1 of Phyllodesmium longicirrum stay on a high
average level of �0.65 (Fig. 1A). No decrease of the yield
over time can be detected. In contrast, the maximum yield
values for the two other investigated Phyllodesmium species
decrease from 0.7 in the beginning of the experiments to
�0.4 after 74 days of starvation in P. colemani, from 0.6 to
�0.3 after 70 days of starvation in P. briareum (Fig. 1A).

The maximum yield values of specimen #1 of
Pteraeolidia ianthina slowly decrease from �0.77 to
�0.75 after 71 days of starvation (Fig. 1B). The course
of the FIIe-max values of specimen #2 nearly parallels
this, with values decreasing from �0.75 to �0.65 after
207 days of starvation.

The FIIe-max values of the initially starving specimen
#1 of Phyllodesmium longicirrum fluctuate between 0.55
and 0.75, but there seems to be no correlation between
the cultivation conditions and the course of the yield.
Although this specimen was fed with Sarcophyton from
day 117 to day 135, there is no significant rise in yield
values (Fig. 1C).
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Fig. 1. Maximum fluorescence yield versus time (FIIe-max–T curves). (A) White triangles ¼ Phyllodesmium briareum, specimen #1;

grey circles ¼ P. colemani; black diamonds ¼ P. longicirrum, specimen #1. (B) Pteraeolidia ianthina: white circles ¼ specimen #1,

grey diamonds ¼ specimen #2. (C) Phyllodesmium longicirrum, specimen #1; first line indicates start of feeding with Sarcophyton,

dotted line indicates removal of Sarcophyton and continuation of starvation. (D) Phyllodesmium longicirrum, specimen #2; dotted

line indicates end of feeding with Sarcophyton and start of starvation. (E) Melibe engeli, specimen #1. Note the different scales for

cultivation days. Average regression lines calculated with Microsoft Excel for Windows 2000.
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Similar to these results the yield values of the
initially fed specimen #2 of P. longicirrum fluctuate
between 0.55 and 0.75, and the FIIe-max values stay
on this level even after the stop of feeding on day 110
(Fig. 1D).

The maximum yield values of the starving specimen of
Melibe engeli stay on an almost constant average level
of �0.65 for the whole experimental time (270 days;
Fig. 1E).

Structure of the digestive gland

The digestive gland of Phyllodesmium longicirrum is
extremely branched. The body and the cerata of the
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whole animal (including the upper side of the foot,
rhinophores and oral tentacles; Fig. 2A–D; for colour
version see the online edition) are covered with large
brown patches corresponding to clusters of zooxanthellae
in terminal branches of the digestive gland. The cerata
are extremely large and flattened (Fig. 1B). The multiple
branches of the digestive gland in the cerata terminate in
large circular chambers where intracellular zooxanthel-
lae can be found (Figs. 2C, D and 3E, F). In contrast to
other Phyllodesmium species, there are many more
tertiary ducts of the digestive gland branching from
the main ducts and running to all parts of the body.
After 116 days of starvation many zooxanthellae can
still be found inside the terminal circular chambers of
the digestive gland, although their number is lower than
before (compare Fig. 3E of non-starved animal with
Fig. 2. Photographs of Phyllodesmium longicirrum; for colour ve

Sarcophyton soft coral on the day of capture. (B) Specimen #2 in the

spots representing circular chambers of the digestive gland filled

cultivation day 110; note the white branches of the digestive gland

circular chambers of the digestive gland. (D) Detail of digestive

apx ¼ apex of ceras, bas ¼ basal part of ceras, cer ¼ cerata, cha ¼

coral.
starved animal in Fig. 3F). The epithelium then looks
rather spongy (Fig. 3F).

Histological sections of P. briareum reveal the
presence of two different kinds of digestive glandular
branches housing zooxanthellae. Within the cerata, the
typical central duct of the digestive glandular system
highly ramifies and its branches reach towards the
ceratal wall (Fig. 3A). Similar branches are also present
in the notal wall. These branches consist of a typical
digestive glandular epithelium, and many cells house
zooxanthellae. Zooxanthellae are also found in the
lumen of the digestive glandular branches. The second
type is represented by the so-called ‘fine tubules’,
which are characterised by carrier cells, containing zoo-
xanthellae. Contrary to the first type there is no digestive
glandular lumen, but the tubules are an extension of the
rsions see the online edition. (A) Specimen #1 in situ on

aquarium on cultivation day 109; note the numerous brownish

with zooxanthellae. (C) Separated ceras of specimen #2 on

shining through the transparent ceras wall and the brownish

glandular branches and circular chambers. Abbreviations:

circular chambers of digestive gland, Sar ¼ Sarcophyton soft
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Fig. 3. Histological sections of digestive glandular structures. (A) Phyllodesmium briareum, specimen #2; longitudinal section

through ceras with digestive glandular branches on the day of capture. (B) P. briareum, specimen #1; fine tubules of digestive gland

with zooxanthellae in notum after 70 days of starvation; note the dividing zooxanthellae (arrow). (C) Phyllodesmium colemani,

specimen #1; cross-section of digestive glandular duct within ceras on the day of capture; arrows: zooxanthellae. (D) P. colemani,

specimen #1; digestive glandular structures in ceras after 74 days of starvation; note dividing zooxanthellae (arrows).

(E) Phyllodesmium longicirrum, specimen #1; section through circular chamber of digestive gland inside ceras on the day of

capture; arrows: zooxanthellae. (F) P. longicirrum, specimen #1; section through circular chamber of digestive gland inside ceras

after 116 days of starvation; arrows: zooxanthellae. Abbreviations: cha ¼ circular chambers of digestive gland, dgl ¼ digestive

gland, lum ¼ lumen of digestive glandular duct/chamber, tub ¼ fine tubules.

I. Burghardt et al. / Organisms, Diversity & Evolution 8 (2008) 66–76 71
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typical digestive glandular branches. The fine tubules are
mainly located in the body wall, the foot, and the
rhinophores (Fig. 3B).

There are only minor differences in the structure of
the digestive gland between a freshly preserved specimen
and a starving one; even after 70 days of starvation the
digestive glandular structures inside the body and cerata
of specimen #1 are not degenerated, and there are still
many zooxanthellae visible (Fig. 3B). Dividing zoo-
xanthellae can still be found (Fig. 3B, arrow). Never-
theless, the number and density of zooxanthellae seems
to decrease during starvation.

Similar to P. briareum, the branching grade of the
digestive gland is also very high in P. colemani. From the
central duct of the digestive gland inside each ceras,
branches originate and run towards the ceratal wall.
Zooxanthellae are found in the lumen and intracellular
in the digestive gland (Fig. 3C). Fine tubules similar to
those in P. briareum are present and penetrate the body,
especially the musculature of the body wall. The
digestive gland of the starving specimen looks intact,
even after 74 days of starvation, and proliferating
zooxanthellae can be detected (Fig. 3D, arrows).
Nevertheless, comparison with cerata preserved before
starvation experiments started shows that the density
and number of zooxanthellae is lower than before
starvation.

Similar to P. briareum, P. ianthina shows a high grade
of branching of the digestive gland in the cerata, body
wall, foot, rhinophores and head. Intracellular zoo-
xanthellae can be detected in all these parts of the
digestive gland (Fig. 4A–C). But contrary to the Phyllo-

desmium species, the branching system in the cerata,
with the typical digestive glandular epithelium, is much
less elaborated, whereas the branching degree of the fine
tubules is much higher. Each ceras has one central duct
of the digestive gland, where mainly fine tubules
originate (Fig. 4A). In the fine tubules, no glandular
cells can be distinguished and the zooxanthellae are
surrounded by a narrow membrane from the carrier cell.
Zooxanthellae are concentrated in the fine tubules rather
than in the typical digestive gland. The fine tubules
penetrate the whole body (Fig. 4B and C).

The digestive gland of M. engeli is also extremely
branched and resembles those of the aeolid species. But
besides the typical digestive glandular branches and fine
tubules with zooxanthellae (Fig. 4F), further distinct
structures can be found. The digestive glandular ducts
often open into large cisterns surrounded by a very thin
membrane and are densely packed with zooxanthellae
(Fig. 4D and E). Transitions from typical digestive
glandular branches into these cisterns and into fine
tubules exist, and all forms contain intracellular
zooxanthellae. The fine tubules form continuous ribbons
and mainly consist of carrier cells with zooxanthellae
(Fig. 4F). These fine tubules penetrate the whole body,
including the foot, notum, cerata, rhinophores, and
muscles, and can even be found between the follicles of
the ovotestis and penial musculature.
Discussion

It is supposed that the symbiosis of nudibranchs with
zooxanthellae has evolved independently in different taxa
of Nudibranchia (Rudman 1991; Wägele 2004). This can
be confirmed by the positions of these taxa in phyloge-
netic analyses (Wägele and Willan 2000). The uptake of
zooxanthellae via the prey and the following enhance-
ment of cryptic appearance might present the beginning
of the evolutionary history of nudibranch-zooxanthellae
symbioses. An already advanced state is represented in
forms with a retarded digestion or excretion of the
zooxanthellae. Highly evolved stages show a stable
mutualistic symbiosis in which the zooxanthellae not
only enhance cryptic appearance, but also nutrition via
their photosynthetic products. The additional nutrients
offer the nudibranchs a certain independence from their
primary food sources: in the aeolids various taxa of
cnidarians, in Melibe small crustaceans.

Various authors have already discussed interspecific
differences in the efficiency and evolutionary stage of
this symbiosis (Kempf 1991; Rudman 1991; Wägele and
Johnsen 2001; Burghardt and Wägele 2004, 2006;
Burghardt et al. 2005; Burghardt and Gosliner 2006).
The genus Phyllodesmium seem to be a perfect model for
the ecology and evolutionary history of this symbiotic
relationship. With Phyllodesmium, we have the oppor-
tunity to compare a group of closely related species
which all feed on similar food (octocorals) while
showing a range of morphological and behavioural
adaptations that can be correlated with evolutionary
history and symbiotic efficiency. With at least 27 species
(16 of them described) Phyllodesmium is a relatively
diverse taxon. Many of its members show symbiosis
with zooxanthellae, but especially those with an
unbranched digestive gland do not (e.g. P. opalescens

Rudman, 1991). According to Rudman (1991), different
species of Phyllodesmium represent different stages in
the evolutionary history of the nudibranch-zooxanthel-
lae symbiosis, and transitional forms are present. He
postulated that species with an unbranched digestive
gland are basal, the ones with a progressively branched
digestive gland are derived. A stepwise evolution can be
assumed. Furthermore, Rudman assumed that the
development of a symbiosis with Symbiodinium evolved
twice within the genus Phyllodesmium. In our study,
three of these Phyllodesmium species are compared with
each other and with other solar-powered taxa of
Nudibranchia to highlight similarities and differences
in morphological adaptations and the resulting effi-
ciency of the symbiosis.
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Fig. 4. Histological sections of digestive glandular structures. (A) Pteraeolidia ianthina, specimen #3; longitudinal section through

ceras with central digestive glandular duct and fine tubules with zooxanthellae on the day of capture. (B) P. ianthina, specimen #3;

section through musculature of notum penetrated by fine tubules of digestive gland with zooxanthellae on the day of capture. (C) P.

ianthina, specimen #2; section through notum tissue with fine tubules after 207 days of starvation; note dividing zooxanthellae inside

fine tubules (arrow). (D) Melibe engeli, section through ceras with transition zone between typical digestive glandular tissue and

cisterns inside ceras. (E) M. engeli, specimen #1; section through cistern of digestive gland after 270 days of starvation; note high

density of zooxanthellae inside cistern. (F) M. engeli, fine tubules with zooxanthellae (notum). Abbreviations: cis ¼ cisterns of

digestive gland, dgl ¼ typical digestive gland, mus ¼ musculature, tub ¼ fine tubules of digestive gland.

I. Burghardt et al. / Organisms, Diversity & Evolution 8 (2008) 66–76 73
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There are different morphological adaptations that
might have influenced ecological options and driven the
evolution of the symbiosis. Rudman (1991) postulated a
correlation between the branching grade of the digestive
gland and the efficiency of the symbiotic relationship.
A branched digestive gland offers a larger surface area
for the exchange of metabolites and gases and, in
combination with a transparent body and ceras wall, a
larger surface area exposed to the light. This allows
higher photosynthetic light absorption and utilisation
and enlarges the surface area for the storage of
zooxanthellae. All Phyllodesmium species investigated
in this study have a more or less transparent body and
ceras wall and show multiple branching of the digestive
gland inside the cerata (Figs. 2–4). Especially the cerata
(dorsal processes) seem to be the ideal place for hosting
zooxanthellae. They offer a large surface area that is
exposed to the sun, and the branched digestive gland
facilitates the exchange of gases and other chemicals
with the haemolymph. According to Rudman (1991),
the three species P. briareum, P. colemani and
P. longicirrum represent a series in the evolutionary
history of the symbiosis with zooxanthellae, with
P. briareum representing the most basal and P. longi-

cirrum the highest evolved form. All three species have a
highly branched digestive gland, especially inside their
cerata (Fig. 3). Additionally, all investigated species
have also evolved highly modified digestive glandular
structures that differ morphologically from the typical
digestive glandular tissue, the fine tubules. These tubules
are composed of reduced cells (‘‘carrier cells’’; Kempf
1984) that have lost their glandular function and
achieved a storage function for zooxanthellae. Fine
tubules can also be found in the body wall and very
often between muscles (Fig. 3B). They additionally
enlarge the surface area for housing the zooxanthellae
and consequently the yield of photosynthetically fixed
carbon. But at the same time, their close contact to
muscles and other tissues probably considerably en-
hances the exchange of nutrients in those areas where
metabolites are needed.

In P. briareum and P. colemani the number of cerata is
reduced to prevent shading, but the remaining cerata are
proportionally larger in size. According to Rudman
(1991), P. colemani represents an advanced stage of
symbiosis compared to P. briareum, because of partly
flattened cerata, which are still round in P. briareum.
Flattened cerata offer a larger surface area exposed to
the sun. P. longicirrum seems to be even more advanced;
the number of cerata is smaller, but the cerata are even
more flattened and plate-like (Fig. 2A and B). Zoo-
xanthellae are distributed both dorsally and ventrally. In
P. longicirrum, the zooxanthellae are mainly housed in
large, circular chambers of the digestive gland (Fig. 2C
and D). This seems to be better adapted for symbiosis
than the long, narrow ducts of P. briareum and
P. colemani. The results of our long-term starvation
experiments also confirm Rudman’s (1991) suggestions;
the digestive gland keeps its typical structure even after
starvation. No evidence of reduction of the digestive
gland is detectable, which is typical for starved
nudibranchs. Proliferation of zooxanthellae during and
after starvation indicates a stable symbiotic relationship
(Fig. 3B and D). Nevertheless, a slight decrease in the
number of zooxanthellae can be detected after starva-
tion in all three Phyllodesmium species.

The PAM data confirm our histological results and
Rudman’s (1991) assumptions. The maximum fluores-
cence yield (FIIe-max) values of all three species stay high
for a long period of time, indicating a stable symbiosis
with intact and photosynthetically active zooxanthellae
(Fig. 1A). FIIe-max values between 0.5 and 0.8 indicate
well functioning photosynthesis and reflect the portion
of photosynthetically active chloroplasts within zoo-
xanthellae (Wägele and Johnsen 2001; Burghardt et al.
2005). Nevertheless, the PAM data show interspecific
differences. There is almost no decrease of yield values
in P. longicirrum, whereas the slow decrease in
P. briareum and P. colemani probably reflects their less
developed stage of symbiosis (Fig. 1A). Interestingly,
feeding of P. longicirrum on its preferred prey, the soft
coral Sarcophyton, seems to have no influence on the
maximum fluorescence yield values, i.e. on photosyn-
thetic activity. Although an uptake of ‘fresh’ zoo-
xanthellae can be assumed, the values did not increase
(Fig. 1C and D). This suggests a highly evolved stage of
symbiosis in which an uptake of fresh zooxanthellae is
not necessary for a long period of time. Especially in
P. longicirrum this highly efficient symbiosis has an
influence on its behaviour; specimens are often found far
away from their food coral Sarcophyton. Thus the
symbiosis with zooxanthellae seems to result in a certain
independence from the slugs’ original food source. So
far, at least some of Rudman’s (1991) assumptions have
been confirmed by our investigations. There is a positive
correlation between the branching grade of the digestive
gland and the efficiency of symbiosis; flattened cerata
are more effective in harvesting light and therefore result
in better photosynthetic performance.

Beside Phyllodesmium, there are other taxa of
nudibranchs that have evolved similar morphological
and behavioural adaptations, representing different
stages of symbiosis.

In Pteraeolidia ianthina, the digestive gland inside the
cerata is not as strongly branched as in the investigated
species of Phyllodesmium. Only one central, unbranched
duct of the digestive gland is present in each ceras
(Fig. 4A). However, the cerata are numerous and
arranged so that they do not shade each other.
Additionally, the whole body and the cerata are
penetrated by fine tubules (with zooxanthellae) that
originate in the digestive gland (Fig. 4A–C). The fine
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tubules are highly specialised structures that store
zooxanthellae and look similar to those in Phyllodes-

mium. Typical parts of the digestive gland house much
fewer zooxanthellae than the fine tubules (Fig. 4A). This
again indicates that the fine tubules allow a better
exchange of metabolites. Histological comparisons
between specimens preserved directly after capture and
specimens starved for months show no difference in the
structure of the digestive gland (Fig. 4A–C). Even after
200 days of starvation, the number of zooxanthellae is
still very high, and dividing zooxanthellae can be
detected (Fig. 4C). The initially very high maximum
fluorescence yield values decrease only slightly over
time, indicating a very stable and efficient symbiosis
correlated to the mentioned morphological adaptations
(Fig. 1B). Similar to Phyllodesmium longicirrum, Pter-

aeolidia ianthina can rarely be found on any possible
food source, which suggests a certain independence
caused by the supply of photosynthetic products from
its symbionts. Animals are mostly found crawling across
sand or coral rubble. The source of their zooxanthellae
has not been verified. Kempf (1984), using 14C labelling
techniques, proved at least a translocation of lipid or
lipid precursors occurring in P. ianthina. He also
postulated that lipid droplets in this species comprise a
substantial energy reserve and that some of this lipid is
utilised in reproduction. Using both respirometry and
isotope tracers Hoegh-Guldberg and Hinde (1986) and
Hoegh-Guldberg et al. (1986) provided conclusive
evidence of photosynthetically fixed carbon transloca-
tion in P. ianthina and determined that as much as 173%
of the animal’s respiratory carbon demand could be met
by the activities of the symbionts. Therefore we can
conclude that P. ianthina has a highly evolved and
effective symbiosis.

The dendronotoidean species Melibe engeli also
represents a highly derived state of the nudibranch-
zooxanthellae symbiosis. Morphological adaptations for
the symbiosis with Symbiodinium are present: besides the
typical digestive gland, there are modified parts like the
cisterns (Fig. 4D and E) and the fine tubules (Fig. 4F)
that pervade the whole body. The distinct cisterns,
densely packed with zooxanthellae, are described here
for the first time from a solar-powered nudibranch. The
high number of zooxanthellae produces photosynthetic
products that allow even starving specimens to lay egg
clutches regularly, a behaviour rarely observed in the
aeolid species. The transparent body allows perfect light
transmission to the zooxanthellae and gains more
cryptic appearance from the olive colour of the
zooxanthellae shimmering through. The maximum
fluorescence yield values of a starving specimen stayed
on a high level with no decrease for 270 days (Fig. 1E).
This indicates a highly effective, stable and advanced
symbiosis. The source of Symbiodinium in M. engeli is
unknown, but it is supposed that this species recruits its
zooxanthellae from the free water column. Therefore the
origin of the symbionts is different from the other
nudibranchs of this study that feed on cnidarians.
Nevertheless, the resulting symbiosis is very similar to
that in the investigated aeolids.

The evolution of a nudibranch-zooxanthellae sym-
biosis probably happened several times independently
on different taxonomic levels. Although no reliable
phylogenetic analysis is known in Cladobranchia,
including the species in the present study, we can
postulate that the fine tubules in Melibe have evolved
convergently to those of Phyllodesmium and Pteraeoli-

dia, as in the unknown species of Dermatobranchus

described by Wägele and Johnsen (2001).
We know almost nothing about the composition of

different phylogenetic clades or strains of Symbiodinium

in seaslugs. This composition might have had an
additional impact on the ecology, physiology and
evolution of this symbiosis. Future studies on the
composition of zooxanthellae within nudibranchs,
compared to their food sources, will help to elucidate
selection and physiology of the relationship between
these organisms and will allow to address the question
whether this mutualistic symbiosis is a key character
which might have facilitated species radiation in these
taxa, as was suspected by Wägele (2004).
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