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Abstract This is the first genetic analysis comparing cul-

tured endobacteria discovered in the tentacles of cnidarian

species (Tubularia indivisa, Tubularia larynx, Corymorpha

nutans, Sagartia elegans) with those found in the cerata tips

of selected nudibranch species (Berghia caerulescens,

Coryphella lineata, Coryphella gracilis, Janolus cristatus,

Polycera faeroensis, Polycera quadrilineata, Doto coro-

nata, Dendronotus frondosus). Shared pathogenic activities

were found among other microorganisms in the Pseudoal-

teromonas tetraodonis group (TTX), and the Vibrio splen-

didus group (haemolytic, septicaemic, necrotic activity).

Specific autochthonous endobacteria of extremely low

similarity to their next neighbours were detected in nudi-

branch cerata. These organisms are regarded as new and

unknown endobacteria; among them were Pseudoaltero-

monas luteoviolacea (95%), Orientia tsutsugamushi (84%),

Gracilimonas tropica (96%), Balneola alkaliphia (95%),

Loktanella rosea (97%). SEM micrographs provide insight

into endobacterial aggregates in cnidarian tentacles and

nudibranch cerata. Since certain nudibranch predators prey

on cnidarian species, it is assumed that cnidarian tentacle

bacteria are directly transferred to nudibranch cerata. The

pathogenic endobacteria may contribute to the chemical

defence of both the nudibranch and cnidarian species

investigated.
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Introduction

The mostly colourful and gracile nudibranch species are

genuine survivalists in a variety of marine habitats. Over-

views of their phylogeny, diet, sophisticated defence

strategies and the chemical structures of their feeding

deterrents were provided by Faulkner and Ghiselin (1983),

Mebs (1985), Cimino and Ghiselin (1999) and Wägele and

Klussmann-Kolb (2004). McDonald and Nybakken (1996)

compiled the available information on the diet of nudi-

branch species from all over the world. However, often the

accurate feeding preferences are still unknown. Intriguing

abilities of nudibranchs are disclosed when feeding on

cnidarian tentacles rich in nematocycts, a usually deadly

diet. Surprisingly, the cnidocysts do not harm the predators.

Greenwood et al. (2004) observed that the mucus of

Aeolidia papillosa inhibits the discharge of nematocysts

from different species of sea anemones. A unique feature is

the ability of nudibranchs to annex intact cnidarian nemat-

ocysts, transferring these unfired kleptocnides as chemical

weapons into their dorsal cerata. Greenwood and Mariscal

(1984) found ca. 300.000 nematocysts in the cerata of

Spurilla neapolitana. Another striking feature is the

incorporation of cnidarian photosynthetic zooxanthellae

into the appendages of sea slugs (Marin and Ros 1991).

Furthermore, chemical defence compounds from tropical

sponge diets (Axinyssa aculeate) can be accumulated by
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the nudibranch Phyllidia varicosa. The sesquiterpenes

proved to be toxic to certain shrimps (Yasman et al. 2003).

Becerro et al. (2006) reported that the tropical nudibranch

species Sagaminopteron nigropunctatum and S. psyche-

delicum feeding on the sponge Dysidea granulosa

sequester polybrominated diphenyl ethers (BDEs) in their

mantle material and parapodia. BDEs seem to be feeding

deterrents to the pufferfish Canthigaster solandris. How-

ever, often the producers of these chemical compounds

remain unclear.

Concerning a potential function of epi- or endobiotic

microorganisms associated with nudibranchs, only little

information is available so far. Kurahashi et al. (2008)

detected a novel a-proteobacterium (Sneathiella glossodo-

ripedis sp), collected from the foot epidermis of the nudi-

branch Glossodoris cincta. Conklin and Mariscal (1977)

suspect the symbiotic bacteria may support the hosts’

energy retrieval. Mearns-Spragg et al. (1998) isolated

bacterial epibionts from the surface of Archidoris pseud-

oargus which showed antimicrobial activity to terrestrial

pathogens. Klussmann-Kolb and Brodie (1999) described

endobiotic bacteria of unknown identity and function in the

vestibular gland and in the egg masses of Dendrodoris

nigra.

This paper presents the first analysis of the genetic

relationships between endobacteria detected in the cerata of

selected nudibranch species and those present in the ten-

tacles of cnidarian species.

Materials and methods

Samples and preparation

Individuals of the nudibranchs Coryphella lineata, Cor-

yphella gracilis, Berghia caerulescens, Janolus cristatus,

Polycera faeroensis, Polycera quadrilineata, Doto coro-

nata, Dendronotus frondosus, and of selected cnidarian

species (Tubularia indivisa, Tubularia larynx, Corymorpha

nutans and Sagartia elegans) were collected by divers

during research cruises (June/July 2006–2008) from waters

around the Orkney Islands. Tips of fresh cerata (nudi-

branchs) and tentacles (cnidaria), respectively, were clip-

ped off and subjected to washing procedures and CTAB

treatment (Schuett et al. 2007) in order to remove poten-

tially contaminating epibiotic bacteria. Light microscopic

inspection showed no bacteria attached to the surface of

fresh tentacle material.

Bacterial cultures

After removing seawater, cerata and accordingly tentacle

tips were placed in liquid Medium # 621 (DSMZ, German

Type Culture Collection). The first set of test tubes con-

taining one tip each was incubated under aerobic condi-

tions for two months at 18�C. A second set containing

the same sample material and medium was incubated at

microaerophillic conditions (90% N2 and 10% CO2).

Additionally, a third set of test tubes containing 10%

modified ZoBell medium (Oppenheimer and ZobBell

1952) was prepared in the same way and incubated under

aerobic conditions.

Cultures were also tested for haemolytic activity

according to Smibert and Krieg (1984) by using 5% (v/v)

sheep blood.

DNA extraction and PCR amplification of 16S rDNA

fragments

Aliquots of 1 ml aerobic and microaerophillic mixed cul-

tures were used for nucleic acid extraction according to

Anderson and Mc Kay (1983). Primers 341fc (50-cgc ccg

ccg cgc ccc gcg ccc ggc ccg ccg ccc ccg ccc ccc tac ggg agg

cag cag-30, clamp region underlined) and 907rwob (50-ccg

tca att cct ttr agt tt-30; Muyzer et al. 1995) were applied

to PCR; parameters have been described by Schuett and

Doepke (2009). Negative controls were carried out omitting

template DNA; Escherichia coli J53 served as positive

control. DNA quantity was checked on agarose gels.

DGGE was performed using the DCode electrophoresis

system (Biorad). Preparation of polyacrylamide gels

(25–55% denaturant gradient) and electrophoresis param-

eters (100 V, 15 h) were performed according to Muyzer

et al. (1995). Bands were stained with SYBR-Gold

(Molecular Probes) and excised. DNA was extracted from

gel material and dissolved in 10 ll distilled water (Sam-

brook et al. 1989).

Re-amplification of DNA fragments from DGGE bands

The extracted DNA was re-amplified for sequencing by

using the Taq DNA polymerase, but this time applying

the forward primer without clamp (341f) and omitting

the enhancer. PCR products were purified by using the

Qiaquick PCR Purification Kit (Qiagen) following the

instructions of the manufacturer’s protocol, and eluted with

60 ll distilled water.

DNA sequencing of PCR products and comparative

sequence analysis

Sequencing was carried out by Qiagen Sequencing Ser-

vices/Hilden, Germany. Sequences were aligned by using

the Align IR program and the advanced BLAST search

program of the National Center of Biotechnology
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Information (NCBI) website http://www.ncbi.nlm.nih.

gov/Blast) to find closely related sequences.

Microscopic preparation

Light microscopy

For inspection cerata/tentacles were transferred to micro-

scopic slides. After reducing salinity (presence of distilled

water enhanced the release of the bacterial aggregates),

cerata/tentacles were carefully squeezed between coverslip

and slide until the bacterial aggregates became sufficiently

translucent for microscopic investigation.

Scanning electron microscopy

The preparation comprised the following steps: (i) Fixation

of cerata/tentacle material in 4.0% glutaraldehyde, Na-K-

phosphate buffer PBS (0,1 M, pH 7.0) for 2 h. (ii) Replacing

seawater by ethanol in steps of 30, 50, 70, 80, 90 and 96%.

(iii) Ethanol exchange by amyl acetate in steps of 25, 50, 75

and 100%. (iv) Critical point drying (Bal-Tec) in liquid CO2

at a pressure of 72.9 bar and 31.1�C. (v) Mounting of cerata/

tentacle samples. (vi) Au-coating at 60 mA for 90 s (sput-

tering system SCD 030, Balzers). In order to allow insight to

the inner location of the bacterial aggregates, cerata/tentacle

tips were clipped off and the resulting cutting areas were

gold coated. (vii) Samples were investigated with a SEM

field emission scanning microscope (S-800, Hitachi).

Results

Genetic analysis of mixed cultures and haemolysis

cultures from cnidarian and nudibranch species

Endobacteria detected in tentacle material of the cnidarians

Tubularia indivisa, T. larynx, Sagartia elegans and Cory-

morpha nutans were also identified in cerata material of

their nudibranch predators Berghia caerulescens, Coryph-

ella lineata, C. gracilis, Dendronotus frondosus and Doto

coronata. Similar bacteria were detected in cerata of

the sea slugs Janolus cristatus, Polycera faeroensis and

P. quadrilineata which may feed on other species of prey.

In comparison to their cnidarian preys (consult Schuett

and Doepke 2009) the bacterial spectra detected in the

nudibranch species investigated are relatively narrow. Up

to three different bacterial species of those found in cni-

daria could also be located in nudibranchs (Table. 1).

Samples displayed a relationship to their next neighbours

between 98 and 100% (exception Thalassobacter steno-

trophicus 97%).

Table 1 Endobacteria detected in the tentacles of cnidarian species and in the cerata of nudibranch predators

        BACTERIA

NUDIBRANCHS

Phaeobacter 
arcticus 

Thalassobacter 
stenotrophicus

Endozoicimonas 
elysicola

Photobacteriaum 
profundum

Pseudoalteromonas  
marina

P. tetraodonis 
group

Shewanella 
violacea

Vibrio splendidus 
group

Berghia 
cearulescens + +(+)1) + 

Coryphella lineata 
+ +(+) 

Coryphella gracilis
+ + 

Dendronotus 
frondosus + + 

Doto coronata
+ + 

Janolus cristatus 
(+)2)

Polycera faeroensis
+ +(+) (+) 

Polycera 
quadrilineata + +(+) (+)1)

CNIDARIA 
Tubularia 
indivisa + + + + + + 

Tubularia larynx
+ 

Sagartia elegans
+ + + + 

Corymorpha 
nutans + + 

Shaded sections mark bacteria of potential pathogenic activity. 1 Member of Vibrio splendidus group detected in rhinophore tissue; 2 all symbols

in brackets show positive haemolytic activity. Samples display a relation to their next neighbours between 100 and 98%, except Endozoicimonas
elysicola and Thalassobacter stenotrophicus (97%)
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Shared pathogenic activities

Notably all of the nudibranch predators tested shared

pathogenic endobacterial species with their cnidarian preys.

Members of the group Pseudoalteromonas tetraodonis/P.

elyacovii/P. haloplanktis, which may produce tetrodotoxin

(TTX, Do et al. 1990) were detected in the tentacles of at

least three cnidarian preys as well as in the cerata of five

nudibranch predators. This also applies to the group Vibrio

splendidus/V. lentus/V. tasmaniensis/V. kanaloae which is

known for their haemolytic, septicaemic and necrotic

activities. These two predominant pathogenic bacterial

groups were discovered and described earlier by Schuett

and Doepke (2009). In this context PCR-fragments used in

16SrDNA analysis were inappropriate to discriminate

between the species forming these groups. Positive hae-

molytic activity for either bacterial group was demonstrated

in selected nudibranch samples. Other endobacterial species

such as Endozoicimonas elysicola (Tubularia indivisa) and

Photobacterium profundum (T. indivisa, Sagartia elegans)

could be spotted only in one of the nudibranch predators.

Endobacteria detected exclusively in nudibranch cerata

Besides endobacteria found in both the predators and preys,

some autochthonous species could be solely located in

nudibranch species: Among them were the non-pathogenic

Sphingomonas baekryungensis and Bacillus arsenicus

detected in Coryphella lineata, Oceanrickettia ariakensis

which is suspected to be an oyster pathogenic c–proteo-

bacterium in Coryphella gracilis, and finally the non-

pathogenic Sphingopyxis flavimaris found in Polycera

quadrilineata. Sulfitobacter pontiacus, previously detected

in the jellyfish Cyanea capillata, was found sheltered by

Coryphella lineata and Janolus cristatus. Sulfitobacter

dubius inhabited Janolus cristatus and Polycera quadri-

lineata. Additionally, some endobacterial species of

extremely low similarity to their next neighbours could

be located in the nudibranch species Coryphella lineata,

C. gracilis and Janolus cristatus. Among the strange

microorganisms, which are part of the autochthonous

community, were Pseudoalteromonas luteoviolacea (95%),

Orientia tsutsugamushi (84%), Gracilimonas tropica

(96%), Balneola alkaliphia (95%) and Loktanella rosea

(97%). These latter sequence data processed were of high

quality. Due to low genetic similarity a reliable allocation

of these endobacteria to known microorganisms is not

feasible. Following endobacterial species found are regar-

ded as novel organisms: Sphingopyxis baekryungensis

(Yoon et al. 2005), Sphingopyxis flavimaris (Yoon and Oh

2005, Oceanrickettia ariakensis (Sun and Wu 2004), and

Loktanella rosea (Ivanova et al. 2005). Their pathogenic

physiological traits are unknown.

Endobacterial aggregates in cnidarian and nudibranch

species

This section presents light- and scanning-micrographs of

endobacterial aggregates characterized by their different

sizes and derived from tentacles of the cnidarians Tubu-

laria indivisa and Sagartia elegans as well as from cerata

of the nudibranch Berghia caerulescens. Some micro-

graphs display dividing stages of the endobacteria. Most

bacterial aggregates detected in Tubularia indivisa and

Sagartia elegans are covered by extremely thin and fragile

envelopes. Another type of cell conglomerates does not

exhibit a velum. Figure 1 shows a light microscopic image

with bacterial aggregates of different sizes in the tentacle

tip of Tubularia indivisa. The morphology of the aggre-

gates and bacteria (Fig. 2) is similar to that in Sagartia

elegans (Fig. 3). However, an estimation of the spherical

aggregate diameters is difficult, since the sample material

was strongly squeezed between slide and coverslip. During

the microscopic inspection the fragile cover leads to

aggregate deformation, here shown in the case of Sagartia

elegans (Fig. 4).

Light microscopy provides an excellent overview of

sample material, while SEM images allow the observation

in detail. Tubularia indivisa harbours endobacteria in the

tentacle epidermis of at least two different rod and coccoid

shapes. Figure 5 displays closely packed bean-like rods

(ca. 1.2 9 0.9 lm) with smooth surface which are inter-

connected by delicate filaments. Coccoid shaped bacterial

aggregates (ca. 1.2 lm diameter) with rough surface are

shown in Fig. 6. The closely packed cells are intercon-

nected by small processes. Sagartia elegans exhibits

aggregates without envelope, consisting of tightly packed

rods of ca. 3 9 1 lm (Fig. 7). Other aggregates which are

Fig. 1 Endobacterial aggregate in the tentacle tip region (dark-
stained area) of the hydrozoa Tubularia indivisa. For light micros-

copy cnidarian tentacle material was squeezed between slides and

cover slips so that aggregate dimensions do not reflect to natural size

relations
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covered by opened envelopes (Fig. 8) harbour spherical

endobacteria (ca. 1.2 lm).

Furthermore nudibranchs which prey on cnidaria, also

house bacterial aggregates inside their cerata. A typical

example represents Berghia caerulescens (Fig. 9). In this

case as well the envelope’s appearance and the spherical

shape and size of the endobacteria (ca. 1.2 lm) are similar

to those detected inside the tentacles of Sagartia elegans.

Discussion

This paper provides first information on endobacteria

detected inside the cerata of selected nudibranch species

compared to those found in cnidarian tentacles; moreover it

presents first evidence of an endomicrobial interrelation-

ship between predators and preys.

The diet of the different nudibranch species comprises a

wide spectrum of prey organisms; among them are spon-

ges, bryozoa and cnidaria. Unfortunately, due to the dense

cover and the enormous diversity of sessile invertebrates at

sampling sites our divers could not definitely relate specific

prey organism to individual sea slugs. According to liter-

ature data the nudibranch species we collected mostly seem

to feed on cnidaria, only Janolus cristatus and both Poly-

cera species may mainly feed on bryozoan species

(McDonald and Nybakken 1996). Berghia caerulescens

feeds on different cnidaria including Sagartia elegans

(Ottaway 1977). Coryphella lineata (Thompson 1976),

Dendronotus frondosus and Doto coronata (McDonald and

Nybakken 1996) are often found to prey on Tubularia

indivisa and T. larynx. Polycera faeroensis, Polycera

quadrilineata and Janolus cristatus often have been

Fig. 2 Aggregate habouring bacterial rods in a tentacle of Tubularia
indivisa; begin of tissue disintegration (light micrograph, LM)

Fig. 3 Aggregate habouring bacterial rods showing releasing process

from a tentacle of the sea anemone Sagartia elegans (LM)

Fig. 4 Aggregate (deformed) containing endobacterial rods inside

the tentacle epidermis of the sea anemone Sagartia elegans (LM)

Fig. 5 Aggregate without envelope in the tentacle epidermis of

Tubularia indivisa. The aggregate harbours bean-like bacteria some

showing cell division and interconnecting filaments (SEM)
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detected to feed on bryozoan species (Thompson and

Brown 1984; Picton and Morrow 1994), whereas Coryph-

ella gracilis has been found to feed on Eudendrium sp.

(Kinsey 2005).

Although nudibranchs show food preferences shifts are

common. Cimino and Ghiselin (1999) reported diet switch

in species of nudibranch orders Dendronotaceae, Armina-

ceae, and Aeolidiaceae from sponges to cnidaria. Indeed,

diet shifts may be regarded as a smart survival strategy of

sea slugs. Their flexibility in taking up a wide spectrum of

diet allows for migration and colonization of new habitats.

Mollo et al. (2008) recorded a Lessepsian migration of sea

slugs from the Red Sea to the Mediterranean basin, an

exchange that contributes significantly to Mediterranean

biodiversity.

Due to the loss of shell during their evolution, sea slugs

need sophisticated chemical defence mechanisms for sur-

vival; the toxins they possess are a wide choice (Gunthorpe

and Cameron 1987; Greenwood et al. 2004). They could be

produced de novo or taken up via prey diet. A fascinating

phenomenon in nudibranchs is the ingestion of unfired

nematocysts (kleptocnides) derived from cnidarian food,

and their incorporation into the cerata (Greenwood 2009).

Up to now in most cases it is not clear whether the toxins

Fig. 6 Aggregate without envelope in the tentacle epidermis of

Tubularia indivisa housing coccoid bacteria (SEM)

Fig. 7 Tightly packed aggregates without envelopes in the tentacle

epidermis of Sagartia elegans. The aggregates contain bacterial rods

some of which being in the state of cell division (SEM)

Fig. 8 Aggregates with envelopes, harbouring coccoid bacteria

embedded in the tentacle epidermis of Sagartia elegans (SEM)

Fig. 9 Aggregates with envelopes, harbouring coccoid bacteria

(some being in cell division), embedded in the epidermis of the

cerata of Berghia caerulescens (SEM)
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are produced by cnidaria or the sea slugs themselves. The

results of the present paper suggest an alternative expla-

nation: bacteria may also account for toxic activity and

may be used in both sea slugs and cnidaria for chemical

defence. It seems highly probable that endobacteria

inhabiting cnidarian tentacles will—comparable to klep-

tocnides and zooxanthellae—find their way undigested

through the widely branched digestive gland of nudi-

branchs towards the cerata.

Endobacteria detected in the tentacles of cnidarian

species (Schuett et al. 2007, Schuett and Doepke 2009)

show a wide scope of potentially pathogenic capability

(haemolytic, necrotic, cytotoxic, septicaemic, extracellular

toxic products). The present data suggest that similar

pathogenic microorganisms (Pseudoalteromonas tetrao-

donis and Vibrio splendidus group) are also present among

the endobacteria detected in the cerata of the sea slugs

investigated. Positive haemolytic tests (Table 1) support

this hypothesis. In this context it is unclear whether the

toxins in total or fractions of these bacterial compounds

may have defence functions.

The constricted bacterial spectrum detected in nudi-

branch cerata compared to that found in cnidarian tentacles

might be caused by an extensive filter effect of the complex

nudibranch gut system which ensures that only a selection

of bacterial species arrive in the distant cerata.

Another remarkable aspect originates from the high

numbers of virulence gene homologues detected in marine

non-pathogenic bacteria (Persson et al. 2009). Those

microorganisms may become pathogenic (Pallen and Wren

2007) and possibly function as additional chemical defence

factor in nudibranchs and in cnidaria.

Cimino and Ghiselin (1999) stated that chemical

defence is understood to be the driving force behind the

evolution of nudibranchs. According this perception, the

organ-like endobacterial aggregates could also be regarded

as integral elements in the evolutionary development of

cnidaria and their nudibranch predators.
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