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Abstract In the present study, the hypothesis that marine
nudibranch mollusks harbor symbiotic bacteria was tested
using analyses of fatty acids as biochemical markers and
transmission electron microscopy of the tissues of Dend-
rodoris nigra (Gastropoda/Opisthobranchia/Nudibranchia).
An aberrant level of the odd-numbered carbon chain and
branched fatty acids, iso- and anteiso- that are specific for
bacteria, was detected in the nudibranch tissues. Their
amounts in the notum exceeded significantly that in the
viscera. Rod-shaped gram-negative bacteria were revealed
in the epithelial cells of the notum and the mantle edge as
well as in the adjoining glycocalix. These bacteria were
enclosed in secondary vacuoles in the epithelial cells. The
consequent stages of inoculation of the bacteria into the
cytoplasm of epithelial cells, from adhesion to the apical
surface to invagination of the cell membrane and formation
of the vacuole with an enclosed bacterium, were observed.
The presence of dividing bacteria suggests that the epi-
thelium includes a renewable, dividing population of
symbiotic bacteria. No bacteria were detected in the gonads
and the digestive system. Probable functions of these
symbiotic bacteria such as involvement in protection or
defense from predators and environmental impacts as well
as their nutritional role in the nudibranch are discussed.
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Introduction

Dendrodoris nigra (Stimpson 1855) is a common Indo-
West Pacific nudibranch species (Brodie et al. 1997). It
occurs at moderately protected to moderately exposed
rocky sites, where it is usually found under rocks during the
day or crawling in the open at night, from the low intertidal
to 5-m depth. Dendrodoris species, like many other nudi-
branch mollusks, feed on sponges. Dendrodoris nigra has
been reported to feed on Halichondria dura and Suberites
sp. (McDonald and Nybakken 1999).

Biology of nudibranchs and their ecology, particularly
their food preferences, are insufficiently explored. Our
knowledge of their lipid biochemistry is scarce (Martinez-
Pita et al. 2005; Zhukova 2007). Moreover, analysis of the
fatty acid composition of marine invertebrates could be
valuable in determining their trophic habits and food
sources (Dalsgaard et al. 2003). Thus, for example, the
lipid composition of the tropical nudibranchs Chromod-
oris sp. and Phyllidia varicosa includes a number of very
long-chain fatty acids called demospongic acids in refer-
ence to their predation on sponges. Another unique feature
of these sea slugs is the high abundance of various odd-
numbered carbon chain and branched fatty acids (OBFA),
predominantly iso- and anteiso-, specific for bacteria and
usually called bacterial fatty acids (Zhukova 2007). It is
intriguing because they are normally minor metabolites in
most animals. There are apparently two alternative sour-
ces of OBFA in the nudibranchs. First, since the nudi-
branchs feed on sponges rich in bacteria, it is reasonable
to suppose that these fatty acids may originate from
bacteria associated with sponges, which are effectively
transferred to the mollusk tissues, the mollusk being
incapable of producing them. Second, based on the
abundance of specific bacterial fatty acids, we hypothesized
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the presence of symbiotic bacteria in the nudibranch
tissues.

Bacteria are known to produce various specific “bacte-
rial-type” fatty acids, and a fatty acid analysis can be a
good indicator of specific microorganisms, since different
groups of bacteria have different fatty acid compositions
(Perry et al. 1979; Gillan and Johns 1986). Fatty acids have
been used to characterize symbiotic associations between
bacteria and some marine invertebrates, such as bivalve
mollusks, from a shallow-water hydrothermal vents (Conway
and Cappuzzo 1991; Zhukova et al. 1992), deep-sea
hydrothermal vent bivalves (Allen et al. 2001), amphipods
(Pond et al. 1997), tubeworms (Pond et al. 2002), and
gastropods (Pranal et al. 1996; Saito and Hashimoto 2010).
Analysis of the fatty acid composition of marine inverte-
brates can serve as a valuable screening tool for detecting
symbionts in species under study. The presence of high
levels of specific bacterial fatty acids in the lipids of marine
invertebrates has been shown to indicate an apparent bac-
terial symbiosis (Conway and Cappuzzo 1991; Zhukova
et al. 1992; Rieley et al. 1999; Goffredi et al. 2005).

Symbiotic associations between microbes and marine
invertebrates are widely distributed in nature; they increase
biological and ecological diversity and enhance the evo-
lutionary potential of different taxa (Saffo 1992; Dubilier
et al. 2008; Chaston and Goodrich-Blair 2010). Many
marine mollusks, typical representatives of Gastropoda,
Bivalvia, and Cephalopoda, bear symbiotic microbes, but
nudibranch mollusks are not presently known to be asso-
ciated with symbiotic endobacteria. There is one report of
symbiotic bacteria in the vestibular gland, associated with
the female reproductive system, and in the egg masses of
D. nigra (Klussmann-Kolb and Brodie 1999). There
remains a question about the presence of intracellular
symbiotic bacteria in the tissues of nudibranch mollusks.

Various techniques are available to investigate symbi-
otic microbes, including 16S ribosomal DNA sequence
analysis, fluorescent in situ hybridization, transmission
electron microscopy, stable isotopes, and fatty acid analy-
sis. Symbiont-derived biochemical markers could serve as
valuable screening tools for detecting symbionts in host
tissues (Kharlamenko et al. 1995; McKenzie et al. 2000;
Colaco et al. 2007). Fatty acid profiles of the animals may
provide useful information on microbial groups with
known and unequivocal lipid biomarkers, but fail to iden-
tify specific bacteria. Transmission electron microscopy
(TEM) can reveal gram-negative and gram-positive bac-
teria, determine bacterium localization in the host cells and
tissues, and suggest preliminary conclusions on the func-
tion of the symbionts. In light of these methodological
advantages and limitations, combination of two or more
techniques is preferable for investigating microbial sym-
biosis. For example, morphological and molecular
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evidence has revealed a new symbiosis between a marine
polychaete in the genus Osedax and members of the bac-
terial group Oceanospirillales, known for their heterotro-
phic degradation of complex organic compounds. Stable
isotope and fatty acid analyses confirmed the role of the
endosymbionts in the nutrition of the worm (Goffredi et al.
2005). The molecular, morphological, and stable isotopic
characteristics of bacterial symbionts have been used to
describe symbioses in the gill tissues of two mussels,
Adipicola crypta and A. pacifica, collected from whale-
falls on the continental shelf in the northwest Pacific
(Fujiwara et al. 2010).

In the present study, we have used analysis of the fatty
acids as biochemical markers and transmission electron
microscopy to investigate the nudibranch D. nigra. The
goal was to determine the sources of bacterial fatty acids in
the nudibranch and to determine whether symbiotic bac-
teria are present in the nudibranch tissues. To examine the
probable dietary origin of OBFA, the fatty acid composi-
tion of the sponge Halichondria sp., which is the prey of
this nudibranch species, was also examined. To test whe-
ther the nudibranch tissues harbor symbiotic bacteria and
whether this presence is explained by high amounts of odd
and branched fatty acids in the mollusk, we examined the
mantle edge, notum, digestive gland, and gonads of the
nudibranch by light and transmission electron microscopy
(TEM).

Materials and methods
Site and samples

Specimens of Dendrodoris nigra and Halichondria sp.
were collected from the intertidal zone in rocky pools in
Seongsan Sunrise Peak Bay in eastern Jeju Island, South
Korea (33°27'30"N, 126°56'06"E), in October 2008. All
samples were collected within an area of 30 m® The sub-
strates varied from coarse sand, stones, and hard rock to
calcareous algae. The nudibranchs collected were imme-
diately placed in seawater from the site and transported to
the laboratory. Five specimens of Dendrodoris nigra were
used for biochemical and ultrastructural analyses.

Lipid analysis

Viscera were dissected and separated from the notum.
Tissue samples were crushed, and lipids were extracted by
homogenization in chloroform/methanol (1:2, by vol)
according to Bligh and Dyer (1959). Fatty acid methyl
esters (FAME) were prepared by sequential treatment of
the total lipids with 1 % sodium methylate/methanol and
5 % HCl/methanol (Carreau and Dubacq 1978) and
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purified by preparative silica gel thin-layer chromatogra-
phy (TLC) using benzene as a solvent. N-Acylpyrrolidide
derivatives of fatty acids were prepared by direct treatment
of the FAME with pyrrolidine/acetic acid (10:1, by vol) in
a capped vial for 30 min at 100 °C followed by chloroform
extraction from the acidified solution and purification by
preparative TLC developed in chloroform/acetone (9:1, by
vol).

The FAME were analyzed on a Shimadzu GC-21A
gas chromatograph equipped with a flame ionization
detector, using a fused silica capillary column (Supe-
Icowax-10, 30 m x 0.25 mm i. d., Supelco, Bellefonte,
Pennsylvania) at 210 °C. Helium was used as a carrier
gas at a linear velocity of 30 cm s™' (split ratio was
1:30). Injector and detector temperatures were 250 °C.
Fatty acids were identified by a comparison with stan-
dard mixtures and equivalent chain length values. Iden-
tification was confirmed by gas chromatography—mass
spectrometry (GC-MS) of their methyl esters and
N-acylpyrrolidide derivatives using a model Shimadzu
GCMS-QP5050A (Shimadzu, Kyoto, Japan) fitted with
a MDN-5S capillary column (30 m x 0.25 mm i. d.
Supelco, Bellefonte, Pennsylvania). Ionization of the
samples was performed by an electron impact at 70 eV.
The column temperature was programmed for 170° C
hold for 1 min, followed by an increase to 240 °C at a
rate of 2° C min_l, and then was held for 20 min. The
temperature of the injector and detector was 250 °C.
GC-MS of N-acylpyrrolidides was performed at a col-
umn temperature of 210 °C with 3 °C min~" increased
to 270 °C held for 40 min. The GLSolution and
GCMSSolution software (Shimadzu) were used for GC
and GC-MS analyses. All data are the mean values of
fatty acid analyses of five samples.

Microscopy

For transmission electron microscopy (TEM), samples of
the mantle edge, notum, digestive gland, and gonads were
fixed with 2 % glutaraldehyde in 0.1 M cacodylate buffer
pH 7.2. After buffer rinses, tissues were post-fixed with
1 % osmium tetroxide in the cacodylate buffer pH 7.2,
rinsed in distilled water and dehydrated in a graduated
series of ethanol and isopropanol, and then embedded in
Spurr’s epoxy resin (Sigma, USA). Semi-thin sections
(~ 1,000 nm) were prepared on a Leica EM UC6 ultra-
microtome, stained with 1 % Methylene blue, and analyzed
with the microscope Axio Imager (Carl Zeiss, Germany).
Ultra-thin sections (~50 nm) were prepared on a Leica
EM UC6 ultramicrotome, post-stained with 0.5 % uranyl
acetate and lead citrate according to Reynolds (1963), and
viewed using a Libra 120 electron microscope (Carl Zeiss,
Germany).

Statistical analysis

The differences in fatty acid contents between the nudi-
branch tissues were tested using a Student’s ¢ test. Differ-
ences were considered statistically significant at P < 0.05.

Results
Fatty acid analysis

Sixty fatty acids were identified in the lipids of Dendrod-
oris nigra. The predominant fatty acids in whole nudi-
branch samples, occurring in concentrations exceeding 6 %
of the total, were 16:0 (7.7 %), 16:1n-9 (13.3 %), 18:0
(6.4 %), 18:2n-6 (12.6 %), 20:4n-6 (8.2 %), and 26:2A5,9
(8.4 %), accounting for 56.3 % of the total fatty acids. The
content of n-3 polyunsaturated fatty acids (PUFA) that
included 18:4n-3, 20:5n-3, 22:6n-3, and 22:5n-3 (in total
5.9 %) was lower than that of n-6 PUFA (24.2 %). The
nudibranch tissues were also characterized by a diversity of
very long-chain fatty acids (VLCFA) identified as
25:2A5,9, 26:1 A9, 26:3A5,9,19, 27:2A5,9, 28:2A5,9, and
the major 26:2A5,9 (8.4 %). This nudibranch also exhib-
ited an abundance of various specific bacterial-type fatty
acids, most of them corresponding to saturated and
monounsaturated odd-numbered fatty acids with chain
lengths C15 and C17. Various monomethyl branched fatty
acids iso- and anteiso- with chain lengths from C14 to C19
were identified. Among them, particularly high levels of
is0-15:0, anteiso-15:0, iso-16:0, iso-17:0, and anteiso-17:0
were found. In total, these OBFA in the lipids of D. nigra
represented 15.4 % of the total fatty acids.

Some differences in the fatty acid composition were
found between tissues of D. nigra (Table 1). Proportions of
the different groups of fatty acids, such as X branched
and odd fatty acids, £ VLCFA, and £ n-3PUFA, were
clearly different between the notum and viscera (Fig. 1).
2 VLCFA, and X n-3PUFA, especially 20:5n-3 was sig-
nificantly (P < 0.05) higher in viscera indicating the dietary
origin of these fatty acids, whereas ¥ OBFA was signifi-
cantly higher (P < 0.05) in the notum than in viscera.
Comparison of the sets of bacterial fatty acids of the notum
and viscera revealed significant differences (P < 0.05)
(Fig. 2). In particular, the high levels of iso-14:0, iso-15:0,
anteiso-15:0, and 15:1 in the notum are noteworthy. The
notum of D. nigra also contained slightly greater amounts of
is0-16:0, anteiso-16:0, 17:1n-7, and 18:2n-6 as compared to
the viscera. The acid 16:1n-9 was more abundant in the
notum than in the viscera (19.7 % vs. 9.7 %).

The sponge Halichondria sp. was distinguished by a
high proportion of VLCFA (Table 1; Fig. 1). Among them,
the acid 26:2A5,9 (43.9 %) was the most abundant in the
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Table 1 Fatty acid composition
of Dendrodoris nigra and its
prey sponge Halichondria sp.
(% of total fatty acids)

Mean + SD (n = 5)

— non-detected. Other fatty
acids include ai-14:0, 14:1,
TMTD, 16:1n-7, br-17:1,
18:1n-5, i-19:0, 20:0, 21:5n-3,
21:2A7,13, 21:1n-9, 21:1n-7,
22:1n-11, 22:1n-9, 22:0, 23:2,
23:1n-11, 23:0, 24:2A5,9,
24:1n-9, 24:0, 26:2A5,19, 26:0,
and 28:2A5,9 were present in
trace amounts (<0.2 %)
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Fatty acids

Dendrodoris nigra

Halichondria sp.

Viscera Notum

is0-14:0 0.29 + 0.01 0.96 £ 0.15 -

14:0 0.70 £+ 0.26 0.46 £ 0.06 1.10 £ 0.14
iso-15:1 0.24 + 0.06 0.35 £ 0.06 0.10 £ 0.05
iso-15:0 1.00 £ 0.02 2.52 £ 0.56 295 +£0.35
anteiso-15:0 0.46 £ 0.03 1.30 £ 0.12 0.20 £+ 0.07
15:1 0.32 £ 0.07 0.90 £ 0.14 -

15:0 0.64 £+ 0.09 1.09 £ 0.16 0.55 £ 0.12
is0-16:0 1.13 £+ 0.07 1.30 £ 0.19 0.70 £ 0.05
anteiso-16:0 0.46 + 0.09 0.62 + 0.11 0.15 £ 0.07
16:1n-7 9.00 £ 0.3 16.55 £ 2.80 1.90 £ 0.28
16:0 5.95 £ 046 2.89 £ 0.52 5.40 £ 0.19
TMe-17:1n-11 0.83 + 0.11 0.62 £ 0.13 -

is0-17:0 1.39 £ 0.21 0.75 £ 0.09 1.30 £ 0.14
anteiso-17:0 145 £ 0.22 1.01 £ 0.08 0.95 £+ 0.09
17:1n-7 1.14 £ 0.73 2.56 £ 0.27 -

17:1n-11 0.12 £ 0.06 0.65 £+ 0.37 -

17:0 244 £ 0.16 1.86 + 0.25 0.30 £ 0.08
18:4n-3 0.41 + 0.10 0.41 + 0.08 0.25 £+ 0.07
18:2n-6 10.20 + 0.5 14.56 £+ 0.75 1.05 £ 0.17
18:1n-9 5.54 £ 0.32 547 £ 045 2.45 £ 0.07
18:1n-7 542 £+ 0.54 4.47 £+ 0.30 3.95 £ 0.40
18:0 7.03 £ 0.66 5.12 £ 0.30 3.10 £ 0.19
19:1n-7 0.50 £ 0.11 0.29 £ 0.20 -

20:4n-6 8.87 + 0.43 8.03 + 1.41 4.40 £+ 0.28
20:5n-3 4.95 £ 0.40 240 £ 0.3 320 £ 0.28
20:3n-9 0.94 £ 0.09 0.36 £ 0.10 0.30 £+ 0.07
20:3n-6 1.26 £ 0.26 0.62 £ 0.27 0.30 £+ 0.08
20:2 A5,11 1.13 £ 0.24 0.81 £ 0.16 -

20:2 A5,13 1.90 £+ 0.7 1.40 £ 0.8 -

20:1n-11 1.62 £+ 0.49 1.76 £ 0.54 0.95 + 0.14
20:1n-9 1.08 £+ 0.39 1.39 £ 0.49 0.20 £ 0.05
20:1n-7 0.89 £ 0.15 0.57 £ 0.10 -

22:6n-3 0.82 + 0.12 0.26 + 0.09 2.35 + 0.21
22:4n-6 2.38 £ 0.31 2.90 £ 0.99 0.90 £+ 0.08
22:5n-3 0.65 £ 0.12 0.37 £ 0.13 0.45 £+ 0.11
22:5n-6 0.63 £ 0.1 0.60 £ 0.29 -

22:2 A7,13 1.00 £ 0.19 1.59 £ 0.62 0.25 £+ 0.21
22:2 A7,15 0.98 £+ 0.14 1.12 + 0.47 0.35 £+ 0.21
24:1n-7 0.06 £+ 0.04 - 1.55 £ 0.17
25:2A5,9 0.38 £ 0.14 0.09 £ 0.05 1.15 £ 0.21
26:3A5,9,17 - - 0.70 £+ 0.28
26:3A5,9,19 0.08 £ 0.04 0.14 £ 0.05 1.30 £+ 0.28
26:2A5,9 11.25 £ 1.12 6.14 £ 1.02 43.90 £+ 3.39
26:1A19 - - 0.70 £+ 0.05
26:1A17 - - 0.80 £ 0.04
27:2A5,9 0.20 £+ 0.10 0.07 £+ 0.06 2.70 £ 0.14
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sponge as in its predator D. nigra. The amount of the
OBFA was significantly lower (P < 0.05) in the sponge
than in the viscera and notum of the nudibranch.

Microscopic analysis

Light and transmission electron microscopy on the mantle
edge and the notum of the nudibranch was used to search
for potential sources of the bacterial fatty acids found in its.
The pseudo-stratified epithelium of the notum was quite
similar to that of the mantle edge (Fig. 3). Different types
of epithelial cells were observed in the mantle and notum:
numerous ciliated epithelial cells and two types of spe-
cialized secretory glandular cells, with transparent and
dense vacuoles (Fig. 3a). Ciliated cells were the most
abundant cells in the epithelium. The apical surface of the
epithelium was coated with a protective mucus layer
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Fig. 1 Distribution of marker fatty acids in tissues of the nudibranch
mollusk Dendrodoris nigra and its potential prey sponge Halichon-
dria sp. (% of total fatty acids). Mean & SD (n = 5). OBFA odd-
numbered carbon chain and branched fatty acids typical for bacteria,
VLCFA very long-chain fatty acids specific for sponges, PUFA
polyunsaturated fatty acids, NMID non-methylene interrupted fatty
acids. Difference in the content of marker fatty acids between notum
and viscera is significant (P < 0.05)

Fig. 2 Distribution of odd- 5 -
numbered carbon chain and
branched fatty acids, iso- and
anteiso-, typical for bacteria in
tissues of Dendrodoris nigra (%
of total fatty acids). Mean &+ SD
(n = 5). Difference in the
content of these fatty acids
between notum and viscera is
significant (P < 0.05)

% of total fatty acids

br-14:0 br-15:0

(glycocalix); the basal part was surrounded by a thin wavy
basal membrane, separating the epithelial layer from the
underlying connective tissue (Fig. 3b). Epithelial cells
were cylindrical, elongated, with a brush border and cilia.
The apical membrane formed coated pinocytotic vesicles.
The nuclei occupied a midbasal position, while the apical
pole was vacuolated. The vacuolated apical pole of the
cytoplasm space was occupied by a number of pinocytotic
vesicles, multivesicular bodies, secondary lysosomes, and
residual bodies. Near the nucleus, dictyosomes of the Golgi
apparatus, cisternae of rough endoplasmic reticulum, ves-
icles of smooth endoplasmic reticulum, and mitochondria
were observed.

Along with the epithelial cells, two types of glandular
secretory cells were found. The first were large goblet cells
with low electron density secretory vacuoles, and the sec-
ond were cells containing electron-dense granules. Secre-
tions from the glandular cells formed a protective
polysaccharide layer (or glycocalix) on the epithelial sur-
face (Fig. 3a). Besides epithelial cells, there were migra-
tory (wandering) cells, hemocytes, known to serve a
defensive function through synthesis of humoral defense
factors.

Transmission electron microscopy of the mantle edge
and the notum of D. nigra revealed pleomorphic rod-
shaped bacteria in the apical zone of the epithelial cells
(Fig. 4a). The bacterial dimensions were 0.5 x 1.5 pm.
Bacteria were enclosed in secondary vacuoles, as a rule
one, and rarely two, bacteria per vacuole. We found from 1
to 4 bacteria in an epithelial cell. The bacteria were coated
with two membrane layers separated by a thin periplasmic
layer, typical of gram-negative bacteria (Fig. 4b). The
surfaces of some bacteria were covered with thin fibrillae.
Cytoplasm of the bacteria was uniformly granular; the
nucleoid zone was strongly pronounced. We observed
electron-transparent inclusions in the cytoplasm of some
bacteria (Fig. 4c). A majority of bacteria were intact;

Viscera
B Notum

C19

15:0 15:1 br-16:0 br-17:0 17:1 17:0
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Fig. 3 Dendrodoris nigra notum epithelium. a Semi-thin section of
notum stained with methylene blue shows three main types of cells in
epithelium: epithelial cells (be) and two types of specialized secretory
glandular cells with transparent (sc/) and dense vacuoles (sc2).
Secretory glandular cells produce components of glycocalix (arrows).
Scale bar 5 pm. b Transmission electron micrograph of notum
epithelium shows numerous pinocytotic vesicles (pv) and multive-
sicular bodies (mbv) in apical parts of epithelial cells and demon-
strates process of nutrient absorption and intracellular digestion.
Ciliated epithelial cells have microvilli (mv) and cilia (arrow); basal
part is surrounded by a basal membrane (bm). Apical surface of
epithelium is coated with glycocalix (gl). Scale bar 3 um

lysing bacteria were always single. This shows their
resistance to lysosomal enzymes in epithelial cells and
supports the hypothesis that these bacterial cells are
endosymbionts. The presence of dividing bacterial cells
also supports this proposition (Fig. 4d).

In addition to bacteria localized in the cytoplasm of
epithelial cells of the notum and mantle, an extracellular
subset of similar rod-shaped bacteria was observed in the
glycocalix near the outer membrane of the epithelial cells
(Fig. 5a). Morphologically, these are typical gram-negative
bacteria with two layers in the outer membrane, which
were often more wavy than those of intercellular bacteria
(Fig. 5b). Their cytoplasm was electron-dense, with a dis-
tinct nucleotide zone. There was a trend toward increasing
bacterial abundance in the apical membrane of the epi-
thelial cells. We observed what appeared to be sequential
stages of inoculation of bacteria into the cytoplasm of
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epithelial cells—from adhesion to the apical surface to
invagination of the cell membrane and formation of a
vacuole with an enclosed bacterium (Fig. 5c, d). Among
the extracellular bacteria in the glycocalix, we observed
both intact and lysing bacteria; their cytoplasm content was
released into the surrounding mucus layer (Fig. Se, f).
Bacterial debris was absorbed by the epithelial cells during
pinocytosis. No bacteria were detected either in the gonads
or in the digestive system.

Discussion

In general, the fatty acid composition of Dendrodoris nigra
revealed a wide variety of fatty acids: saturated, mono- and
polyunsaturated, straight, branched (iso- and anteiso-),
even and odd, short-chain and very long-chain fatty acids.
The aim of the study was not to undertake a comprehensive
overall lipid analysis but rather to make an attempt to
discern whether symbiotic bacteria were present in the
host. A fatty acid analysis is useful in detecting bacterial
signals that may indicate contributions by symbiotic che-
moautotrophic bacteria to the nutrition of the host organism
(Zhukova et al. 1992; Kharlamenko et al. 1995; Pond et al.
2002) and the presence of symbiotic heterotrophic bacteria
(McKenzie et al. 2000; Goffredi et al. 2005).

A unique feature of the fatty acid composition of
D. nigra was the unusually high abundance of the odd-
chain (C13, C15, C17, and C19) and branched (iso- and
anteiso-) fatty acids, specific for bacteria and usually called
bacterial fatty acids (Fig. 1). Branched-chain fatty acids, in
particular iso- and anteiso- forms of the odd-chain length
15:0 and 17:0 acids, are generally considered unique com-
ponents of bacteria (Kaneda 1991). These fatty acids are
often found in areas of high bacterial activity (e.g., Canuel
and Martens 1993) and have been used as specific markers of
bacteria in sediments (Perry et al. 1979). Odd-numbered
fatty acids are mostly frequent in bacteria and lower plants or
animals (Rezanka and Sigler 2009). They are normal as trace
components in most marine invertebrates. Elevated relative
concentrations of these compounds have been found in
some deposit-feeding marine invertebrates (Meziane and
Tsuchiya 2000; Bachok et al. 2003).

Bacteria are not always the only source of odd-chain
fatty acids in invertebrates. The pteropod Clione limacina
from Arctic and Antarctic waters was found to be rich in
odd-chain fatty acids, dominant among which was 17:1n-8
reaching 18 % of the total, followed by 15:0 and 17:0,
whereas odd-chain fatty acids were not detected in its only
prey Limacina helicina, indicating that the atypical fatty
acids were not ingested by C. limacina with the prey
(Kattner et al. 1998). The authors suggest that de novo
biosynthesis of odd-chain fatty acids occurs in the pteropod
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Fig. 4 Transmission electron micrographs of symbiotic bacteria
within notum epithelial cells of Dendrodoris nigra. a Bacteria
(asterisks) are localized in epithelial cells above nucleus (n). b A rod-
shaped bacterium (asterisk) enclosed in secondary vacuole (sv) has
dense cytoplasm and clearly marked area of nucleoid. Bacterium has
twin membranes separated by a thin periplasmic layer (arrow) typical
of gram-negative bacteria. ¢ Bacteria (asterisk) with electron-

and initiates with propionate originating from dimethyl-
beta-propiothetin, which is accumulated by L. helicina via
phytoplankton uptake.

Comparison of the fatty acid composition of D. nigra
and its prey sponge Halichondria sp. allowed us to eluci-
date the dietary source of OBFA in the nudibranch tissues.
A high biological specificity of fatty acids, along with their
structural diversity, permits to use fatty acids as bio-
chemical markers for determining trophic relationships
among species (e.g., Dalsgaard et al. 2003). Various odd
and branched fatty acids are reported in many species of
sponges (e.g., Dembitsky et al. 2003; Rezanka and Sigler
2009), including the Halichondria species, which are
considered to be a food source for D. nigra (McDonald and
Nybakken 1999). However, the specimens of Halichondria

transparent inclusions containing nutrients. d Division of bacterium
in secondary vacuole (sv) supports number of bacteria in epithelium.
Degenerated bacteria (asterisk) are rarely apparent in secondary
lysosome (sl) of epithelium. Microvilli (rmv), multivesicular bodies
(mvb), and pinocytic vesicle (pv) are present in images. Asterisks
indicate bacteria. Scale bar 1 pm

sp. collected from the same habitat with D. nigra did not
exhibit an abundance of OBFA, the amounts being sig-
nificantly lower in the sponge than in the notum and viscera
of the nudibranch. The sponge H. panacea from the Sea of
Japan also contains low levels of straight and branched
C15, Cl16, C17, C19 saturated and monounsaturated fatty
acids; the concentrations of these fatty acids range from 0.1
to 0.6 % of the total fatty acids (Rodkina et al. 2003).
Therefore, first, the proportions of the odd and branched
fatty acids in the lipids of D. nigra were so high that it
seems unlikely that bacteria from sponges are their only
source for the sea slug. Moreover, the concentration of the
total bacterial fatty acids in the notum significantly
exceeded that in the viscera. This does not support the
assumption that the OBFA result from the ingestion of
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Fig. 5 Transmission electron
micrographs of symbiotic
bacteria in glycocalix layer of
Dendrodoris nigra notum
epithelium and consequent
stages of inoculation of bacteria
into epithelial cells.

a Extracellular subset of gram-
negative bacteria (asterisk) in
glycocalix (g/) of notum
epithelium. b First stage of
bacterium inoculation into an
epithelial cell is accompanied
by adhesion of bacterium to
apical surface of cell.

¢ Invagination of cell membrane
and formation of a vacuole
surrounding bacterium.

d Different phases of secondary
vacuole (sv) formation:
adhesion of bacterium to
membrane and invagination of
secondary vacuole into
cytoplasm of epithelial cell.

e Lysis of bacterium and
formation of pinocytotic
vacuole (pv) containing
bacterial debris. f Destruction of
bacteria in glycocalix layer.
Microvilli (mv), multivesicular
bodies (mvb), nucleus (n), and
secondary lysosome (s/) are
present in images. Arrows point
to place of bacterial adhesion to
membrane of epithelial cells.
Asterisks indicate bacteria.
Scale bars 1 pm

external bacteria associated with the sponges. OBFA, in
contrast to the polyunsaturated fatty acids, are not essential
for growth and reproduction of the mollusks, so it seems
highly unlikely that OBFA from the food are accumulated
preferentially in the nudibranch tissues. The mean per-
centages of bacterial markers (OBFA and 18:1n-7) asso-
ciated with detritus are enhanced in the digestive gland of

@ Springer

filter feeding bivalves as compared to their other tissues
(Galap et al. 1999; Silina and Zhukova 2007).

Second, the marked differences in a set of OBFA of the
notum and viscera of D. nigra were obvious (Fig. 2).
Comparison of the fatty acid composition of the notum and
viscera exhibited different bacterial signals in these tis-
sues. Concentrations of iso-14:0, iso-15:0, anteiso-15:0,
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iso-16:0, 15:0, 15:1, and 17:1 acids in the notum were
elevated, whereas in the viscera, the acids iso-17:0, ante-
iso-17:0, and 17:0 were dominant. Taking into consider-
ation the specificity of the fatty acid composition of
different species of bacteria, we suggest that distinct bac-
terial microflora supply the nudibranch with OBFA. Sim-
ilarly, based on the marked differences in fatty acid
composition between microflora associated with whale
bones and the polychaete Osedax sp. inhabiting the whale-
bone and hosting symbiotic bacteria, Goffredi et al. (2005)
suggest that the worm obtains the bacterial fatty acids from
the symbionts rather than from free-living microbes.

Thus, it seems unlikely that OBFA found in D. nigra
originate exclusively from the consumed sponges. The
origin of these compounds from symbiotic bacteria, at least
partly, seems plausible. The presence of considerable
amounts of a specific bacterial fatty acid (cis-vaccenic)
previously allowed us to show that the bivalve Axinopsida
orbiculata has symbiotic chemoautotrophic bacteria. This
bivalve is among the invertebrates from a shallow-
water hydrothermal community in the Kraternaya Bight
(Kharlamenko et al. 1995). In a similar way, the occurrence
of appreciable quantities of 16:1n-7 and 18:1n-7 in some
species of brittlestars in comparison with non-symbiotic
brittlestar species represents a contribution from subcutic-
ular heterotrophic bacteria to the hosts (McKenzie et al.
2000). We therefore suggest that a high relative abundance
of bacterially derived odd-numbered carbon chain and
branched fatty acids may indicate the presence of hetero-
trophic bacteria in the nudibranch tissues.

Indeed, TEM showed the presence of rod-shaped bac-
teria in the cytoplasm of epithelial cells and in the glycoc-
alix layer covering the epithelium of the notum and the
mantle of D. nigra. The bacteria found appeared to be gram-
negative based on the structural peculiarities of their cell
wall, which had twin membranes separated by a thin peri-
plasmic layer. Symbiotic bacteria possessed the fimbriae,
which are known to provide adhesion of bacteria to the
apical membrane of epitheliocytes (Duguid et al. 1976;
Clegg and Gerlach 1987) facilitating colonization of epi-
thelial cells of the nudibranch host by symbiotic bacteria.
Our ultrastructural observations show that the bacteria
penetrate into the cytoplasm of epithelial cells through
phagocytosis, accompanied by invagination of the outer cell
membrane of epitheliocytes and formation of a vacuole with
an enclosed bacterium. The data indicate that these bacteria
are facultative as opposed to obligate symbionts. The bac-
teria localized in the cytoplasm are acquired at the expense
of recruitment of extracellular bacteria from seawater.
Horizontal endosymbiont acquisition from the environment
to the host by means of a phagocytosis-like mechanism
involving special “pit-like” structures on the apical cell
membrane is reported for the hydrothermal vent bivalve

Bathymodiolus azoricus (Kadar et al. 2005) and the obligate
tubeworm (Siboglinidae, Polychaeta) endosymbiosis
(Nussbaumer et al. 2006). Acquisition of symbiotic bacteria
from the environment by host squid and fishes (i.e., hori-
zontally) is common in bioluminescent symbioses (e.g.,
Dunlap et al. 2009). The level of colonization varies during
the life cycle of the host and depends on environmental
conditions, for example, nutrient availability and oxygen
concentration (Johnson and LePennec 1995; Bates 2007).
We suggest that the symbiotic bacteria in D. nigra, similarly
to different bacterial pathogens and endosymbiotic bacteria,
take advantage of host cell autophagy for successful colo-
nization of the host cells (Campoy and Colombo 2009). The
larvae of hydrothermal vent tubeworms (Vestimentifera,
Siboglinidae) are symbiont-free, and the bacterial symbi-
onts colonize the developing tubes of the settled larvae
entering the hosts through the skin. Each generation of
tubeworms must be newly colonized with its specific
symbiont (Nussbaumer et al. 2006). Thus, the symbiont
transmission process provides mechanisms common to both
pathogenic infections and beneficial host—symbiont inter-
actions. Although the details of transmission and symbiont
selection vary among associations between microorganisms
and animals, comparisons of diverse mutualistic associa-
tions reveal a number of common features, including
restriction of symbiont diversity during transmission, and
glycan—lectin interactions during partner selection and
recruitment (Chaston and Goodrich-Blair 2010).

Bacteria in the cytoplasm of epithelial cells of the notum
and mantle of D. nigra are enclosed in a secondary vacu-
ole. The distinct membrane separating the bacteria from the
host cytoplasm may play a role in regulating metabolite
transfer between the host and the symbionts, and/or in
protecting the bacteria from host enzymes (Piel 2004).
Symbiotic bacteria revealed in the nudibranch acquire
nutrition from the host. This is confirmed by the TEM
images (Fig. 4c), which show fusion of multivesicular
bodies, which are involved in intracellular digestion, with
the membrane of the secondary vacuole enclosing the
bacteria. A similar process was described in the review by
Fader and Colombo (2009). No signs of lysis were
observed; this indicates that the bacteria associated with the
nudibranch epithelium are resistant to phagocytosis. The
nudibranch epithelial cells were unable to consume bac-
teria, in contrast to brittlestars, where symbionts are
phagocytosed and lysed by their epidermal cells (McKen-
zie and Kelly 1994).

The presence of dividing bacteria suggests that the
epithelium of the notum and the mantle edge of the nudi-
branch D. nigra include a renewable, self-producing pop-
ulation of symbiotic bacteria. Evidently, the life cycle of
symbiotic bacteria includes a sequence of stages both
inside the epithelial cells (in the apical part) and outside of
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these cells—in the glycocalix coating the surface of the
epithelium. The bacteria in the glycocalix sometimes
undergo destructive lysis, with their components being
utilized by the epithelial cells in the course of intracellular
digestion. The high concentration of typical bacterial fatty
acids in the lipids of the nudibranch agrees well with the
results of TEM and confirms that the lysed bacterial cells
are utilized by the mollusk tissues.

The nudibranch symbiosis differs markedly from other
marine symbioses based on autotrophy. A majority of
symbiotic bacteria are chemoautotrophic. A fundamental
feature of many symbiotic microorganisms is that they
provide the host with nutrients that would otherwise
enhance their own growth and proliferation rates (Saffo
1992; Dubilier et al. 2008; Chaston and Goodrich-Blair
2010). Other symbiotic functions for marine microbes
include nutrition through direct uptake of dissolved organic
matter in seawater (Wilkinson et al. 1984), production of
secondary metabolites (e.g., Schmidt and Donia 2010), and
detoxification of toxic compounds (Stewart and Cavanaugh
2006). It has been suggested that symbionts may participate
in the synthesis of compounds involved in cellulose
digestion in wood-boring bivalves (Xu and Distel 2004).
Also, bacteria associated with cultured bivalve larvae have
been shown to produce antibiotics (Fdhila et al. 2003).
Some squids maintain a population of symbiotic bacteria of
the genus Vibrio and use the bioluminescence of these
bacteria at night in an antipredatory behavior (e.g., Jones
and Nishiguchi 2004). Previously, symbiotic bacteria were
found in the mucus surrounding the egg capsules as well as,
between and partly aligned with the microvilli, in the
vestibular gland of D. nigra. It is assumed that these bac-
teria may play a role in the breakdown of the mucous layers
and the egg capsule during intracapsular development, thus
ensuring the release of the veliger (Klussmann-Kolb and
Brodie 1999).

There is increasing evidence in marine invertebrates that
symbionts may play an important role in producing bio-
active chemicals or their precursors within the host (e.g.,
Proksch et al. 2002; Schmidt and Donia 2010). Animal
hosts, as well as embryos and developing larvae, are often
afforded protection against fungi, pathogenic bacteria, and
predators by compounds produced by bacterial symbionts
(Lindquist 2002, 2005; Lopanik et al. 2006). These
symbionts are sometimes the true producers of the host’s
secondary metabolites that have defensive and protective
functions for their hosts. Many biologically active com-
pounds including toxic and deterrent secretions have been
isolated from nudibranchs in the family Doridaceae
(Wigele et al. 2006), where defensive chemicals are often
concentrated in the mantle (Avila and Durfort 1996). Since
our biochemical and ultrastructural research revealed
symbiotic bacteria only in the epithelial cells of

@ Springer

integumentary tissues, the notum and the mantle, we
suspect that these bacteria might be involved in protection
or defense from predators or environmental impacts.
A nutritional role for these bacteria in the nudibranch
D. nigra is also possible. A high level of bacterial fatty
acids in the nudibranch may serve as evidence that the
symbiotic bacteria provide the host with nutrients.

Acknowledgments The authors thank A.V. Chernyshev for the
identification of the species and four anonymous reviewers for
comments. This research was supported by the Russian Foundation
for Basic Research (grant 11_04-98507-p_vostok_a) and the
Government of the Russian Federation (grant 11.G34.31.0010) to
N.V. Zhukova.

References

Allen CE, Tyler PA, Van Dover CL (2001) Lipid composition of the
hydrothermal vent clam Calyptogena pacifica (Mollusca: Biv-
alvia) as a trophic indicator. J Mar Biol Assoc UK 81:817-821.
doi:10.1017/S0025315401004647

Avila C, Durfort M (1996) Histology of epithelia and mantle glands
of selected species of doridacean mollusks with chemical
defensive strategies. Veliger 39:148-163

Bachok Z, Mfilinge PL, Tsuchiya M (2003) The diet of the mud clam
Geloina coaxans (Mollusca, Bivalvia) as indicated by fatty acid
markers in a subtropical mangrove forest of Okinawa, Japan.
J Exp Mar Biol Ecol 292:187-197. doi:10.1016/S0022-0981
(03)00160-6

Bates AE (2007) Persistence, morphology, and nutritional state of a
gastropod hosted bacterial symbiosis in different levels of
hydrothermal vent flux. Mar Biol 152:557-568. doi:10.1007/
$00227-007-0709-x

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction
and purification. Can J Biochem Physiol 37:911-917

Brodie GD, Willan RC, Collins JD (1997) Taxonomy and occurrence
of Dendrodoris nigra and Dendrodoris fumata (Nudibranchia:
Dendrodorididae) in the Indo-West Pacific region. J Mollus Stud
63:407-423. doi:10.1093/mollus/63.3.407

Campoy E, Colombo MI (2009) Autophagy in intracellular bacterial
infection. Biochim Biophys Acta 1793:1465-1477. doi:10.1016/
j.bbamcr.2009.03.003

Canuel EA, Martens CS (1993) Seasonal variations in the sources and
alteration of organic matter associated with recently-deposited
sediments. Org Geochem 20:563-577. doi:10.1016/0146-6380
(93)90024-6

Carreau JP, Dubacq JP (1978) Adaptation of macro-scale method to
the micro-scale for fatty acid methyl transesterification of
biological lipid extracts. J Chromatogr 151:384-390

Chaston J, Goodrich-Blair H (2010) Common trends in mutualism
revealed by model associations between invertebrates and
bacteria. FEMS Microbiol Rev 34:41-58. doi:10.1111/j.1574-
6976.2009.00193.x

Clegg S, Gerlach GF (1987) Enterobacterial fimbriae. J Bacteriol
169:934-938

Colaco A, Desbruyeres D, Guezennec J (2007) Polar lipid fatty acids
as indicators of trophic associations in a deep-sea vent system
community. Mar Ecol Evol Pers 28:15-24. doi:10.1111/j.1439-
0485.2006.00123.x

Conway N, Cappuzzo JM (1991) Incorporation and utilization of
bacterial lipids in the Solemya velum symbiosis. Mar Biol
108:277-291. doi:10.1007/BF01344343


http://dx.doi.org/10.1017/S0025315401004647
http://dx.doi.org/10.1016/S0022-0981(03)00160-6
http://dx.doi.org/10.1016/S0022-0981(03)00160-6
http://dx.doi.org/10.1007/s00227-007-0709-x
http://dx.doi.org/10.1007/s00227-007-0709-x
http://dx.doi.org/10.1093/mollus/63.3.407
http://dx.doi.org/10.1016/j.bbamcr.2009.03.003
http://dx.doi.org/10.1016/j.bbamcr.2009.03.003
http://dx.doi.org/10.1016/0146-6380(93)90024-6
http://dx.doi.org/10.1016/0146-6380(93)90024-6
http://dx.doi.org/10.1111/j.1574-6976.2009.00193.x
http://dx.doi.org/10.1111/j.1574-6976.2009.00193.x
http://dx.doi.org/10.1111/j.1439-0485.2006.00123.x
http://dx.doi.org/10.1111/j.1439-0485.2006.00123.x
http://dx.doi.org/10.1007/BF01344343

Mar Biol (2012) 159:1783-1794

1793

Dalsgaard J, John MS, Kattner G, Muller-Navarra D, Hagen W (2003)
Fatty acid trophic markers in the pelagic marine environment.
Adv Mar Biol 46:241-251. doi:10.1016/S0065-2881(03)46005-7

Dembitsky VM, Rezanka T, Srebnik M (2003) Lipid compounds of
freshwater sponges: family Spongillidae class Demospongiae.
Chem Phys Lipids 123:117-155. doi:10.1016/S0009-3084(03)
00020-3

Dubilier N, Bergin C, Lott C (2008) Symbiotic diversity in marine
animals: the art of harnessing chemosynthesis. Nat Rev Micro-
biol 6:725-740. doi:10.1038/nrmicro1992

Duguid JP, Darekar MR, Wheater DWF (1976) Fimbriae and
infectivity in Salmonella typhimurium. J Med Microbiol 9:459—
473

Dunlap PV, Kojima Y, Nakamura S, Nakamura M (2009) Inception
of formation and early morphogenesis of the bacterial light organ
of the sea urchin cardinalfish, Siphamia versicolor. Mar Biol
156:2011-2020. doi:10.1007/s00227-009-1232-z

Fader CM, Colombo MI (2009) Autophagy and multivesicular bodies:
two closely related partners. Cell Death Differ 16:70-78. doi:
10.1038/cdd.2008.168

Fdhila F, Vazquez V, Sanchez JL, Riguera R (2003) DD-diketopi-
perazines: antibiotics active against Vibrio anguillarum isolated
from marine bacteria associated with cultures of Pecten maxi-
mus. J Nat Prod 66:1299-1301. doi:10.1021/np068026¢

Fujiwara Y, Kawato M, Noda C, Kinoshita G, Yamanaka T, Fujita Y,
Uematsu K, Miyazaki J (2010) Extracellular and mixotrophic
symbiosis in the whale-fall mussel Adipicola pacifica: a trend in
evolution from extra- to intracellular symbiosis. PLOS One
5(N7), Article No e11808. doi: 10.1371/journal.pone.0011808

Galap C, Netchitailo P, Leboulenger F, Grillot JP (1999) Variations of
fatty acid contents in selected tissues of the female dog cockle
(Glycymeris glycymeris L., Mollusca, Bivalvia) during the
annual cycle. Comp Biochem Physiol 122A:241-254. doi:
10.1016/S1095-6433(99)00006-9

Gillan FT, Johns RB (1986) Chemical markers for marine bacteria:
fatty acids and pigments. In: Johns RB (ed) Biological markers
in the sedimentary environment. Elsevier Science Publisher,
Amsterdam, pp 291-309

Goffredi SK, Orphan VJ, Rouse GW, Jahnke L, Embaye T, Turk K,
Lee R, Vrijenhoek RC (2005) Evolutionary innovation: a bone-
eating marine symbiosis. Environ Microbiol 7:1369-1378. doi:
10.1111/5.1462-2920.2005.00824.x

Johnson MA, LePennec M (1995) Association between mollusk
bivalve Loropes lucinalis and Chlamydia-like organism, with
comments on its pathogenic impact, life cycle and possible
mode of transmission. Mar Biol 123:523-530. doi:10.1007/BF00
349231

Jones BW, Nishiguchi MK (2004) Counterillumination in the
Hawaiian bobtail squid, Euprymna scolopes Berry (Mollusca:
Cephalopoda). Mar Biol 144:1151-1155. doi:10.1007/s00227-
003-1285-3

Kadar E, Bettencourt R, Costa V, Santos RS, Lobo-Da-Cunha A,
Dando P (2005) Experimentally induced endosymbiont loss and
re-acquirement in the hydrothermal vent bivalve Bathymodiolus
azoricus. J Exp Mar Biol Ecol 318:99-110. doi:10.1016/j.jembe.
2004.12.025

Kaneda T (1991) Iso-fatty and anteiso-fatty acids in bacteria—
biosynthesis, function, and taxonomic significance. Microbiol
Rev 55:288-302

Kattner G, Hagen W, Graeve M, Albers C (1998) Exceptional lipids
and fatty acids in the pteropod Clione limacina (Gastropoda)
from both polar oceans. Mar Chem 61:219-228. doi:10.1016/
S0304-4203(98)00013-9

Kharlamenko VI, Zhukova NV, Khotimchenko SV, Svetashev VI,
Kamenev GM (1995) Fatty-acids as markers of food sources in a
shallow-water hydrothermal ecosystem (Kraternaya Bight,

Yankich Island, Kurile Islands). Mar Ecol
120:231-241. doi:10.3354/meps120231

Klussmann-Kolb A, Brodie GD (1999) Internal storage and produc-
tion of symbiotic bacteria in the reproductive system of a tropical
marine gastropod. Mar Biol 133:443-447. doi:10.1007/s00227
0050483

Lindquist N (2002) Chemical defense of early life stages of benthic
marine invertebrates. J Chem Ecol 28:1987-2000. doi:10.1023/
A:1020745810968

Lindquist N, Barber PH, Weisz JB (2005) Episymbiotic microbes as
food and defence for marine isopods: unique symbioses in a
hostile environment. Proc R Soc Lond B 272:1209-1216. doi:
10.1098/rspb.2005.3082

Lopanik NB, Targett NM, Lindquist N (2006) Ontogeny of a
symbiont-produced chemical defense in Bugula neritina
(Bryozoa). Mar Ecol Prog Ser 327:183-191. doi:10.3354/meps
327183

Martinez-Pita I, Garcia F, Pita ML (2005) Fatty acid composition and
utilization in developing eggs of some marine nudibranchs
(Mollisca: Gastropoda: Opistobranchia) from southwest Spain.
J Shell Res 24:1209-1216

McDonald GR, Nybakken JW (1999) A worldwide review of the food
of nudibranch mollusks. II. The suborder Dendronotacea.
Veliger 42:62-66

McKenzie JD, Kelly MS (1994) Comparative-study of sub-cuticular
bacteria in brittlestars (Echinodermata, Ophiuroidea). Mar Biol
120:65-80

McKenzie JD, Black KD, Kelly MS, Newton LC, Handley LL,
Scrimgeour CM, Raven JA, Henderson RJ (2000) Comparisons
of fatty acids and stable isotope ratios in symbiotic and non-
symbiotic brittlestars from Oban Bay, Scotland. J Mar Biol
Assoc UK 80:311-320. doi:10.1017/S0025315499001885

Meziane T, Tsuchiya M (2000) Fatty acids as tracers of organic
matter in the sediment and food web of a mangrove/intertidal flat
ecosystem, Okinawa, Japan. Mar Ecol-Prog Ser 200:49-57. doi:
10.3354/meps200049

Nussbaumer AD, Fisher CR, Bright M (2006) Horizontal endosym-
biont transmission in hydrothermal vent tubeworms. Nature
441:345-348. doi:10.1038/nature04793

Perry GJ, Volkman JK, Johns RB, Bavor HJ (1979) Fatty acids of
bacterial origin in contemporary marine sediments. Geochim
Cosmochim Acta 43:1715-1725

Piel J (2004) Metabolites from symbiotic bacteria. Nat Prod Rep
21:519-538. doi:10.1039/b310175b

Pond DW, Segonzac M, Bell MV, Dixon DR, Fallick AE, Sargent JR
(1997) Lipid and lipid carbon stable isotope composition of the
hydrothermal vent shrimp Mirocaris fortunata: evidence for
nutritional dependence on photosynthetically fixed carbon. Mar
Ecol Prog Ser 157:221-231. doi:10.3354/meps157221

Pond DW, Allen CE, Bell MV, Van Dover CL, Fallick AE, Dixon
DR, Sargent JR (2002) Origins of long-chain polyunsaturated
fatty acids in the hydrothermal vent worms Ridgea piscesae and
Protis hydrothermica. Mar Ecol Prog Ser 225:219-226. doi:
10.3354/meps225219

Pranal V, FialaMedioni A, Guezennec J (1996) Fatty acid character-
istics in two symbiotic gastropods from a deep hydrothermal
vent of the west Pacific. Mar Ecol Prog Ser 142:175-184. doi:
10.3354/meps 142175

Proksch P, Edrada RA, Ebel R (2002) Drugs from the seas—current
status and microbiological implications. Appl Microbiol Biot
59:125-134. doi:10.1007/s00253-002-1006-8

Reynolds ES (1963) The use of lead citrate at high pH as an electron-
opaque stain in electron microscopy. J Cell Biol 17:208-212

Rezanka T, Sigler K (2009) Odd-numbered very-long-chain fatty
acids from the microbial, animal and plant kingdoms. Prog Lipid
Res 48:206-238. doi:10.1016/j.plipres.2009.03.003

Prog Ser

@ Springer


http://dx.doi.org/10.1016/S0065-2881(03)46005-7
http://dx.doi.org/10.1016/S0009-3084(03)00020-3
http://dx.doi.org/10.1016/S0009-3084(03)00020-3
http://dx.doi.org/10.1038/nrmicro1992
http://dx.doi.org/10.1007/s00227-009-1232-z
http://dx.doi.org/10.1038/cdd.2008.168
http://dx.doi.org/10.1021/np068026c
http://dx.doi.org/10.1371/journal.pone.0011808
http://dx.doi.org/10.1016/S1095-6433(99)00006-9
http://dx.doi.org/10.1111/j.1462-2920.2005.00824.x
http://dx.doi.org/10.1007/BF00349231
http://dx.doi.org/10.1007/BF00349231
http://dx.doi.org/10.1007/s00227-003-1285-3
http://dx.doi.org/10.1007/s00227-003-1285-3
http://dx.doi.org/10.1016/j.jembe.2004.12.025
http://dx.doi.org/10.1016/j.jembe.2004.12.025
http://dx.doi.org/10.1016/S0304-4203(98)00013-9
http://dx.doi.org/10.1016/S0304-4203(98)00013-9
http://dx.doi.org/10.3354/meps120231
http://dx.doi.org/10.1007/s002270050483
http://dx.doi.org/10.1007/s002270050483
http://dx.doi.org/10.1023/A:1020745810968
http://dx.doi.org/10.1023/A:1020745810968
http://dx.doi.org/10.1098/rspb.2005.3082
http://dx.doi.org/10.3354/meps327183
http://dx.doi.org/10.3354/meps327183
http://dx.doi.org/10.1017/S0025315499001885
http://dx.doi.org/10.3354/meps200049
http://dx.doi.org/10.1038/nature04793
http://dx.doi.org/10.1039/b310175b
http://dx.doi.org/10.3354/meps157221
http://dx.doi.org/10.3354/meps225219
http://dx.doi.org/10.3354/meps142175
http://dx.doi.org/10.1007/s00253-002-1006-8
http://dx.doi.org/10.1016/j.plipres.2009.03.003

1794

Mar Biol (2012) 159:1783-1794

Rieley G, Van Dover CL, Hedrick DB, Eglinton G (1999) Trophic
ecology of Rimicaris exoculata: a combined lipid abundance
stable isotope approach. Mar Biol 133:495-499. doi:10.1007/
5002270050489

Rodkina SA, Latyshev NA, Imbs AB (2003) Fatty acids from the Sea
of Japan sponge Halichondria panacea. Russ J Bioorg Chem
29:382-386

Saffo MB (1992) Invertebrates in endosymbiotic associations. Amer
Zool 32:557-565

Saito H, Hashimoto J (2010) Characteristics of the fatty acid
composition of a deep-sea vent gastropod, Ifremeria nautilei.
Lipids 45:537-548. doi:10.1007/s11745-010-3436-x

Schmidt EW, Donia MS (2010) Life in cellulose houses: symbiotic
bacterial biosynthesis of ascidian drugs and drug leads. Curr
Opin Biotech 21:827-833. doi:10.1016/j.copbio.2010.10.006

Silina AV, Zhukova NV (2007) Growth variability and feeding of
scallop Patinopecten yessoensis on different bottom sediments:
evidence from fatty acid analysis. J Exp Mar Biol Ecol
348:46-59. doi:10.1016/j.jembe.2007.03.018

Stewart FJ, Cavanaugh CM (2006) Bacterial endosymbioses in
Solemya (Mollusca: Bivalvia)—model systems for studies of
symbiont-host adaptation. Anton Leeuw Int J G 90:343-360. doi:
10.1007/s10482-006-9086-6

@ Springer

Stimpson W (1855) Descriptions of some of the new marine
Invertebrata from the Japanese and Chinese Seas. Proc Acad
Nat Sci Phila 7:375-384

Wigele H, Ballesteros M, Avila C (2006) Defensive glandular
structures in Opisthobranch molluscs—from histology to ecol-
ogy. Oceanogr Mar Biol 44:197-276

Wilkinson CR, Garrone R, Vacelet J (1984) Marine sponges
discriminate between food bacteria and bacterial symbionts:
electron microscope radioautography and in situ evidence. Proc
R Soc B Biol Sci 220:519-528

Xu PN, Distel DL (2004) Purification and characterization of an
endo-1,4-beta-D glucanase from the cellulolytic system of the
wood-boring marine mollusk Lyrodus pedicellatus (Bivalvia:
Teredinidae). Mar Biol 144:947-953. doi:10.1007/s00227-003-
1251-0

Zhukova NV (2007) Lipid classes and fatty acid composition of the
tropical nudibranch mollusks Chromodoris sp. and Phyllidia
coelestis. Lipids 42:1169-1175. doi:10.1007/s11745-007-3123-8

Zhukova NV, Kharlamenko VI, Svetashev VI, Rodionov IA (1992)
Fatty-acids as markers of bacterial symbionts of marine bivalve
mollusks. J Exp Mar Biol Ecol 162:253-263. doi:10.1016/0022-
0981(92)90205-0


http://dx.doi.org/10.1007/s002270050489
http://dx.doi.org/10.1007/s002270050489
http://dx.doi.org/10.1007/s11745-010-3436-x
http://dx.doi.org/10.1016/j.copbio.2010.10.006
http://dx.doi.org/10.1016/j.jembe.2007.03.018
http://dx.doi.org/10.1007/s10482-006-9086-6
http://dx.doi.org/10.1007/s00227-003-1251-0
http://dx.doi.org/10.1007/s00227-003-1251-0
http://dx.doi.org/10.1007/s11745-007-3123-8
http://dx.doi.org/10.1016/0022-0981(92)90205-O
http://dx.doi.org/10.1016/0022-0981(92)90205-O

	Symbiotic bacteria in the nudibranch mollusk Dendrodoris nigra: fatty acid composition and ultrastructure analysis
	Abstract
	Introduction
	Materials and methods
	Site and samples
	Lipid analysis
	Microscopy
	Statistical analysis

	Results
	Fatty acid analysis
	Microscopic analysis

	Discussion
	Acknowledgments
	References


