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Abstract

Vestimentiferan tubeworms are marine invertebrates that inhabit chemosynthetic environments, and although recent
molecular phylogenetic analyses have suggested that vestimentiferan tubeworms are derived from polychaete annelids,
they show some morphological features that are different from other polychaetes. For example, vestimentiferans lack a
digestive tract and have less body segments and comparative neuroanatomy can provide essential insight into the
vestimentiferan body plan and its evolution. In the present study, we investigated the adult nervous system in the
vestimentiferan Lamellibrachia satsuma using antibodies against synapsin, serotonin, FMRMamide and acetylated o-tubulin.
We also examined the expressions of neural marker genes, elav and synaptotagmin to reveal the distribution of neuronal cell
bodies. Brain anatomy shows simple organization in Lamellibrachia compared to other polychaetes. This simplification is
probably due to the loss of the digestive tract, passing through the body between the brain and the subesophageal
ganglion. In contrast, the ventral nerve cord shows a repeated organizational structure as in the other polychaetes, despite
the absence of the multiple segmentation of the trunk. These results suggest that the brain anatomy is variable depending
on the function and the condition of surrounding tissues, and that the formation of the rope ladder-like nervous system of
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the ventral nerve cord is independent from segmentation in polychaetes.
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Introduction

Vestimentiferan tubeworms are marine invertebrates that live in
chemosynthetic environments such as hydrothermal vents and
hydrocarbon seeps. They have a unique body plan as they lack a
digestive system, including a mouth and anus. Instead of the
typical digestive system, they harbor symbiotic chemoautotrophic
bacteria in an internal organ, the trophosome, and derive their
metabolic needs from these bacteria [1,2] (and reviewed in [3]).
The body of vestimentiferan tubeworms consists of four regions:
the tentacular region, the vestimental region, the trunk, and the
opisthosome. The opisthosome is the only multi-segmented region.
Due to the unique morphological features of vestimentiferans, they
were previously classified into the independent phylum Vestimen-
tifera [4]. Although the phylogenetic position of vestimentiferans
has been controversial for a long time [5,6], recent morphological
and molecular phylogenies have strongly supported that they are
modified polychaetes and they have subsequently been assigned to
the family Siboglinidae together with franulates, moniliferans and
Osedax [7—15]. Their unique morphological features have
fascinated scientists: however, our knowledge of the body plan of
vestimentiferans and its origin is limited, largely because of poor
accessibility to specimens for examination.

Study of the neuroanatomy provides a better understanding of the
evolution of the animal body plan (e.g., [16]). The nervous system of
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polychaetes has been well studied [17—20] and consists of the brain,
the ventral nerve cord, and the peripheral nervous system. The brain
and the ventral nerve cord are connected through the circumesopha-
geal connectives, and the ventral nerve cord shows a rope ladder-like
organization that reflects the segmented body plan. This plan is highly
conserved among polychaetes, although minor modifications occur in
some taxa. Compared to the other polychaetes, observations of the
vestimentiferan nervous system have been limited to histological and
ultrathin sectioning [21—24]. In the present study, we examined the
neuroanatomy of Lamellibrachia  satsuma Miura, Tsukahara and
Hashimoto, 1997 (Figure 1) by immunohistochemistry and i situ
hybridization of nervous system markers to elucidate how the loss of the
digestive system and body segments affects the organization of the
nervous system. We found that its brain anatomy is distinct from other
polychaetes, whereas the ventral nerve cord consists of a rope ladder-
like organization with repeated ganglia. This result suggests that the
rope ladder-like ventral nerve cord is independent from the
segmentation.

Results

Brain
The brain of L. satsuma 1s situated at the ventroanterior position
in the vestimentum where the diverged ventral nerve cord meets at
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Figure 1. Anatomical overview of L. satsuma. A: Colony of L.
satsuma attached on a whale bone in an aquarium. B: A worm removed
from a tube shows four body regions. C: Dorsal (upper) and ventral
(lower) views. Scale bar: B: 1 mm. ob, obturaculum; op, opisthosome;
ten, tentacular region; tr, trunk; vcf, ventral ciliated field; ves,
vestimental region; vg, vestimental groove.
doi:10.1371/journal.pone.0055151.g001

the ventral midline (Figure 2A-C). Anti-SYNORF1 immunore-
activity showed that neuropils are present bilaterally in the brain
(Figure 2D). The two SYNORF1 positive signals, which are
probably the commissures, connect the neuropils at the midline of
the brain (Figure 2D, I). Serotonergic neurons are located on the
ventrolateral side of the brain (Figure 2E, F). The three-
dimensional reconstructions of the brain showed that the neuropils
of the brain are thickened dorsally, whereas the ventral nerve cord
runs just under the ventral epidermis (Figure 2G—I). To reveal the
distribution of the cell bodies of the neurons, we examined the
expression patterns of two neural marker genes, syt and elav. The
expressions of these marker genes were detected in the brain and
in the ventral nerve cord (Figure 2J, K). The cross section of the
brain showed that neurons are present just under the thickened
epidermal cells (Figure 2L). The expressions of syt and elav were
also detected in the laterally and dorsally encapsulated neuropils of
the brain (Figure 2L). The expressions of neuron marker genes
evenly covered the neuropil and no distinct cluster of neurons,
such as a mushroom body, was found in the brain. The cell bodies
and neuropils of the brain were observed by hematoxylin and
cosin (HE) staining (Figure 2M—O). Eosin stained neuropils are
covered by hematoxylin-stained cell bodies.

Ventral nerve cord

Anti-acetylated tubulin and anti-serotonin immunoreactivities
showed that the ventral nerve cord, which runs through the
ventral midline of the trunk and the opisthosome, is continuous
from the brain (Figure 2A-C). In the vestimental region, the
ventral nerve cord is separated into two rows and each row runs
along the lateral boundary of the ventral ciliated field (Figure 3A-
Q). The expression of syt indicated neural cell bodies located on the
lateral side of the giant axon, a distinct tubular structure in the
vestimentiferan nervous system (Figure 3D). In addition to syt, elav
was also expressed on the lateral side of the giant axon (data not
shown). Neurons project axons to the dorsal side of the giant axon
(Figure 3A-C, asterisks). Serotonergic and FMRFamidergic
neurons are present in the ventral nerve cord of the vestimental
region (Figure 3E, I).
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In the posterior end of the vestimental region, two nerve cords
meet at the ventral midline and merge to form a single nerve cord
(Figure 4A—C), as previously observed [17]. In the anterior part of
the trunk, the ventral nerve cord shows a repeated organizational
structure, whereas no segmentation occurs in the trunk (Figure 4D—
F). Ganglion-like cell masses and anti-acetylated tubulin immu-
noreactivity were repeatedly found, and axons projected laterally
from each cell mass. Commissure neurons connecting each side of
the nerve cord were also found (Figure 4D, arrowheads). The
expression pattern of ¢/av was metameric (Figure 4G), as was the syt
expression (data not shown). These findings show that the ventral
nerve cord of L satsuma is essentially a rope ladder-like nervous
system, as found in other annelids. The expressions of neuron
marker genes and cross sections of anti-acetylated tubulin and
serotonin immunoreactivities showed that cell bodies of neurons
are located on the ventrolateral sides of the ventral nerve cord, and
axons run along the dorsomedial parts of the ventral nerve cord
(Figure 4I-M). The is the single giant axon occurs in the middle of
the nerve cord (Figure 4I, J, asterisks). The ganglionic and
interganglionic regions were detected by histological staining.
Sections at the level of the ganglion showed a pair of cell masses
(Figure 4N, O). In contrast, no such cell masses were observed at
the level of the interganglionic regions, and cells showed a
scattered distribution (Figure 4P, Q).

The ventral nerve cord extends to the posterior end of the
opisthosome (Figure 4R-U). In the opisthosome, serotonergic
neurons project their axons laterally along the segments
(Figure 4R, T). The expression of syt showed that cell bodies of
neurons located on the lateral sides of the cord and the giant axon
are not present in this region (Figure 4U). As previously described
in Lamellibrachia barhami [25], the ventral nerve cord in L. satsuma is
an intraepidermal nerve extending from the vestimental region to
the opisthosome (Figures 3, 4).

Dorsal nerve cord

We found anti-acetylated tubulin and anti-serotonin immuno-
reactivities in the dorsal midline and consider it a dorsal nerve
cord. The dorsal nerve cord starts in the anterior one-third of the
vestimentum and extends to the end of the opisthosome at the
dorsal midline (Figure 5). At the anterior end, the dorsal nerve
cord divides into several branches (Figure 5A, B). We could not
observe any connection between the dorsal nerve cord and the
brain. Immunoreactivity of the anti-serotonin antibody showed
that the dorsal nerve cord consists of serotonergic neurons
(Figure 5C—H). We could not detect any repeated structure in
the dorsal nerve cord. No expression of the neuron marker genes
was detected in the dorsal nerve cord (data not shown). In the
vestimentum, the dorsal nerve cord was not detected by
histological staining (Figure 51, J) due to the very thin fibrous
nature of the cord. In the trunk, the dorsal nerve cord was detected
as a thin intraepidermal nerve (Figure 5K, L).

Sensory structure around the pyriform gland

We found sensory structures in the trunk region. Anti-acetylated
tubulin immunoreactivities were observed on the lateral surface of
the trunk (Figure 6A). A double stain with DAPI showed that cell
masses are present within the anti-acetylated tubulin immunore-
active cells (Figure 6B, C). SEM observation indicated that the
pyriform glands are distributed in the same manner (Figure 6D,
arrowheads) (i.e., the anti-acetylated tubulin immunoreactive cell
mass is the pyriform gland). The gland has a pore at the center
with two cilia beside the pore (Figure 6E, F, arrowheads and
arrows). The pyriform gland is a bottle-shaped and secretion cells
with prominent vacuoles are located at the bottom of the hole
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Figure 2. Brain and ventral nerve cord of the tentacular and vestimental regions in L. satsuma. A-C: Z-projection images of anti-SYNORF1
and anti-serotonin immunoreactivities showing Anti-SYNORF1 positive neuropils and serotonergic neurons of the brain and the ventral nerve cord.
D-F: Z-projection images of anti-SYNORF1 and anti-serotonin immunoreactivities at the anterior end of the central nervous system. A pair of
prominent neuropils is connected through the anterior (arrows) and posterior (arrowheads) connectives. G-I: Three-dimensional reconstructions of
the central nervous system. Ventrolateral view (G) and dorsolateral view (H) views show that anti-SYNORF1 positive neuropils in the brain are
thickened dorsally. Serotonergic neurons are located on the ventral and lateral sides of the anti-SYNORF1 positive neuropils. I: Dorsal view of the
brain: anterior is up. The anterior (arrows) and posterior (arrowheads) anti-SYNORF1 positive signals connect a pair of neuropils. J, K: Expression
patterns of elav (J) and syt (K) showing the distribution of neural cell bodies. L: Section through the posterior end of the brain neuropils. Dorsal is up.
Double stain of syt (brown) and elav (yellow) shows the overlapped expression patterns of these neuron marker genes. The neuropils are
encapsulated by neurons. M—0: Cross sections of brain. Positions are shown in D. The cell bodies cover the neuropils. Scale bars: 100 um. br, brain;
vcf, ventral ciliated field.

doi:10.1371/journal.pone.0055151.g002
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Figure 3. Ventral and dorsal nerve cords in the vestimental region. A-C, E: Anti-acetylated tubulin and anti-serotonin immunoreactivities.
Serotonergic neural cell bodies are located on the lateral side of the giant axon (asterisks), and they project their axons medially (arrows). Anti-
serotonin immunoreactivity was found in the dorsal nerve cords (arrowheads). D: Expression of syt was detected in the ventral nerve cord. F: Double-
stain against anti-acetylated tubulin (green) and anti-FMRFamide (magenta) antibodies shows the presence of FMRFamidergic neurons in the ventral
nerve cord. Scale bars =100 um. vcf, ventral ciliated field; vg, vestimental groove.

doi:10.1371/journal.pone.0055151.g003

(Figure 6G). Two anti-acetylated tubulin immunoreactive cells are
found in the each gland (Figure 6H-J). These observations
demonstrated that the pyriform gland has sensory cilia, which may
be related to the secretory function of the gland.

Discussion

The neuroanatomy of L. satsuma was examined in detail by
immunohistochemistry and  situ hybridization. We found that the
brain anatomy of L. satsuma is dramatically different from that of
other polychaetes. The modification reflects the evolutionary
changes in the head morphology of L. satsuma. In polychaetes with
a distinct digestive tract, the anterior part of the central nervous
system consists of the brain, or supraesophageal ganglion, and the
subesophageal ganglion [17,18]. These two prominent ganglia are
connected by circumesophageal connectives, which encircle the
esophagus. In contrast, vestimentiferan tubeworms have lost their
digestive tract. Previous studies have shown that vestimentiferans
have a functional digestive tract in their early developmental stage
[26]. The digestive tract degenerates during metamorphosis, and a
remnant passes through the brain [26]. This extensive modifica-
tion of the head structure may affect the anatomy of the brain of
vestimentiferans. The brain of L. satsuma is located on the ventral
side, whereas those of the other polychaetes are on the dorsal side.
We could not find distinct structures of the brain, subesophageal
ganglion and circumesophageal connectives, which seem to fuse
into one large ganglion called the brain in this paper. To
understand how the head structures evolved, we must compare the
development and expression patterns of marker genes for each
tissue and the brain domains in vestimentiferans with those of the
other polychaetes. The typical polychaete brain consists of several
ganglia [17], the most prominent one being the central ganglion
located along the anterior midline of the brain. The dorsal and
commissural ganglia are found in most of the taxa [17]. Antibody
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staining and expression patterns of neuron marker genes showed
that neurons cover the neuropils equally rather than forming
clusters in L. satsuma. Only small masses of neurons at the basal
parts of the tentacles are found in the L. satsuma brain. We did not
observe a mushroom body in the brain, which is a notable
structure in vagile polychaetes [27—30]. The simple structure of
the L. satsuma brain is probably due to the sessile lifestyle of this
worm. These types of reduction in neuroanatomical complexity
have also been observed in sedentary polychaetes [27]. Similar
regressive evolution of the nervous system has been observed in
sessile, semi-sessile, and parasitic animals whose life environment
and mobility are simplified [31,32].

The ventral nerve cord of L. satsuma shows repeated organiza-
tion as in other polychaetes, despite the absence of the repeated
segments in the trunk region. The presence of a rope ladder-like
ventral nerve cord has been regarded as the plesiomorphic
condition for annelids [18]. Although the basic organization of the
rope ladder-like system 1is conserved, recent reports have
demonstrated a great diversity in the neuroanatomy of the ventral
nerve cord [17,18]. Some taxa have numerous commissures per
segment, with some having up to five longitudinal nerve cords.
Despite the diversity of the ventral nerve cords, the correlation
between the repeated organization of the ventral nerve cord and
the segmented body is conserved. The repeating pattern in the
ventral nerve cord of L. satsuma suggests that the presence of
independent mechanisms for the formation of the patterned
nervous system and that of the body segments. This hypothesis is
also supported by the presence of the repeated organization of the
ventral nerve cord in annelids without distinct body segments,
such as echiurans and myzostomid polychaetes [33,34]. Repeated
patterns of the nervous system are also observed in the
neurogenesis of sipunculus [35]. These findings indicate that the
repeated organization is a primitive state and a robust system that
1s retained even with the loss of segmentation.
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Figure 4. Ventral nerve cord in L. satsuma. A-C: Double stain against SYNORF1 (green) and anti-serotonin (magenta) immunoreactivities from
the posterior end of the vestimental region to the anterior end of the trunk shows localizations of neuropil and serotonergic neurons of the ventral
nerve cord. D-F: Double stain with anti-acetylated tubulin (green) and DAPI (blue) of the anterior part of the ventral nerve cord in the trunk shows
the metameric organization of the nerve cord. The anterior is shown on the left. Yellow arrowheads indicate commissures. G: Ventral view of whole-
mount image of elav expression showing the repeated pattern of neurons (arrowheads). The anterior is on the left. H-J: Sectioned images of syt (H, I)
and elav (J) expressions. Neurons are located on the lateral side of the ventral nerve cord. Asterisks indicate the position of giant axon. K—N: Sections
of the ventral nerve cord at positions of ganglia (K, L) and of inter ganglia (M, N) O-Q: Anti-acetylated tubulin (green) and anti-serotonin (magenta)
immunoreactivities in a cross section of the ventral nerve cord show ventrally located serotonergic neurons and dorsally located axons. R-T: Double
stain against SYNORF1 (green) and anti-serotonin (magenta) immunoreactivities in the opisthosome shows that the localization of serotonergic
neurons in the ventral nervous system of the opisthosome. U: Cross section of the opisthosome shows syt expression in the ventral nerve cord. Scale
bars: A-H, O-T =100 um; I=N, Q=50 um.

doi:10.1371/journal.pone.0055151.g004

PLOS ONE | www.plosone.org 5 January 2013 | Volume 8 | Issue 1 | 55151



Neuroanatomy of Lamellibrachia

Ace-Tu

Figure 5. Dorsal nerve cord in L. satsuma. A, B: Immunoreactivities against anti-acetylated tubulin antibody show that the dorsal nerve cord is
continuous from the vestimental region to the trunk. The cord branches in the anterior half of the vestimental region. C-H: Double stain against anti-
acetylated tubulin (green) and anti-serotonin (magenta) antibodies shows that the dorsal nerve cord of the trunk is a serotonergic and non-
metameric cord. C-E: Confocal laser scanning microscopy of the whole animal. F-H: Cross section of the trunk. I, J: Cross section of the
vestimentum. No axon of the dorsal nerve cord was detected by HE staining. K, L: Cross section of the trunk showing the thin fiber of the dorsal

nerve cord. Scale bars: A, B =200 um; C-H =100 um; I-L =50 um.
doi:10.1371/journal.pone.0055151.g005

In addition to the brain and the ventral nerve cord, we found
the longitudinal nerve cord at the dorsal midline, 1.e., the dorsal
nerve cord. The presence of the peripheral longitudinal nerves is
common in polychaetes (reviewed in [17]). The position and
number of the peripheral longitudinal nerves vary among species.
The longitudinal nerves were found ventrolaterally, laterally, and
dorsally in larvae as well as in adults [17]. In L. satsuma, we found a
single cord along the dorsal midline. Unlike the ventral nerve cord,
we could not find a perikaryon in the dorsal nerve cord. In
addition the present method detected no connection between the
dorsal nerve cord and the brain. To understand the function of the
dorsal nerve cord, further studies on the position and distribution
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of cell bodies, and the identification of neural cell types and
innervation patterns is necessary. In addition, to elucidate the
evolution of the dorsal nerve cord, detailed comparisons of the
development and function of peripheral longitudinal nerves in
annelids are desirable.

Miiller hypothesized that the ground pattern of the annelid
nervous system as follows [18]: “(1) primarily paired circumeso-
phageal connectives with similar dorsal and ventral roots with
corresponding roots interconnected via 1 dorsal and 1 ventral
commissure (4 cercbral commissures); (2) a ventral nerve cord with
primarily 5 connectives: 1 unpaired medial and paired parame-
dian and paired main connectives; (3) numerous commissures per
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Figure 6. Peripheral sensory neurons in the trunk. A-C: Immunoreactivity against anti-acetylated tubulin antibody (green) and DAPI staining
(blue) of the posterior part of the trunk shows the immunoreactive cell masses on the lateral side of the trunk. D: SEM images of the lateral side of the
trunk showing the number of pyriform glands in the trunk (arrowheads). E, F: High-magnification images of a pyriform gland show a pore of the
gland (arrowhead) and two cilia near the pore (arrows). G: A HE-stained section of a pyriform gland. Arrowhead indicates a pore of the gland. H-J:
Anti-acetylated tubulin immunoreactivity for a cross-section of the pyriform gland showing two immunoreactive cells (arrows) near the pore of the

gland (arrowhead). Scale bars: A-D =200 um; E=10 um; F=1 um; G=50 um; H-J =20 um. vnc, ventral nerve cord.

doi:10.1371/journal.pone.0055151.g006

segment; (4) numerous segmental nerves per segment; (5) a
peripheral nervous system with several nerves that, apart form the
dorsomedian one, occur in pairs’. Based on the hypothesis,
vestimentiferans have many evolutionary modifications. The
anatomy of the anterior central nervous system is dramatically
modified as discussed above. In addition, L. satsuma has two main
connectives for the ventral nerve cord and the single dorsal nerve
cord. They have a single commissure per ganglion. However, it is
difficult to evaluate the number of commissures because the trunk
of vestimentiferans is not multi-segmented. To elucidate the
evolutionary origin of the nervous system and the body plan of
vestimentiferans, comparative morphological and developmental
biological approaches based on dependable phylogenetic relation-
ships are necessary. A phylogenomic analysis showed that
siboglinid polychaetes are derived from sedentarian polychaetes
[36]. Among sedentarians, even though the placement of
siboglinids is still debated, some reports suggest that siboglinids
are likely affiliated with the oweniid polychaetes [37,38].
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Siboglinids and oweniids share a neuroanatomical feature wherein
the ventral nerve cords of both taxa are an intraepidermal nerve
cord [39]. Another report favored Sabellida as their sister taxon
[40]. Based on the morphological and molecular data, frenulates
are a basal group among siboglinids, and vestimentiferans and
moniliferans form the crown group as sister taxa [14,41—43].
Molecular data suggest that Osedax falls between frenulates and the
vestimentiferan/moniliferan clade [8]. Comparative approaches
between the present data and future studies of the neuroanatomy
and neurogenesis of siboglinids and sabellimorphs should provide
essential information on the evolution of this group. In addition,
the present study on the neuroanatomy of adult vestimentiferans
provides fundamental information for further studies on the
function and physiology of the vestimentiferan nervous system.
These studies should elucidate how these animals have adapted to
living in extreme environments such as hydrothermal vents and
seeps.
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Materials and Methods

Animals

Lamellibrachia satsuma specimens attached to a whale vertebra
were collected from a depth of 101 m in Kagoshima Bay and
maintained in a laboratory as previously described [44]. For the
following experiments, we wused small individuals woth a
vestimentum less than 1 cm in length. For each experiment, we
observed at least three individuals.

Immunohistochemistry

For immunohistochemistry, the animals were fixed with 4%
paraformaldehyde (PFA) in MOPS bufter (0.1 M 3-(N-morpho-
lino) propanesulfonic acid, 0.5 M NaCl) at room temperature (RT)
for 30 min, then rinsed twice in phosphate-buffered saline (PBS;
0.1 M, pH 7.4). Animals were stored in PBS containing 0.1%
NaNj in a refrigerator. Both whole body animals and frozen
sectioned specimens (10 um in thickness) were stained as follows.
Specimens were incubated in the primary antibodies acetylated
alpha tubulin (Sigma, T6793), 3C11 (Developmental Studies
Hybridoma Bank, SYNORFI), 5-HT (Sigma, S5545), and
FMRFamide (Immunostar, 20091), and then diluted 1/200 in
PBST (PBS containing 0.1% Tween 20) overnight at 4°C. After
rinsing three times in PBST, samples were incubated with
secondary antibodies labeled with Alexa 488, Alexa 568 (Molec-
ular Probes, A11017 and A11036), and peroxidase (Sigma, A9917)
diluted 17200 in PBST for 1 h at RT. Samples were rinsed three
times in PBST, mounted on slides in 50% glycerol in PBS, and
observed under a confocal laser scanning microscope or a
fluorescent microscope. For the peroxidase-conjugated secondary
antibody, the chromogenic reaction was performed with 3,3'-
diaminobenzidine (DAB) substrate.

In situ hybridization

Animals were fixed with 4% PFA/MOPS buffer at 4°C for
overnight and stored in 80% ethanol at —20°C. As for the same as
antibody staining, whole animals and frozen sectioned (10 pm in
thickness) samples were stained. After rehydration and three
washes in PBST, samples were digested with 2 pg/mL Proteinase
K/PBST for 15 min at 37°C. Following a brief wash with PBST,
the samples were post-fixed in 4% PFA/PBST for 20 min at RT.
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After three washes in PBST, the samples were incubated in
hybridization buffer (50% formamide, 5x SSC, 5x Denhardt’s,
100 pg/mL yeast RNA, 0.1% Tween 20) for 1 h at 60°C and
hybridized with DIG-labeled RNA probes at 60°C for at least
16 h. Excess probes were removed by washing the samples in 50%
formamide, 2x SSC and 0.1% Tween 20 for 1 h; twice in 2x SSC
and 0.1% Tween 20 for 30 min; and twice in 0.2 x SSC and 0.1%
Tween 20 for 30 min. Then the samples were incubated with a
0.5% blocking reagent in PBST for 1 h at RT. After blocking,
embryos were incubated with alkaline phosphate-conjugated anti-
DIG antibodies, and positive immunoreactions were visualized
using nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phos-
phate (NBT/BCIP) solution (Roche). Then the samples were
mounted in 50% glycerol/PBST or benzyl alcohol/benzyl
benzoate and observed under a light microscope. The sequences
for the probes were submitted to DDB]J. Accession numbers of L.
satsuma genes are as follows: elav, AB715374; syt, AB715375.

Scanning electron microscopy

Animals were fixed with 2.5% glutaraldehyde in ASW (artificial
sea water) at 4°C. Samples were washed in ASW and post-fixed
with 2% OsO4/ASW for 2 h at 4°C. After several washes with
DW, samples were incubated with 1% aqueous tannic acid
(pH 6.8) for 1 h for conductive staining. The samples were again
washed with DW, treated with 1% OsO,/DW for 30 min and
washed with DW. The samples were dehydrated in a graded
ethanol series. After critical-point drying, the samples were coated
with osmium. The coated samples were observed with a scanning
electron microscope.
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