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INTRODUCTION

Soft tunic syndrome is an infectious disease of the
edible ascidian Halocynthia roretzi, causing mass
mortality in aquaculture in Korea and Japan (e.g.
Jung et al. 2001). The pathogen, Azumiobodo hoya-
mushi, is a kinetoplastid and fulfills Koch’s postulates
as the etiological agent (Kumagai et al. 2010, 2011,
Hirose et al. 2012). Although the farming facilities in
Miyagi and Iwate Prefecture, Japan, were com-
pletely destroyed by the tsunami caused by the
Tohoku Region Pacific Coast Earthquake in 2011, A.
hoyamushi was detected in wild populations of ascid-
ians after the tsunami (Kumagai et al. 2013). There-

fore, the disease is a potential threat to the recon-
struction of ascidian aquaculture in Japan, and out-
breaks continue to be a problem in Korea. However,
many aspects of the infection remain unclear.

In diseased ascidians, A. hoyamushi is exclusively
found in the softened tunic (Kumagai et al. 2010,
2011). Where is the entrance for the kinetoplastids
into the tunic? It would be difficult to invade the
ascidian tunic from the tunic surface because the
cuticle covering the tunic matrix has a dense struc-
ture and can prevent microorganisms from invading
(reviewed in Burighel & Cloney 1997). Healthy indi-
viduals of H. roretzi possess a tough tunic covered
with thick cuticle, whereas the cuticle is thinner in
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diseased individuals (Hirose et al. 2009, Kitamura et
al. 2010). The tunic entirely covers the epidermis,
and only the edges of the tunic are present at the
junction of epidermis and siphon epithelium (epithe-
lium lining the inner wall of siphons) (e.g. Buen-
cuerpo 1988). Interestingly, we found that tunic soft-
ening first occurred around the siphons in the
infection tests (Kumagai et al. 2010), suggesting that
this region is the pathogen entry site. On the other
hand, only adults develop soft tunic syndrome, while
juveniles appear healthy in the same farming facili-
ties (Kumagai et al. 2010). The difference in suscepti-
bility between juveniles and adults is inconsistent
with the fact that the tunic cuticle of adults is much
thicker than that of juveniles.

In the present study, we confirmed that juveniles
did not become infected with A. hoyamushi, where as
adults showed the disease symptoms under the same
experimental conditions. We compared ultrastruc-
tures of the tunic lining the inner wall of the bran -
chial siphon between juveniles and adults to deter-
mine the entry site of the infectious kineto plastids.

MATERIALS AND METHODS

Infection test

Healthy Halocynthia roretzi were collected from a
farming site where the disease was not present. Their
approximate ages (based on the date of the natural
spat collection) were 0.8, 1.8, 2.8, and 3.8 yr old (see
Kumagai et al. 2010). The tunics of diseased indivi -
duals (2.5 yr old, n = 5) were cut into pieces (ca. 5 ×
1 cm, 80 g in total). The tunics pieces of 20 g each
were put into a polyethylene net (mesh size 7.5 ×
7.5 mm) and suspended in a 25 l aquarium containing
healthy individuals (n = 12 to 44). The aquarium was
supplied with running seawater (13 to 17°C). For a
control experiment, tunic pieces (20 g) from healthy
2.8 yr old individuals were suspended in another
aquarium. The ascidians were reared for 50 d with-
out feeding, and the number of individuals showing
disease symptoms was recorded.

Microscopy

Healthy juveniles (0.5 yr old) and adults (2.5 yr old
or older) were respectively collected from a farming
site and a natural habitat where the disease had not
occurred. The age of juveniles was determined based
on the date of the spat collection and those of adults

were estimated based on their sizes. The juveniles
were fixed in 2.5% glutaraldehyde, 0.45 M sucrose
and 0.1 M sodium cacodylate at pH 7.4. The
branchial siphons cut from adults were fixed in the
same fixative. The fixed specimens were rinsed with
0.1 M cacodylate–0.45 M sucrose, and post-fixed for
1.5 h in 1% osmium tetroxide–0.1 M cacodylate.
Then the specimens were dehydrated with ethanol,
cleared with n-butyl glycidyl ether, and embedded in
epoxy resin. Sections were made from 3 juvenile and
4 adult specimens: thick sections were stained with
toluidine blue for light microscopy and thin sections
were stained with uranyl acetate and lead citrate for
transmission electron microscopy using JEM-1011
(JEOL).

RESULTS

Susceptibility among age groups

None of the juvenile (0.8 yr old) individuals devel-
oped soft tunic syndrome, but all individuals of the
other age groups (i.e. 1.8, 2.8, and 3.8 yr old) showed
the disease symptoms within 38 d (Table 1). Tunic
softening was first observed at the tunic around
siphons.

Fine structures of the inner wall of the
branchial siphon

Adults. Fig. 1A−C shows the gross morphology of
the apical part of the branchial siphon. The epider-
mis covering the body bent at the rim of the siphon
onto the inner side of the siphon, and became contin-
uous with the epithelium lining the inner wall of the
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Tunic pieces Age group No. of No. of 
incubated (yr old) ind. diseased
with ascidians ind. (%)

Softened tunic 0.8 44 0 (0)
(diseased) 1.8 20 20 (100)

2.8 12 12 (100)
3.8 12 12 (100)

Healthy tunic 0.8 78 0 (0)
(control) 1.8 20 0 (0)

2.8 12 0 (0)
3.8 12 0 (0)

Table 1. Susceptibility to the infectious kinetoplastid Azu-
miobodo hoyamushi among age groups of the ascidian 

Halocynthia roretzi
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Fig. 1. Adult Halocynthia roretzi (2.5 yr old or older). (A) Schematic drawing of the branchial siphon. The rectangle is the ap-
proximate area shown in (D). (B) Section of the siphon wall (lumen at right). (C) Inner wall surface. (D) Histological section of
the inner wall. (E−H) Transmission electron microscopy. (E) Junction of the epidermis and siphon epithelium; the asterisk de-
notes the fold of siphon epithelium forming a cellular lip at the velum rim. (F) Enlargement of the junction (edge of tunic cuticle
appears to contact the epidermal cell). (G) Tunic on the inner wall covered with tunic cuticle. (H) Tunic on the inner wall with-
out tunic cuticle (fibrous tunic matrix is exposed to the siphon lumen). Arrows indicate the edge of tunic; arrowheads show
bacterial cells. cu, tunic cuticle; ed, epidermis; hc, hemocoel; ma, mantle in the siphon wall; mu, circular muscle in the 

mantle; se, siphon epithelium; tc, tunic cell; tu, tunic. Scale bars: (B−C) 1 mm, (D) 0.2 mm, (E) 5 µm, (F−H) 1 µm
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siphon, which is referred to as siphon epithelium in
this article. The tunic entirely covered the epidermis
and ended at the junction between the epidermis and
the siphon epithelium (arrows in Fig. 1). The junction
formed a horizontal line approx. 5 mm from the rim of
the siphon (Fig. 1A,C). In histological sections, the
circular muscles were well-developed in the siphon
mantle (Fig. 1D). The siphon epithelium made a fold
that formed the cellular lip at the velum rim. The
siphon epithelium and epidermis were joined near
the lip (Fig. 1E). Many tunic cells were distributed in
the tunic matrix. The tunic ended at the junction, and
the edge of the tunic cuticle appeared to contact the
epidermal cell membrane; there was no gap suffi-
cient for microorganisms to invade the tunic (Fig. 1F).
Nevertheless, bacterial cells were found in the tunic
around the junction in all adult specimens (arrow-
heads in Fig. 1F,G). Some parts of the tunic were not
covered with cuticle, and fibrous tunic matrix was
exposed in all specimens examined (Fig. 1H).

Juveniles. Juveniles were only a few millimeters in
length, and the siphons were 0.3 to 0.4 mm in diame-
ter (Fig. 2A). The tunic entirely covered the epider-
mis and joined with the siphon epithelium at the
velum rim on the inner wall of the siphon (Fig. 2B,C).
The tunic ended at the junction; the edge of the tunic
cuticle appeared to contact the epidermal cell mem-
brane (Fig. 2D). The cuticle surface was covered with
minute protrusions of about 0.1 µm in height (arrow-
heads in Fig. 2E). Tunic cuticle was always overlaid
on the tunic (Fig. 2F), and no bacterial cells were
found in the tunic matrix of any specimens examined.

DISCUSSION

Infection tests confirmed that the juveniles did not
become infected with Azumiobodo hoyamushi, while
the adults showed the disease symptoms under the
same experimental conditions. This result suggests
that there are differences in structures and physi -
ology associated with infection between adults and
juveniles. In experimental infection, tunic softening
was first observed on the tunic around siphons
(Kumagai et al. 2010), and thus we focused on struc-
tures of the inner wall of branchial siphons (particu-
larly on the edge of the tunic) in healthy juveniles
and adults.

The gross structure of the inner wall of branchial
siphons was the same in juvenile and adults: the epi-
dermis covered with tunic reached the siphon epithe-
lium at the velum rim, and the tunic ended at the
junction between the 2 cellular sheets. There was no

gap between the edge of the cuticle and the epider-
mal cell; hence, pathogens cannot enter the tunic via
this route. Unexpectedly, many bacteria were distri -
buted in the tunic around the junction in adult speci-
mens; bacterial cells were rarely found in the tunic
covering the body mantle in healthy adults (Hirose et
al. 2009). In contrast to the adults, there were no bac-
teria in the tunic of juvenile specimens. In adult spec-
imens, tunic cuticle did not cover the tunic matrix in
some parts of the tunic lining the inner wall of the
siphon. This could function as an entrance not only
for bacteria but also for A. hoyamushi into the tunic
matrix. The adults examined in this study were
healthy and showed no symptoms of the disease, but
they had damage on the inner tunic wall of the
siphon. In juvenile specimens, the tunic of the inner
wall was completely covered with tunic cuticle,
which is a dense structure able to prevent bacterial
and protist invasion. Accordingly, the difference in
susceptibility to A. hoyamushi between juveniles and
adults could be explained by the presence or absence
of damaged tunic on the inner wall of the siphon.
This is probably the major site for infection in adult
H. roretzi, which explains why the tunic is softened
first around the siphon.

It is unclear why the inner wall tunic is often dam-
aged in adults. Whereas the tunic on the body mantle
always has a thick cuticle layer in adults, the thick-
ness is quite variable (Hirose et al. 2009). The siphons
are elastic organs that open and close the apertures,
and muscles are well developed in the mantle of the
siphon in both adults and juveniles. Therefore, the
tunic cuticle of the inner tunic wall is probably thin to
retain elasticity. When the siphon contracts the circu-
lar muscles to tightly close the aperture, the tunics
lining the inner wall of the siphon rub strongly
against each other. Due to this action, the tunic cuti-
cle layers likely become damaged. In juveniles, the
entire tunic is thinner and more elastic than adults,
and the force required to close its small aperture
should be much lower than in adults. Accordingly,
the tunics lining the inner wall would not be as
 damaged.

In adult specimens, many tunic cells (as well as
bacterial cells) were distributed in the tunic around
the junction between epidermis and siphon epithe-
lium. Ascidians usually contain several types of tunic
cells that have various roles in the tunic (reviewed in
Hirose 2009). Among 6 types of tunic cells described
from H. roretzi (Hirose et al. 2009), many tunic cells
observed here were vacuolated tunic cells and tunic
phagocytes. They may have gathered in the tunic,
responding to the bacterial infection. Tunic phago-
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Fig. 2. Juvenile Halocynthia roretzi (0.5 yr old). (A) Two individuals are shown; each has 2 siphons (arrowheads). (B) Histolog-
ical section of branchial siphon. The rectangle in (B) is the approximate area shown in (C). (C) Histological section of velum
where the epidermis and siphon epithelium join. The rectangle in (C) is the approximate area shown in (D). (D−F) Transmis-
sion electron micrographs. (D) Junction of epidermis and siphon epithelium. (E) Enlargement of the junction (edge of tunic cu-
ticle appears to contact the epidermal cell; arrowheads indicate minute protrusions covering the cuticle surface). (F) Tunic on
the inner wall. No bacterial cells were found. Arrows indicate the edge of tunic. cu, tunic cuticle; ed, epidermis; hc, hemocoel;
ma, mantle in the siphon wall; mu, circular muscle in the mantle; se, siphon epithelium; tc, tunic cell; tu, tunic. Scale 

bars = (A) 1 mm, (B) 0.1 mm, (C) 20 µm, (D) 5 µm, (E−F) 1 µm
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cytes may endocytose the bacteria, while the func-
tions of vacuolated tunic cells remain unclear.

In Korea, mass mortality of Halocynthia roretzi due
to soft tunic syndrome has been a serious problem
since 1995 (Jung et al. 2001). The first record of this
disease in Japan was in 2007 from farming facilities
where Korean spat had been introduced (Kumagai et
al. 2011). After that time, the infected area gradually
expanded from the site where Korean spat was in -
troduced until the tsunami destroyed all farming
facilities in Miyagi and Iwate Prefectures in 2011.
The progress of the disease outbreak suggests that
A. hoyamushi was probably introduced to Japan
through the Korean spat, although the present re -
sults indicate that juveniles are not susceptible to
A. hoyamushi. It is possible that the spat of H. roretzi
is not the direct carrier of the pathogens, and A. hoy-
amushi may reside in the materials on which spat
attaches as a resting phase, such as a cyst. Jang et al.
(2012) reported the cyst-like form of A. hoyamushi in
the diseased tunic. It is important to understand the
infection process and life cycle of A. hoyamushi to
prevent expansion of this infectious disease.
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