THE INTERNATIONAL JOURNAL OF

Int. J. Dev. Biol. 52: 637-645 (2008)

DEVELOPMENTAL

BIOLOGY

doi: 10.1387/ijdb.072544yh

www.intjdevbiol.com

Allorecognition mechanisms during ascidian fertilization
YOSHITO HARADA and HITOSHI SAWADA*
Sugashima Marine Biological Laboratory, Graduate School of Science, Nagoya University, Sugashima, Toba, Japan

ABSTRACT Ascidians (primitive chordates) are hermaphroditic animals, releasing sperm and
eggs nearly simultaneously. But, many ascidians, including Ciona intestinalis and Halocynthia
roretzi, show self-sterility or preference for cross-fertilization rather than self-fertilization. The
molecular mechanisms underlying this allorecognition process are only poorly understood. We
recently identified the genes responsible for self-incompatibility in C. intestinalis by a positional
cloning: sperm-borne polycystin 1-like receptor, referred to as s-Themis, and its fibrinogen-like
ligand called v-Themis on the vitelline coat (VC) are highly polymorphic and appear to be
responsible for allorecognition in the fertilization of C. intestinalis. In H. roretzi, on the other hand,
we revealed that HrVC70, a 70-kDa main component of the VC consisting of 12 epidermal-growthfactor (EGF)-like repeats, is a candidate allorecognition protein, since the attachment of this
protein to the VC during oocyte maturation and its detachment by weak acid are closely linked to
the gain and the loss of self-sterility, respectively, and also since nonself-sperm rather than selfsperm efficiently bound to HrVC70-agarose. As a binding partner of HrVC70, a 35-kDa GPIanchored glycoprotein in sperm lipid rafts, referred to as HrUrabin, was identified: HrUrabin
appears to play a key role in allorecognizable sperm binding to HrVC70 during fertilization. In the
present review, we describe the current progress on the molecular bases of allorecognition, or
self-incompatibility, during ascidian fertilization, by considering the SI systems in another
organisms including fungies and flowering plants.
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Introduction
Self-incompatibility (SI) is observed in many hermaphroditic
organisms such as flowering plants. Ascidians (tunicates), invertebrate chordates, are all simultaneous hermaphrodites, many of
which exhibit self-sterility or preference for cross-fertilization
rather than self-fertilization. For studies on the SI system in
ascidians, two species belonging to different orders, Ciona
intestinalis (Phlebobranchia) and Halocynthia roretzi
(Stolidobranchia), have been studied in detail. (Members of the
third order, Aplousobranchia, all have internal fertilization, which
is much more difficult to study and have not been included here).
Although the actual process of self-sterility in these species
shows similar aspects, the molecular mechanisms may differ. For
example, self-sterility in H. roretzi is much more strict than in C.
intestinalis: Halocynthia, but not Ciona, shows no self-fertilization
even at high concentrations of sperm. In addition, self-fertile
individuals, or cross-sterile combinations of different animals, are
sometimes observed in C. intestinalis, which have never been
reported in H. roretzi. Therefore, the molecular mechanism of

allorecognition during fertilization is not necessarily conserved
among related species, since these changes would be a driving
force for speciation (Vieira and Miller, 2006). In the present
review, we will discuss the SI mechanisms during ascidian fertilization, mainly by focusing on C. intestinalis and H. roretzi.

Biological significance of self-incompatibility and its
responsible factors
The SI system typically involves a self/nonself-discrimination
process that requires two factors, a male-side and a female-side
recognition molecule, both of which are encoded by multiple
alleles. The recognition process is mediated by either self-recognition («homophilic» interaction) or nonself-recognition
(«heterophilic» interaction) between these molecules, and both
mechanisms have been reported previously (reviewed in Boehm,

Abbreviations used in this paper: EGF, epidermal growth factor; SI, selfincompatibility; VC, vitelline coat; ZP, zona pellucida.
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2006). In either case, the specific complementary relationship
between the male and female molecules must be maintained
through generations. This demands a strict co-segregation of
both factors. Indeed, a close physical linkage between male and
female factors appears to be a common key feature in the
previously characterized SI systems (Uyenoyama, 2005).
The SI is thought to be critical to maintain genetic diversity
within a species by preventing self-fertilization. However, C.
intestinalis may utilize another mechanism in addition to the SI
system to promote cross-fertilization; there is a slight difference in
the spawning time of sperm and eggs in C. intestinalis, which
causes the eggs to be exposed to heterologous sperm before
homologous sperm (Millar, 1953).

Thomas Hunt Morgan’s view of self-incompatibility in
ascidian fertilization
Interest in ascidian self-sterility dates back to the works of
Thomas Hunt Morgan as a young marine biologist, almost a
century ago (Morgan, 1910). His later work focused on the
genetics of Drosophila and achieved great success. However, in
later life, after moving to the Pacific coast, he went back to his
earlier love of marine invertebrates, handing over Drosophila
research to his colleagues. Toward the end of his life in 1945, he
published a series of papers on genetics in C. intestinalis (Morgan, 1939; 1942; 1944).
Morgan’s findings on self-sterility in Ciona are summarized as
follows. He found that the vitelline coat (VC) serves as a barrier
against self-fertilization and that the barrier is abolished by
treatment of the VC with acidic seawater or proteases (Morgan,
1939). Utilizing acid-induced self-fertilization, he raised a number
of batches of self-fertilized F1 siblings and examined crossfertility and -sterility among them (Morgan, 1942; 1944). Crosssterility is rarely observed in wild populations. But, cross-sterile
combinations are sometimes observed not only in self-fertilized
siblings but also in experimentally cross-fertilized siblings, suggesting that self-sterility is certainly genetically governed. Morgan
also discussed the number of SI loci involved (Morgan, 1942;
1944). If SI specificity is governed by a single SI locus, selffertilized F1 siblings should theoretically be categorized into only
three groups (i.e., two homozygotes and one heterozygote),
within which individuals show the same SI specificity. In fact, he
observed more than three types in SI specificity among selffertilized F1 siblings. Therefore, Morgan concluded that the genetic mechanism of SI in C. intestinalis is mediated by multiple
loci: he estimated that there might be six loci involved.
The self-fertilized individuals reared by Morgan contained a
considerable number of cross-sterile combinations, among which
he recognized two types of cross-sterility: bi-directional and oneway (Morgan, 1942; 1944). The frequent occurrence of one-way
cross-sterility seemed to be mysterious. Male and female factors
in SI loci were supposedly genetically linked; crossing over
between these SI genes would not occur, because such a crossover would disrupt the SI system after a few generations. Morgan
introduced a «haploid sperm hypothesis» to explain the occurrence of one-way cross-sterility (Fig. 1A; Morgan, 1942; 1944). He
proposed that self/nonself-discrimination takes place on the basis
of self-rejection, and SI specificity is determined by haploid
expression in sperm and diploid expression in eggs. According to

his hypothesis, a parent heterozygous at the SI locus (represented as A/a) produces two populations of sperm (A-expressing
and a-expressing sperm), either of which can fertilize both types
of homozygous eggs (A/A and a/a eggs). In contrast, sperm (Aexpressing and a-expressing sperm) from two types of homozygotes (A/A and a/a individuals) are sterile to heterozygous eggs
(A/a eggs), since heterozygous eggs (or VC) contain both types
of female SI gene products, either of which must be recognized by
sperm as self. Thus, one important conclusion could be made
from this hypothesis: once a one-way cross-sterile pair of individuals was found, a ‘female’ individual of the incompatible
combination should be a heterozygote at the responsible SI locus,
whereas a ‘male’ individual should be a homozygote.
In Morgan’s report in 1944, he discussed the issue of locus
number as follows. «Calculations show that, on the assumption of
haploid sperm, there would be expected too many reciprocal
steriles for less than six loci on the assumption that identicals are
alike in all their factors for self sterility. Six gives an expectation of
about 1 to 16. The data from acid selfed eggs give a ratio of 1 to
15, which is sufficiently near expectation for six loci. On the other
hand the assumption of diploid sperm and three loci gives a ratio
of about 1 to 18, which suffices to cover the data for the offspring
of acid selfed eggs.» Although he did not explicitly show a
mathematical basis of the above calculations in his paper, we
view it as shown in Fig. 1B. Morgan probably assumed a model
that is a simple expansion of the above mentioned «haploid sperm
scheme» to a multiple-locus system. As shown in Fig. 1B, the
ratios of «one type of homozygotes», «heterozygotes», and «the
other type of homozygotes» for each SI locus are expected to be
1:2:1 among the self-fertilized siblings, if there were no bias in
population viability. Hence, the occurrence of cross-sterility among
self-fertilized siblings under a single locus model is calculated to
be 10/16 (= 62.5%). If there were another SI locus working
synergistically with the first locus and if there were no hierarchical
relationships between these two loci, the occurrence of crosssterility would become a square of 10/16 (= 39%). When the six
loci system was assumed, the calculated number ((10/16)6 =
6.0%) comes close to the actual ratio of cross-sterile combinations among the acid-induced self-fertilized siblings (1/16 = 6.25%)
observed by Morgan. Likewise, in the diploid sperm system, the
occurrence of cross-sterility per one SI locus is 3/8, and a cube of
6/16 (= 5.2%) in the three-locus system is comparable with the
observed ratio. We do not know whether our speculation is
correct. But, if we understood correctly, there is no reason to
believe that Morgan’s estimation is reliable. Recently, Murabe
and Hoshi (2002) repeated Morgan’s self-fertilization experiments and obtained similar results, confirming that the SI system
is governed by a multiple locus system. However, they showed
that the observed ratio of cross-sterile combinations among
selfed siblings was as high as 47% (57/121) (Murabe and Hoshi,
2002), suggesting a smaller number of SI loci.

Biological studies on self-sterility in C. intestinalis
Self/nonself-recognition takes place in the interaction between
sperm and the VC, since removal of VCs results in the loss of selfsterility (Rosati and De Santis, 1978; Byrd and Lambert, 2000).
Sperm fertility is closely related to its capability to bind to the VC.
For the sperm binding assays in this species, glycerol-fixed eggs
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are widely used, because sperm is capable of binding to the VC
C. intestinalis and C. savignyi seems to be different from the
of glycerinated eggs without causing activation of the fixed eggs
barrier preventing self-fertilization, since the former, but not the
or sperm passage through the VC. In C. intestinalis, self-sperm do
latter, was found to be resistant to the acid-treatment (Byrd and
Lambert, 2000).
not bind as firmly to the glycerinated VC as nonself-sperm (Rosati
and De Santis, 1978; Kawamura et al., 1987; Murabe and Hoshi,
2002), indicating that this is a useful assay for self/nonselfMolecular basis of SI pathways mediating self- and
discrimination during fertilization.
nonself-recognitions
Self-sterility in this species seems to be unstable or not so
strict, since insemination by a high concentration of sperm often
It is currently believed that the self/nonself-discrimination procauses self-fertilization (see Murabe and Hoshi, 2002). Also,
cess is based on two different types of molecular interactions.
strictness of self-sterility in each individual appears to differ dayOne is a self-recognition, which is mediated by specific interacby-day (Kawamura et al., 1987) and different populations show
tions of two components that are encoded in the same allele. The
differences in the rate of self-fertility. Kawamura and his colother type involves the recognition between nonself-derived molleagues reported a detailed observation on the binding process
ecules, in which allorecognizable receptors are evolutionarily
between the VC and sperm in C. intestinalis (Kawamura et al.,
selected to interact with allo-ligands but ignore self-ligands.
1987). They found that not only nonself-sperm but also self-sperm
Among the previously characterized SI systems, flowering plants
could initially bind to the glycerinated VC, and
rotate the eggs by their flagellar movements.
A
However, such an egg rotation is terminated
within a few minutes in most cases, whereas
A/A
A/a
a/a
it is lasting for about thirty minutes in the case
of nonself-sperm (Kawamura et al., 1987).
A-sperm
A-sperm
a-sperm
Interestingly, C. savignyi, a close relative of
a-sperm
C. intestinalis, is reported to be self-fertile,
A/A
A/a
a/a
but self/nonself-discrimination still takes place
in this species: a longer time is required for
A-sperm a-sperm
A-sperm a-sperm
A-sperm a-sperm
self-fertilization than for cross-fertilization.
Sterile Fertile
Sterile Sterile
Fertile
Sterile
When the eggs of C. savignyi were inseminated by a mixture of self- and nonself-sperm,
cross-fertilization by nonself-sperm was exclusively observed, which was revealed by
using mutant strains (Jiang and Smith, 2005).
A/A
A/a
a/a
Therefore, a self/nonself-recognition system
appears to occur even in C. savignyi. A barSperm
rier against interspecies fertilization between
Egg
AA Aa aa

Fig. 1. Haploid sperm hypothesis for the SI
system in C. intestinalis. (A) Haploid sperm
hypothesis. (Upper panel) The double-lines beside
the animals represent the diploid hypothetical SI
gene. Each of the homozygous parents (represented as A/A or a/a) produces a haploid A-sperm
or a-sperm, whereas the heterozygous parent
produces two populations of sperm (A-sperm and
a-sperm). One-way cross-sterility is observed between sperm of the homozygous parent and egg
of the heterozygous parent (see text for details).
(Lower panel) Due to the presence of one-way
cross-sterile combinations, a cross-sterility pattern forms a crank-like shape. (B) Calculations of
the occurrence ratio of cross-sterile combinations
between artificially self-fertilized F1 siblings (see
text for details). (Left panels) Area of each combination is proportional to its theoretical occurrence
ratio. Note that the frequency of heterozygotes is
twice that of each homozygote. (Right panel) An
example of the multiple locus system. In the
three-locus system based on the haploid sperm
scheme, the cross-sterility pattern forms a «triplenested-crank-like» shape. Areas of the combinations are not proportional to the occurrence ratio.
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adopt the former strategy, whereas fungi adopt the latter strategy (reviewed in Boehm, 2006).
The self-recognition-based SI system is simple as depicted
in Fig. 2A. It only demands that each allele of the recognition
molecule recognizes a single partner encoded in the same
haplotype. In flowering plants, several distinct strategies for the
SI system have been reported (see review: Takayama and
Isogai, 2005). For example, in the Brassicaceae, pollen expresses SCR (S-locus cysteine-rich protein), a ligand for a
receptor kinase SRK (S-locus receptor kinase) that is located
on the stigma. Both genes are encoded in a multiallelic complex, S-locus, which is inherited as one segregating unit. The
specific interaction between SCR and SRK in the same haplotype triggers SRK activation and leads to the inhibition of selfpollen tube elongation in the stigma (Nasrallah, 2002, and this
issue). The molecular basis of receptor specificity for several
SCR variants has also been reported (Chookajorn et al., 2004).
On the other hand, the nonself-recognition-based SI system
is more complicated. It requires each allele to interact with all
the partners that are in different alleles. The mechanism of
mating-type determination in fungi such as mushrooms and
other Basidiomycetes, provides an example (Fig. 2B; Hiscock
et al., 1996; Casselton, 2002). Basidiomycetes employ hundreds to thousands of mating types. For successful mating,
compatible gametophytes must have different alleles at two
unlinked genetic loci (A and B), both of which have dozens of
alleles. Locus A encodes two structurally dissimilar
homeodomain transcription-factors. Locus B encodes tandemarrayed gene modules, each of which contains one pheromone
receptor and two pheromones. The products of locus A can only
heterodimerize with the products of a different allelic form of
locus A. Likewise, pheromones encoded by one B locus can
only interact with a receptor of another allele.
In the nonself-recognition-based SI system, one receptor
must usually recognize more than one ligand and vice versa. In
this case, locus B contains multiple redundant pheromone
genes in a single module, which seems to be easier for multiple

molecules to take partial charges in their interactions with
multiple binding partners than for one molecule to do the same
thing. The number of molecular interactions in the nonselfrecognition-based SI system is much higher than that in the
self-recognition-based SI system. Once a repertoire of molecules, among which comprehensive heterophilic interactions
are implemented, were established, a new allele would rarely
emerge. Indeed, it is supposed that the structural diversity in
pheromones and pheromone receptors naturally seen in the
Basidiomycete SI system may have reached a maximum
(Riquelme et al., 2005), suggesting very strong functional
constraints on the recognition molecules. Since the number of
feasible structural variations may be limited, locus B seems to
comprise multiple modules, each of which would have a limited
number of alleles, but combinations of which produce a larger
number of allele varieties (Riquelme et al., 2005).
Upon which mechanism is the SI system in C. intestinalis
based? Although sperm show higher affinity to nonself-sperm
than to self-sperm, genetic studies strongly support the selfrecognition model. Murabe and Hoshi cultivated siblings from
normal fertilization between two parental animals, one of which
is the same as the parent of self-fertilized siblings (Murabe and
Hoshi, 2002). They examined the frequency of occurrence of
one-way and bi-directional cross-sterile combinations within
and between the self-fertilized siblings and cross-fertilized F1

A

B

SI-linked Ligand

SI-linked Receptor

SI-linked Ligands
(Partially Redundant)

C
Fig. 2. Self- or nonself-recognition-based SI systems. (A) Schematic
diagram of the self-recognition-based SI system. The SI ligands only
need to interact with the cognate partners in the same haplotype. (B)
Nonself-recognition-based SI system. The ligands need to interact with
all the partners in different alleles, which dramatically increases the
number of molecular interactions. In nonself-recognition-based systems, an allele of the SI gene typically contains multiple gene copies,
which are partially functionally redundant. Such redundancy will help to
reduce the functional constraints to the recognition molecules (pale
arrows indicate examples of omissible interactions) and increase the
number of feasible alleles. (C) Cross-sterility within and among the selffertilized siblings (SS) and the cross-fertilized siblings (CS), one of whose
parents is the same as the parent of the SS (after Murabe and Hoshi,
2002). The SS contain homozygote animals, whereas the CS theoretically contains no homozygotes. The haploid sperm hypothesis predicts
that one-way cross-sterility only occurs between sperm of the homozygous parent and egg of the heterozygous parent, which is consistent
with that the one-way cross-sterility was observed only between the SS
sperm and SS/CS eggs. CS theoretically contains four heterozygous
genotypes, none of which match the three genotypes predicted in SS.
This is also consistent with CS sperm always fertile to SS egg and no oneway cross-sterility is observed within the CS.
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siblings. These results accorded well with the haploid sperm
system, which is based on the recognition of self (see Fig. 2C;
Murabe and Hoshi, 2002).

Proposed hypotheses on the SI mechanism in C.
intestinalis
In C. intestinalis, a number of candidate molecules have
been proposed, which are responsible for the SI system during
fertilization. Since acidic treatment of the VC abolishes the
barrier against self-fertilization, Kawamura and his colleagues
hypothesized that the allorecognition molecules must be solubilized from the VC into the acidic seawater (Kawamura et al.,
1991). They found that the acid-extract possesses the activity
of self/nonself-discrimination, which inhibits the binding of
nonself-sperm, but not of self-sperm, to the VC. They partially
purified several factors responsible for this activity, and showed
that there are a non-allorecognizable glucose-enriched inhibitor toward gamete binding and multiple peptide-modulators,
which have no inhibitory activity, but certain combinations of
which show specific inhibitory ability toward nonself-sperm
binding. They assumed that these factors cooperatively function in self/nonself-recognition. The molecular nature of
allorecognizable peptide-modulators is not known. This appears to be contradictory to the above-mentioned conclusion
that the Ciona SI system is based on self-recognition. This
apparent discrepancy remains to be clarified.
Self/nonself-discrimination in Ciona is established during
oocyte maturation. De Santis and colleagues showed that the
SI barrier becomes effective several hours after germinal vesicle
breakdown, and is controlled by follicle cells attached to the
outer surface of the VC (De Santis and Pinto, 1991). Since
ablation of the follicle cells prevents the onset of self-sterility,
they proposed that follicle cells release a certain self-sterility
factor(s) that binds to the VC (De Santis and Pinto, 1991). They
further proposed a hypothesis by analogy to the mammalian
cellular immune system (Marino et al., 1998; Marino et al.,
1999), in which a major histocompatibility complex (MHC) is
expressed in virtually all cells. Peptides produced by
proteasome-mediated proteolysis are loaded onto an Cihsp70,
which is a molecular chaperone assumed to be an ancestor
protein of MHC class I and II molecules in lower vertebrates or
invertebrates, and delivered to the surface of the VC (Marino et
al., 1999). They also showed that a specific inhibitor of the
proteasome prevented the onset of self-sterility (Marino et al.,
1999). From these results, they speculated that Cihsp70 and a
self-peptide produced by proteasomal degradation might be
involved in the SI system of C. intestinalis, which might share
the origin of the vertebrate immune system.
To characterize multiallelic recognition molecules, another
approach has been carried out. Khalturin, Bosch and their
colleagues performed PCR-based subtraction experiments and
compared gonad cDNAs between genetically unrelated individuals. They identified several candidate genes that are expressed in developing oocytes or/and follicle cells, and are
highly polymorphic among individuals, including CiS7 (EGFlike repeat-containing gene), Ci-META2 (Thrombospondin type
I domain-containing gene), vCRL1 (Sushi (or SCR)-domaincontaining gene), multiple homologs of H. roretzi VC70 (EGF-

like repeats- and ZP-domain-containing gene, see below)
(Khalturin et al., 2005; Kurn et al., 2007a, b). However, the
localization on the VC and the roles in SI systems of these
candidate proteins during fertilization have not yet been demonstrated.

Themis, the SI genes in C. intestinalis as revealed by
positional cloning
We recently carried out a positional cloning of the SI loci in C.
intestinalis using acid-induced self-fertilized siblings (Harada et
al., 2008). This is an excellent experimental system because the
diallelic genetic segregation of the SI gene is determined in the F1
generation, not in the F2 generation. We obtained two batches of
self-fertilized F1 siblings, and examined pairwise fertility/sterility
of their gametes. The genetic mechanism of the SI system was
elucidated as follows. 1) Morgan’s «haploid sperm hypothesis»
seems to be reasonable, and self/nonself-discrimination is based
on the recognition of self. 2) The observed patterns of crosssterility in both batches can be explained by the two unlinked SI
loci model. 3) Fertilization is rejected when the haploidal genotypes of sperm are included in the diploidal genotypes of eggs at
both loci.
C. intestinalis is a useful animal model, since the draft genome
sequences and transcriptomic data are available (Dehal et al.,
2002). The detailed physical map of each chromosome has also
been recently constructed (Shoguchi et al., 2006). This genomic
information enabled us to identify two SI loci (designated as locus
A and B) involved in the self-sterility of C. intestinalis (Harada et
al., 2008). Loci A and B are located in chromosome 2q and 7q,
respectively. Both loci contained a tightly linked pair of polycystin1 receptors (designated as s-Themis-A and -B: Themis is a Greek
goddess of divine order, law and custom who prohibits incest’)
and fibrinogen-like ligand (v-Themis-A and -B) genes, the latter of
which is located in the first intron of the former in opposite
direction, in both cases (Harada et al., 2008). s-/v-Themis-A and
-B are exclusive, extremely polymorphic genes that are commonly encoded within the candidate regions in both loci. Interestingly, v-Themis was a sole member of the VC components
encoded in locus A as revealed by comprehensive LC/MS/MS
analysis. It was also found that mRNAs of s-Themis are expressed in the testis. Polycystin-1 is a causative gene for autosomal dominant polycystic disease (ADPKD), and encodes a calcium channel that belongs to a transient receptor potential (TRP)
superfamily. The involvement of polycystins in fertilization is
reported in several other organisms (Kierszenbaum, 2004), including sea urchins, in which participation in the acrosomal
reaction has been proposed (Neill and Vacquier, 2004).
Fig. 3A shows a model of the s-Themis/v-Themis-mediated SI
system. As depicted, the SI system is thought to be controlled by
two loci, each of which encodes both a sperm-side recognition
molecule (s-Themis) and VC-side molecule (v-Themis). Both
Themis have many alleles, and they comprise a single haplotype
because of their extreme genetic proximity. s-Themis may act as
receptors, which can specifically interact with v-Themis encoded
in the same haplotype. When two s-Themis on the sperm surface
recognize respective autologous v-Themis as self on the VC, a
sperm regards the egg as self, which results in the reduction of
sperm binding ability to the VC. This is our interpretation for a
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Fig. 3. Molecular mechanisms of
ascidian SI systems. (A) Themis-mediated SI system in C. intestinalis. (B)
A proposed hypothesis for the SI system of H. roretzi. Self-incompatible
fertilization consists of three phases.
(1) Primary binding phase. HrUrabin is
responsible for binding to the invariant region of HrVC70 and this interaction is required for all the succeeding
fertilization-related reactions. The polymorphic region of HrVC70 may determine the SI-specificity; alternatively,
another allorecognition molecule may
be so tightly associated with HrVC70
that both molecules are co-extracted
in the acidic extraction and show the
allorecognizable activity in the in vitro
experiments. (2) Allorecognition
phase. An unidentified male-side
allorecogniton molecule specifically
recognizes the polymorphic region of
HrVC70 or that of the other femaleside allorecognition molecule on
HrVC70. (3) Self-rejection phase. If a
sperm regards the egg as self, it will
activate the unidentified protease or
glycosidase to ablate the binding between HrVC70 and HrUrabin. Otherwise sperm remains on the VC then
activates its lysin system to penetrate
through the VC.

else
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contradiction between the mode of self/nonself-discrimination
based on the recognition of self and the apparent higher affinity of
VC to nonself-sperm than to self-sperm.

HrVC70, a candidate allorecognition protein during
fertilization of H. roretzi
A large solitary ascidian, Halocynthia roretzi, common around
the main island of Japan, is a useful animal for studying fertilization mechanisms, since a large quantity of readily fertilizable
mature sperm and eggs can be easily obtained from the dissected
gonads of this species, which is cultured in Korea and Japan for
human consumption (Sawada, 2002). In H. roretzi, it is well known

that allorecognition takes place during the interaction between
sperm and the VC of the eggs. This was proved by an elegant
experiment. In H. roretzi, follicle cells surrounding the VC are
necessary for fertilization. For example, in partially defolliculated
eggs, sperm penetration always occurs in the vicinity of the
remaining follicle cells. Fuke removed follicle cells from eggs by
treatment with calcium-free seawater, then reattached them to
defolliculated eggs from a different individual in calcium-enriched
seawater. Such a «mosaic» egg recovered the ability to be
fertilized, and it was revealed that the VC but not follicle cells are
responsible for the SI specificity (Fuke, 1983). Since a difference
between the binding capabilities of sperm to the nonself- and selfVC is not obvious in H. roretzi as it is in C. intestinalis, sperm are

Ascidian allorecognition 643
also able to bind to the autologous VC. However, we recently
found that a major VC component protein, HrVC70, showed
significantly higher affinity to nonself-sperm than to self-sperm,
when it was immobilized onto agarose beads (Sawada et al.,
2004; see below).
It is not known yet whether the SI specificity in H. roretzi is
genetically controlled, because its long generation time makes
breeding experiments difficult. In addition to the SI system during
fertilization, H. roretzi shows another allorecognition event in
hemocytes, referred to as the ‘contact reaction’ (Fuke, 1980).
When hemocytes from different individuals are mixed, they undergo a series of cytotoxic reactions. Although the mechanism
underlying this process remains unclear, these two recognition
systems may share a common molecule or a biomolecular moiety, since a monoclonal antibody that inhibits both reactions has
been obtained (Arai et al., 2001).
Biochemical behavior of the barrier against self-fertilization in
H. roretzi is very similar to that in C. intestinalis. It is known that
mature oocytes, but not immature oocytes, are self-sterile and
that short treatment (1 min) of mature oocytes with acidic seawater (pH 2 to 3) allows self-fertilization (Fuke, 1983; Sawada, 2002).
Furthermore, it is reported that the acquisition of self-sterility
during oocyte maturation is blocked by trypsin inhibitors and that
exogenously added trypsin stimulates the acquisition of selfsterility (Fuke and Numakunai, 1996; 1999). These results led us
to propose that a putative allorecognition protein might be expressed in immature oocytes as a precursor, the active form of
which might be generated by limited proteolysis with a trypsin-like
protease. This results in the attachment of the active form of a
putative allorecognition molecule to the VC during oocyte maturation. This molecule might be easily extracted from the VC by
weak acid.
To test this possibility, we compared the components of the
VCs from immature oocytes with those from mature oocytes of H.
roretzi by SDS-PAGE. We then noticed that the amount of a 70kDa-VC protein HrVC70, which had been identified as a sperm
receptor consisting of 12 EGF-like repeats (Sawada et al., 2002a),
markedly increased during oocyte maturation and that this protein
is easily and almost specifically extracted from the VC by 1-10 mM
HCl (pH 2-3) (Sawada et al., 2004). As mentioned above, we
showed that the number of nonself-sperm bound to HrVC70agarose beads is significantly higher than that of self-sperm and
that pretreatment of sperm with nonself-HrVC70 more strongly
inhibited fertilization than the pretreatment of sperm with selfHrVC70 (Sawada et al., 2004). We also found that HrVC70 is a
highly polymorphic protein showing no identical sequence among
10 individuals tested: amino acid substitutions were mainly found
in a region between the 3rd and 4th Cys residues in each EGF
domain, which except for domain-2 is about 6 residues longer
than those in other EGF-like repeat-containing proteins such as
HrNotch-1, and also in a connecting region between EGF domains (Sawada, 2002; Sawada et al., 2004). From these results,
together with the fact that even a single amino acid substitution is
sufficient to affect the molecular recognition between EGF-like
repeat-containing molecules such as Notch, Delta and Serrate
(Artavanis-Tsakonas et al., 1995; Jotel et al., 1996), we proposed
that HrVC70 is a promising candidate allorecognition molecule
during fertilization of the ascidian H. roretzi.
After the sperm attaches to the VC and recognizes it as

nonself, the sperm-borne VC-lysin must be activated, allowing
sperm to penetrate through the VC (Sawada, 2002). We recently
found that a novel extracellular ubiquitin-proteasome system
functions as a lysin during ascidian fertilization (Sawada et al.,
2002a, 2002b; see review Sawada, 2002). HrVC70, a main
component of the VC with an allorecognizable sperm-receptor
activity, was found to be ubiquitinated by ATP, ubiquitin and a
ubiquitin-conjugating enzyme complex, all of which are released
during the sperm reaction, a phenomenon with vigorous sperm
movement and mitochondrial shedding, occurring on the sperm
attached to the VC (Lambert and Epel, 1979). Actually, the VC is
ubiquitinated after sperm attachment to the VC as revealed by
immunocytochemistry using the FK2 monoclonal antibody, which
is specific to ubiquitinated proteins and the multiubiquitin chain
but not free ubiquitin (Sawada et al., 2002a). In addition, several
high-molecular-mass ubiquitinated bands were detected after
SDS-PAGE by Western blotting using an anti-HrVC70 antibody
as well as FK2 monoclonal antibody. This suggests that HrVC70
is ubiquitinated extracellularly during fertilization. This
ubiquitination appears to be necessary for successful fertilization,
since the FK2 monoclonal antibody is capable of inhibiting fertilization (Sawada et al., 2002a). The ubiquitinating enzyme complex released during the sperm reaction was isolated and found
to exist as a 700-kDa enzyme complex. This complex seems to
function extracellularly under seawater conditions (Sakai et al.,
2003). After ubiquitination, the proteasomes located on the surface of the sperm head region appear to be activated and degrade
the ubiquitinated HrVC70, enabling sperm to penetrate through
the VC (Sawada et al., 2002b). A tight coupling mechanism
between self/nonself-recognition and lysin systems is an intriguing issue remaining to be solved.
We recently showed that another ascidian species Halocynthia
aurantium, in the same genus as H. roretzi, also possesses a strict
SI system. To gain insights into the roles of polymorphisms of
HrVC70 in SI specificity, we explored an ortholog of HrVC70 in H.
aurantium (Ban et al., 2005). The isolated one was designated as
HaVC80, consisting of 13 EGF repeats. The gene encoding
HaVC80 had a similar structure to that of HrVC70, and was highly
polymorphic. It is worth noting that each single EGF-repeat
corresponds to a single exon in both genes. In plant SI systems,
it is reported that each allele of the SI gene is sometimes
conserved across species, because of strong functional constraints to maintain the specific relationship with its binding
partner (e.g. Ioerger et al., 1990). Close inspection of polymorphisms in both proteins failed to identify an allele shared by these
two species, or any particularly variable residues commonly
observed in both proteins. Instead, mutations in these proteins
seemed to be randomly introduced. In both HrVC70 and HaVC80,
the last (12th EGF of HrVC70 and 13th of HaVC80) EGF repeats
have no variations, even at the level of nucleotide sequence,
suggesting that this region is under a higher negative (purifying)
selection pressure than the other regions.

HrUrabin, a sperm binding partner of HrVC70
In order to obtain insights on the allorecognition mechanisms
of gamete interaction in H. roretzi, we attempted to identify a
sperm-borne binding partner for HrVC70. From a yeast twohybrid screening baited with HrVC70, we isolated a type II
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membrane Ser-protease, HrTTSP-1, capable of binding to HrVC70.
Transcripts of HrTTSP-1 are strongly expressed in the testis. Its
products contain multiple functional domains involved in proteinand sugar-recognition in the extracellular region (Harada and
Sawada, 2007). In addition, we also found that certain residues of
HrVC70 are post-translationally modified with carbohydrate chains
(Sawada et al., in preparation). Some sugar chains contain a
terminal fucose residue. Previous reports indicated that a sperm
surface fucosidase is involved in gamete interaction in H. roretzi
(Hoshi, 1986; Matsumoto et al., 2002), which may be one of the
putative binding partners for HrVC70. Such an interaction between a sugar moiety of the VC and sperm-surface glycosidase
may explain, at least in part, a possible interaction between sperm
and the VC from the same individual.
Furthermore, we identified a novel protein that strongly interacts with HrVC70 by Far western blotting in the sperm LD-DIM
(low density-detergent-insoluble membrane, or so-called lipid
rafts) fraction (Urayama et al., 2008). This 35-kDa GPI-anchored
glycoprotein, referred to as HrUrabin (Halocynthia roretzi unique
lipid rafts-derived binding partner), showed a sequence homology
to a CRISP (Cys-rich secretory protein) family, some members of
which are known to play roles in fertilization (Yudin et al., 2002;
Ellerman et al., 2006; Roberts et al., 2006). We showed that
HrUrabin also has a function in fertilization, since an antibody
against HrUrabin specifically inhibited fertilization. The antiHrUrabin antibody showed inhibitory activity toward the
allorecognizable sperm binding to HrVC70-immobilized beads.
Although nonself-sperm shows higher affinity, self-sperm can
bind to the HrVC70-agarose beads to some extent. This ‘basal’
affinity was decreased by the anti-HrUrabin antibody to ground
level. Interestingly, the antibody also inhibited nonself-sperm
binding to HrVC70-agarose. This implies that HrUrabin is needed
for the higher affinity of nonself-sperm to HrVC70 as well as for the
«basal» affinity of self-sperm to HrVC70. In other words, if other
molecules were responsible for higher affinity of nonself-sperm to
HrVC70, its activity would also be exhibited depending on HrUrabin.
HrUrabin itself showed little polymorphism. Among several individuals, no significant differences were observed in the binding of
HrVC70 to HrUrabin on the basis of Far western blotting analysis.
These results suggest that HrUrabin may not be the allorecognition
molecule per se, although it should play a central role in the SI
system with HrVC70.

Conclusions
Ascidians are hermaphrodites, but many ascidians, including
C. intestinalis and H. roretzi, show strict self-sterility. We recently
identified the genes responsible for self-incompatibility in C.
intestinalis by a positional cloning: sperm-borne polycystin 1-like
receptor, referred to as s-Themis, and its fibrinogen-like ligand
called v-Themis on the VC are highly polymorphic and appear to
be responsible for allorecognition in C. intestinalis. We also
revealed that HrVC70, a 70-kDa main component of the VC of the
eggs, is a promising candidate for the allorecognition molecule,
and that HrUrabin, a 35-kDa sperm-borne binding partner for
HrVC70, plays a key role in allorecognizable sperm binding to
HrVC70 in H. roretzi.
It is an intriguing issue to further investigate whether a homolog
of Themis of C. intestinalis occurs in H. roretzi. As seen in plants

(Takayama and Isogai, 2005), the SI systems may recruit different
kinds of molecular pairs, if they can undergo allele-specific
molecular interactions. It should be noted that an HrVC70-like
gene is tightly linked to a polycystin-1 gene in the C. intestinalis
genome, which led us to speculate that HrVC70 might act as a
ligand for undiscovered polycystin-1 instead of a fibrinogen-like
protein. Interaction between HrVC70 and HrUrabin may be responsible for the primary binding between sperm and the VC. Our
model for the Ciona SI system proposes the active detaching
mechanism in sperm from the VC. It seems plausible that the
interaction between the orthologs of HrVC70 and HrUrabin may
also occur in C. intestinalis, which becomes a target of the active
weakening mechanism probably mediated by yet unidentified
proteases or glycosidases.
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