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研究成果の概要（和文）：ホヤ類は雌雄同体であるが、カタユウレイボヤやマボヤでは、同種異個体認識（アロ
認識）が行われ、自家受精はおこらない。カタユウレイボヤでは、精子のs-Themisと卵黄膜のv-Themisがアロ認
識で中心的役割を果たすことは報告しているが、今回、s/v-Themis-A, -B, -B2の３遺伝子ペアが機能すること
を明らかにした。また、精子が自己卵の卵黄膜に結合するとCa濃度が上昇するが、低Ca海水を用いてCa上昇を抑
制すると自家不和合性が解除されることも見出した。一方、マボヤでは低Ca海水では自家不和合性は解除されな
いことから、種によって機構が異なることも示唆された。

研究成果の概要（英文）：Ascidians are hermaphrodites, which release sperm and eggs nearly 
simultaneously, but self-fertilization is prohibited in Ciona intestinalis and Halocynthia roretzi. 
In C. intestinalis, we reported that two gene pairs, s-Themis-A and v-Themis-A in locus A, and 
s-Themis-B and v-Themis-B in locus B, play a pivotal role in self-sterility. Here, we identified one
 addition gene pair s/v-Themis-B2 in locus B involved in this system. Therefore, three multi-allelic
 gene pairs, s/v-Themis-A, -B, and B2, are responsible for self-sterility in C. intestinalis. We 
previously showed that the increase in intracellular Ca2+ takes place after sperm recognizes the 
vitelline coat of the egg as self-egg, resulting in the detachment from the vitelline coat. Here, we
 revealed low Ca2+ seawater enables self-fertilization, probably because of inhibition of Ca2+. 
However, these phenomena were never observed in H. roretzi, suggesting that the mechanism of 
self-sterility appears to be different.  

研究分野：細胞生物学

キーワード： 受精　自家不和合性　細胞間相互作用　ホヤ　精子　卵

  １版

令和

研究成果の学術的意義や社会的意義
ホヤの自家不稔性機構は動植物共通の生殖原理に基づくと考えられる。また、カタユウレイボヤで発見された精
子s-Themisは、哺乳類精子のPKDREJと相同な分子で、多型がみられる。従って、配偶子間相互作用において同系
統個体と認識されて受精が阻害され不妊になる可能性も考えられる。ホヤの受精研究から、ヒトの不妊診断・治
療の研究に発展する可能性も考えられ、社会的にも臨床医学的にも意義深い研究である。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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truncated s -!emis-B genes are transcribed. !ese results, together with the fact that the truncated s-!emis-B 
gene has no C-terminal cation channel domain, suggest that these truncated genes are non-functional. Recently, 
the Ghost database was updated based on genome assembly for an inbred line of this animal19.

Figure 1. Candidate genes (s/v-!emis-A and -B) involved in self-sterility in C. intestinalis type A. (a) Haploid 
sperm hypothesis and one-way cross-sterility mechanism proposed by Morgan8,9. In selfed F1 siblings, there are 
two populations in heterozygous (A/a) sperm (A-sperm and a-sperm), either of which can fertilize homozygous 
eggs (A/A-eggs). In contrast, homozygous sperm (A-sperm or a-sperm) cannot fertilize heterozygous A/a-
eggs because both receptors for A-sperm and a-sperm exist on the VC of A/a-eggs. Based on these criteria, 
candidate genes responsible for self-sterility were explored by positional cloning and proteomic analysis 
of the VC. (b) Transmembrane and other domains (HVR, hypervariable region; REJ, receptor for egg jelly; 
GPS, G-protein coupled receptor proteolysis site; and LH2, lipoxygenase homology 2) of s-!emis-A and 
s-!emis-B are illustrated. Note that only B-type s-!emis contains a C-terminal PKD channel. (c) s-!emis-A 
and v-!emis-A genes reside in locus A of chromosome 2q, and s-!emis-B and v-!emis-B genes reside in 
locus B of chromosome 7q. In both cases, the v-!emis gene is located in the "rst intron of the s-!emis gene 
but is transcribed in the opposite direction. (d) According to Morgan' s hypothesis, it is thought that s-!emis-A 
and -B genes have haploid expression, while v-!emis-A and -B genes have diploid expression. When sperm 
s-!emis-A and s-!emis-B recognize one allele of v-!emis-A and v-!emis-B, respectively, as the same allele 
haplotypes, the spermatozoon detaches from the VC or decreases motility to prohibit self-fertilization.
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Figure 2. Genomic localization and mRNA expression of s/v-!emis-B2 genes. (a) s/v-!emis-B2 genes are located 
on chromosome 7q, with a distance of approximately 70 kbp from s/v-!emis-B. Positions of respective gene model 
IDs and transcriptional directions are indicated. PCR primers used for speci!c ampli!cation of s-!emis-B and 
s-!emis-B2 were designed on the basis of the sequences of gene models indicated by blue letters (for details, see 
Materials and Methods and Table S2). Annotations and domains of the respective gene models are shown online 
(http://www.aniseed.cnrs.fr). #e s/v-!emis-B and s/v-!emis-B2 genes are indicated by red arrows and orange 
open boxes, whereas the other genes are indicated by purple arrows. (b) s-!emis-B2 (sTB2) and v-!emis-B2 (vTB2) 
are transcribed in the testis (T) and ovary (O), respectively, as revealed by RT-PCR. Asterisks indicate genomic 
DNA of s-!emis-B2 and v-!emis-B2. (c) Proteomic analysis of VC proteins digested with trypsin. v-#emis-
B2-speci!c fragments were detected by mass spectrometry using a MASCOT search engine. Peptides with scores 
higher than 20 were accepted as identi!ed. #e mass values calculated from the respective amino acid sequences 
were indicated as ™ Mass (#eoretical)º , and the mass values obtained by mass spectrometry were indicated as ™ Mass 
(Experimental)º . An identi!ed fragment indicated by blue had the same sequence as that in a relatively conserved 
region of v-#emis-B2. (d) Determined nucleotide sequences of two s/v-!emis-B2 alleles (B2-1 (=MI001) 
and B2-3 (=MI002)) and two s/v-!emis-B alleles (B-2 (=JGI) and B-6 (=JP1)) were aligned (Fig. S2), and the 
following regions are indicated by the following colours: sTB-CR (s-!emis-B conserved region: sky blue), sTB-
HVR2 (s-!emis-B hypervariable region 2: blue), vTB-HVR (v-!emis-B hypervariable region: red), vTB-WCR 
(v-!emis-B weakly conserved region: magenta), sTB-HVR1 (s-!emis-B hypervariable region 1: dark blue), sTB-
USR1 (s-!emis-B upstream region 1: pale green), sTB-USR2 (s-!emis-B upstream region 2: green), and sTB-USR3 
(s-!emis-B upstream region 3: dark green). Transcriptional directions of s-!emis-B and -B2 (blue) and v-!emis-B 
and -B2 (red) are indicated by arrows. (e) Identities shared between the B2 allele (B2-1) and B2 allele (B2-3), between 
the B allele (B-2) and B allele (B-6), and between the B and B2 alleles (average) are indicated by percentage identity. 
Note that sTB-CR showed very high identity between the B and B2 regions. Respective regions are indicated by the 
same colours. #e abbreviations used are as follows: C7, chromosome 7; sTB, s-!emis-B; sTB2, s-!emis-B2; TRPP, 
transient receptor potential polycystic; vTB, v-!emis-B; vTB2, v-!emis-B2; O, ovary; T, testis.
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Several haplotypes of s/v-!emis-A may not e"ectively function as self-recognition proteins because some 
crossings between individuals mismatched in A haplotypes (orange) showed a small or null fertilization ratio 
(Figs. 3a and S5). On the other hand, crossing between individuals that had matching A and B, but not B2, 
haplotypes (yellow) or matching A and B2, but not B, haplotypes (blue) showed fertilization in an all-or-none 
fashion. !ese results imply that A haplotypes may weakly participate in self-sterility. s-!emis-B/B2, rather than 
s-!emis-A, may play an important role in self-sterility since only B-type s-!emis contains a Ca2+-permeable 
cation channel domain and since Ca2+ influx occurs upon a self-recognition response15. By analogy of the 
TRP-type cation channel, it is plausible that a hetero-tetramer of s-!emis-B and s-!emis-B2 may construct 
a single Ca2+ channel20. s-!emis-A might indirectly support the functions of the s-!emis-B/B2 Ca2+ channel.

Concerning s/v-!emis-B2, it is notable that a certain haplotype in s/v-!emis-B2 may not function as an 
S-determinant. Among the three exceptional cases in s/v-!emis-B2, in two exceptional cases shown in trial 1 
(speci$cally, between individual-1 sperm and individual-2 eggs and between individual-1 sperm and invidual-4 
eggs, see the yellow le% column of Figs. 3a and S5 (Trial 1)), we found that the sequence of the B2-3 (MI002) 
haplotype possesses 20 termination codons in the s-!emis-B2 cDNA ORF and 9 termination codons in the 
v-!emis-B2 cDNA ORF (Fig. S6). In addition, the gene product of B2-3 allelic v-!emis-B2 was not detected in 
the VC by mass spectrometry. !ese results suggest that s/v-!emis-B2 (B2-3 allele) genes are non-functionable 
pseudogenes.

Figure 3. Fertilization ratios in out-crossing with selfed F1 and F2 siblings. (a) Fertilization ratios were 
determined by scoring the numbers of 2- or 4-cell stage embryos and unfertilized eggs 1 h a%er insemination. 
!e results are expressed by a histogram showing the number of trials of cross-fertilization (ordinate) versus 
the fertilization ratio (%, abscissa) under the following combinations of conditions: top panel, two or three 
haplotypes mismatched (green); second panel, B and B2, but not A, haplotypes matched (orange); third panel, A 
and B2, but not B, haplotypes matched (blue), fourth panel, A and B, but not B2, haplotypes matched (yellow); 
$%h panel, all three haplotypes (A, B and B2) matched (red). (b) Schematic drawing of gamete recognition 
patterns between di"erent alleles and the same alleles. s-!emis-A, -B and -B2 have haploid expression in 
spermatozoa, whereas v-!emis-A, -B, and -B2 have diploid expression on the VC. When the sperm s-!emis 
protein recognizes one of the two alleles of v-!emis as the same haplotype, the s-!emis protein appears to 
recognize the v-!emis as self. Boxed colours indicate the categories indicated in (a). ™ Trial numberº  indicates 
the results of fertilization experiments summarized in Fig. S5.
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In the genome editing experiments, the self-fertilization ratio drastically increased between sperm and eggs 
from s-!emis-B/B2 CR-targeted individuals. In contrast, when the s-!emis-A (allele A-2) gene was targeted, 
self-fertilization was observed but required a longer time (Fig. 4). "ese results support our hypothesis that 
s-!emis-B/B2 may play more important roles than s-!emis-A in self-sterility. Mutations of the s-!emis-B/
B2 and s-!emis-A genes in tadpole larvae from electroporated embryos were con#rmed by a Cel-1 nuclease 
assay (Fig. S7). However, unexpectedly, most of the tadpole larvae derived from self-fertilized embryos from 
genome-edited adults showed in-frame mutations or no deletion/insertion at the targeting site (see Fig. S8). 
Although we do not have any evidence to explain this apparent discrepancy, it seems possible that s-!emis 
genes may be expressed in somatic (non-germ) cells in a haploid manner, which is di$erent from how they are 
expressed in germ cells (illustrated in Fig. S9b). In %owering plants, there are two types of self-incompatibility 
systems: ™ gametophyticº  and ™ sporophyticº  self-incompatibilities21,22 (Fig. S9a,b). In the gametophytic system, 
S-determinant genes are expressed in haploid pollen (see Fig. S9a), in which impaired genes will be transmitted 
to the next generation. In contrast, in the sporophytic system, S-determinant genes are expressed in the diploid 

Figure 4. Self- and nonself-fertilization experiments using TALEN-injected animals. (a) "e TALEN targeting sites 
were located in a conserved region (downstream of the HVR of s-!emis and upstream of v-!emis) of s-!emis-B/
B2 (b,c) and in the indicated region of the A-2 (G7) allele of s-!emis-A (d,e). A&er injection of TALEN mRNA or 
plasmid into fertilized eggs by electroporation, the embryos were grown to produce adults. Proper induction of target 
mutagenesis in the experimental animals was con#rmed by Cel-1 assays (Fig. S7). Sperm and eggs were obtained 
from these animals and were then subjected to self- and nonself-fertilization experiments. Fertilization ratios were 
determined 1 h a&er insemination using serially diluted sperm (sperm concentration increases from le& to right.). 
"e numbers in the panels indicate the experiments using di$erent individuals. Two representative results are 
shown for each experiment. Untreated wild-type eggs were inseminated with respective targeted sperm at the lowest 
concentration or with self-sperm from a wild-type individual. Representative results for the self-fertilization ratio in a 
wild-type individual using the same serial dilution of sperm are shown in (f).
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anther tapetum surrounding the pollen (see Fig. S9b). In this case, DNA mutations will not be transmitted to the 
next generation (Fig. S9b). It is well known that in mammals, sperm surface proteins are not necessarily expressed 
by germ cells. For instance, a cysteine-rich secretory protein (DE) is known to be expressed in the epididymis and 
to be transferred to the sperm cell surface via the epididymosome23, and CD9, an oocyte tetraspanin membrane 
protein, has been reported to be released from the egg surface as an exosome and fused with the sperm surface, 
which is a process that is essential for sperm fusion with an egg24.

It is notable that the mechanism of self-sterility in Ciona is similar to the self-incompatibility system in "ower-
ing plants, in which S-determinant gene pairs are known to be family speci#c21,22. Brassicaceae and Papaveraceae 
have self-recognition systems: the former utilizes pollen SP11/SCR and stigmatic SRK (S-locus receptor kinase), 
and the latter utilizes pollen PrpP and stigmatic PrpS21,22. On the other hand, Solanaceae and Rosaceae utilize 
nonself-recognition systems, where stigmatic S-RNase and pollen tube SLF (S-locus F-box protein), a ubiquitin 
ligase involved in the degradation of nonself-S-RNase that has entered a pollen tube, are nonself-recognition 
partners. From this viewpoint, it is not surprising that Ciona (order Phlebobranch) and Halocynthia (order 
Stolidobranch) utilize di$erent S-determinant genes. It is not known whether S-determinant genes are genus-, 
family-, or order-speci#c. It also remains elusive whether s/v-%emis play a key role in Stolidobranch ascidians, 
although s/v-!emis genes are present in the genome database of Halocynthia.

In any case, it should be emphasized that there are two similar points in animal and plant self-incompatibility 
(or self-sterility) systems: one is that male and female S-determinant genes are highly polymorphic and tightly 
linked in the same or contiguous loci, and the other is that male and female S-determinants are a single haplotype 
that make up a recognition partner. In particular, the self-incompatibility system in Papaveraceae is very similar 
to the self-sterility system in Ciona intestinalis type A: calcium in"ux takes place, resulting in apoptosis in pollen 
to prohibit self-fertilization, a&er pollen PrpP recognizes the stigmatic PrsP as self25, while calcium in"ux takes 
place in C. intestinalis type A sperm a&er sperm binding to the VC of self-eggs15.

Our results provide new insights into the molecular mechanism of self-sterility in ascidians, which is very sim-
ilar to the mechanisms of self-incompatibility in "owering plants. %is is a good example of convergent evolution 
between plants and animals26. On the other hand, it has been reported that human sperm PKDREJ, a candidate 
sperm-born receptor27 and a homologue of ascidian sperm s-%emis-B/B2, exhibits amino acid polymorphisms 
among 14 primates and 48 human individuals27, and it has been proposed to have evolved by positive selection28. 
%erefore, it is interesting to speculate that allogeneic polymorphisms in PKDREJ might be related to the e'-
ciency of human fertility, similar to how s-%emis-B/B2 functions in ascidians.

Materials and Methods
Animals, gametes and culture conditions of embryos. The ascidians, Ciona intestinalis type A 
(recently proposed to be renamed Ciona robusta), that were used in this study were collected in Gamagori, 
Mikawa Bay, and some of the ascidians were supplied by National BioResource Project (NBRP) from Tokyo 
and Maizuru Bay. Spermatozoa and eggs were collected as described previously13,15,29. Fertilization and embryo 
culture were carried out as described previously13. To determine the genotype of the animals, DNA was extracted 
from the testis, and direct sequencing of the HVRs of s/v-!emis-A, -B, and -B2 was carried out using primers 
listed in Table S2(c). Hatched tadpole larvae were attached to a Petri dish #lled with seawater and were allowed 
to undergo metamorphosis. A&er attachment, larvae or juveniles were cultured in a small aquarium #lled with 
gently circulating seawater. %e animals were fed, and seawater was replaced three times per week. Discarded 
seawater was sterilized with 1% hydrogen peroxide.

DNA sequence around the s/v-Themis-B region and identification of s/v-Themis-B2. %e DNA 
sequence in locus B was searched for with two C. intestinalis type A genome databases: the Ghost database (Kyoto 
Univ.; http://ghost.zool.kyoto-u.ac.jp/cgi-bin/gb2/gbrowse/kh/)16,19,30, which is linked to the Ascidian Network for In 
Situ Expression and Embryological Data (ANISEED) containing 13 ascidian databases (http://www.aniseed.cnrs.fr)31,  
and the JGI (DOE Joint Genome Institute) database (http://genome.jgi-psf.org/Cioin2/Cioin2.home.html)18.

Figure 5. Working hypothesis on the roles of s/v-%emis-A, -B, and -B2 in self/nonself recognition during 
fertilization. Diploid expression of v-!emis-A, -B and -B2 and haploid expression of s-!emis-A, -B and -B2 
allow one-way sterility. When three haplotypes are matched, Ca2+ in"ux occurs, resulting in the detachment of 
sperm from the VC or resulting in the sperm entering a quiescent sate on the VC, which prohibits fertilization.
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