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Abstract 

 Fertilization is indispensable for maintaining species. The gametes must meet conspecific 

counterparts, but this is a challenge for animals living in marine environment where gametes of 

many species coexist. To overcome the challenge, gametes are often equipped with the mechanism 

for recognizing the conspecific counterparts. This recognition is mainly due to species-specific 

protein―protein interaction. Although such proteins are identified in mammals, teleost, sea urchins 

and abalones, there have been no studies in other animals. In this dissertation, I have studied the 

mechanism by which the gametes recognize its conspecific counterparts in the nemertean species. 

 In the part I, I examined the identity of the two color variants (purple type and yellow 

type) in Kulikovia alborostrata (Takakura, 1898). I revealed that there is reproductive isolation 

between the variants by cross-fertilization assay. Genetic analyses also showed that there is no gene 

flow between the variants even though they are closely related. Finally, I concluded that they are 

different species, and I described the yellow-type variant as Kulikovia fulva comb. nov.  

 In the part II, I examined the species-recognition during fertilization of K. alborostrata and 

K. fulva. I found that pre-zygotic reproductive barrier is present between the species and suggested 

that the egg surface seems to have an important role for the species-recognition between them. 

 In the part III, I explored genes for species-recognition in Kulikovia species and found six 

ZP domain-containing genes (named as NeZPL1~6) as the candidate. Comparison of the orthologs 

between the species revealed a three-amino-acid difference located in the predicted loop in EGF-like 



 

 

domain of NeZPL6. Thus, NeZPL6 may be involved in the species-recognition in the gametes of K. 

alborostrata and K. fulva. 

 In the series of studies, I have unveiled the basis of species-recognition among nemertean 

gametes, and finally proposed the hypothesis that newly identified NeZPL genes look to be essential 

for the reproductive barrier in nemerteans. 
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General Introduction  

Fertilization is the fundamental event for sexual reproduction and is the most important 

matter for animals to maintain their own species. Generally, the process of fertilization is roughly 

classified into two styles; One is the internal fertilization known in most of terrestrial animals and in 

some aquatic animals. In internal fertilizers, sperm are usually ejaculated to the female body. On the 

other hand, in some aquatic internal fertilizers, sperm are spawned into surrounding water before 

entering the female body. The other is the external fertilization, in which sperm are spawned into the 

surrounding water and fertilized in the extracorporeal environment. This style is often observed in 

marine organisms. Because the sea contains gametes from so many species that they have a hard time 

finding their way to conspecific counterparts. To overcome their challenge, some mechanism for 

searching conspecific counterparts is equipped in the gametes in the most of marine organisms.  

 Generally, fertilization is subdivided into some processes such as activation of sperm 

motility, sperm chemotaxis, acrosome reaction and sperm–egg fusion (Fig. I-1). Sperm is usually kept 

immotile in testis and start moving when they are spawned into outer environment (activation). In 

some animals, the motile spermatozoa swim up to the egg with tracing the concentration of the 

substance secreted from the conspecific egg (sperm chemotaxis). When sperm reaching the egg, the 

sperm contact with the vitelline membrane, outer structure surrounding the eggs, and inner acrosomal 

membrane of the sperm is exposed (acrosome reaction). Then, the sperm pass through the vitelline 
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membrane, bind to the plasma-membrane of the egg, and finally fuse to the egg (sperm–egg fusion). 

The way and process by which the gametes detect the conspecific counterparts vary from species to 

species. For example, the sperm of Arbasia punctulata, one species of sea urchin, show chemotaxis 

towards the conspecific eggs (Ward et al., 1985), but another sea urchin species Strongylocentrotus 

purpuratus do not show it (Guerrero et al., 2010a). In both species, however, the binding between the 

sperm and the vitelline membrane of the egg occurs in a species-specific manner (Glabe and Lennarz, 

1979).  

 

 To date, several molecules concerning the species-recognition between sperm and egg have 

been revealed in some animals. In corals, some fatty alcohols were identified as the sperm attractant 

(Coll et al., 1994; Coll et al., 2015). In cuttlefish Sepia officinalis, sep-SAP, the six-amino-acid peptide, 

is the sperm-attractant (Zatylny, 2002). Particularly, in abalones, the species-specific interaction 

between sperm and egg vitelline membrane have been studied in detail. The interaction is mediated 

by two proteins, lysin in sperm and VERL (vitelline envelope receptor of lysin) which composes the 

vitelline membrane of abalones. The lysin binds to the VERL and lyses the vitelline membrane by 

disrupting VERL complex in a species-specific manner, allowing conspecific sperm to approach egg 

cell. (Rewis, 1982, Raj et al., 2017). The amino-acid sequences of lysin and VERL varies from species 

to species (Lee and Vacquier, 1992; Galindo et al., 2003) and these variations are shown to be essential 
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for the species-specific interaction (Raj et al., 2017).  

In sea urchins, another species-specific inter-protein interactions have been studied. Bindin, 

the protein on acrosomal process of the sperm, binds to SBP (sperm binding protein) and EBR1 (egg 

receptor for bindin) on vitelline membrane of the conspecific eggs (Glabe and Vacquier, 1978; Foltz 

and Lennarz, 1990; Ohlendieck et al., 1993). The amino-acid sequences of these proteins also differ 

depending on species (Metz and Palumbi, 1996; Biermann, 1998; Kamei and Glabe, 2003; Calderón 

et al., 2009). Other species-specific interaction in sea urchins is known between REJ (receptor for egg 

jelly) on the sperm and FSP (fucose sulfate polymer) on the jelly layer, which is also necessary for 

species-recognition between gametes (SeGall and Lennarz, 1979; Vacquier and Moy, 1997; Vilela-

Silva et al., 2002). Moreover, the oligopeptides called SAPs (sperm-activating peptides) contained in 

the jelly layer possibly activate the sperm in an order-specific manner (Suzuki, 1995).  

In ascidians, sperm chemotaxis towards the conspecific eggs is known (Miller, 1982; 

Yoshida et al., 2013). This chemotaxis is mediated by the sulfated steroid called SAAF (sperm -

activating and -attracting factor) released from the eggs and its possible receptor PMCA (plasma 

membrane Ca2+/ATPase) on sperm membrane (Yoshida et al., 2018). The structures of SAAF in Ciona 

intestinalis and Ascidia sydneiensis are different at the position of sulfate group and the position of 

double bonds (Yoshida et al., 2002; Matsumori et al., 2013). These slight differences are thought to 

originate species-specific interaction between SAAF and PMCA.  
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In teleost, the GPI-anchored protein on egg plasma membrane named Bouncer is responsible 

for the recognition of conspecific sperm (Herberg et al., 2018). Bouncer has a role of binding sperm 

to egg plasma membrane, but its counterparts are still unknown.  

Some species-specific interactions have been known even in mammalian fertilization, 

although the sperm and the egg meet internally. The proteins of zona pellucida, ZAN and ZP2 interact 

with the conspecific sperm, although the counterparts of ZAN and ZP2 have not been known. (Tardif 

et al., 2010; Avella et al., 2014). On the other hand, IZUMO1, that is located at inner acrosomal 

membrane of the sperm, and JUNO, the protein GPI-anchored on the egg plasma membrane, are 

necessary for fusion of gametes (Bianchi et al., 2014). The interaction also seems species-specific 

(Bianchi and Wright, 2015).  

In addition to these studies, species-specific interaction between gametes have been tested 

in many animals from cnidarians to chordates (Dan, 1950; Miller, 1966; Miller, 1977; Miller, 1982, 

Miller, 1985a; Miller, 1985b; Yoshida et al., 2013), but the substances responsible for the species-

specific interactions are not identified yet in these studies.  

 

 Nemerteans are the animals belonging to the phylum Nemertea and about 1,300 species have 

been known for now (Kajihara et al., 2008). Habitat of most nemerteans is marine environment, while 

some nemerteans live in freshwater and terrestrial environment (Moore et al., 2001; Strand and 
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Sundberg, 2015). Nemerteans are gonochoristic and the major style of fertilization is external 

fertilization, albeit some species showing mating and internal fertilization (Thiel and Junoy, 2006). 

The morphology of nemertean gametes has been studied in some species. The eggs of some species 

are enclosed by vitelline membrane, but the vitelline membrane is not seen in other species probably 

because it is integrated with plasma membrane. (Stricker et al., 2002; Stricker et al., 2013; Hiebert and 

Maslakova, 2015a; Hiebert and Maslakova, 2015b). Nemertean sperm has the typical morphology, 

consisting of an acrosome, a nucleus in the head region, mitochondrion in the middle piece and a single 

flagellum (Döhren and Bartolomaeus, 2006; Döhren et al., 2010; Chernyshev et al., 2020).  

Phylogenetically, the phylum Nemertea is suggested to belong to Kryptrochozoa, a subgroup 

of Lophotrochozoa, by whole-genome analysis containing the phyla Phoronida and Brachiopoda (Fig. 

I-2) (Luo et al., 2018). Phoronids and brachiopods are sessile animals and fertilization occurs 

externally. Therefore, although it seems that species-recognition have important roles on maintaining 

Kryptrochozoan species, how their gametes recognize the counterparts have been completely 

unknown. Moreover, in nemerteans, some cryptic species have been reported which have similar 

morphologies but genetically isolated (Tulchinsky et al., 2012; Hiebert and Maslakova, 2015; Krämer 

et al., 2017; Chernyshev et al., 2018; Verdes et al., 2021). These cryptic species often live sympatrically 

without crossbreeding. Hence, it also seems that the veiled species-recognition system is indispensable 

for maintaining the genetic diversity among nemerteans. 
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 In my doctoral dissertation, I tried to understand the mechanism involved in the species-

recognition among nemerteans. In the part I, I described the two nemerteans, Kulikovia alborostrata 

and K. fulva. I also showed that these two are closely related species but reproductively isolated, 

suggesting these can be good nemertean models for studying the species-recognition during 

fertilization. In the part II, I examined that the mechanism for species-recognition works during 

fertilization and showed it possibly works on the egg surface in those species. In the part III, I tried to 

identify the molecules responsible for species-recognition between gametes of Kulikovia species. 

Finally, I proposed a novel protein named NeZPL6 (nemertean ZP-domain containing protein like 6) 

as a candidate for a molecule concerning the species-recognition between gametes of Kulikovia species.  
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Fig. I-1. The diagram of the processes involving the species-recognition during fertilization. 
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Fig. I-2. The phylogeny among Lophotrochozoan animals. [modified from the Fig. 1e in Luo et al., 

2018] 
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Part I 

 

The cross-fertilization assay and genetic analyses of K. 

alborostrata and K. fulva 
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Introduction 

 There have been 1,300 nemertean species described so far (Kajihara et al., 2008) based on 

external and internal morphologies. Recently, their external morphologies are considered to be more 

informative than internal morphologies when it comes to distinguish the closely related species. This 

is because there are often no clear differences in internal morphologies among closely related species 

(Strand and Sundberg, 2011). On the other hand, external morphology alone is not sufficient for 

identifying species, since similar characters are seen among some different species. For example, 

Lineus ruber (Müller 1774) and L. viridis (Müller 1774) had been recognized as the same species for 

a while since they were almost indistinguishable in external morphologies (Gibson, 1995), although 

the species were originally described as different species in 1774. Recently, however, the molecular 

analysis revealed that these are clearly different species (Krämer et al., 2017). Therefore, nowadays, 

at least both external morphologies and molecular data are indispensable for description of nemertean 

species (Sundberg, 2015). 

             Kulikovia alborostrata (Takakura, 1898) is the nemertean species described with the 

materials specimens collected at Misaki, Kanagawa, Japan. The species is distinguished by a white 

band at the tip of the head and the spatula-shaped head divided from the trunk by a small constraint. 

In the original description, variations of body color were described, ranging from purple-tinged dark 

yellow (yellow type) to pale purple (purple type) (Takakura, 1898). These variants are found in Misaki 
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even now. On the other hand, other two color variants of K. alborostrata have been found in The 

Vostok Bay, Russia: one of the variants is reddish and another is brown-violet, which are classified as 

the same species by the phylogenic analysis (Chernyshev et al., 2018). Although the brown-violet 

variant in Russia appears to have the same body color with the purple-type one in Misaki, its taxonomic 

identity has never been tested based on molecular analysis. On the other hand, the yellow-type variants 

have been described only in Misaki and its taxonomic identity also has not tested with molecular 

analysis. 

            In this part, for revealing the taxonomic identities of these variants in Misaki, I 

conducted cross-fertilization assay, species delimitation analyses and phylogenic analyses. 
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Methods 

Specimens Collection 

 The specimens were collected among the calcareous algae growing around the Moroiso and 

Araihama, Kanagawa, Japan. Sampling were conducted during spring tide from March 2019 to May 

2019. Specimens were kept at 18℃ in the 1.5 L plastic containers filled with seawater and at most 5 

specimens were kept in each container. Body size of the specimens was measured by imaging analysis 

of the photographs taken by the digital camera (Nikon 1 V3; Nikon) equipped on the stereomicroscope 

(SZX7; Olympus) with ImageJ (NIH). The photographs were taken after anesthesia of specimens in 

73.5 g/L MgCl2. 

 

Gametes Collection and Fertilization 

 To collect gamete, the posterior end of specimens was cut (about 3 mm in length) with a 

razor, and the cut fragment was transferred to a glass dish containing filtrated sea water (FSW). The 

remaining individual was put back into the rearing container so that gamete was collected again from 

the individual in the same way. Sperm leaked out from the cut fragment containing testis were 

transferred into a microtube with a pipette. Oocytes leaked out from the fragment containing ovary 

were transferred into another glass dish filled with FSW. The transferred oocytes were incubated for 

approximately an hour at 18℃ to induce maturation. The concentration of sperm was calculated with 



13 

 

a hemocytometer. Eggs were inseminated by the sperm suspension in 3.5 mm dishes filled with 2 ml 

FSW. The fertilization rate was examined 2 hours after insemination by counting the eggs in cleavage. 

The photographs of gametes were taken under the light microscopy (BX51, Olympus). 

 

DNA extraction, PCR amplification and Sequencing Analysis 

 Genomic DNA was extracted from the cut fragment prepared in the same way as the 

collection of gametes. The cut fragment was processed in KPE buffer (0.1 M Tris-HCl (pH 9.5), 10 

mM EDTA, 1 M KCl) with incubation at 95℃ for 20 min and -20℃ until frozen. This treatment of 

heating and freezing was repeated one more time. The suspeghg after the treatment was collected and 

purified DNA was obtained from it with phenol/chloroform extraction and ethanol precipitation. The 

purified DNA was dissolved in distilled water (DW) and used for a template of following PCR. 

 Partial sequence of 16S (primers: ar-L and br-H) (Palumbi et al., 1991), 18S (primers: 

forward 5′-CCGGAGAGGGAGCCTKA-3′ and reverse 5′-GACGGGCGGTGTGTRC-3′), 28S 

(primers: C1′ and C2) (Le et al., 1993), histone H3 (H3) (primers: LCO1490 and HCO2198) (Folmer 

et al., 1994), cytochrome oxidase subunit I (COI) (primers: aF and aR) (Colgan et al., 1998) genes in 

the template DNA were amplified by PCR with KOD FX NEO (TOYOBO) was amplified. PCR was 

performed under 94℃ for 1 min, 40 cycles of 94℃ for 15 sec , 48℃ for 15 sec, 68℃ for 1 min, 

followed by 68℃ for 2 min. 
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 To prepare templates for sequencing reaction, exonuclease I (NEB) and rAPid alkaline 

phosphatase (Roche) were added to the PCR product and incubated at 37℃ for 30 min and at 80℃ 

for 15 min. Following cycle-sequencing reaction was performed with BigDye™ Terminator v3.1 

(Applied Biosystems). Cycle-sequencing reaction was performed under 94℃ for 1 min, 25 cycles of 

94℃ for 10 sec, 46℃ for 5 sec, 60℃ for 1 min 30sec. Primer for the cycle-sequencing reaction was 

the same as that for the PCR amplification. The product of cycle-sequencing reaction was purified by 

ethanol precipitation and dissolved in Hi-Di™ Formamide (Applied Biosystems) before sequencing 

with ABI3130 (Applied Biosystems).  

 

Species delimitation analysis, phylogenic analysis and Genetic distance 

 Species delimitation analyses were performed by ABGD (Puillandre et al., 2012), bPTP 

(Zhang et al., 2013) and statistical parsimony (Templeton et al., 1992). The obtained 16S and COI 

sequences were aligned with MAFFT 7.0 (Katoh and Standley, 2013). ABGD analysis was 

performed on the ABGD server with default parameters. bPTP analysis was performed on the bPTP 

web server with default parameters based on the phylogenic tree generated by GTR+CAT+I model 

on RaxML ver. 8 (Stamatakis, 2014). The statistical parsimony analysis and drawing haplotype 

networks were performed by TCS ver. 1.2.1 (Clement et al., 2000) with default parameters except 

for the connection limit set as 90 %. 
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 The phylogenic tree among heteronemerteans was drawn with the sequence of 16S, 18S, 

28S, H3, COI genes derived from both purple- and yellow-type variants captured in Misaki and 

other 23 species acquired from GenBank. Accession number of each sequence was listed in Table 1-

1. The sequences were aligned by MAFFT 7.0 (Katoh and Standley, 2013) and trimmed on Gblocks 

Server ver. 0.91b (Castresana, 2000). The parameters in the series of treatment were the same as 

Chernyshev et al., 2018 except for allowing many contiguous nonconserved positions in Gblocks. 

Trimmed sequences were concatenated on SeaView (Gouy et al., 2010) and 2, 707 bp sequences 

were yielded. The optimized model for phylogenic analysis was obtained by PartitionFinder ver. 2 

(Lanfear et al., 2017). Maximum likelihood (ML) analysis was performed by IQ-TREE (Nguyen et 

al., 2014) with 1,000 bootstrap replicates. Bayesian inference (BI) analysis was performed by 

MrBayes (Ronquist et al., 2012) with four Markov chains for 1,000,000 generations, sampling every 

1,000 generations.  

 The genetic p-distances of 16S and COI sequences derived from both purple- and yellow-

type variants were calculated by MEGA X (Kumar et al., 2018) with default parameters. 
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Results 

Cross-fertility assay between two variants of Kulikovia alborostrata 

 First, I examined the cross-fertilization assay between the purple- and yellow-type variants 

in K. alborostrata. Eggs were inseminated with 1.0 x 104, 1.0 x 103 and 1.0 x 102 cells /ml sperm of 

the same type or the other type. The rate of fertilization is significantly different between the same-

type gametes and different-type gametes (N=3, two-way ANOVA, P＜0.001) (Fig. 1-2). Almost all 

eggs inseminated with the same-type sperm developed to the two-cell stage, but the eggs 

inseminated with the another-type sperm developed to the two-cell stage in the lower rate. As the 

concentration of sperm was low, the rate eggs developed to the two-cell stage was low. In the natural 

condition, the concentration of sperm are probably kept under 1.0 ×102 cells / ml, because sperm 

will be immediately dispersed in surrounding seawater after spawned. Thus, these results suggest 

that there is the reproductive isolation between the purple- and yellow-type variants in K. 

alborostrata at least in the natural environment.  

 

Species delimitation analysis  

 To test the possibility of gene flow between the purple- and yellow-type variants of K. 

alborostrata in Misaki, species delimitation analyses were performed based on 16S and COI genes. 
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In these analyses, the 16S and COI sequences of K. alborostrata from Vostok Bay, Russia and the 

16S sequence of the specimen formerly identified as Lineus fulvus from Oshoro, Hokkaido, Japan 

(Schwartz et al., 2009) was also contained. The all three ways of species delimitation analyses, 

ABGD, bPTP and TCS, indicated that there are genetic gaps between the variants (Fig. 1-3). This 

result denied the possibility of gene flow between the variants in the natural condition. The analyses 

also indicated that purple-type in Misaki is genetically identical with K. alborostrata in Vostok Bay 

and the yellow-type in Misaki is genetically identical with the specimen formerly identified as L. 

fulvus described in Hokkaido. Moreover, the haplotype networks were drawn based on the result of 

TCS analysis. Although all specimens fell within 5% difference in 16S sequences, at most 10% 

difference was detected among COI sequences of the yellow-type variant in Misaki (Fig. 1-4). 

Hence, it is suggested that the purple- and yellow-type variant is the separated species and I 

described them as K. alborostrata and K. fulva, respectively, in the section of taxonomy. 

 

Gametes and External Morphology 

 I examined whether there are differences between the morphologies of the purple- and 

yellow-type variants. First, the morphologies of their gametes were compared, and no obvious 

difference was detected (Fig. 1 C-H); the diameter of both eggs was approximately 120 µm, the 
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shape and the size of sperm head were the same and the length of both sperm flagella was 

approximately 50 µm. On the other hand, the difference was seen in the size of the mouth; the length 

of the mouth along the anterior-posterior axis in the purple-type variant was shorter than that in the 

yellow-type variants (Fig. 1-5). The mouth length of the purple-type variant is less than 

approximately 0. 3 times as long as the body width at the constriction between the head and trunk 

(‘neck’ hereafter). On the other hand, that of the yellow-type variant is more than approximately 0.3 

times as long as the body width at the neck. 

 

Taxonomy 

Kulikovia alborostrata (Takakura, 1898) 

(Figs. 1-1 A, 1-2 A) 

Lineus alborostratus Takakura, 1898, p. 332, fig. 2 [in part]; Yamaoka (1940), p. 220, pl. 15, figs. 1–

5; Xu et al. (2012), p. 85. 

Kulikovia alborostrata: Chernyshev et al. (2018), p. 60, figs. 2–4, 17. 

 

Material examined. Nine adult individuals collected in the Moroiso and the Araihama, Kanagawa, 
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Japan. 

 

Description. Body 5–30 cm in length, dark slate blue on dorsal side and pale blue on ventral side 

with a white band on dorsal side at the tip of head (Fig. 1-1 A). Neck 0.6–1.1 mm in width. Mouth 

0.1–0.3 mm in length along the antero-posterior axis; mouth length less than about approximately 

0.3 times as long as neck width (Fig. 1-5 A, C). Reproductive season from the middle of February to 

late March in Misaki. 

 

Remarks. Although Lineus alborostratus in the original description (Takakura, 1898) contains both 

the purple- and yellow-type variant, they turned out to be separate species (see the results above). To 

date, there are several studies on the species with the name of Lineus alborostratus or Kulikovia 

alborostrata, and these all have been consistent in pointing to the purple-type variant. Therefore, in 

accordance with those reports, I regarded the purple-type variant in Misaki as representing Kulikovia 

alborostrata, although the type material of L. alborostratus is not extant (Kajihara, 2004). The public 

sequences tagged with the names L. alborostratus or K. alborostrata in the GenBank can be 

regarded to be homologous to that of the purple-type variant in Misaki (Chernyshev et al., 2018) 

(Fig. 1-3). 
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Kulikovia fulva (Iwata, 1954) comb. nov. 

(Figs. 1-1 B, 1-2 B) 

Lineus alborostratus Takakura, 1898, p. 332, fig. 2 [in part]. 

Lineus fulvus Iwata, 1954: 13, fig. 2C; Schwartz (2009), p. 273. 

 

Materials examined. Ten adult individuals collected in the Moroiso and the Araihama, Kanagawa, 

Japan. 

 

Description. Body 5–30 cm in length, yellowish brown on dorsal side and beige on ventral side with 

a white band on dorsal side at the tip of head (Fig. 1-1 B). Neck 0.5–1.2 mm in width. Mouth 0.2–

0.5 mm in length along the antero-posterior axis; mouth length more than about approximately 0.3 

times as long as neck width (Fig. 1-5 B, C). Reproductive season from the middle of February to late 

March in Misaki. 

 

Remarks. The morphology of the yellow-type variant well conformed to the description of Lineus 

fulvus by Iwata (1954) pointing “anteriorly brownish yellow and posteriorly yellow” and “a white 
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band is clearly found on the tip of the head.” The appearnce of mouth in the illustration in the 

original description also conformed to that in yellow-type variant. On the other hand, although black 

pigmentations were found at the tip of head in the yellow-type variant, it has not been proven that 

the pigmentation is identical to the 15 occelli pointed in the original description of Lineus fulvus 

because the type material is currently not available to us. Molecularly tested, the yellow-type 

variants in Misaki were identical to one individual identified as Lineus fulvus collected in Oshoro, 

Hokkaido (Schwartz et al., 2009) (Fig. 1-3). In addition, the yellow-type variants were firmly placed 

within the Kulikovia clade by the phylogenic analyses. Thus, I proposed a new combination 

Kulukovia fulva comb. nov.  

 

The phylogenic analysis 

 To examine the phylogenic relationships between K. alborostrata and K. fulva, I 

performed the phylogenic analyses with the nucleotide sequences of 16S, 18S, 28S, H3 and COI. 

Both the ML and the BI analyses showed that these two species were in a sister-taxon relationship 

with 96% bootstrap value and 1.00 Bayesian posterior probability (Fig. 1-6). The phylogenic trees 

also showed that both two species were incorporated into the genus Kulikovia and formed a clade 

with K. torquata with 78% bootstrap value and 1.00 Bayesian posterior probability.  
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The genetic distance 

 The uncorrelated p-distance between K. alborostrata and K. fulva were calculated as 2.8―

5.4 % and 14.4―17.3% in 16S and COI, respectively (Table 1-2). On the other hand, intraspecific 

uncorrelated p-distance were calculated as 0.0―0.5% (16S) and 0.1―1.1% (COI) in K. alborostrata 

and 0.5―1.5% (16S) and 1.6―2.4% (COI) in K. fulva. 
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Discussion 

In this part, I examined the identities of the purple- and yellow-type variants of K. 

alborostrata in the Takakura’s original description with the cross-fertilization assay and the molecular 

phylogenetics. I found that there is reproductive isolation between the two types and identified the 

purple-type variant in Misaki as K. alborostrata and the yellow-type variant in Misaki as K. fulva 

comb. nov. I showed that the fertilization rate between different species was significantly lower than 

that between the same species, even though the cross-fertilization occurred at very low rate in the 

experimental condition of 1.02×10 sperm cells/ml. Probably, the cross-fertilization will not occur in 

the natural environment because this density of sperm cell in the experimental condition is much 

higher than that in the natural environment where sperm are dispersed into seawater immediately after 

spawned. Moreover, in the natural condition, both K. alborostrata and K. fulva lives sympatrically and 

become mature at the same season. Therefore, although it is considered that the sperm from both 

species are present concurrently in the same area, eggs will be fertilized preferentially with conspecific 

sperm even when heterospecific sperm reach the eggs. The results of the genetic analyses indicated 

that there is no gene flow between the two species and supported this hypothesis. Although it is 

unknown whether these two are pre-zygotically or post-zygotically isolated, previous studies on other 

marine animals suggested that pre-zygotic isolation seems to be major among external fertilizers. In 

abalones, the vitelline membrane around an egg is important for selecting the conspecific sperm 
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(Swanson and Vacquire, 1997; Raj et al., 2017). In sea urchins, the acrosomal reaction occurring in 

sperm passing through the jelly layer is shown to be important for species-specific fertilization 

(Summers and Hylander, 1975). Although the mechanism for reproductive isolation in nemerteans 

have never been studied, the reproductive isolation between K. alborostrata and K. fulva may also be 

pre-zygotic, thus I tried to examine this point in the part II.  

I also revealed that K. alborostrata and K. fulva are closely related species by phylogenic 

analyses and calculating the genetic distances. Between these species, the genetic distance of 16S gene 

was calculated as 2.8―5.4% in this study. The formerly reported minimum value of the genetic 

distance of 16S gene was 4.0% which is between other nemertean species Maculaura alaskensis and 

M. oregonensis (Hiebert and Maslakova, 2015). The genetic distance between K. alborostrata and K. 

fulva is comparable to this and it can be said that these two are one of the closest species among 

nemerteans. Remarkably, even though these two are closely related species, their gametes are already 

equipped with some systems for recognizing the conspecific counterparts. This fact highlights the 

possibility that K. alborostrata and K. fulva are good models for studying the reproductive isolation 

in nemerteans. 
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Fig. 1-1. (A, C, E, G) Purple-type variant of Kulikovia alborostrata in Misaki, Japan (Takakura, 

1898). (B, D, F, H) Yellow-type variant in Misaki. (A, B) Living specimens captured in Misaki. (C–

F) Spermatozoa. (G, H) Mature eggs. Scale bars: (A, B) 1 mm; (C, D) 10 µm; (E, F) 5 µm; (G, 

H) 100 µm. 
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Fig. 1-2.  

 

本図は 5年以内に雑誌等で刊行予定のため、非公開 
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Fig. 1-3. Results of ABGD, bPTP, and TCS analyses shown on maximum-likelihood trees based on 

16S (A) and COI (B) datasets, with numbers near nodes showing bootstrap values. 
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Fig. 1-4. Haplotype networks of the purple-type variant in Misaki (white), K. alborostrata in Vostok 

Bay (black) (A, C) and yellow-type variant in Misaki (white) and L. fulva in Oshoro (diagonal 

stripe) (B, D), constructed by statistical parsimony analysis with the 16S (A, B) and COI (C, 

D) datasets; the size of pie chart reflects sample size. Each edge represents a single nucleotide mutation 

and black dots denote missing haplotypes.  
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Fig. 1-5. (A, B) Head, ventral view, showing difference in size and shape of mouth (indicated by 

arrowheads) between the purple-type (A) and the yellow-type variant (B). (C) each plot showing the 

length of neck width (a, vertical axis) and antero-posterior mouth length (b, horizontal axis) of each 

individual of the purple-type (circles, n = 6) and the yellow-type variant (triangles, n = 8). Scale 

bars: (A, B) 0.5 mm.  
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Fig. 1-6. Maximum-likelihood (ML) tree based on the concatenated sequence of 16S, 18S, 28S, COI, 

and H3 among heteronemerteans. Two Baseodiscus species were used as outgroup. Numbers on each 

node show ML bootstrap value /Bayesian posterior probability. 
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Table 1-1. List of GenBank accession numbers for sequences used in our phylogenetic analysis. 
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Table 1-2. Uncorrected p-distance (%) for 16S (upper) and COI (lower) among and between K. 

alborostrata from Misaki (n = 5) and Vostok Bay (n = 2); K. fulva from Misaki (n = 7) and Oshoro 

(n = 1). 
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Part II 

 

The species-recognition system in gametes of K. 

alborostrata and K. fulva 
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Part III 

 

Exploration for the genes for the species-recognition 

among Kulikovia species 
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  General Discussion 

  

本章は 5 年以内に雑誌等で刊行予定の内容と 

関連しているため、非公表 
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Conclusion and Perspectives 

 

本章は 5 年以内に雑誌等で刊行予定の内容と 

関連しているため、非公表 
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