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Chapter 3
Sperm Activation and Chemotaxis 
in Invertebrates

Jumpei Ikenaga and Manabu Yoshida

Abstract The gametes of aqua-living animals are equipped with several systems to 
ensure fertilization. Sperm activation and chemotaxis toward the conspecific eggs—
some factors from the eggs or female organs activate and attract conspecific sperm—
are the first two steps of authentication between sperm and eggs. Phenomena and 
molecular mechanisms underlying sperm activation and chemotaxis are varied, 
even in the same taxa. Considering species specificity of sperm chemotaxis, the 
system may prevent crossbreeding. It is an interesting point why the system of 
sperm activation and chemotaxis has been evolved with such a high diversity. In this 
chapter, we reviewed the sperm activation and chemotaxis in aquatic invertebrates.

Keywords Sperm chemotaxis · Fertilization · Species specificity

3.1  Introduction

In cases of aqua-living animals, many of them perform external fertilization. Even 
in animals undergoing internal fertilization, many of their males spawn spermato-
zoa into surrounding water without mating (see Chap. 1 for details). Thus, it is chal-
lenging for spermatozoa to find conspecific eggs, and they are equipped with several 
processes to overcome difficulties in the aquatic circumstances such as seawater. 
First, the spermatozoa start swimming when spawned into water around the male 
body (initiation). When the spermatozoa get close to the egg, the motility of the 
sperm is activated by chemicals from the egg or the female reproductive organs 
(activation). In many cases, the spermatozoa change their swimming pattern due to 
chemicals from the egg and are guided toward the egg (chemotaxis). Even in mam-
mals, the process of changing sperm motility (initiation, activation, and chemotaxis) 
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has been observed. In this chapter, we reviewed the sperm activation and chemo-
taxis in aquatic invertebrates.

3.2  Sperm Activation

Spermatozoa are usually immotile while stored in the male body and become motile 
when they are ejaculated or spawned from the male. Since most invertebrates living 
in aquatic circumstances are external fertilizers or internal fertilizers without mat-
ing, sperm motility is activated in aquatic conditions. Initiation of sperm motility in 
aquatic vertebrates showing external fertilization, such as fishes and amphibians, is 
mediated by changes of osmolarity (cf. Chapters 2, 4, and 11). On the other hand, in 
marine invertebrates, there is no difference  in osmolarity between the seminal 
plasma and the aquatic circumstances around the male body, and inducer of sperm 
motility is almost unknown. The spermatozoa of several other animals are almost 
quiescent when they are spawned, and some factors released from eggs or female 
organs activate their motility. These female-derived “sperm-activating factors” are 
proposed in many marine invertebrates, but identification of these factors have been 
performed in only a few animals. Thus, the molecular mechanisms of sperm activa-
tion are almost unknown.

3.3  Sperm Chemotaxis

In many animals and plants, it is widely observed that spermatozoa sense substances 
released from the eggs or female organs and are led toward the direction to the egg. 
This phenomenon is called “sperm chemotaxis” and guarantees that conspecific 
gametes successfully come together. Sperm chemotaxis was already observed in the 
nineteenth century in ferns and mosses (Pfeffer 1884), and in animals, when 
J.C. Dan first observed it in the hydrozoan Spirocodon saltatrix (Dan 1950). Similar 
to the studies on sperm activation, sperm chemotaxis has been studied in marine 
invertebrates, taking advantage of external fertilization. In fact, Miller studied sperm 
chemotaxis extensively in many metazoan animals such as Cnidaria, Mollusca, and 
Echinodermata (see review; Miller 1985b). For now, the mechanisms of sperm che-
motaxis are particularly researched in sea urchins and ascidians (see Sect. 3.4).

Although sperm chemotaxis in mammals does not seem to be species-specific, 
sperm chemotaxis of many other animals, especially marine invertebrates, is 
species- specific (Table 3.1). Thus, sperm chemotaxis may prevent crossbreeding, 
even though little is known about the molecular mechanisms of species specificity 
in sperm chemotaxis.

Sperm movement and its flagellar beating during chemotactic response have 
been observed in several marine invertebrate species. On the surface of a glass slide, 
the spermatozoon usually swims in a circular track with low asymmetric flagellar 
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beating in the absence of eggs nor sperm attractants. On the other hand, when the 
spermatozoon shows chemotactic behavior, it draws a distinctive track: periodical 
quick turn and straight swimming (see review; Yoshida and Yoshida 2011). In the 

Table 3.1 Observed sperm activation and sperm chemotaxis

Phylum Class
Style of 
fertilization Sperm activation

Sperm chemotaxis and 
species-specificitya

Cnidaria Anthozoa External + (Morita et al. 
2006)

+/+ (Coll et al. 1994; 
Coll et al. 1995; Morita 
et al. 2006)

Hydrozoa External n.d. +/+ (Carré and Sardet 
1981; Dan 1950; Miller 
1966; Miller 1973; 
Miller 1979a; Noda and 
Kanai 1981)

Staurozoa External n.d. +? (Miller 1985b)
Mollusca Bivalvia External + (Alavi et al. 2014) n.d.

Polyplacophora External n.d. +/− (Miller 1977)
Gastropoda External n.d. + (Riffell et al. 2002)
Cephalopoda Internal 

(mating)
+ (Tosti et al. 2001) + (Hirohashi et al. 2013; 

Zatylny et al. 2002)
Annelida External + (Lillie 1913b) +? (Miller 1985b)
Bryozoa Internal n.d. +? (Miller 1985b)
Arthropoda Internal 

(mating)
n.d. − (Miller 1985b)

Echinodermata Echinoidea External + (Hansbrough and 
Garbers 1981; Lillie 
1913a; Ohtake 
1976a; Suzuki 
1990)

+ (Guerrero et al. 2010; 
Ward et al. 1985)

Asteroidea External + (Nishigaki et al. 
1996)

+/+ (Miller 1985a)

Holothuroidea External + (Morita et al. 
2009)

+/+ (Miller 1985a; Miller 
1997; Morita et al. 2009)

Ophiuroidea External n.d. +/+ (Miller 1985a; Miller 
1997)

Chordata Ascidiacea External + (Minganti 1951; 
Yoshida et al. 1994)

+/+ (Matsumori et al. 
2013; Miller 1975; 
Miller 1982; Minganti 
1951; Yoshida et al. 
2013; Yoshida et al. 
1993; Yoshida et al. 
2002)

Larvacea External n.d. + (Miller and King 1983)
aInitial plus or minus means existence of sperm chemotaxis and second plus or minus means that 
of species specificity. Even in class in which species specificity is “+”, not all species show species 
specificity. “+?” means that the group has species specificity but less evidence 
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pathway, the spermatozoon dynamically regulates its flagellar beating pattern. This 
regulates sperm direction, resulting in the spermatozoon’s approach toward the egg.

In the regulation of flagellar beating, transient Ca2+ increase is a cue signal (see 
Sect. 3.5.1 for details).

3.4  Knowledge of Sperm Activation and Chemotaxis 
in Aquatic Invertebrates

As described in Sects. 3.2 and 3.3, phenomena of sperm activation and chemotaxis 
have been observed in many animals. We show an overview of sperm activation and 
chemotaxis in Table 3.1, and detailed descriptions are shown in Sects. 3.4.1–3.4.6.

3.4.1  Cnidarians

Studies on sperm activation and chemotaxis in animals were initially performed on 
Cnidarian species. The first observation of sperm chemotaxis was on the sperm of 
hydrozoan, Spirocodon saltatrix (Dan 1950), and Miller had studied extensively on 
hydrozoan species (Freeman and Miller 1982; Miller 1966, 1970, 1973, 1979a, 
1979b). Sperm chemotaxis was observed in many hydrozoan species, even though 
they are sessile or planktonic, or internal or external fertilizers (Miller 1985b). The 
sperm chemotaxis in hydrozoan is highly species-specific: Miller examined chemo-
taxis in 32 species of marine hydromedusae, and only 13 heterospecific cross- 
reactions were found (Miller 1979a). The attractant seems to be released from the 
egg itself (Miller 1985b) or from an extracellular structure localized around the 
animal pole of the egg called the cupule (Cosson et al. 1984).

The sperm attractants in the hydrozoan species seem to be proteins or peptides: 
the sperm attractant of Hippopodius hippopus seemed to be a protein with a molecu-
lar mass of 25 kDa and pI 3.5, even though it was still not identified (Cosson et al. 
1986). On the other hand, the sperm attractant in the scleractinian coral Montipora 
digitata was found to be the unsaturated fatty alcohol dodeca-2,4-diynol (Coll et al. 
1994). In the species, three fatty alcohols were isolated as sperm activating sub-
stances, but only dodeca-2,4,-diynol had sperm-attracting activity (Coll et al. 1994). 
Coll and his colleagues also found that the native sperm attractant of the soft coral 
Lobophytum crissum is the macrocyclic diterpene alcohol (-)-epi-thunbergol (Coll 
et al. 1995). Other coral species in the genus Acropora also showed sperm chemo-
taxis toward the egg (Morita et al. 2006), even though the sperm attractants were 
still not elucidated.

In addition to that in the hydorozoan and anthozoan species, it is thought that 
sperm chemotaxis is present in the Schyphozoan species.

J. Ikenaga and M. Yoshida



35

Like in other animals, the chemotactic movement of the Cnidarian spermatozoa 
is mediated by Ca2+ (Cosson et al. 1983, 1984; Morita et al. 2006).

3.4.2  Mollusks

In protostome animals, fertilization of mollusks, especially in bivalves, has been 
studied well due to their economic importance. Alavi and his co-workers studied 
sperm activation of some bivalves (Bivalvia): Manila clam (Ruditapes philippina-
rum), Pacific oyster (Crassostrea gigas), and Japanese scallop (Patinopecten yes-
soensis) (Alavi et al. 2014). They showed that the sperm of the bivalves initiate its 
motility when released into sea water, and in addition, the movement of sperm is 
activated by 5-hydroxytryptamine (5-HT), one of the physiologically active sub-
stances inducing spawning and oocyte maturation in bivalves (effects of 5-HT on 
reproduction of mollusks are described in Chap. 7, Sect. 7.3 for details). During the 
initiation of sperm motility, 5-HT induces a Ca2+ influx via voltage-dependent ion 
channels associated with K+ efflux, resulting in the activation of CaM-dependent 
flagellar beating (Alavi et al. 2014) (see Fig. 3.1). On the other hand, there is no 
report showing the chemotactic response of the bivalve sperm.

Sperm chemotaxis has been observed in the primitive mollusk chitons 
(Polyplacophora): Miller showed that the ethanol extracts of the eggs of several 
chitons attract the spermatozoa (Miller 1977). Interestingly, sperm chemotaxis in 
chitons is not species-specific (Miller 1977, 1985b). Sperm activation and chemo-
taxis is also observed in cephalopods. Spermatozoa of the octopus Octopus vulgaris 
are stored in a female genital tract prior to fertilization and seem to be pre-activated 
by progesterone. Progesterone-treated sperm show a breakdown of outer membrane 
around the acrosomal region, which is like a process of acrosome reaction in mam-
mals (Tosti et al. 2001). Sperm chemotaxis in cephalopods is observed in Octopus 
vulgaris and the cuttlefish Sepia officinalis, and their sperm attractants are identified 
as the peptides named Octo-SAP (De Lisa et al. 2013) and SepSAP (Zatylny et al. 
2002), respectively.

Concerning snails (Gastropoda), one of the major groups of mollusks, little is 
known about their sperm activation and chemotaxis since most of them are internal 
fertilizers. However, abalone, a primitive snail, is an external fertilizer, and its sperm 
shows chemotactic behavior (Riffell et al. 2002, 2004). The sperm attractant of the 
red abalone (Haliotis rufescens) is identified as the amino acid L-tryptophan (Riffell 
et al. 2004).

Sperm chemotaxis in mollusks plays roles not only in the success of conspecific 
fertilization but also in reproductive strategy. Males of some squids (Cephalopoda) 
contend on females for mating, and the winner acts as a consort male, the loser a 
sneaker male. In other words, the consort male accompanies the female (see the 
Chap. 13). The consort male deposits his spermatophore around the opening of the 
oviduct on the female mantle cavity, and the sperm will get first access to the egg 
capsules. On the other hand, the sneaker male gets close to the female and scatters 
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its sperm when the female holds the egg capsules on her arm to lay it on the sub-
strate, i.e., the male is “sneaking” to fertilize the eggs. Interestingly, in the squid 
Heterololigo bleekeri, spermatozoa from sneaker males make a cluster after spawn-
ing, whereas spermatozoa from consort males do not (Hirohashi et al. 2013). The 
clustering of sperm is caused by sperm chemotaxis toward CO2 (Hirohashi et al. 
2013). Higher sensitivity of the sneaker male sperm to pH seems to cause a chemo-
tactic response only in the sneaker sperm (Hirohashi et al. 2013; Iida et al. 2017). 
For details, see Chap. 13, Sect. 13.3.4.

Fig. 3.1 Signaling cascades of sperm activation in animals: clams, sea urchins, and ascidians
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3.4.3  Arthropods and Other Protostomes

Knowledge of sperm activation and chemotaxis in protostomes other than mollusks 
is minimal, even in Arthropoda. One of the few studies on arthropod sperm was 
done in the horseshoe crab (Xiphosura) Limulus polyphemus. The Limulus sperma-
tozoa are almost immotile when spawned in seawater and are activated if they 
encounter an egg-derived factor (Clapper and Brown 1980a). The egg-derived fac-
tor activating sperm release (also called a sperm motility initiating factor (SMI)) is 
still not identified, but it appears to be a hydrophobic peptide with the molecular 
mass of 500–2000 (Clapper and Brown 1980b; Clapper and Epel 1982). Fertilization 
of arthropods are reviewed in Chap. 7, Sect. 7.2.3.

In other protostomes, existence of sperm activation and chemotaxis is suggested 
in Annelida and Bryozoa (Miller 1985b), but these should be confirmed.

3.4.4  Sea Urchins (Echinodermata, Echinoidea)

Sea urchins, a group of echinoderms, have been studied well for a century, and their 
sperm activation and chemotaxis are also well known. Activation of sea urchin sper-
matozoa by some factors associated with the eggs was observed a century ago 
(Lillie 1913b). The sperm of the sea urchin is a traditional model for research on 
sperm activation, although sea urchin spermatozoa are usually highly activated after 
spawning in sea water. First, Ohtake showed that the jelly layer of eggs of 
Hemicentrotus pulcherrimus contains sperm-activating substances, which activate 
sperm motility and respiratory in acidic sea water (Ohtake 1976b). After that, the 
decapeptide named speract and another 14-amino-acid peptide named resact were 
identified as the sperm-activating substances from Strongylocentrotus purpuratus 
(Hansbrough and Garbers 1981) and Arbacia punctulata (Suzuki et  al. 1984), 
respectively. Moreover, resact was found to be not only the sperm-activating sub-
stance but also the sperm attractant (Ward et al. 1985). Suzuki and his co-workers 
expanded the work in the various sea urchin species and finally found 74 sperm- 
activating peptides from 17 species distributed over five orders (Suzuki 1995).

Receptors and signaling mechanisms of the sperm-activating peptides, especially 
speract and resact, have been investigated for many years. Speract and resact bind 
to their receptors on the sperm membrane and activate guanylyl cyclase, which is 
the enzyme for the production of cGMP (Ramarao and Garbers 1985). The receptor 
of resact is a membrane-type guanylate cyclase (Shimomura et al. 1986), and as 
such, resact directly activates the guanylyl cyclase and induces cGMP production. 
On the other hand, the speract receptor is not a guanylyl cyclase: Speract binds to 
the 77 kDa membrane protein that seems to be associated with a guanylate cyclase 
(Bentley et al. 1988; Dangott and Garbers 1984; Dangott et al. 1989). In any case, 
increase of cGMP induces the activation of cyclic nucleotide-gated K+-selective 
channel and K+ efflux, resulting in the hyperpolarization of membrane potential 
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(Babcock et al. 1992; Galindo et al. 2000). Then, Ca2+ efflux and Na+ influx via a 
Na+/Ca2+ exchanger and alkalization via a Na+/H+ exchanger occur (Lee and Garbers 
1986; Nishigaki et al. 2004). Finally, increase of Ca2+ in the sperm head and flagella 
is observed (Böhmer et al. 2005; Guerrero et al. 2010; Kaupp et al. 2003; Wood 
et al. 2005) (see Fig. 3.1). An additional pathway, cAMP can induce Ca2+ increase 
(Cook and Babcock 1993). In the sperm of S. purpuratus, the Na+/H+ exchanger 
seems to associate with a soluble adenylate cyclase, which is the enzyme for the 
production of cAMP (Nomura and Vacquier 2006). Thus, this may be activated by 
the signal pathway initiated from speract.

Interestingly, sperm chemotaxis in sea urchins other than Arbacia is unclear. 
Chemotaxis of A. punctulata sperm has been observed in 1985 (Ward et al. 1985) 
and that of A. lixula has also been detected (Yoshida, unpublished data). On the 
other hand, spermatozoa of other sea urchins, including S. purpuratus and H. pul-
cherrimus, have been considered not to show chemotactic behavior toward the 
sperm-activating peptides for a long time (Cosson 1990; Darszon et al. 2008; Miller 
1985b). However, Guerrero and his collaborators have shown that the Lytechinus 
pictus spermatozoa displayed Ca2+ responses similar to a sperm showing chemotac-
tic behavior, and finally the sperm has shown chemotactic behavior toward speract 
even though the phenomenon is not obvious (Guerrero et al. 2010) (see Chap. 12 for 
details).

Regardless, chemotactic response of the sea urchin sperm other than Arbacia is 
not obvious. Why do only a small number of sea urchin species conserve sperm 
chemotaxis? This is a difficult and unsolved question. A possible hint to solve the 
question is that resact is the only 14-amino-acid peptide, while other sperm- 
activating peptides, including speract, are mostly 10-amino-acid peptides (Suzuki 
1995). In addition, the receptor of resact is different from that of other sperm- 
activating peptides.

3.4.5  Echinoderms Other than Sea Urchin (Starfish, Sea 
Cucumber, and Brittle Star)

Like in the sea urchin, the spermatozoa of many other echinoderms have their motil-
ity in sea water. Thus, study on sperm activation is little. In exceptional cases, the 
sperm of the sea cucumber Holothuria atra is quiescent in sea water and activated 
by substances from the egg (Morita et al. 2009).

Sperm chemotaxis in echinoderms other than Echinoidea are observed in star-
fishes (Asteroidea), sea cucumbers (Holothuroidea), and brittle stars (Ophiuroidea) 
(Miller 1985a). In the experiments, species specificity of sperm chemotaxis has 
been observed between the used species in the brittle stars, but some hetero-specific 
cross reactivities were observed in starfishes (Miller 1985a). Moreover, in sea 
cucumbers, hetero-specific cross-reactivities were observed in broad genus and 
specificity of sperm chemotaxis was observed in limited genus (Miller 1985a). In 
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the sea cucumber, sperm attractants seem to be released from the egg cell and 
retained at the vitelline membrane (Morita et al. 2009). In the starfish, sperm attrac-
tants seem to exist in the jelly layer: the sperm-activating peptides named Asterosaps 
that was purified from the jelly layer of the starfish Asterias amurensis (Nishigaki 
et al. 1996) has sperm-attracting activity (Böhmer et al. 2005). Asterosaps are 3.8- 
kDa glutamine-rich polypeptides and have an intramolecular disulfide linkage 
between 8C and 32C (Nishigaki et  al. 1996). In another starfish, Pycnopodia 
 helianthoides, the sperm attractant was identified as the 12-kDa protein named 
Startrak, and the sequence of N-terminal 34 amino acids has been decoded (Miller 
and Vogt 1996; Punnett et al. 1992). Interestingly, the synthetic 32-amino-acid pep-
tide, which is part of the decoded region of Startrak, has a stronger sperm-attracting 
activity than the purified Startrak (Miller and Vogt 1996). Furthermore, the 
N-terminus sequence of Startrak (xxAELGLCIARVRQQNQGQDDVSIYQAIM-
SQCQS) has a high degree of homology with the sequences of Asterosaps (e.g., 
sequence of Asterosap P15: GGTQFGVCIARVRQQHQGQDEASIFQAILSQCQS) 
(Böhmer et al. 2005). Therefore, the region is important for the chemotaxis of star-
fish sperm.

Like resact in the sea urchin A. punctulata, Asterosaps bind to a membrane-type 
guanylyl cyclase on the sperm membrane and increase [Ca2+]i via the increase in 
cGMP (Matsumoto et al. 2003; Nishigaki et al. 2000).

3.4.6  Urochordate

Urochordate (tunicate) is one of the primitive groups (subphylum) of chordates, and 
it consists of ascidians (Ascidiacea), salps (Thaliacea), and larvaceans (Larvacea). 
In tunicates, ascidian species have been used as materials for developmental biology 
for a century, and fertilization of ascidians has been well investigated. The first 
observation of sperm behavior around the egg was observed in the ascidian Styela 
partita a century ago: Conklin observed that the spermatozoa accumulated at the 
vegetal pole of the egg (Conklin 1905). Several decades later, Miller studied sperm 
activation and chemotaxis in the ascidians (Miller 1975, 1982; Minganti 1951). In 
ascidians, the sperm activators and attractants are released from egg cells and pass 
through the vitelline membranes (Yoshida et al. 1993). In ascidians, species speci-
ficity is observed in not only sperm chemotaxis but also sperm activation (Yoshida 
2014; Yoshida et al. 2013), probably because the sperm attractant has both sperm- 
activating and sperm-attracting activities (Yoshida et  al. 1994, 2002). Thus, the 
attractant of ascidians was called sperm-activating and -attracting factor (SAAF) 
(Yoshida et al. 1994). Species specificity of sperm chemotaxis is not so strict: sper-
matozoa of some species show chemotactic behavior toward egg extracts from con-
generic species (Miller 1982, 1985b; Yoshida et al. 2013). Actually, the SAAF in the 
ascidians Ciona intestinalis (type A; also called C. robusta) and Ciona savignyi is 
the same molecule: the polyhydroxysterol sulfoconjugate (25S)-3α,4β,7α,26- 
tetrahydroxy- 5α-cholestane-3,26-disulfate (Ciona-SAAF) (Oishi et  al. 2004; 
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Yoshida et  al. 2002). Furthermore, we identified the SAAF of another ascidian, 
Ascidia sydneiensis, as 3α,7α,8β,26-tetrahydroxy-5α-cholest-22-ene-3,26-disulfate 
(Assydn-SAAF) (Matsumori et  al. 2013; Watanabe et  al. 2018). Differences of 
SAAF between the two genus (Ciona and Ascidia) comprise only of the position of 
the OH group and the double bond. Such small differences in the SAAFs may be 
sufficient for species-specific responses.

In the activation of the Ciona sperm, SAAF binds to the receptor, and Ca2+ chan-
nel is activated followed by Ca2+ influx (Yoshida et al. 1994). Then, Ca2+ binds to 
CaM and activation of CaM/CaM kinase pathway occurs (Nomura et  al. 2004). 
Through the regulation of K+ channel by CaM kinase, hyperpolarization occurs, and 
adenylated cyclase is activated followed by an increase in the concentration of 
cAMP (Izumi et  al. 1999). Finally, dynein light chain and axonemal protein are 
phosphorylated, triggering the sperm activation (Nomura et al. 2000) (see Fig. 3.1).

On the other hand, in spermatozoa showing chemotactic behavior, transient 
increase in the intracellular Ca2+ concentration ([Ca2+]i) is observed periodically 
(Ca2+ burst), and the Ca2+ bursts play a key role in the regulation of flagellar beating 
(Shiba et  al. 2008). Calaxin, a Ca2+-sensor protein associating axonemal dynein 
(Mizuno et  al. 2009), mediates the pattern of the sperm flagellar beating during 
chemotactic behavior. Calaxin and Ca2+ may regulate dynein-mediated microtubule 
sliding in the axonemes, resulting in the control of the propagation of asymmetric 
flagellar bending (Mizuno et al. 2012).

Recently, the SAAF receptor in the sperm of C. intestinalis was identified as a 
plasma membrane Ca2+-ATPase (PMCA) (Yoshida et al. 2018). PMCA may prob-
ably be continuously activated by SAAF to keep [Ca2+]i at low levels, and when the 
spermatozoon detects a decrease in SAAF, SAAF may detach from PMCA and 
become inactivated, resulting in the Ca2+ bursts (Yoshida et al. 2018).

Sperm chemotaxis of tunicates other than ascidians has also been observed in the 
larvacean Oikopleula dioica (Miller and King 1983).

3.5  Molecular Mechanisms of Sperm Activation 
and Chemotaxis

As described in Sect. 3.4, sperm activation and chemotaxis are highly diverse sys-
tems in animals. Molecular mechanisms controlling sperm motility are well inves-
tigated in mammalian species, especially in mouse and human, but those in aquatic 
animals have been studied only in a few species. Since there are many review papers 
describing molecular mechanisms in sperm activation and chemotaxis (Darszon 
et al. 2008; Kaupp et al. 2008; Kaupp and Strunker 2017; Nishigaki et al. 2014; 
Yoshida et al. 2008; Yoshida and Yoshida 2011, 2018), in this section we describe 
only the essence of common mechanisms. Summary of the signaling cascades of 
sperm activation in the three animal groups—clams, sea urchins, and ascidians—
was shown in Fig. 3.1.
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3.5.1  Intracellular Ca2+ Concentration Is the Most Important 
Factor in the Sperm Activation and Chemotaxis

The most important player for regulating sperm activation and chemotaxis is Ca2+. 
In a spermatozoon showing chemotactic responses, requirement of extracellular 
Ca2+ is seen in many animals (Yoshida and Yoshida 2011), and transient Ca2+ 
increases have been observed in the sea urchins and the ascidian (Böhmer et  al. 
2005; Guerrero et al. 2010; Shiba et al. 2008; Wood et al. 2003). Thus, Ca2+ medi-
ates sperm flagellar movement during chemotactic behavior. However, the precise 
role of Ca2+ in flagellar movement during sperm chemotaxis remains poorly under-
stood. In the ascidian, Calaxin, which is a Ca2+-sensor protein associating axonemal 
dynein, appears to mediate Ca2+-induced asymmetrical beating of the sperm flagel-
lum (Mizuno et al. 2009, 2012), and the protein may be a global player in sperma-
tozoa of other animals.

How are the Ca2+ transients controlled by the sperm attractants? In mammals, it 
is known that a sperm-specific Ca2+ channel, CatSper, plays a crucial role in regulat-
ing sperm function (Lishko and Mannowetz 2018). Sperm chemotaxis of the sea 
urchin sperm also seems to be mediated by CatSper (Seifert et al. 2015). On the 
other hand, some taxon in deuterostomes, including bony fishes and amphibians, 
and all protostomes seems to lack CatSper (Cai and Clapham 2008). Furthermore, 
in the ascidian sperm chemotaxis, the sperm attractant seems to mediate intracellu-
lar Ca2+ via the Ca2+ pump, even though the role of CatSper in the ascidian sperm is 
not elucidated (Yoshida et al. 2018). Interestingly, the Ca2+ transients in the sperm 
are observed when the spermatozoon swims away from the egg (Böhmer et al. 2005; 
Guerrero et al. 2010; Shiba et al. 2008). The model in the ascidian easily explains 
the phenomena. On the other hand, in the sea urchin sperm, the Ca2+ transients seem 
to be induced by increases in the attractant after an appropriate delay (Böhmer et al. 
2005; Kashikar et al. 2012). It seems that the sensing system of the sperm attractant 
may be diverse in the animals.

3.5.2  Other Factors

Changes in membrane potential and pH are also important events in signaling in 
sperm activation and chemotaxis even though these are not molecules; these two 
events modulate the Ca2+ signals.

Change of intracellular pH––in many cases alkalization was observed in sperma-
tozoa––appears to involve a sperm-specific Na+/H+ exchanger (Wang et al. 2007), 
and alkalization drives the CatSper channel (Kirichok et al. 2006). In contrast, mol-
ecules regulating membrane potential in spermatozoa are varied, although hyperpo-
larization of the sperm membrane is induced by an efflux of K+. In the activation of 
sea urchin sperm, hyperpolarization of the sperm was induced by cyclic nucleotide- 
gated K+-selective channel (Babcock et  al. 1992; Galindo et  al. 2000). Although 
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other players mediating K+ efflux have not been identified in aquatic invertebrates, 
it is known in mammalian sperm that some K+ channels, such as Slo3, are involved 
in hyperpolarization and Ca2+ regulation (Chavez et al. 2014; Schreiber et al. 1998). 
For details, see the reviews (Nishigaki et al. 2014; Ritagliati et al. 2018; Yoshida and 
Yoshida 2018).

References

Alavi SM, Matsumura N, Shiba K, Itoh N, Takahashi KG, Inaba K, Osada M (2014) Roles of 
extracellular ions and pH in 5-HT-induced sperm motility in marine bivalve. Reproduction 
147:331–345. https://doi.org/10.1530/REP-13-0418

Babcock DF, Bosma MM, Battaglia DE, Darszon A (1992) Early persistent activation of sperm K+ 
channels by the egg peptide speract. Proc Natl Acad Sci U S A 89:6001–6005

Bentley JK, Khatra AS, Garbers DL (1988) Receptor-mediated activation of detergent-solubilized 
guanylate cyclase. Biol Reprod 39:639–647

Böhmer M et al (2005) Ca2+ spikes in the flagellum control chemotactic behavior of sperm. EMBO 
J 24:2741–2752

Cai X, Clapham DE (2008) Evolutionary genomics reveals lineage-specific gene loss and rapid 
evolution of a sperm-specific ion channel complex: CatSpers and CatSperbeta. PLoS One 
3:e3569. https://doi.org/10.1371/journal.pone.0003569

Carré D, Sardet C (1981) Sperm chemotaxis in siphonophores. Biol Cell 40:119–128
Chavez JC et al (2014) SLO3 K+ channels control calcium entry through CATSPER channels in 

sperm. J Biol Chem 289:32266–32275. https://doi.org/10.1074/jbc.M114.607556
Clapper DL, Brown GG (1980a) Sperm motility in the horseshoe crab, Limulus polyphemus L. I. 

Sperm behavior near eggs and motility initiation by egg extracts. Dev Biol 76:341–349
Clapper DL, Brown GG (1980b) Sperm motility in the horseshoe crab, Limulus polyphemus 

L. II. Pertial characterization of a motility initiating factor from eggs and the effects of inor-
ganic cations on motility initiation. Dev Biol 76:350–357

Clapper DL, Epel D (1982) Sperm motility in the horseshoe crab. III. Isolation and characteriza-
tion of a sperm motility initiating peptide. Gamete Res 6:315–326

Coll JC et al (1994) Chemical aspects of mass spawning in corals. I. Sperm-attractant molecules in 
the eggs of the scleractinian coral Montipora digitata. Mar Biol 118:177–182

Coll JC et al (1995) Chemical aspects of mass spawning in corals. II. (-)-Epi-thunbergol, the sperm 
attractant in the eggs of the soft coral Lobophytum crassum (Cnidaria, Octocorallia). Mar Biol 
123:137–143. https://doi.org/10.1007/Bf00350332

Conklin EG (1905) The organization and cell-lineage of the ascidian egg. J Acad Natl Sci Phil 
13:1–126

Cook SP, Babcock DF (1993) Selective modulation by cGMP of the K+ channel activated by spe-
ract. J Biol Chem 268:22402–22407

Cosson MP (1990) Sperm chemotaxis. In: Gagnon C (ed) Controls of sperm motility: biological 
and clinical aspects. CRC Press, Boca Raton, pp 104–135

Cosson MP, Carré D, Cosson J, Sardet C (1983) Calcium mediates sperm chemotaxis in siphono-
phores. J Submicrosc Cytol 15:89–93

Cosson MP, Carré D, Cosson J (1984) Sperm chemotaxis in siphonophores. II. Calcium-dependent 
asymmetrical movement of spermatozoa induced by attractant. J Cell Sci 68:163–181

Cosson J, Carré D, Cosson MP (1986) Sperm chemotaxis in siphonophores: identification and 
biochemical properties of the attractant. Cell Motil Cytoskeleton 6:225–228

Dan JC (1950) Fertilization in the medusan, Spirocodon saltatrix. Biol Bull 99:412–415
Dangott LJ, Garbers DL (1984) Identification and partial characterization of the receptor for sper-

act. J Biol Chem 259:13712–13716

J. Ikenaga and M. Yoshida

https://doi.org/10.1530/REP-13-0418
https://doi.org/10.1371/journal.pone.0003569
https://doi.org/10.1074/jbc.M114.607556
https://doi.org/10.1007/Bf00350332


43

Dangott LJ, Jordan JE, Bellet RA, Garbers DL (1989) Cloning of the mRNA for the protein that 
crosslinks to the egg peptide speract. Proc Natl Acad Sci U S A 86:2128–2132

Darszon A, Guerrero A, Galindo BE, Nishigaki T, Wood CD (2008) Sperm-activating peptides in 
the regulation of ion fluxes, signal transduction and motility. Int J Dev Biol 52:595–606. https://
doi.org/10.1387/ijdb.072550ad

De Lisa E, Salzano AM, Moccia F, Scaloni A, Di Cosmo A (2013) Sperm-attractant peptide influ-
ences the spermatozoa swimming behavior in internal fertilization in Octopus vulgaris. J Exp 
Biol 216:2229–2237. https://doi.org/10.1242/jeb.081885

Freeman G, Miller RL (1982) Hydrozoan eggs can only be fertilized at the site of polar body for-
mation. Dev Biol 94:142–152

Galindo BE, Beltran C, Cragoe EJ Jr, Darszon A (2000) Participation of a K+ channel modulated 
directly by cGMP in the speract-induced signaling cascade of Strongylocentrotus purpuratus 
sea urchin sperm. Dev Biol 221:285–294

Guerrero A, Nishigaki T, Carneiro J, Tatsu Y, Wood CD, Darszon A (2010) Tuning sperm chemo-
taxis by calcium burst timing. Dev Biol 344:52–65. https://doi.org/10.1016/j.ydbio.2010.04.013

Hansbrough JR, Garbers DL (1981) Speract. Purification and characterization of a peptide associ-
ated with eggs that activates spermatozoa. J Biol Chem 256:1447–1452

Hirohashi N et al (2013) Sperm from sneaker male squids exhibit chemotactic swarming to CO2. 
Curr Biol 23:775–781. https://doi.org/10.1016/j.cub.2013.03.040

Iida T, Iwata Y, Mohri T, Baba SA, Hirohashi N (2017) A coordinated sequence of distinct flagellar 
waveforms enables a sharp flagellar turn mediated by squid sperm pH-taxis. Sci Rep 7:12938. 
https://doi.org/10.1038/s41598-017-13406-z

Izumi H, Márian T, Inaba K, Oka Y, Morisawa M (1999) Membrane hyperpolarization by sperm- 
activating and -attracting factor increases cAMP level and activates sperm motility in the ascid-
ian Ciona intestinalis. Dev Biol 213:246–256

Kashikar ND et al (2012) Temporal sampling, resetting, and adaptation orchestrate gradient sens-
ing in sperm. J Cell Biol 198:1075–1091. https://doi.org/10.1083/jcb.201204024

Kaupp UB, Strunker T (2017) Signaling in sperm: more different than similar. Trends Cell Biol 
27:101–109. https://doi.org/10.1016/j.tcb.2016.10.002

Kaupp UB et al (2003) The signal flow and motor response controlling chemotaxis of sea urchin 
sperm. Nat Cell Biol 5:109–117

Kaupp UB, Kashikar ND, Weyand I (2008) Mechanisms of sperm chemotaxis. Annu Rev Physiol 
70:93–117. https://doi.org/10.1146/annurev.physiol.70.113006.100654

Kirichok Y, Navarro B, Clapham DE (2006) Whole-cell patch-clamp measurements of spermato-
zoa reveal an alkaline-activated Ca2+ channel. Nature 439:737–740

Lee HC, Garbers DL (1986) Modulation of the voltage-sensitive Na+/H+ exchange in sea urchin 
spermatozoa through membrane potential changes induced by the egg peptide speract. J Biol 
Chem 261:16026–16032

Lillie FR (1913a) The mechanism of fertilization. Science 38:524–528. https://doi.org/10.1126/
science.38.980.524

Lillie FR (1913b) Studies of fertilization. V. The behavior of the spermatozoa of Nereis and Arbacia 
with special reference to egg-extractives. J Exp Zool 14:515–574. https://doi.org/10.1002/
jez.1400140403

Lishko PV, Mannowetz N (2018) CatSper: a unique calcium channel of the sperm flagellum. Curr 
Opin Physiol 2:109–113. https://doi.org/10.1016/j.cophys.2018.02.004

Matsumori N et al (2013) A novel sperm-activating and attracting factor from the ascidian Ascidia 
sydneiensis. Org Lett 15:294–297. https://doi.org/10.1021/ol303172n

Matsumoto M et  al (2003) A sperm-activating peptide controls a cGMP-signaling pathway in 
starfish sperm. Dev Biol 260:314–324

Miller RL (1966) Chemotaxis during fertilization in the hydroid Campanularia. J Exp Zool 
162:23–44. https://doi.org/10.1002/jez.1401620104

Miller RL (1970) Sperm migration prior to fertilization in the hydroid Gonothyrea loveni. J Exp 
Zool 175:493–504

3 Sperm Activation and Chemotaxis in Invertebrates

https://doi.org/10.1387/ijdb.072550ad
https://doi.org/10.1387/ijdb.072550ad
https://doi.org/10.1242/jeb.081885
https://doi.org/10.1016/j.ydbio.2010.04.013
https://doi.org/10.1016/j.cub.2013.03.040
https://doi.org/10.1038/s41598-017-13406-z
https://doi.org/10.1083/jcb.201204024
https://doi.org/10.1016/j.tcb.2016.10.002
https://doi.org/10.1146/annurev.physiol.70.113006.100654
https://doi.org/10.1126/science.38.980.524
https://doi.org/10.1126/science.38.980.524
https://doi.org/10.1002/jez.1400140403
https://doi.org/10.1002/jez.1400140403
https://doi.org/10.1016/j.cophys.2018.02.004
https://doi.org/10.1021/ol303172n
https://doi.org/10.1002/jez.1401620104


44

Miller RL (1973) The role of the gonomedusa and gonangium in the sexual reproduction (fertiliza-
tion) of the hydrozoa. Publ Seto Mar Biol Lab 20:367–400. https://doi.org/10.5134/175769

Miller RL (1975) Chemotaxis of the spermatozoa of Ciona intestinalis. Nature 254:244–245
Miller RL (1977) Chemotactic behavior of chitons (Mollusca: Polyplacophora). J Exp Zool 

202:203–212
Miller RL (1979a) Sperm chemotaxis in the hydromedusae. I.  Species-specificity and sperm 

behavior. Mar Biol 53:99–114
Miller RL (1979b) Sperm chemotaxis in the hydromedusae. II. Some chemical properties of the 

sperm attractants. Mar Biol 53:115–124
Miller RL (1982) Sperm chemotaxis in ascidians. Amer Zool 22:827–840
Miller RL (1985a) Demonstration of sperm chemotaxis in echinodermata: Asteroidea, 

Holothuroidea, Ophiuroidea. J Exp Zool 234:383–414. https://doi.org/10.1002/jez.1402340308
Miller RL (1985b) Sperm chemo-orientation in metazoa. In: Metz CB, Monroy A (eds) Biology of 

fertilization, vol 2. Academic, New York, pp 275–337
Miller RL (1997) Specificity of sperm chemotaxis among great barrier reef shallow- 

water holothurians and ophiuroids. J Exp Biol 279:189–200. https://doi.org/10.1002/
(Sici)1097-010x(19971001)279:2<189::Aid-Jez10>3.0.Co;2-B

Miller RL, King KR (1983) Sperm chemotaxis in Oikopleula dioica FOL, 1872 (UROCHODATA: 
Larvacea). Biol Bull 165:419–428

Miller RL, Vogt R (1996) An N-terminal partial sequence of the 13 kDa Pycnopodia helianthoides 
sperm chemoattractant ‘startrak’ possesses sperm-attracting activity. J Exp Biol 199:311–318

Minganti A (1951) Esperienze sulle fertilizine nelle ascidie. Publl Staz Zool Napoli 23:58–65
Mizuno K, Padma P, Konno A, Satouh Y, Ogawa K, Inaba K (2009) A novel neuronal calcium sen-

sor family protein, calaxin, is a potential Ca2+-dependent regulator for the outer arm dynein of 
metazoan cilia and flagella. Biol Cell 101:91–103. https://doi.org/10.1042/BC20080032

Mizuno K et  al (2012) Calaxin drives sperm chemotaxis by Ca2+-mediated direct modulation 
of a dynein motor. Proc Natl Acad Sci U S A 109:20497–20502. https://doi.org/10.1073/
pnas.1217018109

Morita M, Nishikawa A, Nakajima A, Iguchi A, Sakai K, Takemura A, Okuno M (2006) Eggs 
regulate sperm flagellar motility initiation, chemotaxis and inhibition in the coral Acropora 
digitifera, A. gemmifera and A. tenuis. J Exp Biol 209:4574–4579. https://doi.org/10.1242/
jeb.02500

Morita M, Kitamura M, Nakajima A, Sri Susilo E, Takemura A, Okuno M (2009) Regulation of 
sperm flagellar motility activation and chemotaxis caused by egg-derived substance(s) in sea 
cucumber. Cell Motil Cytoskeleton 66:202–214. https://doi.org/10.1002/cm.20343

Nishigaki T, Chiba K, Miki W, Hoshi M (1996) Structure and function of asterosaps, sperm- 
activating peptides from the jelly coat of starfish eggs. Zygote 4:237–245

Nishigaki T, Chiba K, Hoshi M (2000) A 130-kDa membrane protein of sperm flagella is the 
receptor for asterosaps, sperm-activating peptides of starfish Asterias amurensis. Dev Biol 
219:154–162

Nishigaki T et  al (2004) A sea urchin egg jelly peptide induces a cGMP-mediated decrease in 
sperm intracellular Ca2+ before its increase. Dev Biol 272:376–388

Nishigaki T, Jose O, Gonzalez-Cota AL, Romero F, Trevino CL, Darszon A (2014) Intracellular 
pH in sperm physiology. Biochem Biophys Res Commun 450(3):1149–1158. https://doi.
org/10.1016/j.bbrc.2014.05.100

Noda K, Kanai C (1981) Light and electron-microscopic studies on fertilization of Pelmatohydra 
robusta. 1. Sperm entry to a specialized region of the egg. Dev Growth Differ 23:401–413

Nomura M, Vacquier VD (2006) Proteins associated with soluble adenylyl cyclase in sea urchin 
sperm flagella. Cell Motil Cytoskeleton 63:582–590. https://doi.org/10.1002/cm.20147

Nomura M, Yoshida M, Inaba K, Morisawa M (2000) Purification and identification of 26 kDa 
axonemal phosphoprotein regulating SAAF-induced sperm activation in ascidian, Ciona intes-
tinalis. Zool Sci (Tokyo) 17:34

J. Ikenaga and M. Yoshida

https://doi.org/10.5134/175769
https://doi.org/10.1002/jez.1402340308
https://doi.org/10.1002/(Sici)1097-010x(19971001)279:2<189::Aid-Jez10>3.0.Co;2-B
https://doi.org/10.1002/(Sici)1097-010x(19971001)279:2<189::Aid-Jez10>3.0.Co;2-B
https://doi.org/10.1042/BC20080032
https://doi.org/10.1073/pnas.1217018109
https://doi.org/10.1073/pnas.1217018109
https://doi.org/10.1242/jeb.02500
https://doi.org/10.1242/jeb.02500
https://doi.org/10.1002/cm.20343
https://doi.org/10.1016/j.bbrc.2014.05.100
https://doi.org/10.1016/j.bbrc.2014.05.100
https://doi.org/10.1002/cm.20147


45

Nomura M, Yoshida M, Morisawa M (2004) Calmodulin/Calmodulin-dependent protein kinase II 
mediates SAAF-induced motility activation of ascidian sperm. Cell Motil Cytoskeleton 59:28–
37. https://doi.org/10.1002/cm.20020

Ohtake H (1976a) Respiratory behaviour of sea-urchin spermatozoa. I. Effect of pH and egg water 
on the respiratory rate. J Exp Zool 198:303–311

Ohtake H (1976b) Respiratory behaviour of sea-urchin spermatozoa. II.  Sperm-activating sub-
stance obtained from jelly coat of sea-urchin eggs. J Exp Zool 198:313–322

Oishi T, Tsuchikawa H, Murata M, Yoshida M, Morisawa M (2004) Synthesis and identification of 
an endogenous sperm activating and attracting factor isolated from eggs of the ascidian Ciona 
intestinalis; an example of nanomolar-level structure elucidation of novel natural compound. 
Tetrahedron 60:6971–6980. https://doi.org/10.1016/j.tet.2004.02.075

Pfeffer W (1884) Locomotorische Richtungsbewegungen durch chemische Reize. Untersuchungen 
aus dem botanischen Institut in Tübingen 1:363–482

Punnett T, Miller RL, Yoo B-H (1992) Partial purification and some chemical properties of the 
sperm chemoattractant from the forcipulate starfish Pycnopodia helianthoides (Brandt, 1835). 
J Exp Zool 262:87–96

Ramarao CS, Garbers DL (1985) Receptor-mediated regulation of guanylate cyclase activity in 
spermatozoa. J Biol Chem 260:8390–8396

Riffell JA, Krug PJ, Zimmer RK (2002) Fertilization in the sea: the chemical identity of an abalone 
sperm attractant. J Exp Biol 205:1439–1450

Riffell JA, Krug PJ, Zimmer RK (2004) The ecological and evolutionary consequences of sperm 
chemoattraction. Proc Natl Acad Sci U S A 101:4501–4506

Ritagliati C, Baro Graf C, Stival C, Krapf D (2018) Regulation mechanisms and implications 
of sperm membrane hyperpolarization. Mech Dev 154:33–43. https://doi.org/10.1016/j.
mod.2018.04.004

Schreiber M, Wei A, Yuan A, Gaut J, Saito M, Salkoff L (1998) Slo3, a novel pH-sensitive K+ chan-
nel from mammalian spermatocytes. J Biol Chem 273:3509–3516

Seifert R et al (2015) The CatSper channel controls chemosensation in sea urchin sperm. EMBO J 
34:379–392. https://doi.org/10.15252/embj.201489376

Shiba K, Baba SA, Inoue T, Yoshida M (2008) Ca2+ bursts occur around a local minimal con-
centration of attractant and trigger sperm chemotactic response. Proc Natl Acad Sci U S A 
105:19312–19317. https://doi.org/10.1073/pnas.0808580105

Shimomura H, Dangott LJ, Garbers DL (1986) Covalent coupling of a resact analogue to guanylate 
cyclase. J Biol Chem 261:15778–15782

Suzuki N (1990) Structure and function of sea urchin egg jelly molecules. Zool Sci 7:355–370
Suzuki N (1995) Structure, function and biosynthesis of sperm-activating peptides and fucose 

sulfate glycoconjugate in the extracellular coat of sea urchin eggs. Zool Sci 12:13–27. https://
doi.org/10.2108/zsj.12.13

Suzuki N, Shimomura H, Radany EW, Ramarao CS, Ward GE, Bentley JK, Garbers DL (1984) A 
peptide associated with eggs causes a mobility shift in a major plasma membrane protein of 
spermatozoa. J Biol Chem 259:14874–14879

Tosti E, Di Cosmo A, Cuomo A, Di Cristo C, Gragnaniello G (2001) Progesterone induces activa-
tion in Octopus vulgaris spermatozoa. Mol Reprod Dev 59:97–105. https://doi.org/10.1002/
mrd.1011

Wang D, Hu J, Bobulescu IA, Quill TA, McLeroy P, Moe OW, Garbers DL (2007) A sperm- 
specific Na+/H+ exchanger (sNHE) is critical for expression and in vivo bicarbonate regulation 
of the soluble adenylyl cyclase (sAC). Proc Natl Acad Sci U S A 104:9325–9330. https://doi.
org/10.1073/pnas.0611296104

Ward GE, Brokaw CJ, Garbers DL, Vacquier VD (1985) Chemotaxis of Arbacia punctulata sper-
matozoa to resact, a peptide from the egg jelly layer. J Cell Biol 101:2324–2329

Watanabe T et  al (2018) Synthesis and complete structure determination of a sperm-activating 
and -attracting factor isolated from the ascidian Ascidia sydneiensis. J Nat Prod 81:985–997. 
https://doi.org/10.1021/acs.jnatprod.7b01052

3 Sperm Activation and Chemotaxis in Invertebrates

https://doi.org/10.1002/cm.20020
https://doi.org/10.1016/j.tet.2004.02.075
https://doi.org/10.1016/j.mod.2018.04.004
https://doi.org/10.1016/j.mod.2018.04.004
https://doi.org/10.15252/embj.201489376
https://doi.org/10.1073/pnas.0808580105
https://doi.org/10.2108/zsj.12.13
https://doi.org/10.2108/zsj.12.13
https://doi.org/10.1002/mrd.1011
https://doi.org/10.1002/mrd.1011
https://doi.org/10.1073/pnas.0611296104
https://doi.org/10.1073/pnas.0611296104
https://doi.org/10.1021/acs.jnatprod.7b01052


46

Wood CD, Darszon A, Whitaker M (2003) Speract induces calcium oscillations in the sperm tail. 
J Cell Biol 161:89–101

Wood CD, Nishigaki T, Furuta T, Baba SA, Darszon A (2005) Real-time analysis of the role of 
Ca2+ in flagellar movement and motility in single sea urchin sperm. J Cell Biol 169:725–731

Yoshida M (2014) Sperm chemotaxis: the first authentication events between conspecific gametes 
before fertilization. In: Sawada H, Inoue N, Iwano M (eds) Sexual reproduction in animals and 
plants. Springer, Tokyo, pp 3–11. https://doi.org/10.1007/978-4-431-54589-7_1

Yoshida M, Yoshida K (2011) Sperm chemotaxis and regulation of flagellar movement by Ca2+. 
Mol Hum Reprod 17:457–465. https://doi.org/10.1093/molehr/gar041

Yoshida M, Yoshida K (2018) Modulation of sperm motility and function prior to fertiliza-
tion. In: Kobayashi K, Kitano T, Iwao Y, Kondo M (eds) Reproductive and developmental 
strategies. Diversity and commonality in animals. Springer, Tokyo, pp 437–462. https://doi.
org/10.1007/978-4-431-56609-0_21

Yoshida M, Inaba K, Morisawa M (1993) Sperm chemotaxis during the process of fertilization 
in the ascidians Ciona savignyi and Ciona intestinalis. Dev Biol 157:497–506. https://doi.
org/10.1006/dbio.1993.1152

Yoshida M, Inaba K, Ishida K, Morisawa M (1994) Calcium and cyclic AMP mediate sperm 
activation, but Ca2+ alone contributes sperm chemotaxis in the ascidian, Ciona savignyi. Dev 
Growth Differ 36:589–595. https://doi.org/10.1111/j.1440-169X.1994.00589.x

Yoshida M, Murata M, Inaba K, Morisawa M (2002) A chemoattractant for ascidian spermato-
zoa is a sulfated steroid. Proc Natl Acad Sci U S A 99:14831–14836. https://doi.org/10.1073/
pnas.242470599

Yoshida M, Kawano N, Yoshida K (2008) Control of sperm motility and fertility: Diverse fac-
tors and common mechanisms. Cell Mol Life Sci 65:3446–3457. https://doi.org/10.1007/
s00018-008-8230-z

Yoshida M, Hiradate Y, Sensui N, Cosson J, Morisawa M (2013) Species-specificity of sperm 
motility activation and chemotaxis: a study on ascidian species. Biol Bull 224:156–165

Yoshida K, Shiba K, Sakamoto A, Ikenaga J, Matsunaga S, Inaba K, Yoshida M (2018) Ca2+ efflux 
via plasma membrane Ca2+-ATPase mediates chemotaxis in ascidian sperm. Sci Rep 8:16622. 
https://doi.org/10.1038/s41598-018-35013-2

Zatylny C, Marvin L, Gagnon J, Henry J (2002) Fertilization in Sepia officinalis: the first mollusk 
sperm-attracting peptide. Biochem Biophys Res Commun 296:1186–1193

J. Ikenaga and M. Yoshida

https://doi.org/10.1007/978-4-431-54589-7_1
https://doi.org/10.1093/molehr/gar041
https://doi.org/10.1007/978-4-431-56609-0_21
https://doi.org/10.1007/978-4-431-56609-0_21
https://doi.org/10.1006/dbio.1993.1152
https://doi.org/10.1006/dbio.1993.1152
https://doi.org/10.1111/j.1440-169X.1994.00589.x
https://doi.org/10.1073/pnas.242470599
https://doi.org/10.1073/pnas.242470599
https://doi.org/10.1007/s00018-008-8230-z
https://doi.org/10.1007/s00018-008-8230-z
https://doi.org/10.1038/s41598-018-35013-2

	Chapter 3: Sperm Activation and Chemotaxis in Invertebrates
	3.1 Introduction
	3.2 Sperm Activation
	3.3 Sperm Chemotaxis
	3.4 Knowledge of Sperm Activation and Chemotaxis in Aquatic Invertebrates
	3.4.1 Cnidarians
	3.4.2 Mollusks
	3.4.3 Arthropods and Other Protostomes
	3.4.4 Sea Urchins (Echinodermata, Echinoidea)
	3.4.5 Echinoderms Other than Sea Urchin (Starfish, Sea Cucumber, and Brittle Star)
	3.4.6 Urochordate

	3.5 Molecular Mechanisms of Sperm Activation and Chemotaxis
	3.5.1 Intracellular Ca2+ Concentration Is the Most Important Factor in the Sperm Activation and Chemotaxis
	3.5.2 Other Factors

	References




