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SUMMARY
Sperm cells involved in fertilisation must tolerate hypo-osmotic and hyper-osmotic environments. Euryhaline tilapia (Oreochromis
mossambicus) can acclimatise to and reproduce in freshwater and seawater because its sperm are able to adapt to these differing
osmotic environments. In this study, we found that the dephosphorylation of sperm proteins in O. mossambicus correlated with
the activation of flagellar motility when sperm were exposed to hypotonic or hypertonic conditions, and that differences in
phosphorylation may reflect adaptations to a given osmotic environment. Of the sperm proteins that were dephosphorylated, the
phosphorylation pattern of an 18kDa protein, identified as the superoxide anion scavenger Cu/Zn superoxide dismutase (Cu/Zn
SOD), was different in freshwater- and seawater-acclimatised tilapia sperm. Cu/Zn SOD was distributed from the sperm head to
the flagellum. Additionally, differences were observed between freshwater and seawater tilapia in the nitration of tyrosine residues
(which might be mediated by SOD) in sperm flagellar proteins in response to osmotic shock. These results demonstrate that
reactive-oxygen-species-dependent mechanisms contribute to both osmotic tolerance and the activation of flagellar motility.

INTRODUCTION

Euryhaline tilapia (Oreochromis mossambicus) is a good model for
studying cellular mechanisms of adaptation to osmotic environments
because it spawns in both freshwater and seawater (Brock, 1954).
The sperm of O. mossambicus acclimatise to their habitat via
acclimation of the fish itself (Linhart et al., 1999; Morita et al., 2004).
They must reach unfertilised eggs by means of flagellar motility, and
need to maintain motility in a wide range of osmotic environments.
Modulation of spermatogenesis occurs during acclimatisation of the
fish to different osmotic environments. In the gill epithelium, cilia
also adapt to changes in ionic strength and osmotic pressure (Laurent
and Dunel, 1980). This adaptation involves modulation of ATPase
and ion transporter activity, and changes in structural proteins (Evans,
2002). The adaptation response is based on the turnover of gill cilia
and altered gill cell differentiation, which occur as a result of altered
transcription (Tipsmark et al., 2002; Fiol and Kultz, 2005; Fiol et al.,
2006). The architecture of the sperm flagellum is similar to that of
the cilium, and the motility apparatuses of the flagellum and the cilium
are structurally identical (Gibbons, 1981; Inaba, 2003). Transcriptional
changes similar to those in cilia may occur in sperm flagella during
spermatogenesis for them to be able to maintain motility in different
osmotic environments. It should be noted, however, that the roles of
cilia and flagella differ: whereas the former play many roles in cell
signalling and in the maintenance of cellular homeostasis (reviewed
by Bisgrove and Yost, 2006), the latter act to propel sperm to
unfertilised eggs. The available evidence suggests that flagella may
have evolved from cilia and subsequently developed specific features
(Mitchell, 2007). Based on previous studies, it seems reasonable that
signals regulating motility and acclimatisation of in these two
organelles may differ. Thus, it seems likely that the osmotic adaptation
of sperm flagella is regulated by mechanisms distinct from those that
control this process in cilia.

Sperm flagellar motility is regulated by osmotic stress (Morisawa,
1994). Indeed, the stimuli for its activation differ between freshwater
and marine teleosts: hypotonic shock activates motility in the sperm
of freshwater teleosts, whereas hypertonic shock produces a similar
effect in the sperm of marine teleosts (Morisawa and Suzuki, 1980;
Oda and Morisawa, 1993). These osmolality-dependent responses
are thus specialised to the different habitats. Differences in
osmolality between the internal and external environments activate
intracellular signals.
Responses to osmotic pressure by the sperm of freshwateracclimatised tilapia (FWT) and seawater-acclimatised tilapia (SWT)
are also different (Linhart et al., 1999; Morita et al., 2004).
Additionally, osmotic regulation appears to differ in FWT and SWT
sperm. SWT sperm retain their sleeve structure at the neck region
of the sperm head, even when they are exposed to a high-osmolality
environment (Morita et al., 2004). In contrast, the sleeve structure
of FWT sperm shrinks under such conditions (Morita et al., 2003).
Moreover, the signalling pathway by which Ca2+ mobilisation and,
ultimately, motility occur is also different in FWT and SWT sperm
(Morita et al., 2003; Morita et al., 2004). This might be a response
to the Ca2+ concentration in the external environment, with highosmolality environments containing larger quantities of Ca2+ than
seawater. Osmotic regulation and the modulation of Ca2+
mobilisation occur at the plasma membrane. Presumably, alterations
in the receptors detecting osmotic stimuli occur at the plasma
membrane.
In this study, we focused on differences in the patterns of sperm
protein phosphorylation in FWT and SWT sperm subjected to
osmotic stress. We found that several proteins had different patterns
of phosphorylation in FWT and SWT sperm, one of which was
identified as a Cu/Zn superoxide dismutase (SOD1). We explored
the potential role of SOD1 in the regulation of sperm motility by
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investigating redox-dependent protein modification and its
implications for osmotic stress resistance and the regulation of
flagellar motility.
MATERIALS AND METHODS
Chemicals

Ampholine, agarose, protein A Sepharose CL-4B, HiTrap NHSactivated HP columns and enhanced chemiluminescence (ECL)
chemicals were purchased from GE Healthcare (Little Chalfont,
Buckinghamshire, UK). 32P (H332PO4 in H2O; 500mCiml–1) was from
MP Biomedicals (Irvine, USA). Protein markers and polyvinylidene
fluoride (PVDF) membranes were from Bio-Rad Laboratories (San
Diego, CA, USA). CHAPS was from Dojindo (Kumamoto, Japan).
Anti-Cu/Zn superoxide dismutase polyclonal antibody was from
StressGen Biotechnologies (Victoria, BC, Canada) and antinitrotyrosine polyclonal antibody was from Upstate Biotechnology
(New York, NY, USA). All other chemicals used were reagent grade.
Fish and sperm collection

All tilapia [Oreochromis mossambicus (Peters 1958)] used in this
study were collected from a brackish-water region of the Aja River
located south of Okinawa, Japan. The fishes were then acclimated
to freshwater or seawater. The fish were kept in 1000l freshwater
or seawater tanks for at least 1month before experiments (Morita
et al., 2003; Morita et al., 2004). Sperm collections were conducted
by adopting the experimental protocol of Morita et al. (Morita et
al., 2003). Sperm that were used in this study showed more than
90% motility.
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peptide antibody and Cu/Zn superoxide dismutase antibody) were
diluted 1:50 with phosphate-buffered saline (PBS), and 1ml of the
solution was mixed with 50ml of protein-A–Sepharose beads (GE
Healthcare). After gentle agitation for 2h, the beads were washed
with PBS repeatedly. Antibody was then immobilised onto the beads
with 2.5mmoll–1 disuccinimidyl suberate (DSS, Pierce Chemical,
Rockford, IL, USA) in PBS for 1h. The beads were washed with
50mmoll–1 glycine, pH2.5, four times to terminate the cross-linking
reaction and to ablate nonspecific binding, followed by equilibration
with buffer A (0.15moll–1 KCl, 20mmoll–1 Tris-HCl pH8.0,
1mmoll–1 MgSO4, 0.5mmoll–1 EGTA, 0.2mmoll–1 DTT). Triton
X-100 was added to both beads and membrane fractions to 1%.
Both were gently mixed on a rotator at 4°C overnight. The beads
were collected by brief centrifugation, and then washed repeatedly
with buffer A containing 1% Triton X-100. Proteins were eluted
with an equal volume of 100mmoll–1 glycine (pH2.5).
Preparation of antibodies against 18kDa protein
Polyclonal antibodies against the 18kDa protein were raised in
rabbit. The antigen was a 20 amino acids polypeptide of the 18kDa
protein, which was synthesised using a peptide synthesiser (PPSM
8, Shimadzu, Kyoto, Japan). The synthetic peptide was conjugated
with BSA for an antigen. The antigen (200g) mixed with complete
Freund adjuvant was injected subcutaneously into the rabbit and
then 2weeks later injected again but this time it was mixed with
incomplete adjuvant. Antiserum was collected 2weeks after the
second injection. Antibody was purified by affinity chromatography
using an antigen-coupled affinity column (Hitrap NHS-activated HP
column, 1ml; GE Healthcare).

Phosphorylation assay in vivo

One volume of isolated sperm was suspended in four volumes of
artificial seminal plasma as described by Morita et al. (Morita et
al., 2003). H332PO4 was added to the suspension to a final
concentration of 15MBqml–1. The suspension was stored on ice for
5h. Five volumes of activating solutions [artificial seminal plasmas
(ASPs); hypotonic solution (50mmoll–1 NaCl, 5mmoll–1 CaCl2 and
10mmoll–1 HEPES-NaOH; pH8.0) or hypertonic solution
(300mmoll–1 NaCl, 10mmoll–1 CaCl2 and 10mmoll–1 HEPESNaOH; pH8.0)] was added to the one volume of the H332PO4incubated suspensions, which were stored for 5min at room
temperature to induce protein phosphorylations and the
accompanying motility activation. Sperm suspensions were
centrifuged at 10,000g for 5min at 4°C to obtain pelleted sperm.
Extraction solution [8moll–1 urea, 2moll–1 thiourea, 100mmoll–1
dithiothreitol (DTT) and 2% (w/v) CHAPS] was added to pelleted
sperm to extract sperm proteins, or Triton X-100 solution
(175mmoll–1 potassium acetate, 1mmoll–1 EDTA, 1mmoll–1 DTT,
0.04% (w/v) NP-40 and 20mmoll–1 HEPES-NaOH; pH8.0) was
added to extract the Triton-soluble fraction. Centrifugation at
10,000g for 5min was carried out after extraction to obtain the
various fractions. Five times sample buffer was added to each
fraction for one-dimensional (1-D) SDS-PAGE. We repeated the
assay six times for the 1-D analyses and four times for the 2-D
analyses. In each experiment, we used a mixture of semen from two
or three males. We did not checked sperm motility after incubation
with 32P. We checked sperm motility after incubation for 5h without
H332PO4 as a pilot study. Sperm motility was reduced by 30–40%
compared with before the incubation.
Immunoprecipitation

Immunoprecipitation experiments were carried out according to the
method of Satouh et al. (Satouh et al., 2005). Antisera (anti-18-kDa

Amino acid sequence

Total proteins from the sleeves and flagella were separated by 2-D
PAGE and blotted onto a PVDF membrane. Protein spots were cut
out from this membrane, and amino acid sequence analyses were
carried out using a Peptide sequencer (PPSQ-21, Shimadzu, Kyoto,
Japan).
Cross-linkage experiments

The Triton-soluble fraction from FWT sperm was cross linked with
0–20moll–1 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC). EDC (1moll–1) dissolved in DMSO was
added to the Triton-soluble fraction to the appropriate concentrations.
Reactions were conducted at room temperature and terminated with
6⫻ sample buffer. Samples were boiled for 2min at 95°C and kept
at –20°C until use.
Electrophoresis

SDS-PAGE (1-D PAGE) was carried out according to Laemmli
(Laemmli, 1970). Two-dimensional electrophoresis (2-D PAGE)
combined with agarose (GE Healthcare) isoelectric focusing
(agarose IEF) was carried out according to the method of
Hirabayashi with some modifications (Hirabayashi, 1981).
Preblended Ampholine (pH3.5–9.5) was used as a carrier ampholite.
SDS-PAGE in the second dimension was carried out in the same
way as described above.
Western blotting analysis

Western blotting was performed according to the methods of
Towbin et al. (Towbin et al., 1979) with 10g proteins per lane.
The resulting SDS-PAGE gels were placed on PVDF membranes
and electrically transferred. The membranes were blocked with
5% (w/v) skimmed milk in Tween–TBS [137mmoll–1 NaCl, 0.1%
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(w/v) Tween 20 and 20mmoll–1 Tris-HCl; pH7.4) overnight at
4°C. The membranes were incubated with anti-18-kDa antibody
(1/1000), anti-Cu/Zn superoxide dismutase polyclonal antibody
(1/2000) or nitrotyrosine (1gml–1). The membranes were washed
three times, 10min each, with Tween–TBS. The membranes were
then incubated with HRP-conjugated anti-rabbit IgG (1/5000) in
Tween–TBS containing 5% (w/v) skimmed milk for 1h at room
temperature. The membranes were again washed three times and
subjected to an ECL reaction, according to the kit protocol, and
exposed to X-ray film (Hyper film for ECL; GE Healthcare) for
5–30s. Protein was measured using the Bradford assay (Bradford,
1976).

Statistical analysis

Intensity of 32P-labelled bands was evaluated with NIH Image
software. The mean grey levels in each band were analysed using
Fisher’s least significant difference (LSD) test. In the analysis of
relative band intensities, band intensities of the 18kDa protein in
the ASP was set as the reference and a Dunnet’s post hoc test was
conducted. To detect differences in the 40kDa band intensities in
ASP between FWT and SWT sperm, we evaluated band intensities
from five experiments, and a Student’s t-test was conducted. A
probability level of P<0.05 was considered significant in all tests.
All statistical analyses were conducted in statistical mode in Kaleida
Graph v4.0 (HULINKS, Tokyo, Japan).

Detection of SOD activity

RESULTS
Protein phosphorylation in vivo

Sleeve and flagellum extracts (20g) were applied directly without
boiling to a nondenaturing 7.5% polyacrylamide gel. Following
electrophoresis, the gel was stained as prescribed (Flohe and Otting,
1984) in a solution containing 50mmoll–1 KH2PO4 (pH7.8),
275gml–1 Nitroblue Tetrazolium (NBT), 65gml–1 riboflavin and
3.2lml–1 TEMED (N,N,N⬘,N⬘-tetramethylethylenediamine). After
a 45min incubation in the dark, the blue NBT stain for O2 was
developed by exposure to light. Staining was absent at sites of O2
scavenging (Flohe and Otting, 1984).
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The transmission of osmotic stimuli to the motility apparatus is
important in initiating sperm flagellar motility (Morisawa, 1994;
Alavi and Cosson, 2006). The results of several studies suggest that
protein phosphorylation events contribute to motility activation
cascades in teleost sperm (Hayashi et al., 1987; Inaba et al., 1999;
Morita et al., 2006; Zilli et al., 2008). Thus, osmotic shock and the
initiation of flagellar motility through protein phosphorylation seem
likely to be linked. In this study, in vivo protein phosphorylation
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Fig.1. Effect of osmotic shock on the
incorporation of 32P into O. mossambicus sperm
proteins. Sperm were incubated in artificial
seminal plasma (ASP) containing 15MBqml–1
H332PO4 for 5h, and were then suspended in
isotonic ASP, a hypotonic solution (50mmoll–1
NaCl, 5mmoll–1 CaCl2) or a hypertonic solution
(300mmoll–1 NaCl, 10mmoll–1 CaCl2). All
sperm proteins were then separated on a
5–15% gradient gel. (A)Whole-sperm proteins;
(B) Triton-soluble fraction; (C) densitogram of
the 18kDa protein; (D) ratio of densitogram of
the 18kDa protein. In C and D, different letters
above the bars indicate significant differences
(In C, a:b P<0.01; c:d P<0.05; Fisher’s LSD. In
D, a:b P<0.051; a:c P<0.005; Dunnet’s post hoc
test in each salinity; ASP was used as a
reference value). FWT, freshwater-acclimatised
tilapia; SWT, seawater-acclimatised tilapia; ASP,
artificial seminal plasma.
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Fig.2. 32P-labelled proteins separated by twodimensional SDS–PAGE (using a 12.5%
polyacrylamide gel) to elucidate which proteins were
labelled with 32P and altered in response to an
osmotic shock that induces motility activation.
(A,C,E) FWT sperm and (B,D,F) SWT sperm
exposed to ASP (A,B) and a hypotonic solution
(C,D). (A–D) Autoradiographs of 32P-labelled
proteins. (E,F)Coomassie Brilliant Blue staining of
sperm proteins in ASP. IEF, isoelectric focusing.
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assays were conducted using 32P (as H332PO4) to investigate the
phosphorylation reactions that occur in response to osmotic stress.
We detected phosphorylation reactions that occurred when sperm
were transferred to hypotonic or hypertonic solutions from isotonic
artificial seminal plasma (ASP). In FWT sperm, the 32P-labelled
protein signal decreased when sperm were suspended in a hypotonic
solution (50mmoll–1 NaCl, 5mmoll–1 CaCl2, 10mmoll–1
HEPES–NaOH, pH8.0) that activates motility, suggesting that
protein dephosphorylation occurred (Fig.1A). Protein
dephosphorylation did not occur in a hypertonic solution
(300mmoll–1 NaCl, 10mmoll–1 CaCl2, 10mmoll–1 HEPES–NaOH,
pH8.0; Fig.1A) that reduces motility. In contrast, in SWT sperm,
dephosphorylation of sperm proteins was observed in both hypotonic
and hypertonic solutions, in which SWT sperm were motile
(Fig.1A). The incorporation of 32P into 40-kDa proteins in SWT

sperm during incubation in ASP was slightly stronger than in FWT
sperm (Fig.1A; P<0.05 t-test).
FWT and SWT sperm are specialised to tolerate different osmotic
environments so that they will respond to osmotic stimuli that
activate flagellar motility. To determine the involvement of protein
phosphorylation in the activation of motility more precisely, sperm
proteins were separated into a Triton-soluble fraction, which
contains some membrane proteins and the cytoplasm, and remnants
(i.e. the remaining flagellar proteins after extraction with detergent
and high salt solutions) to determine their roles in the activation of
motility. In the Triton-soluble fraction, 18kDa proteins of FWT
sperm were strongly phosphorylated (Fig.1A,C). These 18kDa
proteins were dephosphorylated following exposure of the sperm
to a hypotonic solution (Fig.1A–C). In SWT sperm, the ratio of
densitogram [(18kDa in hypotonic or hypertonic solutions/18kDa
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in ASP)] indicates that desphosphorylation of the 18kDa protein
also occurred in hypertonic solution (Fig.1D). The strength of the
phosphorylated state of the 18kDa band was different between FWT
and SWT sperm (Fig.1A–C), thus we calculated the ratio of
densitogram to detect changes in the band intensity when sperm
were transferred to the hypotonic or hypertonic solutions.
Next, 32P-labelled proteins were separated by 2-D electrophoresis.
The 18kDa proteins were resolved into three spots. The 18kDa
proteins were more phosphorylated in FWT sperm than in SWT
sperm (Fig.1C, Fig. 2A,B). In SWT sperm, 40 to 65kDa proteins
were very phosphorylated (Fig.2B). 32P-labelled proteins were
dephosphorylated after sperm were transferred to a hypotonic
solution (Fig.1D, Fig. 2C,D). Notably, patterns of phosphorylation
of the 18kDa proteins in the Triton-soluble fraction were different
(Fig.1B). Presumably, osmotic shock causes activation of
phosphorylation cascades at the plasma membrane. In addition, some
proteins that are involved in the reactions may be present in the
Triton-soluble fraction. Thus, the difference in the phosphorylation
reactions of the 18kDa proteins in the Triton-soluble fraction
between SWT and FWT sperm could reflect adaptation to different
osmotic environments.
Identification of the 18-kDa proteins

Osmotic shock that induces motility activation in sperm may be
different depending on the hypotonic and hypertonic aquatic
environment. In support of this proposal, we found that the
phosphorylation patterns of the 18kDa proteins were different in
FWT and SWT sperm (Fig.1A,B, Fig.2A–D). The amino acid
sequence of the phosphorylated 18kDa protein contained the
sequence VLKAVTVLKGTGDTSGTVYF. This 20-residue
sequence has 95 and 85% homology to the GenBank-listed Nterminal region of Cu/Zn superoxide dismutase (Cu/Zn SOD) from
tilapia O. mossambicus and the grouper Epinephelus malabaricus,
respectively. The sixth residue (threonine) corresponds to a cysteine
residue in the O. mossambicus cDNA (GenBank, AY491056). A
polyclonal anti-peptide antibody was raised against the N-terminal
region of this 18kDa protein. This antibody recognised the 18kDa
proteins, which separated into two spots (Fig.3A). The 32P-labelled
18kDa proteins were separated into three spots and isoelectric points
of two spots were similar to those of 18kDa antibody-positive spots
(Fig.2A,B, Fig.3A). One basic spot did not coincide with the 18kDa
antibody-positive spots. Therefore, the basic 18kDa spot is likely
to be distinctive protein. The 18-kDa protein was present in the
Triton-soluble fractions of the flagellum and the sleeve structure
(Fig.3B). However, immunofluorescence analysis with anti-18kDa
and Cu/Zn SOD antibodies failed to stain SOD in the sperm.
Immunoprecipitation was performed using the anti-18kDa and antiCu/Zn SOD antibodies to confirm whether the 18-kDa protein was
Cu/Zn SOD. The anti-Cu/Zn SOD antibody reacted with a
precipitate obtained using the 18-kDa antibody (Fig.3C), suggesting
that the 18kDa protein was indeed Cu/Zn SOD. Furthermore, a 32Plabelled 18-kDa protein was detected in immunoprecipitates
obtained using the anti-18kDa antibody (Fig.4), which suggests that
the phosphorylated 18kDa protein was Cu/Zn SOD. Thus, the FWTspecific 18kDa phosphoprotein might be Cu/Zn SOD. Its pattern
of phosphorylation was modulated during acclimatisation of the fish
to different osmotic environments.
To confirm that Cu/Zn SOD was present in the sperm cells, SOD
activity was measured in the sleeves and flagella. SOD activity was
detected in both the sleeve and the flagellum fractions (Fig.5). Crosslinking experiment showed that Cu/Zn SOD interacted with other
proteins (Fig.6). Together, these data suggest that Cu/Zn SOD
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antibody after sperm proteins were separated by 12.5% 2-D SDS–PAGE.
(B)The 18-kDa protein was detected after sperm proteins were
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using anti-18-kDa and anti-Cu/Zn SOD antibodies. The anti-Cu/Zn SOD
antibody reacted with a precipitate obtained using the 18-kDa antibody.

potentially remains active in the flagellum and interacts with other
proteins.
Reactive oxygen species production in sperm

Reactive oxygen species (ROS) function as second messengers that
modulate sperm protein function (de Lamirande et al., 1997; Aitken
et al., 1998; Herrero and Gagnon, 2001; O’Flaherty et al., 2006).
In mammalian sperm, peroxynitrite (ONOO–), which is formed by
the reaction of nitric oxide (NO) with the superoxide anion (O2–),
attaches to tyrosine residues in sperm proteins (‘nitration’), thereby
affecting capacitation (Aitken et al., 1995; de Lamirande and
Gagnon, 1995; de Lamirande et al., 1998a; de Lamirande et al.,
1998b; Belen Herrero et al., 2000; de Lamirande and Gagnon, 2002).
The amount of O2– present determines the amount of ONOO–
produced (Wink and Mitchell, 1998). Thus, SOD is potentially
involved in the production of ONOO–. Moreover, SOD potentially
catalyses tyrosine nitration (Beckman et al., 1992; Ischiropoulos et
al., 1992; Lymar et al., 1996; Crow et al., 1997). To examine the
role of ONOO– in the activation of motility in FWT and SWT sperm
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in response to osmotic shock, the nitration of tyrosine residues in
sperm proteins as a result of osmotic shock was investigated.
The nitration of tyrosine residues in sperm flagellar proteins,
Triton-soluble fractions and high salt-soluble fractions were altered
by osmotic shock, and the nitration reactions were found to be
different in FWT and SWT sperm (Fig.7A–F). In FWT sperm
flagellar proteins, nitration occurred under hypotonic conditions that
activate motility (Fig.7A). In contrast, a decrease in nitration signals
was observed in SWT sperm flagellar proteins under hypotonic and
hypertonic conditions that reduce motility (Fig.7D). To examine
the localization of nitrated proteins, sperm flagellar proteins were
successively eluted with a Triton X-100 solution and a high salt
solution (0.6moll–1 NaCl) after sperm were exposed to hypotonic
solution or ASP. Nitration in the Triton-soluble fractions of FWT
and SWT sperm flagella was different (Fig.7B,E), whereas that in
the high salt fractions was similar (Fig.7C,F). Therefore, nitration
reactions in the axonemes are likely to be identical in FWT and
SWT sperm. High-salt extraction causes the outer dynein arms to
be solubilised. Thus, it was to be expected that outer dynein arms
F

S

Fig.5. SOD activity in sperm. SOD activity in sperm that were in isotonic
ASP was detected according to the method of Flohe and Otting (Flohe and
Otting, 1984). SOD activity was measured in the Triton-soluble fraction of
the sleeve structure (S) and flagellum (F) after proteins were separated by
native PAGE (7.5% gel).

from tilapia sperm flagellar axonemes would be present in the high
salt fractions. The outer dynein arms in Chlamydomonas spp. are
regulated in a redox-dependent manner (Wakabayashi and King,
2006), whereas the outer dynein complex in the flagella of sperm
from the prochordate Ciona intestinalis contains proteins that have
a ROS-sensitive thioredoxin domain (Hozumi et al., 2006). It is
possible that the outer dynein arm in the tilapia axoneme is also
regulated in a redox-dependent manner. However, further study is
required to show any relevant ROS-dependent regulation of outer
dynein arms.
DISCUSSION

Our data demonstrate that ROS-dependent signal transduction
correlated with the activation of flagellar motility in tilapia sperm.
Differences in nitration and SOD phosphorylation between FWT
and SWT sperm proteins are closely linked to osmotic adaptations
in sperm cells (Figs1, 2, 7). Our study demonstrates that SOD closely
interacts with proteins in tilapia sperm (Fig.6). Mutant form of
Cu/Zn SOD has previously been reported to interact with heat-shock
protein (HSP) 70 and HSP40, and B-crystallin (Shinder et al.,
2001). Several studies have shown that flagella and cilia contain
HSP70 (Bloch and Johnson, 1995; Stephens, 1997; Williams and
Nelsen, 1997; Stephens and Lemieux, 1999), HSP90 (Williams and
Nelsen, 1997; Stephens and Lemieux, 1999) and HSP40 (Satouh et
al., 2005; Yang et al., 2005; Yang et al., 2008). Furthermore, flagellar
motility is affected by the redox-dependent regulation of the outer
dynein arms (Wakabayashi and King, 2006). It is possible that SOD
interacts with HSPs in the flagellum and that redox-dependent
regulation contributes to flagellar motility. However, SOD was not
present in the axoneme (Fig.3B), although it could be interacting
with other proteins (Fig.6), thus, further investigation is required
to more precisely identify roles of SOD in the regulation of flagellar
motility in tilapia sperm.
Redox-dependent regulation of motility is well established in
mammalian sperm. Although, in large quantities, ROS such as NO,
O2– and hydrogen peroxide are toxic (Storey, 1997; Aitken et al.,
1998), in mammalian sperm, small amounts of ROS play a beneficial
role in capacitation and the regulation of motility (Aitken et al.,
1995; de Lamirande and Gagnon, 1995; de Lamirande et al., 1997;
Aitken et al., 1998; de Lamirande and Gagnon, 1998; de Lamirande
et al., 1998a; Herrero et al., 2000; Herrero and Gagnon, 2001;
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Fig.7. Protein nitration of tyrosine residue(s) in sperm flagella. FWT and SWT sperm were suspended in ASP, in a hypertonic solution plus Ca2+
(300mmoll–1 NaCl + 5mmoll–1 CaCl2, or in a hypotonic solution plus Ca2+ (50mmoll–1 NaCl + 5mmoll–1 CaCl2). Flagella and sleeves were separated and
isolated flagella from FWT and SWT sperm were subjected to western analyses to detect nitrotyrosine with polyclonal anti-nitrotyrosine antibody (A,D). To
separate flagellar proteins into a Triton-soluble fraction and a high-salt-soluble fraction, isolated flagella from sperm, which were suspended in ASP or
hypotonic solution, were demembranated with NP-40 to obtain axonemes. The proteins extracted by demembranation are shown in B,E (Triton-soluble
fraction). The axonemes were successively treated with 0.6moll–1 NaCl (C,F: high-salt-soluble fraction). Outer dynein arms should be present in the highsalt-soluble fraction. The dynein heavy chain band is indicated by a filled arrowhead in the Coomassie Brilliant Blue (CBB) gel. Flagellar proteins and
fractions were separated by SDS-PAGE using a 5–15% gradient polyacrylamide gel. Filled arrows indicate that the tyrosine residues of these proteins were
nitrated when sperm were exposed to hypotonic or hypertonic solutions. Open arrows indicate a decrease in nitrated signals when sperm were exposed to
hypotonic or hypertonic solutions.

O’Flaherty et al., 2006). ROS production have been reported in the
sperm of mammals. ROS are primarily produced as a result of
mitochondrial respiration, which supplies the ATP necessary for
the maintenance of motility. A by-product of ATP production in
mitochondria, O2–, is generated as the result of NADPH
dehydrogenase activity (Turrens and Boveris, 1980). Flagellar
motility is sustained by ATP derived from the mitochondria,
indicating that O2– is generated in parallel with flagellar motility.
In contrast, other animals use ATP derived from phospholipids and
glycogen rather than from mitochondria (Mita and Yasumasu, 1989;
Mukai and Okuno, 2004). In sea urchin sperm, a creatine-kinasedependent ATP supplementation mechanism operates along the

flagellum (Tombes and Shapiro, 1985). Moreover, O2– that is
generated during respiration is quickly scavenged by manganese
SOD (MnSOD) in the mitochondria. As a result, only very small
amounts of O2– leak out of the mitochondria. However, the leakage
of O2– from mitochondria has been reported (Aitken, 1997; Vernet
et al., 2001). Additionally, membrane-bound NADPH has been
detected in mammalian sperm (Aitken, 1997; Aitken et al., 2003).
There are several probable sources of O2– in sperm cells but these
have not been precisely determined. O2– generated in sperm is
scavenged by SOD, which is constitutively active in sperm cells
(Figs4, 5). The implications of the apparent differences in SOD
phosphorylation state between FWT and SWT sperm (Figs1, 2)
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remain unclear. However, they appear likely to be associated with
osmotic tolerance and the regulation of motility. Moreover, redoxdependent signals may contribute to differences in the osmotic
resistance of sperm cells.
It is possible that ROS, including O2–, play an important role in
the regulation of motility. ONOO–, which drives the nitration of
tyrosine residues in proteins, is a candidate activator of motility
(Greenacre and Ischiropoulos, 2001; Turko and Murad, 2002).
Although SOD restricts ONOO– formation through the dismutation
of O2–, it catalyses nitration (Schopfer et al., 2003). Nitration affects
protein status and contributes to several signal transduction pathways
in mammalian sperm (Aitken et al., 1995; de Lamirande and
Gagnon, 1995; de Lamirande et al., 1997; Aitken et al., 1998; de
Lamirande and Gagnon, 1998; de Lamirande et al., 1998a; Herrero
et al., 2000; Herrero and Gagnon, 2001; O’Flaherty et al., 2006).
In mammalian sperm, nitration affects tyrosine phosphorylation,
which is involved in capacitation (Aitken et al., 1995; de Lamirande
et al., 1997; O’Flaherty et al., 2006). Our results demonstrate that
the nitration and denitration of tilapia sperm flagellar proteins
coincide with motility activation (Fig.7A,D). Moreover, differences
in phosphorylation between FWT and SWT sperm are potentially
associated with differences in nitration. As well as being linked to
nitration (Beckman et al., 1992; Ischiropoulos et al., 1992; Lymar
et al., 1996; Crow et al., 1997), SOD interacts latently with HSPs
(Shinder et al., 2001), which consist of a radial spoke and central
pair system that may regulate dynein activity (Bloch and Johnson,
1995; Stephens, 1997; Williams and Nelsen, 1997; Satouh et al.,
2005; Yang et al., 2005; Yang et al., 2008). Thus, SOD may play
an important role in the regulation of sperm motility by reducing
ONOO– formation or nitration. It is possible that SOD mediates
nitration events, and that differences in nitration lead to changes in
sperm motility when fish move from freshwater to seawater.
Hydrogen peroxide, produced from O2– via SOD activity, is itself
toxic. Thus, catalase or peroxiredoxin, which convert hydrogen
peroxide to water (Chelikania et al., 2004; Rhee et al., 2005), should
be expressed alongside SOD. Catalase and peroxiredoxin are present
in sperm cells (van Gestel et al., 2005; Mansour et al., 2006) and
seminal fluid (Lapointe et al., 1998). Water may be transported by
aquaporins in the plasma membrane (King and Agre, 1996;
Verkman, 2002). Sperm of the marine teleost sea bream (Sparus
aurata) express aquaporin 1a and aquaglyceroporin, which are
localised to the plasma membrane of the head and flagellum (Zilli
et al., 2009). In tilapia sperm, it seems reasonable that redoxdependent signal cascades are involved in the regulation of osmotic
tolerance and motility. However, further analyses at the molecular
level are required to determine the precise mechanisms.
ACKNOWLEDGEMENTS
The authors are very grateful to Mr S. Gima (MS), Radioisotope Laboratory, Jointto use inter department Institutes, University of the Ryukyus, for his valuable help
in the use of radioisotopes. Mr T. Henna and Mr Y. Kojima are thanked for help in
collection of the fishes. This study was partially supported by the Sasakawa
Scientific research Grant from The Japan Science Society to M.M.

REFERENCES
Aitken, R. J. (1997). Molecular mechanisms regulating human sperm function. Mol.
Hum. Reprod. 3, 169-173.
Aitken, R. J., Paterson, M., Fisher, H., Buckingham, D. W. and van Duin, M.
(1995). Redox regulation of tyrosine phosphorylation in human spermatozoa and its
role in the control of human sperm function. J. Cell Sci. 108, 2017-2025.
Aitken, R. J., Harkiss, D., Knox, W., Paterson, M. and Irvine, D. S. (1998). A novel
signal transduction cascade in capacitating human spermatozoa characterised by a
redox-regulated, cAMP-mediated induction of tyrosine phosphorylation. J. Cell Sci.
111, 645-656.
Aitken, R. J., Ryan, A. L., Curry, B. J. and Baker, M. A. (2003). Multiple forms of
redox activity in populations of human spermatozoa. Mol. Hum. Reprod. 9, 645-661.

2103

Alavi, S. M. H. and Cosson, J. (2006). Sperm motility in fishes. (II) Effects of ions and
osmolality: a review. Cell Biol. Int. 30, 1-14.
Beckman, J. S., Ischiropoulos, H., Zhu, L., van der Woerd, M., Smith, C., Chen, J.,
Harrison, J., Martin, J. C. and Tsai, M. (1992). Kinetics of superoxide dismutaseand iron-catalyzed nitration of phenolics by peroxynitrite. Arch. Biochem. Biophys.
298, 438-445.
Belen Herrero, M., Chatterjee, S., Lefievre, L., de Lamirande, E. and Gagnon, C.
(2000). Nitric oxide interacts with the cAMP pathway to modulate capacitation of
human spermatozoa. Free Radic. Biol. Med. 29, 522-536.
Bisgrove, B. W. and Yost, H. J. (2006). The roles of cilia in developmental disorders
and disease. Development 133, 4131-4143.
Bloch, M. A. and Johnson, K. A. (1995). Identification of a molecular chaperone in
the eukaryotic flagellum and its localization to the site of microtubule assembly. J.
Cell Sci. 108, 3541-3545.
Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248-254.
Brock, E. (1954). A note on the spawning of Tilapia mossambica in seawater. Copeia
1, 72.
Chelikania, P., Fitaband, I. and Loewen, P. C. (2004). Diversity of structures and
properties among catalases. Cell. Mol. Life Sci. 61, 192-208.
Crow, J. P., Ye, Y. Z., Strong, M., Kirk, M., Barnes, S. and Beckman, J. S. (1997).
Superoxide dismutase catalyzes nitration of tyrosines by peroxynitrite in the rod and
head domains of neurofilament-L. J. Neurochem. 69, 1945-1953.
de Lamirande, E. and Gagnon, C. (1995). Capacitation-associated production of
superoxide anion by human spermatozoa. Free Radic. Biol. Med. 18, 487-495.
de Lamirande, E. and Gagnon, C. (1998). Paradoxical effect of reagents for
sulfhydryl and disulfide groups on human sperm capacitation and superoxide
production. Free Radic. Biol. Med. 25, 803-817.
de Lamirande, E. and Gagnon, C. (2002). The extracellular signal-regulated kinase
(ERK) pathway is involved in human sperm function and modulated by the
superoxide anion. Mol. Hum. Reprod. 8, 124-135.
de Lamirande, E., Jiang, H., Zini, A., Kodama, H. and Gagnon, C. (1997). Reactive
oxygen species and sperm physiology. Rev. Reprod. 2, 48-54.
de Lamirande, E., Harakat, A. and Gagnon, C. (1998a). Human sperm capacitation
induced by biological fluids and progesterone, but not by NADH or NADPH, is
associated with the production of superoxide anion. J. Androl. 19, 215-225.
de Lamirande, E., Tsai, C., Harakat, A. and Gagnon, C. (1998b). Involvement of
reactive oxygen species in human sperm arcosome reaction induced by A23187,
lysophosphatidylcholine, and biological fluid ultrafiltrates. J. Androl. 19, 585-594.
Evans, D. H. (2002). Cell signaling and ion transport across the fish gill epithelium. J.
Exp. Zool. 293, 336-347.
Fiol, D. F. and Kultz, D. (2005). Rapid hyperosmotic coinduction of two tilapia
(Oreochromis mossambicus) transcription factors in gill cells. Proc. Natl. Acad. Sci.
USA 102, 927-932.
Fiol, D. F., Chan, S. Y. and Kultz, D. (2006). Identification and pathway analysis of
immediate hyperosmotic stress responsive molecular mechanisms in tilapia
(Oreochromis mossambicus) gill. Comp. Biochem. Physiol. 1D, 344-356.
Flohe, L. and Otting, F. (1984). Methods in Enzymology: Oxygen Radicals in
Biological Systems. New York: Academic Press.
Gibbons, I. R. (1981). Cilia and flagella of eukaryotes. J. Cell Biol. 91, 107s-124s.
Greenacre, S. A. and Ischiropoulos, H. (2001). Tyrosine nitration: localisation,
quantification, consequences for protein function and signal transduction. Free
Radic. Res. 34, 541-581.
Hayashi, H., Yamamoto, K., Yonekawa, H. and Morisawa, M. (1987). Involvement of
tyrosine protein kinase in the initiation of flagellar movement in rainbow trout
spermatozoa. J. Biol. Chem. 262, 16692-16698.
Herrero, M. B. and Gagnon, C. (2001). Nitric oxide: a novel mediator of sperm
function. J. Androl. 22, 349-356.
Herrero, M. B., Chatterjee, S., Lefievre, L., de Lamirande, E. and Gagnon, C.
(2000). Nitric oxide interacts with the cAMP pathway to modulate capacitation of
human spermatozoa. Free Radic. Biol. Med. 29, 522-536.
Hirabayashi, T. (1981). Two-dimensional gel electrophoresis of chicken skeletal
muscle proteins with agarose gels in the first dimension. Anal. Biochem. 117, 443451.
Hozumi, A., Satouh, Y., Makino, Y., Toda, T., Ide, H., Ogawa, K., King, S. M. and
Inaba, K. (2006). Molecular characterization of Ciona sperm outer arm dynein
reveals multiple components related to outer arm docking complex protein 2. Cell
Motil. Cytoskeleton 63, 591-603.
Inaba, K. (2003). Molecular architecture of the sperm flagella: Molecules for motility
and signaling. Zool. Sci 20, 1043-1056.
Inaba, K., Kagami, O. and Ogawa, K. (1999). Tctex2-related outer arm dynein light
chain is phosphorylated at activation of sperm motility. Biochem. Biophysic. Res.
Com. 256, 177-183.
Ischiropoulos, H., Zhu, L., Chen, J., Tsai, M., Martin, J. C., Smith, C. D. and
Beckman, J. S. (1992). Peroxynitrite-mediated tyrosine nitration catalyzed by
superoxide dismutase. Arch. Biochem. Biophys. 298, 431-437.
King, L. S. and Agre, P. (1996). Pathophysiology of the aquaporin water channels.
Annu. Rev. Physiol. 58, 619-648.
Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227, 680-685.
Lapointe, S., Sullivan, R. and Sirard, M. A. (1998). Binding of a bovine oviductal fluid
catalase to mammalian spermatozoa. Biol. Reprod. 58, 747-753.
Laurent, P. and Dunel, S. (1980). Morphology of gill epithelia in fish. Am. J. Physiol.
238, R147-R159.
Linhart, O., Walford, J., Silvaloganathan, B. and Lam, T. J. (1999). Effect of
osmolality and ions on the motility of stripped and testicular sperm of freshwaterand seawater-acclimated tilapia, Oreochromis mossambicus J. Fish Biol. 55, 13441358.

THE JOURNAL OF EXPERIMENTAL BIOLOGY

2104 M. Morita and others
Lymar, S. V., Jiang, Q. and Hurst, J. K. (1996). Mechanism of carbon dioxidecatalyzed oxidation of tyrosine by peroxynitrite. Biochemistry 35, 7855-7861.
Mansour, N., McNiven, M. A. and Richardson, G. F. (2006). The effect of dietary
supplementation with blueberry, alpha-tocopherol or astaxanthin on oxidative stability
of Arctic char (Salvelinus alpinus) semen. Theriogenology 66, 373-382.
Mita, M. and Yasumasu, I. (1989). Metabolism of lipid and carbohydrate in sea urchin
spermatozoa. Mol. Reprod. Dev. 7, 133-144.
Mitchell, D. R. (2007). The evolution of eukaryotic cilia and flagella as motile and
sensory organelles. Adv. Exp. Med. Biol. 607, 130-140.
Morisawa, M. (1994). Cell signaling mechanisms for sperm motility. Zool. Sci .11, 647662.
Morisawa, M. and Suzuki, K. (1980). Osmolality and potassium ion: their roles in
initiation of sperm motility in teleosts. Science 210, 1145-1147.
Morita, M., Takemura, A. and Okuno, M. (2003). Requirement of Ca2+ on activation
of sperm motility in euryhaline tilapia Oreochromis mossambicus. J. Exp. Biol. 206,
913-921.
Morita, M., Takemura, A. and Okuno, M. (2004). Acclimation of sperm motility
apparatus in seawater-acclimated euryhaline tilapia Oreochromis mossambicus. J.
Exp. Biol. 207, 337-345.
Morita, M., Takemura, A., Nakajima, A. and Okuno, M. (2006). Microtubule sliding
movement in tilapia sperm flagella axoneme is regulated by Ca2+/calmodulindependent protein phosphorylation. Cell Motil. Cytoskeleton 63, 459-470.
Mukai, C. and Okuno, M. (2004). Glycolysis plays a major role for adenosine
triphosphate supplementation in mouse sperm flagellar movement. Biol. Reprod. 71,
540-547.
Oda, S. and Morisawa, M. (1993). Rises of intracellular Ca2+ and pH mediate the
initiation of sperm motility by hyperosmolality in marine teleosts. Cell Motil.
Cytoskeleton 25, 171-178.
O’Flaherty, C., de Lamirande, E. and Gagnon, C. (2006). Reactive oxygen species
modulate independent protein phosphorylation pathways during human sperm
capacitation. Free Radic. Biol. Med. 40, 1045-1055.
Rhee, S. G., Chae, H. Z. and Kim, K. (2005). Peroxiredoxins: a historical overview
and speculative preview of novel mechanisms and emerging concepts in cell
signaling. Free Radic. Biol. Med. 38, 1543-1552.
Satouh, Y., Padma, P., Toda, T., Satoh, N., Ide, H. and Inaba, K. (2005). Molecular
characterization of radial spoke subcomplex containing radial spoke protein 3 and
heat shock protein 40 in sperm flagella of the ascidian Ciona intestinalis. Mol. Biol.
Cell 16, 626-636.
Schopfer, F. J., Baker, P. R. and Freeman, B. A. (2003). NO-dependent protein
nitration: a cell signaling event or an oxidative inflammatory response? Trends
Biochem. Sci. 28, 646-654.
Shinder, G. A., Lacourse, M. C., Minotti, S. and Durham, H. D. (2001). Mutant
Cu/Zn-superoxide dismutase proteins have altered solubility and interact with heat
shock/stress proteins in models of amyotrophic lateral sclerosis. J. Biol. Chem. 276,
12791-12796.
Stephens, R. E. (1997). Synthesis and turnover of embryonic sea urchin ciliary
proteins during selective inhibition of tubulin synthesis and assembly. Mol. Biol. Cell
8, 2187-2198.

Stephens, R. E. and Lemieux, N. A. (1999). Molecular chaperones in cilia and
flagella: implications for protein turnover. Cell Motil. Cytoskeleton 44, 274-283.
Storey, B. T. (1997). Biochemistry of the induction and prevention of lipoperoxidative
damage in human spermatozoa. Mol. Hum. Reprod. 3, 203-213.
Tipsmark, C. K., Madsen, S. S., Seidelin, M., Christensen, A. S., Cutler, C. P. and
Cramb, G. (2002). Dynamics of Na(+),K(+),2Cl(–) cotransporter and Na(+),K(+)ATPase expression in the branchial epithelium of brown trout (Salmo trutta) and
Atlantic salmon (Salmo salar). J. Exp. Zool. 293, 106-118.
Tombes, R. M. and Shapiro, B. M. (1985). Metabolite channeling – a
phosphorylcreatine shuttle to mediate high-energy phosphate-transport between
sperm mitochondrion and tail. Cell 41, 325-334.
Towbin, H., Staehelin, T. and Gordon, J. (1979). Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some applications.
Proc. Natl. Acad. Sci. USA 76, 4350-4354.
Turko, I. V. and Murad, F. (2002). Protein nitration in cardiovascular diseases.
Pharmacol. Rev. 54, 619-634.
Turrens, J. F. and Boveris, A. (1980). Generation of superoxide anion by the NADH
dehydrogenase of bovine heart mitochondria. Biochem. J. 191, 421-427.
van Gestel, R. A., Brewis, I. A., Ashton, P. R., Helms, J. B., Brouwers, J. F. and
Gadella, B. M. (2005). Capacitation-dependent concentration of lipid rafts in the
apical ridge head area of porcine sperm cells. Mol. Hum. Reprod. 11, 583-590.
Verkman, A. S. (2002). Aquaporin water channels and endothelial cell function. J.
Anat. 200, 617-627.
Vernet, P., Fulton, N., Wallace, C. and Aitken, R. J. (2001). Analysis of reactive
oxygen species generating systems in rat epididymal spermatozoa. Biol. Reprod. 65,
1102-1113.
Wakabayashi, K. and King, S. M. (2006). Modulation of Chlamydomonas reinhardtii
flagellar motility by redox poise. J. Cell Biol. 173, 743-754.
Williams, N. E. and Nelsen, E. M. (1997). HSP70 and HSP90 homologs are
associated with tubulin in hetero-oligomeric complexes, cilia and the cortex of
Tetrahymena. J. Cell Sci. 110, 1665-1672.
Wink, D. A. and Mitchell, J. B. (1998). Chemical biology of nitric oxide: Insights into
regulatory, cytotoxic, and cytoprotective mechanisms of nitric oxide. Free Radic. Biol.
Med. 25, 434-456.
Yang, C., Compton, M. M. and Yang, P. (2005). Dimeric novel HSP40 is incorporated
into the radial spoke complex during the assembly process in flagella. Mol. Biol. Cell
16, 637-648.
Yang, C., Owen, H. A. and Yang, P. (2008). Dimeric heat shock protein 40 binds
radial spokes for generating coupled power strokes and recovery strokes of 9 + 2
flagella. J. Cell Biol. 180, 403-415.
Zilli, L., Schiavone, R., Storelli, C. and Vilella, S. (2008). Molecular mechanisms
determining sperm motility initiation in two sparids (Sparus aurata and Lithognathus
mormyrus). Biol. Reprod. 79, 356-366.
Zilli, L., Schiavone, R., Chauvigne, F., Cerda, J., Storelli, C. and Vilella, S. (2009).
Evidence for the involvement of aquaporins in sperm motility activation of the teleost
gilthead sea bream (Sparus aurata). Biol. Reprod. 81, 880-888.

THE JOURNAL OF EXPERIMENTAL BIOLOGY

