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Abstract — The toxic dinoflagellate Alexandrium catenella recurrently blooms on the coasts of France and produces
Paralytic Shellfish Toxins (PSTs) that accumulate in bivalves. These toxins can affect various physiological functions
including reproduction. The present study aims to validate measurements of sperm viability, DNA content and mi-
tochondrial membrane potential in Pacific oyster Crassostrea gigas using flow cytometry coupled with fluorescent
markers, and to use these measurements to assess the cellular parameters of sperm from Pacific oysters exposed to
A. catenella. These parameters may influence fertilization, embryogenesis and larval development in free-spawning
shellfish. Sperm viability and DNA content estimation were assessed using SYBR-14, which only penetrates cells with
intact membranes. Cell mortality was measured with propidium iodide (PI), which penetrates cells with membrane
damage. Mitochondrial membrane potential, used as an estimate of mitochondrial function, was measured using JC-1
dye, which selectively enters into mitochondria and reversibly changes colour from green to orange as the membrane
potential increases. To assess the effect of toxic algae on oyster sperm, broodstock (ripe oysters) were fed toxic (A.
catenella) or non toxic (Heterocapsa triquetra) dinoflagellates at 250 cell ml~' for 9 days. After this exposure period,
mature oysters were stripped and cellular responses of sperm analysed. Average DNA staining, as measured by SYBR-
14, appeared lower and more variable in gametes from A. catenella-exposed oysters than in those from control oysters
fed H. triquetra. Additionally, mitochondrial membrane potential of sperm from A. catenella-exposed oysters was sig-
nificantly higher (1.5 fold) than that of sperm produced by oysters fed H. triquetra. Both the increase of mitochondrial
membrane potential and the modification of DNA structure can be expected to impact spermatozoa ability to fertilize
oocytes and could thus impact related reproductive processes.

Keywords: Harmful algal bloom / Sperm quality / Cellular parameters / Flow cytometry / Pacific oyster / Crassostrea
gigas [ Alexandrium catenella

1 Introduction Harmful algal blooms (HABs) such as those of A. catenella

can affect bivalve physiology (Navarro and Contreras 2010;

The dinoflagellate Alexandrium catenella (Whedon and
Kofoid) was first described in 1936 and is now distributed
worldwide. A. catenella produces the paralytic shellfish toxins
(PSTs) known as saxitoxin (STX) and derivatives (Anderson
etal. 2012). These toxins accumulate in bivalves and can cause
numerous human illnesses, sometimes even death, after con-
sumption of contaminated shellfish. In France, recurrent toxic
A. catenella blooms have occurred since 1995 in Thau lagoon
(Lilly et al. 2002). Blooms of A. catenella can have a major
economic impact on shellfish farming, as detection of PSTs
has resulted in recurrent harvest closures (REPHY monitoring
data, Ifremer).

# Corresponding author: nelly.legoic@univ-brest. fr

Hégaret et al. 2012). Because bivalves spawn their gametes
into the surrounding water, reproductive output could be di-
rectly affected by different environmental pollutants (Favret
et al. 2010; Akcha et al. 2012) or HABs (Erard-Le Denn
et al. 1990; Leverone et al. 2006; Basti et al. 2011) found
there. Cellular parameters of gametes can therefore be used
as bio-indicators of modification and disturbance of the en-
vironment (Akcha et al. 2012). Alterations induced by nox-
ious compounds have been observed in oyster gametes (Nice
2005). Pacific oyster (Crassostrea gigas) sperm exposed to
Alexandrium minutum also showed a lower motility and ATP
content, compared with unexposed cells (Haberkorn et al.
2010). More recently, Heterocapsa circularisquama has been
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shown to reduce activity rate and swimming velocity of sper-
matozoa of Japanese pearl oyster, Pinctada fucata martensi
(Basti et al. 2013). Several studies have also reported re-
cruitment failure of various bivalve species following HABs
(Granmo et al. 1988; Summerson and Peterson 1990; Leverone
et al. 2006; Bricelj and MacQuarrie 2007; Tang and Gobler
2009), suggesting a potential impact on gamete quality. In-
deed, reproductive output and success is at least partially de-
pendent on gamete quality, as it can influence fertilization, em-
bryogenesis and larval development in free-spawning shellfish
(Lewis and Ford 2012). Although high individual variability
in reproductive success is partly attributed to gamete quality,
research devoted to gamete quality in shellfish is limited, es-
pecially concerning the impact of HABs.

Assessment of sperm quality is usually based on the de-
termination of spermatozoa number, morphology and motil-
ity, evaluated by light microscopy. Recent developments in
flow cytometry methods have enabled more accurate and rapid
analysis of sperm attributes in terrestrial and aquatic verte-
brates (Gillian et al. 2005; Franco et al. 2011). A number of
sperm characteristics related to fertilizing capacity (viability,
acrosomal integrity, mitochondrial function, DNA/chromatin
integrity and ROS production) can be accurately and rapidly
measured using flow cytometry coupled with fluorescent
markers (Cordelli et al. 2005, Gillan et al. 2005). These mea-
surements have mainly been developed in vertebrates, but very
few attempts have been made to apply these methods to the as-
sessment of sperm in bivalves (Adams et al. 2003; Paniagua-
Chavez et al. 2006; Favret et al. 2010; Haberkorn 2010).

Rapid and efficient measurements of sperm morphologi-
cal and functional characteristics by flow cytometry are not
only relevant for shellfish aquaculture but also for ecotoxico-
logical studies. Assessment of sperm cellular characteristics
in cultivated and “exploited” areas could serve as a comple-
mentary tool for predicting reduced or unsuccessful recruit-
ment sometimes observed in the field (Granmo et al. 1988;
Summerson and Peterson 1990; Leverone et al. 2006; Bricelj
and MacQuarrie 2007; Tang and Gobler 2009).

In the present study, we developed and validated flow cyto-
metric protocols to measure oyster sperm viability, DNA con-
tent and mitochondrial membrane potential. These validated
flow cytometric assays were then applied to assess cellular
characteristics and functioning of spermatozoa stripped from
Pacific oyster previously exposed to A. catenella.

2 Materials and methods

2.1 Validation of flow cytometric assays
on Pacific oyster sperm

Oyster sperm

Spermatozoa were collected by stripping Pacific oyster go-
nads, and resuspended in filtered sterile sea water (FSSW).
Samples of gametes were checked under a light microscope
for mobility, and motile sperm from all samples were used in
the experiments.

Flow cytometric analysis

Analysis of viability and mitochondrial membrane poten-
tial were performed using a FACSCalibur flow cytometer (BD
Biosciences) and an EasyCyte Plus cytometer (Guava Merck
Millipore), both equipped with standard optics and a 488 nm
argon laser. Fluorescence is given in arbitrary units.

Sperm viability

Viability was measured using dual staining with SYBR-14
and propidium iodide (PI) (Live/Dead® Sperm Viability kit,
Molecular Probes). An aliquot of 200 ul sperm diluted at 1 X
106 cellml™! in FSSW was stained with both SYBR-14 (final
concentration 1 M) and PI (final concentration 10 ug ml™")
for 10 min in the dark, 18 °C. Proportion of live cells was esti-
mated with SYBR-14, which only penetrates cells with intact
membranes, and emits in the bright green wavelength (516 nm,
FL1 detector). Cell mortality was measured with PI, which
penetrates cells with membrane damage and then emits in the
red wavelength (617 nm, FL3 detector). Dying cells are stained
with both SYBR-14 and PI. Results were expressed as percent-
ages of live, dying and dead cells. Values from FSC (Forward
scatter: relative cell size) and SSC (Side scatter: relative cell
complexity) detectors were also acquired to estimate morpho-
logic parameters of live cells.

Preparation of different ratios of live and dead sperm

To calibrate viability assessment, five percentages (0, 25,
50, 75 and 100%) of live spermatozoa were prepared by di-
lution between live and dead cells using sperm obtained from
6 males. Dead spermatozoa of each male were obtained by
freezing at —80 °C for 1 h. Each sample was stained with both
SYBR-14 and PI, and viability measured by flow cytometry.

DNA content estimation

DNA content of sperm cells was estimated with green flu-
orescence of SYBR-14, which binds DNA. This fluorescence
was detected on the FL1 detector at 516 nm by flow cytometry.
SYBR-14 fluorescence was observed on live sperm.

Sperm mitochondrial membrane potential (MMP)

Mitochondrial membrane potential was measured us-
ing the potential-dependent J-aggregate-forming delocalized
lipophilic cation 5,5’,6,6-tetrachloro-1,1,3,3’-tetra-ethylbenz-
imidazol carbocyanine iodide (JC-1, Interchim FP-52314A).
JC-1 is a dye that can selectively enter into mitochondria
and reversibly change colour from green to orange as the
membrane potential increases. The monomer form predom-
inates in mitochondria with low membrane potential and
emits in the green wavelength (525-530 nm, FL1 detec-
tor) while the aggregate form accumulates in mitochondria
with high membrane potential and emits in the high orange
wavelength (590 nm, FL2 detector). MMP of active cells is
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estimated by the ratio of aggregate: monomer, i.e., orange:
green fluorescence ratio. As the application of JC-1 for MMP
assessment has not yet been validated for mitochondrial ac-
tivity of sperm from marine organisms, we used CCCP (car-
bonyl m-chlorophenylhydrazone) as an inhibitor and caffeine
as an activator of MMP. CCCP is known to reduce the mito-
chondrial inner membrane potential as an uncoupler and thus
to inhibit mitochondrial ATP production (Mukai and Okuno
2004). Caffeine is a methylxanthine that inhibits c-Amp-
phosphodiesterase activity at high concentrations. This inhi-
bition produces an increase in the intracellular levels of adenyl
cyclase-cyclic adenosine 3’, 5’-monophosphate (cAMP), a
second messenger that raises sperm motility and stimulates
sperm capacitation in Pacific oysters (Dong et al. 2002). Ac-
cordingly, samples were exposed to 100 uM of the inhibitor
CCCP (Sigma C-2759), or to 10 mM of the activator caffeine
(Sigma C-0750).

Aliquots of 200 ul of the sperm samples at 1 x 107 cell m1~!
were stained with JC-1 (final concentration 5 M) for 10 min
in the dark at 18 °C, with or without CCCP or caffeine. To
allow the dye to reach its distribution equilibrium in the mi-
tochondria, 50 ul of cells previously stained with JC-1 were
diluted 10 times in FSSW +/— CCCP/caffeine and analyzed by
flow cytometry. No toxicity of CCCP or caffeine was observed
on spermatozoa at concentrations used, as 97% of cells were
observed to be alive after each treatment (data not shown).

2.2 Morphological and functional characteristics
of spermatozoa stripped from Pacific oysters
exposed to Alexandrium catenella

Algal exposure

Pacific oysters were acclimated for 4 days with
20 mlmin~! of a mixture of Isochrysis sp., Tahitian clone
(T. Iso) and Chaetoceros neogracile (cell ratio 1:3) at
10° cellml™! total. Both algae were harvested in the expo-
nential growth phase (4-5 days) for the acclimation. Af-
ter acclimation, oysters were continuously exposed to either
the toxic Alexandrium catenella (Whedon and Kofoid 1936)
Balech, 1985 (ATTLO1) or the non toxic dinoflagellate Hetero-
capsa triquetra (strain HT99PZ-Ehrenberg 1840) for 9 days at
250 cellml™' (20 mI min~"). The concentration of A. catenella
used here was realistic compared to those encountered in Thau
lagoon (Collos et al. 2004). Cultures of A. catenella and H.
triquetra were grown in 10-L carboys at 20 °C, with 24 h
light at 100 umol photonm=2s~! in filtered sea water sup-
plied with L1 medium (Guillard and Hargraves 1993). Diges-
tive glands of oysters fed with A. catenella were analysed for
toxin accumulation after exposure. Exposed oysters contained
14.5 + 11.2 ugeqSTX g~! (mean + CI). Such individual vari-
ability is consistent with previous experiments in our labora-
tory (Haberkorn et al. 2010,2011).

Sperm analysis

After 9 days of exposure, spermatozoa were collected, as
described above, from six oysters fed A. catenella and ten

oysters fed H. triquetra. Sperm cellular parameters were as-
sessed using flow cytometry for viability, DNA content and
MMP.

2.3 Statistical analysis

Statistical analyses were performed using
STATGRAPHICS® software. To compare the effects of
treatments (CCCP, caffeine, A. catenella exposure) on the
different cellular parameters, z-tests were performed. Results
were considered significant when p-value was <0.05.

3 Results and discussion

3.1 Validation of flow cytometric assays
on Pacific oyster sperm viability

Viability is a key determinant of sperm quality. SYBR-14
and PI double staining is the most commonly used assay to
measure sperm viability in both vertebrates and invertebrates
(Paniagua-Chavez et al. 2006; Favret et al. 2010). This dual
staining was firstly developed on mammalian sperm to assess
viability (Garner et al. 1994; Thomas et al. 1998) before being
used for marine organisms (Flasjshans et al. 2004). SYBR-14
was used to identify live cells as it is an acylated mem-
brane loading dye. On entering the living cell, this membrane-
permeable DNA binding probe is deacylated by intracellular
esterases. The deacylated fluorescent probe cannot then dif-
fuse out of the cell back over the plasma membrane but stains
the sperm nucleus. In sperm with deteriorated plasma mem-
branes, SYBR-14 will leave the cell (Silva and Gabella 2006).
As sperm die, they lose their ability to resist the influx of the
membrane-impermeant dye PI, which apparently replaces or
quenches the SYBR-14 staining upon entering (Garner and
Johnson 1995).

Using SYBR-14 and PI double staining, three different
sub-populations of sperm were distinguished: (i) live cells
stained green by SYBR-14; (ii) dead cells stained by PI; and
(iii) dying cells stained by both SYBR-14 and PI, which had
lower fluorescence intensities than live cells for SYBR-14 or
dead cells for PI. Percentages of live, dying and dead cells were
estimated by drawing three regions on a cytogram of SYBR-14
and PI fluorescences (R1, R2 and R3 in Fig. 1). Such cell dis-
crimination by flow cytometry was previously established for
vertebrate and invertebrate sperm (Garner and Johnson 1995;
Favret et al. 2010).

The calibration curve, with various ratios of live cells (0,
25,75 and 100% live cells), revealed a very significant corre-
lation between theoretical (dilutions) and measured (flow cy-
tometry) percentages of live cells (R* = 0.97, Fig. 2) and was
in good agreement with calibration established by Adams et al.
(2003) using the same SYBR-14/PI staining.

3.2 DNA content estimation

The integrity of gamete DNA is crucial for the develop-
ment of the resulting embryo (Lewis and Ford 2012). The
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and R2: non active cells with FL2 ~ FL1.

DNA of mature sperm cells is highly condensed on protamines
in a toroid structure, which probably stabilizes and protects the
DNA (Silva and Gabella 2006). Nevertheless, DNA fragmen-
tation and damage in live cells may, for instance, occur upon
UV exposure (Silva and Gabella 2006).

As SYBR-14, used in viability assessment, binds to DNA
of live cells, its fluorescence intensity and pattern can also be
used to assess DNA changes. Fluorescence changes are ex-
pected to reveal differences in SYBR-14 accessibility to DNA,
related to DNA condensation or DNA fragmentation. The co-
efficient of variation of mean DNA content varied between 1.4
and 7.5% (n = 3 to 7 males), as measured on fully mature
oysters (June-July).

3.3 Mitochondrial membrane potential (MMP)

Mitochondria are the site of ATP production, the source of
energy that allows spermatozoa motility. Mitochondrial mem-
brane potential (MMP) is a sensitive indicator of the energetic
status of mitochondria and cells (Reers et al. 1995; Marchetti
et al. 2004). MMP was shown to be predictive of in vitro fertil-
ization rates, being higher in a group with high mitochondrial
membrane potential (Kasai et al. 2002). For marine organ-
isms, mitochondrial activity was assessed with Rhodamine123
or MitoTracker® dyes that accumulate in active mitochondria
(Ogier de Baulny et al. 1997; Franco et al. 2011).

MMP of oyster sperm was measured using the potential-
dependent J-aggregate-forming delocalized lipophilic cation
JC-1 because, unlike Rhodamine123 or MitoTracker® dyes, it
can distinguish cells with low mitochondrial activity from cells
with high mitochondrial activity (Graham 2001). FL2 orange
fluorescence of sperm increases due to active MMP. Orange
(FL2) and green (FL1) fluorescences allowed separation of in-
active cells, which had similar FL2 and FL1 fluorescences,
from active cells, which had higher FL2 than FL1 fluorescence
(Fig. 3).

Use of JC-1 for MMP assessment has not yet been vali-
dated for mitochondrial activity of sperm from marine organ-
isms. To validate MMP measurement, samples were treated
with 100 uM CCCP (carbonyl m-chlorophenylhydrazone), an
uncoupling agent that abolishes MMP. When oyster sperm was

exposed to CCCP, MMP, measured as the FL2/FL1 ratio, sig-
nificantly decreased 2.5 fold (Fig. 4a). This decrease mainly
reflected an FL1 increase from 23 + 1 to 50 + 5 and to a lesser
extent an FL2 decrease from 90 + 10 to 78 + 7 in control
and CCCP-exposed sperm, respectively (Mean + CI, Figs. 4c
and e).

Upon 10 mM caffeine incubation, MMP increased signifi-
cantly by 2 fold (Fig. 4b). This increase resulted from an FL.2
increase from 90 + 10to 131 + 12 and an FL1 decrease from
23 + 1to 18 £ 1 in control and caffeine exposed sperm, respec-
tively (Mean =+ CI, Figs. 4d and f). This suggests that the acti-
vating property of caffeine on oyster sperm may be at least par-
tially mediated through mitochondrial metabolism activation.

3.4 Morphological and functional characteristics
of spermatozoa stripped from Pacific oyster
exposed to A. catenella

Viability

Viability was assessed on sperm collected from oysters fed
A. catenella or H. triquetra (as a control). Percentage of dead
and dying cells did not show significant differences between
diets (percentages of cells varied from 0.8% to 3.8% and 0.6
to 2.7% for H. triquetra and A. catenella treatments, respec-
tively). Also, no morphological changes (FSC: relative size,
SSC: relative complexity) were observed upon A. catenella ex-
posure (data not shown). Sperm viability has been widely used
in mammalian sperm toxicity tests (Lewis and Ford 2012),
but has only been tested in a few aquatic invertebrate species
(Favret et al. 2010; Akcha et al. 2012). In this study, viability
of sperm from oysters exposed to A. catenella was not affected.
In a similar experiment, the percentage of dead sperm from A.
minutum-exposed Pacific oyster broodstock was significantly
reduced compared with control conditions (Haberkorn et al.,
2010).

DNA content estimation

DNA content estimation, as measured by SYBR-14 stain-
ing, tended to decrease upon exposure of oyster broodstock
to A. catenella. SYBR-14 fluorescence of sperm from oysters
exposed to H. triquetra (n = 10) was 350 = 24 (Mean + CI),
and fluorescence of sperm from oysters exposed to A. catenella
(n = 6) was 323 = 51 (Mean + CI). It can be noted that A.
catenella exposure resulted in a higher variability of sperm
DNA fluorescence compared with those from broodstock fed
H. trigquetra. Coefficient of variation was higher (15.8%) in
A. catenella-exposed oysters than in H. triquetra-exposed oys-
ters (6.9%) (Levene’s test). These values were also higher than
those measured during validation, where coefficients of varia-
tion varied from 1.4 to 7.5% depending on non exposed male
samples during maturity period. It thus appears clear that, com-
pared to the H. triquetra exposure control, A. catenella ex-
posure leads to DNA modifications. It is speculated that the
decrease of DNA content observed with A. catenella expo-
sure may result from some DNA fragmentation or changes in
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DNA condensation. DNA fragmentation is supposed to be spe-
cific to apoptosis (Silva and Gabella 2006) and may thus be
somehow induced by A. catenella exposure. An increase of
DNA staining variability was also observed in sperm from A.
minutum-exposed Pacific oyster broodstock (Haberkorn et al.
2010). Only a few studies have investigated toxic effects of
common environmental contaminants on sperm DNA fluores-
cence. Lewis and Galloway (2009) demonstrated, for example,
that paternal exposure to genotoxins in Mytilus edulis resulted
in significant DNA damage in sperm and led to severe devel-
opmental abnormalities of the resulting embryos and larvae.

Mitochondrial membrane potential (MMP)

Mitochondrial membrane potential of active sperm
from A. catenella-exposed oysters was significantly higher

(1.5 fold) than those of sperm produced by H. triquetra-
exposed oysters (Fig. 5a). This increase is due to significant
decrease of green fluorescence (FL1, Fig. 5b) associated with a
non significant increase of orange fluorescence (FL2, Fig. 5c¢).
The non significant difference observed for FL2 orange fluo-
rescence can be associated with the higher variability of orange
FL2 fluorescence values of A. catenella-exposed oysters (coef-
ficient of variation of 27% in A. catenella as compared to 18%
in H. triquetra-exposed oysters). No difference in percentage
of active cells was observed between the two algal exposure
treatments.

A similar observation was made on oysters exposed to
an A. minutum bloom in the bay of Brest during summer
2012, compared to oysters from a non contaminated site (Aber
Benoit, northern Brittany). MMP was significantly higher in
sperm of oysters exposed to a natural bloom of A. minutum
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(p < 0.001). Moreover, as in the present experimental expo-
sure to A. catenella, no significant difference in percentage of
dead spermatozoa or their morphological parameters was ob-
served (data not shown).

Sperm viability appeared to be impacted later than MMP
under A. catenella exposure, and was thus not sufficient to as-
sess spermatozoa impairment. Similarly, Lu and Wu (2005)
showed that MMP of sea urchin sperm was more sensi-
tive to UVR (ultraviolet radiation) than membrane integrity.
Graham (2001) also observed that measuring multiple at-
tributes simultaneously on individual sperm in a population
should provide a better estimate of the percentage of sperm
that could fertilize an oocyte.

Caffeine inhibits c-Amp-phosphodiesterase activity and
leads to increases in the intracellular levels of adenyl cyclase-
cyclic adenosine 3, 5’-monophosphate (cAMP). Dong et al.
(2002) showed that caffeine could induce an increase of sperm
motility in Pacific oysters. The activation observed using

sperm collected from A. catenella-fed Pacific oyster could be
paralleled to above observation of caffeine MMP activation. A
decrease of ATP content and motility of sperm from A. min-
utum-exposed oysters was previously reported by Haberkorn
et al. (2010). Further studies on the fine mechanisms regulat-
ing energy metabolism and motility in oyster spermatozoa are
needed to improve understanding of how HAB exposure may
alter energy acquisition and consumption of the cells.

4 Conclusion

Measurements of viability and mitochondrial activity of
Pacific oyster sperm using flow cytometry were established,
fully validated and applied to oyster broodstock exposed to a
HAB. These assays allowed it to be demonstrated that a short-
term exposure of oysters to the toxic dinoflagellate A. catenella
induced cellular changes, i.e., changes in DNA characteris-
tics and a MMP increase in the sperm produced. Considering
the high sensitivity of sperm to chemicals such as DNA inter-
calants, they could be useful to estimate the impact of phyco-
toxins or pollutants on reproductive output in impacted coastal
areas.

Further studies should focus on complementing the assays
developed here (viability, DNA content and MMP) by mea-
surements of reactive oxygen species (ROS), chromatin struc-
ture assay, comet assay and acrosomal integrity. Furthermore,
embryo development of larvae produced by Pacific oysters ex-
posed to A. catenella should be determined in parallel by quan-
tifying fertilization and larval development rates.
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