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Abstract

Motility  of Pinctada margaritifera (Linnaeus, 1758); var: cumingii (Jameson, 1901) (P. margaritifera) spermatozoa collected 
from gonads are not immediately activated at spawning in seawater (SW) but motility occurs when spermatozoa are transferred 
into alkaline seawater (pH ranging from 9.0 to 11.4). This motility-activating effect of alkaline pH is reversed when pH is shifted 
back to more acidic values. In both cases, activity of sperm (% motile cells) increases gradually after alkaline pH activation then 
lasts for several minutes. The characteristics of these fully  motile spermatozoa are described in details at the level of flagella: the 
wave amplitude and wave-length range 5 to 6 �m and 15 �m respectively, while the flagellar beat frequency is approximately 
49 Hz. The velocity of sperm displacement is from 220 to 230 �m/sec. The general swimming pattern is almost circular: the head 
trajectories describe portions of circles intercalated with small linear segments. Spermatozoa saved in natural seawater at 4°C 
retain potent motility for several days and can be subsequently activated by alkaline seawater. Respiration and ATP concentration 
were measured in 3 conditions: regular seawater (pH 7.8), artificial diluent (pH 8.2), and alkaline Tris-buffered seawater (pH 
10.5). Results show that sperm respiration rates are higher whereas ATP levels are lower in the latter two media.
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1. Introduction

In many aquatic species with external fertilization,
sperm stored in testis is generally in a nonmotile state
and a mechanism must be devised to first, maintain this
immotility before maturation and/or shedding in the
external medium and second, to allow spermatozoa to

become motile when shed from the gonads prior to
fertilization. In the case of aquatic animals, two main
categories of control mechanisms devised for these
tasks have been characterized so far: one category,
mainly represented by marine fishes, is using osmola-
lity in combination with specific ions[1], while another
category is found in echinoderms (sea urchin)[2], sea
cucumbers[3], or in polychaetes (Arenicola marina)
[4] where protons (external pH) are the main primary
controlling agent[2,4]. In the latter, it was shown that
rise of external pH entails alkalinization of intraflagel-
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lar pH which consequently activates the flagellar mo-
tors called dyneins[2]. Some intermediate situations
are also found: this is the case in ascidians[4] or fishes
[5,6] where it was shown that some specific chemicals
emanating from eggs constitute a main signal for sperm
activation.

As examples of the first instance, many fish species
adopted difference of osmolality between seminal fluid
and external medium (fresh or seawater depending on
species) for controlling motility of their spermatozoa
[1]. In a few species such as sturgeons (chondrosteans)
[7], the concentration of K� ions is complementary to
osmolality in this control mechanism; in the same line,
trout sperm motility is also controlled both by osmola-
lity and by K�, Ca2� and Na� ion concentration[1,8].
More specifically, in rainbow trout (Oncorhynchus my-
kiss) and in chum salmon (Onchorynchus keta), sper-
matozoa sampled in the distal portion of the sperm
ducts showed 100% motility while motility was much
lower for intratesticular sperm[4]. This suggested a
sperm maturation process, which has been so far poorly
investigated in male mollusks.

In bivalves, oyster spermatozoa collected by strip-
ping of gonads exhibit poor motility initiated by contact
with seawater. In the case of the Japanese oysterCras-
sostrea gigas, sperm movement is very erratic and
forward motility is restricted to a low percentage of the
cells in the hour following the activation [9]. One could
suppose the same situation occurs in the black-lip-pearl
oysterP. margaritifera spermatozoa. In French Poly-
nesia, black pearl production relies almost exclusively
on the collection of wild spat of the black-lip-pearl
oyster,P. margaritifera, which makes aquaculture and
marketing highly dependent on natural resources.
Hatchery practice was only developed in experimental
pearl farms. Spermatozoa were stripped and then visu-
ally assessed for their motility activation[10]. There-
fore, various conditions attempting to induce full acti-
vation of flagellar motility have been tested to obtain a
high percentage of motile cells with the aim of obtain-
ing optimal fertilization rates. In the present investiga-
tion, we observed that incubation of sperm with alka-
line seawater (pH 8.5 and higher) was efficiently active
to induce cell movement; the resulting flagellar waves
were similar to those previously observed in sea urchin
spermatozoa and able to allow forwardly-directed
translation of the majority of sperm cells. This is de-
scribed as well as general sperm features of this species
in the present report. Moreover, metabolic characteris-
tics of bivalve spermatozoa have been little docu-
mented. In the case of the oysterC. gigas, it has been

reported that the ATP content slowly decreased after
spermatozoa activation[9]. Variation of respiration
rates in bivalves has been described to be dependent on
the activation of the spermatozoa[11] and seemed to
present variability between species[12]. The present
study highlighted that mitochondrial respiration in-
creased in relation to the sperm motility activation and
confirmed such variability among different bivalve spe-
cies.

2. Materials and methods

2.1. Materials

2.1.1. Oyster used for sperm collection
All the experiments were carried out with black-lip-

pearl oystersP. margaritifera which were raised in
Takapoto atoll, Tuamotu archipelago (French Polyne-
sia, located 560 km East of Tahiti) until they reached
the age of 24 months and an average size 10.65� 0.47
cm diameter. They were collected from culture long-
lines and then transported in a container (room temper-
ature) thanks to a 1-hour flight shipment to the labora-
tory (University of French Polynesia, Tahiti).

2.1.2. Sperm collection
After the two shells were manually opened widely,

milt was collected by gonad stripping and carefully
removed with a micropipette and the semen (“dry”
sperm) was stored in test tubes at 4° C� 0.5° C before
measurements. Semen from different males were never
mixed but rather analyzed separately. For most exper-
iments, the measurements were carried out on 51 dif-
ferent males which were sorted out among 7 batches
containing 9� 2.6 males, according to each shipment
from the provider. For each sample, the concentration
of spermatozoa has been evaluated by counting the
cells under magnification� 400, after a 1:2000 dilution
using a Malassez’s hemocytometer.

2.1.3. Swimming media
Two different series of experiments were conducted.

In the first one, the sperm of 15 different males had
been incubated in different pH (6.5, 7.5, 8.5, 9.5, 10.5,
and 11.4) media using regular seawater buffered with
Tris 50 mmol/L to adjust final pH and then observed for
the motility activation. In the second experiment, the
sperm of 51 different males had been incubated in two
activating media: either regular seawater buffered with
Tris 50 mmol/L (pH 10.5) or a saline solution called
DCSB4 (NaCl, 19.5 g/L; glycine, 6.25 g/L; CaCl2, 0.15
g/L; MgSO4, 0.19 g/L; Tris-aminomethane, 2.42 g/L;
adapted from Paniagua-Chavez et al.[13]) which final
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pH was adjusted to pH 8.2 according to Bougrier and
Rabenomanana[14]. As a way of controlling milt qual-
ity, spermatozoa were diluted in filtered regular seawa-
ter. Twenty-five�L of dry sperm were diluted in 25 mL
of each swimming media. Chemical components were
purchased from Fisher Scientific Labosi, (Elancourt,
France), VWR-Prolabo (Fontenay sous Bois, France)
and Sigma (St Louis, MO, USA).

2.2. Experimental design

2.2.1. Spermatozoa movement
Movement parameters of spermatozoa and descrip-

tion of their swimming flagella were obtained by use of
video recording techniques and stroboscopic illumina-
tion. For video records, sperm was diluted 1:100 into
regular seawater in a test tube, 0.2�L of this suspen-
sion was then transferred into a 50-�L drop of swim-
ming medium placed on a glass slide (�25 000 final
dilution). Microscopy observations used an Olympus
microscope (BH2, Olympus, Japan) 40� D-Apo UV-
oil 1.30 with diaphragm combined with an Olympus
Dark Field oil condenser DWC 1.4-1.2 (Olympus, Ja-
pan). Stroboscopic illumination was obtained using a
Strobex (Chadwick-Helmuth, El Monte, CA, USA).
Video records were performed with a Sony camcorder
(Sony s-VHS, SVO-1520, Japan) as previously de-
scribed by Cosson (2008)[15]. Successive positions of
the recorded sperm heads, spermatozoa trajectories, fla-
gellar beat frequency, and velocity were measured from
video frames using a video recorder (Sony s-VHS
SVO-9500 MDP, Japan) followed by computer digita-
lization and analyzed by computer assisted sperm anal-

ysis (CASA) image analyzer as previously described by
Cosson et al.[16,17].

Different flagellar parameters were evaluated. The
beat frequency was first measured on 50 different
swimming spermatozoa, by adjustment of the strobe
frequency, as described by Cosson et al.[18]. The
length of flagella, number of curvatures, and amplitude
and length of waves were measured on still video im-
ages according to the drawing ofFigure 1. Because of
the beating asymmetry[19], the value of amplitude is
resulting from average of the direct and reverse waves
[20]. The bend angle was measured as shown inFigure
2 and results represent an averaged value from 50
different sperm cells. The diameter of pseudo circles
described by head and the lateral head displacement
were measured on photographs according to the exam-
ple shown inFigure 2.

2.2.2. Sperm motility
Twenty-five�L of dry sperm were diluted in 25 mL

of each swimming medium. Then a drop of diluted
sperm was placed on a microscope glass slide and
qualitative estimates of spermatozoa motility were ob-
tained by continuous visual observation, using light
microscopy at magnification� 400, to evaluate the
percentage of motile cells according to the scale used
by Cosson et al.[16], adapted from Legendre and
Billard as following: MI � 0: all spermatozoa are
immotile; MI � 1: less than 1% of spermatozoa are
motile; MI � 2: 1% to 25% of spermatozoa are motile;
MI � 3: 25% to 50% of spermatozoa are motile; MI�

4: 50% to 75% of spermatozoa are motile; MI� 5:

Fig. 1. Swimming spermatozoa ofP. margaritifera in alkaline seawater. Records were obtained by stroboscopic illumination combined with dark
field microscopy. Left panel: motile spermatozoa at low magnification. Right panel: successive images of a same spermatozoon while swimming
(10-ms interval between two frames) in four successive positions (high magnification using a 40� objective lens). For details about the
measurements of the amplitude or length of waves, see[20].
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75% to 100% of spermatozoa are motile[21]. To pre-
vent sticking of the spermatozoa to the glass slide, BSA
(bovine serum albumin) was added to the swimming
medium at the concentration of 0.5%. Alternatively, we
also used pluronic acid (F-127 from Sigma, #P-2443) at
1% in the swimming solutions. All experiments were
performed at 25° C, temperature at which spawning
occurs during the season of reproduction in French
Polynesia. The kinetics of motility activation was car-
ried out during 10 min for each male in both experi-
ments (N� 15 in the first experiment and N� 51 in the
second one).

2.2.3. Sperm metabolism
The mitochondrial respiration rates of the sperm

suspensions were assessed on 51 different males, by
continuous recording of the oxygen concentration in
each previously mentioned medium with a highly sen-
sitive and calibrated Clark electrode (Rank Brothers,
Cambridge, England) according to Pacey and Bentley
[22]. In order to determine the O2 consumption, 50�L
of “dry” P. margaritifera sperm (15�109 spermatozoa
per mL) was diluted in 1 mL of the appropriate swim-

ming medium leading to a final concentration of
7.5�108 spermatozoa per mL in a tightly closed cham-
ber. The sperm suspension was maintained as homog-
enous as possible using a magnetic stirrer. This equip-
ment allowed to probe and calculate the oxygen
consumption, which was evaluated thanks to a chemi-
cal reaction between oxygen, silver anode, and plati-
num cathode in a liquid sample. A 100% reading in O2

concentration (253 nmol per mL) referred to the swim-
ming medium in equilibrium in the air at 25° C whereas
0% of O2 concentration in the swimming medium was
obtained after the addition of few crystals of sodium
dithionite at the end of the measurement period.

Adenosine 5’ triphosphate (ATP) content of the
whole sperm was assessed in triplicates for 51 dif-
ferent males and evaluated using bioluminescence
(ATPlite-M 1000 assay kit, ref. 6016941, Perkin
Elmer Life and Analytical Sciences, Courtaboeuf,
France).Evaluation of the ATP content was chosen at
2 min postactivation, according to the results obtained
for the sperm motility measurements. Sperm dilution
was, according to the manufacturer instructions, ad-

Fig. 2. Fully activated spermatozoa trajectories. Upper panel from left to right shows five successive video frames: each frame received four flashes
showing four positions of the same spermatozoon while swimming (interval between two frames was 10 ms and flash frequency was 100 Hz).
Lower panel: successive images of the spermatozoon’s head position from 1 to 20, while swimming (as above). The head position is followed
in the five frames of the upper panel and the overall trajectory of head position is visualized and can be described in the bottom right frame as
large circular arcs (white arrow heads) intercalated with transient reorientations (positions 9, 10, and 11). This process is permanently repeated,
leading to a broadly circular swimming pattern.
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justed to a final concentration of 75.106 spermatozoa
per mL. Luminescence intensity was obtained by use of
a Spectrafluor Plus luminometer (Tecan Group Ltd.,
Maennedorf, Switzerland) using XFluor4 software (Ge-
nios Pro, Tecan Group Ltd., Maennedorf, Switzerland).
The emitted light was in direct proportion to the ATP
content of the sample; the latter calculated using a
standard curve (relative luminescence units [RLU] ver-
sus ATP content [nmol per mL]).

2.3. Data analysis

Regarding the percentage of motile spermatozoa and
the activation of sperm motility, a two-way analysis of
variance with matched samples was performed. The
reported values are mean values� SD/square root (N),
obtained from the analysis of independent sperm sam-
ples. In the case of the respiration rates and ATP con-
tent, statistical comparisons were obtained by applica-
tion of the nonparametric Kruskal-Wallis test.

3. Results

3.1. Spermatozoa movement

The total volume of dry sperm collected from each
stripped animal was sample-dependent and was mea-
sured around 1� 0.25 mL. Each sample was counted
in triplicate and the mean concentration was estimated
at around 15.109 spermatozoa per mL. In this species,
the total length of the spermatozoon cell was estimated
at 49 � 2 �m (N � 50), among which, the flagellar
length represented 47� 2 �m. An additional terminal
(or trailing) filament, about 3�m long, was observed in
some spermatozoa (without any consequence on their

swimming performance). Mitochondria were visible at
the base of the flagellum by light microscopy, localized
at the head-tail junction.

P. margaritifera oyster spermatozoon movement
characteristics could be decribed according to 3 possi-
ble behaviors: full activation, “twitching” and “declin-
ing”.

3.1.1. Fully activated behavior
Figure 1(left part, low magnification) shows that,

when sperm motility is highly activated (MI� 4 or 5),
spermatozoa present homogeneous characteristics with
waves fully developed along flagella and such swim-
ming characteristics last for long periods of time.Fig-
ure 1, left part, highlights that all spermatozoa have a
similar flagellar shape. InFigure 1, right part (high
magnification), one can observe the flagellar sinusoidal
and planar waves of a single spermatozoon, developed
from head to flagellar tip. Some sperm movement char-
acteristics of spermatozoa fully activated by contact
with alkaline seawater are reported inTable 1: beat
frequency ranges 48 to 50 Hz (beats per sec), wave-
length ranges 15.9� 0.7�m and wave amplitude (5 to
6 �m) is nearly constant along the flagella length. As
shown in Figure 2, when successive positions of the
head are tracked, one observes that spermatozoa are
globally circling but sperm tracks are rather close to a
polygonal shape (bottom right). In addition, sperm
heads alternate on both sides of the mean track (white
arrowheads). Sperm tracks are describing pseudocircles
following a clockwise direction for spermatozoa swim-
ming close to the cover slip surface and counterclock-
wise for cells swimming in the vicinity of glass slide
surface. A more detailed observation shows that tracks

Table 1
Description of the movement of fully activated spermatozoa inP. margaritifera and comparison with sea urchinP. miliaris, oysterO.
commercialis and hakeM. merluccius.

Pinctada margaritifera Sea urchinPsammechinus
miliaris [47]

OysterOstrea
commercialis [49]

HakeMerluccius
merluccius [46]

(1) Length of the flagellum,�m 47 � 2 41 43 47 � 3
(2) Wave amplitude,�m 5.4� 0.4 4 4–5 4
(3) Wave length,�m 15.9� 0.7 24 26 12
(4) Local curvature or bend angle From�69 to �65 (�4)° DND DND DND
(5) Number of curvatures 3.1� 0.3 DND DND 4
(6) Beat frequency, Hz 49� 1.5 37 43 53
(7) Forward velocity,�m/sec 221� 12 200 163.8� 32.5 180
(8) Waves velocity,�m/sec 403� 21 DND DND DND
(9) Diameter of circular head tracks�m

(seeFig.2)
347� 54 DND DND DND

(10) Lateral head displacement�m
(seeFig.2)

2.8� 0.3 DND DND DND

DND, data not detailed.
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describe large arcs alternating with tighter ones giving
an image closer to a polygonal shape (bottom right).

3.1.2. Twitching behavior
This “twitching” behavior was occurring mainly for

spermatozoa observed during a short period immedi-
ately after exposure to alkaline seawater, after which
they were progressively “half activated” stochastically
(MI � 3), then alternatively twitching and stopping sev-
eral times, and by the end reaching the behavior of “fully
activated” spermatozoa as previously described above.

3.1.3. Declining behavior
Regarding “declining” spermatozoa, they are ob-

served mostly after exposure to anaerobic conditions
(between cover slip and glass slide) and after long-term
swimming: motility, in terms of percentage of motile
cells, was observed to decline as a function of time
(MI � 2 to 0); from 20 min or so after activation in
alkaline Tris-buffered seawater and later, more and
more cells show a “dampening” of their flagellar
waves, i.e., presenting distal wave with lower ampli-
tude as compared with proximal, which retained an
amplitude with values similar to those observed in the
“fully activated” situation described above. Moreover,
this modification of waves shape leads to more linear
trajectories.

3.2. Sperm motility

As shown inFigure 3, P. margaritifera sperm col-
lected by stripping are not activated in regular seawater,

but activated in Tris-buffered alkaline seawater (pH
10.5). The pH values measured inside the male gonad
and in the gonad tract were 6.6� 0.1 and 7.4� 0.3
respectively (N� 10). Motility can be initiated by
transfer in DCSB4 (pH 8.2) or in Tris-buffered alkaline
seawater (pH 10.5). Surprisingly, DCSB4, which was
initially designed as a stabilizing fish sperm diluent
prior to cryoconservation[13], behaved as a motility
activator for P. margaritifera spermatozoa. When
transferred in this activating medium, it takes few min
for sperm to reach strong activation after which, sper-
matozoa remain motile (MI� 3 or 4) for more than 10
min. Initiation of the motility using Tris-Cl at pH 10.5
is faster (about 2 min) but duration of high motility
(MI � 4 or 5) lasts for shorter periods and motility
stops at 6 min or so after activation.

Figure 4shows the influence of external pH on sper-
matozoa motility activation. Thus, the more alkaline the
environment, the higher and faster the activation (P�

0.05). When sperm was diluted into Tris-buffered seawa-
ter at a lower pH (6.5), they remained immotile during
long periods of time (�10 min). Motility was slowly and
incompletely activated when pH was increased and
reached 7.5. From pH 8.5 to 9.5, spermatozoa were fully
motile during the 10-min period following activation.
When pH was very alkaline (10.5 to 11.4), motility rap-
idly became vigorous (MI� 4) but decreased after a few
min following the activation (MI� 2 or 3). For sperm
motility, it is to be noticed that the data shown are mean
values� SD of measurements performed on 51 males

Fig. 3. Kinetics of spermatozoa motility activation in different swimming media as a function of the time period after activation. Values represent
mean motility index� SD/square-root (N) for N� 51 different males.
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(Fig. 3) and 15 males (Fig. 4). Due to the high interindi-
vidual variability, mean values never reached maximum
motility index of 5.

Moreover, we noticed that high motile sperm (with
initial motility index � 5) saved in regular seawater
(pH 7.8) at 4° C retained potent motility for several
days and can be activated in alkaline pH seawater.
Indeed, spermatozoa can be activated by transfer in
seawater buffered with Tris pH 10.5, up to 13 days after
collection and conservation at 4° C. During this stor-
age, they kept their motility behavior and characteris-
tics, even if the motility index progressively declined to
3 (data not detailed).

The main characteristics of fully activated sperma-
tozoa are quantitatively described inTable 1. The gen-
eral swimming behavior consists of an asymmetric
movement of flagella, similar to that observed for sea
urchin spermatozoa and resulting in an approximately
circular movement, but more precisely composed of
successive arcs as detailed inFigure 2. Heads follow a
lateral displacement of small amplitude (Fig. 2). After
long periods of motility, some sperm cells show a slight
decrease of wave amplitude in the distal part of their
flagella, leading to some dampening, which conse-
quently leads to lower swimming velocity. The same
occurred in situations where inhibitors were added to
the swimming solution.

3.3. Sperm metabolism

Respiration rates were measured in the different
swimming media: regular seawater (pH 7.8), DCSB4
solution (pH 8.2) and Tris-buffered seawater solution

(pH 10.5) (Fig. 5). When P. margaritifera sperma-
tozoa were diluted into regular seawater, oxygen
consumption was at very low rate (close to 0). Res-

Fig. 4. Effect of external pH on spermatozoa motility as a function of the time period after activation. Values represent mean motility index�

SD/square-root(N) for N� 15 different males.

Fig. 5. Influence of ionic composition and external pH on the sper-
matozoa respiration rates, 2 min after activation by DCSB4 (pH 8.2)
or Tris-buffered seawater (SW) (pH 10.5). Boxes represent median
values� SD of oxygen consumption (nmol per min per 109 sper-
matozoa) for 51 different males. “a” letters refer to maximum values
and “b” letters refer to minimum values. *** Significantly different
results (P� 0.05) between regular SW and activating media (DCSB4
and seawater buffered with Tris pH 10.5). No significant difference
between the two activating media (P� 0.05).
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piration rate increased (P� 0.05) when spermatozoa
were incubated into more alkalinesolutions: median
values raised 13.63 nmol per min per 109 spermatozoa in
DCSB4 and 29.33 nmol per min per 109 spermatozoa in
seawater buffered with Tris pH 10.5. Nodifference was
observed between the two activating media (P� 0.05).
Moreover, we noticed an important interval between
high and low values for DCSB4 (from 0 to 86.46 nmol
per min per 109 spermatozoa) and seawater buffered
with Tris pH 10.5 (0 to 108.76 nmol per min per 109

spermatozoa).
Regarding ATP content, all the values were de-

termined using the standard calibration curve with
the following parameters [x� (y � 198.17)/387.03;
R2

� 0.991]. As shown inFigure 6, median values
were respectively 700 nmol per 109 spermatozoa in
regular seawater, 543 nmol per 109 spermatozoa in
DCSB4 solution, and 528 nmol per 109 spermatozoa,
2 min after activation. Nevertheless, no difference
was observed between the different swimming media
(P � 0.05). As mentioned above for respiration rates,
we noticed an important interval between high and
low values: in regular seawater, values varied from

251 to 1977 nmol per 109 spermatozoa and for sea-
water buffered with Tris-Cl pH 10.5, ATP content
values varied from 243 to 1868 nmol per 109 sper-
matozoa.

4. Discussion

The ability to fertilize an oocyte is assumed to be
dependent on the quality of spermatozoa, specifically
their motility. In marine species, many biological pa-
rameters such as spermatocrit (i.e., the ratio of packed
sperm cell volume to semen volume after centrifuga-
tion), sperm concentration, swimming characteristics,
chemical composition of seminal plasma, enzymatic
activity, adenosine-triphosphate (ATP) content, motil-
ity, morphology and ultrastructure, membrane integrity,
DNA condensation, fertilizing capacity and several oth-
ers[16,23–37]were generally measured to describe and
evaluate sperm quality. Other studies show that, in a
few cases, nonmotile spermatozoa can fertilize eggs
[38] and large individual variations were reported[39].
All these examples highlight again the limitations of
using a single trait to define the quality of the sperm
[40]. This explains why we are interested in studying
the following criteria to evaluate the quality ofP. mar-
garitifera spermatozoa: sperm concentration, motility,
swimming characteristics, mitochondrial respiration,
and ATP consumption.

First of all, when one comparesP. margaritifera
spermatozoa with other marine species spermatozoa, it
appears that they have globally similar characteristics.
Therefore, it seems to be conclusive to evaluate the
same parameters as those used for other species. In-
deed, the supply of sperm ofP. margaritifera (15.109

spermatozoa per mL) is relatively concentrated and
falls in the same range as that of sea urchin sperm
(26.109 spermatozoa per mL)[8] and of many fish
species sperm as well[17,23,41]. P. margaritifera sper-
matozoon presents an acrosome[42] as that of sea
urchin [43,44] or Japanese oysterCrassostrea gigas
[23] while various marine fish species have no acro-
some[16,45,46]. When the spermatozoon movement
characteristics were analyzed, it appeared thatP. mar-
garitifera spermatozoa develop sinusoidal and planar
flagellar waves in a homogeneous fashion when ex-
posed briefly to alkaline seawater.

The general characteristics of flagellar waves ofP.
margaritifera spermatozoa remind in many respects of
those of sea urchin sperm flagella[19,47,48]and those
of previous results obtained in oysterOstrea commer-
cialis [49] and fishes[46,50,51]. Briefly, as reported in

Fig. 6. Influence of ionic composition and external pH on the ATP
content, 2 min after activation by DCSB4 (pH 8.2) or Tris-buffered
seawater (SW) (pH 10.5). Boxes represent median values of oxygen
consumption (nmol/109 spermatozoa) for N� 51 different males. “a”
letters refer to maximum values and “b” letters refer to minimum
values. No significant difference between the different swimming
media (P� 0.05).
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Table 1, for P. margaritifera spermatozoa, wave length
(15.9 � 0.7 �m) is lower than for sea urchinPsam-
mechinus miliaris [47] and oysterO. commercialis
spermatozoa but higher than for hakeMerluccius mer-
luccius [48] spermatozoa. In the case of wave ampli-
tude (5.4� 0.4 �m) and velocity, they are higher than
for the three compared species. Regarding beat fre-
quency (49� 1.5 Hz), it is higher forP. margaritifera
spermatozoa than for sea urchin and oysterO. commer-
cialis spermatozoa but lower than for hake spermato-
zoa. The “twitching” behavior could be compared to
the “intermittent” swimming described in sea urchin
[52] and in polychaetes[53]. Thus, even if the charac-
teristics of flagellar waves can be compared between
different marine species, their detailed values remain
species-specific.

Regarding the conditions for activation of motility,
it is striking to observe thatP. margaritifera sperma-
tozoa are immotile (MI� 0) in natural seawater (pH
7.8), whereas in many other marine species, transfer
from seminal fluid into natural seawater is generally
enough to trigger high motility as it was shown for fish
[5,7,16,51], sea urchin[2], and polychaetes[4]. It was
also shown that alkaline pH (higher than 7.5) activates
spermatozoa movement in some marine fish species
[8]. It was clearly demonstrated that in sea urchins,
sperm activation occurs because of alkalinization of
intracellular pH, leading to optimal pH for dynein-
motor activity[2]. In P. margaritifera spermatozoa, the
more alkaline is the pH, the more spermatozoa become
active and the faster is the initiation of their motility
(Fig. 4), which suggests a similar mechanism. More-
over we observed that activation of motility was slowly
reversible, indeed the spermatozoa incubated at acidic
pH remained viable and began to swim normally after
subsequent incubation at alkaline pH. Thus we can
conclude on the effect of alkaline pH on the sperm
motility activation, the velocity and the intensity ofP.
margaritifera spermatozoa motility activation.

It is important to figure out whyP. margaritifera
spermatozoa activation does not occur right at contact
with regular seawater but only when they are submitted
to an artificial alkaline medium even though the pH of
natural seawater is already slightly alkaline. These ob-
servations may suggest that due to collection of sperm
by gonad stripping, all the spermatozoa are not com-
pletely mature because some signal delivered by def-
erent duct would be missing. That could explain why
sperm are not motile in natural seawater but only par-
tially why motility is activated in more highly alkaline
media. Therefore, one can suggest the existence of a

substance that would be delivered in seminal fluid dur-
ing transit of milt in the male tract when spawning
occurs naturally in regular situations; alternatively,
such substance could diffuse from the egg and would
activate spermatozoa in a way similar to the mechanism
previously described in ascidians[6]. In the latter case,
a same substance emanating from egg is able both to
activate and attract spermatozoa[54]. Another interest-
ing result, described in the present report, concerned the
influence of the composition of the swimming medium
on the level and the duration of the activation of sperm
motility. In addition, we observed thatP. margaritifera
spermatozoa have the ability to retain high motility for
10 min or more. This ability of long-term swimming
was previously reported for other marine species espe-
cially in invertebrate species. Indeed, according to
Faure[55], Suquet et al.[9], or Paniagua-Chavez et al.
[13] for the mollusksPecten maximus, Crassostrea
gigas, andCrassostrea virginica respectively, the du-
ration of the spermatozoa motility is generally longer
than for marine vertebrate species, such as fish. As
reported by Cosson et al.[16,46], in many marine fish
species, a large variation was observed between the
species studied but the common feature is a restricted
duration of the spermatozoa motility (ranging from a
few min for halibut, turbot, sea bass, cod, hake, and
tuna to 15 to 20 min for eels and congers). The char-
acteristic quite specific to invertebrate marine species
spermatozoa to be motile for a long period of time
could be in relation with the strategy of reproduction
used by marine invertebrates with low displacement
distance, that have to spawn their spermatozoa which
thus retain motility for longer before meeting oocytes
versus vertebrate species that generally spawn their
spermatozoa directly in the closer vicinity of the cor-
responding oocytes.

In most marine species, such motility activation is
correlated with a rapid O2 consumption and may con-
sequently lead to their rapidly running out of their
intracellular ATP supply. It is well known that the
ability of spermatozoa to get motile is strongly related
to the rate of mitochondrial respiration[2,45,56]. Res-
piration rates of activatedP. margaritifera spermatozoa
can be easily measured because of the duration of their
motility period, which is long enough to obtain reliable
values, whereas in various marine fish species, this
period is so brief that it becomes limiting for correct
measurement of the respiration rate[15]. The results we
obtained (ranging from 0 nmol per min per 109 sper-
matozoa prior activation of the motility [MI� 0 or 1]
to 13.83 after activation in DCSB4 [MI� 3 or 4] and
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29.33 nmol per min per 109 spermatozoa after activa-
tion in alkaline Tris-buffered seawater [MI� 4 or 5])
can be compared with those mentioned in the literature
for Psetta maxima (35 nmol per min per 109 sperma-
tozoa prior activation and 125 nmol per min per 109

spermatozoa after activation)[37]. Indeed, the values
have a three-fold increase and furthermore they show
that the respiration rate is strongly increased after mo-
tility activation both in turbot and in oyster. Neverthe-
less, in oyster the values are largely weaker than for sea
urchin. Indeed, as reported by Christen et al.[57], in sea
urchin, values range from 0.7�mol per min per 109

spermatozoa prior to motility activation and 25�mol
per min per 109 spermatozoa after motility activation.
The latter result confirms the large variation of respi-
ration rates among marine species. Moreover our own
results showed higher respiration rates when motility
was activated in alkaline swimming media. We can
conclude that, as for other marine species[2,22,45,56],
P. margaritifera spermatozoa motility activation is trig-
gered with an elevation of mitochondrial respiration.

Regarding the ATP content and its consumption
during the motility period of spermatozoa, previous
studies highlighted an important variation of sperm
ATP content among marine species. Indeed for marine
invertebrates, such as the sea urchinStrongylocentrotus
purpuratus or the Japanese oysterC. gigas, the values
of ATP content ranged 4.5 nmol per 109 spermatozoa
and 45 mmol per 109 spermatozoa respectively[23,57],
whereas, in fishes such as trout or European catfish
(Silurus glanis), the values ranged 32.5 nmol per 109

spermatozoa and 165 nmol per 109 spermatozoa respec-
tively [23,58]. Thus, our results confirmed that ATP
content appears to be species-specific. Indeed, in most
studies regarding most species, the results reported sig-
nificant variations of ATP stock after motility activa-
tion. In sea urchins or in fishes, ATP content decreased
very rapidly after activation (i.e., in the first min)
[23,45,50], whereas inC. gigas, the ATP content de-
creased more slowly (i.e., in the first 6 h) after activa-
tion [9]. The ATP values observed forP. margaritifera
seem to be in accordance with the activation of motil-
ity; indeed, the ATP stock is much more rapidly used
right after the activation of movement is triggered.
According toFigure 3, measurement of the ATP con-
tent after a delay of 2 min after activation appeared to
be the best compromise because spermatozoa swam
vigorously at this time point after activation in both
swimming activation media. Even though the motility
duration is longer in DCSB4 as compared with Tris
buffered seawater (pH 10.5), this does seem to be

explained by the amplitude of the ATP store, which
remains similar in both situations. Moreover, we ob-
served that the addition of a respiration inhibitor
stopped the motility ofP. margaritifera spermatozoa,
thus corroborating that the motility is closely bound to
the mitochondrial respiration. Nevertheless, all the re-
sults obtained in the present report emphasize an im-
portant fluctuation in the respiration rates and ATP
values probably corresponding to a large disparity in
the sperm samples, due to a large interindividual vari-
ability. Moreover, in some samples, we suppose that a
large part of spermatozoa are not mature enough and
consequently cannot be activated in alkaline swimming
media. This variability in the maturity stage could be
due to the method of collection of the gametes using
gonad stripping, which should be improved.

As a conclusion, the common techniques previously
used for other marine species allowed us in the present
study to describe sperm motility activation conditions
and the metabolism characteristics of spermatozoa of
the black-lip-pearl oysterP. margaritifera. This study
highlighted thatP. margaritifera spermatozoa present
characteristics of movement, motility activation, respi-
ration rates, and ATP utilization similar to that of other
marine species, with the exception of fish species,
which spermatozoa present a brief motility period
[16,17]. Complementary studies, such as movement
tracking using a computer assisted sperm analysis sys-
tem [59], analysis of the mechanism of the flagellar
movement, evaluation of the role of other energy rich
substrates (creatine- or arginine-phosphate) and corre-
sponding activity of enzymes involved in the regener-
ation of ATP supply (i.e., creatine and arginine kinases)
will complement these preliminary observations and
provide an overview of the main parameters that allow
a better evaluation of the quality of sperm especially
regarding predictions on its ability to fertilize, with the
aim of selecting the best sperm stocks to create, for this
species, a cryobank in a near future.
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