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OOCYTE ATRESIA CHARACTERISTICS AND EFFECT ON REPRODUCTIVE EFFORT OF

MANILA CLAM TAPES PHILIPPINARUM (ADAMS AND REEVE, 1850)

DAPHNE CHEREL AND PETER G. BENINGER*
Laboratoire de Biologie Marine, Faculté des Sciences, Université de Nantes, 2 rue de la Houssiniere,
44322 Nantes Cédex, France

ABSTRACT The histological characteristics of oocyte atresia were examined in the Manila clam Tapes philippinarum (Adams
and Reeve, 1850), at Croisic Traict on the French Atlantic coast, over 4- and 5-month gametogenic periods (May to August 2015
and April to September 2016). Atresia was found at all stages of gametogenesis, as well as in residual oocytes, and was
characterized by several characteristics: loss of the nucleolus, nuclear degradation, altered cytoplasmic staining affinities,
cytoplasmic retraction, and finally the loss of all cellular content. Histological observations indicated that 7. philippinarum
partially spawned repeatedly over the gametogenic period. Stereological counts showed that at least 15% of the oocyte volume
was occupied by atresic oocytes (AO) at the onset of gametogenesis before any spawning activity; this increased to 30% in the
middle of the gametogenic period (including both pre- and postspawning oocytes) and 80% at the end of the gametogenic period
(postspawning atresia). Of all oocytes whose fate could be determined during active gametogenesis, nearly half were atresic.
Similar observations were made for smaller sample sizes of clams from two other sites in nearby Bourgneuf Bay over a 26-mo
period. Both AO and nonatresic oocytes were observed in the same gonad acini, suggesting that the process was either not
propagated or not synchronized. The considerable proportion of oocytes affected by atresia underscores the need for better
recognition, documentation, and integration of this process into models of reproductive effort and fecundity in this species. In
particular, condition indices based on tissue : shell weights should be interpreted as estimations of reproductive investment, not as

indications of potential reproductive outcome.
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INTRODUCTION

Understanding the dynamics of animal populations requires
a firm knowledge of biological processes, particularly repro-
duction (Caddy 1989, Knights 2012, Costa et al. 2013, Delgado
et al. 2013, Maunder & Deriso 2013). Considerable knowledge
concerning the reproductive cycle of exploited marine bivalves
has been accumulated since the early studies of the 1930s,
documenting gametogenesis and spawning in many species of
economic interest (see Lucas 1965, Sastry 1979, Mackie 1984,
Gosling 2015 for reviews and references). Chief among these
species is the Manila clam Tapes philippinarum (family Veneridae),
the top-ranking marine aquaculture species worldwide (over
4 million tons of aquaculture production in 2014), with a total
value three times greater than that of the familiar Pacific
oyster Crassotrea gigas (FAO 2016). Various aspects of the
reproductive cycle of T. philippinarum have been studied
(Adachi 1979, Mann 1979, Beninger & Lucas 1984, Rodriguez-
Moscoso et al. 1992, Robert et al. 1993, Laruelle et al. 1994, Xie
& Burnel 1994, Chung et al. 2001, Park & Choi 2004, Delgado &
Camacho 2007, Dang et al. 2010, Uddin et al. 2010, Uddin
et al. 2012, Baek et al. 2014, Milani et al. 2017); however, the
phenomenon of oocyte atresia has not been investigated.
Although this form of oocyte degeneration has been mentioned
and/or described in mature and residual oocytes in Pectinidae
(Tang 1941, Christiansen & Oliver 1971, Dorange & Le Pennec
1989, Motavkine & Varaksine 1989, Le Pennec et al. 1991,
Vaschenko et al. 1997, Borzone et al. 2003, Cantillanez et al.
2005, Beninger & Le Pennec 2006), Ostreidae (Lango-Reynoso
et al. 2000, Dutertre et al. 2009), Mytilidae (Pipe 1987, Motavkine
& Varaksine 1989, Suarez et al. 2005, Alonso et al. 2007) and
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Pinnidae (De Gaulejac et al. 1995), it seems to be an under-reported
phenomenon in bivalve reproductive cycles in general (Beninger
2017). Oocyte atresia has been identified within the Veneridae,
although its histological characteristics have not been described
(Morvan & Ansell 1988, Meneghetti et al. 2004, Drummond et al.
2006, Casas & Villalba 2012).

The present study documents the phenomenon of atresia in
the reproductive cycle of Tapes philippinarum. Two data sets
were used, a detailed 4- and 5-mo study during the gametogenic
period and a longer time series (26 mo) with fewer individuals.
In addition to the qualitative description of this process, we use
quantitative histological techniques to estimate its impact on
reproductive effort (R.).

MATERIALS AND METHODS

Species, Sites, and Sampling

For reasons unclear to most workers, Tapes philippinarum
has a relatively long list of competing generic names, of which
Ruditapes is the most frequent in recent years. The reasons for
selecting Tapes are outlined in Beninger and Boldina (2014).

The detailed histological study was carried out at a Tapes
philippinarum and Cerastoderma edule culture operation, situ-
ated in an extensive mudflat aquaculture region on the French
Atlantic coast. Twenty-three adult clams were haphazardly
sampled every 2 wk (May to August 2015 and April to
September 2016; 2.6-5 cm along the anteroposterior axis).

For the longitudinal time series, one fished and one unfished
site were chosen on the French Atlantic coast: a recreational
mudflat fishing site for Tapes philippinarum in the Gois passage,
and an isolated, unfished site accessible only by boat; all three
sampling sites were within 50 km of each other (Fig. 1). The sed-
iment characteristics, water temperature, salinity, turbidity, and
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Figure 1. Location of the three study sites.

tidal regimes of the two sites were very similar (Boldina & Beninger
2013, Beninger & Boldina 2014, Boldina et al. 2014). In the course
of other, unrelated manipulations, nearly commercial-size clams

son’s trichrome. (A) General view. AO, mature oocytes (MO), immature
oocytes (IO), interacinal tissue (IAT), acinal lumen (AL). (B) Mature
healthy oocyte and (C) IO attached to the acinal wall by a peduncle (P).
Nucleus (N), nucleolus (NU), and cell membrane (M) are clearly visible.

CHEREL AND BENINGER

Figure 3. Oocytes showing various characteristics of atresia. (A-C)
Alteration of cytoplasmic staining, using a constant Masson’s trichrome
staining protocol. (D-F) Cytoplasmic retraction. (G-I) Altered cell shape.
(J-L) Absence of chromatin structure. Nucleus (N), nucleolus (NU), cell
membrane (M), cytoplasm (C), healthy oocytes (HO).

(=3 cm) were haphazardly sampled monthly at low tide from the
unfished and fished sites (July 2010 to September 2012). The
sampling took place at the incoming tide, often limiting the
number of individuals sampled (=15); in addition, several
technical problems reduced the number of sampling dates. The
number of females investigated is specified in Figures 5-7.

Histological Techniques

Sampled clams were separated from their shells and fixed on-
site in ice-cold aqueous Bouin’s solution for at least 48 h. Three-
to 4-mm-thick slices were removed along the dorsoventral axis
of the foot, continuing up to the dorsal extremity of the visceral
mass. Samples were then rinsed overnight under running tap
water, dehydrated in an ascending ethanol-Roti-Histol series,
and embedded in paraffin. Sections were cut at 7 um and stained
with a modified Masson’s trichrome protocol (Martoja &
Martoja-Pierson 1967, Beninger et al. 2010) using trioxyhema-
tein (3 min), acid fuschine (2 min), orange G-phosphomolybdic
acid (3 min), and fast green (1 min). Observations and analyses
of the photomicrographs were performed using an Olympus
Provis light microscope, and LUCIA GF 4.80 image capture
and processing software. A total of 12 micrographs were
archived for each female at the unexploited and fished sites,
and nine micrographs for the farmed site, for later examination
and stereological counts.

Stereology

Preliminary investigations showed that the Tapes philippina-
rum gonad satisfied the requirements for stereological analysis:
constant gonad tissue anatomical localization, synchronous
gametogenesis throughout the gonad, sufficiently homogeneous
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TABLE 1.

Phases of the Tapes philippinarum oogenic cycle.

Phase Period

Elements observed Other characteristics

Gametogenesis (Fig. 4A, B) April to August

Resorption (Fig. 4C) September to November

Resting phase (Fig. 4D) December to March

MO, 10, and AO (AMO and AIO)
Scarce AL and IAT
Few oocytes, mostly identified
as AO, AL and TIAT
AL, IAT, macrophage cells
No gametes

Repeated declines in
MO (Figs. 5-7): dribble spawner

Inter-individual variation in the
degradation of residual acini

AMO = atresic mature oocytes; AIO = atresic immature oocytes; IAT =

gonad tissue, and sufficiently large patches of gonad tissue were
available to perform counts (Beninger & Boldina 2012a). For the
purposes of this study, only the oocyte types were quantified
using stereological counts: atresic oocytes (AO), immature
healthy oocytes (IO), and mature healthy oocytes (MO)
(Beninger 1987, Beninger et al. 2001, Valdizan 2011; Fig. 2A).

Generally, three counts were performed on each of three
sections per individual, and the data were pooled to provide
mean counts for each cell type for each individual, date, and
site. Counts were performed on all females sampled over the
26-mo study period at the unexploited and fished sites (July
2010 to September 2012) and over the gametogenic period at the
farmed site (May to August 2015 and April to September 2016).
A 13 X 14 counting grid was used for the unexploited and fished
site micrographs, whereas an 11 X 11 grid was used for the
farmed site. Given the small number of females for some
samples, the range was used as an indicator of dispersion about
the mean (Beninger & Boldina 2012b).

RESULTS

Qualitative Characteristics of Atresia

Using the modified Masson’s trichrome staining protocol,
healthy oocytes were readily identified with a pink cytoplasm
and a rounded, well-defined nucleus; depending on the plane of
section, a distinct nucleolus was also visible (Fig. 2). Healthy
oocytes were either mature (mature healthy oocytes—regular
rounded shape, separated from the acinal wall, Fig. 2B) or
immature (immature healthy oocytes—pear shape, attached to
the acinal wall with a peduncle, Fig. 2C).

Oocyte atresia in clams was characterized by the appearance
of several characteristics, concomitantly or not. These charac-
teristics were observed in both mature and immature oocytes;
some affected the nucleus, others the cytoplasm.

Characteristics affecting the cytoplasm were as follows:

(1) Cytoplasmic discoloration (Fig. 3A—C). In most cases, the
atresic cytoplasm stained more intensely, becoming darker
compared with that of healthy oocytes. More rarely, the
cytoplasm turned from a uniform pink-red to green and
purple.

(2) Cytoplasmic retraction and detachment from the cell
membrane (Fig. 3D-F, I). This was visible on histological
slides as a clear space between the membrane and the
cytoplasm, either on a small portion of the cell or involving
most of the cell (Fig. 3D-F, I).

(3) Anirregular geometric shape, noticeably different from the
spherical shape of healthy oocytes (Fig. 3G-I).

interacinal tissue; AL = acinal lumen.

Characteristics affecting the nucleus were as follows:

(1) Disappearance of the nucleoli (Fig. 3A-F, H-L). This
characteristic is not sufficient on its own, because the
section plane can pass above or below a nucleolus. In many
cases, however, nucleoli are often histologically visible in
actively synthesizing cells; thus their absence is a clue to
atresia, especially when observed in a large number of
oocytes, where it can indicate widespread atresia.

(2) Homogeneous chromatin, seen as a very uniform nucleus
color, with no chromatin clumping (Figs. 3J-L and 4).

(3) Disappearance of the nucleus in medially sectioned cells
(Fig. 3C, ).

The aforementioned characteristics may be more or less
pronounced based on the chronological development of atresia.
It is important to note that oocytes presenting different charac-
teristics can be physically close to one another and also close to
apparently healthy oocytes in the same acinus (Fig. 3D, H, J, K).
Some parts of the clam gonad may be almost exclusively occupied

\ e \ 100 pm
W AR
Figure 4. Seasonal histological profiles of Tapes philippinarum gonads.
(A) Beginning of gametogenesis (April): small IO attached to the acinal
wall, forming from interacinal tissue (IAT); prespawning, atresic mature
(AMO), and atresic immature oocytes (AIQ) were also observed. (B) In
July, MO and larger 10 were observed. (C) During the resorption phase
(September) only residual AIO and AMO were visible in the acinal lumen
(AL). (D) In winter, no gametes were visible in the acini, and the acinal
walls were invaded by numerous macrophage cells (M); the acinal walls
themselves may disappear.
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Figure 5. Atresic, mature, and immature volume fractions over the 4- and 5-mo gametogenic periods at the farmed site. REST is the resting period when
there were no oocytes; /V is the number of females used for counts.

by AO, whereas the rest of the gonad may be much less affected.
In the overwhelming majority of observations, areas most severely
affected were located in the dorsalmost region of the visceral mass.

Seasonal Pattern of Atresia

Histological observations allowed the identification of three
major phases of the Tapes philippinarum oogenic cycle (Table 1).
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Characteristics of atresia were observed in early and late vitello-
genic oocytes (atresic immature oocytes), and in mature oocytes
(atresic mature oocytes), beginning in April and throughout

gametogenesis and postspawning resorption (Fig. 4). In July
(Fig. 4B), oocytes were predominantly late vitellogenic or mature,
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Figure 6. Atresic, mature, and immature volume fraction over the 26-mo sampling period at the unfished site. REST is the resting period; Vis the number
of females used for counts. No sampling was possible in spring 2012.
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Figure 7. Atresic, mature, and immature volume fraction during the 26-mo sampling period at the fished site. REST is the gametogenic resting period; N
is the number of females used for counts. No sampling was possible in spring 2012.

oocytes showed at least one characteristic of atresia, notably the
disappearance of nucleoli (Fig. 4C), indicating generalized atresia
in the gonad.

Quantification of Atresia

To assess the importance of oocyte atresia throughout the
reproductive cycle of Tapes philippinarum, the following oocyte
volume fractions were calculated (Weibel et al. 1966):

(1) Atresic volume fraction (AVF): the number of grid points
occupied by AO divided by the total number of grid points
occupied by all oocyte types.

AO

- M
o+a0+mo" '

AVF

(2) Mature volume fraction (MVF): the number of grid points
occupied by mature oocytes divided by the total number of
grid points occupied by all oocyte types.

MO

-9
ora0rmo’ P

MVF

(3) Immature volume fraction (IVF): the number of grid points
occupied by immature oocytes divided by the total number
of grid points occupied by all oocyte types.

10

“o+a0-mo" '

IVF

(4) Minimum atresic impact (MAI): the minimum impact of
atresia on the oocyte population, expressed as

AVF

——— % 100
AVF + MVF

MAI =

The MAI was based on three assumptions: (1) MVF
(composed of healthy, mature oocytes) represented the oocyte
volume fraction with a high probability of being spawned as
healthy; (2) AVF represented the oocyte volume fraction with
no probability of being spawned as healthy oocytes; the fates of
MVF and AVF were therefore known; (3) The fate of IVF was
unknown as it could either remain healthy or become atresic.
This index, therefore, represents the minimum oocyte volume
fraction known to be atresic, compared with the total oocyte
volume fraction whose fate is known.

The evolution of MVF and IVF values over the sampling
period at the farmed site reveals several gametogenic cycles and
spawns (Fig. 5). The AVF was at least 15% before the first
spawn, increasing to 25%-30% in subsequent spawns. At the
end of the reproductive period (September 2016), all residual

TABLE 2.

Mean oocyte status indices during the active gametogenic
period at the three study sites.

Sites MAI AVF MVF IVF N
Farmed  48.8+57 33.7+£52 350+44 314+55 139
Unfished 443 +64 332+64 41.2+83 256+10.5 49
Fished 419137 312112 375+93 313=106 44
Total 45 32.7 37.9 29.4 232




554

Nucleolus disappearance

l

Chromatin degradation

|

Nucleus disappearance

Figure 8. Temporal sequence of nuclear characteristics in AO.

oocytes were obviously destined for atresia. These results at the
farmed sampling site in 2015 and 2016 extend and confirm the
longer term observations from the fished and unfished sites
(2010 to 2012; Figs. 6 and 7).

To clearly summarize these data, only those dates corre-
sponding to MVF = 20% were chosen to represent the period of
active gametogenesis (Table 2). The excluded periods were thus
as follows:

(1) The end of the gametogenic periods, when most oocytes were
atresic and undergoing resorption.

(2) The resting phase, when there was no gametogenesis.

(3) The beginning of the gametogenic periods, when most
oocytes were in early gamete stages and their fate is thus
unknown.

Over the active gametogenic period at all sites, approxi-
mately 33% of gamete volume was occupied by AO and the
MAI was 45% (Table 2). No marked differences in volume
fractions were noted between sites.

Oocyte atresia

CHEREL AND BENINGER

DISCUSSION

Histological Features of Atresia

Histological observations of the present study establish the
following indicators of atresia: absence of the nucleolus (an
early indicator), as well as nuclear degradation (irregular
nuclear envelope or chromatin degradation), cytoplasmic discol-
oration and retraction, and cellular distortion (puzzle shape).
Although it is not possible to establish a firm chronological
sequence at this point, certain atresic characteristics do present
a temporal sequence, especially for the nucleus (Fig. §).

The features described previously correspond to the cate-
gories of characteristics previously outlined in the Bivalvia
(Beninger 2017). No discernable differences were noted between
pre- and postspawning atresia, indicating a common process.

Generalization of atresia within acini has been reported for
several bivalve species, being easily recognized by major
distortions of oocyte shape (Dorange & Le Pennec 1989, Suarez
et al. 2005, Beninger & Le Pennec 2006, Dutertre et al. 2009).
Such generalization may also occur in Tapes philippinarum
acini, but this appears to lack synchrony, and cellular distor-
tions are much less severe. Instead, clarification of the nucleus is
the revealing feature.

Temporal Dynamics of Oocyte Atresia

Based on all of the data from the different study sites and
years, the temporal dynamics of oocyte atresia in Tapes
philippinarum are summarized in Figure 9. Oocyte atresia
steadily increased in the spring, before the first spawning. A
precipitous decrease in all oocyte types characterized the first
spawning; from this point onward, throughout the subsequent

- . :Partial spawn

. Partial spawn
i residual oocytes
: Final spawn
residual AO

: Pre-spawning
atresia

- Mixture pre- and
post-spawning

1-Mar 1-Apr 1-May 1-Jun 1-Jul

1-Aug

1-Sep 1-Oct 1-Nov 1-Dec

Dates

Figure 9. Temporal dynamics of oocyte atresia throughout the reproductive cycle of Tapes philippinarum.
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Figure 10. Loss of reproductive investment caused by pre- and post-
spawning atresia.

gametogenic activity, both pre- and postspawning AO were
present in the gonad simultaneously.

Of the three functional types of atresia proposed by Motavkine
and Varaksine (1989), it is clear that the resorption phase of the
reproductive cycle corresponds to residual atresia. The atresia
observed before the resorption phase may be either physiological
(i.e., a regulatory mechanism) or ecological (i.e., a response to
unfavorable environmental conditions). Much further research
will be necessary to refine this analysis.

Impact of Atresia on R,

To the authors’ knowledge, this is the first study to quantify
oocyte atresia and its effect on reproductive effort R.. Pre-
viously, Morvan and Ansell (1988) calculated a percent of AO
in Tapes rhomboides, using a complex estimation based on
oocyte diameters and the Williams’ equation (Williams 1981);
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however, these authors only appear to have included mature
AO in their estimations. The losses of 11% fecundity in spring
and 3.3% in summer reported by these authors, therefore,
represent considerable underestimations.

The stereological technique used in this study is based on the
number of counting points occupied by particular cell types.
This type of data does not allow precise oocyte numbers to be
determined, but it can obviously be used as a proxy for such
numbers, in addition to representing the amount of energy
invested. If all oocytes are viable, the R, simply equals the total
volume of oocytes in the gonad at time ¢. If some oocytes are not
viable, the effective reproductive effort (ER.) is the total oocyte
volume fraction minus the volume fraction of all AO:

ER. = R. — AO

The results of the present study show that the minimum level
of atresia in the Tapes philippinarum reproductive cycle was
15%, at the beginning of gametogenesis; this volume fraction
climbed to approximately 33% during active gametogenesis, when
both pre- and postspawning atresia are present (Figs. 9 and 10).
Furthermore, the MAI obtained during active gametogenesis,
from the three sites, was approximately 45%. Thus, nearly half of
the oocyte volume fraction produced during active gametogenesis
would be lost to atresia, reducing R, by approximately 45%. It
should be remembered that this is the MAI, so the figure may
well surpass 50%. As there was no evidence of AO resorption
during active gametogenesis (no empty cells or macrophage
invasion), it is assumed that these cells are lost at spawning;

23-Mar
8-Apr |
30-Apr
11-May r
2-Jun
17-Jun
2-Jul
21-Jul
31-Jul
17-Aug
31-Aug
5-Oct
29-Oct
3-Dec

2015

12-Jan

10-Feb
10-Mar
25-Mar
11-Apr
22-Apr
6-May
23-May r
3-Jun
20-Jun
6-Jul
19-Jul
26-Jul
17-Aug
31-Aug |
15-Sep
5-Oct
19-Oct
7-Nov
28-Nov
19-Dec |

2016

Sampling dates

Figure 11. Condition index (CI) of Tapes philippinarum individuals sampled at the farmed site. Brackets indicate high values of CI, which also
correspond to high values of atresia.
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atresia, therefore, seems to represent a net loss of energy for
T. philippinarum females.

It is useful to place this result in the context of R, estimates,
approximated by indices such as the condition index (Lucas &
Beninger 1985). To illustrate this point, such a condition index
was calculated at the farmed site for 18 Tapes philippinarum
individuals concomitantly sampled biweekly over 20 mo of one
study period (March 2015 to December 2016, Fig. 11). The high
values of this index during active gametogenesis are obviously
misleading and should therefore be interpreted with caution
because almost half of the gamete volume produced was atresic.
The data of the present study show that although tissue:shell
weight condition indices can be used to quantify reproductive
investment, they cannot be used to indicate reproductive outcome.

From the preceding, it is clear that atresia can be a major
cause of oocyte mortality in Tapes philippinarum; in itself, this

CHEREL AND BENINGER

result assists in the understanding of the high-level mortalities
typically found in the early life stages of this and many other
bivalve species, as well as allowing more realistic estimations of
R. and fecundity.
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