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Abstract 
 
The morphology of sperm and early embryo development of shellfish can provide 

guidance for classification and biological reproduction. In this study, scanning electron 

microscopy and light microscopy were used to determine the shape of the sperm, 

characterize the embryonic development, and measured the size of the mature eggs 

and the D-shape larvae of four different clam species (Paphia schnelliana, Lutraria 

sieboldii, Antigona lamellaris, and Paphia textzle). The results showed that these four 

clam species differ in sperm morphology and the size of the mature eggs and the D-

shape larvae (P<0.01). There were also differences in embryonic development time 

and morphology. This analysis of spermatozoa morphology, egg size, D-shaped larvae 

size, and embryo development in these four different clam species provides the basis 

for classification and future breeding efforts. 

Introduction 
 

There are nearly 200 million acres of beaches in 
China, with extensive tidal flat shellfish breeding and 
cultivation of many types of shellfish that are sold fresh 
in seafood markets (Zhang, 2004). Paphia schnelliana, 
Antigona lamellaris, Paphia textzle, (Mollusca, Bivalvia, 
Heterodonta, Veneroida, Veneridae) and Lutraria 
sieboldii (Veneroida, Mactridae) are four clam species 
that are native to the Beibu Gulf of the South China Sea. 
These bivalves bore in sand or sand-mud and mainly live 
in intertidal zones and seabeds with sandy mud 
bottoms. Feeding on phytoplankton and organic 

detritus in the water, these clams have a short food 
chain and high ecological efficiency, so are called 
"herbivores" of the sea (Zhang et al., 2006). Tidal flat 
shellfish play an important role in the material cycle and 
energy flow of marine ecosystems, and can be used to 
detect environmental pollution. Additionally, clams 
have high economic value, are widely cultured, and are 
listed as key research and development species in 
China's "863" plan. In 2018, the annual output of 
mariculture clams in China was 4.08 million tons, making 
clams the second largest cultured shellfish species after 
oysters (Service, 2019). With delicious taste and short 
growth cycle, clams are highly suitable for artificial 
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breeding. The efficient bottom sowing of these clams 
has enabled increasing cultivation in Beibu Gulf marine 
ranches and open aquaculture. Since the 1960s, 
researchers have studied the biology and breeding 
technology of clams, with significant advances in species 
identification (Zhang et al., 2012), phylogenetic analysis, 
and artificial seedling technology (Cheng et al., 2013). 
However, fertilization biology remains poorly 
understood for these four economically important clam 
species. 

Characterization of fertilization biology is required 
for artificial reproduction and breeding efforts, including 
the structure of sperms and eggs and the overall 
fertilization process (Zhang et al., 2006; Dong et al., 
2010). Differences in the morphological structure and 
size of shellfish gametes can serve as an important basis 
for the identification of shellfish species (Franzén, 1970; 
Franzén, 1977; Franzén, 1983b). The trochophore (D-
shaped larva) stage is a critical period for the 
development of shellfish larvae, and the morphological 
characteristics and size of trochophores can also be used 
for species identification. For the family Veneridae, 
studies of sperm microstructure, submicroscopic 
structure, and embryonic development have mainly 
focused on Saxidomus purpurata (Kim, 2011), Meretrix 
meretrix (Dong et al., 2010), Cyclina sinensis (Zhu et al., 
2008), Lucinacea (Johnson et al., 2015), Leptonacea 
(Eckelbarger et al., 1990), Mactracea (Longo and 
Anderson, 1969), Solenacea (Reunov and Hodgson, 
1994), Tellinacea (Sousa et al., 1989; Hodgson et al., 
1990; Reunov and Hodgson., 1994; Sousa and Oliveira., 
1994), Corbiculacea (Konishi et al., 1998), Veneracea 
(Reunov and Hodgson., 1994), Ruditapes philippinarum 
(Ke et al., 2004), and Cyclina sinesis (Gmelin) (Shen et al., 
2007). The results of these studies provide important 
information for species identification, reproductive 
evolution, fertilization mechanism, and cross breeding 
of shellfish. However, there have been few studies on 
the differences of bivalve eggs and hatchling larvae 
between species, limiting breeding efforts. 

To gain insight into the fertilization biology of 
clams, this work focused on determination of the sperm 
and egg structure and analysis of embryo development 
of four common tidal flat species: P. schnelliana, L. 
sieboldii, A. lamellaris, and P. textzle. The results of this 
study expand our knowledge of the fertilization and 
developmental biology of Clamidae shellfish and can 
guide classification of Clamidae species and the 
identification of planktonic larvae. This work should 
provide the basis for future work to expand artificial 
propagation, breeding, and utilization of germplasm 
resources of clam family shellfish.  

Materials and Methods 
 

Experimental Materials 
 

The four species (Table 1) used in the experiment 
were collected from wild populations in the Tieshan Port 
area of the Beihai Sea in Guangxi of China from 
November to December 2019. Healthy and complete 
clams were selected and transported to an incubation 
site at Beihai Jinbuhuan Aquatic Products Company for 
study. 
 
Artificial Insemination and Incubation 

 
At least 200 individuals of four populations of 

mudflat clams with mature gonads were randomly 
selected. The attachments outside the shells were 
removed, and phenotypic data were collected. Males 
and females were distinguished, and then artificial 
insemination was performed. Sperm and eggs were 
mixed in a 2 L beaker for activation, and then transferred 
to a 20 L incubator at a number ratio of 5:1 (sperm: eggs) 
to wait for fertilization. After 30 minutes, a 500-mesh 
screen was used to concentrate and filter out excess 
sperm. The material was then transferred to a 20 cubic 
hatching tank for incubation, and the embryo density 
was adjusted to 8~10 individuals·mL-1. The seawater 
used for fertilization and incubation was in the 
temperature range of 26.5°C~28.0°C, with salinity of 
32‰. 
 
Scanning Electron Microscopy 
 

After sperm were collected, they were filtered 
through a silk screen to obtain clean sperm and stored 
in in seawater at pH 8.15–8.19 with 4 % 
paraformaldehyde. The preserved sperm washed in 
phosphate buffer, rinsed with distilled water, and then 
dehydrated with graded ethanol for observation (Turner 
and Boyle, 1974). After dehydration, samples were 
briefly placed in a chloroform solution and then allowed 
to dry in a steam environment of a sealed glass petri dish 
containing filter paper soaked in chloroform. Once 
dried, the samples were mounted on aluminum posts, 
coated with gold, and then subjected to a scanning 
electron microscopy Hitachi S 570. 
 
Observation of Embryo Development 

 
Samples of developing eggs were observed, and 

pictures were taken using a microscope (Phenix 
BMC536-ICCF) and a camera (ToupCam 

Table 1. Statistics of four species parents shellfish phenotypes (mean ± SD) 

Species Shell length (mm) Shell height (mm) Shell width (mm) Wet weight (g) 

P. schnelliana 69.81 ± 4.02 45.72 ± 2.39 28.43 ± 1.67 60.20 ± 8.98 
L. sieboldii 73.21 ± 2.64 27.13 ± 7.92 36.68 ± 1.37 51.96 ± 5.60 
A. lamellaris 53.60 ± 1.84 42.14 ± 1.71 32.75 ± 1.54 44.28 ± 6.79 
P. textzle 58.29 ± 2.62 33.57 ± 1.43 20.81 ± 0.95 29.54 ± 3.94 
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XCAM1080PHD). Egg diameter was measured with 
Image View 3.7 software (Phenix). From the fertilized 
egg, the embryos were imaged every 15 minutes during 
the first three hours of the embryonic development 
process. After three hours, samples were collected and 
photographed every half an hour to observe and record 
the development time for each stage. 
 

Results 
 

Scanning Electron Microscopic Observation of Sperm 
  

All four species have primitive or the ect-
aquasperm form of sperm. The sperm had three parts: a 
head, a midpiece, and a flagellum, with the dimensions 
listed in Table 2. The head consists of a nucleus and 
acrosome, which is located at the front end of the head. 
The midpiece is located between the nucleus and caudal 
flagella and is composed of a complex of mitochondria 
and centrioles (Figure 1). 

The longest sperm of P. schnelliana was about 
50.16 μm, the middle of the head was thick, with a gyro-
like shape and about 2.26 μm long. The acrosome at the 
anterior end of the sperm is short, with an inverted 
conical shape. The ratio of head length to head width 
was 1.42. Four oval mitochondria were located in the 
middle part of sperm, with a small proportion of sperm 
head to total length, as shown in Figure 1-A.  

The shortest sperm of L. sieboldii was 37.93 μm, 
with a dumbbell-shape head. The length was about 1.76 
μm, the acrosome was hemispherical, and the ratio of 
head length to head width was the smallest of the four 
species, 1.14, indicating a short and thick sperm head of 
L. sieboldii. Five spherical mitochondria were observed 
in the middle, as shown in Figure 1-B. The sperm length 
of A. lamellaris was about 41.48 μm, with a curved-
cylinder head shape. The longest head was about 2.84 
μm. The middle segment consists of four flat 
mitochondria, as shown in Figure 1-C. The minimum 
ratio of tail length to head length was 13.45. The total 
length of the sperm of P. textzle was 49.21 μm, and the 
long, cone-shaped head was 2.59 in length. The ratio of 
head length to head width is the largest for this species, 
with a value of 2.38, indicating the slenderest sperm 
head of the tested species. The middle section 
contained four spherical mitochondria, as shown in 
Figure 1-D. 
 
Comparison of Embryonic Development 
 

With incubation in water of temperature 26.5~28.0 
℃ and salinity 32 %, the immature eggs gradually 
changed from pear-shaped to ball-shaped, indicated the 
ability to be fertilized. After fertilization, the nucleus in 
the egg gradually disappeared, with the outer surface of 
the egg wrapped in a transparent egg membrane. 
Compared with the fertilized eggs of the other three 
species, the color of the fertilized eggs of A. lamellaris 
was darker and the diameter of the eggs was the largest. 

The color of the fertilized eggs of L. sieboldii was lighter, 
and the shape of the fertilized eggs was rounder and 
smaller than that of the Paphian clam, as shown in 
Figure 2, 3, 4 and 5. The times required for development 
of the fertilized egg to the discharge of the first polar 
body were 5 minutes for P. schnelliana, 20 minutes for 
A. lamellaris, and 10 minutes for both P. textzle and L. 
sieboldii. The second polar body was discharged within 
minutes after discharge of the first polar body. The 
fertilized eggs consisted of two different size division 
spheres, with the whole body of the embryo in the 
shape of gourd. A total of 19 minutes was required for 
development to the first cleavage for L. sieboldii, the 
fastest of the four species, and 35 minutes was required 
for this step for A. lamellaris, the slowest of the four 
species. After about three hours of development, the 
zygotes of these bivalves developed into a morula stage, 
and numerous spherical cells gathered into clusters with 
obvious layers. Cilia began to grow on the outer surface, 
allowing autonomous swimming. After an hour, the 
surface roughness of embryo gradually weakened, the 
number of cilia increased, and the activity speed 
increased obviously, as shown in Table 3. 

During development to the trochophore stage, the 
gyro-shaped embryo had thick cilia on the surface. The 
time for larvae development can vary for different 
shellfish, with trochophore stage development times for 
the four species of 6 h 15 min for L. sieboldii, 8 h for P. 
textzle, 10 h 47 min for P. schnelliana, and 11 h for A. 
lamellaris. 

The embryos continued to develop, and the upper 
anterior ciliary rings gradually developed into velum, 
forming a straight line on one side. On the other side, 
the velum of the adjacent development began to arc, 
and the larvae gradually flattened. The linear part 
eventually developed into the "D" form of the hinge of 
larval shells, and both sides grew into two-disc shapes. 
The D-shaped larval stage is also called the veliger stage. 
The digestive tract starts to mature in this stage and the 
body yolk is gradually exhausted, so the two ciliated 
flaps are used for swimming and feeding. At a 
temperature of 27.0℃ and salinity of 32 %, the times 
required for the four species of shellfish to develop from 
fertilized egg to self-swimming D-shaped floating larvae 
were 16 h 10 min for P. schnelliana, 16 h 50 min for P. 
textzle, 19 h 09 min for L. sieboldii, and 22 h 10 min for 
A. lamellaris. 
 
Comparison of Egg Size and D-Shape Larvae Size  
 

The size of eggs and D-shape larvae for P. 
schnelliana, L. sieboldii, A. lamellaris, and P. textzle were 
next determined and the results are shown in Figure 6. 
Eggs that were round when placed for 10 minutes in 
seawater were considered mature eggs and were 
measured. The mean diameters of mature eggs (Figure 
6-A) of P. schnelliana, L. sieboldii, A. lamellaris, and P. 
textzle were 70.35 ± 1.41 μm, 54.15 ± 0.88 μm, 68.15 ± 
2.65 μm, and 56.93 ± 1.52 μm, respectively; the shell 
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Table 2. Sizes of sperm from four species of bivalve. (mean ± SD) 
 

Species Total length (μm) 
Head (μm) L/W 

ratio 

Tail (μm) 
T/H ratio 

Mitochondria 
number Length Width Length 

P. schnelliana 50.16 ± 7.26a 2.26 1.59 1.42 47.37 17.00 4 
L. sieboldii  37.93 ± 5.03c 1.76 1.55 1.14 35.38 13.87 5 
A. lamellaris 41.48 ± 3.05b 2.84 1.26 2.25 38.19 11.63 4 
P. textzle 49.21 ± 4.54a 2.59 1.09 2.38 45.95 14.07 4 
Note: “L” means length, “W” means width, “T” means tail, “H” means head. Different letters in the same column indicate significant differences 
(P<0.05). 

 
 
 

 
 
Figure 1. Scanning electron micrographs of the sperm of four species shellfish; A, and E. Paphia schnelliana ; B, and F. Lutraria 
sieboldii; C, and G. Antigona lamellaris; D, and H. Paphia textzle); a. acrosomal granule; m. mitochondrion; n. nucleus; h. head; t. 
tail. 
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Figure 2. Morphological changes in embryonic development of P. schnelliana; A. Egg; B. the fertilized egg; C. First polar body; D. 2-
cell stage; E. 4-cell stage; F. 8-cell stage; G. lastula; H. Trochophore; H. D-shape larva. The same below 
 
 
 

 
 
Figure 3. Morphological changes in embryonic development of L. sieboldii; A. Egg; B. the fertilized egg; C. First polar body; D. 2-cell 
stage; E. 4-cell stage; F. 8-cell stage; G. lastula; H. Trochophore; H. D-shape larva. 
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Figure 4. Morphological changes in embryonic development of A. lamellaris; A. Egg; B. the fertilized egg; C. First polar body; D. 2-cell 
stage; E. 4-cell stage; F. 8-cell stage; G. lastula; H. Trochophore; H. D-shape larva. The same below 
 
 
 

 
 
Figure 5. Morphological changes in embryonic development of P. textzle; A. Egg; B. the fertilized egg; C. First polar body; D. 2-cell 
stage; E. 4-cell stage; F. 8-cell stage; G. lastula; H. Trochophore; H. D-shape larva. 
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Table 3. Development timeable of embryos of four species shellfish (T: 26.5~28.0 ℃; S: 32 ‰) 

Stages P. schnelliana L. sieboldii A. lamellaris P. textzle 

Fertilized egg 0：00 0：00 0：00 0：00 

First polar body 0：05 0：10 0：20 0：10 

2-cell stage 0：20 0：19 0：35 0：20 

4-cell stage 0：33 0：44 0：56 0：40 

8-cell stage 0：47 1：18 1：26 1：04 

16-cell stage 1：20 1：42 1：40 1：30 

32-cell stage 2：29 2：18 2：30 2：23 

Morula 3：22 2：43 2：54 3：17 

Blastula  4：25 3：22 4：40 3：30 

Gastrulae  6：25 3：58 8：00 5：35 

Trochophore 10：47 6：15 11：00 8：00 

D-larvae stage 16：10 19：09 22:10 16：50 

 
 
 

 
Figure 6. The diameter of the mature eggs and shell lentgth, shell width of D-shape larva of the four shellfish; different superscripts 
identify defferents (P<0.05) 
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lengths (Figure 6-B) of the D-shape larvae were 100.10 ± 
2.61 μm, 77.76 ± 2.29 μm, 104.89 ± 3.88 μm, and 81.34 
± 2.73 μm, respectively; and the shell heights (Figure 6-
C) were 79.37 ± 2.16 μm, 62.48 ± 3.76 μm, 83.65 ± 2.22 
μm, 65.26 ± 1.73 μm, respectively. There were 
significant differences (P<0.01) in the egg diameter and 
D-shaped larva size of the four kinds of clams. The clams 
in order of largest to smallest egg diameters are P. 
schnelliana, A. lamellaris, P. textzle, and L. sieboldii. 
There was no significant correlation between the size of 
the initial hatching veliger and egg diameter, but the 
shell height and shell length of the initial hatching 
veliger were correlated, and the larger the shell height 
of the larva, the larger the shell length. The clams in 
order of largest shell height and length to the smallest 
are A. lamellaris, P. schnelliana, P. textzle, and L. 
sieboldii. 
 

Discussion 
 

The four clam species studied (P. schnelliana, L. 
sieboldii, A. lamellaris, and P. textzle) are endemic to the 
Beibu Gulf and have high economic value. These species 
grow in the same areas, and our study helps to 
distinguish these species at the larval stage. There are 
three main types of mature sperm of invertebrates: 
aquasperm (ect-aquasperm and ent-aquasperm), 
introsperm, and dimorphic or polymorphic sperm. Ect-
aquasperm are primitive and shed in water, where they 
can fertilize (Jamieson., 1987; Rouse and Jamieson., 
1987). Ect-aquasperm have a small head containing a 
rounded or conical nucleus that is surrounded by a cup-
shaped acrosomal vesicle, a midpiece with a ring of 4~5 
rounded mitochondria encircling two centrioles, and a 
tail flagellum that is about 50 μm long (Franzén, 1983b; 
Gwo et al., 2002; John et al., 2015; Camacho-
Mondragon et al., 2014; Campos et al., 2018). Here, the 
spermatozoa of all four species were analyzed and 
found to be ect-aquasperm. These species utilize in vitro 
fertilization, with the expulsion of mature sperm and 
eggs from the body to the water for the completion of 
fertilization (Franzén, 1977; Barnes, 1980).  

Spermatozoa from several bivalves have been 
studied by electron microscopy, e.g., Crassostrea 
virginica (Daniels et al., 1971); Musculus discors, Nucula 
sulcata, and Dreissena polymorpha (Franzén, 1983a); 
Arcidae (Anadara broughtonii and Arca boucardi), 
Anomiidae (Pododesmus macrochisma), Tellinidae 
(Macoma tokyoensis), Myidae (Mya japonica), and 
Trapezidae (Trapezium liratum) (Drozdov et al., 2009); 
Gafrarium tumidum, Circe scripta (Circinae), Pitar 
sulfureum (Pitarinae), and Gomphina aequilatera 
(Tapetinae) (Gwo et al., 2002); Spisula solidissima 
(Longo, 2010); Bankia australis and Bankia carinata 
(Popham, 1974); Laternula limicola (Kubo and Miyoko, 
1977); Lyonsia ventricosa (Kubo, 1978); and Barnea 
candida (Pasteels and Harven, 1962). 

Morphological and morphometric parameters of 
spermatozoa are useful biomarkers (Figueroa et al., 

2016). Head length, midpiece length, and flagellum 
length of sperm are considered the most important 
morphological parameters, since these characteristics 
are not only closely related to movement mode and 
fertilization process, but also reflect the reproductive 
evolutionary status of species, allowing for animal 
classification (Dong et al., 2010; Tichopád et al., 2020). 
In this study, the morphology and size ratio of sperm of 
four bivalves were compared. The sperm showed some 
differences but all maintained some morphological 
similarity to sperm of Cyclina sineusis (Gao et al., 2007), 
Meretrix meretrix (Dong et al., 2010), Mercenaria 
mercenaria (Ying et al., 2008), Antigona lamellaris, and 
Saxidomus purpurata (Kim, 2011), with slightly curved 
cylindrical sperm heads. However, there are some 
differences in sperm length, tail length to head length 
ratio, head length to width ratio, and other parameters, 
allowing species identification. Differences in size can 
also reflect the nearness of genetic relationships. For 
example, Erkan et al. (2002) compared the 
ultrastructure of sperm of Pitar Rudis and Chamelea 
Gallina of the family Veneridae and found that 
acrosome morphology could be used as the basis for 
inter-specific differentiation. Gwo et al. (2002) 
compared the spermatozoa morphology of four mussels 
of the family Cerasus subtilis and found that acrosome 
shape and the size of the nucleus of spermatozoa 
distinguished the four species. Introíni et al. (2009) 
studied the ultrastructure of sperm of Isognomon 
bicolor and Isognomon Alatus, finding that the 
morphological and structural differences of sperm can 
facilitate taxonomic differentiation of shellfish. 

Egg characteristics are important reproductive 
characteristics and provide an important representation 
of the spawning environment (Li et al., 2015). The initial 
hatchling surface dish larva (D-shaped larva) stage is a 
key stage in the development of planktic larva of 
shellfish. The classification of Corydalaceae is 
progressing slowly, with few defined characteristics to 
aid in classification. To provide reference for 
classification and genetic breeding, this study compared 
the size of eggs and larvae (D-shaped larvae) of four 
clam species commonly found in the Beibu Gulf. The size 
of eggs is an important biological parameter of 
reproductive characteristics, and an important 
representation of the spawning environment (Li et al., 
2015). Egg size is correlated with survival rate, 
fertilization rate, and embryonic development (You et 
al., 2010; Pan et al., 2011). Egg size and microstructure 
can help species classification (Yang et al., 1995). Xu et 
al. (2009) measured and analyzed the shell height and 
shell length of larvae on the first hatching surface of 
seven common oysters, and found that the shell height 
and shell length of larvae were highly correlated, and 
that the size of oyster larvae during early hatching can 
be used to distinguish species. In this study, the size of 
eggs and larvae were determined for four species of 
clams native to the Beibu Gulf waters, allowing the 
identification of larvae in the plankton-stage. 
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Characterization of the morphology and timing of 
the embryonic development process of shellfish can 
provide reference for artificial breeding of shellfish (Wu 
et al., 2017). The first polar body was released in the first 
20 minutes after fertilization by the fertilized eggs of P. 
schnelliana, L. sieboldii Reeve, A. lamellaris, and P. 
textzle, timing that was consistent with that reported in 
previous studies of other shellfish in the family 
Veneridae (Wu et al., 2017) and Ruditapes 
philippinarum (Ke et al., 2004). At 26~28℃ temperature 
and salinity of 31-32 %, the development times of P. 
schnelliana and A. lamellaris were close to that of the 
Trochophore and D-shaped larva stage, which lasted for 
more than 16 h. This development time is close to that 
of Meretrix lyrata (Li et al., 2015) at 28~30℃ and Cyclina 
sinesis (Shen et al., 2007) at 28℃. The early embryo 
development of P. schnelliana was rapid, with opening 
for food 20 h after fertilization. However, the 
development of A. lamellaris is relatively slow, with 22 
hours required to develop from zygote to D-shaped 
larva. 
 

Conclusions 
 

Spermatozoa morphology and embryo 
development were studied in four different species of 
beach clams. Differences in the morphology of sperm 
and the size of the mature eggs and the D-shape larvae 
can facilitate the classification of P. schnelliana, L. 
sieboldii, A. lamellaris, and P. textzle. There were 
significant differences (P<0.01) in the size of the mature 
eggs and the D-shape larvae for the different species. 
The embryonic development time and morphology also 
differed.    
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