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1  |  INTRODUC TION

Interspecific hybridization is an important tool to achieve the genetic 
improvement of aquatic economic animals, and it has been widely 
used in the genetic improvement of bivalve shellfish such as the oys-
ter, abalone and scallop (Cruz & Gallardo-Escárate, 2011; Rah et al., 
2013). The artificial interspecific hybridization of oysters began as 
early as 1882, which was also the earliest study on the hybridization 
of shellfish (Gaffney & Allen, 1993). Cross-breeding has aroused ex-
tensive concerns as a pretty useful tool for oyster breeding. In China, 
there are five common economically valuable Crassostrea oyster 
species, including C. gigas, C. hongkongensis, C. ariakensis, C. angulata 
and C. sikamea, some of which have been carried out cross-breeding 

experiments several times (Guo, 2009; Wang et al., 2006; Zhang 
et al., 2014).

C. gigas is an economic species of worldwide mariculture due to its 
fast growth, strong disease resistance and high environmental adapt-
ability (Wang et al., 2012; Zhang, Fang, et al., 2012). Such excellent 
traits make it an important material for genetic improvement. C. ariak-
ensis mainly inhabits in the estuaries and intertidal zones in the western 
Pacific, and it has once been considered as a new breeding object to 
development in several countries (Calvo et al., 2001; Yoon et al., 2008; 
Zhang et al., 2005). In China, C. ariakensis, with a natural distribution in 
the entire coastal areas of China, is not widely cultivated due to its slow 
growth and low meat weight. Thus, we launched a hybridization exper-
iment between the two, hoping that C. ariakensis can exhibit the same 
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Abstract
The hybridization experiments have been made between Crassostrea ariakensis and C. 
gigas several times. However, it is difficult to obtain a large number of hybrid offspring, 
which becomes the bottleneck of subsequent cross-breeding. To explore whether 
the production of hybrid larvae is affected by salinity, we investigated the effects 
of salinity (16, 20, 24, 28 and 32 psu) on the early activities of artificial hybridization 
between C. ariakensis and C. gigas at 23–24°C. In this study, the results showed that 
during artificial insemination, the appropriate salinity of high-quality gametes in 
C. ariakensis and C. gigas was 20–32 psu and 24–32 psu respectively. Besides, the 
fertilization rate of AG (C. ariakensis♀ × C. gigas♂) and GA (C. gigas♀ × C. ariakensis♂) 
at 24–28 psu was significantly (p < .05) higher than that at 16–20 psu. For incubation, 
the optimal salinity of embryo incubation was 28 psu, under which all embryos of AG 
and GA can develop rapidly to the D-larvae and yielded a high hatching rate. During 
larval rearing, the larval shell height and survival rate of AG were of no significant 
difference (p > .05) at all salinities, and the optimum salinity for larval growth and 
survival of GA was 24–28 psu. These findings can contribute to the increase in the 
hybrid progeny yield, which can serve as the new resource for genetic improvement 
of oyster germplasm.
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characteristics of fast growth and excellent meat quality as C. gigas, so 
as to realize the genetic improvement of the C. ariakensis and develop 
new germplasm resources for China's oyster aquaculture.

Salinity, as one of the basic indicators of water environment, 
usually varies with climate changes or human activities, thus affect-
ing the survival of aquatic animals (Kinne, 1964; Lettieri et al., 2019; 
McNeil & Sasse, 2016). As an important member of aquatic animals, 
bivalves are affected by salinity in many aspects (Hosoi et al., 2010; 
Lettieri, Maione, et al., 2019; Madrones-Ladja, 2002; Taylor et al., 
2004; Verween et al., 2007). Oyster is a typical euryhaline bivalve (Xu 
et al., 2011), and the researches on the effects of salinity on oysters 
are attracting attention, which mainly focus on gamete quality (Qin 
et al., 2018), embryonic development (Dos Santos & Nascimento, 
1985), fertilization and hatching (Han & Li, 2018), larval growth and 
survival (Kinne, 1964; Nell & Holliday, 1988), and growth and sur-
vival of juvenile (Rybovich, Peyre, Hall, & Peyre, 2016). Interspecific 
hybridization has been attempted between C. ariakensis and C. gigas, 
but poor gamete compatibility and low larval survival made it diffi-
cult to produce more crossing progenies (Allen & Gaffney, 1993; Que 
& Allen, 2002; Yao, 2014), which cannot meet the demand for subse-
quent genetic improvement. We hypothesized that the hybridization 
can be influenced by salinity, since the habitats of two oysters differ 
greatly in salinity. In this study, we investigated the impacts of salin-
ity on the artificial insemination, incubation and larvae rearing of hy-
bridization between C. ariakensis and C. gigas. The data we obtained 
will help to improve the yield of hybrid larvae, which can serve as 
new genetic improvement resources.

2  |  MATERIAL S AND METHODS

2.1  |  Broodstock cultivation

The C. ariakensis (SH 21.59 cm ±4.95 cm) was harvested from the wild 
population in the Yellow River Delta of Dongying, Shandong Province, 
China (38.15ºN, 118.5ºE). The C. gigas (SH 9.99 cm ±1.55 cm) was 
collected from the artificially cultured population in Rushan City, 
Shandong Province (36.4ºN, 121.3ºE). Both C. ariakensis and C. gigas 
were transferred to the hatchery of Dawn Fisheries Co. LTD, Yantai, 
Shandong Province, on 15 January 2020. Both two oyster species 
were cultured in a 20-m3 concrete tank containing filtered seawater 
with a salinity of 28 and fed with Nitzschia closterium at a quantity of 
250,000 – 30,0000 cells·ml−1·d−1. The water temperature gradually 
raised from 6°C to 20°C and finally kept at 18–20°C for one month 
to ensure that the two oyster species mature synchronously (Ma 
et al., 2019; Wang et al., 2011; Xu et al., 2019).

2.2  |  Gamete collection

Oysters were dissected to identify the sex in accordance with 
routine method as described by Xu et al. (2009). For egg collection, 
the gonads were stripped from the oysters, sifted through a 90-μm 

nylon screen, rinsed on a 25-μm screen and finally immersed in the 
seawater of the corresponding salinity. For sperm collection, sperm 
was collected 20 min before fertilization. The gonads were removed 
from the male oysters and dissolved in seawater, and then, the sperm 
was filtered with a 90-μm nylon screen.

2.3  |  Fertilization and incubation and larval rearing

The collected gametes were fertilized with 2 × 2 factorial crosses, and 
then, four fertilization combinations were obtained, including AA (C. 
ariakensis♀ × C. ariakensis♂), AG (C. ariakensis♀ × C. gigas♂), GA (C. 
gigas♀ × C. ariakensis♂) and GG (C. gigas♀× C. gigas♂). Importantly, 
eggs must be confirmed with no uncontrolled fertilizations before 
artificial insemination. After 5–10 min of adaptation, sperm was 
gradually added into the egg suspension and observed under the 
light microscope to control the presence of 10–15 sperm around 
each egg. After insemination, incubation was carried out at 23–24°C 
with a density of 30 eggs /ml. After 24 hours, D-larvae of AA, AG, 
GA and GG were obtained and then cultured in seawater at 23–24°C. 
Larval rearing was carried out according to the method described by 
Xu et al. (2019) which meant that 50% of water was changed once a 
day, and the larvae were fed with a mixture of Isochrysis galbana and 
Chaetoceros calcitrans at a quantity of 30,000–80,000 cells·ml−1·d−1.

2.4  |  Experimental design

In this study, the salinity range was set according to the range of 
salinity changes in the coastal aquaculture areas in China (Chu et al., 
2005; Liu et al., 2008). Specifically, there were five salinity levels (16, 
20, 24, 28 and 32 psu) in all the experiments. And high-salt seawater 
was obtained by dissolving aquarium salt in natural seawater, while 
low-salt seawater was obtained by diluting natural seawater with 
filtered freshwater, and the salinity value was measured with a 
portable refractometer (ATAGO). Each experiment was repeated 
three times.

To explore the effects of salinity on gametes, the gametes were 
treated with different salinities, and germinal vesicle breakdown 
(GVBD) of stripping eggs and sperm movement was observed. The 
germinal vesicle breakdown (GVBD) is an important sign of stripped 
oocyte maturation, so we directly measure the maturity of egg by 
the GVBD ratio. These gametes were collected in the following 
ways. The gonad from the individual oyster was divided into five 
equal parts, and each part was treated by the method of step 2.2 to 
collect the gametes. The collected gametes were then immersed in 
seawater with the salinity of 16, 20, 24, 28 and 32 psu respectively. 
What called for special attention was that each gamete was treated 
with seawater at a corresponding salinity during gamete collection. 
One male or one female was used at each replication.

To explore the effects of salinity on gamete fertilization and in-
cubation, fertilization rate, embryo development and hatching rate 
of different fertilization combinations were observed in different 
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salinities. The collected eggs were soaked in normal seawater (23–
24°C, 28 psu) for 60 min. Afterwards, the egg suspension of C. 
ariakensis (C. gigas) was divided into 10 equal parts, five parts for 
self-cross and five parts for cross, and then added into five types of 
seawater with different salinities respectively. The collected sperm 
was added to the prepared egg suspension in the way of 2 × 2 facto-
rial crosses as mentioned in 2.3, and one male was paired with one 
female at each replication.

To explore the effects of salinity on larval rearing, the shell height 
and survival rate of larvae at different salinities were compared. The 
gamete collection, insemination and incubation were performed in 
natural seawater. The D-larvae of AA, AG, GA and GG were obtained 
after incubation for 24 hours; then, each group was divided into five 
equal parts. Each part was first placed in the seawater with a salinity 
of 28 and then acclimated for 1 day by adjusting at a rate of 2 psu/
hour (Han & Li, 2018; Wang et al., 2018). After salinity acclimatiza-
tion, the larval density was adjusted to 1 ind. / ml. Three females and 
three males were paired in each replication.

2.5  |  Sampling and measure

We observed the sperm movement and egg maturity under the light 
microscope every 10 min. The sperm adaptation time, fast move-
ment time and total movement time were recorded by a stopwatch 
as described by Du et al. (2018). Specifically, adaptation time (AT) 
refers to the period in which sperms turn their basic immobility into 
rapid movement of about 50% of them after mixing with seawater. 
Fast movement time (FT) refers to the time from when the adap-
tation time ends to when around 70% of fast-moving sperms stop 
moving or move slowly. The total movement time (TT) means the 
time from when sperms are mixed with gradient seawater to when 
over 95% of sperms stop moving. The sperm vitality refers to the 

ratio of FT to TT. The egg maturity was measured by the GVBD ratio 
as described by Qin et al. (2018), and the GVBD ratio refers to the 
percentage of the number of oocytes without visible germinal vesi-
cles to the total of normal oocytes.

In insemination and incubation experiments, samples were taken 
and fixed in 2% seawater formaldehyde at 0.5 h, 1.5 h, 12 h and 
20 h respectively. The frequency distribution of embryos at various 
developmental stages (Figure 1) was recorded under the light mi-
croscope. Also, samples were taken at 2 h and 24 h, respectively, 
for the determination of fertilization rate and hatching rate. The fer-
tilization rate, hatching rate, shell height and survival rate of larvae 
were calculated as previously reported (Zhang, Wang, et al., 2012). 
Fertilization rate means the percentage of fertilized eggs to the total 
number of eggs, and the hatching rate means the percentage of the 
number of D-larvae to the number of fertilized eggs at 24 h.

2.6  |  Statistical analysis

Heterosis was calculated to evaluate the aquaculture traits, and the 
heterosis of the larvae of hybrid was calculated by following formula 
(Falconer, 1981):

where F1 indicates the phenotypic value (shell height, survival rate) of 
the AG or GA progeny, and P1 and P2 indicate the mean phenotypic 
value (shell height, survival rate) of AA and GG respectively.

One-way ANOVA and Tukey comparisons were applied to anal-
yse the effects of salinity on sperm movement, fertilization rate, 
hatching rate, larval shell height and larval survival rate. Besides, the 
larval shell height and survival rate of group AG and group GG at 16 
psu were not counted. The reason was that in the three replicates of 

H (%) = [2F1 − (P1 + P2 ) ]∕
(

P1 + P2

)

× 100

F I G U R E  1  Embryonic development of Crassostrea gigas. (a) First polar body; (b) second polar body; (c) first cleavage; (d) two-cell stage;  
(e) four-cell stage; (f) sixteen-cell stage; (g) blastula stage; (h) primal period; (i) trochophore; (j) D-shaped larvae. [Colour figure can be viewed 
at wileyonlinelibrary.com]

(a) (b) (d) (e)(c)

(f) (g) (i) (j)(h)

www.wileyonlinelibrary.com
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AG, none of the larvae survive to 20d, and in the three replicates of 
GG, handful of larvae survive to 20d and they are all in one replicate.

3  |  RESULTS

3.1  |  Artificial insemination

At 20–32 psu, C. ariakensis had a faster GVBD rate, and the GVBD 
ratio of stripping eggs exceeded 50% and 80%, respectively, at 
30 min and 60 min. Relatively, the highest GVBD ratio was at 24 
psu, reaching 95.56%±3.85% at 60 min (Figure 2a). For C. gigas, the 
GVBD ratio of stripping eggs exceeded 90% at 28 −32 psu, and it 
also can reach 90% eventually at 24 psu even though the speed of 
the GVBD was relatively slow. The final GVBD ratio was less than 
50% at 16-20psu (Figure 2b).

For C. ariakensis, the sperm adaptation time at 20–32 psu was signifi-
cantly shorter than that at 16 psu. The fast movement time, total move-
ment time and sperm vitality at 20–32 psu were significantly (p < .05) 
higher than those at 16 psu. For C. gigas, the sperm adaptation time was 
relatively shorter at 24–32 psu, all less than 10 seconds. Besides, the 
fast movement time, total movement time and sperm vitality at 24–32 
psu were significantly (p < .05) higher than those at 16–20 psu (Table 1).

The fertilization rate of AA at 24–28 psu was significantly 
(p < .05) higher than that at 16-20psu, and the highest fertilization 
rate was 80.26%±9.08% at 28 psu. The fertilization rate of GG at 
24–32 psu was significantly (p < .05) higher than that at other salini-
ties, and the highest fertilization rate was 88.49%±5.57% at 28 psu. 
The fertilization rate of hybrid combinations (AG and GA) was lower 
than that of self-cross combinations (AA and GG) at all salinities. The 
fertilization rate of AG was higher at 24–28 psu, which was signifi-
cantly (P <. 05) higher than that of two low salinity groups (16 and 
20 psu). The fertilization rate of GA was the highest at the salinity of 
24 and 28, significantly (P <. 05) higher than that of other salinities 
(Figure 3a).

3.2  |  Incubation

For AA, at 20–32 psu, the embryonic development was normal and 
more than 50% of the embryos were at the stage δ at 20 h. The 
embryo developed most rapidly at 28 psu, and the frequency of 
the embryo at the stage δ was as high as 75.22% at the 20th hour 
(Figure 4AA). For AG, the embryonic development rate was faster 
at 24–32 psu. However, at 16–20 psu, the embryonic development 
was slow, the frequency of the embryo at the stage α and β was 
less than 20% at 0.5 h, and the frequency at the stage β was less 
than 20% at 1.5 h (Figure 4AG). For GA, when shorter than 1.5 h, 
the embryos developed most rapidly at 24–28 psu, but to 20 h, the 
embryo development at 32 psu gradually accelerated, and more than 
15% of the embryos reached the stage δ (Figure 4GA). For GG, the 
embryonic development at 24–32 psu was normal, but the embryo 
development was the best at 28–32 psu, and more than 60% of the 
embryos reached the stage δ at 20 h (Figure 4GG).

The hatching rate of AA at 24–32 psu was significantly (p < .05) 
higher than that at 16–20 psu. For GG, the hatching rate at 28–32 psu 
showed no significant differences (p > .05) and was significantly higher 
(p < .05) than that at other salinities, and the hatching rate decreased 
distinctly with the decline of salinity. The highest hatching rate of AG 
was 59.64%±5.61% at 28 psu, and the hatching rate at other salinities 
was less than 50% and with no significant difference (p > .05). The 
highest hatching rate of GA reached 41.12%±5.69% at 28 psu, which 
was significantly (p < .05) higher than that of other groups (Figure 3b).

3.3  |  Larval rearing

For AA, the larval shell height was of no significant difference 
(p > .05) at 24–32 psu and the shortest one is at 16 psu. The larval 
shell of GG at 24–32 psu was significantly (p < .05) higher than that 
at 20 psu. There were no significant differences (p > .05) in the larval 
shell height of AG at different salinities. For GA, the shell height was 

F I G U R E  2  The germinal vesicle breakdown (GVBD) ratio (mean ±SD, n = 3 replicates) of stripping eggs in C. ariakensis (a) and C. gigas (b) at 
different salinities.
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higher at 28–32 psu, which was significantly higher (p < .05) than 
that of low salinity groups (16 and 20 psu), and the larvae reached to 
maximum shell height of 300.30 μm±6.29 μm at 28 psu (Figure 5a).

There were no significant differences (p > .05) in the survival 
rate of AA larvae at 20–32 psu, and the lowest survival rate was 

25.28%±14.71% at 16 psu. For AG, the larvae failed to survive to 
20d at 16 psu, and the larvae of three replicates died on the 2nd, 4th 
and 5th day respectively. Besides, the larval survival rate was lower 
at 20–32 psu with no more than 20% and no significant differences 
(p > .05). The larval survival rate of GA was higher at 24–28 psu, and 
the highest one was 33.37% ±4.36% at 28 psu. For GG, the larval 
survival rate was over 50% at 24–32 psu, which was significantly 
(p < .05) higher than that at 20 psu (Figure 5b).

To further compare the growth and survival advantages of the 
hybrid larvae at different salinities, the heterosis of the hybrid larvae 
was calculated. The heterosis value of the larval survival rate of the 
hybrid larvae was negative at all salinities. Surprisingly, the heterosis 
of the shell height in the GA group was positive at the salinity of 20 
and 28, up to 0.35% and 6.21% respectively (Table 2).

4  |  DISCUSSION

The fertilization of different oyster species was mainly achieved 
through artificial insemination rather than natural fertilization, and 
the quality of gametes was the key to the success of artificial insemi-
nation (Allen et al., 1993; Xu et al., 2019; Yan et al., 2018; Zhang et al., 
2016, 2017). Compared to the naturally spawned oocytes, some 
of the dissected oocytes are immature (not reaching the Meiotic 
Metaphase I) and entail a series of treatments like being soaked in 
seawater to initiate maturation (Guo et al., 1992). The treatment ap-
plied in this experiment to initiate maturation of dissected oocytes 
was soaking them in the seawater. If most of the dissected eggs are 
mature before fertilization, the synchronization of fertilization will 
be greatly improved and the rate of polyspermy will be reduced dra-
matically (Qin et al., 2018). Therefore, it is necessary to obtain the 
seawater with suitable salinity to promote the maturation of eggs be-
fore fertilization. From the appearance, the germinal vesicle break-
down (GVBD) is an important sign of stripped oocyte maturation, so 
the maturation of oocytes can be directly measured by GVBD ratio. 

TA B L E  1  The comparison of sperm movement between C. 
ariakensis and C. gigas (mean ±SD, n = 3 replicates).

Item Salinity C. ariakensis C. gigas

AT (min) 16 21.78 ± 5.34b 23.79 ± 8.04c

20 9.10 ± 3.27a 18.21 ± 9.46bc

24 6.31 ± 4.59a 8.64 ± 2.34ab

28 3.06 ± 1.78a 4.71 ± 4.69a

32 6.23 ± 4.33a 5.71 ± 3.14a

FT (min) 16 13.91 ± 7.08a 5.44 ± 2.67a

20 54.32 ± 7.96b 21.61 ± 9.41b

24 64.04 ± 11.03b 65.33 ± 4.93c

28 75.81 ± 7.72b 69.33 ± 7.89c

32 50.96 ± 13.23b 62.17 ± 6.36c

TT (min) 16 58.73 ± 17.45a 41.34 ± 7.72a

20 101.30 ± 15.75b 59.39 ± 6.35b

24 128.25 ± 11.32b 110.20 ± 13.88c

28 124.32 ± 15.40b 128.14 ± 2.51d

32 105.43 ± 13.08b 122.21 ± 9.75 cd

V (%) 16 22.75 ± 5.27a 13.08 ± 6.24a

20 50.21 ± 1.30b 35.66 ± 12.79b

24 49.75 ± 4.87b 55.53 ± 5.36c

28 53.03 ± 3.65b 54.20 ± 7.23c

32 47.88 ± 6.72b 50.91 ± 4.02c

Different superscript letters in each indicator indicate significant 
differences (P <. 05). AT, FT, TT and V, respectively, represent the sperm 
adaptation time, sperm fast movement time, sperm total movement 
time and sperm vitality.

F I G U R E  3  Fertilization rate (a) (mean ±SD, n = 3 replicates) and hatching rate (b) (mean ±SD, n = 3 replicates) of each combination at 
different salinities. Different superscript letters indicate significant difference (p < .05) among salinities at each combination. AA, AG, GA 
and GG represent four insemination combinations, which refer to C. ariakensis♀× C. ariakensis♂, C. ariakensis♀ × C. gigas♂, C. gigas♀ × C. 
ariakensis♂ and C. gigas♀ × C. gigas♂ respectively.
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For C. ariakensis, the GVBD of stripped eggs was normal at 20–32 
psu, indicating that its eggs can mature rapidly in the seawater with 
the salinity of 20–32 psu. For C. gigas, when the eggs were soaked 
in the high salinity seawater (28 and 32 psu), its GVBD ratio can 
quickly reach more than 80%. However, it was difficult to stimulate 
the GVBD of stripped eggs when the salinity of seawater was lower 
than 24 psu. Therefore, it can be considered that the seawater with 
a salinity of 24–32 psu can well initiate the GVBD of stripped eggs 
for C. gigas. Oysters are in vitro fertilized organisms, and their sperm 
are susceptible to environmental factors in the seawater, including 

salinity, temperature, pH and heavy metal (Du et al., 2018; Lettieri, 
Maione, et al., 2019). Previous studies have shown that the sperm of 
marine economic animal generally preferred the environment with 
high osmotic pressure (Lucu & Devescovi, 1999; Morisawa & Suzuki, 
1980). Similarly, the sperm of the two oyster species in this experi-
ment showed strong vitality at relatively high salinity. The sperm of 
C. ariakensis at 20–32 psu and C. gigas at 24–32 psu presented supe-
rior performance, which manifested as fast sperm adaptation, long 
sperm movement time and strong sperm vitality. It is worth noting 
that, under the high salinity range (24–32 psu), the gametes of C. 

F I G U R E  4  Frequency (mean, n = 3 replicates) of embryonic development stages at different salinities (16, 20, 24, 28 and 32 psu) in 
different times (0.5, 1, 12 and 20 h). The embryonic development stage is divided into four parts, stage “α” represents the embryo with 
clearly visible polar body but with no division; stage “β” represented the stage which is from egg division to the embryo before trochophore; 
stage “γ” represents the trochophore; stage “δ” represents D-larvae. AA, AG, GA and GG represent four insemination combinations, which 
refer to C. ariakensis♀× C. ariakensis♂, C. ariakensis♀ × C. gigas♂, C. gigas♀ × C. ariakensis♂ and C. gigas♀ × C. gigas♂ respectively.
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ariakensis and C. gigas responded to the different salinities normally. 
However, at 20 psu, gametes of C. ariakensis were still relatively 
normal while the gametes of C. gigas were negatively affected, pre-
senting decreased sperm motility and the inability of eggs to mature 
quickly. This indicated that the gametes of C. ariakensis can better 
tolerate the low-salt environment than C. gigas, of which the reason 
may be that the oysters live in the estuary area of the Yellow River 
Delta for a long time where the salinity changed greatly during the 
breeding season. Specifically, the mechanism of gamete tolerance to 
low salt is complex, which may require further research at the mo-
lecular level. For example, previous studies have shown that the ex-
pression of hsp70 and protein-like protein genes in sperm is closely 
related to its response to hyposaline conditions (Lettieri, Maione, 
et al., 2019). In addition, external fertilizers like oysters can form 
their own gamete plasticity to adapt to the specific environmental 
stress of their habitat (Jensen et al., 2014; Lettieri, Maione, et al., 
2019). It can be concluded that C. ariakensis is living in the estuary 
with low salinity for a long time, and their gametes may have formed 
gamete plasticity to adapt to low-salt stress, while the gametes of C. 
gigas have no such low-salt adaptation characteristics.

The fertilization rate of self-cross combinations (AA and GG) 
was distinctly higher than that of the cross combinations (AG and 
GA) under all salinities. In other oyster hybridization studies, it was 
also found that the fertilization rate of the cross combination was 
inferior to that of the self-cross combination at various salinities 
(Huo et al., 2014; Xu et al., 2011). Such a low fertilization rate may 
be mainly on account of the internal factors like the variation of 

binding and lysin gene in the gametes of the two species, which 
were accumulated over a long period of evolution (Palumbi, 1994; 
Palumbi & Metz, 1991). In addition, other environmental factors 
may also have some effects on the fertilization rate. For exam-
ple, heavy metals such as copper and cadmium can affect the 
sperm motility and function of bivalve shellfish (Lettieri, Mollo, 
et al., 2019; Piscopo, 2019; Zhao et al., 2017), resulting in a low 
fertilization rate. However, in fact, this impact can be neglected 
in this experiment. On the one hand, our experimental water is in 
compliance with the provisions of agricultural industry standards 
on the heavy metal content; on the other hand, the experimental 
water is treated by EDTA before use, so the water will not con-
tain superfluous heavy metals. In interspecific hybridization, the 
phenomenon that the characters of hybrids are similar to female 
parent is maternal inheritance, while the one that they are similar 
to male parent is paternal inheritance. AA and GA had the fast-
est embryonic development at salinity 24–28, while GG and AG 
had the fastest embryonic development at 28–32, which indicated 
that the salinity adaptability of heterozygous embryo develop-
ment was the same as that of their male parents, showing paternal 
inheritance. The cross combinations (AG and GA) only showed a 
higher hatching rate at salinity of 28, especially GA, whose hatch-
ing rate at salinity of 28 was significantly (p < .05) higher than 
that of other salinity groups, indicating that hybrid combinations 
may be able to hatch well only at salinity of 28. Obviously, the 
suitable salinity range for fertilization and incubation of hybrid 
combination is relatively narrow, which means that the incubation 

F I G U R E  5  Shell height (a) (mean ±SD, n = 3 replicates) and survival rate (b) (mean ±SD, n = 3 replicates) of each combination at different 
salinities. Different superscript letters indicate significant difference (p < .05) among salinities at each combination. AA, AG, GA and GG 
represent four insemination combinations, which refer to C. ariakensis♀× C. ariakensis♂, C. ariakensis♀ × C. gigas♂, C. gigas♀ × C. ariakensis♂ 
and C. gigas♀ × C. gigas♂ respectively.

TA B L E  2  Heterosis of heterozygous larvae at different salinity (mean, n = 3 replicates).

Shell height Survival rate

Salinity 16 20 24 28 32 16 20 24 28 32

HAG (%) −4.69 −12.10 −9.62 −8.18 −82.35 −74.27 −72.16 −78.71

HGA (%) 0.35 −5.03 6.21 −2.66 −54.90 −38.24 −37.38 −51.95

HAG (%), heterosis of AG (C. ariakensis♀ × C. gigas♂); HGA (%), heterosis of GA (C. gigas♀ × C. ariakensis♂)
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of heterozygotes is more sensitive to salinity. Therefore, obtaining 
the suitable incubation salinity is necessary to improve the hatch-
ing rate of heterozygotes.

As for larvae growth, the growth H (%) value of GA was positive 
at 20 and 28 psu respectively. In fact, the growth H (%) value of GA at 
20 psu was tiny. The previous study found that GA larvae had a slight 
growth advantage under the salinity of 22–23 psu (Que & Allen, 2002) 
and 20 psu (Allen & Gaffney, 1993), respectively, which was similar 
to our data. What's different was that in this study, the larvae of GA 
had an obvious growth advantage at 28 psu, and the shell height was 
even higher than that of their parents. For the oyster, many hetero-
zygotes showed slower growth than their parents in the larvae stage 
(Banks et al., 1994; Beaumont et al., 2004; Camara et al., 2008; Xu 
et al., 2009; Yao, 2014; Zhang, Wang, et al., 2012). However, from the 
present or previous experiment results, the growth can be improved 
by adjusting the salinity (Huo et al., 2014; Xu et al., 2011). Noticeably, 
the previous studies have proved that C. ariakensis preferred a low-
salt environment in the early stage (Cai et al., 1992; Guo et al., 1999), 
but the current study showed that the hatching and larval growth 
were the optimal under the medium-salt environment (24 and 28 
psu), while they are unsatisfactory under the low-salt environment (16 
psu). The difference may result from the diversity of the geographi-
cal populations of C. ariakensis. Certain genetic variations have been 
accumulated among different geographical populations during long-
term geographical isolation (Kim et al., 2014; Ren et al., 2016), which 
is bound to be accompanied by changes in environmental adaptability. 
The differences in environmental adaptability among geographical 
groups may explain the differences in salinity adaptability of C. ariak-
ensis between the current experiment and previous experiments.

Genetic incompatibility means that the heterozygous larvae of the 
two species are nonviable (Banks et al., 1994; Bushek et al., 2008). 
In this study, although the survival rate is low, a small number of 
heterozygous larvae still survive, which means that the two oysters 
have not yet developed complete genetic incompatibility. Hereby, we 
have a new insight about their evolution that may help to explain our 
results. C. ariakensis and C. gigas have accumulated certain variation 
in the long-term evolution, but they have not yet formed complete 
reproductive isolation, and a small number of hybrid larvae may be 
produced in their common natural distribution. However, the hybrid 
progenies have formed a new environmental adaptation mecha-
nism and no longer adapt to the living environment of their parents. 
Therefore, the hybrid was gradually eliminated and unable to form a 
population. Hence, to explore the optimal environmental mechanism 
is the prerequisite to obtain a large number of hybrid offspring. Only 
salinity was explored in this study, and it may be of great significance 
to further study the optimization of other rearing environmental fac-
tors. The overall survival rate of AG was lower, less than 20% with no 
significant differences at 20-32psu, and the larvae did not even sur-
vive to 25d at 16 psu. The low survival rate of AG larvae at all salinities 
indicates that the larvae were insensitive to various salinities, and the 
improvement of the low survival rate may require the optimization of 
other environmental factors such as temperature, density and feed 
(Dove & O'Connor, 2007; Gamain et al., 2016; O'Connor & Lawler, 

2004). For GA, the survival rate at 24 and 28 psu was significantly 
higher than that at 16–20 psu and it was 10.60% and 11.11% higher 
than that at 32 psu, respectively, indicating that the suitable salinity of 
survival rate was 24–28 psu. In summary, the fertilization, incubation, 
larval growth and survival of cross combinations are significantly in-
ferior to those of their parents, so other rearing conditions need to be 
further optimized to obtain more hybrid offspring for research. In ad-
dition, the characteristics of adult oysters need to be further studied. 
If the desirable traits have not been exhibited in adult oysters, the ge-
netic improvement of C. ariakensis may need to be achieved through 
hybridization with other species.

Overall, salinity has a distinct influence on the early activities 
of the artificial hybridization between C. ariakensis and C. gigas, in-
cluding artificial insemination, incubation and larval rearing. Any link 
of early activities on the artificial hybridization has an optimum sa-
linity range, under which the hybridization can be smoothly carried 
out and relatively more hybrid larvae can be obtained, thus provid-
ing a possibility for achieving genetic improvement of C. ariakensis 
through cross-breeding.
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