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Abstract

Tetraploids play a crucial role in the large-scale production of all-triploid Pacific oyster,
Crassostrea gigas by mating with diploids. For nursery farms, research related to larval
tolerance to the environment appears to be extremely important. For this goal, fertilization,
embryonic development, growth, and settlement from fertilization stage to metamorphosis
stage of the diploid, triploid, and tetraploid larvae of C. gigas “Haida No. 2” strain were
studied under controlled conditions of temperature (20, 24, 28, and 32 “C) and salinity (18,
21, 24, 27, and 30 psu). The results showed that increasing temperature and lowering salin-
ity reduced survival time of sperm while increasing temperature and raising salinity accel-
erated the germinal vesicle breakdown (GVBD) ratio of stripped eggs in diploids and tetra-
ploids for the first time. The appropriate condition for hatching of four crosses (DD, DT,
TD, and TT, males were listed first, D for diploid, T for tetraploid) were listed as follows:
20-28 “C/27-30 psu for DD, 24 °C/27-30 psu for DT, 24-28 “C/27-30 psu for TD, and
24 °C/27-30 psu for TT. Diploids and triploids had similar performance but were all bet-
ter than tetraploids under different temperature and salinity. The settlement rate increased
with rising temperature while salinity and ploidy had little influence on settlement. The
information obtained in this study can contribute to increasing the yield of triploid and
tetraploid “Haida No. 2” of C. gigas.
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Introduction

Polyploid breeding, with its great advantages such as fast growth and triploid gonad sterility,
has become one of the important breeding tools and has been successfully practiced in several
species (Fraser et al. 2021; Pongtippatee et al. 2012; Qin et al. 1998; Xie et al. 2023). Oyster,
as one of the economically important aquatic animals, its polyploidy was first reported in 1981
and has developed rapidly over the last three decades (Stanley et al. 1981). At present, several
species of oysters, including Crassostrea gigas (Zhou et al. 2023), C. angulata (Zhang et al.
2022), and C. virginica (Bodenstein et al. 2021), have been successfully polyploidized and
industrialized, achieving great production benefits.

As a kind of wide-temperature and wide-salt species, the Pacific oyster C. gigas is distrib-
uted in the coastal waters in northern China, and deeply favored by farmers because of its fast
growth and strong environmental adaptability (Wang et al. 2012; Martinez-Garcia et al. 2022).
However, the Pacific oyster suffered from summer mass mortality, which can cause substan-
tial economic losses and severely hamper the development of the oyster aquaculture industry.
Studies have shown that summer mass mortality in the Pacific oyster can be attributed in part
to gonadal development and substantial spawning activity (Cotter et al. 2010; Li et al. 2007;
Samain 2011). Triploidization of oysters, on the other hand, could be a good solution to these
problems because it exhibits poor fertility and gamete emission difficulties and shows advan-
tage in survival ability due to sterility (Yang et al. 2022; Jouaux et al. 2013). In order to obtain
triploid oysters, the access to tetraploids is particularly important, and 100% triploids can be
obtained by using the sperm of tetraploids crossed with the eggs of diploids (Guo et al. 1996).
Since tetraploid Pacific oyster have relatively high fecundity (Guo and Allen 1997), after the
first generation of tetraploids has been induced, a large number of offspring can be obtained
by self-breeding without repeating the laborious and complicated inducing process (Eudeline
et al. 2000). At present, the acquisition of tetraploid C. gigas is already a common technique,
and many researchers have conducted experiments on tetraploid C. gigas to understand their
biological characteristics and production performance. (McCombie et al. 2005; Miller et al.
2014; Zhang et al. 2014; Qin et al. 2022; Zhou et al. 2023).

Although a great deal of research has been conducted on growth characteristics (Qin et al.
2022; Zhou et al. 2023), gonadal development (Yang et al. 2022), and the immune system
(Zhang et al. 2023) in juvenile and adult triploid and tetraploid C. gigas, fewer study has been
performed on their larval stage, which is part of great interest to breeders in the nursery. Li
et al. (2022) studied the effects of temperature and salinity on the growth and survival of tetra-
ploid C. gigas, which are two very important factors affecting the growth and survival of shell-
fish larvae (Li et al. 2021; Rico-Villa et al. 2009; Matsubara et al. 2023). However, the infor-
mation was rather limited in that it only dealt with growth and survival of tetraploid C. gigas
larvae from hatching out of D-stage larvae to 16th day after fertilization. Therefore, in order
to understand the growth characteristics of polyploid larvae of the Pacific oyster in detail, we
investigated the effects of temperature and salinity on triploid and tetraploid larvae of “Haida
No. 2” strain of C. gigas from fertilization to settlement.
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Materials and methods
Experimental materials

Diploid oysters were derived from the selected strain “Haida No. 2” of C. gigas (13th
generation), with golden color and rapid growth (Ge et al. 2016). Tetraploid oysters were
obtained by inhibiting the release of polar body of the fertilization eggs from female trip-
loid and male diploid “Haida No. 2” of C. gigas.

In April 2023, 1-year-old oysters of diploid and tetraploid were collected from Rushan
and transported to Laizhou, Shandong Province, China. Both broodstocks were maintained
with conditioning water (temperature 23 + 1 “C; salinity 29+ 1 psu) and fed with Nitzschia
closterium until gonadal maturity. The polidy of tetraploids was identified by flow cytom-
etry (Beckman CytoFLEX) as described in Yang et al. (2022) before the experiment.

Design of experiment and measurement

In this study, five levels of salinities (18, 21, 24, 27, and 30 psu) and four levels of tem-
peratures (20, 24, 28, and 32 “C) were set according to the range of salinity and temperature
changes in the coastal aquaculture areas in China (Chu et al. 2005; Liu et al. 2008). The
temperature was at 24 ‘C in the salinity treatments, and the salinity was at 27 psu in the
temperature treatments. Each experiment was repeated three times.

To explore the effects of salinity and temperature on sperm motility of diploid and tetra-
ploid C. gigas, the sperm adaptation time (AT), fast movement time (FT), total movement
time (TT), and sperm viability (V) were recorded by the light microscope (Li et al. 2021).
Sperm motility was assessed by the number of dead spermatozoa to total spermatozoa
within the field of view using a blood cell counting plate. To facilitate counting of the
total number of spermatozoa, spermatozoa could be mixed with an equal volume of fresh
water resulting in sperm death and recounted. Specially, adaption time was defined as the
time when about 50% of the sperms changed from essentially immobile to fast-moving
after mixing with seawater. Fast movement time was defined as the time from the end of
the adaptation time to the time when about 70% of the fast-moving sperm stopped mov-
ing or moved slowly. Total movement time was defined as the time from the mixing of
sperm with gradient seawater to the cessation of movement of more than 95% of the sperm.
Sperm viability was defined as the ratio of FT to TT. Sperm of diploids and tetraploids
was filtered with a 48-pm nylon screen and then immersed in the seawater of the under the
temperature of 20, 24, 28, or 32°C and the salinity of 27 psu, or under the temperature of
24 °C and the salinity of 18, 21, 24, 27, or 30 psu respectively. Three males of diploids and
tetraploids were used at each replication.

To explore the effects of salinity and temperature on the development of stripped eggs
of diploid and tetraploid C. gigas, germinal vesicle breakdown (GVBD) ratio of stripped
eggs was observed. GVBD is an important sign of stripped eggs maturation since spawned
oocytes of many marine mollusks need a period to start breakdown of the germinal vesicle
(Osanai 1985; Qin et al. 2018; Li et al. 2021). Eggs of diploids were collected by stripping
the gonads of diploids and then sifting with a 53-pm nylon screen, washed on a 25-pm
screen and finally immersed in the seawater under the temperature of 20, 24, 28, or 32°C
and the salinity of 27 psu, or under the temperature of 24°C and the salinity of 18, 21, 24,
27, or 30 psu respectively, while eggs of tetraploids were sifted with a 96-pm nylon screen
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and then resuspended in the seawater of the corresponding temperature and salinity. GVBD
ratio was defined as the percentage of the number of oocytes without visible germinal vesi-
cles to the total of all normal oocytes. Three female diploids and tetraploids were used at
each replication.

To explore the effects of salinity and temperature on fertilization and incubation abil-
ity of diploid, triploid, and tetraploid C. gigas, fertilization rate, embryonic development,
and hatching rate were observed. Ten males and ten females from diploid and tetraploid
broodstocks were prepared for the experiment, consisting of four different crosses, dip-
loid @ xdiploid & (DD), diploid @ Xtetraploid & (DT), tetraploid @ xdiploid & (TD),
and tetraploid § X tetraploid & (TT). Eggs of ten females of diploids were pooled together
and then divided equally into eighteen 5-L plastic buckets (temperature 24 ‘C; salinity 27
psu). Then, the eggs were added into seawater under different salinities (18, 21, 24, 27,
and 30 psu) or different temperatures (20, 24, 28, and 32 ‘C), respectively. Also, sperm of
ten males of diploids and tetraploids were striped and pooled together, respectively, and
then mixed with the nine types of seawater containing eggs of diploids as described above
to obtain DD and DT crosses. Similarly, egg pools of tetraploids mixed with sperm pools
of diploids and tetraploids to obtain TD and TT crosses. At the same time, the different
developmental stage of embryos was recorded by fixing in 2% formaldehyde at 0.5 h, 1.5 h,
12 h, and 20 h respectively. The embryos of the four crosses under different salinity and
temperature levels were sampled at 1 h and 24 h after fertilization, respectively, to calculate
the fertilization rate and hatching rate. The fertilization rate was defined as the percent-
age of the number of fertilized eggs to the total number of eggs, and the hatching rate was
defined as the percentage of the number of p-larvae to the number of fertilized eggs at 24 h.

To explore the effects of salinity and temperature on larval rearing, the shell height and
survival rate of larvae of the three crosses (DD, DT, and TT) under different salinity and
temperature were quantified. The three crosses were incubated firstly in 24-m? tanks with
a temperature of 24 “C and a salinity of 27 psu, and the p-larvae were then collected after
24 h. Eggs of ten females and sperm of ten males were used in each cross. The p-larvae of
the three crosses were transferred into a volume of 150-L tanks with an initial larval den-
sity of 2 ind/mL. Specifically, the ploidy of three crosses was identified by flow cytometry
(Beckman CytoFLEX) to ensure the correctness of the ploidy of the p-larvae. The salin-
ity and temperature of each tank were adjusted gently to the corresponding level over the
next 12 h. Larvae were fed with Isochrysis galbana three times and 1/3 of the water was
replaced every day. The shell height was measured on day 2, 6, 10, 14, and 18 after fertili-
zation. The relative growth rate (RGR) and accumulative survival rate (ASR) were calcu-
lated according to equations:

RGR(%) = (H, — H,)/H, X 100%

ASR(%) = N,/N, x 100%

where H, and H, are the average shell height of 30 larvae randomly sampled from each
tank on day 2 and time ¢, respectively; N, and N, are the number of larvae on day 2 and
time ¢, respectively.

To explore the effects of salinity and temperature on larval metamorphosis of the three
crosses (DD, DT, and TT), the settlement rate (SR) of larvae under different salinity and
temperature levels were measured. When more than 50% larvae in each 160-L tank were
eyed, they were transferred to a 20-L tank to the corresponding salinity and temperature
with eyed larval density of 0.2 ind/mL. The salinity was at 27 psu in the temperature
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treatments; the temperature was at 24 ‘C in the salinity treatments. One day after stabiliza-
tion, strings of scallop shells were put in the tanks as substrates. Three days later, the settle-
ment rate (SR) was calculated according to equations:

SR(%) = (1 = N,/N,) x 100%

where N, is the number of larvae remaining in the seawater and N, is the number of initially
eyed larvae in the tank, and the number of spat attached to scallop shells and tank walls
helped confirm the results (Rico-Villa et al. 2009).

Statistical analyses

The results of the experiment were presented as the means + standard deviation (SD) and
the data were analyzed using SPSS 25.0. In order to improve normality and homoscedas-
ticity, the sperm motility data (the sperm adaptation time, fast movement time, and total
movement time) and shell height were log-transformed on a base of 10 and the GVBD
ratio, the fertilization rate, hatching rate, survival rate, and settlement rate were arcsine
transformed. Differences of the data among different temperatures or salinities within a
certain cross were compared by one-way ANOVA followed by least significant difference
(LSD) analysis. Significance was set as P <0.05.

Results
Effects of salinity and temperature on sperm movement and GVBD ratio

The sperm adaptation time of tetraploids was significantly higher than that of diploids
under 18 psu or 20 C (P <0.05) (Table 1). The fast movement time and total movement
time of diploid and tetraploid sperm significantly decreased with elevated temperature
whereas these the two indexes increased with rising salinity. Furthermore, the sperm vital-
ity of diploids was higher than that of tetraploids under every controlled condition.

Elevated salinity and temperature both accelerated GVBD ratio for both diploids and
tetraploid (Fig. 1). Low salinity is inimical to GVBD regardless of ploidy. The value of
GVBD ratio, however, was higher in the seawater under higher salinity, which was 94.00%
and 95.33% at the salinity of 27 and 30 psu, respectively, for diploids, and was 84.67%
and 85.00% at the salinity of 27 and 30 psu, respectively, for tetraploids. GVBD ratio of
diploids was significantly higher than that of tetraploids at each temperature at 60 min
(P<0.05).

Effects of salinity and temperature on incubation

The fertilization rate was significantly lower for all four crosses under low salinity condi-
tion (18 and 21 psu, P<0.05) (Fig. 2). The fertilization rate was the lowest under extreme
temperature condition (32 “C), with the value of 70.00%, 60.33%, 67.33%, and 67.33% in
DD, DT, TD, and TT group, respectively. The hatching rate basically increased with ris-
ing salinity in the four crosses, while high temperature did not favor the hatching rate, as
the value was the lowest in 32 ‘C. However, the TD group had the worst performance in
hatching rate compared to the other groups under all the controlled conditions though the
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Table 1 The comparison of sperm movement between diploids and tetraploids (mean + SD, n =3 replicates)

Item Tempera- Diploid Tetraploid Salinity (psu) Diploid Tetraploid
ture (C)
AT (min) 20 8.66+3.05% 11.67+2.52° 18 8.67+2.08° 10.67 +1.53°
24 7.00+2.00° 8.67+2.52% 21 8.33+1.53 8.67+2.52"
28 5.33+1.15% 5.67+0.58% 24 5.67+0.58* 7.67+1.53%¢
32 4.66+1.52* 5.33+1.53* 27 4.67+1.53* 5.67+1.15%
30 4.67+0.58" 5.33+0.58"
FT (min) 20 710.00 +36.06¢ 523.33+£25.17¢ 18 183.33+15.28% 96.67 +£5.77°
24 510.00£40.00° 330.00+30.00° 21 436.67 +£25.17° 246.67 +20.82°
28 366.67+25.17° 193.33+40.41° 24 546.67+25.17° 380.00+36.06°
32 18.33+£3.51° 12.33+2.52¢ 27 666.67 +35.12¢ 386.67+15.28°
30 680.00 +26.46° 393.33£11.55¢
TT (min) 20 1376.67 +75.05¢ 1223.33 +55.08¢ 18 600.00+30.00* 416.67 +15.28%
24 960.00 +30.00° 723.33+40.41° 21 813.33+£47.26" 546.67+25.17°
28 546.67+30.55" 450.00 +30.00° 24 920.00 +40.00° 683.33 +30.55¢
32 33.33+1041° 25.00+5.00% 27 956.67 +35.12¢ 696.67 +25.17°
30 973.33+£30.55° 696.67 +11.55¢
V(%) 20 51.57 42.78 18 30.56 23.20
24 53.13 45.62 21 53.69 45.12
28 67.07 42.96 24 59.42 55.61
32 55.00 49.33 27 69.69 55.50
30 69.86 56.46

Different letters in each column indicate significant differences (P <0.05). AT, FT, TT, and V, respectively,
represent the sperm adaptation time, sperm fast movement time, sperm total movement time, and sperm
vitality. The temperature was at 24 ‘C in the salinity treatments, and the salinity was at 27 psu in the tem-
perature treatments

- 2n-18
(a) 1007 = 2n-21  (p) 100F - 2n-20
_wl -+ 2n-24 sl . 2m24
g -~ w2 o amas
% oo T in-?g ?"; 60f ~ am32
E s . 4::21 5 wf o 4n-20
] 5 = 4n-24
= ap w24 = ok s 4028
R v 427 R v 4n-32
0 10 2 30 40 s e 430 0 10 20 30 40 50 60
Time (min) Time (min)

Fig.1 GVBD ratio over time of stripped oocytes from diploid and tetraploid Pacific oyster, Crassostrea
gigas “Haida No. 2” strain under different salinities (a) and temperatures (b)

fertilization rate had no significant difference with the other three crosses under the same
condition.

The embryonic development was affected by ploidy (DD, DT, TD, and TT) and
environmental factors (salinity and temperature) (Fig. 3, Supplement Fig. S1). The
embryonic development rate increased with rising salinity and the highest values were
observed under the salinity of 27 and 30 psu for the four crosses. The same tenden-
cies were found in DD and DT groups under different temperature levels. But too high
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Fig.2 Fertilization rate and hatching rate of each cross under different salinities (a, b) and temperatures (c,
d). Different letters indicate significant difference (P <0.05)

temperature (32 “C) was apparently unfavorable for embryonic development as the lower
frequency of embryo at stage £ than that at 24 and 28 “C. Under an appropriate range of
salinity and temperature (24-30 psu and 24-28 “C), the order of the rate of embryonic
development in the 12 h of fertilization among the four crosses was mainly as follows:
TD=TT>DD>DT. Though TD and TT group showed quicker development than the
other two groups, the frequency of embryo at stage & was lower than DD and DT crosses
at 20 h.

Effects of salinity and temperature on larval rearing

Low salinity not only slowed down the growth rate but also increased larval mortality
(Fig. 4). RGRs were 270.70%, 236.00%, and 95.78% on day 18 under the salinity of 18
psu while the ASRs were only 18.33%, 13.00%, and 3.67% for DD, DT, and TT crosses,
respectively. No significant differences in shell height, RGRs, and ASRs were observed
between DD and DT groups, but the value of the three indexes for DD group was sig-
nificantly higher than those for TT group on day 18 (P <0.05).

Although low temperature (20 C) slowed down the growth rate of the three crosses,
ASRSs had the highest value with 48.67%, 41.67%, and 19.33% (Fig. 5). Obviously, elevated
temperature favored RGRs as more than 50% of larvae were eyed on day 14 for DD and DT
group under the temperature of 28 and 32 °C, while no larvae were eyed at the same time
under the temperature of 20 and 24 °C. In addition, significant differences in RGRs and
ASRs were observed only between DD and TT group on day 14 or day 18 (P <0.05).
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in different times (0.5, 1, 12, and 20 h). The embryonic development stage is divided into six parts: stage
“a” represents the embryo with clearly visible polar body but with no division; stage “f” represents the

[t

stage when the embryo is undergoing cell division; stage “y” represents the blastula stage; at this stage, the
embryo is densely surrounded by short cilia and the embryo begins to rotate; stage “6” represents primal
period; at this stage, the cells of the vegetal pole portion of the embryo invaginate to form the original intes-
tine, and the invaginated notch forms the endoderm; “e” represents trochophore; at this stage, the invagi-
nated shell glands turn out and begin to secrete shells; “&” represents D-shaped larvae

Effects of salinity and temperature on settlement

As salinity increased, so did the settlement rate (Table 2). However, there were no sig-
nificant differences in the settlement rate among DD, DT, and TT crosses under all the
salinity levels, except for the TT group which had the lowest rate of settlement (48.00%)
under the salinity of 18 psu. The rate of settlement was temperature-dependent. High rate
of settlement linked with high temperature regardless of ploidy. However, high temperature
exceeding 28 °C did not have a better rate of settlement.

Discussion

Effects of temperature and salinity on sperm movement and GVBD ratio of diploids
and tetraploids

Sperm of many marine bivalve which are in vitro fertilization organisms are able to survive

and become capable for fertilization for a considerable period of time after exclusion and
contact with seawater. Changes in environmental conditions, such as 5-hydroxytryptamine
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Table2 The comparison of settlement rate (SR) among DD, DT, and TT crosses (mean+SD, n=3 repli-
cates)

Temperature Cross SR (%) Salinity (psu) Cross SR (%)
(C
20 DD 36.67+6.11° 18 DD 53.33 +8.50%
DT 36.00+6.00° DT 54.33 +8.74%
TT 33.33+5.51° TT 48.00+7.00°
24 DD 66.00+5.00° 21 DD 60.00 +9.00%
DT 65.33+5.51° DT 59.33+10.26™
TT 62.33+8.08° TT 54.67 +8.50%
28 DD 86.33+10.97° 24 DD 64.67+7.51%
DT 84.67+9.61¢ DT 66.33 +8.62%
TT 82.67+9.02¢ TT 63.00+9.54%
32 DD 85.67+6.66° 27 DD 69.00+3.61%
DT 85.00+7.55¢ DT 69.00 +5.20%
TT 82.00+6.00¢ TT 70.33+4.73°
30 DD 70.33+£5.51°
DT 69.67 £5.03%
TT 68.67 £5.51%

Different letters in each column indicate significant differences (P <0.05). The temperature was at 24 C in
the salinity treatments, and the salinity was at 27 psu in the temperature treatments

creatinine sulfate, pH, temperature, and salinity, could significantly affect sperm viability
(Alavi et al. 2014; Eads et al. 2016; Nichols et al. 2021). Temperature and salinity are
two of the most common dynamically varied environmental factors in the ocean. Sperm of
tetraploid and diploid C. gigas were extremely sensitive to changes in seawater tempera-
ture, and their viability decreased with increasing temperature in our study. ATP level is a
key factor in spermatozoa viability and ATP level in spermatozoa is produced by oxidative
phosphorylation (OXPHOS) (Boulais et al. 2017). Sperm motility requires the consump-
tion of ATP for energy supply. It has been observed that ATP levels decreased and sperm
motility was subsequently terminated in sea urchins (Mita et al. 1994) and the king scal-
lop, Pecten maximus (Suquet et al. 2013). OXPHOS requires the participation of various
enzymes, and enzyme activity is temperature-dependent. Enzyme activity could be weak-
ened and the energy consumption became retarded under low temperature, resulting in a
longer sperm motility time. The enzyme activity, however, was more vigorous and energy
was burned up faster when the temperature was higher, contributing to a shorter sperm
motility time. Total movement time (TT) of diploid and tetraploid C. gigas spermatozoa
significantly decreased under hypotonic conditions in this study. Previous studies have
shown that sperm of marine bivalves performed worse in hypotonic environments (Dong
et al. 2002; Nichols et al. 2021). Kladchenko et al. (2024) found a significant increase of
reactive oxygen species (ROS) levels in the hemocytes of Magallana gigas after being
exposed to a hypotonic environment. However, overwhelming ROS level could cause DNA
damage, oxidation of protein, cellular damage, and death (Choi et al. 2008; Kalogeris et al.
2012; Lesnefsky et al. 2017), which could help explain the worse performance of sperm
in a hypotonic environment. It is noteworthy that sperm viability of diploids presented
superior performance compared to that of tetraploids under the same condition. Similarly,
Suquet et al. (2010) found that the percentage of motile spermatozoa was higher in diploid
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males than in tetraploid males, and the cessation of sperm movement was attributed to the
drastic changes in morphology of spermatozoa due to deeper damages in chromatin and
plasma membrane were observed in spermatozoa of C. gigas tetraploid males in compari-
son to that of diploid males.

Just like many other marine mollusks, the spawned oocytes of the Pacific oyster still
remain immature and require undergo GVBD to reach the stage of meiotic metaphase I
(Guo et al. 1992). Soaking in seawater was a very effective way to initiate maturation.
However, GVBD ratio was influenced by the temperature and salinity (Qin et al. 2018; Li
et al. 2021). Our research has shown that both high temperature and high salinity favor the
breakdown of the germinal vesicles of eggs. Notably, the GVBD rate of eggs of diploids
was higher than that of tetraploids under the same temperature and salinity, which might
due to the larger size of eggs of tetraploids. The similar performance was also observed in
triploid Hong Kong oyster, C. hongkongensis (Qin et al. 2018).

Effects of temperature and salinity on fertilization rate, hatching rate,
and embryonic development of DD, DT, TD, and TT crosses

Fertilization rate and hatching rate of the four crosses under high temperature and hypo-
tonic environment were the lowest, which illustrated that the damage to gametes from envi-
ronmental stress could be directly manifested in fertilization rate and hatching rate. In addi-
tion, DT, TD, and TT crosses exhibited lower hatching rate compared with DD crosses,
which was largely consistent with previous reports (Guo et al. 1996; Li and Li 2022; Zhang
et al. 2022). Li et al. (2022) found high percentage of malformed larvae in DT and TT
crosses whereas few malformed larvae appeared in DD group, and this was attributed to
the increase of intracellular chromosomes. The negative effects of increased intracellular
chromosomes may be reflected in mitotic abnormalities, as pairing and segregation interac-
tions are much more complex (Comai 2005).

The embryonic development is highly temperature-dependent. Our result showed
the embryo of the four crosses developed faster at 24 and 28 °C than at 20 C. In several
cephalopods, temperature also exhibited a facilitative effect on embryonic development
(Caveriviere et al. 1999; Uriarte et al. 2012; Repolho et al. 2014). Caamal-Monsreal et al.
(2016) found embryos of Octopus maya had a higher metabolic rate at 26 ‘C than at 18 and
22 °C, which might explain the correlation between temperature and embryonic develop-
ment. However, when the incubation temperature exceeded the suitable interval for embry-
onic development, increased malondialdehyde level could cause cellular injury (Repolho
et al. 2014). Exposure to low salinity seawater is detrimental to embryonic development.
The hatching rate and embryonic development rate of the four crosses were lower at 18
and 21 pus than at other salinity. Similar results were also observed in fish (Hart and Purser
1995; Berlinsky et al. 2004; Shi et al. 2008), which might stem from the fact that salinity
stress affected the energy required for osmoregulation in the organism (Howell et al. 1998).
Besides, the rate of embryonic development of the four crosses had different performances
even under the same temperature and salinity in this study. Under the appropriate tem-
perature and salinity conditions (24-28 °C, 24-30 psu), the speed of embryonic develop-
ment was TD=TT >DD > DT within 12 h after fertilization. Ploidy and egg size might be
responsible for the result. Beatty and Fischberg (1951) described a decrease in cell number
with the increase of ploidy in mice, while the ploidy had little influence on the rate of
mitotic division (Eglitis and Wiley 1981), so that the quicker development in TD and TT
crosses was observed. Though TD and DT crosses were all triploids, and the ploidy results
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were same when tested by flow cytometry (Beckman CytoFLEX), the egg diameter of the
maternal parent in the TD group was significantly larger than that in the DT group (Guo
and Allen 1997; Li and Li 2022). The different embryonic development of the two crosses
might connect with egg size because larger eggs mean more yolk, and oysters are endog-
enously nourished during embryonic development, with yolk as their nutrient source. Also,
Fu et al. (2013) found accurate zygote cleavage required more energy. In addition, the pro-
portion of p-larvae was much lower in the TD and TT crosses, despite the fact that the TD
and TT crosses had a higher rate of embryonic development in the first 12 h than the other
two crosses. Zhang et al. (2022) used “zygote sterility” to explain the different performance
among the four crosses, which mean the embryo developed abnormally though the gametes
were successfully fertilized (Chevassus 1983). Zhang et al. (2022) found a lower p-larvae
rate and a higher percentage of abnormal individuals in TD and TT crosses in C. angulata.
Likewise, similar results were observed in C. virginica (Matt and Allen Jr 2014). Based on
these facts, the lower proportion of b-larvae possible in the TD and TT crosses may due to
“zygotic sterility” in the tetraploid “Haida No. 2” line of C. gigas in this study.

Effects of temperature and salinity on ASR and RGR of DD, DT, and TT crosses

Our results showed the performance of tetraploid larvae was worse than diploids and trip-
loids under all conditions by comparing the three metrics (shell height, ASR, and RGR),
suggesting that tetraploid larvae were of low temperature and salt tolerance. The defects
of tetraploids may be associated with chromosome doubling. The extra two sets of chro-
mosomes complicated chromosome pairing and division and interfered with normal mito-
sis (Comai 2005). However, triploids showed similar performance to diploids. Despite the
negative impact of extra chromosomes on normal mitosis, the positive effect of increased
triploid heterozygosity may also play a large role in growth and survival performance
(Wang et al. 2002).

RGR increased with increasing temperature, while the opposite was true for ASR for
the three crosses in this study, indicating the increase in temperature stimulated the growth
rate of the larvae on the one hand, but on the other hand, caused massive mortality of the
larvae. Rico-Villa et al. (2009) found that larval feeding activity was deeply influenced by
temperature. Also, the metabolic rates of oyster larvae were associated with temperature
(Lemos et al. 1994; Han and Li 2018). Both of these favored the larval growth. Never-
theless, the level of dissolved oxygen in seawater decreased with increasing temperature,
while the organism’s demand for dissolved oxygen increased further, creating a conflict
between the two that was detrimental to the survival of the larvae (Nie et al. 2017; Gao
et al. 2020). The influence of salinity on RGR and ASR mainly focused on the part of low
salinity (18 and 21 psu), while the larvae of the three crosses showed superior performance
in natural seawater (27 and 30 psu). Madrones-Ladja (2002) found hypotonic conditions
resulted in increased ammonia excretion and loss of certain amino acids in bivalves, which
would interfere with the normal conduct of their physiological activities and their survival.

Li and Li (2022) attributed the poor performance of tetraploid larvae to the first gen-
eration of tetraploid self-breeding populations and suggested that tetraploid adaptability
should be improved through selective breeding. Wan et al. (2023) also reported significant
improvement in growth traits (D larval rate, survival rate, and shell height) of tetraploids
C. gigas through mass selection for four consecutive generations. Therefore, in order to
improve the yield of tetraploid “Haida No. 2” line of C. gigas, what we should do in the
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next stage is to use shell height as a target trait for consecutive generations of selective
breeding of tetraploids to better meet the needs of large-scale production of triploids.

Effects of temperature and salinity on the settlement of DD, DT, and TT crosses

As for the settlement rate, we found the settlement rate was positively correlated with tem-
perature, regardless of ploidy. This result parallels previous findings on Ostrea edulis and
C. gigas (Robert et al. 2017; Matsubara et al. 2023). Rico-Villa et al. (2009) found that
the ingestion rate of C. gigas larvae increased when the temperature rose from umbonate
larvae stage to eyed larvae stage, but then, the ingestion rate decreased when approaching
metamorphosis, which was due to the replacement of villi by gills during metamorphosis,
resulting in limited feeding activity of larvae (Cannuel and Beninger 2006). Therefore, ele-
vated temperatures increased larval feeding rates and favored energy reserves to meet the
energy demands of metamorphosis (Haws et al. 1993). Salinity has a limited effect on the
rate of settlement compared to temperature. Similarly, Jeon et al. (2012) found salinity had
no significant effect on settlement of C. gigas. When Matsubara et al. (2023) explored the
factors affecting the settlement of C. gigas in Hiroshima Bay, Japan, they found the settle-
ment index was low under high salinity. However, it was subsequently found that its water
temperature and food density were low during periods of high salinity, and ultimately its
settlement index was influenced by temperature and food density. Focusing on ploidy, the
rate of settlement had no significant difference among diploids, triploids, and tetraploids.
This may be due to the fact that as some of the larvae died during the pre-incubation pro-
cess, the remaining individuals adapted to the corresponding environment and were able to
complete the metamorphosis process normally.

Conclusions

In order to better understand the early developmental characteristics of larvae of C. gigas
with different ploidy, a comprehensive comparison of the effects of temperature and salin-
ity on diploid, triploid, and tetraploid larvae from fertilization to settlement was carried
out. Our results showed that diploid and triploid larvae had similar tolerance to temperature
and salinity, but both performed better than tetraploids. Therefore, in order to expand the
number of tetraploids and improve the performance of tetraploids, it is extremely urgent to
carry out consecutive generations of selective breeding of tetraploids.
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