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Abstract

Large-scale production of triploid oysters requires tetraploids as broodstock; hence, tetra-
ploidy is a key asset for the triploid oyster industry. To explore the possibility of obtaining
new allotetraploid strains with improved traits through hybridization and polyploidization,
we conducted a comparative study for growth, survival, and gonadal development of tetra-
ploid Crassostrea gigas, tetraploid C. angulata, and four allotetraploids. Firstly, allotriploid
GGA (C. gigas @ X C. angulata &) and AAG (C. angulata @ x C. gigas &) were obtained
from the hybridization between diploid C. gigas and diploid C. angulata by inhibiting
the polar body II. Subsequently, allotetraploid GGGA (triploid C. gigas @ X diploid C.
angulata 3), allotetraploid AAAG (triploid C. angulata Q X diploid C. gigas &), allotetra-
ploid GGAG (allotriploid GGA @ X diploid C. gigas &), allotetraploid AAGG (allotrip-
loid AAG Q x diploid C. gigas &), autotetraploid GGGG (triploid C. gigas ¢ x diploid
C. gigas &), and autotetraploid AAAA (triploid C. angulata @ x diploid C. angulata 3
were obtained by inhibiting polar body I. The growth, survival, and gonad development of
six groups (GGGA, AAAG, GGAG, AAGG, GGGG, and AAAA) were assessed. There
were no detectable differences in fertilization and hatching rates among the six groups.
Flow cytometry analysis showed that the tetraploid ratios of the four allotetraploid groups
exceeded 88% on day 20. At larval stage, the allotetraploids GGGA and GGAG groups had
higher growth rates and cumulative survival rates than the autotetraploid groups. Field-
based phenotyping at three sites indicated that certain allotetraploid groups exhibited
higher growth and survival compared to the autotetraploid groups. In particular, the best
group over 9 months of testing was the allotetraploid GGAG, which significantly outper-
formed the autotetraploid groups in growth and survival. Furthermore, most of the individ-
uals from the four allotetraploids were fully mature, with morphologically normal oocytes
or sperm. The establishment of these four allotetraploids offers new germplasm resources
for oyster genetic improvement and commercial production.
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Introduction

For decades, global oyster farming has displayed phenomenal growth, with an increment
of over 16% from 5.41 to 6.26 million tons between 2000 and 2020 (FAO 2022). Breed-
ing technology has played a significant role in hatchery seed production and has reduced
dependence on wild seed resources (Botta et al. 2020). The use of genetically improved
brood stock on large-scale intensive aquaculture has also demonstrated favorable effects
in sustaining the industry (Langdon et al. 2003; Dégremont 2011; Li et al. 2011; Dégre-
mont et al. 2015; Jiang et al. 2023). Particularly, triploid production in oysters is playing an
important role in commercial aquaculture due to their superior meat condition (especially
in summer) and year-round marketability (Allen and Downing 1986; Guo et al. 1996; Yang
et al. 2018; Zhang et al. 2022). Nowadays, triploid oyster production has become an essen-
tial part of aquaculture worldwide, such as in France, the USA, Australia, and China.

Production of 100% triploid oysters relies on crossing male tetraploids with female dip-
loids (Guo et al. 1996). Central to the production of triploids by this approach is the avail-
ability of tetraploids. At present, the main approach for tetraploid production in oyster is
chemical induction by inhibiting polar body I in the eggs of female triploids after fertiliz-
ing with male diploids (Guo and Allen 1994; Yang et al. 2019). Since tetraploid oysters are
usually obtained from a few fertile triploid females, genetic diversity of tetraploid popula-
tions is generally lower (Eudeline et al. 2000). Significant differences in reproductive suc-
cess of tetraploid oysters may lead to further reductions in their genetic variability (Miller
et al. 2014). In addition, the poor survival and slow growth of tetraploid oysters without
genetic improvement have seriously restricted their stock expansion and application (Li and
Li 2022; Wan et al. 2023). These disadvantages of the tetraploid oysters will unavoidably
influence the production characteristics of triploid progenies. Therefore, genetic improve-
ment of oyster tetraploid breeding stocks is required.

Depending on the origin of chromosome doubling, tetraploids can be classified as
autotetraploids (chromosomes from one single species) and allotetraploids (chromosomes
from two or more species). Previous genetic improvement programs have focused on
mass selection of autotetraploids in Crassostrea virginica (Guo et al. 2012) and C. gigas
(Miller et al. 2014; Wan et al. 2023). Genetic improvement for tetraploid production traits
can also be achieved by selective breeding within diploid parental lines (Dégremont et al.
2019). However, if without advisable precautions throughout the selection procedure, this
process may lead to a substantial reduction in genetic diversity, contrary to the breeding
goals (Porta et al. 2007; Lind et al. 2009). One approach to maintain high genetic diversity
while improving phenotypic traits is to breed allotetraploids by combining hybridization
and polyploidization (Chen 2013; He et al. 2016). Another approach to increase genetic
diversity of tetraploid stocks is to propagate tetraploids by inhibiting the exclusion of polar
body II in diploid females crossed with tetraploid males (McCombie et al. 2005). In some
allotetraploids, diploid-like pairing system suppresses meiotic irregularities, which may be
beneficial to improve gamete production efficiency in this species (Sybenga 1996). To date,
there has been no report on the establishment of allotetraploid oysters.

The Pacific oyster C. gigas has high aquaculture interest around the world. Fujian oyster
C. angulata is mainly farmed in the southern coast of China, with populations centered
in Fujian province. The relative status of these two oyster taxa is controversial and some
studies have reported the two taxa as a single species (Reece et al. 2007) while others have
suggested that they are genetically closely related subspecies or species (Wang et al. 2010;
Gagnaire et al. 2018). The difference in mitochondrial genes between these two oysters
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was about 2-3.37% (Boudry et al. 2003; Wang et al. 2010), which was much lower than
12-13% difference between C. gigas and C. nippona or 13-14% difference between C.
angulata and C. hongkongensis (Boudry et al. 2003). While C. angulata and C. gigas are
very closely related, a study confirmed that they can be clearly distinguished utilizing dif-
ferences in mitochondrial DNA COI sequences (In et al. 2017). There are many reports
of the successful production of hybrids between C. angulata and C. gigas (Menzel 1974;
Soletchnik et al. 2002; Batista et al. 2007). Recent research has indicated that the recipro-
cal crosses have improved growth, survival, thermal tolerance, and yields compared to the
parents (Jiang et al. 2021; Jiang et al. 2022).

In a previous study, two types of allotriploid GGA (C. gigas @ x C. angulata &) and
AAG (C. angulata @ X C. gigas 3) were obtained from the hybridization between diploid
C. gigas and diploid C. angulata by inhibiting polar body II. Here, four types of allotetra-
ploid oysters (GGGA, triploid C. gigas @ X diploid C. angulata &; AAAG, triploid C.
angulata @ X diploid C. gigas 3; GGAG, allotriploid GGA ¢ X diploid C. gigas J; and
AAGG, allotriploid AAG @ X diploid C. gigas &) and two types of autotetraploid oysters
(GGGG, triploid C. gigas @ X diploid C. gigas & and AAAA, triploid C. angulata @ X
diploid C. angulata &) were obtained by inhibiting the polar body 1. The breeding potential
of allotetraploids was assessed by comparing the growth, survival, and gonad development
of four allotetraploids and two autotetraploids under three rearing sites in northern China.

Materials and methods
Parental stocks and conditioning for sex maturity

In June, 2020, 1-year-old C. gigas were collected from cultured stocks in Rongcheng,
Shandong Province, China, and 1-year-old C. angulata were obtained from wild stocks
in Zhangzhou, Fujian Province. Two types of allotriploid groups, GGA (C. gigas ¢ X C.
angulata 3) and AAG (C. angulata @ x C. gigas &), were produced from the hybridi-
zation between diploid C. gigas and diploid C. angulata by inhibiting the polar body II
(Jiang et al. 2022). Triploid C. gigas and triploid C. angulata were obtained by inhibit-
ing the polar body II. In January, 2021, diploid C. gigas, diploid C. angulata, triploid C.
gigas, triploid C. angulata, allotriploid GGA, and allotriploid AAG were collected from
Rongcheng, Shandong Province, China (Fig. 1A). C. gigas was the 15th generation of the
fast-growing “Haida No.1” strain (Zhang et al. 2018). C. angulata were collected from a
cultured population in Zhangzhou, Fujian Province, China (Jiang et al. 2021). All brood-
stocks were raised in indoor cement tanks (temperature: 20.0-23.0 °C; salinity: 29-31 psu)
at a hatchery in Laizhou, Shandong Province (Fig. 1A) for approximately 2 months.

Production of autotetraploid and allotetraploid

Four allotetraploid groups (GGGA, triploid C. gigas @ X diploid C. angulata &3; AAAG,
triploid C. angulata @ X diploid C. gigas &; GGAG, allotriploid GGA @ X diploid C.
gigas &; and AAGG, allotriploid AAG @ X diploid C. gigas 3) and two autotetraploid
groups (GGGQG, triploid C. gigas @ x diploid C. gigas & and AAAA, triploid C. angulata
Q x diploid C. angulata &) were established (Fig. 2).

Before spawning, the ploidy levels of autotriploids and allotriploids were checked by
flow cytometer. The gonad of each opened oyster was sampled and examined under a light
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Fig. 1 Location of the broodstocks origin and oyster culture sites in northern China (A) and the average
salinity (B) and temperature (C) in the three breeding sites from June, 2021, to February, 2022
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Fig.2 The breeding procedure of allotetraploids (GGGA, AAAG, GGAG, and AAGG) and autotetraploids
(GGGG and AAAA)

microscope to determine the sex. The best individuals (females: number of eggs > 1 mil-
lion; males: sperm with excellent motility) were selected as the parents. Oocytes were
obtained from five females of triploid C. gigas or triploid C. angulata by dissecting gonads
and then divided equally into two beakers. The eggs of each beaker were fertilized with a
pool of sperm from two diploid C. gigas or two diploid C. angulata to produce GGGG,
AAAA, GGGA, and AAAG (Fig. 2A-D). Oocytes were obtained from five female allotrip-
loid GGA or AAG and backcrossed to sperm from two male diploid C. gigas to produce
GGAG and AAGG (Fig. 2E, F). Three replicate crosses were made for each group. In each
individual replication, parents were the same between crosses if they involved the same
species/population. Five females and two males were used in each replicate to increase the
developmental synchronization of the fertilized eggs while ensuring a sufficient number
of eggs. Fertilizations were carried out with a sperm: egg ratio of 8-10. The volume of
fertilized egg solution for all groups was 1L. For each group, one slide containing 1 mL
of fertilized egg solution was prepared for assessing embryo development. After 10 min of
fertilization, tetraploids were induced by inhibiting the formation of the polar body I (PBI)
of fertilized eggs using 75 mg/L 6-dimethylamino-purine (6-DMAP). When about 50% of
the zygotes on the slide extrude the PBI (6-DMAP treatment with water temperature at 25
°C for 10-15 min), the embryos in each group were rinsed by filtering through a 15-pm
screen and moved to 500-L buckets, containing filtered seawater at a temperature of 25 °C
and salinity of 30 psu, where they remained for 24 h.

Larval rearing

Larvae and spat were raised following the conventional rearing procedure described by
Jiang et al. (2021). All batches (six groups X three replicates) of larvae were reared in

@ Springer



4976 Aquaculture International (2024) 32:4971-4989

500-L plastic square barrels at a density of 1-2 larvae/mL. Larvae were fed three times a
day with Isochrysis galbana for the first 7 days, and Platymonas sp. was added for subse-
quent periods. Thirty percent of the culture seawater was changed once a day. Larvae were
collected by filtration through a 48-pm nylon sieve and subsequently carefully rinsed back
into the original barrel using fresh seawater. Rearing seawater temperature ranged from 22
to 24 °C and salinity from 29 to 30 psu. When 30% of the larvae had eyespots, strings of
scallop shells were placed in barrels as spat collectors. After settlement, spat were placed
in an inland pond next to the hatchery to prevent contamination from wild oysters. Two
weeks later, they were transferred to Rongcheng for farming using the long-line method
until deployment.

Fertilization rate was measured 1 h after fertilization by calculating the percentage of
fertilized eggs to the total number of eggs (120 eggs). At 24 h post-fertilization, the hatch-
ing rate was counted as the proportion of D-shaped larvae to the total number of fertilized
eggs (120 fertilized eggs). For each group, three 50-mL samples were collected at days 5,
10, and 15 after fertilization to record the phenotypic data of larvae. For each replicate, a
measuring cylinder was used to take a 50-mL sample after the water was completely mixed.
Larvae were subsequently collected by filtering the samples using a 48-pm screen. Cumu-
lative survival rates were determined by dividing the number of live larvae by the number
of originally D-shaped larvae. Thirty individual (10 individuals/sample) shell heights were
measured from samples using a microscope (X 100) fitted with an ocular micrometer.

Spat grow-out and growth assessment

When shell height reached approximately 15 mm, spat were detached from scallop shells. A
total of 1080 individuals (120 individuals X 3 replicates X 3 sites) per group were deployed
to three sites (Rongcheng, Rushan, and Huangdao) for grow-out assessment (Fig. 1A). At
each site, each group was replicated into three 10-layer cages with 12 individuals per layer.
All cages were fixed on floating rafts in the open sea and cleaned at each sampling point to
reduce fouling silt and improve water flow. The field trial was carried out from June, 2021,
to February, 2022. The seawater temperature (Fig. 1B) and salinity (Fig. 1C) for the three
sites were estimated to be similar to those from Chen et al. (2012) or that downloaded from
National Marine Data Center (http://mds.nmdis.org.cn/).

Growth-related data were gathered in August, 2021 (day 150), November, 2021 (day
240), and February, 2022 (day 330). Thirty individuals (10 individuals/cage) were sampled
randomly per group and measured individually for shell height with a Vernier caliper (0.01
mm). The whole weight of thirty individuals was randomly measured on an electronic scale
(0.01 g) in February, 2022. The total number of live and dead juveniles for each replicate
cage was counted. The incremental survival rate was defined as the ratio of the number of
live individuals during each interval to the number of live individuals at the start of each
interval. The cumulative survival rate was determined as the percentage of the number of
live individuals in February, 2022, to the total number of juveniles initially deployed.

Ploidy determination
Ploidy of larvae (20 days post-fertilization), spat (day 90), and juveniles (day 330) was

determined for each group by flow cytometry (CytoFlex Beckman Coulter, USA) accord-
ing to the method described by Jiang et al. (2022). On day 20, approximately 3000 larvae
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per group were pooled into one sample for composite ploidy detection. On day 90, gills
from 120 spat per group were collected for quick ploidy detection of single individuals.
On day 330, 120 juveniles per group were selected randomly for non-lethal ploidy detec-
tion of single individuals using hemolymph (Li and Li 2022). Approximately 200 pL of
hemolymph was extracted from the adductor muscle using a 1-mL syringe fitted with a
26-G needle through a small hole that was opened by pliers. In short, larvae, gill, or hemo-
lymph samples were taken and placed in centrifuge tubes containing 1 mL 1 X phosphate
buffer solution (solution contains 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47
mM KH2PO4; pH = 7.4). The suspensions were disaggregated by repeated aspiration with
a 1-mL syringe fitted with a 26-G needle. Subsequently, 200 uL. DAPI solution (Sigma)
was added into centrifuge tubes for 10 min of staining. Samples were filtered through a
48-pm nylon sieve, transferred to a 96-well plate, and analyzed using flow cytometry. The
DNA content of diploid C. gigas gill cells sample was used as an internal control.

Comparison of gonadal development and sex ratio

During the breeding season (day 420), 90 adult oysters from allotetraploid and autotetra-
ploid groups were randomly sampled to evaluate the reproductive characteristics. Mature
oysters were opened and a piece of gonad (the outer epidermis of the visceral mass) of
GGGA, AAAG, GGAG, AAGG, GGGG, and AAAA were fixed in Bouin’s solution for 1
day, soaked in 70% ethanol, and dehydrated with a series of ethanol (80-100%) and xylene.
The paraffin-embedded sections were cut using a microtome and stained with hematoxy-
lin and eosin. The gonadal sections were observed with an Olympus BX53 microscope
(Olympus, Japan). Levels of gametogenic development of tetraploids were classified into
four types (female, male, hermaphrodite, and inactive) as previously reported (Wan et al.
2023).

Statistical analyses

Statistical analyses on growth were performed using the SPSS 26.0 software. All raw data
were checked for homogeneity of variance using Levene tests. Arcsine transform was
performed on the survival data, including fertilization and hatching rates, to stabilize the
error variance. Logarithmic transformations of the shell height and whole weight were
carried out to increase the normality and homoscedasticity. One-way analysis of variance
(ANOVA) and multiple comparison tests were used to analyze the difference of fertiliza-
tion rate, hatching rate, cumulative survival rate, and shell height among autotetraploid
and allotetraploid groups. Significance for all analyses was set to P < 0.05. To estimate
the effects of environment (three sites), genotype (six groups), and their interaction on the
performance of the progenies, shell height, whole weight, and survival rate were analyzed
with a two-way ANOVA using the following formula (Ibarra et al. 2017):

V4

al

» =M +E,+Gy+ (E, xG,) + 5y

where Z,, is the dependent variable (shell height, whole weight, or survival rate); M is the
common mean; E, is the environment effect (Rongcheng, Rushan, or Huangdao); G, is the
genotype effect (GGGA, AAAG, GGAG, AAGG, GGGG, or AAAA); E, X G, is the inter-
action effect between environments and genotypes; J,, is residual error.
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Results
Ploidy levels

At 20-day post-fertilization, larvae from four allotetraploid and two autotetraploid groups
formed a single tetraploid peak (Fig. 3). The tetraploid proportions were 91.1% for the
GGAG group, 89.4% for the GGGA group, 89.2% for the AAAA group, 89.0% for the
AAGG group, 88.6% for the AAAG group, and 87.7% for the GGGG group (Table 4). At
day 90, the tetraploid rates decreased for all groups, ranging from 80.8 to 87.5%. At day
330, the tetraploid rates of all groups were ranked in the following order: GGAG (79.2%) >
GGGA (75.8%) > AAGG (75.0%) > AAAG (74.2%) > AAAA (73.3%) > GGGG (70.8%).
From day 90 to day 330, the triploid rates and aneuploid rates increased for all groups,
ranging from 11.7-17.5 to 18.3-22.5% and 0.8-2.5 to 2.5-6.7%, respectively.

Hatching index and larvae development

Fertilization rates (89.2-92.8%) of allotetraploid groups were comparable (P > 0.05) with
that of autotetraploid groups (Table 1). A portion of larvae in each group reached D-stage
at 24-h post-fertilization. Hatching rates of the AAAG group (19.72%) and the AAAA
group (18.61%) were slightly lower than that of other groups (21.4-24.2%), albeit without
any statistical significance.

Survival rate was lowest during the first 10 days (Table 1). The larval cumulative sur-
vival rates of allotetraploid groups (23.0-29.6%) were similar (P > 0.05) to that of auto-
tetraploid groups (20.6-26.3%). At day 15, the cumulative survival rate of the GGAG
group (23.2%) was significantly (P < 0.05) higher than that of the AAAA group (7.0%),
while there was no significant difference between the GGAG group and other groups (P >
0.05).

GGGA 2N, 3N AN =]AAAG 2N 3N . 4N 24 GGAG 2N 3N AN
. g 8
] H H
g ds &=
o 10 20 30 40 50 60 0 1IU Zlu 30 40 50 60 0 10 20 30 40 50 60
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Fig.3 Relative DNA content analysis for allotetraploids (GGGA, AAAG, GGAG, and AAGG) and auto-
tetraploids (GGGG and AAAA) at the larval stage (20 days post-fertilization)
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At day 5, the shell heights of allotetraploid groups were comparable (P > 0.05) to that
of the GGGG group (119.11 mm), but significantly (P < 0.05) higher than that of the
AAAA group (107.95 mm) (Table 1). At day 10, larvae of the GGAG and GGGA groups
were significantly (P < 0.05) larger than those of the GGGG and AAAA groups. There was
no significant (P > 0.05) difference among allotetraploid groups. At day 15, the GGAG
(297.46 mm) and GGGA (293.53 mm) groups were larger than the AAAG (284.95 mm),
AAGG (283.26 mm), and GGGG (279.46 mm) groups, which were all significantly larger
than the AAAA (262.11 mm) group (P < 0.05).

Juvenile growth and survival

Historically, Rushan has had the highest summer temperature (~ 28 °C) and the lowest
winter temperature (~ 0 °C). Temperatures at Rongcheng and Huangdao have ranged from
~4to~23°Cand ~ 5 to~ 27 °C, respectively. Also, Rushan has had the largest salinity
range, with a lowest value of 27 psu and a highest value of 32 psu. There was similar sea-
sonal trend in salinity between Rongcheng and Huangdao (Fig. 1).

There were significant differences in shell height among genotypes as well as among
environments at three sampling points (P < 0.001; Table 2), but no significant interactions
were found between genotype and environment at either sampling point (P > 0.05). Over-
all, allotetraploid groups grew faster than autotetraploid groups at Rongcheng, Rushan, and
Huangdao (Fig. 4). Within site, the four allotetraploid groups were significantly (P < 0.05)
larger than the AAAA group, but did not differ from the GGGG group. The largest group
after 9 months of testing was the allotetraploid GGAG group, which was significantly
larger than the autotetraploid groups (P < 0.05). Among sites, shell height was signifi-
cantly different (P < 0.001; Table 2) at three sampling points, with the greatest shell height
in Rushan, intermediate in Huangdao, and the lowest in Rongcheng.

At day 330, significant differences were found in genotype (P < 0.001), environ-
ment (P < 0.001), and genotype X environment interaction (P < 0.05) for whole weight
(Table 3). At Rongcheng and Rushan, the four allotetraploid groups were significantly

Table2 Two-way analyses of variance testing for environment by genotype interaction effects on shell
height and incremental survival rate

Time Effect Shell height Incremental survival rate

df. MS F-value P-value  df MS F-value  P-value

Day150 Genotype 5 0.255  93.391 0.000 5 0.034  7.960 0.000
Environment 2 1.238  453.627  0.000 2 0.052  12.187 0.000
GXxE 10 0.003  0.968 0.471 10 0.002  0.488 0.887
Error 522 0.003 - - 36 0.004 - -

Day 240  Genotype 5 0.341  48.798 0.000 5 0.028  0.677 0.644
Environment 2 0.465  66.441 0.000 2 0.184  4.404 0.019
GXE 10 0.008  0.333 0.333 10 0.007  0.169 0.997
Error 522 0.007 - - 36 0.042 - -

Day 330  Genotype 5 0.316  108.558  0.000 5 0.150  7.375 0.000
Environment 2 0.394  135.365  0.000 2 0.107  5.255 0.010
GXE 10 0.004 1.384 0.184 10 0.022 1.071 0.409
Error 522 0.003 - - 36 0.020 - -
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Fig.4 Shell height (A—C) and whole weight (D) for allotetraploids (GGGA, AAAG, GGAG, and AAGG)
and autotetraploids (GGGG and AAAA) at Rongcheng, Rushan, and Huangdao in the juvenile stage. Dif-
ferent superscript letters at the same time indicate significant difference (P < 0.05)

Table 3 Two-way analyses of variance testing for environment by genotype interaction effects on whole
weight and cumulative survival rate

Time Effect Whole weight Cumulative survival rate

df. MS F-value P-value  df MS F-value  P-value

Day 330  Genotype 5 0.704  289.167  0.000 5 0.026  9.036 0.000
Environment 2 0.164  67.546 0.000 2 0.077  26.682 0.000
GXE 10 0.005  2.135 0.021 10 0.000  0.069 1.000
Error 36 0.002 - - 36 0.003 - -

(P < 0.05) heavier than the two autotetraploid groups, but not at Huangdao (Fig. 4D).
The largest whole weight was recorded at Rushan for all allotetraploid groups, but auto-
tetraploid groups performed slightly better at Huangdao.

Incremental survival rates were significantly affected by genotype (P < 0.001,
Table 2) and environment (P < 0.05) at day 150 and day 330, and only significantly
influenced by environment (P < 0.05) at day 240. The spike in incremental mortali-
ties was observed between June and August (day 150) in six groups across three sites
(Fig. 5). Survival was worse in Rushan than in Rongcheng and Huangdao, particularly in
the GGGG group. At day 150, the lowest incremental survival rate occurred in the auto-
tetraploid GGGG group (Rushan, 12.78%; Rongcheng, 21.11%; Huangdao, 32.78%),
while the highest incremental survival rate recorded in the allotetraploid GGAG group
(Rushan, 33.89%; Rongcheng, 37.78%; Huangdao, 43.61%). The incremental survival
rates for all groups were stable (> 72.55%) from August, 2021, to February, 2022 (day
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Fig.5 Incremental survival rate (A—C) and cumulative survival rate (D) for allotetraploids (GGGA,
AAAG, GGAG, and AAGG) and autotetraploids (GGGG and AAAA) at Rongcheng, Rushan, and Huang-
dao in the juvenile stage. Different superscript letters at the same time indicate significant difference (P <
0.05)

240 and day 330), except for the autotetraploid AAAA group, which had a 61.29% in
Rushan between day 240 and day 330.

There was a significant effect of genotype and environment on cumulative survival rate (P
< 0.001, Table 3). The cumulative survival rate after 9 months of growth was similar in the
four allotetraploid groups, although lower in Rushan (Fig. 5D). Specifically, GGAG had the
highest survival rate (27.78-37.88%), and GGGG had the lowest survival rate (7.78-22.22%).

Gonad development and sex ratio

After 420 days of rearing, most allotetraploids and autotetraploids attained sexual matu-
rity (Fig. 6). Four categories were observed in allotetraploids and autotetraploids: female
(13.3-37.8%,), male (50.0-68.9%), hermaphrodite (4.4—14.4%), and inactive (1.1-3.3%)
(Table 4) (Fig. 6A-F). Most allotetraploids (87.8-94.4%) and autotetraploids (82.2-86.7%)
were fully fertile, with morphologically mature oocytes or sperm. Few individuals (4.4-14.4%)
in the six types of tetraploids were hermaphrodites, containing both sperm (or spermatogonia)
and eggs. In addition, a low proportion (1.1-3.3%) of individuals had no gametes.

Discussion

This study assessed the feasibility of producing four types of allotetraploids by mating C.
gigas and C. angulata. Both tetraploid percentage and larval survival influence the effi-
ciency of tetraploidy induction; therefore, they are suitable metrics to assess the efficacy of
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Fig.6 The gonadal appearance and gonadal sections of allotetraploids (GGGA, AAAG, GGAG, and
AAGQG) and autotetraploids (GGGG and AAAA) at the adult stage (day 420). Note: @, female; &, male;
QJ, hermaphrodite; O, asexuality. Black arrows and white arrows indicate egg and sperm, respectively

the treatment for tetraploidy induction. The low survival of induced tetraploid larvae is a
major problem in the induction of tetraploid oysters (Guo and Allen 1994; Guo 2012; Yang
et al. 2019), which is consistent with the massive death of early larvae in this study. How-
ever, this mass mortality appears to be acceptable due to the high fecundity of oysters. It is
reported that the survival rate from the zygotes to the putative tetraploid spat of C. gigas
is 0% to 0.0739% (Guo and Allen 1994). Significantly, the newly obtained allotetraploid
GGAG and GGGA not only maintained survival advantage at day 15 but also exhibited
superior growth rates at day 15 relative to the autotetraploids.

The characteristics of autotetraploids are usually closely related to their level of het-
erozygosity (Chourrout et al. 1986; Wan et al. 2023). Usually, maximizing heterozygosity
is one of the main objectives of polyploid breeders (Piferrer et al. 2009; Yang et al. 2019).
In this study, a clear growth advantage was observed in the allotetraploid groups compared
to the autotetraploids, which was possibly connected with the increased heterozygosity of
the allotetraploids. This is supported by the findings of Wang et al. (2002), which sug-
gested a strong and positive correlation between meat weight and heterozygosity. Similarly,
increased mean heterozygosity in tetraploid rainbow trout was thought to promote its early
growth and yield (Chourrout et al. 1986). The artificially propagated allotetraploid gibel
carp exhibited remarkable growth superiority compared to the control gynogenetic indi-
viduals (Gui et al. 1993; Li et al. 2016). In addition, a comparison of meiotic I triploids
and meiotic II triploids indicated that improved physiological performance of triploids was
linked to an increase in allelic variation (Hawkins et al. 2000). It should be noted, however,
that the genetic diversity of allotetraploids will also be reduced if not managed appropri-
ately. Therefore, it is crucial to maintain and expand the genetic diversity of the tetraploid
oyster stocks by proper genetic management during the expansion of the core population.

The increase in growth could also be caused by other factors, such as the origin and
combination of the chromosomes, as different parent species were used in the four allo-
tetraploid groups and allowed genetic contributions from up to three diploid parents. The
field trials have demonstrated that the best-performing group of all allotetraploids was
GGAG, which had three chromosomes from the C. gigas and one from the C. angulata.
In contrast, the allotetraploid GGGA did not perform as well, despite sharing the same
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chromosome origin as GGAG. Previous studies on allopolyploid genomes in plants have
demonstrated that one subgenome of the parental species tended to exhibit higher expres-
sion than the other, i.e., subgenomic dominance (Cheng et al. 2018). However, it is unclear
how this expression works in allotetraploid oysters.

Autopolyploid plants have shown improved adaptive potential and plasticity (Van de
Peer et al. 2017). However, it has proven hard to breed fertile adult tetraploids in some
aquatic animals. For example, only a few autotetraploid lines have been successfully
established in fish, including rainbow trout (Chourrout et al. 1986), mud loach (Nam and
Kim 2004), blunt snout bream (Zou et al. 2004), and red crucian carp (Qin et al. 2014).
Since the production of viable tetraploid Pacific oysters, viable adult tetraploids have been
reported in Suminoe oysters (Allen et al. 2005), eastern oysters (Guo et al. 2012), and Por-
tuguese oysters (Zhang et al. 2022). As already observed in this study, growing up large
amounts of first-generation autotetraploid oysters is difficult because of their low survival
or viability. However, it is worth noting that the survival rate from spat to adult of diploid
hybrids between C. gigas and C. angulata is 35.00% to 69.00% (Jiang et al. 2022). Studies
indicated that treatments related to polyploid induction may negatively affect survival of
organisms owing to cytogenetic aberrations or the biochemical effects of specific intracel-
lular proteins (Malison et al. 1993; Felip et al. 2001). Furthermore, the lowest incremental
survival rates in both allotetraploid and autotetraploid groups occurred from June (day 60)
to August (day 150). In August, the seawater temperature in Rongcheng, Huangdao, and
Rushan exceeds 22 °C, with the average temperatures of 22.7 °C, 26.5 °C, and 27.8 °C,
respectively. Therefore, adverse environmental conditions, such as high temperatures, may
also be responsible for the severe mortality of tetraploid oysters. In addition, some of the
mortality may also be attributed to aneuploids (Guo and Allen 1994).

Contrary to inbreeding depression, heterosis refers to the phenomenon that hybrids dis-
play increased levels of growth, survival, or fitness relative to their parents. It is worth not-
ing that heterosis and heterozygosity could be regular utilized via the production of allopol-
yploids (Chen 2013). Due to increased heterozygosity, allopolyploids have higher heterosis,
also known as progressive heterosis, than autopolyploids (Yao et al. 2013). In this study,
cumulative survival rates were often significantly greater in allotetraploid groups than in
autotetraploid groups regardless of site. This result is of great interest because it means that
more viable first-generation tetraploids could be obtained through production of allopoly-
ploids. Similar to the results presented here, common carp, a typical allotetraploid species,
occupies a wider ecological distribution and is better adapted to environmental changes
than their relative diploids (Chen et al. 2022). Studies on allotetraploid genomes suggested
that whole genome duplication increases gene redundancy and improves the expression
plasticity of the allotetraploid genome, thereby cushioning the response of gene expres-
sion to adverse environments (Van de Peer 2017; Xu et al. 2019). However, C. angulata
is naturally distributed in southern seas of China. In this study, the autotetraploid AAAA
was farmed far from its native habitat, which may affect their performance and exaggerate
the relative advantage of allotetraploids. In our previous study, diploid C. angulata had
lower survival rate than C. gigas at the same culture sites (Jiang et al. 2022). Therefore, the
observed advantage in allotetraploids may be limited by the specific culture environment in
this study. In addition, since the broodstock of C. gigas had been selected from fast growth
for 15 generations, they may have low genetic diversity and therefore might lack represen-
tation of this species.

Another major reason for the failure to produce tetraploid lineages in aquatic ani-
mals, namely, fish, is reduced fertility of the resulting tetraploids (Zou et al. 2004). For
example, many studies have attempted to induce tetraploids in Nile tilapia, but none has
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reported success in producing fertile adult tetraploids (Myers 1986; Farahmand et al.
2007; Arai and Fujimoto 2018). Another study showed that allotetraploid loach is sterile
by analyzing their testis ultra-structure (Juchno et al. 2017). Theoretically, autotetra-
ploids and allotetraploids should be fertile. It has been pointed out that diploid-like pair-
ing system inhibits meiotic irregularities and increases the gamete generation efficiency
of allotetraploids species (Sybenga 1996). In a stock of red crucian carp X common carp
hybrid, both male and female were found to be fertile, forming a stable fertile allotetra-
ploid population (Liu et al. 2001). As expected, the four types of allotetraploid oysters
in this study showed normal gonads with functional oocytes or sperm, indicating that
their reproductive capacity is similar to that of autotetraploids.

Allopolyploids are commonly defined as individuals having two or more complete
sets of chromosomes derived from different species. However, the relative status of
these two oyster taxa is a matter of debate. A study has shown that the low-recombin-
ing genomic regions of C. gigas and C. angulata maintain intrinsic genetic differences
between the two species (Gagnaire et al. 2018), providing evidence that they exhibit
partial reproductive isolation. Thus, the genetic distance between the two species may
be related to their similar gamete generation efficiency. For the oyster industry, the fer-
tility of allotetraploid oysters offers the possibility of establishing a stock of allotetra-
ploid broodstocks.

In summary, we produced four types of allotetraploid oysters derived from C. gigas
and C. angulata for the first time. Ploidy analysis using flow cytometry revealed high
tetraploid induction rates. Moreover, some allotetraploids exhibited faster growth and
higher survival compared with the autotetraploids of C. gigas and C. angulata. The nor-
mal gonad development of allotetraploids provides the possibility to establish allotetra-
ploid broodstock populations. Four allotetraploids have the potential to become new
varieties to be used for selective breeding.
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