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The noble scallop, Chlamys nobilis, is an important bivalve mollusk with high commercial
value and is usually farmed in the waters of southern China. To date, very little is known
about the genetic diversity and population structure of C. nobilis. In this study, 10
microsatellite loci of four farmed C. nobilis populations were compared with one another
and compared wild population in southern China. A total of 83 alleles were found.
Surprisingly, the level of genetic diversity of the farmed C. nobilis populations was higher
than that of the wild population. Although the population genetic of wild population
was completely in the Hardy-Weinberg equilibrium, due to heterozygote deficiency,
significant deviations from the Hardy-Weinberg equilibrium were found in all farmed
populations, suggesting a genetic admixture caused by the mixing of seeds from various
hatcheries. The Fst and AMOVA values showed significant genetic differences between
wild and farmed populations. The Bayesian assignment also confirmed that genetic
admixture was significant and widespread in artificial breeding of C. nobilis. Furthermore,
the UPGMA tree topology and PCA demonstrated that the genetic diversity of wild
population can be clearly distinguished from farmed populations. In a nutshell, the
findings of this study not only fill the knowledge gaps in genetic diversity of wild and
farmed C. nobilis populations, but also serve as a guide for maintaining the genetic
diversity of C. nobilis in both farmed and wild populations.

Keywords: Chlamys nobilis, cultivated population, genetic admixture, microsatellite, population structure, wild
population

INTRODUCTION

Scallops are important animal protein source for humans (Liu et al, 2007; Tan et al,
2019). The global scallop landings have increased remarkably in the past decades (Food
and Agriculture Organisation (FAO), 2020). The main reason for the dramatic increase in
production is the development of scallop farming operations in Japan and China (Bourne, 2000;

Frontiers in Marine Science | www.frontiersin.org 6

August 2021 | Volume 8 | Article 721292


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.721292
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.721292
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.721292&domain=pdf&date_stamp=2021-08-17
https://www.frontiersin.org/articles/10.3389/fmars.2021.721292/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ma et al.

Genetic Admixture in Cultivated Populations

N25°

N24°

N23°

N22°

N21 D)
St South China Sea
1
i ook
HNLS
18° I T T T T T I T T I
E108° E109° E110° E111° E112° E113° E114° E115° E116° E117° E118°
FIGURE 1 | Sampling locations of wild and cultured Chlamys nobilis populations in South China.

TABLE 1 | Characteristics of Chlamys nobilis microsatellite loci used in this study.
Locus Primer Size (bp) Annealing temp. (°C)
Cn108 F:ACAAGGAGCAGAGTATAACG R:GAGAACACCCATGCAAAA 172-202 60
Cn113 F:CAGCCACAAACTGGGTAA R:GAGGATGATGAGGAGGAA 201-226 60
Cn115 F:CCATTTGGGTTAGTTCCT R:GTCCATCGTCGTCTTCAT 88-112 60
Cn206 F:TTCATTAGCGGAGG CG R:CTTTCCGGTGAATCCTTTGA 113-196 60
Cn207 F:-TAGGGCATTTGCATACTTG R:CTTCGGATGAATGGGTCT 410-487 50
Cn208 F:AACGGGCGAGTACAAAGG R:GCACTGCCCAAACCACTA 328-477 64
Cn209 F:TATCCGTCCCACAAATCA R:GAACCGACATAAAACCTC 188-223 60
Cn222 F TTTGGAGGGCACTGTATC R:TTGTCGTCTGAGTTTGGT 199-261 50
Cn223 F:AGGCTATCACTCCTTCAC R:GCTCCGCTTGACAATCTA 256-339 60
Cn224 F:GTCACCAAGGCTACTTTC R:GTCGGTTGTCACTCACTT 180-196 60

Tan et al, 2020b). The noble scallop, Chlamys nobilis, is an
economically important bivalve species that naturally inhabits
the coastal waters of southern China and Japan. In China,
C. nobilis was initiated farmed in the Fujian province in the 1970s
and later introduced to the Guangdong and Hainan provinces
(Tan et al., 2020a).

With the expansion of the scale of C. nobilis aquaculture,
the mass mortality rate of farmed C. nobilis has become more
prominent since 2006. The production of C. nobilis seed in
the hatchery is currently poorly managed due to the lack of
necessary information about the origin of broodstock and seeds.
In hatcheries, broodstock are usually selected from farmed
stocks (Yuan et al, 2009). It is generally believed that the
reproduction of animals in small or isolated populations will
result in reduced heterozygosity and inbreeding depression, as
well as reduced survival rates (Reed and Frankham, 2003).
To avoid those potential problems, scallop farmers usually

purchase scallop seeds from various sources or use seeds
produced by mixing broodstocks obtained from various sources.
As a result, there are significant variations in aquaculture
traits among scallops in different farms, such as growth,
survival rate, and disease resistance. It is worth noting that
mixing population seeds from different sources may lead to
a higher levels of genetic diversity and fewer heterozygotes
in the populations (Ferguson, 1995; Thai et al., 2007), which
might explain the high mortalities within scallop populations
(Nagashima et al., 2005).

Molecular markers are an important tool for studying
population genetic and can provide useful information about
genetic diversity of populations (Williams and Benzie, 1998;
Azuma et al,, 2008; Janson et al., 2015; Phinchongsakuldit
et al,, 2015), as well as understand the connectivity among
populations and its adaptive potential to adapt to different
environments (Petersen et al., 2010). To date, genetics studies on
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TABLE 2 | Genetic variability of 10 microsatellite loci in five populations for Chlamys nobilis.

Locus Parameter FJDS (n = 30) SZNA (n = 30) STNA (n = 32) GXQZ (n = 30) HNLS (n = 30) Average across population
Cn108 A 8 9 10 10 6 10
Ho 0.733 0.733 0.875 0.700 0.800 0.768
He 0.831 0.839 0.877 0.692 0.747 0.848
R 8.000 9.000 9.994 10.00 6.000 9.044
PIC 0.792 0.802 0.849 0.659 0.692 0.759
Prw n.s. * n.s. n.s. n.s.
Cn113 A 5 4 6 4 3 6
Ho 0.300 0.067 0.125 0.133 0.133 0.151
He 0.662 0.431 0.505 0.466 0.188 0.615
R 5.000 4.000 5.875 4.000 3.000 5.110
PIC 0.603 0.358 0.468 0.407 0.175 0.402
Prw o . . ox ns.
Cn115 A 7 8 8 10 6 1
Ho 0.633 0.733 0.656 0.633 0.567 0.645
He 0.718 0.832 0.807 0.773 0.581 0.818
R 7.000 8.000 7.935 10.00 6.000 9.437
PIC 0.665 0.793 0.766 0.731 0.548 0.701
Prw n.s. n.s. n.s. n.s. n.s.
Cn206 A 5 5 6 9 7 11
Ho 0.633 0.433 0.344 0.667 0.800 0.575
He 0.640 0.742 0.447 0.736 0.802 0.736
R 5.000 5.000 5.875 9.000 7.000 7.142
PIC 0.559 0.681 0.417 0.691 0.757 0.621
Prw n.s. > n.s. n.s. n.s.
Cn207 A 4 5 6 6 5 7
Ho 0.233 0.333 0.219 0.400 0.600 0.357
He 0.584 0.725 0.730 0.670 0.741 0.776
R 4.000 5.000 6.000 6.000 5.000 5.758
PIC 0.491 0.662 0.680 0.605 0.682 0.624
P ox . x * ns.
Cn208 A 8 7 8 10 7 10
Ho 1.000 0.733 0.781 0.833 0.667 0.803
He 0.827 0.790 0.822 0.776 0.727 0.851
R 8.000 7.000 7.934 10.00 7.000 8.922
PIC 0.790 0.743 0.783 0.732 0.671 0.744
Prw n.s. n.s. n.s. n.s. n.s.
Cn209 A 5 6 7 7 5 10
Ho 0.533 0.733 0.438 0.567 0.633 0.581
He 0.710 0.761 0.631 0.764 0.681 0.774
R 5.000 6.000 6.812 7.000 5.000 7.236
PIC 0.653 0.716 0.564 0.710 0.620 0.653
Prw n.s. n.s. n.s. * n.s.
Cn222 A 5 5 5 4 3 6
Ho 0.233 0.233 0.594 0.300 0.400 0.352
He 0.638 0.657 0.740 0.627 0.386 0.709
R 5.000 5.000 4.938 4.000 3.000 5.540
PIC 0.592 0.604 0.680 0.546 0.342 0.553
Prw o o o o ns.
Cn223 A 6 6 6 7 5 7
Ho 0.767 0.633 1.000 0.767 0.800 0.793
He 0.767 0.746 0.773 0.833 0.706 0.802
R 6.000 6.000 5.937 7.000 5.000 6.980
PIC 0.713 0.697 0.723 0.795 0.651 0.716

(Continued)
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TABLE 2 | Continued

Locus Parameter FJDS (n = 30) SZNA (n = 30) STNA (n = 32) GXQZ (n = 30) HNLS (n = 30) Average across population
Prw n.s. n.s. n.s. n.s. n.s.
Cn224 A 5 4 3 3 4 5
Ho 0.333 0.433 0.438 0.167 0.433 0.361
He 0.574 0.537 0.378 0.159 0.403 0.438
R 5.000 4.000 2.997 3.000 4.000 4.168
PIC 0.499 0.485 0.322 0.150 0.349 0.361
Paw n.s. n.s. n.s. n.s. n.s.
Mean (all loci) A 5.800 5.900 6.500 7.000 5.100
Ho 0.540 0.507 0.547 0.517 0.583
He 0.695 0.706 0.671 0.650 0.596
R 5.800 5.900 6.430 7.000 5.100
PIC 0.636 0.654 0.625 0.603 0.526
P . x . o S

A, total number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; R, allelic richness; PIC, polymorphism information content; Py, Hardy-Weinberg

probability test: *P < 0.05, **P < 0.01 following sequential Bonferroni correction; n.s.,

bivalves has been very limited and mainly focusing on bivalve
species with important commercial value (Benzie and Williams,
1997; Nagashima et al., 2005; Sato et al., 2005; Song et al., 2006;
Gurney-Smith et al., 2017). For C. nobilis, only information on
few microsatellites (Ma and Yu, 2009a,b) and mitochondrial
DNA variation in farmed and wild stocks of C. nobilis in southern
China (Yuan et al., 2009) are available. It is found that the genetic
diversity of wild C. nobilis population is lower than that of farmed
population from the same region in southern China, and the
genetic composition of farmed C. nobilis is highly affected by
hatchery operations (Yuan et al., 2009).

In order to verify the discovery of Yuan et al. (2009), in this
study, we use 10 microsatellite markers to examine the genetic
diversity of wild and farmed C. nobilis populations in coastal
water of southern China. Microsatellites were chosen in this study
because of their neutral, clear scoring of alleles, hypervariability,
codominance, and abundance properties, making them the
best choice for studying genetic variation of individuals and
populations (Zhan et al., 2009). The aim of this study was to
use microsatellites to explore the genetic variation of C. nobilis
among hatcheries, and between hatchery and wild populations.
Understanding the genetic diversity and differentiation among
C. nobilis populations is essential for establishing appropriate
guidelines for establishment and maintenance of farmed
C. nobilis populations.

MATERIALS AND METHODS

Sample and DNA Extraction

A total of 152 adult C. nobilis were randomly collected
from four C. nobilis farms [Dongshan (Fujian province,
FJDS) (30 individuals), Nan’ao (Shenzhen city of Guangdong
province, SZNA) (30 individuals), Nan’ao island (Shantou city
of Guangdong province, STNA) (32 individuals), and Qinzhou
(Guangxi province, GXQZ) (30 individuals)] and one wild
population (Lingshui, Hainan province, HNLS) (30 individuals)
along the southern coast of China (Figure 1).

non-significant.

The adductor muscle was extracted and stored in 70%
ethanol. The genomic DNA was extracted individually using
phenol-chloroform (Sambrook and Russell, 2000). Subsequently,
0.8% agarose gel electrophoresis was used to screen for
the integrity of the extracted genomic DNA, and then
ND-1000 UV-Vis spectrophotometer (NanoDrop, Wilmington,
DE, United States) was used to determine the quality and quantity
of extracted genomic DNA.

Data Collection

In order to avoid scoring errors, nine previously reported
microsatellite loci (Ma and Yu, 2009a,b) and a newly developed
microsatellite locus (Cn224) with a unique band size of were
selected. The sequences of primers and microsatellite core, as
well as the optimal annealing conditions are summarized in
Table 1. Amplifications were conducted in 20-pwL reactions
(0.25-0.5 U Taq polymerase (Tiangen, Beijing, China), 80 ng
of template DNA, 0.2 mM dNTPs, 1 x PCR buffer, 0.2-1 uM
primers (each), and 1.0-2.0 mM MgCl,). For PCR, the initial
denaturation was set at 95°C for 5 min, and then at 94°C
for 30 s for 30 cycles, followed by primer-specific annealing
at 72°C for 1 min, and a final extension at 72°C for 10 min.
The PCR products were then separated by electrophoresis on
an 8% non-denaturing polyacrylamide gel, and then observed
using silver staining. For allele size determination, each gel
contains a control DNA sample and a 50-bp DNA ladder
(Takara).

Data Analysis

In order to identify the scoring errors, invalid alleles, and
large-allele drop out in microsatellite products, MICRO-
CHECHER was wused according to the manufacturing
instructions (Oosterhout et al., 2004). For the analysis of
microsatellite loci variation in the five populations, POPGENE
1.31 software was use to calculate the number of alleles,
allele frequency, effective number of alleles, as well as
expected and observed heterozygosities (Yeh et al, 1999).
Locus polymorphism [polymorphism information content
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(PIC)] and allelic richness (R) were estimated according
to the formula described by Botstein et al. (1980) and was
calculated (EIMousadik and Petit, 1996), respectively. An
independent T-test was performed, followed by a Turkey
multiple comparison test (Turkey HSD) to test for significant
differences in genetic diversity between C. nobilis from hatchery
and wild populations.

GENEPOP4.0 was used to evaluate the statistical significance
of Hardy-Weinberg equilibrium (HWE) and linkage
disequilibrium test (LD) (Raymond and Rousset, 1995).
Chi-square tests were used to test for significant differences,
while sequential Bonferroni correction was used to adjust the
significance of p values for multiple tests (Rice, 1989).

Genetic variation among populations were evaluated using
pairwise Fst values, and bootstrap analysis (1000 permutations)
was used to test for their significant difference using FSTAT2.9.3.
Analysis of molecular variance (AMOVA) was used to compare
hierarchical genetic structure between and within populations
using ARLEQUIN 3.0 (Excoffier et al., 2005).

In order to evaluate individual migrant events across ocean
currents, GENECLASS 2.0 was used to estimate the probability
of each individual being assigned to a particular population based
on multilocus genotype data (Piry et al., 2004).

Principal component analysis (PCA) between populations was
performed using NTSYS software (Rohlf, 2005). To evaluate
the genetic relationships among populations, POPULATION
was used to calculate A matrix of pairwise D4 distance (Nei,
1972), and then a UPGMA dendrogram was constructed using
PHYLIP3.5c (Felsenstein, 1993).

RESULTS

Genetic Variation Within C. nobilis

Population

All 10 microsatellite loci were polymorphic in all five C. nobilis
populations. 83 different alleles were observed in these 10
loci, ranging in size from 66 to 464 bp. Microsatellites Cn206
and Cnll5 have the highest polymorphisms (11 alleles),
whereas locus Cn224 has the least polymorphism (five
alleles).  Moderate-to-high ~ polymorphism  information
content (PIC) was detected at most microsatellite loci in
each population (Table 2).

The intra-population allele frequencies of all 10 microsatellite
loci revealed differences among the five populations (Figure 2).
The mean number of alleles in all loci of the wild C. nobilis
population (HNLS) (5.1) was significantly lower than that of
the farmed C. nobilis populations (5.8-7.0). Since the number
of alleles is sensitive to the sample size, allele richness was used
for comparison. Consistent with the mean number of alleles,
the allele richness of the wild C. nobilis population was also the
lowest (5.1). Moreover, the average expected heterozygosity of
the wild C. nobilis population (0.596) was significantly lower
than that of the farmed C. nobilis populations (0.650-0.706).
The polymorphism information content (PIC) also showed
similar trends, in which the PIC of wild C. nobilis population
(0.526) was significantly lower than that of farmed C. nobilis
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FIGURE 2 | Allele size frequency distributions of the 10 microsatellite loci in
five C. nobilis populations in this studly.

populations (0.603-0.654). However, observed heterozygosity
showed the opposite trend. The observed heterozygosity of
the wild C. nobilis population (0.583) was significantly higher
than that of the farmed C. nobilis populations (0.507-0.547)
(Table 2). Nevertheless, there was no statistical difference
in genetic diversity between wild and farmed C. nobilis
populations (P > 0.05).
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The results of MICRO-CHECKER revealed that there were
no major allele dropout, scoring errors and null alleles in the
wild C. nobilis population. However, there were null alleles at
few microsatellite loci in every farmed C. nobilis populations.
In farmed C. nobilis populations, significant deviations from
Hardy-Weinberg equilibrium were observed in 10 of the 50
tests at the 5% level after sequential Bonferroni correction for
multiple tests, indicating heterozygote deficiencies. However, for
the wild C. nobilis population, all microsatellite loci were at the
H-W equilibrium value. No linkage disequilibrium was detected
among any loci in this study, indicating that these loci were
genetically independent.

Genetic Differentiation and Relationships
Among Populations

Pairwise Fst analyses revealed that the genetic differentiation
between wild and farmed C. nobilis populations (0.129-0.186)
was significantly higher than that among farmed C. nobilis
populations (0.046-0.14) (Table 3). Similar results have been
recorded from the Analysis of molecular variances (AMOVA) of
microsatellites, in which the variations within individuals, among
individuals within populations, and among populations were
71.40% (P = 0.000), 16.81% (P = 0.000), and 11.79% (P = 0.000),
respectively, and there were significant genetic differentiation
among the five populations (Table 4).

Bayesian assignment placed all wild individuals in
their own population with a score of 100. However,
farmed populations suffered a relatively high proportion of
misclassifications (Table 5).

Genetic relationships between populations were graphically
illustrated by a dendrogram (Figure 3) and PCA (Figure 4).
The UPGMA dendrogram showed that four farmed C. nobilis
populations were clustered together and the wild population
(HNLS) formed another cluster. Similar findings were observed
in the PCA scatter plots where two major groups can be seen
(i.e., FJDS-GXQZ and HNLS).

TABLE 3 | Pairwise Fst values between five noble scallop populations based on
10 microsatellite loci.

FJDS SZNA STNA GXQz HNLS
FJDS 0.000
SZNA 0.060** 0.000
STNA 0.077* 0.046** 0.000
GXQz 0.140™ 0.093** 0.087** 0.000
HNLS 0.172** 0.129* 0.183** 0.186™* 0.000

P < 0.01 following sequential Bonferroni correction.

TABLE 5 | Results of assignment tests based on the Bayesian method for 10
microsatellite loci of C. nobilis individuals.

Population Assigned to

FJDS SZNA STNA GXQz HNLS
FJDS 27 1 1 1 0
SZNA 1 29 0 0 0
STNA 2 1 29 0 0
GXQz 0 1 0 29 0
HNLS 0 0 0 0 30

In bold, number of individuals that were correctly assigned.

DISCUSSION

Maintaining genetic diversity is important for both wild
and farmed populations as it offers genotypes that respond
adaptively to changing environments (Fisher, 1958); in particular,
heterozygous individuals are often superior to homozygous
individuals in many aquaculture traits, including growth, fertility,
and disease resistance (Thai et al., 2007). In aquaculture, as
a result of limited broodstock and inbreeding activities, many
shellfish species have reduced genetic variability compared to
their wild stocks (Hedgecock and Sly, 1990; Evans et al., 2004;
Li et al, 2007). In this study, we found that a high level of
genetic diversity was maintained in the wild C. nobilis population
(HNLS). However, the most genetic parameters (except Ho) of
farmed C. nobilis populations were significantly higher than
wild C. nobilis population. In agreement with the findings of
Yuan et al. (2009) that based on mitochondrial 16S rRNA and
COI genes, the farmed population of C. nobilis has a higher
genetic diversity index than the wild population. In addition,
similar observations have also been documented in other marine
organisms, such as Salvelinus alpinus (Primmer et al., 1999) and
Salmo salar L. (Elliott and Reilly, 2003).

In farmed stocks, it is generally believe that genetic variation
is positively associated with the number of broodstock used.
However, we found that all hatchery populations showed
significant heterozygosity deficiency. In hatchery populations,
heterozygote deficiency is typically considered to result from
inbreeding. Although there was significant heterozygosity
deficiency in all hatchery populations, the diversity levels of
hatchery populations were still higher than the wild population.
Therefore, the possibility explanation for this phenomenon is that
the possibility of inbreeding was very small, which maybe due
to the mixing of broodstock during selection and propagation
process (Pucher et al., 2013). The results of Bayesian assignment
test confirmed that the genetic admixture of germplasms in

TABLE 4 | Analysis of molecular variance (AMOVA) of 10 microsatellite loci in five C. nobilis populations.

Source of variation Degrees of freedom Sum of squares Variance components Percentage of variation (%) P value
Among populations within groups 4 124.044 0.44496 11.79 0.000
Among individuals within populations 147 582.463 0.63413 16.81 0.000
Within individuals 152 409.500 2.69408 71.40 0.000
Total 303 1116.007 3.77316
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FIGURE 3 | UPGMA dendrogram showing the phylogenetic relationships among five samples of C. nobilis, based on a matrix of genetic distance (Nei, 1972).
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FIGURE 4 | Principal component analysis plotting the relationships of C. nobilis populations, based on a matrix of genetic distance (Nei, 1972).

the farmed C. nobilis populations is significant. Therefore,
the effect of reduced genetic diversity caused by heterozygote
deficiency was offset by the effect of increasing genetic diversity
of broodstock from multiple wild populations. It is not unclear
whether this high polymorphism caused by genetic admixture is
beneficial to the survival of this species. In Vietnam, Thai et al.
(2007) found that the levels of genetic diversity of carp in most

hatchery was similar to that of wild carp populations, and the
high genetic diversity of farmed carp was mainly contributed by
hybridization with imported stocks.

The highest mean heterozygosity observed across all loci
was in the wild population (HNLS) compared to all hatchery
populations and was nearly identical to its mean expected
heterozygosity because the wild population was in HWE.
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However, all examined farmed populations showed significant
deviations from Hardy-Weinberg equilibrium. These deviations
were mainly caused by heterozygote deficiency. In farmed
C. nobilis populations, heterozygote deficiency is typically
considered to be caused by a limited number broodstock and/or,
inbreeding (Kohlmann et al., 2005; An et al., 2011). In our case,
the significant deviations from HWE in hatchery populations
were caused by genetic admixture. Accordingly, others have also
observed high proportions of deviation from HWE in previous
studies of C. nobilis (Hui et al., 2006).

The genetic differentiation measured by the Fst values is
generally described as negligible (0-0.05), moderate (0.05-0.15),
great (0.15-0.25), and very great (above 0.25) (Wright, 1978;
Hartl and Clark, 1997). In our study, negligible and moderate
genetic differentiation was identified in four farmed C. nobilis
populations. Great genetic differentiation was found between
wild and hatchery C. nobilis populations, except for between
wild and SZNA. The AMOVA further indicated that there was
significant genetic differentiation among the five populations.
The significant genetic differences among Chinese farmed
populations and the population of Hainan were clearly
differentiated from other populations, which Yuan et al. (2009)
also found. However, they did not analyze the cause of
this significant differentiation. The results from the Bayesian
assignment test indicate that it may be caused by founder
effects and admixture.

Bayesian assignment test showed that the genetic admixture
was significant and widespread in artificial breeding of C. nobilis.
In this study, individuals from the wild C. nobilis population form
a single genetic group, which suggests that the wild population in
Lingshui, Hainan province did not mixed with other populations.
Therefore, more attention should be paid to its protection.

The UPGMA tree topology and PCA showed there is a clear
division between wild and farmed C. nobilis populations. This
genetic pattern showed that STNA and SZNA farmed populations
are closely related, and that STNA and SZNA could have derived
from similar broodstock.

Recently, the reduction of wild scallop resources has led to
an increase in the transfer of seed and stock for aquaculture.
Contradict with previous reports (Yuan et al., 2009), our data
revealed that due to genetic admixture, the genetic diversity of
farmed C. nobilis populations is higher than that of the wild
population. Although the four farmed C. nobilis populations
still have considerable genetic variation, heterozygote deficiency
and significant genetic differentiation populations were detected.
Therefore, in order to achieve sustainable development of
C. nobilis aquaculture and hatchery seed production, it is
important that hatcheries to maintain an effective population
sizes and avoid the breeding of closely related broodstock.

CONCLUSION

In conclusion, both wild C. nobilis population (HNLS), and
farmed C. nobilis populations recorded high levels of genetic

diversity. Interestingly, the genetic diversity of farmed C. nobilis
populations was significantly higher than that of wild C. nobilis
population, but the farmed C. nobilis populations showed
significant heterozygosity deficiency. Since genetic admixture
occur in the artificial breeding of C. nobilis, the effect of
reducing genetic diversity due to heterozygote deficiency was
offset by the effect of increased genetic diversity in broodstock
from multiple wild populations. These findings of this study
not only fill the knowledge gaps in the genetic diversity of
wild and farmed C. nobilis, but also serve as guidelines for
maintaining the genetic diversity of C. nobilis in both farmed and
wild populations.
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The razor clam, Sinonovacula constricta is a commercially important bivalve in
the western Pacific Ocean, yet little is known about the mechanisms of sex
determination/differentiation and gametogenesis. In the present study, the comparative
transcriptome analysis of adult gonads (female gonads and male gonads) was
conducted to identify potential sex-related genes in S. constricta. The number of
reads generated for each target library (three females and three males) ranged from
31,853,422 to 37,750,848, and 20,489,472 to 26,152,448 could be mapped to
the reference genome of S. constricta (the map percentage ranging from 63.71 to
71.48%). A total of 8,497 genes were identified to be differentially expressed between
the female and male gonads, of which 4,253 were female-biased (upregulated in
females), and 4,244 were male-biased. Forty-five genes were identified as potential
sex-related genes, including DmrtA2, Sox9, Fem-1b, and Fem-7c involved in sex
determination/differentiation and Vg, CYP17A1, SOHLH2, and TSSK involved in
gametogenesis. The expression profiles of 12 genes were validated by gRT-PCR, which
further confirmed the reliability and accuracy of the RNA-Seq results. Our results provide
basic information about the genes involved in sex determination/differentiation and
gametogenesis, and pave the way for further studies on reproduction and breeding
in S. constricta and other marine bivalves.

Keywords: Sinonovacula constricta, gonad, transcriptome analysis, sex determination/differentiation,
gametogenesis

INTRODUCTION

The razor clam, Sinonovacula constricta is a marine bivalve, living in the lower to mid intertidal
zones along the western Pacific Ocean coast (Morton, 1984; Wang and Xu, 1997). Razor clam
farming began almost 500 years ago in southeastern China, particularly in the coastal areas of
Fujian and Zhejiang Province (Wang et al., 1993). In China, S. constricta has become one of the
most commercially important cultured clam species and has huge market potential. Therefore, it
is urgent to further improve the technique in the field of artificial propagation and culture of this
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species. For the S. constricta selection program, the aim is to
construct inbred lines with a variety of traits, such as rapid
growth, that underlie successful reproduction.

Compared with other economically important molluscan
species, S. constricta is diecious (i.e., with fixed gender;
individuals do not change sex), and the gonad maturation period
is from September to October (Wu and Xu, 2000). Furthermore,
it is difficult to differentiate between female and male clams
with external morphological characteristics, especially before
sex maturity (Wang et al.,, 1993). Therefore, gonadal maturity
and synchronicity cannot be estimated by appearance, yet they
are important factors for successful artificial reproduction. In
the artificial reproduction conditions of bivalves, the successful
hatching of selected spat relies on production of gametes and
embryos from synchronous breeders. Therefore, it is essential
to achieve genetic improvement for controlled reproduction,
which depends on understanding molecular mechanisms and
factors that control reproduction (Vahirua-Lechat et al., 2008;
Moullac et al., 2013). However, the mechanisms that underlie
gonad development and sex determination/differentiation in
S. constricta are poorly understood, and there is no gene
yet identified as an actor involved in gonad development or
sex determination.

Gender is the product of sex determination/differentiation.
Genetic or environmental processes that establish the gender
of an organism, lead to specific molecular cascades, which
can change an undifferentiated gonad into an ovary or a
testis (Penman and Piferrer, 2008; Piferrer and Guiguen,
2008). Previous genetic studies have shown that some genes
expressed in a sexually dimorphic manner in the progress of
activation of the ovarian or testis pathway or repression of the
alternative pathway, and this process determines the resulting
sex or gonad development in model organisms (Piferrer and
Guiguen, 2008). In bivalves, studies have identified some genes
related to sex determination/differentiation or gametogenesis,
for example, Dmrt (Doublesex- and mab-3-related transcription
factor) and SoxE involved in male determination in Crassostrea
gigas (Naimi et al, 2009a; Santerre et al., 2014), and FoxI2
and Beta-catenin involved in female determination in Chlamys
farreri (Liu et al, 2012; Li et al, 2014). In recent years,
transcriptome sequencing analysis has been widely used to
screen for potentially sex-related genes in bivalves. In C. gigas,
genes involved in sex-determining pathways, such as SoxH and
FoxI2 were identified by male and female gonad transcriptome
analysis (Zhang et al, 2014). In Pinctada margaritifera, genes
such as Dmrt, Fem-1, FoxI2, and Vitellogenin (Vg) were
identified as potential sex differentiation/determining genes
based on transcriptional change in male and female gonads at
different development stages (Teaniniuraitemoana et al., 2014).
In Patinopecten yessoensis, transcriptome sequencing revealed
that the FoxI2 gene was ovary-biased and Dmrtl, SoxH, Fem-
I, and Sox9 were testis-biased (Yang et al, 2016; Li et al.,
2016; Zhou et al,, 2019). In Tegillarca granosa, genes such
as Sox, FoxlI2, and Beta-catenin were identified as sex-related
genes from the gonad transcriptome data (Chen et al., 2017).
The Vg gene was identified to be expressed especially in
female gonads in C. gigas (Matsumoto et al., 2003), C. farreri

(Qin et al, 2012), and P. yessoensis (Yang et al, 2016).
Clearly, studies on sex-related genes not only contribute to
improving our knowledge about molecular mechanisms of
sex determination/differentiation and gonad development, but
also may be applicable to reproductive control of cultured
mollusks. However, little is known about the sex-related genes in
S. constricta.

Recently, the genomic sequence and a large number of
transcriptomic data of S. constricta have been available (Niu
et al, 2013; Ran et al, 2019; Dong et al., 2020), however,
the genes related with sex determination/differentiation or
gametogenesis were still not identified. In this study, we analyzed
the female and male gonadal transcriptomes of S. constricta
using Illumina sequencing technology, compared expression
patterns of differentially expressed genes between female and
male gonads, and identified potential sex-related genes. This
study aims to identify genes that potentially involved in sex
determination/differentiation or gametogenesis. Our results will
be useful for further studies on reproduction control and artificial
propagation practice in S. constricta.

MATERIALS AND METHODS
Animal Sampling and RNA Extraction

Two-year-old mature clams were collected from the Technology
Innovation Base of Marine and Fisheries of Ningbo, Zhejiang
province, China and used for gonadal transcriptomic sequencing.
During the reproduction season, the mature gonads of
S. constricta are full of sperms or eggs. The gender of clams
was confirmed by observing the presence of sperms or eggs
under a microscope. Three female and three male clams were
selected, and their gonad tissues were sampled and frozen in
liquid nitrogen and then stored at —80°C until RNA extraction.
The three females were designed as ScF1, ScF2, and ScF3
and three males were designed as ScM1, ScM2, and ScM3.
Total RNA from each gonad tissue was isolated with Trizol
reagent (Invitrogen, United States) according to manufacturer’s
instructions. DNase I was used to remove DNA contamination
from the isolated RNA, and the RNA quantity and quality were
evaluated by an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, United States).

cDNA Library Construction, Sequencing,
and Reference-Based Assembly

Six cDNA libraries were constructed according to the standard
protocol provided by Biomarker Technologies Co. (Beijing,
China). Briefly, mRNA was purified from total RNA with oligo
(dT) magnetic beads and fragmented with divalent cations buffer
under elevated temperature. First-strand cDNA was generated
using random hexamer-primed reverse transcription followed by
the synthesis of second-strand cDNA using RNase H and DNA
polymerase I. Then the double-strand cDNA was purified and
washed with elution buffer followed by end reparation, dA-tailing
and ligated to sequencing adapters. Afterward, adaptor-ligated
fragments were purified, and suitable fragments were chosen as
templates for PCR amplification. The prepared cDNA libraries
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were sequenced on the Illumina HiSeq 2500 platform (San Diego,
United States) with 150 bp paired-end model.

The raw reads from the six samples were pre-processed by
trimming the adaptor sequences and filtering the ambiguous
or low-quality short reads with software (Grabherr et al,
2011). Then the resulting high-quality reads from all samples
were mapped to the reference genome of S. constricta
(WSY000000000.1) using HISAT2 (Kim et al., 2015). String Tie
software (Shen et al., 2014) were used to assemble mapped reads
and compared with reference genome annotation to discover
novel genes. All novel genes were subjected to annotation
with different databases, including Swiss-Prot,' NR (NCBI non-
redundant protein database),> GO (Gene Ontology), and KEGG
(Kyoto Encyclopedia of Genes and Genomes).” BLASTX searches
were conducted in the NR database and Swiss-Prot database with
an e-value threshold of 1E-5.

Sample Relationship Analysis

The correlation coefficient between biological replicates was
used to evaluate sample repeatability, and low correlation
sample was removed for further analysis. In order to study the
global transcriptomic differences and correlation among samples
from the two sexes, Principal component analysis (PCA) was
conducted and a heat map was generated. PCA was performed
on the basic of the average fragments per kilobase of transcript
per million mapped reads (FPKM) values for all expressed genes
in each sample, and sample repeatability analysis was presented
via heat map using R scripts.

Analysis of DEGs (Differentially
Expressed Genes) and Function

Enrichment

Gene expression level was generally estimated by mapping
clean reads to the trinity transcript assembly by RSEM for
each sample (Li and Dewey, 2011). Meanwhile, the gene
expression level was presented in a normalized expressed value
as FPKM. Afterward, reconstruction of transcript assemblies
was performed by the reference genome annotation-based
transcripts assembly program within the Cufflinks software
package to obtain a comprehensive set of transcripts for
further differential analysis. The DESeq2 R package was used
to identify differentially expressed genes (DEGs) between the
two sexes (Anders and Huber, 2010). DEGs were defined as
|Log2FoldChange| > 1 and a false-discovery rate < 0.01. The
transcriptional pattern variations between the two sexes were
assessed by DEG union, and R scripts were used to generate a
heat map of the DEGs.

For enrichment analysis, all DEGs were mapped to terms in
the KEGG and GO databases using BLAST algorithm with an
E-value of < le-5, and the significantly (P < 0.05) enriched
KEGG and GO terms in DEGs were identified compared with the
transcriptome background.

'http://www.ebi.ac.uk/swissprot/
Zhttp://www.ncbi.nlm.nih.gov/
Shttp://www.genome.jp/kegg/

Gene Expression Analysis by
Quantitative Real-Time PCR (qRT-PCR)

To validate the transcriptome sequencing data and the genes
that might be potential sex-related genes obtained from DESeq
analysis, 12 DEGs were chosen and quantified using quantitative
real-time PCR (qRT-PCR). Total RNA was first extracted from
each sample by using Trizol Reagent (Invitrogen), and cDNA

was then synthesized using the PrimeScriptTM RT reagent
Kit with gDNA Eraser (Takara, Japan). Finally, qRT-PCR was
performed using iTaq Universal SYBR Green Supermix (Bio-
Rad, United States) according to manufacturer’s instructions on
an ABI 7500 Fast Real-time PCR System (Applied Biosystems,
United States). The 18S rRNA gene was chosen as the reference
gene to serve as an internal control. The 12 pairs of prime
sequences used for qRT-PCR analysis were listed in Table 1.
Each 20 pL reaction system contained the following components:
10 nL iTaq Universal SYBR Green Supermix, 1 wL each primer,
0.8 WL cDNA, and 7.2 pL deionized water. The procedure of gqRT-
PCR was set as following: 94°C for 20 s and 40 cycles of 94°C for
35,60°C for 15 s, and 72°C for 10 s. The gene relative expression
level was calculated with the 2722 methods, and the results
were compared using one-way analysis of variance in SPSS 20.0
(SPSS, United States). P < 0.05 was considered to be statistically
significant. The fold changes of 12 genes in female samples vs.
male samples were calculated via FPKM, and the log,FoldChange
values of these genes obtained by RNA-Seq and qRT-PCR were
used for graphical presentation.

To detect tissue expression pattern of some DEGs, eight
tissues, including hepatopancreas, gill, mantle, siphon, adductor
muscle, foot, female gonad and male gonad, were collected from
three female and three male individuals, respectively, at mature
stage. And gene expressions levels were analyzed by qRT-PCR
followed the aforementioned procedure.

Sequence Analysis of Sex-Related Genes
The amino acid sequences used for sequence analysis were all
retrieved from GenBank. Protein domain structure analysis was
performed with SMART software. Multiple sequence alignments
were performed by the ClustalW2 program and phylogenetic
trees with bootstrap values were constructed with MEGA 7.0
software using the neighbor-joining method. The numbers in
the branches of phylogenetic trees represent the bootstrap values
from 1,000 replicates, and all the sequence GenBank accession
numbers were listed in Supplementary Table 1.

RESULTS

Sequence Analysis and Gonad

Transcriptome Assembly

To  better  understand the  mechanism  of  sex
determination/differentiation and gametogenesis in S. constricta,
a comparative transcriptomic analysis was conducted. Six cDNA
libraries (Female: ScF1, ScF2, and ScF3; Male: ScM1, ScM2, and
ScM3) were sequenced and assembled. The number of reads
generated for each library ranged from 31,853,422 to 37,750,848,
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with Q30 values ranging from 94.34 to 94.79% (Table 2). Among
the clean reads, the number of reads that could be mapped to
the reference genome ranged from 20,489,472 to 26,152,448,
and the percentage of clean reads ranged from 63.71 to 71.48%
in the different libraries (Table 2). After alignment with the
reference genome, 30,651 genes (including 10,092 novel genes)
were obtained from global gonad transcriptomes, and 24,198
genes (including 5,279 novel genes) were function-annotated in
the GO, NR, KEGG and Swiss-Prot databases. We deposited the
transcriptome data into the NCBI Sequence Read Archive (SRA)
under accession numbers SRR9937008-SRR9937013.

DEGs Identification and Function

Enrichment Analysis

PCA revealed strong clustering associated with sex, and there
were obvious differences in transcript expression between ovaries
and testis excluding the ScMI sample (Figure 1A). Meanwhile,

a heat map plot for sample relationship analysis also showed
that sex identification of samples was exact, except for the ScM1
sample (Figure 1B). The Pearson’s correlation coefficient (r?)
were 0.102 and 0.264 between ScM1 and ScM2, ScM1, and ScM3,
respectively, with low coeflicient, so the RNA-Seq data from the
ScM1 sample were excluded from further analysis.

For the differential expression analysis, 8,497 DEGs were
identified between female gonad group and male gonad group.
Compared to female gonad group, 4,244 genes were significantly
up-regulated in male gonad group, accounting for 49.95% of
all significant DEGs, and 4,253 genes were significantly down-
regulated in male gonad group, accounting for 50.05% of all
significant DEGs (Figure 2). Of all the significant DEGs, 6,823
genes were function-annotated in the GO, Swiss-Prot, KEGG and
NR databases by BLASTX with a cut-off E-value of 1 x 107>.

To explore the potential functions of these DEGs in
sex determination/differentiation and gametogenesis, GO
and KEGG pathway enrichment analyses were performed.

TABLE 1 | The information of genes validated by qRT-PCR.

Gene ID Gene name Annotation Primer sequence(5'-3')
ctg423.9/MZ440691 DmrtA2 Doublesex and mab-3 related transcription factor A2-like protein F: ACACCGAAATGTGCCAGA
R: TCCCTCCAGCGACAATAA
ctg57.8/MZ440689 Fem-1b Feminization-1b F: TTCTTGGCGGAATGGACG
R: TCGGATGTCTTGGTGGGC
ctg186.37/MZ440688 Fem-1c Protein fem-1 homolog C-like F: CAGATTTGGAACAGGTCGGAT
R: AGATGCTGCTCTCAGTGGTGTT
ctg163.27/MZ440690 Sox9 Transcription factor SOX-9-like F: ACCCACAAGCCCAGCCTAT
R: GCGAGGTTGCCTTGGAAA
novel gene_19266 CYP17A1 Steroid 17-alpha-hydroxylase/17,20 lyase isoform X1 F: GGTGGCTCTCATTTGTGGTCTT
R: AAGGCAGTCGTGATGTCGTTG
ctg318.17 Smoktcr Sperm motility kinase Ter mutant form-like F: TGACCCCGTGTTCTGTAATG
R: ATGGCACTGAACGGAATAGC
ctg1.91 TSSK Testis-specific serine/threonine kinase F: CCCGTTGATGTGAAGAAGGT
R: ACTTTGAAAATCTCGTGGCG
ctg674.14 GATA-7 GATA zinc finger domain-containing protein 7-like F: CGCACGCACCGCATTCAC
R: ATGAGACGCTTCCGCCCG
novel gene _31922 SOHLH2 Spermatogenesis- and oogenesis-specific basic helix-loop-helix-containing F: AGGGAGCGTATCAAGGACAGC
protein 2 R: TTGCCCTTCCTGTTGAAAATG
novel gene _13121 FoxA1 Forkhead box protein A1-A-like F: GGGGTGGATAAGGAGAGTGG
R: TGGGGTCCTGAAGCGATG
ctg1559.4 Beta-catenin Beta-catenin F: AGACCCTCTTCCAGCGTTTC
R: GGCTTCACACAGGAACAGGT
novel gene _30040 Vg Vitellogenin F: CAGATGTGGTGTTAGAGATGGAAT
R: GGACATACGAGAATGAGGTAGGTT
18S rRNA F: TCGGTTCTATTGCGTTGGTTTT
R: CAGTTGGCATCGTTTATGGTCA
TABLE 2 | Summary statistics of gonad transcriptome sequencing for S. constricta from ovary and testis.
Sample ID Female Male
ScF1 ScF2 ScF3 ScM1 ScM2 ScM3
Clean reads 36,051,818 37,073,896 37,750,848 33,338,138 31,853,422 32,159,464
Base pairs 4,533,013,162 4,662,926,212 4,746,412,276 4,193,274,532 4,007,164,874 4,045,487,056
Mapped reads 25,768,615 25,789,370 26,152,448 22,453,357 20,553,483 20,489,473
Mapped percentage (%) 71.48% 69.56% 69.28% 67.35% 64.53% 63.71%
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FIGURE 1 | Expression pattern analysis of gonad samples in S. constricta. (A) Principal components analysis (PCA) showed the strong clustering associated with
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GO functional enrichment analysis showed that 2,746
DEGs had a GO ID and could be categorized into 1,965

functional groups in three main categories: biological
process, cellular component, and molecular function.
Additionally, 151 GO terms were significantly enriched

(P < 0.05). Biological process GO terms related to DNA
repair (GO:0006281), DNA replication (GO:0006260), and
nucleic acid phosphodiester bond hydrolysis (GO:0090305)
were significantly enriched (P < 0.05), as were molecular
function GO terms related to ATP binding (GO:0005524)
and nucleic acid binding (GO:0003676) and cell cellular
component GO terms related to nucleus (GO:0005634), catalytic
step 2 spliceosome (GO:0071013), and Cdc73/Pafl complex
(GO:0016593) (Figure 3).

In the KEGG analysis, 1,364 DEGs had KEGG assignations
and were associated with 221 pathways. Figure 4 shows the
top 20 enriched pathways. DNA replication, nucleotide excision
repair, spliceosome, Fanconi anemia pathway, lysosome, RNA
transport, and carbon metabolism were significantly enriched
in KEGG pathways (P < 0.05), which showed patterns similar
to those of the GO terms. Specifically, lysosome, endocytosis,
phagosome, sphingolipid metabolism, carbon metabolism, and
glycerophospholipid metabolism were significantly enriched
in male gonad group (P < 0.05) (Figure 4A), whereas
RNA transport, spliceosome, pyrimidine metabolism, ubiquitin
mediated proteolysis, Fanconi anemia pathway, DNA replication,
and nucleotide excision repair were significantly enriched in
female gonad group (P < 0.05) (Figure 4B). Some of the
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DEGs were enriched in the progesterone-mediated oocyte
maturation, estrogen signaling pathway, oocyte meiosis, oxytocin
signaling pathway, ovarian steroidogenesis, mTOR signaling
pathway, FoxO signaling pathway, Wnt signaling pathway,
GnRH signaling pathway, ubiquitin-mediated proteolysis, and
insulin secretion, which are known to be involved in male
and female germ cell development. Some of these GO term
and KEGG pathway enrichments were closely related to sex
determination/differentiation or gametogenesis. At least 45 genes
were identified as sex-related genes that might be involved in
sex determination/differentiation or gametogenesis, and most
of them were enriched in the GO function terms and KEGG
pathways mentioned above (Supplementary Table 2).

Identification of DEGs Related to Sex
Determination/Differentiation and Gonad
Development

A heat map illustrating the hierarchical clustering of the genes

differentially expressed between female and male gonads was
conducted to visualize the overall gene expression pattern,

and four clusters with similar gene expression patterns were
generated (Figure 5). From the clusters, a catalog of 45
genes potentially involved in sex-determination/differentiation
or gametogenesis was generated (Supplementary Table 1).
The roles of these genes are unknown in S. constricta, but
most of them have been identified as playing important
roles in sex-determination/differentiation or gametogenesis in
other organisms.

Cluster 1 included 277 genes, of which 41 genes showed
significant similarities to known proteins, and 64 genes possessed
GO assignations. And several genes known to be involved in male
sex determination/differentiation were identified, including Fem-
1b (Fem-1b, ctg57.8) and Fem-1c (Fem-1c, ctgl86.37). Genes such
as E3 ubiquitin-protein ligase R2-like (R2, novel gene_12556) and
sperm motility kinase Tcr mutant form-like (Smoktcr, ctg318.17
and ctg318.18) were also found, and they have been described as
playing roles in spermatogenesis.

In cluster 2(including 2,545 genes), Beta-catenin (Beta-
catenin, ctgl559.4, and ctgl559.5) and 3-oxo-5-alpha-steroid 4-
dehydrogenase 1 (SRD5A1, ctg350.13) were detected, and they are
known to be involved in sex determination/differentiation. Genes
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involved in oogenesis and oocyte maturation were also found, such as I7beta-HSDI4 gene, which is of great importance
including mitotic apparatus protein p62-like isoform X2 (MP62, to gametogenesis.

ctgl97.11) and LisI (Lisl, ctg955.10). Some genes involved in In cluster 3 (including 323 genes), we identified genes
catalyzing steroid biosynthesis and metabolism were also found, encoding proteins involved in spermatogenesis and oogenesis,
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such as spermatogenesis- and oogenesis-specific basic helix-loop-
helix-containing protein 2 (SOHLH2, novel gene _31922) and
spermatogenesis-associated protein 24-like (SPATA24, ctg9357.1).
A few genes implicated in glycoprotein biosynthesis and
metabolism were also found, such as vitellogenin (Vg, novel gene
_30040) and vitellogenin-6 (Vg-6, novel gene _30041), which are
important for female gonad development.

Of the 5352 genes in cluster 4, a large number of genes
were found to be differentially expressed between females
and males and involved in oogenesis or spermatogenesis.
Genes potentially involved in male sex determination included
double sex and mab-3 related transcription factor A2-like
protein (DmrtA2, ctg423.9) and transcription factor Sox-9-like
(Sox9, ctgl63.27). Genes implicated in spermatid differentiation
and development, including meiotic recombination protein
SPO11-like (SPO11, ctg915.3) and testis-specific serine/threonine-
protein (TSSK, ctgl.91; TSSK1, ctgl.92; TSSK4, ctg207.28), were
found, as were genes associated with oogenesis, including
cytochrome P450 26A1(CYP26AI1, ctgl46.9) and steroid 17-
alpha-hydroxylase/17,20 lyase-like (CYP17A1, ctg67.144). Serine-
protein kinase ATM-like isoform X2 (ATM, ctg637.23), which is
involved in female gamete generation and oocyte development,
was also identified.

Gene Expression and Sequence Analysis

of Sex-Related Genes

Twelve genes were chosen for qRT-PCR analysis to validate
the differential expression results identified by RNA-Seq. qRT-
PCR results showed that the expression levels of DmrtA2, Sox9,
Fem-1b, Fem-1c, CYP17A1, Smoktcr, TSSK, and GATA-7 in male
gonads were significantly higher than those in female gonads
(P < 0.05, Figure 6A), whereas SOHLH?2, FoxAl, Beta-catenin,
and Vg were significantly highly expressed in female gonads than
in male gonads (P < 0.05, Figure 6B). The expression patterns
of these DEGs validated by qRT-PCR were generally consistent

with the RNA-Seq results (Figure 7), which further confirmed the
reliability and accuracy of the RNA-Seq data.

To investigate potential sex-related genes of S. constricta, four
crucial genes DmrtA2, Sox9, Fem-1b, and Fem-1c were further
examined and analyzed, and named ScDmrtA2, ScSox9, ScFem-
1b, and ScFem-1c in S. constricta, respectively.

ScDmrtA2

A full-length transcript of ScDmrtA2 (GenBank no.: MZ440691)
was identified with an opening reading frame (ORF) of 1,170
bp encoding 389 amino acids. The deduced amino acids
contain the DM domain (34-87 aa) consensus sequences
(Figure 8A1). The phylogenetic tree showed that ScDmrtA2
was first clustered with DmrtA2 of Hyriopsis cumingii, and then
grouped with the clade including scallops (Pecten maximus and
Mizuhopecten yessoensis) and oysters (C. gigas and Crassostrea
virginica). Finally, the molluscan DmrtA2 clade was clustered
with the vertebrate DmrtA2 clade (Figure 8A2). Expression
profile of ScDmrtA2 in different adult tissues revealed that
ScDmrtA2 expressed significantly higher in mantle and gill
(P < 0.05) than other tissues, and the expression level in male
gonads is also significantly higher than that in female gonads
(P < 0.05) (Figure 8A3).

ScSox9

ScSox9 (GenBank no.: MZ440690) was identified with ORF of
1,458 bp encoding 485 aa. An HMG domain consensus sequences
were found from 76 to 146 aa in the deduced amino acids
(Figure 8B1). The phylogenetic tree showed that ScSox9 was
clustered with Sox9 of mollusks with the high bootstrap support
(92), and then clustered with Sox9 of vertebrate species (bootstrap
support 100) (Figure 8B2). Tissue expression analysis showed
that ScSox9 was expressed in all nine examined tissues, and
expressed significantly higher in foot and adductor muscle than
in other tissues (P < 0.05) (Figure 8B3). Meanwhile, the relative
expression level of ScSox9 in male gonads is about 4.25 folds
higher than in female gonads.
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FIGURE 6 | Relative expression level of male-biased genes (A) and female-biased genes (B) between female and male gonads in S. constricta (n = 4). Significant
differences between female and male gonads are indicated with an asterisk for P< 0.05, and with two asterisks for P< 0.01.
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ScFem-1b and ScFem-1c

Two Fem-1 family genes, Fem-1b (GenBank no.: MZ440689)
and Fem-1c (GenBank no.: MZ440688), were identified with
complete ORF sequences of 1,911 and 1,869 bp, respectively.
The deduced amino acid sequences of Fem-1b and Fem-1c
were 636 and 622 aa, respectively, both of which contain seven
ankyrin (ANK) repeats at N-terminus and two ankyrin repeats
at C-terminus. The ANK repeats are characteristics of the Fem
family proteins (Figures 9A1,A2). The phylogenetic tree showed
that ScFem-1b and ScFem-1c had closer relationships to other
mollusks, and were both grouped with mollusks with high
bootstrap support (Femlb 92 and Fem-1c 100), respectively
(Figure 9B). Both ScFem-1b and ScFem-1c were expressed in
all tissues, and both of them expressed at highest level in male
gonads among all detected tissues (P<0.05) (Figures 9C1,C2).

DISCUSSION

By analyzing the female and male gonad transcriptome of
S. constricta, we identified at least 45 sex-related genes,
including DmrtA2, Sox9, Fem-1b, Fem-Ic, and Beta-catenin
potentially involved in sex determination or differentiation,
and Vg, CYPI17AI, TSSK, and SOHLH2 potentially involved
in gametogenesis.

Potential Sex Determination/Differentiation

Genes in S. constricta

Four potential male sex determining genes (DmrtA2, Sox9, Fem-
1b, and Fem-1c) were all expressed significantly higher in male
gonads than in female gonads (P < 0.05). In vertebrates, Dmrt is
an important gene involved in sex determination/differentiation,
which is a transcription factor and contains a characteristic
zinc finger DM domain (Guo et al, 2005; Kopp, 2012).
Mammals have at least seven DM domain genes, most of them

showed obvious gonadal expression (Xu et al., 2013). DmrtA2
belongs to Dmrt family, and was expressed specially in testis
in human, which suggested DmrtA2 might be involved in
sexual development (Ottolenghi et al., 2002). In adult zebrafish,
DmrtA2 was specially expressed in testis, ovary and brain,
and the expression level is higher in testis than in ovary
(Guo et al., 2004). Furthermore, zebrafish DmrtA2 expression
was restricted in developing germ cells and brain, especially
in spermatogonia, spermatocytes, spermatids, and sperm cells,
which suggested that DmrtA2 was potentially involved in
gonadal development and spermatogenesis (Guo et al.,, 2004;
Xu et al, 2013). In this study, compared to female gonads,
we detected significant elevation of DmrtA2 gene expression
in the testis of S. constricta, which might be involved in
male gonad development and spermatogenesis, and this would
be consistent with the patterns in zebrafish. ScDmrtA2 were
also detected to express significantly higher in mantle and gill
than in other tissues (P < 0.05), and Yu et al. (2009) also
found high expression of DmrtA2 in mantle, gill, digestive
diverticulum and adductor muscle besides male and female
gonads in Pinctada matensii, suggesting that DmrtA2 might exert
other functions in mollusks.

We also found that the Sox9 gene, a homolog of the SoxE
gene, was male-biased and therefore might be a potential sex
determination gene in S. conmstricta. The transcription factor
Sox9 containing an HMG domain, is a key gene in the
mammalian testis determining pathway, and plays important
roles in male gonadic differentiation and maintenance (Wagner
et al., 1994; Knower et al.,, 2011). In P. margaritifera, the Sox9
gene was also identified as a potential sex determination gene
(Teaniniuraitemoana et al., 2014). The expression profiles of
SoxE in C. gigas suggested its important roles in early sex
differentiation (Santerre et al., 2014).

Fem-1 gene, as a sex-determining gene for male body
development and spermatogenesis, was first discovered in

A1 c1
~~~~~~~~~~~~~ BORREE B b
—~— B )
——Big0— B
L1
~—— OO0 N
A2 Cc2
—-—DOREIEE - B
o~ R IBIIE—— B -
ST —
- R B
-~ B ERREE—— B M

FIGURE 9 | Sequence analysis of ScFem-1b and ScFem-1c and their expression profile in adult tissues with standard deviation as error bars (n = 3). Domain
analysis of ScFem-1b (A1) and ScFem-1c (A2) with that of other model species. The phylogenetic tree of Fem-1b and Fem-1c¢ proteins (B). Expression profile of
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Caenorhabditis elegans (Ventura-Holman et al., 1998). In
vertebrates, the Fem-1 family contains three conservative
members: Fem-la, Fem-1b, and Fem-Ic, which are able to
feminize nematode sex differentiation (Ventura-Holman and
Maher, 2000; Krakow et al, 2001; Ventura-Holman et al,
2003). The Fem-1 gene identified in P. margaritifera was
thought to be related to sex determination (Teaniniuraitemoana
et al, 2014), and the Fem-Ic gene in P. yessoensis showed
upregulated expression in females (Yang et al., 2016). Using
both qRT-PCR and RNA-Seq, we observed significant increases
in mRNA levels of the Fem-1b and Fem-Ic genes in male
gonads of S. constricta, which suggested their functions in sex
determination/differentiation.

FoxAl, FoxD2, and Beta-catenin were also identified to
be involved in the female sex determination/differentiation in
S. constricta. Fox gene family members are transcription factors
and some of which play important roles in ovarian development
(Shimeld et al., 2010). For example, the FoxI2 gene has been
found to be involved in ovary differentiation and maintenance
in vertebrates (Ottolenghi, 2005; Uhlenhaut et al., 2009). In
mollusks, the FoxI2 gene has been identified in C. farreri (Liu
et al,, 2012), C. gigas (Naimi et al., 2009b; Zhang et al., 2014),
P. yessoensis (Li et al., 2016; Yang et al., 2016), and P. margaritifera
(Teaniniuraitemoana et al., 2014), and it is thought to be a master
regulator of female sex determination or ovarian maintenance.
However, we did not find the FoxI2 gene in our RNA-Seq results
of S. constricta, although FoxAl and FoxD2 were present and
ovary-biased. In the canonical Wnt signaling pathway, Beta-
catenin is a key transcriptional regulator and is essential for
ovarian development and maintenance in mammals (Liu et al,,
2009). Beta-catenin was found to be localized in the oocytes of
the ovary, and its expression was significantly high in the ovaries
in C. farreri (Li et al., 2014). Here, Beta-catenin was expressed
in both male and female gonads, however, its expression level
was significantly higher in the ovaries than in the testis, which
suggested Beta-catenin might play important roles in ovarian
differentiation and maintenance in S. constricta.

Identification of Genes Involved in

Gametogenesis

In our study, some genes putatively involved in oogenesis
and spermatogenesis were also identified. For example, Vg,
Vg-6, and SOHLH2 were female-biased, and CYPI7A1, TSSK,
TSSK1, and TSSK4 were male-biased in S. constricta. Vg
or Vg-6 as the storage protein and non-polar molecular
carrier has been speculated to be involved in combining
and transferring proteins, lipids, carotenoids and vitamin to
oocytes during oogenesis (Wallace, 1985). In C. farreri and
C. gigas, Vg was found to be specifically expressed in ovaries
(Matsumoto et al., 2003; Qin et al., 2012). In S. constricta,
the expression levels of Vg and Vg-6 were significantly higher
in ovaries than in testis, suggesting their important roles
in oocyte development. SOHLH2 is a universal transcription
regulator of both male and female germline differentiation,
with distinct and sex-specific downstream pathways that induce
genes important to spermatogonia differentiation and coordinate

oocyte differentiation without affecting meiosis I (Suzuki et al.,
2011; Shin et al., 2017). In S. constricta, SOHLH2 was expressed
in both male and female gonads, with significantly higher
expression in female gonads.

CYP17A1, a cytochrome P450 monooxygenase, is involved
in the biosynthesis of steroid hormones, such as corticoid
and androgen, which occurred in adrenal glands and gonads.
Therefore, it indicates that CYPI7AI is involved in gonad
development (Yoshimoto et al., 2016). TSSK, TSSK1, and TSSK4
exhibited high expression levels in male gonads of S. constricta.
TSSK family members play important roles in cytoplasm
reconstruction at the late stage of spermatogenesis. Knockout
of TSSK1 would result in spermatogonial or spermatocytic
apoptosis deficiencies in mouse (Shang et al., 2010; Jha et al.,
2013). Therefore, TSSK, TSSK1, and TSSK4 were characterized
as male-specific genes in adult mature gonads, indicating their
important roles in spermatogenesis.

CONCLUSION

In conclusion, we identified 45 sex-related genes that might
be potentially involved in sex determination/differentiation or
gametogenesis in S. constricta. These genes included DmrtA2,
Sox9, Fem-1b, and Fem-Ic for sex determination/differentiation
and Vg CYPI17AI, SOHLH2, and TSSK for gametogenesis.
Identification of sex-related genes not only contributes to our
understanding of reproduction in S. constricta, but also may
be applicable to developing methods to control reproduction to
support sustainable development of the clam farming.
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Molluscan shell color has consistently drawn attention for its abundant diversity and
commercial use in shellfish breeding projects. Recently, two new strains of bay scallop
(Argopecten irradians irradians) with different shell colors as marked phenotypic traits
have been artificially bred to improve their economic values; however, the inheritance
mechanism of their shell pigmentation is still unclear. In this study, a genome-wide
association study (GWAS) was conducted to determine the genetic basis of shell color
in bay scallops utilizing 29,036 high-quality single-nucleotide polymorphisms (SNPs)
derived from 80 purple-red (PP) and 80 black-brown (BP) shell color individuals. The
result of the GWAS showed that 469 SNPs (p < 1.72E—6) significantly associated
with shell color were mainly distributed in chromosome 7. The top three SNPs
(i.e., chr7-12764003, chr7-13213864, and chr7-11899306) are located in the genic
region of G-protein-coupled receptor-like 101 (GRL101), polyketide synthase 1 (PKST),
and phosphoinositide phospholipase C (PLC1), which have been widely reported
to be involved in pigmentation. Successfully, the top three SNPs were verified in
another non-breeding bay scallop population. Furthermore, Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses obtained 38
GO terms covering 297 genes and aggregating pathways involving 252 annotated
genes. Specifically, the expression profiles of the top three identified candidate genes
were detected in mantles of PP and BP individuals by real-time quantitative reverse
transcription PCR. The significantly higher expression levels of GRL707 (6.43-fold) and
PLC1 (6.48-fold) in PP, and PKS7 (12.02-fold) in BP implied that GRL707 and PLC1
potentially functioned in PP shell coloration, and black pigmentation in BP might be
principally regulated by PKST. Our data provide valuable information for deciphering the
phenotype differences of shell color in the bay scallop.

Keywords: genome-wide association study, Argopecten irradians irradians, shell color, single nucleotide
polymorphism, candidate genes
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INTRODUCTION

The shell of mollusks with diverse forms and alternative colors
has always appealed to consumers and scientists (Comfort,
1950). Shell color of marine mollusks, an obvious and marked
genetic-based phenotypic trait, has been proven to be closely
related to production traits (Cong et al, 2014; Zhang et al,
2016). Therefore, shell color has been widely applied in the
selective breeding project of economic shellfish, such as oysters
(Xu et al., 2019; Han et al., 2020), mussels (Innes and Leslie,
1977; Li et al, 2014), scallops (Petersen et al, 2012; Ding
et al., 2015), clams (Zhang et al., 2018; Nie et al, 2020),
and abalones (Liu et al.,, 2007; Hoang et al., 2017). To reveal
the mechanism of shell color formation, several investigations
have been conducted and found multiple factors, ranging from
environmental factors to inner genetic factors, contributing to
the higher variability of shell color in mollusks (Underwood
and Creese, 1976; Kraeuter et al., 1984). For example, researches
demonstrated that water temperature differences (Heller, 1992),
salinity variations (Sokolova and Berger, 2000), and diet sources
(Marchais et al., 2017) could affect shell color formation in
mollusks. On the aspect of genetic basis, shell color has been
demonstrated to be determined by one or a small number of
major gene(s) in some shellfish species (Cole, 1975; Palmer,
1985). For instance, experimental crosses of Manila clam,
Ruditapes philippinarum, verified that pigmented coloration
in two valves is controlled by at least two genes (Peignon
et al, 1995). In noble scallop Chlamys nobilis, a one-locus-
three-allele model was proposed to elucidate the distribution
of four different color variants, and the brown shell color is
controlled by a recessive allele distinct from the other colors
(Zheng et al., 2013). Investigation in Pacific oyster, Crassostrea
gigas, demonstrated that shell pigmentation is controlled by
two genetic loci, with one responsible for the secretion of
pigments and the other responsible for the distribution mode
of pigmentation (Xu et al.,, 2019). Furthermore, transcriptomes
and digital gene expression analysis of four different color
clams, Meretrix meretrix, suggested that several potential genes
and the Notch pathway played a crucial role in its shell color
patterning (Yue et al., 2015). The same method was also exerted
in two extreme color phenotypes of Yesso scallop, Patinopecten
yessoensis, and 25 significantly differential expression genes were
identified for unraveling shell color differences (Sun et al., 2016).
These researches provided pivotal loci/genes responsible for the
formation of shell coloration and served as candidate markers for
mollusks breeding projects.

Biological pigments are considered as the key element of
shell color diversity, and the distinct color is perceived because
of different types of pigments, such as melanins, porphyrins,
tetrapyrroles, and carotenoids, which had been identified in
shellfish shells (Comfort, 1951; Stemmer and Nehrke, 2014).
Melanins were first derived by oxidation and polymerization of
tyrosine in animals or phenolic compounds in lower organisms
(Dlischia et al, 2013). Using the ultraviolet and infrared
radiation spectral analysis, melanin was confirmed as the black
pigment extracted from the scars where adductor muscle jointed
shells in oysters (Hao et al., 2015). Eumelanin and pheomelanin,

two forms of melanin, were verified to comprise the dark
brown shell pigments with ~76.6 and 23.4% components
via spectrophotometry scanning and high-performance liquid
chromatography in Yesso scallop (Sun et al, 2017). As
for porphyrins, the cyclic structure of tetrapyrroles is often
associated with red, brown, or purple shell coloration (Comfort,
1951). Investigation via modern chemical and multimodal
spectroscopic techniques of shell pigments in marine snails
Clanculus pharaonius and Clanculus margaritarius showed that
pink-red dots and lines in shells were caused by porphyrins
(Williams et al., 2016). Furthermore, carotenoids were regarded
as the principal substance that presented orange adductor muscle
and shell color in scallop since their first identification in
the adductor muscle of rare orange Yesso scallop variants (Li
et al., 2010). Subsequent analysis in reddish-orange and brown
shell-color Yesso scallops identified candidate genes involved
in carotenoid metabolism during shell color formation (Zhao
et al, 2017). A similar result was also reported in noble
scallop populations, in which individuals with orange shell color
contained dramatically higher carotenoid content compared with
the brown ones (Zheng et al., 2010).

The bay scallop, Argopecten irradians irradians, is
polymorphic for shell color (purple, orange, yellow, or white)
and possesses advantages of fast growth and high production in
aquaculture (Shumway and Parsons, 2006; Wang et al., 2007).
Selective breeding of bay scallops for better growth and tolerance
performance has been consecutively conducted for generations
from the 1980s in China (Zheng et al., 2004, 2011; Wang et al.,
2017). Specifically, a potential phenotypic correlation between
shell color and growth traits has been observed in artificially bred
bay scallops (Wang et al., 2020). Consequently, understanding
the genetic mechanism of shell color in bay scallops is of
theoretical and economic importance. The first comprehensive
classification of shell color based on experimental crosses in
bay scallop showed that three background colors, six pattern
colors, and the diversity of shell colors were under genetic
control (Kraeuter et al., 1984; Elek and Adamkewicz, 1990).
Subsequent study of shell color inheritance in selfing families
found that orange or yellow parents produced both colorful and
white progeny with a ratio of ~3:1, implying that shell color
in bay scallops was controlled by one locus being dominant.
Furthermore, one amplified fragment length polymorphism
(AFLP) marker was successfully identified in orange and white
shell color bay scallops through genetic linkage analysis (Qin
et al,, 2007). Considering the large polymorphism of shell color
in bay scallop, further genome-wide researches is still needed to
identify the comprehensive candidate loci/genes and to explore
the potential molecular mechanism.

Genome-wide association study (GWAS) is an accurate and
powerful tool to identify novel genetic variants loci underlying
complex traits and has been broadly applied in various fields
(Zhao et al,, 2011; Kim et al., 2012; Sukumaran and Yu, 2014;
Ikeda et al, 2018; Ning et al, 2019). Investigations using
GWAS have already successfully deciphered genetic variants of
coloration traits, in which the identified specific markers could be
potentially beneficial for selective breeding. For instance, a strong
candidate locus, in arabidopsis pseudo-response regulator 2-like

Frontiers in Marine Science | www.frontiersin.org

30

September 2021 | Volume 8 | Article 742330


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Zhu et al.

Genetic Mechanisms of Shell Color

(APRR2) that regulates the accumulation of green pigments,
was identified in melon and watermelon via GWAS (Oren
et al, 2019). Information of two colors of single-nucleotide
polymorphisms (SNPs) in French Saanen goats could be used
to remove the undesired colored goats through molecular
marker-assisted breeding (Martin et al., 2016). Furthermore, five
potential loci related to carotenoid biosynthesis were identified
in maize (Zeamays L.); therefore, a greater abundance of
carotenoids accompanied by the deeper orange color of the
kernel was potentially obtained (Owens et al., 2019). A similar
GWAS result has also been concluded in Yesso scallop, in
which three candidate genes (i.e., LDLR, FRIS, and FRIY) were
detected around the two most significant potential loci and were
proven to be involved in carotenoid metabolism in reddish-
orange shell individuals (Zhao et al., 2017). These GWAS results
not only provide a list of candidate loci/genes to be functionally
validated but also offer an efficient approach for deciphering
the genetic architecture of complex traits and selecting the
breeding strategy.

This study aimed to identify significant SNP makers associated
with shell color (purple-red and black-brown) in two new
strains of bay scallops by performing GWAS, with the aid
of whole-genome sequence databases of A. irradians irradians
(unpublished data). The top three SNPs that dominantly control
the shell color formation were further analyzed in their located
candidate genes and then verified in another population. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were conducted to reveal the potential
molecular mechanism in bay scallop shell coloration. Finally, we
investigated the expression levels of the top three candidate genes
in bay scallop mantles to detect their vital roles in shell coloration
and to provide valuable information for the efficient selective
breeding of shell color strains in bay scallop.

MATERIALS AND METHODS

Scallop Materials and Miso-RAD Library

Construction
Two strains of healthy bay scallops with nearly 9-month-old,
namely, the purple-red shell color population (PP) (N > 500)
and the black-brown shell color population (BP) (N > 500),
were used as samples in 2016. The shell color trait of both
strains is genetically stable due to the genomic selection of
four consecutive generations from 2012 to 2015 by our group
(Figure 1). Samples were collected from artificial scallop-rearing
substrates at Qingdao Jinshatan Fishery Group Co. Qingdao
(35°97'23 N, 120°27'28 E, Shandong Province). Subsequently,
we randomly selected scallop samples (N = 80) from each
group based on their shell color. Gills were removed from each
scallop according to the procedure of Mao et al. (2013) and then
preserved in 100% ethanol at —20°C before genetic analysis.
Our experiments were conducted according to the guidelines and
regulations established by the Ocean University of China and the
local government.

Genomic DNA was extracted from the gill using a standard
phenol-trichloromethane method (Sambrook et al., 1989).

FIGURE 1 | (A) The purple-red shell color (PP) and (B) black-brown shell color
(BP) bay scallops Argopecten irradians.

Subsequently, Miso-RAD libraries were constructed by using 80
PP and 80 BP individuals, following the protocol developed by
Wang et al. (2016). On summarizing, genomic DNA of the 160
selected bay scallop individuals was digested with BsaXI (New
England BioLabs, MA, USA, Cat. no. R0609) at 37°C for 45 min.
Adaptor ligation, PCR amplification, digestion, and ligation were
followed and after which every five DNA fragments were set as
one group (barcoding and pooling). MinElute PCR Purification
Kit (Qiagen, Hilden, Germany, Cat. no. 28004) was used to
purify each product that concatenated five tags from five samples
after performing amplification for two times. The 32 libraries
were then pooled to run double-end sequencing on the Illumina
Hiseq2000 system (San Diego, USA).

Sequence Data Processing and
Genotyping

Raw reads were first preprocessed to eliminate paired-end
(PE) reads with ambiguous base calls (N), long homopolymer
regions (>10 bp), or excessive low-quality bases (>20% of bases
with quality score <10) to obtain high-quality reads. PEAR
software (Zhang J. et al., 2014) was exerted to assemble the
forward and reverse reads. The merged reads containing five
tags were divided into single-tag datasets by using homemade
Perl script, and via SOAP software (Li et al., 2009), each tag
was subsequently aligned to the chromosome-level reference bay
scallop genome (unpublished data) that was constructed by our
group. The RADtyping software (Fu et al., 2013) was employed
in the genotyping analysis of sequencing data. The selective
rules of markers included polymorphism, sufficient genotype rate
(with available genotype over 80% progenies), and minor allele
frequency (MAF) higher than 0.05. Then, the qualified markers
were used for downstream analysis.

Genome-Wide Association Study and

Candidate Gene Searching

To reduce the false-positive rate, the population genomic
structure analysis was performed to provide a population
membership matrix through Admixture software 1.3 (Alexander
et al,, 2009), and a kinship matrix was estimated by TASSEL 5.0
(Bradbury et al., 2007). Association analysis between genotypes
and shell colors was conducted using PLINK software 1.9 (Chang
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et al., 2015) by employing the logistic regression model with
these two covariates to detect the associate SNPs. The statistic p-
value for each SNP was calculated and summarized in ascending
order. The threshold p-value for genome-wide significance was
calculated using the Bonferroni correction based on the number
of qualified makers (Johnson et al., 2010). When an SNP
scored less than the significance cutoff (1.72E—6), the sequence
of each maker was extracted and used as a query to exert
BLASTN (Altschul et al., 1997) to search the draft genome of
A. irradians irradians (unpublished data) that were annotated
by the protein database NR. In addition, the Manhattan plot
was drawn by an R package named “ggplot,” and these potential
SNPs (p < 1.00E—5) were captured to conduct bioinformatics
analysis, including GO function annotation and KEGG pathway
enrichment analyses (http://www.omicshare.com/tools).

SNP Verification

To further evaluate the accuracy of GWAS, the top three SNPs
(p-value < 1.00E—17) were selected to verify in the 30 purple-
red shell color samples and 30 black-brown shell color samples
collected from another separate bay scallop population (N >
500) in the sea area of Huangdao District, Qingdao, Shandong
Province, in 2018. Striated muscles of the above 60 individuals
were separately sampled and preserved at —80°C for subsequent
analysis. The primer sequences are provided in Table 1. The
PCR of fragments containing the above three SNPs was carried
out as follows: 2 pl of template DNA (50 ng/pl), 15 pl of
Q5 High-Fidelity 2x Master Mix (New England BioLabs, MA,
USA, Cat. no. M0492S), 0.5 1 (10 pmol/pl) of each forward
and reverse primer, and sterile water up to 30 pl volume was
added for amplifying. The related parameters in the PCR system
for three primers were pre-denaturing under 98°C for 30s,
then denaturing under 98°C for 105, annealing under 56°C for
155, and extending under 72°C for 10s, respectively. After 28
cycles, the sample was extended under 72°C for 2min. The
PCR products were sequenced using the Sanger method by
Sangon Biotech (Shanghai, China). Sequences amplified by the
primers were compared among the 60 scallops (30 PP and 30 BP,
respectively) using the ClustalW2 multiple alignment program
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). When a mutation
was detected, comparisons of genotype frequencies between the
PP and BP were performed using Fisher’s exact test to identify the
shell color-associated mutation. p-values < 0.05 were considered
statistically significant.

Candidate Gene Evaluation

To compare the differences in the expression levels of genes
which are the top three SNPs annotated between PP and BP,
30 PP and 30 BP individuals from another non-breeding bay
scallop population (N > 500) were randomly recruited, and
the mantle was sampled in the sea area of Huangdao District,
Qingdao, Shandong Province, in 2020. Total RNA of the sampled
mantles was isolated following the method described by Hu et al.
(2006) and then digested with DNasel (Takara, Shiga, Japan). The
concentration and purity of the RNA were determined using a
Nanovue Plus spectrophotometer (GE Healthcare, Piscataway,
NJ, USA), and the RNA integrity was assessed by agarose

TABLE 1 | Primer sequences used in this study.

SNP/Gene Primers sequence Note
chr7-12764003  F: 5'-TCCCAGTAGAAGTCGCACAC-3' SNP
R: 5'-GCCTAAAGCCATACAAAACG-3 verification
chr7-13213864  F: 5'-CATAGAGAACGCGTAAAGGCGGATC-3  SNP
R: 5/-GCTGGCAAGTCAGGACAAAGAAGGG-3  Verification
chr7-11899306  F: 5'-CTTGATCGGCAGAGATAATTTAACA-3' SNP
R: 5/-ATTCCCCAATGAGAGCCCACT-3' verification
GRL101 F: 5-CTACTGGCACAACTACTCCATAC-3' gRT-PCR
R: 5/-CTCGTGCAGAAACTCGATACA—3’
PKS1 F: 5'-AACTTACTGGGTCCATCACTTAC—3' gRT-PCR
R: 5'-CATGGACGACTCACCAATTCT—3'
PLCT F: 5-CATGGGTCAGGTGGTTATGT-3 qRT-PCR

R: 5’-CGTTCATCGCCTCCTGTATAA-3

SNR, single-nucleotide polymorphism.

gel electrophoresis. The first-strand cDNA was synthesized
according to the protocol of the manufacturer using Moloney
murine leukemia virus (MMLV) reverse transcriptase (Thermo,
Wilmington, USA) in a 20 ul volume with 2 pg of each total
RNA sample as the template and 0.5 pg of oligo (dT)18 (Takara
Biotechnology, Liaoning, China) as the primer. The mixture was
denatured at 65°C for 5min and then chilled immediately on
ice. After adding the reverse transcriptase, reaction buffer, and
dNTPs, cDNA was amplified under the following conditions:
42°C for 90 min and 72°C 10 min. The ¢cDNA was stored at
—20°C and diluted to 5 ng/pl for use as the template in the
real-time quantitative reverse transcription PCR (qRT-PCR).
Data from the qRT-PCR were obtained and the gene expression
level is shown as the fold change. The statistical analysis of
the data was performed with SPSS software (version 21.0)
via an independent sample ¢-test. Differences were considered
significant at p < 0.05.

RESULTS

Sequencing Data

In total, sequencing of 32 Miso-RAD libraries produced
447,286,098 reads (GenBank: PRJNA689862), and the average
sequencing depth was 2232 x with 2,795,538 reads per
individual. After quality control, we obtained 219,383,262 high-
quality reads, and an average of 42.49% of high-quality reads in
each individual was uniquely mapped to the bay scallop genome
(unpublished data) by SOAP. Eventually, a total of 211,728 SNPs
were genotyped in 160 scallop samples (80 PP and 80 BP)
via RADtyping.

Genomic Regions Associated with Shell

Color

A total of 211,728 SNP markers obtained from 160 bay scallop
individuals were exerted to quality control performed by
PLINK software. After quality filtering (call rate > 80% and
MAF > 5%), a set of 29,036 qualified SNPs were successfully
assigned to the 16 chromosomes of bay scallop and used for
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FIGURE 2 | Genome-wide association study (GWAS) of shell color with 29,036 single-nucleotide polymorphisms (SNPs) in bay scallops (p < 1.72E—06).

TABLE 2 | Information of the top eight SNPs associated with bay scallop shell color.

SNP Allele 1 Allele 2 F_PpP? F_BP® p-value Position (bp)
chr7-12764003 G A 0.7937 0.03125 1.36E-26 12,764,003
chr7-13213864 T A 0.8481 0.06579 1.07E-22 13,213,864
chr7-11899306 T (¢} 0.7812 0.0375 417E-18 11,899,306
chr7-7814275 C A 0.7792 0.04464 1.10E-17 7,814,275
chr13-7315277 A C 0.1284 0 1.84E-17 7,315,277
chr13-5594794 A T 0.1062 0.025 2.02E-17 5,594,794
chr16-23189193 T C 0.1076 0.01875 3.55E-16 23,189,193
chr13-253787 A G 0.225 0.2623 8.49E-16 253,787

a Allele frequency in PP,
b Allele frequency in BP

further genome-wide analysis (Figure2). Genetic clustering
illustrated that the admixed ancestry of PP and BP was shown for
K = 2, with kinship coefficients varying from 0 to 0.02
between PP and BP individuals, then the corresponding
components were brought as covariates. After conducting
Bonferroni correction and 0.05 cutoff (p < 1.72E—6), we
detected 469 SNPs significantly associated with shell color,
and 285 of these 27 bp tags could be directly annotated in
the bay scallop genome. Furthermore, the -logjy (p-value)
values of the top eight SNPs with a significant association
of shell color were higher than 15, and these top eight
SNPs were mainly distributed in chromosome 7 (Table 2).
Specifically, the top eight loci were separately located at the
genic regions of GRLIOI (G-protein-coupled receptor-like
101), PKS1 (polyketide synthase 1), PLCI (phosphoinositide
phospholipase C), GLRAI1 (glycine receptor subunit alpha-
I-like), COL4 (zinc finger protein constants-like 4), CLI
(cathepsin  L1-like), and gene LOCI110449017 (not yet
characterized), as well as at an intergenic region (where SNP
Chr13-253787 anchored).

Among these, the top three loci were distributed in the
genic region of chromosome 7 (Figure 3). More specifically, SNP
chr7-12764003 was mapped to location 41 bp in the coding

sequence (CDS) 7 of GRL101, and SNP chr7-13213864 was cited
in position 1,347 bp in CDS 5 of PKSI. For chr7-11899306, an
SNP was located at position 14,136 bp in the first intron of PCLI.
Subsequently, the top three SNPs were selected to be verified
by sequencing the PCR products using the Sanger method by
Sangon Biotech (Shanghai, China).

SNP Verification

All the top three SNPs provided by the GWAS results were
successfully verified by Sanger sequencing in another separate
bay scallop population. The allele and genotype frequency
of these three SNP markers are shown in Table 3. For SNP
chr7-12764003, dimorphic alleles could be observed, with
AA and GG presenting in PP and BP, respectively. As for
SNP chr7-13213864, the genotype of AA (100%) was only
observed in PP, while another two genotypes of TT and AT
were present in BP, with frequencies of 76.67 and 23.33%,
respectively. Besides, the genotype is varied in SNP chr7-
11899306 (for CC, TT, CT; 76.67, 0, 23.33% in PP and
6.67, 63.33, 30% in BP, respectively). Comparison between
PP and BP individuals showed that genotype frequencies
of the above three SNP markers were significantly different
(p < 0.05). These results support that the verified SNPs
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FIGURE 3 | A few neighboring SNP loci on chromosome 7 are independently associated with shell color in the bay scallop. (A) The genic structure of AIGRL101,
AIPKS1, and AiPLC1. (B) The blank boxes indicate the 5'UTRs and 3'UTRs (untranslated region); the dark blue boxes represent coding sequence (CDS); the dotted
lines indicate the introns; and the red arrows indicate the verified SNPs in responding genes. The CDS are shown relative to their lengths and the SNPs are marked in
the accurate positions in the genic sequences.

TABLE 3 | Comparison of genotype frequencies of the top three SNPs between PP (N = 30) and BP (N = 30) bay scallops.

SNP Location Locus Genotype Number of scallop Fisher’s exact
test p-value
PP BP
chr7-12764003 Exon A=G AA 30 0 <2.20E-16
GG 0 30
chr7-13213864 Exon A>T AA 30 0 0.010540
TT 0 23
AT 0 7
chr7-11899306 Intron C>T CC 27 2 0.001293
TT 0 19
CT 3 9

might be involved in shell color formation of bay scallop PP
and BP.

GO and KEGG Analyses of Candidate

Genes

After a widely used and less-stringent threshold p-value <
1.00E—5 (Marigorta et al., 2018), we obtained 713 significant
SNPs annotated in 374 unigenes. Subsequently, GO function

annotation and KEGG pathway enrichment were applied to
excavate the potential association between these genes and
shell color. Results displayed that 38 GO terms were classified
into the biological process (BP), cellular component (CC), and
molecular function (MF) under level 2 covering 297 genes
(Figure4). In detail, genes related to the cellular process
(105 genes), single-organism process (94 genes), and metabolic
process (68 genes) showed remarkable terms in BP. Genes related
to the membrane (53 genes) displayed the notable term in
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FIGURE 4 | The summary of Gene Ontology (GO) function annotation analysis for candidate genes that comprised significant SNPs (p < 1.00E—5). Each term
describes the function of the gene cluster, and the length of colored bars represents the difference of the number of genes.

Molecular Function

CC. Genes associated with binding (166 genes) and catalytic
activity (80 genes) were highly presented in MF (Figure 4). In
terms of KEGG pathway enrichment analysis, a total of 252
genes were acquired annotations and involved in 44 pathways
(Figure 5). The above candidate genes were chiefly distributed
in metabolism (69 genes), genetic information processing (15
genes), environmental information process (55 genes), cellular
process (38 genes), organismal systems (90 genes), and human
disease (97 genes) (Figure 5). Specifically, signal transduction
(37 genes), global and overview maps (29 genes), infectious
diseases (23 genes), cancers (21 genes), and endocrine system
(19 genes) were mainly presented. Overall, the result indicated
that the extracted GO terms and KEGG pathway are closely
related to cellular process, membrane, signaling, and binding,
and these possible molecular mechanisms may attribute to the
shell color formation.

Expression Patterns of the Top Three

Genes

Annotation results showed that the top three SNPs were located
in three genes, including GRLI01 (chr7-12764003), PKSI (chr7-
13213864), and PLC1 (chr7-11899306), which were further
selected for comparing their expression differences in mantles
between PP and BP individuals. As shown in Figure 6, the
expression profiles of the three target genes were ubiquitous in
both PP and BP individuals but exhibited distinct expression

patterns. Specifically, an extremely significant higher (6.43-
fold, p < 0.01) expression level of GRLIOI was detected
in PP than that in BP. A similar phenomenon was also
observed in PLCI, which displayed a prominently increasing
expression level in PP (6.48-fold, p < 0.05) compared with
BP. On the contrary, the expression of PSKI was notably
correlated with black-brown shell color rather than purple-
red shell color (12.02-fold of BP compared with PP). Overall,
in the bay scallop, the significantly higher expression profiles
of GRLIOI and PLCI were detected in PP, implying that
they may play a pivotal role in purple-red shell formation.
Besides, PSKI is principally expressed in BP instead of PP,
suggesting that it may involve black-brown pigmentation during
shell formation.

DISCUSSION

Aquaculture breeding researches have confirmed that color trait
in most aquaculture species is heritable, including red/white flesh
color in salmon (Iwamoto et al., 1990), carapace/hepatopancreas
color in crab (Li Q. et al, 2019), black/white shell color
in oyster (Xu et al, 2019), white/orange in scallop adductor
muscle (Li X. et al., 2019), etc. Particularly, the bay scallop is
polymorphic for the background color of the shell and presents
a highly variable distribution of overlying pigments (Clarke,
1965). Although previous investigations showed one or several
major genes contributed to shell color diversity of bay scallop
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(Adamkewicz and Castagna, 1988; Qin et al., 2007; Teng et al.,
2018), the precise loci/genes for specific color difference and the
mechanism underneath shell color formation in bay scallop are
elusive. With rapid development in biotechnology, constantly
upgraded methods for studying shell color polymorphisms in

bay scallop would dredge out specific genes behind target trait.
GWAS has been proven to be an efficient approach to elucidate
the genetic variations related to complex phenotypes and to
identify the pivotal candidate genes of target economic traits,
thereby providing referential makers for the selective breeding
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projects (Luo et al, 2012). By this method, 469 SNPs that
displayed statistically significant differences between PP and BP
were identified in our research. As the Manhattan plot displayed,
the top value of -logjo (p-value) reached nearly 26, which is
much more stringent than 5.8 (p < 1.72E—06) that referred to
Bonferroni correction, demonstrating that our result is reliable
(false positives are rare). Intriguingly, most of the significant
SNPs associated with shell color were primarily allocated in
chromosome 7 of bay scallop. With the similarity to that in
Yesso scallop, the major SNPs associated with shell color were
located in chromosome 11 (Zhao et al., 2017), and almost all
the significant SNPs associated with carotenoid coloration in
scallop adductor muscle were distributed in chromosome 8 (Li
X. et al, 2019). Based on the fact that most qualitative traits
are typically determined by one or several pivotal loci/genes,
we speculated that color variants in scallop were potentially
regulated by limited candidate loci/genes gathered closely in
association with the genomic region(s) of the specific linkage
group. In addition, the tandem or proximal (in a nearby
chromosomal region but not adjacent) locations may not only
facilitate coordinate expressions of candidate genes but also
guarantee efficient expression regulations by pivotal loci.

The top three SNPs with a p-value <1.00E—17 were
successfully verified in another separate population via Sanger
sequencing. The extremely significant (p < 0.01) or significant
(p < 0.05) differences of the three selected loci between PP and
BP suggested that these SNPs might be responsible for shell color
formation and potentially used as selective breeding markers
in shell color-specific projects of bay scallop. In addition, the
top eight SNPs (p < 1.00E—15) were principally and separately
located in genes (exon or intron) except on locus (SNP chrl3-
253787) located in intergenic regions. A similar phenomenon has
also been concluded in the shell color of the Yesso scallop (Zhao

etal., 2017). The above results revealed that color traits in scallops
may be principally controlled by the coding regions (where SNPs
are located) of most critical candidate genes (Cargill et al., 1999)
and meanwhile regulated through crucial SNPs within introns
or intergenic regions via transcriptional regulation (Sturm et al.,
2008; Visser et al., 2014).

Bay scallop shell color significance-associated candidate
genes, namely, GRLI01, PKS1, and PLCI, where the top three
SNPs were located, were further selected for comparing their
expression differences between PP and BP individuals. The
scallop mantle constantly contacts with the shell; therefore, the
mantle is considered to manufacture and transport pigments
to the shell along the growing edge during shell formation
(Fowler et al., 1992). Upon this basis, further expression patterns
of the top three candidate genes were characterized in the
mantle of PP and BP individuals, respectively. In this study, the
mRNA expression level of GRLI0I in PP was over six times
that in BP (p < 0.05), suggesting GRL101 might function in
purple-red shell coloration. As reported, GRL101 belongs to the
G-protein-coupled receptors (GPCRs) superfamily (Karnik et al.,
2003) that exerts multifunctions, such as a variety of hormones
and neurotransmitters regulation (Nilaweera et al., 2006, 2008;
Rosenbaum et al., 2009). Specifically, a set number of GPCRs
were proven to be involved in pigments formation, known as
responding to red-pigment concentrating hormone (RPCH)
in Carcinus maenas (Alexander et al, 2018) and interceding
pigment granule dispersion in Xenopus laevis melanophores
(Teh and Sugden, 2001). Furthermore, GPCRs activated by
chromatophores can affect pigment redistribution to alter the
color appearance of the animal (Lerner, 1994). In particular,
visual pigment rhodopsin (the first order of GPCRs) performs
functions on the absorption and conversion of light into chemical
signals (Smith, 2010). Based on this, our results implied that

Frontiers in Marine Science | www.frontiersin.org

37

September 2021 | Volume 8 | Article 742330


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Zhu et al.

Genetic Mechanisms of Shell Color

GRLI0I involved and functioned in the purple-red color shell
formation of bay scallop, whereas GRL101 protein was regarded
as an orphan receptor performing an uncertain function that
was extensively explored in humans (Gene ID: 83550), mice
(Gene ID: 245424), sea urchins (Gene ID: 115922752), king
scallops (Gene ID: 117318188), and other species. Whether the
GRL101 in the bay scallop is also considered an orphan receptor
still needs to be further investigated. Coincidently, the majority
of GPCRs were coupled to the phosphoinositide signaling
pathway where the third candidate gene PLCI played a pivotal
role (Tobin, 1997). Previous researches reported that PLC1 has
been classified into an important class of enzymes involved in
lipids-related signaling in plants (Rupwate and Rajasekharan,
2012) and acted as signal transducers to generate messengers
participating in lipid metabolism in mammals (Essen et al.,
1996). Furthermore, the lipid-related genes were proved to be
closely associated with carotenoids (Zhang Y. et al., 2014) that
contributed to the formation of reddish-orange shells in Yesso
scallop (Zhao et al., 2017). Hence, it might then make sense
that much higher expression of PLCI detected in PP individuals
leads to the accumulation of carotenoid which in turn resulted
in a red-colored shell. Therefore, our results suggest that PLCI
might be related to lipid-associated carotenoid absorption
and/or transportation. Collectively, we speculated that GRL101
might perform a common feature of coloration-related
GPCRs and activate PLCI in the phosphoinositide signaling
pathway to affect lipid metabolism, including lipid-associated
carotenoid regulation, resulting in the purple-red visualization
of PP.

Another candidate gene PKSI belongs to polyketide
synthase-related genes (Moriwaki et al, 2004), and the
ancient and diversified family members have been well
studied in animal fatty acid synthase (Kroken et al, 2003).
As reported, plenty of microorganisms employed PKS
to produce pigments and other products of intermediate
metabolism (Hutchinson, 2003). For example, the biosynthesis
of black pigment melanin derived by PKSI was reported in
Colletotrichum lagenarium (Takano et al., 1995) and Aspergillus
fumigatus (Heinekamp et al, 2013), respectively. Unlike
PKSI as the pivotal component in melanin biosynthesis in
microorganisms, melanin biosynthesis in various tissues
of vertebrates was prevailingly affected by tyrosinase genes
(Sato et al,, 2001). Similarly, melanin biosynthesis was more
inclined to be regulated by tyrosinase that contributes to
black-brown shell pigmentation in most mollusks (Bai et al,
2013; Sun et al, 2015). However, our study showed that
a higher expression level (12.02-fold, p < 0.05) of PKSI
in the black-brown shell individuals was observed than
that in purple-red ones; therefore, we speculated that black
pigmentation in BP might be regulated by PKSI as it functioned
in microorganisms. Although melanin synthesis in scallop has
not been reported yet, the typical biosynthesis pathway (in which
tyrosinase is involved) as an alternative method seems worth
further study.

Generally, causal SNPs were identified to be strongly
associated with target traits, especially the SNPs that were located

in the coding region would affect traits directly by changing their
encoding amino acid and therefore resulting in the alteration
of protein (Seong et al, 2011). However, in this study, the
two most significant SNPs, namely, chr7-12764003, and chr7-
13213864, were separately located in the CDS of AiGRLI0I and
AiPSK1, caused synonymous mutations in target amino acids.
We speculated that SNPs located in the CDS of AiGRLI10I
and AiPSK1 might not control the scallop shell coloration
directly via mutation of amino acids, but mediate regulating
candidate genes by affecting codon bias (Plotkin and Kudla,
2011), translation efficiency (Miyuki and Kentaro, 2013), mRNA
secondary structure stability (Chamary and Hurst, 2005), and
splicing (Li et al, 2020). Furthermore, linkage disequilibrium
(LD) analysis of the three closely arranged SNPs (Figure 2) via
MEGA (Version 10.1.8) (Sudhir et al., 2018) showed that LD
coefficient r* between each pair of SNPs was higher than 0.7
(ranged from 0.72 to 0.78), demonstrating that shell color in bay
scallop may be regulated by closely linked major SNPs and/or
specific interactions among them which potentially affect the
expression of candidate genes resulting in shell color formation
and differentiation. Further research is needed for investigating
the potential molecular mechanism of synonymous mutation
of CDS in candidate genes and interactions of target genes in
regulating shell coloration of bay scallops.

Furthermore, 713 SNPs (p < 1.00E—5) significantly
associated with bay scallop shell color were mapped to 374
unigenes, followed by GO function annotation and KEGG
pathway enrichment for elucidating their important molecular
mechanism (Wang et al, 2019). GO function annotation in
this study primarily participated in cellular process, membrane,
and binding function, which is similar to previous research that
cellular process and binding are the largest group of biological
process and molecular function in the transcriptomic analysis of
red/white-colored valves of moon scallop (Huang et al., 2015),
as well as different shell color lines in Yesso scallop (Ding et al.,
2015). Furthermore, transcriptome sequencing of orange shell
color bay scallops revealed that differentially expressed genes
were mainly annotated in signal transduction, metabolism,
human diseases, and organismal systems (Teng et al., 2018) and
that is in accordance with our result of KEGG pathway analysis.
Taken together, the above results suggest that the shell color of
the bay scallop is not only dominated by several loci/genes but
also modified by plenty of related minor loci/genes.

CONCLUSION

We identified SNPs associated with the purple-red and
black-brown shell colors bay scallop through GWAS. The
genomic regions associated with shell color were mainly located
in chromosome 7. The top three SNPs were located in the
genic region of GRLIOI, PKSI, and PLCI and successfully
verified in another separate population. Expression patterns
analyses suggested that GRL10I and PLCI potentially functioned
in purple-red shell coloration, and black pigmentation in BP
might be principally regulated by PKS1. GO function annotation
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and KEGG pathway enrichment analyses revealed the possible
molecular mechanism of shell color formation. Taken together,
this evidence collectively provides valuable information for
deciphering the phenotype differences of shell color and helps in
the molecular marker-assisted breeding in bay scallops.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI GenBank
(accession number: PRJNA689862).

ETHICS STATEMENT

The animal study was reviewed and approved by Ocean
University of China.

REFERENCES

Adamkewicz, L., and Castagna, M. (1988). Genetics of shell color and
pattern in the bay scallop Argopecten irradians. ]J. Heredity 79, 14-17.
doi: 10.1093/oxfordjournals.jhered.a110436

Alexander, D. H., Novembre, J., and Lange, K. (2009). Fast model-based
estimation of ancestry in unrelated individuals. Genome Res. 19, 1655-1664.
doi: 10.1101/gr.094052.109

Alexander, J. L., Oliphant, A., Wilcockson, D. C., Audsley, N., Down, R. E., Lafont,
R, etal. (2018). Functional characterization and signaling systems of corazonin
and red pigment concentrating hormone in the green shore crab, Carcinus
maenas. Front. Neurosci. 11:752. doi: 10.3389/fnins.2017.00752

Altschul, S. F., Madden, T. L., Schiffer, A. A., Zhang, J., Zhang, Z., Miller, W, et al.
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389-3402. doi: 10.1093/nar/25.17.3389

Bai, Z., Zheng, H., Lin, J., Wang, G., and Li, J. (2013). Comparative analysis of
the transcriptome in tissues secreting purple and white nacre in the pearl
mussel Hyriopsis cumingii. PLoS ONE 8:e53617. doi: 10.1371/journal.pone.00
53617

Bradbury, P. ], Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y.,
and Buckler, E. S. (2007). TASSEL: software for association mapping
of complex traits in diverse samples. Bioinformatics 23, 2633-2635.
doi: 10.1093/bioinformatics/btm308

Cargill, M., Altshuler, D., Ireland, J., Sklar, P., Ardlie, K., Patil, N., et al. (1999).
Characterization of single-nucleotide polymorphisms in coding regions of
human genes. Nat. Genet. 22, 231-238. doi: 10.1038/10290

Chamary, J. V., and Hurst, L. D. (2005). Evidence for selection on synonymous
mutations affecting stability of mRNA secondary structure in mammals.
Genome Biol. 6:R75. doi: 10.1186/gb-2005-6-9-175

Chang, C. C,, Chow, C. C, Tellier, L. C., Vattikuti, S., Purcell, S. M., and Lee, J. J.
(2015). Second-generation PLINK: rising to the challenge of larger and richer
datasets. Gigascience 4:7. doi: 10.1186/s13742-015-0047-8

Clarke, A. H. (1965). The scallop superspecies Aequipecten irradians (Lamarck).
Malacologia 2:161-168.

Cole, T.J. (1975). Inheritance of juvenile shell colour of the oyster drill Urosalpinx
cinerea. Nature 257, 794-795. doi: 10.1038/257794a0

Comfort, A. (1950). Acid-soluble pigments of molluscan shells. 5. Identity of some
subsidiary fractions derived from Pinctada vulgaris. Biochem. J. 47, 254-255.
doi: 10.1042/bj0470254

Comfort, A. (1951). The pigmentation of molluscan shells. Biol. Rev. 26, 285-301.
doi: 10.1111/§.1469-185X.1951.tb01358.x

Cong, R, Kong, L, Yu, H, and Li, Q (2014).
polymorphism in the insulin receptor-related receptor gene and growth traits
in the Pacific oyster Crassostrea gigas. Biochem. Syst. Ecol. 54, 144-149.
doi: 10.1016/j.bse.2014.02.003

Association between

AUTHOR CONTRIBUTIONS

QX, JH, and ZB conceived and designed the experiments. XZ, JZ,
and XHo collected the samples. QX, XZ, PL, and JL performed
the experiments. XZ, QX, JZ, and XHu analyzed the data. QX and
XZ wrote the manuscript. All authors have read and approved
the final manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China-Shandong Joint Fund (U1706203), the
Earmarked Fund for Agriculture Seed Improvement Project of
Shandong Province (2020LZGCO016), Sanya Yazhou Bay Science
and Technology City (SKJC-KJ-2019KY01), and the China
Agriculture Research System of MOF and MARA.

D’lischia, M., Wakamatsu, K., Napolitano, A., Briganti, S., Garcia-Borron, J. C,,
Kovacs, D., et al. (2013). Melanins and melanogenesis: methods, standards,
protocols. Pigm. Cell Melanoma Res. 26, 616-633. doi: 10.1111/pcmr.12121

Ding, J., Zhao, L., Chang, Y., Zhao, W., Du, Z, and Hao, Z. (2015).
Transcriptome sequencing and characterization of Japanese scallop
Patinopecten yessoensis from different shell color lines. PLoS ONE 10:¢0116406.
doi: 10.1371/journal.pone.0116406

Elek, J., and Adamkewicz, S. L. (1990). Polymorphism for shell color in the Atlantic
bay scallop Argopecten irradians (Lamarck) (Mollusca: Bivalvia) on Martha’s
Vineyard island. Am. Malacol. Bull. 7, 117-126.

Essen, L. O., Perisic, O., Cheung, R., Katan, M., and Williams, R. L. (1996). Crystal
structure of a mammalian phosphoinositide-specific phospholipase C3. Nature
380, 595-602. doi: 10.1038/380595a0

Fowler, D. R., Meinhardt, H., and Prusinkiewicz, P. (1992). Modeling seashells.
Acm Siggraph Comput. Graph. 26, 379-387. doi: 10.1145/142920.134096

Fu, X, Dou, J, Mao, ], Su, H., Jiao, W. Zhang, L., et al. (2013).
RADtyping: an integrated package for accurate de novo codominant and
dominant RAD genotyping in mapping populations. PLoS ONE 8:€79960.
doi: 10.1371/journal.pone.0079960

Han, Z., Li, Q. Liu, S, and Kong, L. (2020). Crossbreeding of three
different shell color lines in the Pacific oyster reveals high heterosis
for survival but low heterosis for growth. Aquaculture 529:735621.
doi: 10.1016/j.aquaculture.2020.735621

Hao, S., Hou, X., Wei, L., Li, J., Li, Z,, and Wang, X. (2015). Extraction and
identification of the pigment in the adductor muscle scar of pacific oyster
Crassostrea gigas. PLoS ONE 10:¢0142439. doi: 10.1371/journal.pone.0142439

Heinekamp, T., Thywiflen, A., Macheleidt, J., Keller, S., Valiante, V., and
Brakhage, A. A. (2013). Aspergillus fumigatus melanins: interference with the
host endocytosis pathway and impact on virulence. Front. Microbiol. 3:440.
doi: 10.3389/fmicb.2012.00440

Heller, J. (1992). Shell colour variation in Bullia digitalis, a sand-dwelling,
intertidal whelk (Gastropoda: Prosobranchia). Biol. J. Linn. Soc. 46, 247-258.
doi: 10.1111/j.1095-8312.1992.tb00863.x

Hoang, T. H., Stone, D. A., Duong, D. N., Bansemer, M. S., Harris, J. O.,
and Qin, J. G. (2017). Colour change of greenlip abalone (Haliotis laevigata
Donovan) fed formulated diets containing graded levels of dried macroalgae
meal. Aquaculture 468, 278-285. doi: 10.1016/j.aquaculture.2016.10.027

Hu, X, Bao, Z., Hu, J., Shao, M., Zhang, L., Bi, K,, et al. (2006). Cloning
and characterization of tryptophan 2, 3-dioxygenase gene of Zhikong scallop
Chlamys farreri (Jones and Preston 1904). Aquac. Res. 37, 1187-1194.
doi: 10.1111/j.1365-2109.2006.01546.x

Huang, R., Zheng, Z., Wang, Q. Zhao, X, Deng, Y. Jiao, Y. et al
(2015). Mantle branch-specific RNA sequences of moon scallop Amusium
pleuronectes to identify shell color-associated genes. PLoS ONE 10:e0141390.
doi: 10.1371/journal.pone.0141390

Frontiers in Marine Science | www.frontiersin.org

39

September 2021 | Volume 8 | Article 742330


https://doi.org/10.1093/oxfordjournals.jhered.a110436
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.3389/fnins.2017.00752
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1371/journal.pone.0053617
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1038/10290
https://doi.org/10.1186/gb-2005-6-9-r75
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1038/257794a0
https://doi.org/10.1042/bj0470254
https://doi.org/10.1111/j.1469-185X.1951.tb01358.x
https://doi.org/10.1016/j.bse.2014.02.003
https://doi.org/10.1111/pcmr.12121
https://doi.org/10.1371/journal.pone.0116406
https://doi.org/10.1038/380595a0
https://doi.org/10.1145/142920.134096
https://doi.org/10.1371/journal.pone.0079960
https://doi.org/10.1016/j.aquaculture.2020.735621
https://doi.org/10.1371/journal.pone.0142439
https://doi.org/10.3389/fmicb.2012.00440
https://doi.org/10.1111/j.1095-8312.1992.tb00863.x
https://doi.org/10.1016/j.aquaculture.2016.10.027
https://doi.org/10.1111/j.1365-2109.2006.01546.x
https://doi.org/10.1371/journal.pone.0141390
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Zhu et al.

Genetic Mechanisms of Shell Color

Hutchinson, C. R. (2003). Polyketide and non-ribosomal peptide synthases:
falling together by coming apart. Proc. Nat. Acad. Sci. 100, 3010-3012.
doi: 10.1073/pnas.0730689100

Ikeda, M., Takahashi, A., Kamatani, Y., Okahisa, Y., Kunugi, H., Mori, N., et al.
(2018). A genome-wide association study identifies two novel susceptibility
loci and trans population polygenicity associated with bipolar disorder. Mol.
Psychiatry 23, 639-647. doi: 10.1038/mp.2016.259

Innes, D. J, and Leslie, E. H. (1977).
color polymorphism in the mussel. J.
doi: 10.1093/oxfordjournals.jhered.a108814

Iwamoto, R. N., Myers, J. M., and Hershberger, W. K. (1990). Heritability
and genetic correlations for flesh coloration in pen-reared coho salmon.
Aquaculture 86, 181-190. doi: 10.1016/0044-8486(90)90111-Y

Johnson, R. C., Nelson, G. W., Troyer, J. L, Lautenberger, J. A., Kessing,
B. D., Winkler, C. A,, et al. (2010). Accounting for multiple comparisons
in a genome-wide association study (GWAS). BMC Genomics 11:724.
doi: 10.1186/1471-2164-11-724

Karnik, S. S., Gogonea, C., Patil, S., Saad, Y., and Takezako, T. (2003). Activation
of G-protein-coupled receptors: a common molecular mechanism. Trends
Endocrinol. Metabol. 14, 431-437. doi: 10.1016/j.tem.2003.09.007

Kim, H. C,, Lee, J. Y., Sung, H., Choi, J. Y., Park, S. K, Lee, K. M., et al. (2012). A
genome-wide association study identifies a breast cancer risk variant in ERBB4
at 2q34: results from the Seoul Breast Cancer Study. Breast Cancer Res. 14:R56.
doi: 10.1186/bcr3158

Kraeuter, J., Adamkewicz, L., Castagna, M., Wall, R., and Karney, R. (1984). Rib
number and shell color in hybridized subspecies of the Atlantic bay scallop,
Argopecten irradians. Nautilus 98, 17-20.

Kroken, S., Glass, N. L., Taylor, J. W., Yoder, O. C., and Turgeon, B.
G. (2003). Phylogenomic analysis of type I polyketide synthase genes in
pathogenic and saprobic ascomycetes. Proc. Nat. Acad. Sci. 100, 15670-15675.
doi: 10.1073/pnas.2532165100

Lerner, M. R. (1994). Tools for investigating functional interactions between
ligands and G-protein-coupled receptors. Trends Neurosci. 17, 142-146.
doi: 10.1016/0166-2236(94)90087-6

Li, M., Lu, X,, Dong, J., Yao, Z., Wu,. Y., Rao,. H,, et al. (2020). A synonymous
mutation in exon 39 of FBNI causes exon skipping leading to Marfan
syndrome. Genomics 112, 3856-3861. doi: 10.1016/j.ygeno.2020.06.024

Li, N, Hu, J., Wang, S., Cheng, J., Hu, X,, Lu, Z, et al. (2010). Isolation
and identification of the main carotenoid pigment from the rare
orange muscle of the Yesso scallop. Food Chem. 118, 616-619.
doi: 10.1016/j.foodchem.2009.05.043

Li, Q. Liu, Q. Zhang, C., Cheng, Y., and Wu, X. (2019). Can color-
related traits in the Chinese mitten crab (Eriocheir sinensis) be improved
through quantitative genetic inheritance? ~Aquaculture 512:734355.
doi: 10.1016/j.aquaculture.2019.734355

Li, R, Yu, C,Li, Y., Lam, T. W., Yiu, S. M., Kristiansen, K., et al. (2009). SOAP2: an
improved ultrafast tool for short read alignment. Bioinformatics 25, 1966-1967.
doi: 10.1093/bioinformatics/btp336

Li, X., Bai, Z., Luo, H., Wang, G., and Li, J. (2014). Comparative analysis
of total carotenoid content in tissues of purple and white inner-shell
color pearl mussel, Hyriopsis cumingii. Aquacult. Int. 22, 1577-1585.
doi: 10.1007/510499-014-9766-6

Li, X, Wang, S, Xun, X, Zhang, M., Wang, S. Li, H, et al. (2019).
A carotenoid oxygenase is responsible for muscle coloration in scallop.
Biochimica et Biophysica Acta (BBA)—Molecul. Cell Biol. Lipids 1864, 966-975.
doi: 10.1016/j.bbalip.2019.03.003

Liu, X., Wu, F,, and Zhang, G. (2007). Genetic basis of tangerine shell color
variation in the Pacific abalone, Haliotis discus hannai. Aquaculture 272:5286.
doi: 10.1016/j.aquaculture.2007.07.127

Luo, W., Cheng, D., Chen, S., Wang, L., Li, Y., Ma, X, et al. (2012). Genome-wide
association analysis of meat quality traits in a porcine large white x minzhu
intercross population. Int. J. Biol. Sci. 8:580. doi: 10.7150/ijbs.3614

Mao, J., Ly, J., Miao, Y., Sun, C., Hu, L., Zhang, R,, et al. (2013). Development of
a rapid and efficient method for non-lethal DNA sampling and genotyping in
scallops. PLoS ONE 8:68096. doi: 10.1371/journal.pone.0068096

Marchais, V., Jolivet, A., Herv;é, S., Roussel, S., Schone, B. R., Grall, J., et al. (2017).
New tool to elucidate the diet of the ormer Haliotis tuberculata (L.): Digital shell
color analysis. Mar. Biol. 164:71. doi: 10.1007/s00227-017-3103-3

Inheritance of a shell-
Heredity 68, 203-204.

Marigorta, U. M., Rodriguez, J. A., Gibson, G., and Navarro, A. (2018).
Replicability and prediction: lessons and challenges from GWAS. Trends Gene.
34, 504-517. doi: 10.1016/j.tig.2018.03.005

Martin, P. M., Palhiere, I, Ricard, A., Tosser-Klopp, G., and Rupp, R.
(2016). Genome wide association study identifies new loci associated with
undesired coat color phenotypes in Saanen goats. PLoS ONE 11:e0152426.
doi: 10.1371/journal.pone.0152426

Miyuki, T., and Kentaro, M. (2013). Directed evolution study unveiling key
sequence factors that affect translation efficiency in Escherichia coli. ]. Biosci.
Bioeng. 116, 540-545. doi: 10.1016/j.jbiosc.2013.05.013

Moriwaki, A., Kihara, J., Kobayashi, T., Tokunaga, T., Arase, S., and Honda, Y.
(2004). Insertional mutagenesis and characterization of a polyketide synthase
gene (PKSI) required for melanin biosynthesis in Bipolaris oryzae. FEMS
Microbiol. Lett. 238, 1-8. doi: 10.1111/j.1574-6968.2004.tb09729.x

Nie, H., Jiang, K., Jiang, L., Huo, Z., Ding, J., and Yan, X. (2020). Transcriptome
analysis reveals the pigmentation related genes in four different shell color
strains of the Manila clam Ruditapes philippinarum. Genomics 112, 2011-2020.
doi: 10.1016/j.ygen0.2019.11.013

Nilaweera, K. N., Ozanne, D., Wilson, D., Mercer, J. G., Morgan, P. J,
and Barrett, P. (2006). G protein-coupled receptor 101 mRNA expression
in the mouse brain: altered expression in the posterior hypothalamus
and amygdala by energetic challenges. J. Neuroendocrinol. 19, 34-45.
doi: 10.1111/.1365-2826.2006.01502.x

Nilaweera, K. N., Wilson, D., Bell, L., Mercer, J. G., Morgan, P. J., and Barrett,
P. (2008). G protein-coupled receptor 101 mRNA expression in supraoptic
and paraventricular nuclei in rat hypothalamus is altered by pregnancy and
lactation. Brain Res. 1193, 76-83. doi: 10.1016/j.brainres.2007.11.048

Ning, X,, Li, X., Wang, J., Zhang, X., Kong, L., Meng, D,, et al. (2019). Genome-
wide association study reveals E2F3 as the candidate gene for scallop growth.
Aquaculture 511:734216. doi: 10.1016/j.aquaculture.2019.734216

Oren, E., Tzuri, G., Vexler, L., Dafna, A., Meir, A., Faigenboim, A., et al. (2019).
The multi-allelic APRR2 gene is associated with fruit pigment accumulation in
melon and watermelon. J. Exp. Bot. 70, 3781-3794. doi: 10.1093/jxb/erz182

Owens, B. F., Mathew, D., Diepenbrock, C. H., Tiede, T., Wu, D., Mateos-
Hernandez, M., et al. (2019). Genome-wide association study and pathway-
level analysis of kernel color in maize. G3: Genes, Genomes, Genetics 9,
1945-1955. doi: 10.1534/g3.119.400040

Palmer, A. R. (1985). Genetic basis of shell variation in Thais emarginata
(Prosobranchia, Muricacea). I. Banding in populations from Vancouver Island.
The Biological Bulletin 169, 638-651. doi: 10.2307/1541306

Peignon, J. M., Gerard, A., Naciri, Y., Ledu, C., and Phelipot, P. (1995). Analysis of
shell colour determinism in the Manila clam Ruditapes philippinarum. Aquat.
Living Resour. 8, 181-189. doi: 10.1051/alr:1995015

Petersen, J. L., Baerwald, M. R, Ibarra, A. M., and May, B. (2012). A
first-generation linkage map of the Pacific lion-paw scallop (Nodipecten
subnodosus): Initial evidence of QTL for size traits and markers linked to
orange shell color. Aquaculture 350, 200-209. doi: 10.1016/j.aquaculture.2012.
03.039

Plotkin, J. B., and Kudla, G. (2011). Synonymous but not the same: the causes and
consequences of codon bias. Nat. Rev. Genet. 12, 32-42. doi: 10.1038/nrg2899

Qin, Y., Liu, X,, Zhang, H., Zhang, G., and Guo, X. (2007). Identification and
mapping of amplified fragment length polymorphism markers linked to shell
color in bay scallop, Argopecten irradians (Lamarck, 1819). Marine Biotechnol.
9, 66-73. doi: 10.1007/s10126-006-6076-7

Rosenbaum, D. M., Rasmussen, S. G., and Kobilka, B. K. (2009). The
structure and function of G-protein-coupled receptors. Nature 459, 356-363.
doi: 10.1038/nature08144

Rupwate, S. D., and Rajasekharan, R. (2012). Plant phosphoinositide-
specific phospholipase C: an insight. Plant Signal. Behav. 7, 1281-1283.
doi: 10.4161/psb.21436

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual, Second Edition. Cold Spring Harbor Laboratory Press.

Sato, S., Tanaka, M., Miura, H., Takeuchi, T., Yamamoto, H., Ikeo, K., et al.
(2001). Functional conservation of the promoter regions of vertebrate
tyrosinase genes. J. Investigat. Dermatol. Sympo. Proceed. 6, 10-18.
doi: 10.1046/j.0022-202x.2001.00008.x

Seong, J., Dong, S. S., Park, K. D, Lee, H. K, and Hong, S. K. (2011).
Identification and analysis of MC4R polymorphisms and their association with

Frontiers in Marine Science | www.frontiersin.org

40

September 2021 | Volume 8 | Article 742330


https://doi.org/10.1073/pnas.0730689100
https://doi.org/10.1038/mp.2016.259
https://doi.org/10.1093/oxfordjournals.jhered.a108814
https://doi.org/10.1016/0044-8486(90)90111-Y
https://doi.org/10.1186/1471-2164-11-724
https://doi.org/10.1016/j.tem.2003.09.007
https://doi.org/10.1186/bcr3158
https://doi.org/10.1073/pnas.2532165100
https://doi.org/10.1016/0166-2236(94)90087-6
https://doi.org/10.1016/j.ygeno.2020.06.024
https://doi.org/10.1016/j.foodchem.2009.05.043
https://doi.org/10.1016/j.aquaculture.2019.734355
https://doi.org/10.1093/bioinformatics/btp336
https://doi.org/10.1007/s10499-014-9766-6
https://doi.org/10.1016/j.bbalip.2019.03.003
https://doi.org/10.1016/j.aquaculture.2007.07.127
https://doi.org/10.7150/ijbs.3614
https://doi.org/10.1371/journal.pone.0068096
https://doi.org/10.1007/s00227-017-3103-3
https://doi.org/10.1016/j.tig.2018.03.005
https://doi.org/10.1371/journal.pone.0152426
https://doi.org/10.1016/j.jbiosc.2013.05.013
https://doi.org/10.1111/j.1574-6968.2004.tb09729.x
https://doi.org/10.1016/j.ygeno.2019.11.013
https://doi.org/10.1111/j.1365-2826.2006.01502.x
https://doi.org/10.1016/j.brainres.2007.11.048
https://doi.org/10.1016/j.aquaculture.2019.734216
https://doi.org/10.1093/jxb/erz182
https://doi.org/10.1534/g3.119.400040
https://doi.org/10.2307/1541306
https://doi.org/10.1051/alr:1995015
https://doi.org/10.1016/j.aquaculture.2012.03.039
https://doi.org/10.1038/nrg2899
https://doi.org/10.1007/s10126-006-6076-7
https://doi.org/10.1038/nature08144
https://doi.org/10.4161/psb.21436
https://doi.org/10.1046/j.0022-202x.2001.00008.x
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Zhu et al.

Genetic Mechanisms of Shell Color

economic traits of Korean cattle (Hanwoo). Mol. Biol. Rep. 39, 3597-3601.
doi: 10.1007/s11033-011-1133-3

Shumway, S. E., and Parsons, J. (2006). Scallops: biology, ecology
and aquaculture new edition. Developm. Aquacult. Fisher. Sci. 35.
doi: 10.1016/0022-0981(92)90183-B

Smith, S. O. (2010). Structure and activation of the visual
pigment rhodopsin. Annu. Rev. Biophys. 39, 309-328.

doi: 10.1146/annurev-biophys-101209-104901

Sokolova, I. M., and Berger, V. J. (2000). Physiological variation related to shell
colour polymorphism in White Sea Littorina saxatilis. J. Exp. Mar. Biol. Ecol.
245, 1-23. doi: 10.1016/S0022-0981(99)00132-X

Stemmer, K., and Nehrke, G. (2014). The distribution of polyenes in the shell of
Arctica islandica from North Atlantic localities: a confocal Raman microscopy
study. J. Molluscan Stud. 80, 365-370. doi: 10.1093/mollus/eyu033

Sturm, R. A, Duffy, D. L., Zhao, Z. Z., Leite, F. P., Stark, M. S., Hayward, N. K,,
et al. (2008). A single SNP in an evolutionary conserved region within intron
86 of the HERC2 gene determines human blue-brown eye color. Am. J. Hum.
Genetics 82, 424-431. doi: 10.1016/j.ajhg.2007.11.005

Sudhir, K., Glen, S., Li, M., Christina, K., and Koichiro, T. (2018). MEGA X:
Molecular evolutionary genetics analysis across computing platforms. Mol.
Biol. Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Sukumaran, S., and Yu, J. (2014). Association mapping of genetic resources:
achievements and future perspectives. Genom. Plant Genetic Resourc. 1,
207-235. doi: 10.1007/978-94-007-7572-5_9

Sun, X,, Liu, Z., Zhou, L., Wu, B., Dong, Y., and Yang, A. (2016). Integration
of next generation sequencing and EPR analysis to uncover molecular
mechanism underlying shell color variation in scallops. PLoS ONE 11:e0161876.
doi: 10.1371/journal.pone.0161876

Sun, X.,, Wu, B, Zhou, L., Liu, Z.,, Dong, Y., and Yang, A. (2017). Isolation
and characterization of melanin pigment from Yesso scallop Patinopecten
yessoensis. J. Ocean Univ. China 16, 279-284. doi: 10.1007/s11802-017-3162-6

Sun, X, Yang, A., Wu, B, Zhou, L., and Liu, Z. (2015). Characterization of the
mantle transcriptome of yesso scallop (Patinopecten yessoensis): identification
of genes potentially involved in biomineralization and pigmentation. PLoS ONE
10:e0122967. doi: 10.1371/journal.pone.0122967

Takano, Y., Kubo, Y., Shimizu, K., Mise, K., Okuno, T., and Furusawa, I. (1995).
Structural analysis of PKSI, a polyketide synthase gene involved in melanin
biosynthesis in Colletotrichum lagenarium. Molecul. Gene. Genet. MGG 249,
162-167. doi: 10.1007/BF00290362

Teh, M. T., and Sugden, D. (2001). An endogenous 5-HT7 receptor mediates
pigment granule dispersion in Xenopus laevis melanophores. Br. J. Pharmacol.
132, 1799-1808. doi: 10.1038/sj.bjp.0703988

Teng, W., Cong, R., Que, H., and Zhang, G. (2018). De novo transcriptome
sequencing reveals candidate genes involved in orange shell coloration
of bay scallop Argopecten irradians. ]. Oceanol. Limnol. 36, 1408-1416.
doi: 10.1007/s00343-018-7063-3

Tobin, A. B. (1997). Phosphorylation of phospholipase C-coupled receptors.
Pharmacol. Therapeut. 75, 135-151. doi: 10.1016/S0163-7258(97)00053-3

Underwood, A. J., and Creese, R. G. (1976). Observations on the biology of the
trochid gastropod Austrocochlea constricta (Lamarck) (Prosobranchia). II. The
effects of available food on shell-banding pattern. J. Experim. Marine Biol. Ecol.
23, 229-240. doi: 10.1016/0022-0981(76)90022-8

Visser, M., Palstra, R. ], and Kayser, M. (2014). Human skin color is
influenced by an intergenic DNA polymorphism regulating transcription
of the nearby BNC2 pigmentation gene. Hum. Mol. Genet. 23, 5750-5762.
doi: 10.1093/hmg/ddu289

Wang, C., Liu, B, Liu, X, Ma, B, Zhao, Y., Zhao, X, et al. (2017).
Selection of a new scallop strain, the Bohai Red, from the hybrid between
the bay scallop and the Peruvian scallop. Aquaculture 479, 250-255.
doi: 10.1016/j.aquaculture.2017.05.045

Wang, L., Zhang, H., Song, L., and Guo, X. (2007). Loss of allele diversity in
introduced populations of the hermaphroditic bay scallop Argopecten irradians.
Aquaculture 271, 252-259. doi: 10.1016/j.aquaculture.2007.06.020

Wang, S., Liu, P, Lv, ], Li, Y., Cheng, T., Zhang, L., et al. (2016). Serial sequencing
of isolength RAD tags for cost-efficient genome-wide profiling of genetic
and epigenetic variations. Nat. Protoc. 11, 2189-2200. doi: 10.1038/nprot.
2016.133

Wang, X., Ding, S., Yin, D., Song, J., and Chang, Y. (2020). Response
to selection for growth in the second generation of two shell color

lines of the bay scallop Argopecten irradians. Aquaculture 528:735536.
doi: 10.1016/j.aquaculture.2020.735536

Wang, Y., Liu, L., and Chen, Z. (2019). Transcriptome profiling of cervical cancer
cells acquired resistance to cisplatin by deep sequencing. Artific. Cells Nanomed.
Biotechnol. 47, 2820-2829. doi: 10.1080/21691401.2019.1637882

Williams, S. T., Ito, S., Wakamatsu, K., Goral, T., Edwards, N. P., Wogelius, R. A.,
et al. (2016). Identification of shell colour pigments in marine snails Clanculus
pharaonius and C. margaritarius (Trochoidea; Gastropoda). PLOS ONE 11,
€0156664. doi: 10.1371/journal.pone.0156664

Xu, C, Li, Q,, Yu, H,, Liu, S., Kong, L., and Chong, J. (2019). Inheritance of
shell pigmentation in Pacific oyster Crassostrea gigas. Aquaculture 512:734249.
doi: 10.1016/j.aquaculture.2019.734249

Yue, X., Nie, Q., Xiao, G., and Liu, B. (2015). Transcriptome analysis of shell
color-related genes in the clam Meretrix. Marine Biotechnol. 17, 364-374.
doi: 10.1007/510126-015-9625-0

Zhang, G., Zhang, W., Ye, R, Fang, A,, Ren, G., Zheng, R,, et al. (2016). Analysis of
selective breeding of nacre color in two strains of Hyriopsis cumingii Lea based
on the cielab colorspace. J. Shellfish Res. 35, 225-229. doi: 10.2983/035.035.0124

Zhang, J., Kobert, K., Flouri, T., and Stamatakis, A. (2014). PEAR: a fast
and accurate Illumina Paired-End reAd mergeR. Bioinformatics 30, 614-620.
doi: 10.1093/bioinformatics/btt593

Zhang, S., Wang, H., Yu, ], Jiang, F., Yue, X, and Liu, B. (2018).
Identification of a gene encoding microphthalmia-associated transcription
factor and its association with shell color in the clam Meretrix petechialis.
Comparat. Biochem. Physiol. Part B: Biochem. Molecul. Biol. 225, 75-83.
doi: 10.1016/j.cbpb.2018.04.007

Zhang, Y., Zhang, L., Sun, J, Qiu, J, Hu, X, Hu, J, et al. (2014).
Proteomic analysis identifies proteins related to carotenoid accumulation
in Yesso scallop (Patinopecten yessoensis). Food Chem. 147, 111-116.
doi: 10.1016/j.foodchem.2013.09.078

Zhao,]., Gupta, S., Seielstad, M., Liu, J., and Thalamuthu, A. (2011). Pathway-based
analysis using reduced gene subsets in genome-wide association studies. BMC
Bioinform. 12:17. doi: 10.1186/1471-2105-12-17

Zhao, L., Li, Y., Li, Y., Yu, J,, Liao, H,, Wang, S., et al. (2017). A genome-
wide association study identifies the genomic region associated with shell
color in Yesso scallop, Patinopecten yessoensis. Marine Biotechnol. 19, 301-309.
doi: 10.1007/s10126-017-9751-y

Zheng, H., Liu, H., Zhang, T., Wang, S., Sun, Z, Liu, W,, et al. (2010).
Total carotenoid differences in scallop tissues of Chlamys nobilis (Bivalve:
Pectinidae) with regard to gender and shell colour. Food Chem. 122, 1164-1167.
doi: 10.1016/j.foodchem.2010.03.109

Zheng, H., Xu, F.,, and Zhang, G. (2011). Crosses between two subspecies of bay
scallop Argopecten irradians and heterosis for yield traits at harvest. Aquac. Res.
42, 602-612. doi: 10.1111/§.1365-2109.2010.02657.x

Zheng, H., Zhang, G., Liu, X., Zhang, F., and Guo, X. (2004). Different responses to
selection in two stocks of the bay scallop, Argopecten irradians Lamarck (1819).
J. Exp. Mar. Biol. Ecol. 313, 213-223. doi: 10.1016/j.jembe.2004.04.015

Zheng, H., Zhang, T., Sun, Z., Liu, W, and Liu, H. (2013). Inheritance of shell
colours in the noble scallop Chlamys nobilis (Bivalve: Pectinidae). Aquac. Res.
44, 1229-1235. doi: 10.1111/j.1365-2109.2012.03124.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhu, Zhang, Hou, Liu, Lv, Xing, Huang, Hu and Bao. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Marine Science | www.frontiersin.org

]

September 2021 | Volume 8 | Article 742330


https://doi.org/10.1007/s11033-011-1133-3
https://doi.org/10.1016/0022-0981(92)90183-B
https://doi.org/10.1146/annurev-biophys-101209-104901
https://doi.org/10.1016/S0022-0981(99)00132-X
https://doi.org/10.1093/mollus/eyu033
https://doi.org/10.1016/j.ajhg.2007.11.005
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/978-94-007-7572-5_9
https://doi.org/10.1371/journal.pone.0161876
https://doi.org/10.1007/s11802-017-3162-6
https://doi.org/10.1371/journal.pone.0122967
https://doi.org/10.1007/BF00290362
https://doi.org/10.1038/sj.bjp.0703988
https://doi.org/10.1007/s00343-018-7063-3
https://doi.org/10.1016/S0163-7258(97)00053-3
https://doi.org/10.1016/0022-0981(76)90022-8
https://doi.org/10.1093/hmg/ddu289
https://doi.org/10.1016/j.aquaculture.2017.05.045
https://doi.org/10.1016/j.aquaculture.2007.06.020
https://doi.org/10.1038/nprot.2016.133
https://doi.org/10.1016/j.aquaculture.2020.735536
https://doi.org/10.1080/21691401.2019.1637882
https://doi.org/10.1371/journal.pone.0156664
https://doi.org/10.1016/j.aquaculture.2019.734249
https://doi.org/10.1007/s10126-015-9625-0
https://doi.org/10.2983/035.035.0124
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1016/j.cbpb.2018.04.007
https://doi.org/10.1016/j.foodchem.2013.09.078
https://doi.org/10.1186/1471-2105-12-17
https://doi.org/10.1007/s10126-017-9751-y
https://doi.org/10.1016/j.foodchem.2010.03.109
https://doi.org/10.1111/j.1365-2109.2010.02657.x
https://doi.org/10.1016/j.jembe.2004.04.015
https://doi.org/10.1111/j.1365-2109.2012.03124.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

'," frontiers

in Marine Science

ORIGINAL RESEARCH
published: 09 September 2021
doi: 10.3389/fmars.2021.741230

OPEN ACCESS

Edited by:

Yuehuan Zhang,

South China Sea Institute of
Oceanology, Chinese Academy of
Sciences (CAS), China

Reviewed by:

Bin Xia,

Qingdao Agricultural University, China
Zhenming Lv,

Zhejiang Ocean University, China

*Correspondence:
Zujing Yang
yzj@ouc.edu.cn
Xiaoting Huang
xthuang@ouc.edu.cn

Specialty section:

This article was submitted to
Marine Fisheries, Aquaculture and
Living Resources,

a section of the journal

Frontiers in Marine Science

Received: 14 July 2021
Accepted: 09 August 2021
Published: 09 September 2021

Citation:

Hu L, Jiang L, Xing Q, Yang Z,

Zhao Q, Wang L, Huang X and Bao Z
(2021) Chromosome Identification and
Cytogenetic Map Construction of
Zhikong Scallop (Chlamys farreri)
Based on Fluorescence in situ
Hybridization.

Front. Mar. Sci. 8:741230.

doi: 10.3389/fmars.2021.741230

Check for
updates

Chromosome Identification and
Cytogenetic Map Construction of
Zhikong Scallop (Chlamys farreri)
Based on Fluorescence in situ
Hybridization

Liping Hu "2, Liming Jiang "2, Qiang Xing °, Zujing Yang "**, Qiang Zhao?, Liyong Wang?,
Xiaoting Huang ** and Zhenmin Bao '*

" MOE Key Laboratory of Marine Genetics and Breeding, College of Marine Life Sciences, Ocean University of China,
Qingdao, China, ? Yantai Marine Economic Research Institute, Yantai, China, ° Laboratory for Marine Fisheries Science and
Food Production Processes, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China

Zhikong scallop (Chlamys farreri) is a bivalve species with broad economic and
biological value, and an essential species of aquaculture in North China. Recently,
efforts have been made to improve knowledge of genome, genetics, and cytogenetics,
which is devoted to develop the molecular breeding project for the scallop. In
this study, we constructed a cytogenetic map and identified all chromosomes of
C. farreri using fluorescence in situ hybridization (FISH). A total of 100 Bacterial
Artificial Chromosome (BAC) clones and 27 fosmid clones, including 58 microsatellite
marker-anchored BAC clones, 4 genes-anchored BAC clones, 38 random BAC
clones, 22 repetitive sequences-anchored fosmid clones, and 5 gene-anchored
fosmid clones, were tested as probes, and 69 of them produced specific and
stable signal on one pair of chromosomes. Then, multiple co-hybridizations were
conducted to distinguish all the submetacentric and subtelocentric chromosomes
with similar morphology by the abovementioned chromosome-specific markers. On
this basis, a cytogenetic map of C. farreri containing 69 clones was constructed
by co-hybridization and karyotype analysis. The markers covered all 19 pairs of
chromosomes, and the average number of markers on each chromosome was
3.6. The cytogenetic map provides a platform for genetic and genomic analysis of
C. farreri, which facilitates the molecular breeding project of C. farreri and promotes the
comparative studies of chromosome evolution in scallops and even bivalves.

Keywords: Chlamys farreri, chromosome identification, cytogenetic map, FISH, BAC, fosmid

INTRODUCTION

Chromosome identification is an important part of genome research, which provides a broad view
of chromatin structure organization. Traditionally, chromosome morphological characteristics
(e.g., chromosome relative lengths and arm ratios) and banding techniques (e.g., C-banding,
G-banding, and NORs-banding) have shown to be a powerful utility for the chromosome
identification in many animal and plant species (Xu and Shi, 2007; Ocalewicz et al., 2008). However,
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these procedures have proven to be difficult in scallops and other
bivalve species (Insua et al., 1998; Gajardo et al., 2002; Huang
et al,, 2007a,b), which were mainly due to the lack of cultured
cells for the preparation of high-quality elongated chromosomes.

The development of fluorescence in situ hybridization (FISH)
is a significant step toward chromosome identification, and FISH
is a well-established approach for determining the location and
relative order of DNA sequences in chromosomes (Zhang et al.,
2008a; Merlo et al., 2021). The initial probes used as landmarks
for chromosome distinguish were repetitive sequences, mainly
including satellite sequences (Wang et al., 2001; Zhang et al.,
2008a), ribosomal DNA (Zhang et al, 1999; Xu et al, 2001;
Huang et al., 2007a,b), and histone genes (Eirin-Lopez et al., 2002,
2004; Zhang et al., 2007a). However, these repetitive sequence
probes could identify only partial chromosomes. Mapping using
large-insert DNA genomic clones [e.g., P1, fosmid, and bacterial
artificial chromosome (BAC)] as probes for FISH provided
an alternative approach that has been successfully used in
some shellfish species. Wang et al. (2005) accomplished the
identification of seven pairs of chromosomes of eastern oysters by
using P1 clones as FISH probes. Zhang et al. (2008a) successfully
distinguished eight pairs of chromosomes of Chlamys farreri
using eight fosmid clones. Li et al. (2016) and Yang et al. (2016)
identified six and five pairs of chromosomes of Patinopecten
yessoensis by six and eight fosmid clones, respectively. In some
plant species, especially in those species with relatively small
chromosomes, BAC-FISH had played an important role in
chromosome identification and cytogenetic researches (Wang
et al., 2007; Wai et al., 2010; Lee et al., 2020; Mendoza et al.,
2020). In white campion Silene latifolia, 12 pairs of chromosomes
were distinguished by the simultaneous hybridization of five BAC
clones and three repetitive sequences on mitotic chromosomes
(Lengerova et al., 2004). Furthermore, based on FISH, the
integration of genetic and cytogenetic maps was carried out in
many organisms, such as Bombyx mori (Yoshido et al., 2005),
C. farreri (Feng et al., 2014), Scophthalmus maximus (Taboada
et al,, 2014), P. yessoensis (Yang et al., 2019), and some plants
(Wang et al., 2006; Xiong et al., 2010; Dong et al., 2018; Yurkevich
et al., 2021), which assisted the chromosome identification and
evolution researches in the abovementioned species.

Zhikong scallop (C. farreri, Jones et Preston 1904),
distributing along the sea coast of China, Japan, Korea, and
Sakhalin in Russia, is one of the main mariculture species
in China. It possessed the typical chromosome number for
Pectinidae (2n = 38), which was considered the closest
representative of the ancestral karyotype of Pectinidae (Wang
and Guo, 2004). Chromosome morphological characteristics
revealed that the chromosomes of C. farreri were continuous
in size. In addition to three pairs of typical metacentric
chromosomes, C. farreri had 16 pairs of submetacentric and/or
subtelocentric chromosomes appearing similar in morphology
(Wang and Guo, 2004; Huang et al., 2006). In recent years, the
genomic resources of C. farreri, such as BAC libraries (Zhang
et al., 2008b; Cheng, 2010), fosmid libraries (Zhang et al., 2007b),
and genome (Li et al., 2017), are available. Some chromosomes
of C. farreri had been distinguished by FISH using repetitive
sequences or large-insert DNA clones as probes (Huang et al.,
2006, 2012; Zhang et al., 2007a, 2008b; Huan et al., 2009a,b;

Feng et al., 2014). However, it is still difficult to identify all 19
chromosomes of C. farreri based on the present FISH results of
these probes. Until now, a complete set of chromosome-specific
DNA markers have not been developed for this species.

In this study, chromosome-specific BAC and fosmid clones
were selected as probes to accomplish the chromosome
identification and cytogenetic map construction of C. farreri by
multiple FISH. Among them, each chromosome of C. farreri
could be identified by co-hybridization and karyotype analysis.
The integrated cytogenetic map will contribute to further
characterization and application of the C. farreri genome.

MATERIALS AND METHODS

Scallop Chromosome Preparation

Zhikong scallop (C. farreri) trochophore larvae were obtained
from an aquatic hatchery in Rongcheng, Shandong Province,
China. Metaphase was prepared according to the methods
described by Huang et al. (2006). Briefly, larvae were treated
with colchicines (0.01%) in seawater for 2 h at room temperature,
then exposed to 0.075M KCI solution for 20 min, and, finally,
fixed three times (15min each) in the fresh Carnoy’s solution
(ethanol:glacial acetic acid, 3:1 v/v). The fixed larvae were
dissociated into a cell suspension using 50% acetic acid and then
dropped onto hot-wet slides and air-dried.

Probe Selection and Labeling

The chosen clones for testing signal specificity in FISH studies
included microsatellite marker-anchored BAC clones, genes-
anchored BAC clones, random BAC clones, repetitive sequences-
anchored fosmid clones, and genes-anchored fosmid clones. All
BAC clones used in the FISH analysis were screened from the
C. farreri HindIII-BAC (BH) and BamHI-BAC (BB) libraries
(Cheng, 2010), and the microsatellite markers contained in the
BAC clones were selected based on the SSR genetic map of
C. farreri (Zhan et al, 2009). All fosmid clones used in the
FISH analysis were selected according to the information from
pair-end sequencing results of the fosmid library of C. farreri
(Zhang et al, 2007b). BAC and fosmid DNA were isolated
via the standard laboratory methods (Sambrook et al., 1989)
and then labeled with digoxigenin (Dig)-11-2’-deoxyuridine 5’-
triphosphate (dUTP) or biotin-16-dUTP by Dig- or biotin-nick
translation mix (Roche, American) according to the instructions
of the manufacturer.

FISH and Co-hybridization

The FISH experiments were performed following the methods
published by Huang et al. (2007b). Chromosome slides were
pretreated with RNase A (100 g/ml) in 2x saline sodium
citrate buffer (SSC) at 37°C for 1h, followed by pepsin (0.005%)
in 10mM HCI at 37°C for 10 min. Chromosome slides were
denatured in 70% formamide mixed with 2x SSC at 75°C for
2 min, immediately dehydrated in a chilled ethanol series (70,
90, and 100%) for 5 min each, and then air-dried. Hybridization
mixture consisted of 10-15 ng/pl Dig-11-dUTP and/or biotin-
16-dUTP labeled BAC or fosmid DNAs, 50% deionized
formamide, 10% dextran sulfate, and 2x SSC. The hybridization
mixture was denatured at 90°C for 5 min and immediately cooled
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Scale bars = 5 pm.

FIGURE 1 | Representative fluorescence in situ hybridization (FISH) pattern of bacterial artificial chromosome (BAC) and fosmid clones on mitotic metaphase
chromosomes of Chlamys farreri. (A) BH1060G11 containing microsatellite marker CFLD034; (B) BH565D6 containing microsatellite marker CFMSMO014; (C)
BB240C9 containing Dmrt4 gene; (D) random BAC clone BHB0F12; (E) F421B9 containing repetitive sequences; and (F) F541H2 containing Hsp22 gene.

on ice. A denatured probe was then applied onto the slide,
and DNA-DNA in situ hybridization was carried out in a moist
chamber at 37°C for 16-18 h. Then, slides were washed in 50%
formamide in 2x SSC at 37°C for 10min, in 1x SSC at 37°C
three times (5 min each), and in 2x SSC at room temperature for
5 min. Dig-labeled and biotin-labeled probes were detected using
anti-digoxigenin-rhodamine (Roche, American) and fluorescein
isothiocyanate (FITC)-conjugated avidin D cell sorter (DOS)
(Vector, American), respectively. Chromosomal DNAs were
then counterstained with 4,6-diamidino-2-phenylindole (DAPI)
or 1.5pg/ml propidium iodide (PI) at 37°C for 10min.
Hybridization signals were visualized, and images were recorded
using a (Leica, Germany) DM4000B microscope equipped with
an epifluorescence system and a charge coupled device (CCD)
camera. At least 10 metaphases were examined for each probe
and karyotype analysis, and the chromosomal pairs marked
by clones were classified based on the Levan’s criteria (Levan
et al., 1964). Then, clones within distinct signals and discernable
chromosomal location were selected for co-hybridization with
other clones.

For co-hybridization, probes labeled with Dig- and biotin-
were pooled for hybridization, and other protocol was the same
as that for regular hybridization mentioned earlier.

RESULTS

Development of Chromosome-Specific

Cytogenetic Markers
After screening the BAC libraries of C. farreri, 58 microsatellite
marker-anchored BAC clones and 4 genes-anchored BAC clones

were obtained. Meanwhile, according to the information of pair-
end sequences of the fosmid clones, 22 repetitive sequences-
anchored clones and 5 genes-anchored clones were selected. In
addition, 38 random BAC clones were also tested as a probe for
FISH. In total, 127 BAC and fosmid clones were isolated and
hybridized on mitotic metaphase chromosomes. Among them,
72 clones could successfully map on the chromosomes, and a total
of 69 clones, including 58 BACs and 11 fosmids, could produce
specific FISH signals on one pair of chromosomes. These BAC
and fosmid clones producing unambiguous and reproducible
FISH signals were used as chromosome-specific markers.
As shown in Figure 1A, BAC clone BH1060G11 containing
microsatellite marker CFLD034 hybridized to the middle of the
long arm of a big pair of subtelocentric chromosomes. BAC
clone BH565D6 containing microsatellite marker CFMSM014
was mapped to the long arm of a pair of submetacentric
chromosomes, about two-fifth of the long arm away from
the centromere (Figure 1B). FISH with BAC clone BB240C9
containing Dmrt4 gene revealed one single locus on the telomeric
region of the long arm of a pair of submetacentric chromosomes
(Figure 1C). The random BAC clone BH60F12 was located on
the long arm of a pair of subtelocentric chromosomes, about four-
fifth of the long arm away from the centromere (Figure 1D). In
addition, fosmid clone F421B9 containing tandemly repetitive
DNAs showed distinct signals on the telomeric region of the
short arm of a pair of metacentric chromosomes (Figure 1E).
Hybridization with fosmid clone F541H2 containing heat shock
protein (Hsp22) gene (Figure 1F) revealed intensive signals on
the short arm of a pair of subtelocentric chromosomes. The
FISH results of all the isolated chromosome-specific clones were
summarized in Table 1.
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TABLE 1 | Sequence information and hybridization results of 69 chromosome-specific markers in the cytogenetic map of Chlamys farreri.

Chr. No. Clone name Information of clone Location of signals Clone reference
Chr.type  Arm type

1 BB34D10 Random BAC clone m p In this study
F418E2 Forward and reverse sequences show partial identity (2008) m p In this study
F411D6 Containing tandem repeats with unit length of 27bp at both ends m q In this study
BH984B5 Containing microsatellite marker CFMSP003 from LG14 m q Feng et al., 2014
BB105B2 Containing microsatellite marker CFJD047 from LG14 m q Feng et al., 2014

2 F421B9 Forward and reverse sequences are repeats and show highly similar m p In this study
BB311A9 Containing microsatellite marker CFFD048 from LG4 m q Feng et al., 2014
BB98C5 Random BAC clone m p Feng et al., 2014
F400H6 Forward sequence significantly hit to histone H4 gene sm P Zhang et al., 2008b
BH565D6 Containing microsatellite marker CFMSMO014 from LG16 sm q Feng et al., 2014
F409B11 Forward and reverse sequences show partial identity sm q In this study

5 BH1003H1 Random BAC clone sm q In this study
BB324B4 Random BAC clone sm q In this study
FA20E3 Both end sequences showing identity are tandem repeats with unit length of 39 bp sm q In this study

6 BB34D12 Random BAC clone sm p In this study
FA58F11 Forward sequence significantly hit to histone H1 gene sm q Zhang et al., 2008b
BHB64A4 Random BAC clone sm q In this study
BB233G7 Containing microsatellite marker CFOD062 from LG13 sm q Fengetal., 2014

7 BH799B12 Containing microsatellite marker CFHD004 from LG3 sm/st p Feng et al., 2014
BH1049A9 Containing microsatellite marker CFFD093 from LG3 sm/st q Feng et al., 2014
BB240C9 Containing male sex-related (Dmrt4) gene sm/st q In this study

8 BH1304E11 Containing microsatellite marker CFLDO06 from LG1 sm q Feng et al., 2014
BH1162H2 Containing microsatellite marker CFFD143 from LG1 sm q Feng et al., 2014
BH983A4 Random BAC clone sm q In this study
BHE0B1 Random BAC clone sm q In this study

9 BB24F11 Random BAC clone st P
BB199E2 Random BAC clone st q In this study
BH1060G11 Containing microsatellite marker CFLD034 from LG7 st q In this study
BH431C4 Containing microsatellite marker CFE15 from LG19 st q Feng et al., 2014

10 BH793B11 Containing microsatellite marker CFKDO77 from LG2 st p Feng et al., 2014
BB69B10 Containing microsatellite marker CFFD041 from LG16 st p Feng et al., 2014
F408A12 Both end sequences significantly hit to 18S rRNA gene st p Zhang et al., 2008b
F541H2 Forward sequence significantly hit to heat shock protein (Hsp22) gene st p In this study
F393C3 Forward sequences are tandem repeats with unit length of 155 bp st p In this study
BH323B5 Random BAC clone st p In this study
BB34A12 Random BAC clone st q In this study
BH783B4 Containing microsatellite marker CFBD213 from LG2 st q Fengetal., 2014
BH1285H8 Containing microsatellite marker CFBD170 from LG6 st q Fengetal., 2014

IR BH885H2 Containing microsatellite marker CFKD091 from LG12 st p Feng et al., 2014
BB224B4 Containing microsatellite marker CFKD096 from LG12 st p Feng et al., 2014
BH1053D8 Random BAC clone st q In this study
BH1003G1 Containing microsatellite marker CFBD224 from LG18 st q Feng et al., 2014

12 BB32G4 Containing microsatellite marker CFCD134 from LG7 st q In this study
BB138G5 Containing microsatellite marker CFLD047 from LG8 st q In this study
BB29H9 Random BAC clone st q In this study

13 BH1291D12 Containing microsatellite marker CFFD110 from LG7 st q Fengetal., 2014
BB312B11 Containing microsatellite marker KD022 from LG13 st q Fengetal., 2014

14 BH1308F7 Containing microsatellite marker CFLD137 from LG3 st p In this study
BH986B2 Containing microsatellite marker CFAD184 from LG18 st q Feng et al., 2014

(Continued)
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TABLE 1 | Continued

Chr. No. Clone name Information of clone Location of signals Clone reference
Chr.type  Arm type
BH966F2 Containing microsatellite marker CFCD172 from LG8 st q Feng et al., 2014
BB27C6 Containing microsatellite marker CFFD167 from LG10 st q In this study
BHB0F12 Random BAC clone st q In this study
15 BHB0F1 Random BAC clone st p In this study
BB75B6 Containing microsatellite marker CFFBD204 from LG11 st p Feng et al., 2014
BH1308E3 Containing microsatellite marker CFBD193 from LG11 st q Fengetal., 2014
BB23H9 Containing microsatellite marker CFCD104 from LG6 st q In this study
BH569G6 Random BAC clone st q In this study
16 BH1261C3 Containing microsatellite marker CFOD056 from LG17 st q Feng et al., 2014
BB239F4 Random BAC clone st q In this study
BH368F12 Containing microsatellite marker CFLD144 from LG17 st q Feng et al., 2014
17 F410G10 Containing tandem repeats with unit length of 25 bp at both ends st p In this study
BHB4ES Random BAC clone st p In this study
BH1002C5 Containing sex-related (Q-dx) gene st p In this study
BB239A6 Containing microsatellite marker CFLDO60 from LG19 st q Feng et al., 2014
18 BHB0A1 Random BAC clone st p In this study
BB105A1 Containing microsatellite marker CFFD144 from LG5 st p Feng et al., 2014
BB86D4 Containing microsatellite marker CFADO18 from LG5 st q Feng et al., 2014
19 BB235A11 Containing microsatellite marker CFIDO05 from LG15 st q Feng et al., 2014
BB39F11 Containing microsatellite marker CFJDO77 from LG10 st q Feng et al., 2014

Chr, chromosome; BH, Hindlll-BAC library; BB, BamHI-BAC library; F, Fosmid library; m, metacentric chromosomes; sm, submetacentric chromosomes; st, subtelocentric

chromosomes; p, short arm of chromosome; q, long arm of chromosome; LG, linkage group.

Identification of All Chromosomes

Three pairs of typical metacentric chromosomes of
C. farreri could be identified by their distinct size, as
shown in Figure2. The largest one was named as Chr.
1, then the middle one as Chr. 2, and the smallest
one as Chr. 3.

Due to the other 16 pairs of submetacentric and subtelocentric
chromosomes appeared similar in morphology and continuous
in size, at least 15 chromosome-specific markers are required to
distinguish them. Among the 69 clones showing unambiguous
unique FISH signals in the earlier results, 15 most reliable
representations from the 15 pairs of submetacentric and
subtelocentric chromosomes, which were shown to be located
on the same type or similar size of chromosomes (Figure 3),
were selected for multiple two-color FISH. As shown in
Supplementary Figure 1-1a, three clones of F409B11, F420E3,
and F458F11 were hybridized to three different pairs of
submetacentric chromosomes, and we named the three
chromosomes as Chr. 4 (Figure 3A), Chr. 5 (Figure 3B), and
Chr. 6 (Figure 3C), respectively. The co-hybridization with
the mixed probes containing F409B11, F420E3, F458F11, and
BH1049A9 (Supplementary Figure 1-1b) revealed that BAC
clone BH1049A9 located another submetacentric/subtelocentric
chromosomes, which were different from Chr. 4-6, and we
named it as Chr. 7 (Figure 3D). Supplementary Figures 1-1c,d
show that BHI1304E1l was mapped on one small pair of

submetacentric chromosomes differing from Chr. 4-7, and this
chromosome was named for Chr. 8 (Figure 3E).

Fluorescence in situ hybridization with BH1060G11, F409B11
(Chr. 4), and F420E3 (Chr. 5) (Supplementary Figure 1-1e)
revealed that BH1060G11 was mapped on a big pair of a
subtelocentric chromosome instead of submetacentric Chr.
4 and Chr. 5, although these three pairs of chromosomes
showed similar size. The subtelocentric ~chromosome
mapped with BH1060G11 was named as Chr. 9 (Figure 3F).
Similarly, Supplementary Figures 1-1f,g show that clone
F408A12 was assigned to another big pair of subtelocentric
chromosomes named as Chr. 10 (Figure3G) differing
from Chr. 9 and Chr. 8. Clone BHI1003Gl was located
on a pair of submetacentric/subtelocentric chromosomes,
and the co-hybridizations of this clone and F458F11
(Chr. 6) (Supplementary Figure 1-1j), this clone and
BH1049A9 (Chr. 7) (Supplementary Figure 1-1h), as well
as this clone and BH1060G11 (Chr. 9) and F408A12
(Chr. 10) (Supplementary Figure 1-1i) confirmed the
different chromosome assignments of BH1003G1, and we
named this chromosome as Chr. 11 (Figure 3H). BB32G4,
BH60F1, BH1003Gl (Chr. 11), and F408A12 (Chr. 10)
were hybridized to four different pairs of chromosomes
(Supplementary Figures 1-1k,1), and the chromosome
hybridized by BB32G4 was named as Chr. 12 (Figure 3I).
BH1291D12 was located on another pair of subtelocentric
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FIGURE 2 | FISH mapping of F411D6 containing tandem repeats (A) and karyotype (B) of C. farreri after 4,6-diamidino-2-phenylindole (DAPI) staining. The
chromosomes in the white box are three pairs of metacentric chromosomes. Scale bars = 5 um.

chromosomes differing from Chr. 9-12 by the co-hybridization
of BH1291D12, BH1060G11 (Chr. 9), and BB32G4 (Chr. 12)
(Supplementary Figure 1-1lm), BH1291D12 and F408A12
(Chr. 10) (Supplementary Figure 1-1n), as well as BH1291D12
and BH1003G1 (Chr. 11) (Supplementary Figure 1-10), and
this pair of chromosomes was named as Chr. 13 (Figure 3]).
Supplementary Figures 1-2(a—c) revealed that clones BH60F12,
BH1291D12 (Chr. 13), BB32G4 (Chr. 12), BH1003G1 (Chr.
11), and BH60F1 were assigned to different subtelocentric
chromosomes, and the BH60F12-locating chromosome was
slightly smaller than Chr. 13, and it was named as Chr. 14
(Figure 3K). Clone BH60F1 confirmed its location at another
subtelocentric chromosome [named as Chr. 15 (Figure 3L)]
by the co-hybridization results of this clone with the other
clones mapped to the identified subtelocentric chromosomes,
as shown in Supplementary Figures 1-1(k,1), 1-2(c,d). The
clone BB239F4 had an assignment of the subtelocentric
chromosome, named as Chr. 16 (Figure3M), which were
different from Chr. 9-15, which were revealed by the co-
hybridization results of BB239F4 and BH60F1 (Chr. 15)
(Supplementary Figure 1-2e), BB239F4 and BH60F12 (Chr.
14) (Supplementary Figure 1-2f), BB239F4, BH1291D12 (Chr.
13), and BH1060G11 (Chr. 11) (Supplementary Figure 1-2g),
BB239F4 and BB32G4 (Chr. 12) (Supplementary Figure 1-2h),
as well as BB239F4, F408A12 (Chr. 10), and BH1060G11
(Chr. 9) (Supplementary Figure 1-2i). BH64E8 and BH60A1
were readily mapped on two pairs of small subtelocentric
chromosomes (Supplementary Figure 1-20), and the co-
hybridization analysis revealed that they could separate these
two pairs of chromosomes from the other small subtelocentric
chromosomes involving Chr. 16, 15, 14, and 13, as shown in
Supplementary Figures 1-2(j-n). These two small subtelocentric
chromosomes were named as Chr. 17 (Figure 3N) and Chr. 18
(Figure 30), respectively. Since 15 of the 16 submetacentric and
subtelocentric chromosomes with similar morphology and size
had been identified, the remaining one would be automatically
distinguished, and it was named as Chr. 19.

Based on the abovementioned data, all the 19 chromosomes
of C. farreri were successfully distinguished and named for the
first time.

Construction of a Cytogenetic Map

The establishment of representative chromosome-specific
cytogenetic markers allowed to construct a cytogenetic map
of C. farreri. The main strategy was to do the co-localization
analysis of the newly developed chromosome-specific markers
and the representative chromosome-specific markers on the
same chromosome.

By using this strategy, fosmid clone F418E2, BAC clones
BB34D10, BH984B5, and BB105B2 were all hybridized to Chr.
1, and BB34D10 was located on the telomeric region of the
short arm of Chr. 1, F418E2 was on the middle of one
arm of this chromosome, while BH984B5 and BB105B2 were
mapped to about middle and telomeric region of the other arm
of Chr. 1, respectively (Figures 4A-C). The co-hybridizations
of F458F11, BB34D12, and BB233G7 (Figure 4D), as well as
BB34D12 and BH64A4 (Figure 4E), revealed that these clones
were all assigned to Chr. 6. Among them, BB34D12 was
located near the telomeric region of the short arm, the other
three clones were all mapped to the long arm, which were
close to the centromere (F458F11 and BH64A4), and about
telomeric region of Chr. 6 (BB233G7). As shown in Figure 4F,
BH1049A9 and BB240C9 were observed as located near the
centromere and at the telomeric region of the long arm of
Chr. 7, respectively. Clone BH799B12 was also mapped to Chr.
7, and it was located about midway on the short arm of this
chromosome. The co-hybridization of BH1304E11 and BH60B1
confirmed their locations on Chr. 8, near the centromere and
about four-fifth of the long arm away from the centromere,
respectively (Figure 4G). BH1162H2 was mapped to the location
that was near the BH1304E11 on the same chromosome. The
chromosomal locations of F541H2, F393C3, BB69B10, BH323B5,
and BH1285H8 were analyzed by simultaneously hybridizing
with the representative clone of Chr. 10 (F408A12). Five clones
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—— |BH1304E11

—— |BH60F12

— |BH1060G11

FIGURE 3 | FISH results of 15 reliable representations from the 15 pairs of submetacentric and subtelocentric chromosomes of C. farreri. The chromosomes in the
white box are the chromosome with specific signal and the largest metacentric chromosome. Scale bars = 5 um.

of F541H2, F393C3, BB69B10, BH323B5, and F408A12 were all
located on the short arm of Chr. 10, and their relative order on
the chromosome was not unambiguous on the highly condensed
metaphase chromosomes (Figures 4H-J). Clone BH1285H8
produced bright signals on the long arm of Chr. 10, about one-
fourth from the centromere (BH1285HS, Figure 4K). BH60F12
and BH 966F2 were hybridized on the same chromosome with

BH986B2, and they were all located on the long arm of Chr. 14
(Figures 4L,M). Of which, BH986B2 was mapped to near the
centromeric region, BH 966F2 was on the middle of the long
arm, and BH60F12 was about three-fourth from the centromere.
BAC clones BH60F1 and BB75B6 were both located at the end
of the short arm of Chr. 15 (Figure 4N). BHI1308E3 was also
mapped to Chr. 15 by co-hybridization with BB75B6, and it was
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hybridized near the centromeric region of the long arm. BH64E8
and BH1002C5 were simultaneously located on the short arm
of Chr. 17, and it was difficult to distinguish their chromosomal
locations (Figure 40).

Referring to the FISH results of a single specific probe, 69
clones could produce positive signals on a single chromosome.
However, for some of them, especially those producing high
background, it was difficult to achieve the co-hybridization of
multiple clones because the FISH condition of these clones was
different. We determined the chromosomal locations of these
clones by the karyotype analysis based on their one-color FISH.
In summary, all the available data were used for the construction
of the karyotype ideogram of C. farreri, which indicated the
FISH mapping of 69 cytogenetic markers (Figure 5). All the
information on these 69 markers is provided in Table 1. The
cytogenetic markers on different chromosomes were different,
with 3.6 as an average number of markers. Of which, Chr. 10 has
the most number of markers which was nine, and Chr. 3 has the
least number of markers which was one.

DISCUSSION

Cytogenetic  researches rely on accurate chromosome
identification, which is also the first step in understanding
the genome organization of a species. Unfortunately, it is still
a challenge to identify all the individual chromosomes of C.
farreri. The studies of karyotype, silver staining, and fluorescent
staining (PI and DAPI) offered limited information for the
reliably distinguishing C. farreri chromosomes (Huang et al.,
2006; Xu et al., 2011). Based on the large-insert genomic DNA
libraries (e.g., fosmid and BAC), FISH is an efficient method
to accomplish the chromosome-specific identification. Zhang
et al. (2008a) have successfully identified eight chromosomes of
C. farreri by using eight fosmid clones as FISH probes, among
which five clones were simultaneously located on different
chromosomes by two-color co-hybridization. Combining these
results, in this study, we isolated some chromosome-specific
fosmid clones from the C. farreri fosmid library (Zhang et al.,
2007b). In addition, a large number of chromosome-specific
BAC clones were also isolated from the C. farreri BH and BB
libraries (Cheng, 2010). These were the basis for identifying
individual chromosome and constructing the cytogenetic map
of C. farreri.

In many plant species, chromosomes were arranged based
on their lengths in conventional karyotyping, with the longest
one as the first chromosome and the shortest one as the last
chromosome, although the chromosome numbering systems
were not unified. In the potato karyotyping, the chromosomes
distinguished based on the Giemsa-banding patterns were
named either numerically, from chromosome 1 to chromosome
12 (Pijnacker and Ferwerda, 1984), or alphabetically, from
chromosome A to chromosome L (Wagenvoort et al., 1994).
Moreover, the pachytene chromosomes of potatoes were named
using a Roman number system (Yeh and Peloquin, 1965).
Unfortunately, there has been no unambiguous numbering
and naming for all the chromosomes of C. farreri due to
the lack of accurate chromosomal markers. In some species,
such as sorghum (Kim et al., 2002, 2005), silkworm (Yoshido

et al, 2005), alpaca (Mendoza et al., 2020), and Senegalese
sole (Merlo et al., 2021), all chromosomes could be identified
by simultaneous FISH of a cocktail of landed large-insert
DNA clones and/or repetitive DNA probes. In this study, we
successfully distinguished all the 19 chromosomes of C. farreri
through multiple two-color FISH and numbered them based
on the chromosome-specific markers aided by the chromosomal
morphology and lengths. They were arranged with the three
metacentric chromosomes being chromosomes 1-3 from the
longest one to the shortest one, following the five submetacentric
chromosomes being chromosomes 4-8 from the longest one to
the shortest one, and then all the subtelocentric chromosomes
being chromosomes 9-19. In addition, our studies confirmed
that this naming system could apply to the species with a
large number of chromosomes as well as having difficulty in
identifying individual chromosome using traditional karyotype
and banding methods.

The chromosome assignment of large-insert DNA clones
containing genetic markers provided bases not only for the
chromosome identification but also for the integration of
cytological and genetic linkage maps. Some species have been
conducted multiple linkage maps, but it is still difficult to
compare or integrate the different linkage groups due to the
lack of a common nomenclature system for linkage groups.
Actually, the problem could be solved by unifying the linkage
groups and chromosomes, which could be accomplished by
the chromosomal location of the large-insert DNA clones
containing genetic markers (Mendes et al., 2020). In many plant
species, the FISH mapping of BAC clones containing amplified
fragment length polymorphism (AFLP) or microsatellite genetic
markers accomplished the recognition of chromosomes as well
as the integration of linkage groups and chromosomes (Kim
et al, 2002, 2005; Tang et al., 2009; Yurkevich et al, 2021).
Similar research was also reported in the scallop species of
P. yessoensis, and the 19 LGs were successfully assigned to
19 pairs of chromosomes by SNP-anchored fosmid clones,
which achieving chromosome recognition and integration of
genetic and cytogenetic map (Yang et al, 2019). In addition,
the distributions of microsatellite markers in some plant
species were observed that they were specific and correlated
with certain chromosomal organizations (e.g., euchromatin,
heterochromatin, and centromeres) (Cuadrado et al., 2008).
With the aid of chromosome-specific markers, we could locate
more molecular markers on the chromosomes to understand
chromosomal structures.

The integration of cytogenetic and genomic data had
advanced our understanding of the genomic structure and
evolution of the organism. In mandarin Citrus reticulata,
the BAC-FISH of 18 BAC clones established correlations
between mandarin scaffolds and chromosomes, allowing further
structural genomic and comparative study with the sweet orange
genome (Mendes et al.,, 2020). In Siberian sturgeon Acipenser
baerii with polyploidy genome, a detailed chromosomal map
consisted of starlet-specific repeats and chromosomal probes
reconstructed the evolutionary reorganizations of 11 ancestral
chromosomes after AcIR and Ac2R (Biltueva et al., 2020). A
cytogenetic map of C. farreri was constructed for the first time
by FISH with probes of clones, such as microsatellite-anchored
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FIGURE 4 | Co-hybridization of the clones on the same chromosomes. Red and green signals correspond to digoxigenin (Dig)- and biotin-labeled probes,

BAC clones, random BAC clones, repetitive DNA fosmid clones,
genes-anchored BAC, and fosmid clones. All the mapped BAC
and fosmid clones could be developed as sequence-tagged sites
for further unification of the cytogenetic, physical, and genetic
maps. The use of these markers is highly reproducible and
does not require any specific stages of chromosome preparation
which is required for traditional bandings. FISH with the

chromosome-specific cytogenetic markers is the certain method
for chromosome identification and construction of a cytogenetic
map of C. farreri. In addition, the C. farreri genome contained
numerous repetitive sequences which led to difficulties in genome
assembly. The ability to identify the position of the repetitive
sequence on the chromosomes of C. farreri would enable us to
fill those gaps in the genome.
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FIGURE 5 | Karyotype ideogram of C. farreri showing chromosome assignment of 69 markers. The circles represent the loci of the markers that have been confirmed
by co-hybridization. The triangles represent the loci of the markers determined by the karyotype analysis.

CONCLUSION

The cytogenetic mapping will facilitate accurate assembly
of the genome and understanding the genome organization
of C. farreri, and enable comparative cytogenetic research of
the bivalve.
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The relationship between carotenoid and shellfish shell color has gained increasing
attention. B, B-carotene-9,10'-oxygenase 2 (BCDO2) is a key enzyme in animal
carotenoid metabolism, and its accumulation affects the change in body color, as
demonstrated in mammals, birds, and fish. However, it is unclear whether BCDO?2 is
involved in the formation of the red shell color of clam. To explore the molecular structure
and biological function of BCDOZ2 gene in the process of carotenoids accumulation, in
this study, the BCDO2 from hard clam Meretrix meretrix (designated as Mm-BCDO2) was
cloned and characterized, and the single-nucleotide polymorphisms (SNPs) associated
with shell color were detected. The results of gRT-PCR indicated that Mm-BCDO2 gene
was expressed in all six tested tissues, and the expression of mantle was significantly
higher than other tissues (P < 0.05). The association analysis identified 20 SNPs in
the exons of Mm-BCDO2, among which three loci (i.e., c.984A > C, ¢.1148C > T,
and ¢.1187A > T) were remarkably related (P < 0.05) to the shell color of clam. The
western blot analysis revealed that the expression level of Mm-BCDO2 in the mantle
of red shell clams was stronger than that of white shell clams (P < 0.05). Further,
the immunofluorescence analysis indicated that the single-layer columnar cells at the
edge of the mantle were the major sites for the Mm-BCDO2 secretion. This study
explored the potential impacts of BCDO2 gene on the shell color of M. meretrix, which
provided a theoretical basis for a better understanding of the important role of BCDO2
in carotenoid metabolism.

Keywords: Meretrix meretrix, BCDO2, carotenoids, shell color, SNP

INTRODUCTION

Carotenoids are a class of fat-soluble pigments, which can be classified into two groups: the
xanthophylls (oxygenated-contained group) and the carotenes (hydrocarbons without oxygenated
group) (Wu et al., 2016). It has been reported that carotenoids play an important role in various
aspects of animal life. For example, it acts as precursors of vitamin A and antioxidants to involve
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in host physiological response (Svensson and Wong, 2011; Milani
et al, 2017). The zeaxanthin, lutein, and astaxanthin have a
positive effect on antioxidant and light filtering by preventing
vision loss and eye diseases (Li et al., 2017), hence protecting
the eyesight to a certain extent (Felix et al,, 2011). Moreover,
carotenoids and their derivatives are involved in the coloration
of feathers, skin, and shells, which play a signal role in mate
selection, social competition, and species recognition (Blount and
Mcgraw, 2008).

Notably, animals that are unable to de novo synthesize
carotenoids can get them from the diet (Zheng et al., 2010). The
metabolic process of carotenoids in animals includes a series of
metabolic reactions. Enzyme degradation is the key step for the
utilization of carotenoids. So far, two types of carotene oxygenase,
B-carotene 15, 15’ -monooxygenase (BCMOL1) and B-carotene 9/,
10’-dioxygenase (BCDO2), have been identified in vertebrates
(Wu et al, 2016). BCMOL1 is a key enzyme that converts
p-carotene into vitamin A. Most B-carotene is symmetrically
cleaved to form metabolites under the action of BCMO1 (Georg
et al., 2010). BCDO?2 displays broad substrate specificity and
can cleave B-carotene, generating beta-10’-apocarotenal and
beta-ionone; contrarily, beta-10"-apocarotenal can be cleaved by
BCMOL1 to produce retinaldehyde and downstream derivatives
including retinol and retinoic acid (Sefia et al., 2016; Jin et al.,
2020). In addition, BCMO1 catalyzes the asymmetric cleavage
of xanthophylls to generate rosafluene and ionone (Sena et al.,
2016). Studies have found that the expression level of BCDO2
affects the body color of animals (Eriksson et al., 2008). Similarly,
researches on the body surface color of wall lizard have showed
that the content of lutein and zeatin is remarkably higher in
yellow skin lizard compared with that in white skin lizard, which
corresponds to the significantly lower expression level of BCDO2
in yellow skin lizard (Andrade et al., 2019). Genetic studies on the
effect of BCDO2 mutations on “yellow fat” phenotype in cattle,
sheep, and chicken have showed that BCDO2 is implicated in the
carotenoid homeostasis of milk color, fat color, and skin color
(Eriksson et al., 2008; Berry et al., 2009; Tian et al., 2009; Vge and
Boman, 2010). Genetic disruption (low-temperature expression
and detergent choice) of BCDO2 can significantly affect binding
and turnover rates of the recombinant enzymes with various
xanthophyll substrates and then increase the concentration of
dietary pigment in plasma and blood of the mice (Babino et al.,
2015).

Currently, researches on the role of carotenoids on the
coloring of tissues and shells have been reported in Meretrix
meretrix (Lin and Dong, 2015; Cui et al., 2018), Crassostrea gigas
(Ge etal,, 2016; Wang et al., 2016, 2018), Pinctada fucata (Zhang
et al., 2019), Hyriopsis cumingii (Li et al., 2014b), Paphia textile
(Deng et al., 2018), Chlamys nobilis (Zheng et al., 2010), and
Exopalaemon carinicauda (Jin et al., 2020). The hard clam (M.
meretrix) mainly distributed in the coastal area of Asia is one
of the most important commercially cultured bivalves in China
(Lin, 2015). Notably, clam shell displays two kinds of typical
and differentiated colors, including white and red (Lin, 2015).
The Raman spectra of the shell layer of M. meretrix showed that
the characteristic peaks of the carotenoids of the red shell clams
are stronger than those of the white shell clams (Zhan, 2015).
And the total carotenoid content in the marginal membrane

of the red clam mantle is about 3.4 times that of the white
clam, which is a very significant difference (Qi, 2014). Especially,
the ability of individual clams to ingest, absorb, and metabolize
carotenoids is different, which may be one of the main reasons
for the difference in shell color (Meilisza et al., 2017). However,
it is unclear whether this difference attributes to the expression
of the BCDO2 gene in M. meretrix. To address this gap, the
expression level of the BCDO2 gene was compared between red
and white shell color M. meretrix. Further, we investigated the
distribution and SNPs of the BCDO2 gene in the two groups. Our
findings will provide valuable information for further studies on
the mechanism of clam shell color formation.

MATERIALS AND METHODS

Ethics Statement

The adult hard clams (M. meretrix) at the age of 2 years were
collected from the genetic breeding research center of Zhejiang
Wanli University, China. All experimental procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC) of Zhejiang Wanli University, China.

Sample Collection and Preparation

Six tissues including gill, siphon, digestive gland, adductor
muscle, mantle, and foot were dissected, frozen immediately in
liquid nitrogen, and then stored at —80°C.

RNA Extraction and cDNA Synthesis

Total RNA was extracted from the foot, mantle, digestive gland,
siphon, gill, and adductor muscle by using the Trizol method.
The first-strand cDNA was synthesized using the prime script
RT reagent kit with gDNA Eraser (TAKARA, Japan) according to
the instructions of the manufacturer. In brief, the amplification
reactions were performed in a 20 pL volume containing 7 pL
tissue RNA (1,500 pg/iL), 1 pL gDNA eraser, 2 pL 5x gDNA
eraser buffer, 1 WL prime script RT enzyme mix 1,4 pL 5x prime
script buffer 2, 1 nL RT prime mix, and 4 pL RNase free dH,O.
The first-strand cDNA was synthesized by incubating the mixture
at 42°C for 2 min, 37°C for 15 min, and finally, heating at 85°C
for5s.

Cloning of Full-Length cDNA

The expressed sequence tag (EST) homologous to Mm-BCDO2
was detected through the cDNA library of M. meretrix (GenBank
accession no. SRX023927). A pair of gene-specific primers,
Mm-BCDO2-F and Mm-BCDO2-R (Table 1), was designed on
the basis of EST sequence of Mm-BCDO2 gene. The PCR
amplification was synthesized following the instructions of
SMARTer™ RACE ¢DNA amplification kit (Clontech, San
Francisco, USA). The RACE PCR was performed in a 25 pL
volume, which contained DEPC water, 10x advantage 2 PCR
buffer, 10mM of dNTPs, 10 uM of gene-specific primer, 10x
universal primer A mix (UPM), 1 pL of diluted RACE cDNA, and
50x advantage 2 polymerase mix. The amplification was carried
out as follows: 5 cycles of 94°C for 30's, 72°C for 3 min; 5 cycles of
94°C for 30's, 70°C for 30's, 72°C for 3 min; and 25 cycles of 94°C
for 30s, 68°C for 30s, 72°C 3 min. PCR products were examined
on 1.0% agarose gels and purified by gel extraction kit (Tiangen,
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TABLE 1 | Primers and sequences used in this experiment.

Primer Primer sequence 5'-3’ Applications
Mm-BCDO2-F AAGGAATGGGCAGCGGATGACTGTTAC 3 RACE
Mm-BCDO2-R GCGTCCACCACCAACAAGAAAGCA 5" RACE
Mm-BCDO2-F1 GACCTTGCCCACACCAG cDNA
identification
Mm-BCDO2-R1 CATCATTTTGTTCAGCCAGA cDNA
identification
Mm-BCDO2-SNP-F  ACAGAAATGGACCGGGC SNP
detection
Mm-BCDO2-SNP-R  TCCTTCATAGATCTTGCGTCCAC SNP
detection
Mm-BCDO2-qRT-F  CATACGAGGATAACGGTCACG gRT-PCR
Mm-BCDO2-gRT-R  TTTCCGCTTTGGCTGCTG gRT-PCR
18s-F CTTTCAAATGTCTGCCCTATCAACT gRT-PCR
18s-R TCCCGTATTGTTATTTTTCGTCACT gRT-PCR

Beijing, China). The purified PCR products were cloned into
pEasy-T1 (Trans, Beijing, China), and T1 vector was transformed
into E. coli DH5a, and the positive plasmids were selected and
sequenced. A pair of gene-specific primers, Mm-BCDO2-F1 and
Mm-BCDO2-R1 (Table 1), was designed based on the full-length
c¢DNA sequence and used to confirm the accuracy of cloning and
sequencing of Mm-BCDO2.

Sequence and Phylogenetic Analysis

The cDNA sequence was assembled using the BLASTX
search program of the National Center for Biotechnology
Information (NCBI). The open reading frame (ORF) of
Mm-BCDO2 cDNA was identified using the ORF Finder
program from NCBI The theoretical isoelectric point (pI)
and molecular weight (Mw) of Mm-BCDO2 protein were
calculated using Compute pI/Mw Tool. Conserved domain of
the deduced Mm-BCDO2 was predicted by simple modular
architecture research tool (SMART). Tertiary structure of
the amino acid sequence of deduced Mm-BCDO2 was
analyzed using the SWISSMODEL tool. Multiple alignments
of BCDO2 proteins between M. meretrix and other species
were performed using ClustalW2 program. A phylogenetic tree
was constructed by the neighbor-joining (NJ) method with
MEGA X software.

Quantitative Expression Analysis

The mRNA expression levels of Mm-BCDO2 at different adult
tissues (n = 4, four sets of samples per tissue) were analyzed by
real-time quantitative reverse transcription PCR (qRT-PCR). A
pair of gene-specific primers, Mm-BCDO2 qRT-F/R (Table 1),
was used to quantitatively detect the expression level of Mm-
BCDO2 with 18S rRNA as an internal reference. The qRT-
PCR was performed in 12 pL of iTaq universal SYBR green
super mix (Bio-Rad, Beijing, China), 7.2 pL deionized water,
0.8 uL of the first-strand cDNA, and 1 pL of each primer.
The amplification was carried out at the following condition:
incubation of 20s at 94°C; 40 cycles of 3s at 94°C, 15s at

60°C, and 10s at 72°C; and a final extension of 7 min at 72°C.
All amplifications were performed in triplicate as biological
replicates, and negative controls were run in the absence of
cDNA templates. The 272ACT method was used to analyze the
expression level of Mm-BCDO2. The expression levels of Mm-
BCDO2 among different tissues and between red and white shell
clam groups were compared using the one-way ANOVA and
Student’s ¢-tests, respectively.

SNPs of Mm-BCDOZ2 and Their Association

With Clam Shell Color

A pair of primers, Mm-BCDO2-SNP-F/R (Table 1), was designed
based on the cDNA sequence of Mm-BCDO2 gene; 180
adult hard clams at 2 years of age were used for the SNP
detection, collected from one population in Ningbo, Zhejiang
Province, China. Total RNA was extracted from the mantle
of clams, and then, the cDNA was synthetized using the
methods described above. SNPs were detected by directly
sequencing the PCR products using Sanger technology and
the ABI3730 platform (Applied Biosystems, Foster City, CA,
USA). The SNP genotypes were analyzed by using the Mutation
Surveyor software version 4.0.8. The software PopGen32 was
used to identify deviations from Hardy-Weinberg equilibrium
and polymorphism information content (PIC) of significantly
different SNP sites. The associated loci linkage disequilibrium
(LD) was analyzed by the SHEsis online (http://analysis.bio-x.
cn/myAnalysis.php). The difference in the genotype frequency
of SNP locus between red and white shell clam populations
was examined using the chi-square (x?2) text. The correlation
between the SNPs of Mm-BCDO2 and clam shell color traits
was analyzed by using the SPSS software version 20.0. The one-
way ANOVA was adopted to compare the difference among
different genotypes.

Immunofluorescence Analysis

The marginal tissues of the mantle and digestive gland were
chosen from red and white shell clams, respectively. These
samples were fixed with 4% paraformaldehyde, then dehydrated
by gradient ethanol and xylene/n-butanol transparent, and
paraffin-embedded sections (thickness 4 um) were prepared.
After baking, the tissue slices were deparaffinized with xylene,
rehydrated with gradient ethanol, washed with PBS, and retrieved
with EDTA antigen. Sections were then blocked for 1h in
blocking solution (5% albumin from bovine serum) at room
temperature, followed by primary antibody (antibody rabbit anti-
Mm-BCDO?2, produced privately by HuaBio, Zhejiang, 1:200)
incubation (overnight, 4°C). Primary antibody was detected
by secondary antibodies Alexa Fluor 488 donkey anti-rabbit
immunoglobulin G (Invitrogen, Carlsbad, California, U.S.) and
diluted at 1:150. Nuclei were stained with DAPI (Beyotime,
Shanghai, China). The cells were observed and photographed
under a fluorescence microscope (Nikon Eclipse 80i, Tokyo,
Japan).

Western Blot Detection
The mantle and digestive gland tissues were dissected from red
and white shell clams, respectively. The samples were added with
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an appropriate amount of RIPA lysate and then homogenized.
The suspension was collected to measure protein concentration
by BCA method, configured SDS-PAGE gel with appropriate
concentration and loaded the same amount. The protein glue
with the target protein was transferred to PVDF membrane
and then blocked for 1h in blocking solution (5% skimmed
milk powder solution) at room temperature, followed by

primary antibody (antibody rabbit anti-Mm-BCDO?2, produced
privately by HuaBio, Zhejiang, 1:1,000) incubation (overnight,
4°C). Primary antibody was bound by secondary antibodies
[anti-rabbit labeled with biotin HRP (1:8,000)] for 1h. ECL
luminescent substrate mixture was dropped on the PVDF
membrane. The proteins were observed and photographed under
gel imagers (Bio-Rad, Beijing, China).

A

1 ATGGGGATGGTTACAAAGGTTTCTCCACGGTCCAAAATGCACTGTTGTTATATGIGAAAG
61 TGTAATGGTGTTCGGAAATAACGGAAGTATAGTTTAGGAAAAAGCGGAAGAAAATGEACA
20 M OH
121 AGTTTTACCAGACTATTAAAGAAGAGCACGAGAAACCCGTGGAAGGGAGAATTACAGGTG
40 K FY QT I K E EZHIENKIPOVEEGIRIIITIG
181 ATATCCCTGGCTGGATTTGTGGAAGTTTGTACAGAAATGGACCGGGCATGTATGAAGTTG
60 DIEITPTGTW I CT G ST Y T RUNTGT PTG MY TETY
241 GTGAAGACAAGTATCAGCACATGTTCGATCCCCTGGCAATGTTCTCAAGGTTTCATATTG
80 GUET DK Y QU HE MR D PIL AT MR ST RIUTE THITY
301 AAAACAAGAAAGTGACTTATCAGAACCGCTTCCTTAAAAGCGATACTTACAAGACTAATG
100 E-N K K VT Y Q@ NRFLKSDTYKTN
361 TTGCTGCACAAAGAATTGCCATATATGCCTTCGGGACCTTGCCCACACCAGACCCATGTC
120 VEATATQURETAT T Y ARG T L PO T PUDI P
421 AGAATATCTTTCAGAGGTTTCTCAGTTACTTTGTGATTGACGACAGGAACGATAACACGA
140 QNI EN QN REENCES I ERVARTD DN RENDNET
481 ACGTCAATTTCTACCCTCTGAAGGATGAGCTATACGCCTCAACTGAGACCAACTTCATAC
160 SRV Y P T Y A S T TN N
541 ATAGGATAGATCCTGACACTCTGGAAACATTGGAAAAGGTTGATTTGAAAGAGTGTGTGG
180 LR 0 ) )2 ) 906 Jo U5 9 GV ) L 8 © )
601 CTGTAAACACGGCCACTGCCCATCCACACTACGATCCCGACGGAACTGTTCATAATTTAG
200 ACVON T AT ACH POH Y DPUDIG T VO H N L
661 GCAGTTCCTTTAAAGGGGGACCAAAACTTTGTGTTATAAAGTTTCCTCCGAAGAAGGAAA
220 SIS R TR GG P KL CI VNI K E P PR TR TE
721 AAGATGACCATTTTCCTCAAGGTCAGATTATGTCGGCAATACGATCGTCGGGGAAGGTCA
240 KEDDTHTE TPTQ G QU TS AT RTSTTS TG KT
781 GCATTAATTACTTGCACAGTTTCGGGATGACGGAGAATTATTACATATATGTGGAACAGC
260 STTTNTY L HES TR G M T BN Y Y Y VT
841 CACTGTTCATTAATGCCCTCAAAATCTTCACGTCCAAGATTCGTGGCTCGCCAATGTCCA
280 PEE TN AN KT F TSI KR GRS TP IS
901 AGTCGCTCGACTTCTACCCCGATATTCAGTCAAGGTTTCGTATAATAAACAAAACTACTG
300 K'SLDFYPDTIQSRERIINEKTT
961 GGGAAGAGGTTAATCCAGAGATCAAGTATGTGGCAGACCCTTTTATGGTTTTCCATCATA
320 GRENERVENNPRENINKEYRVAANDNPREEMEVINENHE
1021 TCAACGCATACGAGGATAACGGTCACGTCGTTGTGGACCTGTGTGGTCAGAAATCGTCAG
340 TONTATYESDENT G HEVEVEVEDILICTG @ K S S
1081 AAGCCCTAAACTACGTGTATTTGAAAGACCTAACATCAGAACAATGTGAAGAGAACTGGA
360 EALNYVYLKDLTSERQCEENHVW
1141 GGAAGTACGATGAGCCCGAACCAAGACGATACGTGCTTCCTCTAAAAGTGGACAAGCAGA
380 RKYDEPEPRRYVL P LIKWVIDKQ
1201 CGCCGAAGAACAAGAACTTGGTGGAGATTACCCAATCAGCAGCCAAAGCGGAAATGACGT
400 PR N RN LV T QI ST AT AT K AT BT
1261 CAGAGGACACTGTGCACTGTTCATGTGAAACTCTTGCAAATACTGGTATGGAGTTTCCAC
420 SHENDETRVEHNCESHCRNENTNLNANNETNCEMNENENR
1321 AAATAAACTACACACGTTATAATGGAAAGAAGTACAGATATGTGTATGGTGTTGGCTGGC
440 QI NYTRYNGKEKYRYVYGVGW
1381 ATACCAAGGAGAAACATTTCAATACGCTTGTGAAGATTGATGTGAACACAAAAACGTTTA
460 HOT K E K H F N T L VKTIDVNTEKTE
1441 AGGAATGGGCAGCGGATGACTGTTACCCATCAGAACCTGTGTTTGTACCCCATCCAAGCG
480 KERFAWANDNDNCIEYNPESHENPRVENVIPIHNPES
1501 GTACAGATGAAGATGATGGTGTGCTCTTGTCATCTGTCAATTGTTCTAAATTTGAGGAAG
500 G TDNENDND NGV S VNN CINSIKWENENE
1561 GGCAAAATGCTTTTTTGTTGGTGCTGGACGCAAGATCTATGAAGGAAATAGCAAGAGCAG
520 GUQUENTATE LT LT VELTE DA RIS MK ETTITTATRITA
1621 AATTTGACGTGCCAAGATTCCCCAAAGATTTCCATGGCTTGTTTCGGACTGAGCCATARR
540 EZFTDIVEPURUE T PUKCODIFCHUGULIFTR T E P %
1681 CTGTGACAGTAATTCTGGCTGAACAAAATGATGAATATTTGATGTTTAAACGTGGCAGTT
1741 AAATGTATGCAGAGTTTAAAGAAGAAGAAAAGATGGTTCAGTGACAACAAACACTAAAAG
1801 TTTATATTGACAGGTGTAACAATTGAAACAGAATGTTAAATTAACAAACTTGTCTCGACT
1861 TGAAAGTCTTTGATGGGTTGTAATACCTCAATGTTTGAAGATTGTACAAGAACAAACAAC
1921 AGATTTTTTTTTCATATTACATAATGTTATTTGTATTGTAAAAATGAACTGTTTATCAAA
1981 ACGTAAGTTTTT TTACAGTAATTTGTAA

FIGURE 1 | The information of the Mm-BCDOZ2 gene. (A) The full length of cDNA and deduced amino acid sequence of Mm-BCDO2. The frames represented the
start codon, the stop codon, and polyadenylation signal. The gray background fill is the functional domain of RPE65. (B) The structure of Mm-BCDO?2 protein. The
arrow structure elements are B-strand, the helical structure elements are a-helix, and the others are random coils and turns. (C) Multiple alignments of amino acid
sequences of BCDO2 from M. meretrix and other model species. Among these, the completely (=100%), strongly (>75%), and weakly (>50%) conserved residues
are shaded in black, blue, and yellow, respectively. The black line represents the domain RPEG5.
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RESULTS

Molecular Characterization of Mm-BCDO2
The full-length cDNA of Mm-BCDO2 gene was 2,040 bp,
including a 5 untranslated region (UTR) of 113 bp, an open
reading frame (ORF) of 1,566 bp that encoded 521 amino acids,
and a 3’ UTR of 361 bp existing a tail signal (AATAAA) after
terminator codon (Figure 1A). Based on the amino acid sequence
encoded by the BCDO2 gene, the protein molecular weight
was predicted to be 60.06 kDa, corresponding isoelectric point
(pI) = 5.83, including a RPE65 domain (11-308, 356-517 aa).
Mm-BCDO?2 was a hydrophilic protein with a large proportion

of polar amino acids. Protein structure prediction showed that
Mm-BCDO2 protein composed of 9 o helices, 38 B-sheets,
and a large number of random coils and had the typical
characteristics of RPE65 protein family with a cleft and a
right-handed twisted anti-parallel p-barrel (Figure 1B). The
multiple comparisons between the BCDO2 of mollusks and
model animals showed that Mm-BCDO2 had a relatively low
similarity with other species (15—44%). Among them, Mm-
BCDO?2 had the highest homology with Tauraco erythrolophus
(43.36%), the lowest homology with Trichinella spiralis (15.15%),
and the homology with shellfish Mizuhopecten yessoensis
(27.34%) (Figure 1C).
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FIGURE 2 | Analysis of evolutionary relationship among species. (A) Phylogenetic tree analysis of BCDO2 protein between M. meretrix and other species. (B) The
structure of BCDO2 of M. meretrix, other bivalves and vertebrates.

Frontiers in Marine Science | www.frontiersin.org

September 2021 | Volume 8 | Article 746026


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Fu et al.

Mm-BCDO2 Gene Associated With Shell Color

The phylogenetic tree showed that the BCDO2 proteins from
vertebrates were clustered together as one branch, while that
from M. meretrix and other invertebrates were gathered into
one branch (Figure 2A). Eighteen BCDO2 protein sequences
were analyzed and identified 10 conserved motifs, ranging
in length from 6 to 50 amino acid residues. Most of the
BCDO?2 proteins contained motif 1-10 with the exception of
M. yessoensis, Stylophora pistillata, and T. spiralis. The domain
prediction analysis showed that there was a PRE65 functional
domain in all tested vertebrates and invertebrates except T.
spiralis (Figure 2B), indicating that the functions between them
might be extremely similar.

High mRNA expression levels of Mm-BCDO2 were observed
in the mantle and foot, followed by the digestive gland, siphon,
adductor muscle, and gill (Figure 3). Notably, the expression
level of Mm-BCDO2 was significantly higher (P < 0.05) in the
mantle of red shell clams than that of white shell clams (Figure 3).

Associations Between the SNP of
Mm-BCDO2 and Shell Color of Clam

A total of 20 polymorphic loci were screened in the coding
sequence of Mm-BCDO?2 (Supplementary Table 1), of which

1500
El Red shell

Mm-BCDO?2 relative expression
n
=3
=}

three SNPs (c.984A > C, ¢.1148C > T, and c.1187A > T) were
significantly associated with clam shell color formation (Table 2).
The ¢.984A>C and c.1187A>T sites were non-synonymous
mutations, which led to the mutation of amino acids from Lys to
Gln and from Lys to Asn, respectively. The ¢.1148C>T site was a
synonymous mutation. Statistical analysis of the mutation types
of SNP sites found that there existed conversion and transversion
types in the SNP of Mm-BCDO2 exons (Table 3).

Both ¢.1148 C>T and c.1187 A>T were low polymorphism
sites, while ¢.984 A>C was a moderate polymorphism site
in the red shell clams. On the contrary, all the three SNPs
were moderately polymorphic sites in the white shell clams
(Table 4). The range of observed heterozygosity (H,) and
expected heterozygosity (He) in the red shell clams was 0.193-
0.237 and 0.232-0.468, respectively, whereas the range of H, and
He in the white shell clams was 0.146-0.265 and 0.335-0.497,
respectively. Further, the linkage disequilibrium results showed
that the three sites were strongly linked (D’ > 0.75; Table 5).

Three-locus haplotypes consisting of three SNPs were
constructed to estimate the haplotype frequencies using SHEsis
software. The analytical results showed that ACA was a common
haplotype. CCA, CCT, and CTT haplotype frequencies for these
three polymorphisms showed significant differences between the
red shell and white shell (P < 0.05; Table 6).

Distribution of Mm-BCDO2 Protein in the
Mantle and Digestive Gland

The immunofluorescence was used to assess the subcellular
distribution of Mm-BCDO?2 in the mantle and digestive gland

TABLE 3 | Variation type of the SNPs of Mm-BCDO2 gene.

N . .
@e‘ ‘D&\“ o}"@ Qg“ o &y Variation Genotype Sites Total
& < @ éé‘ type number
9'"‘;&% @"é
A4 Transition GA 500, 1,047, 1,406, 1,436, 1,454, 1,496 6
CT 1,148, 1,211, 1,403, 1,439, 1,689 5
FIGURE 3 | Relative expression levels of Mm-BCDO2 in different tissues from .
T TA 707,1,118,1,187, 1
M. meretrix. Significant differences between red shell and white shell are ransversion 663, 707, 1,118, 1,187, 1,535 °
indicated with an asterisk for P < 0.05. AC 899, 984, 1,376, 1,376 4
TABLE 2 | Analysis of association between the SNPs of Mm-BCDO2 and clam shell color.
Locus Genotype Number (Genotype frequency) Allele Allele frequency x2 (P-value)
Red shell White shell Red shell White shell
c.984A>C AA 69 (51.11) 72 (47.68) A 62.96 54.97 6.855 (0.032)
AC 32 (23.7) 22 (14.57) C 37.04 45.03
CC 34 (25.19) 57 (37.75)
c.1148C>T CC 104 (77.04) 107 (70.86) C 86.67 79.14 7.228 (0.027)*
CT 26 (19.26) 25 (16.56) T 13.33 20.86
T 5(3.7) 19 (12.58)
c.1187A>T AA 100 (74.07) 85 (56.29) A 85.19 69.54 16.026 (0.0003)**
AT 30 (22.22) 40 (26.49) T 14.81 30.46
T 5(3.7) 26 (17.22)

Significant differences between red shell and white shell are indicated with an asterisk for P < 0.05, and with two asterisks for P < 0.01.
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TABLE 4 | Polymorphic parameters of the SNP loci of Mm-BCDOZ2 gene.

Strain Locus Ho He Ne PIC

Red shell color c.984 A>C 0.237 0.468 1.874 0.358
c.1148 C>T 0.193 0.232 1.301 0.204
c. 1187 A>T 0.222 0.253 1.338 0.220

White shell color c.984 A>C 0.146 0.497 1.981 0.373
c.1148 C>T 0.172 0.335 1.502 0.278
c.1187 A>T 0.265 0.425 1.735 0.334

TABLE 5 | Linkage disequilibrium analysis among three SNP of Mm-BCDO2 gene.

Locus c.984A>C c.1148C>T c.1187A>T
c.984 A>C 1.000 (1.000) 1.000 (1.000)
c.1148 C>T 0.262 (0.328) 1.000 (1.000)
c.1187 A>T 0.296 (0.543) 0.885 (0.543)

The value above the diagonal represents D', and the value below the diagonal represents
R2. The number outside the parentheses and inside the parentheses is the linkage
disequilibrium analysis of red and white shell clams, respectively.

TABLE 6 | Haplotype analysis of three SNPs of Mm-BCDO2 gene.

Haplotype All Red shell White shell x2
sequence subjects (frequency) (frequency) (P-value)
ACA 336 166.00 (0.550)  170.00 (0.630) 3.760 (0.052)
CCA 103 43.00 (0.142) 60.00 (0.222) 6.156 (0.013%)
CCT 33 29.00 (0.096) 4.00 (0.015) 17.298 (0.000**)
CTT 100 64.00 (0.212) 36.00 (0.133) 6.102 (0.013%)
CTA 0 0.00 (0.000) 0.00 (0.000)

Significant differences between red shell and white shell are indicated with an asterisk for
P < 0.05, and with two asterisks for P < 0.01.

of red and white shell clams. The result revealed that the Mm-
BCDO2 was an extranuclear enzyme (Figure 4). According to the
green fluorescence signal, the expression level of Mm-BCDO2
protein in single-layer columnar cells at the edge of the mantle
of red clam was higher than that of white clam, but there was
no difference in the muscle fibers scattered in the middle of the
mantle (Figure 4A). Mm-BCDO2 was expressed on the glandular
epithelium of digestive gland, while there was no difference in
the expression level of Mm-BCDO2 between red and white shell
clams (Figure 4B).

Expression of Mm-BCDO2 Protein in the

Mantle and Digestive Gland

Western blot analysis of the Mm-BCDO?2 protein in the mantle
and digestive gland showed that the target band appeared
at the predicted molecular weight. There was no significant
difference in the expression level of BCDO2 in the digestive
gland between red and white shell clams (Figure 5A). Conversely,
Mm-BCDO2 was highly expressed in the mantle of the red
shell clams compared with that of the white shell clams
(P < 0.05; Figure 5B).

DISCUSSION

Studies on mammals, fish, and birds have revealed that BCDO2
can control carotenoid homeostasis, thereby affecting changes
in body surface color or tissue color (Amengual et al., 2013;
Costabile et al, 2016). In this study, the full-length cDNA
sequence of Mm-BCDO2 was successfully cloned. Further, Mm-
BCDO?2 displayed low identity in sequence size with other species
such as mammal and shellfish, but all of them contained the
RPE65 domain. It is still controversial whether the function of
BCOD?2 gene is conserved in evolution. For example, RPE65
was molecularly identified as the first member of the vertebrate
carotenoid cleavage dioxygenase family member (Hamel et al.,
1993) and initially characterized as retinoid-binding protein
rather than an enzyme catalyst (Gollapalli et al., 2003; Mata et al.,
2004). Some studies question whether there exist the BCDO2
enzyme that produces vitamin A (Hansen and Maret, 1988). It
has been reported that BCDO2 gene encodes an enzymatically
active protein, but it showed no carotenoid cleavage activity
in human (Li et al., 2014a; Sena et al., 2016). Indeed, studies
have proved that BCDO2 is a catalytically competent enzyme
and displays broad substrate specificity by transferring human
BCDO?2 splice variants into ARPE-19 cells and E. coli (Thomas
etal., 2020). Furthermore, primate BCDO2 displayed a conserved
structural fold and enzymatic function (Babino et al, 2015).
Consistently, the BCDO2 gene in vertebrate was conserved in
evolution, while that in invertebrate was quite different here.
Therefore, whether the function of BCDO2 gene is conserved in
evolution needs to be further explored.

Increasing studies have shown that the polymorphism of
BCDO?2 gene is related to color traits (Wu et al., 2020). For
instance, the nonsense mutations of BCDO2 gene in the cattle
lead to increased carotenoids in milk (Berry et al, 2009),
while the yellow fat traits of sheep and rabbit are correlated
with mutations in the coding region of BCDO2 gene (Vge
and Boman, 2010; Strychalski et al., 2015, 2019; Niu et al.,
2016). In addition, studies have found that some polymorphic
loci of BCDO2 gene are completely linked to the skin color
traits of chickens (Eriksson et al., 2008; Xu et al., 2017). These
findings reveal that BCDO2 mutations cause the alterations in its
function on mediating carotenoids cleavage. Non-synonymous
single-nucleotide polymorphisms (SNPs) result in changes in the
encoded amino acids, which in turn may affect the function
of corresponding proteins (Katsonis et al., 2015; Cao et al,
2016). This is considered to be an important cause that leads
to changes in animal phenotypes. In this study, the positions
c.984 A>C and ¢.1187 A>T were non-synonymous mutations,
and the position Lys984Gln caused the amino acid coded to
be mutated from positively charged to uncharged, which was
located near the conservative site. Similarly, the site Lys1187Asn
led to the amino acid mutation from positively charged to
negatively charged, which was located in the starting region of
the functional domain. Three haplotype frequencies for these
three polymorphisms showed significant differences between
red shell clams and white shell clams (P < 0.05). We think
the different genotypes of the three SNPs may associate with
mRNA stability or affect Mm-BCDO2 gene expression through
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Red shell

White shell

Red shell

White shell

FIGURE 4 | Distribution of BCDOZ2 in the mantle and digestive gland from red and white shell M. meretrix, respectively. (A) Localization of BCDO2 in single-layer
columnar cells (SLCC) and muscle fibers (MF) of the mantle. (B) Localization of BCDO2 in glandular epithelium (GE) of digestive gland. Green fluorescence signal,
FITC; blue fluorescence signal, DAPI.

interaction with other transcription factors that would disturb  stably and could be an important target of selection in the
carotenoids metabolism. It has been shown that changes in the  evolution of color traits.

charge of amino acids can lead to changes in redox intensity Changes in gene expression are the basis for differential
(Jiao et al., 2016). Consistent with the notion, a non-synonymous  phenotypes between the same species (Fallahshahroudi et al,
mutation in the BCDOZ2 gene was found to disrupt the carotenoid ~ 2018). In this study, the Mm-BCDO2 gene was expressed in
cleavage activity of the enzyme in a study of the coloration  all six tested tissues, with significantly higher expression in
mechanism on birds, thereby causing a significant increase  the mantle of red shell clams than white shell clams, and
in the concentration of intact carotenoids in tissues (Anna  there was no difference in the digestive gland. These findings
et al., 2020). These findings suggest that BCDO2 gene plays an  were further verified by western blot and immunofluorescence
important role in the accumulation of carotenoids in animal  analysis. Consistently, the expression level of BCDO2 gene in
tissues. Therefore, we speculate that changes of amino acid at  the red feathers and beaks of Quelea quelea was significantly
multiple sites may affect the spatial collision between the side  higher than that in the pale yellow feathers and beaks of the
chain of corresponding site of the clam BCDO?2 protein and the ~ population (Walsh et al., 2012). The expression level of BCDO2
surrounding side chain, thereby changing the protein structure ~ decreased in the skin, muscle, and adipose tissue of the white
or causing protein folding defects, which in turn altered enzyme  leghorn compared with that of the Red Junglefowl, but no change
activities and resulted in different metabolic capabilities between ~ was observed in the liver and other internal organs. It has
red and white shell clams. Intriguingly, there was a strong linkage ~ been proposed that the expression level of BCDO2 gene in the
between ¢.984 A>C and ¢.1187 A>T, which could be inherited  livers did not decrease because BCDO2 was not sensitive to the
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FIGURE 5 | Western blotting analysis of Mm-BCDO2 protein in the digestive gland (A) and mantle (B) of red and white shell clams. Significant differences between
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toxicity of excess carotenoids (Fallahshahroudi et al., 2019). On
the contrary, the transcript levels of BCDO2-I gene was elevated
in the white Chinook salmon compared with that in the red
Chinook salmon (Lehnert et al., 2019). The protection of cells
against apoptosis induced by carotenoid is strictly dependent on
BCDO?2 enzymatic function (Lobo et al., 2012). Our previous
study on the clam shell color found that the genes and proteins
that are related to carotenoid transport were significantly higher
in the red shell clams than that in the white shell clams (Zhan,
2015). Therefore, we speculate that there are two explanations
for this phenomenon. On the one hand, it is to prevent excessive
carotenoid accumulation in the body from causing cellular
oxidative stress, which will have side effects on the body, so
more carotene oxygenases are needed to decompose carotenoids.
Previous studies in mice have shown that high concentration
of carotenoids can force the expression of the BCDO2 gene, so
the high-level expression of carotene oxygenase in the body can
balance the carotenoid concentration without causing oxidative
stress (Babino et al., 2015). On the other hand, it may be that
the body needs to metabolize carotenoids to show different colors
(red, yellow, etc.). “Red” pigments are instead often metabolically
derived from the yellow precursors, typically by oxygenation
(also known as allylic oxidation), adding double-bonded oxygen
atoms (“keto-groups”) to the end rings, thereby shifting the
absorptance h max toward longer wavelengths (Britton, 1995).
For example, researchers have found that some birds produce
red feathers by metabolizing carotenoids into derived keto
carotenoids, while other birds produce red feathers by depositing

high concentrations of yellow dietary carotenoids (Andersson
et al,, 2006). And the method of depositing carotenoids in clams
needs further research.

In summary, we characterized the cDNA of Mm-BCDO2 and
analyzed the relationship between its sequence characteristics
and phylogenetic trait. The expression level of Mm-BCDO2 gene
was significantly higher in the mantle of the red shell clams
than that in the white shell clams. Moreover, the association
analysis identified three shell color-related SNPs in the exons of
Mm-BCDO2. Among them, the non-synonymous mutations of
c.984 A>C and c.1187 A>T sites may be correlated with the
accumulation of carotenoids. Overall, these findings contribute
to understanding the role of Mm-BCDO2 gene in the formation
of shell color via regulating carotenoid levels and provide
molecular marker for shell color breeding in M. meretrix.
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Immune defense systems are indispensable for living organisms. Within an immune
network, problems with any given link can impact the normal life activities of an
organism. Amphioctopus fangsiao is a cephalopod that exists widely throughout the
world’s oceans. Because of its nervous system and locomotive organs, it has become
increasingly studied in recent years. Vibrio anguillarum is one of the most common
pathogenic bacteria in aquaculture organisms. It is highly infectious and can infect
almost all aquaculture organisms. V. anguillarum infection can cause many adverse
biological phenomena, including tissue bleeding. Study the immune response after
V. anguillarum infection would help us to understand the molecular mechanisms of
immune response in aquaculture organisms. In this research, we infected the primary
incubation A. fangsiao with V. anguillarum for 24 h. We analyzed gene expression
in A. fangsiao larvae via transcriptome profiles at 0, 4, 12, and 24 h after hatching,
and 1,385, 734, and 6,109 differentially expressed genes (DEGs) were identified at
these three time points. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were used to identify immune-related DEGs.
Protein—protein interaction networks were constructed to examine interactions between
immune-related genes. Twenty hub genes involved in multiple KEGG signaling pathways
or with multiple protein—protein interaction relationships were identified, and their
differential expression verified by quantitative RT-PCR. We first studied V. anguillarum
infection of A. fangsiao larvae by means of protein—protein interaction networks. The
results provide valuable genetic resources for understanding immunity in molluscan
larvae. These data serve as a theoretical basis for the artificial breeding of A. fangsiao.

Keywords: Amphioctopus fangsiao, Vibrio anguillarum, larval growth, transcriptome, protein-protein interaction
networks, immunity, infecting
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Bao et al.

Immune Transcriptome of Amphioctopus fangsiao

INTRODUCTION

As a new research direction, mollusks have received extensive
attention recently because of their complex immune responses
and molecular mechanisms (Sokolova, 2009; Wang et al., 2019).
organism growth is inseparable from immune response, and loss
of immunity leads to disease and even death, suggesting that
immune response is a core factor of the growth of organisms
(Rowley and Powell, 2007; Barcia and Ramos-Martinez, 2011;
Wang et al., 2019). The larval is a relatively vulnerable stage
in life (Ginger et al., 2013; Kaplan et al., 2013). Growth quality
among larvae directly affects the quality of life of the adult,
impacting characteristics including vitality and physique. The
immune functions of larvae are important to the growth process.
It is well known that organisms have a higher ability to resist
invasion by external pathogens when the numbers and activity
of their immune cells are high. Therefore, immune function can
effectively protect larvae of organisms, maintaining their normal
growth (Wang et al., 2013; Matozzo, 2016).

As a marine mollusk, Amphioctopus fangsiao is widely
distributed along the coasts of the Pacific, the Yellow Sea,
and the Bohai Sea. Due to the difficulties associated with
catching wild A. fangsiao, numbers of A. fangsiao bred in
captivity have gradually risen in recent years. However, whether
A. fangsiao is wild or bred the larvae are vulnerable to a
variety of pathogens including bacteria and viruses (Budelmann,
1994; Wei et al.,, 2015, 2018). Vibrio anguillarum is a gram-
positive bacterium that can cause many popular diseases in
aquaculture animals. In recent years, multiple studies have
confirmed V. anguillarum infections in many fish species,
including Salmo salar and Paralichthys olivaceus (Hoel et al,
1997; Li et al, 2015; Bao et al, 2019). V. anguillarum can
infect bivalve and gastropod such as Chlamys nobilis and Haliotis
gigantea (Cong et al., 2008; Iehata et al., 2009; Zhang et al., 2016).
When aquaculture organisms are infected by V. anguillarum,
they display red gills, muscle bleeding, mucosal tissue decay,
and other symptoms, ultimately leading to significant losses
to the aquaculture industry. V. anguillarum infection requires
certain conditions, and the incidence rate of V. anguillarum
infection tends to be higher in poor environments or among
injured or stimulated organisms (Vazquez et al., 2006; Zhou
et al, 2010; Nie et al, 2017). Although there are widely
studies on the infection of V. anguillarum in fish, bivalve, and
gastropod, there are still few studies have been conducted on
the infection of mollusks, especially cephalopods. The pathogenic
mechanisms of V. anguillarum in cephalopods are still unclear,
and require further study.

Transcriptome sequencing technology has recently become an
important method for studying differences between individuals
of the same species. To aid in assessing biological immune
response mechanisms, transcriptome sequencing can analyze
differences in gene expression between different individuals or
tissues (Zhao et al., 2012; Silva et al., 2013; Zhang et al,, 2018).
It can help identify important immune genes and further study
biological immune response mechanisms. Previous researches
have carried out transcriptome analyses of aquatic mollusks such
as Pinctada martensii (Zhao et al., 2012), Biomphalaria glabrata

(Silva et al, 2013), Haliotis diversicolor (Zhang et al., 2018),
Octopus vulgaris (Castellanos-Martinez et al., 2014), and
Euprymna tasmanica (Salazar et al., 2015; Schultz and Adema,
2017). The transcriptome analyses of A. fangsiao is still lacking,
which need a lot of experiments to explore.

In this research, we infected the primary incubation
A. fangsiao larvae with V. anguillarum for 24 h. We then
took A. fangsiao larvae at 0, 4, 12, and 24 h after hatching for
transcriptome sequencing and bioinformatics analyses, including
gene function annotation, differentially expressed genes (DEGs)
analysis, Gene Ontology (GO) functional enrichment analysis,
Kyoto Encyclopedia of Genes and Genomes (KEGG) functional
enrichment analysis, and immune-related protein-protein
interaction network studies. We identified and verified 20
differentially expressed hub genes using quantitative RT-PCR.
These results revealed the immunity of A. fangsiao larvae after
infection with V. anguillarum, providing a valuable resource
for understanding immune response mechanisms in mollusks,
and laying a foundation for exploring the immune response
mechanisms of other mollusks.

MATERIALS AND METHODS

Ethics Statement

Amphioctopus  fangsiao samples were obtained from a
commercial hatchery. This research was conducted in accordance
with the protocols of the Institutional Animal Care and Use
Committee of the Ludong University (protocol number LDU-
IRB20210308NXY) and the China Government Principles
for the Utilization and Care of Invertebrate Animals Used in
Testing, Research, and Training (State Science and Technology
Commission of the People’s Republic of China for No. 2,
October 31, 1988").

Sample Collection and RNA Preparation

The wild parent used in these experiments were obtained
from the Rizhao Sea area. After spawning, the eggs were
protected and incubated by female parent A. fangsiao. During
the incubation process, the seawater temperature was maintained
at 19-20.8°C, and the incubation lasted approximately 29 days.
After hatching, larvae were temporarily cultured in floating
seawater containing 1 x 107 CFU/mL V. anguillarum for 24 h.
Primary incubation larvae were collected and stored for 4, 12,
and 24 h in liquid nitrogen until RNA was extracted using
the TRIzol method.

Nine larvae from primary incubation were randomly selected
from each time point for RNA extraction: A. fangsiao larvae
infected for 0 h (Oo-C), A. fangsiao larvae infected for 4 h
(Oo-4h), A. fangsiao larvae infected for 12 h (Oo-12h), and
A. fangsiao larvae infected for 24 h (Oo-24h). At each time
point, equal molar masses of RNA from any three of nine
larvae were pooled into one replicate to provide a template
for the construction of the transcriptome library; any three
of the remaining six larvae were pooled into the second

'http://www.gov.cn/gongbao/content/2011/content_1860757.htm
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replicate; and the final three larvae were pooled into the
third replicate. Remaining RNA was retained for subsequent
quantitative RT-PCR verification.

Library Construction and lllumina
Sequencing

Library construction was carried out according to a method
described by Li et al. (2017). Finally, we sequenced each sample
using an Illumina HiSeq 4000 platform.

Gene Expression Level Analysis and

Functional Annotation

A reference sequence was obtained by splicing Trinity with
RSEM, and clean reads were mapped to this reference sequence.
We then obtained the number of read counts for each sample
that mapped to each gene. The read count was transformed
into fragments per kilobase of transcript per million mapped
reads (FPKM) to analyze the gene expression and abundance,
and expression levels of samples were positively correlated with
FPKM. The unigenes were annotated by searching the sequences
against the NR, NT, GO, SwissProt, and KOG databases using
BLASTX with a cut-off of E value < 1le-5. Meanwhile, we
annotated unigenes into Pfam database with Hmmer 3.0 package
(E value < 0.01).

Differentially Expressed Genes

Screening and Analysis

Differentially expressed genes were screened out using the
DESeq2 package for R as a negative binomial distribution
model. First of all, data were imported for building the dds
model, and then the DESeq function was used to estimate
the dispersion of the samples. After that, the difference
in gene expressions was analyzed by this package. Finally,
DEGs with g-value < 0.05 and [log2 fold change| > 1 were
screened out (Love et al, 2014; Ho et al, 2017). Significant
DEGs in each time point were screened by GO functional
enrichment analysis to obtain GO terms and distribution
of DEGs. Statistical analyses of DEGs were conducted. To
further understand functions of DEGs, KEGG signaling pathway
analysis was performed for up- and down-regulated genes,
and we annotated immune pathways involving DEGs. Finally,
we screened the signaling pathways in which DEGs were
significantly enriched, and species and numbers of DEGs in these
pathways were counted.

Trend Analysis

Through trend analysis, we understood the change trend of gene
expression over time. STEM was used to analyze the expressing
trend of DEGs, and cluster trends in gene expression quantity.
The parameters were set as follows: the Maximum Unit Change in
model profiles between time points is 1; maximum output profiles
number is 20 (similar profiles will be merged); minimum ratio of
fold change of DEGs is no less than 2.0; the criterion for screening
trends with significant differences is p-value < 0.05 (Ernst
and Bar-Joseph, 2006). Trend analysis showed the expressing
trend of genes in the process of larval growth after infection,

and predicted the future trend, which can help us explore the
relationship between immunity and larval growth of A. fangsiao
after infection.

Functional Protein Association Network

Construction

We used STRING v11.0 with default parameters to
construct protein—protein interaction networks to further
explore gene relationships in immune regulation pathways
(Damian et al., 2018).

Quantitative RT-PCR Validation

We verified the accuracy of our RNA-Seq results using
quantitative RT-PCR to validate 20 selected genes
(Supplementary Table 1). Three biological replicates of
each time point were used in the experiment. Primer Premier
5.0 was used to design gene-specific primers. Table 1 lists the
20 selected genes and their corresponding primer sequences.
We evaluated the stability of GAPDH, B-actin, and 18S genes in
different tissues and embryo development stages of A. fangsiao.
The expression level of A. fangsiao B-actin tended to be stable,
and it was used as an endogenous control in this experiment.
Quantitative RT-PCR was performed according to a method
described by Li et al. (2019).

RESULTS

Sequencing Results and Quality

Assessment

Samples at four time points were sequenced by RNA-Seq. The
overview of sequencing results is provided in Table 2. Raw
sequencing reads were submitted to Sequence Read Archive
in NCBIL the SRA accession numbers were SRR15204591,
SRR15204592, SRR15204593, SRR15204594, SRR15204595,
SRR15204596, SRR15204597, SRR15204598, SRR15204599,
SRR15204600, SRR15204601, and SRR15204602°.

Differential Expression Analysis

Through differential expression analysis, we identified 1,385, 734,
and 6,109 DEGs at 4, 12, and 24 h after infecting compared
with primary incubation larvae. Among these, 480 DEGs were
up-regulated, and 905 DEGs were down-regulated at 4 h after
infection; 338 DEGs were up-regulated, and 396 DEGs were
down-regulated at 12 h after infection; 1,685 DEGs were up-
regulated, and 4,424 DEGs were down-regulated at 24 h after
infection (Figure 1 and Supplementary Tables 2-4). A Venn
diagram shows all DEGs after infecting. Because DEGs at each
of the three time points might be key genes affecting immunity
in A. fangsiao larvae, their union set (7,019 DEGs) was selected
for subsequent analysis (Figure 2 and Supplementary Table 5).
The heatmap (Figure 3 and Supplementary Table 6) intuitively
shows the clustering distribution of these DEGs.

Zhttps://www.ncbi.nlm.nih.gov/Traces/study/?acc=SAMN20309867&o=acc_s%
3Aa
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TABLE 1 | Primer list for quantitative RT-PCR verification.

Gene name Forward primer (5'-3') TM (°C) Reverse primer (5'-3') TM (°C) Amplicon length (bp)
ATM TTGACTTGCTGCGTTCTC 60 ACCTCTCCGACTGTCTATTC 60 105
AXINT GTGAATAGGTGCGTCCTTAC 60 TAGCAGTCTTGATGGCATTC 60 106
CASP3 TCCAGGGACAGTGGAATAG 60 GTTATGCACGATGCTGGT 60 105
COL1A1 CCTTCGTTTCTTATCTCTTGCC 61 GTGTGTGCTTGTGTGTGTAA 61 185
COL1A2 CAGGAGGCACTGGTTAAAG 60 ACAAGTTCTCCGGCTTTG 60 139
COL2A1 TTGCGTCTCCGTCACTTA 61 TGGAGCACCACCTTTAGT 60 111
COL4A1 CACTCTGCCGAGGAAATATG 60 GCCAAGTCCTTGACAGTTTA 60 101
COL4A4 GTCTTACTGGAGAACGTTGAG 60 CACCAATGCGACCATCTT 60 120
CREBBP TTTGTATCCGCCTTGTAGTG 60 CAAGGAGAGGAAGTGGAATTAG 60 115
GART GAGAGGCTCAACACCAATC 60 GCTTGAACACATTGCTTACC 60 107
ITGA4 CTTCCAACTGGAGCCTATTAAG 60 AGCATGACTGGGATGTACT 60 124
MAPK14 CGCATCTGTAACTCCCTTTC 60 GACACGTCACTGCTTCTATT 60 119
MTOR GATTGTCCCACCACCTCTA 60 CAGCTTGCCACCTTGATTA 60 100
NFKB1 CCACTTGGCTGTTGTTACT 60 AAGTCTCCATCCCGACAA 60 126
PIK3CB CTGGCATCCTTATGCTTCTT 60 GTTCTATCCCAACGGACTTG 60 140
PLCG1 TTCCCATGGAACCATTTCTC 60 CCGAACAAGACGAAGATCAA 60 100
PTK2 CAGTTTGACCACCCTCATATC 60 TGTAAATAAGCCCGCATCTC 60 110
RAC1 TAGCAAGACCCTGAGGATAG 60 TATTGGTCGGCACGAAAC 60 102
WNT4 GGCATGCAGTACCCATATAC 60 CGCACCTCTTTCCAGTTT 60 165
WNT5A TGGCATGTGGTCGTAATG 60 TACAGAGTGGAGAGGTATGG 60 122

Differentially Expressed Genes

Expression Trend

STEM was used to analyze trends in 7,019 DEGs. The results
showed that DEGs were divided into 20 expression trends,
involving six significantly enriched ones (Figure 4). Their p-value
were less than 0.05, and 4,940 DEGs were differentially expressed
in these trends. Among them, profile 0 (Figure 4D) is the most
significant trend, and profile 9 (Figure 4C) has the most genes
expressed in this trend.

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Enrichment
Analysis of Differentially Expressed

Genes
We identified the top ten level-3 terms of the three categories
(biological process: 352 level-3 subclasses, molecular function:

TABLE 2 | Summary of sequencing results.

107 level-3 subclasses, and cellular component: 84 level-
3 subclasses) (Figure 5 and Supplementary Table 7)
by GO functional enrichment analysis. For instance, the
signal transduction term and the cell differentiation term in
biological process were closely related to immunity. Similarly,
KEGG enriched DEGs in different pathways guided us to
further understand the functions of these genes. Of 7,019
DEGs, 1,548 DEGs were enriched in 263 level-2 KEGG
class pathways (Figure 6 and Supplementary Table 8).
Table 3 showed the 20 immune-related pathways that were
significantly enriched including biosynthesis of antibiotics
signaling pathway, Wnt signaling pathway, and PI3K-Akt
signaling pathway. Because some DEGs were involved in the
regulation of multiple signal pathways, we finally obtained
208 genes enriched in 20 immune-related pathways for
follow-up analyses.

Construction of Imnmune-Related Protein

Interaction Networks
Proteins are important components of all cells and tissues in

Sample Rawreads Cleanreads Q20(%) Q30(%) GC (%) living organisms. All important parts of an organism require
00-C-1 50,581,378 49,165,388 97.54 93.07 4062  functional proteins, which are the main mediators of the activities
Qo0-C-2 49,281,546 46,846,720 97.42 93.07 39.91 of life. Construction of protein-protein interaction networks
00-C-3 55,727,122 53,007,342 97.39 92.94 4058  can help reveal the key genes involved in immune processes.
0Oo-4h-1 43,683,716 40,502,546 97.38 92.93 40.15  We constructed protein-protein interaction networks using the
Oo-4h-2 50,981,374 47,814,924 97.47 93.15 4063  protein sequences encoded by 208 genes in 20 significantly
Oo-4h-3 44,781,414 41,833,784 97.30 92.78 40.37  enriched immune-related signaling pathways. Figure 7 shows
Oo-12h-1 42,605,216 40,522,842 97.72 93.70 4058  these networks. Among this figure, the CASP gene had the
Oo-12h-2 54,564,714 51,170,578 97.30 92.72 4052  highest number of protein-protein interactions, and the other 5
Oo-12h-3 56,997,500 53,933,392 97.61 93.42 4056  genes including AXN1, CREBBP, MTOR, PTK2, and WNT5A
Oo-24h-1 51,418,618 49,235,968 97.71 93.67 4037 were interacted with more than 20 proteins. Relevant parameter
Oo-24h-2 60,787,322 58,211,806 97.52 93.20 40.78  information of them was listed in Table 4. There were 148 nodes
Oo-24h-3 63,795,232 61,219,086 97.57 93.32 4071 and 622 edges in the network, and each node was interacted with
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FIGURE 1 | (A) Volcano plot of DEGs distribution trends between Oo-C and Oo-4h.

plot of DEGs distribution trends between Oo-C and Oo-24h.

down-regulated DEGs; and yellow dots stand for the genes with no difference. (B) Volcano plot of DEGs distribution trends between Oo-C and Oo-12h. (C) Volcano

Each dot stands for a gene. Red dots indicate up-regulated DEGs; blue dots are

an average of 8.41 nodes. The clustering coefficient was 0.466, and
the p-value of this network was < 1.0e-16.

Acquisition and Validation of Key
Differentially Expressed Genes Related

to Immune Processes

This research focused on interactions between key immune-
related genes. Twenty key DEGs (Table 5) involved in multiple
signaling pathways or multiple interaction relationships were
obtained from KEGG pathway analysis and protein-protein
interaction networks. These were then used to explore interaction
mechanisms between them. The 20 key genes were divided
into five categories as follows: Collagen family, Wnt signaling
pathway, biosynthesis of antibiotics signaling pathway, tumor

_00

\\,\,_\»0 D)

FIGURE 2 | The Venn diagram shows the overlap of the DEGs at 4 h (blue),
12 h (yellow), and 24 h (red) after infecting.

necrosis factor (TNF) signaling pathway, and other important
immune-related genes. To verify the accuracy of these key
genes, we used quantitative RT-PCR to quantitatively assess the
relative expression of 20 immune-related genes at each time
point identified as DEGs by RNA-Seq. Quantitative RT-PCR
results showed that all DEGs measured were single products.
A comparison of gene expression profiles by RNA-Seq and
quantitative RT-PCR (Figure 8) indicated that the quantitative
RT-PCR results correlated significantly with the RNA-Seq results,
and the two methods presented the same trend pattern.

200

4p-00
4z1-00
upz-00

FIGURE 3 | Heatmap analysis of hierarchical clustering of DEGs at four time
points. Each row represents one gene, and each column stands for a time
point. The colors range from green to red, indicating the level of expression
from low to high.
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DISCUSSION

The Purpose and Significance of This
Research

Amphioctopus fangsiao has become increasingly popular because
of its rich nutritional value and delicious meat. As an
economically important species employed in mariculture, the
artificial breeding of A. fangsiao has been well concerned (Iehata
et al, 2009; Zhang et al, 2016; Li et al., 2019). The larval
growth stage is very important for A. fangsiao, which determines
whether the adult can grow healthily. The larvae of aquaculture
organisms are easily infected by a variety of pathogens, which can
seriously hinder aquaculture development (Barcia and Ramos-
Martinez, 2011; Wang et al., 2019). Research into biological
immune responses to bacterial infection will help breeders to
prevent and mitigate bacterial infections. We infected primary
incubation larvae for 24 h with V. anguillarum, and identified
the changes of the biological immune response mechanisms. We
identified 7,019 DEGs and believed that these genes have an
important relationship with the immune response mechanisms of

A. fangsiao larvae. A heatmap showed that there were significant
differences in immunity with increase in A. fangsiao larvae
infection time. The results of trend analysis showed that the six
of the 20 trends were significantly enriched, and half of DEGs
were expressed in these trends, indicating significant differences
in the immunity after larval infection. KEGG enrichment analysis
obtained 20 immune-related pathways enriched in DEGs, which
were interacted with each other and shared biological immune
functions. Finally, we used 208 genes in these pathways to
construct protein—protein interaction networks to understand
immune response mechanisms of A. fangsiao larvae.

Trend Analysis of Differentially

Expressed Genes

The results of the trend analysis in Figure 4 indicated that profile
9 trend had the largest number of DEGs, and the significance
of profile 0 trend was the highest. Among them, the gene
expression trends showed continuously down-regulation and
from stable to down, respectively, which were inconsistent with
the expectation of our experiment. Therefore, we conducted
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FIGURE 5 | GO analysis of DEGs. Distribution of level-3 GO annotation among the three categories. The y-axis represents the corresponding number of DEGs; the
x-axis stands for the gene function classification based on GO.

GO and KEGG enrichment analyses of the genes involved to
further explore the causes. In our analysis, we found that these
genes were mainly involved in metabolic processes, including
protein digestion and absorption signaling pathway, insulin
signaling pathway, and cell adhesion term (Curtis et al., 1978;
Lee and Pilch, 1994; Schepis et al, 2012; Brezas and Hardy,
2020). These results showed that the metabolic capacity of
A. fangsiao larvae decreased gradually in the course of infection.
Meanwhile, 1,291 DEGs in profile 17 and profile 19 were up-
regulated. We used DEGs from these two profiles for GO and
KEGG enrichment analyses, and identified a number of immune-
related terms and pathways. For instance, positive regulation of
JNK cascade term, biosynthesis of antibiotics signaling pathway,
and NF-kappa B signaling pathway were significantly enriched.
The JNK cascade is a key step in cell apoptosis mediated by
the NF- kappa B signaling pathway, which is involved in the
apoptosis process of diseased cells (Bubici et al., 2004; Lanna
et al., 2017). NF-kB is involved in the regulation of immunity,
lymphocyte development, and tumorigenesis (Bubici et al., 2004;
Sun, 2017). Antibiotics can effectively resist the invasion of

bacteria, and their synthesis can improve biological resistance
(Bulfon et al, 2020). In conclusion, although the DEGs for
the two most critical trends were down-regulated, they were
highly correlated with metabolism. The results indicated that
the metabolism of larvae was affected and had a downward
trend after infection. The other DEGs in two up-regulated
trends were more associated with immunity, suggesting that the
immune response of A. fangsiao larvae increased gradually with
the prolongation of infection. Above results revealed significant
changes in the responses of A. fangsiao after infection. The
complex mechanisms of A. fangsiao after infection need to be
further studied and discussed in the future.

Enrichment Analysis of Inmune-Related
Kyoto Encyclopedia of Genes and
Genomes Signaling Pathways and Gene
Ontology Terms

Many immune-related terms and pathways were yielded
through GO and KEGG enrichment analyses, including signal
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transduction term, cell differentiation term, biosynthesis of
antibiotics signaling pathway, TNF signaling pathway, and other
key terms and pathways. These terms and pathways were vital in
biological immunity, indicating that there were a large number of
immune-related genes in the larvae infected with V. anguillarum,
and thus resulted in complex immune responses in the larvae.
A comprehensive analysis of the enriched KEGG pathways and
GO terms contributes to investigate the molecular mechanisms

and immune systems changes of A. fangsiao larvae after infection
with V. anguillarum, thereby aiding our artificial breeding work.

Speculation of Hub Genes

Proteins are the basis of biological activities, and their
interactions maintain the growth and development of organisms.
We used 208 key DEGs identified in immune-related pathways
to construct protein—protein interaction networks. The results
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TABLE 3 | Summary of 20 significant immune-related signaling pathways.

Pathways Number of DEGs
Pathways in cancer 52
PI3K-Akt signaling pathway 45
Biosynthesis of antibiotics 31
Wnt signaling pathway 28
Transcriptional misregulation in cancer 20
TNF signaling pathway 18
Inflammatory mediator regulation of TRP channels 15
Proteoglycans in cancer 14
Chemokine signaling pathway 13
Bacterial invasion of epithelial cells 11
Apoptosis 10
NF-kappa B signaling pathway 9
Natural killer cell mediated cytotoxicity 8
Leukocyte transendothelial migration 7
p53 signaling pathway 6
Toll-like receptor signaling pathway 5
Central carbon metabolism in cancer 4
T cell receptor signaling pathway 4
NOD-like receptor signaling pathway 3
MicroRNAs in cancer 2

suggested that interactions between these proteins was greater
than expected relative to a randomly selected a group of proteins
of similar size from the genome. This conclusion proves that
above proteins cooperate in carrying out coordinated functions.
We thus suggested that nodes with more edges were hub
proteins in immune response. The genes corresponding to these
hub proteins were identified as hub genes for further studies
and verification.

Functional Analysis of Kyoto
Encyclopedia of Genes and Genomes
Signaling Pathways and Hub Genes

Transcriptome profiling was analyzed to compare the changes of
immune response mechanisms in A. fangsiao larvae infected with
V. anguillarum within 24 h. This helps us to further understand
the A. fangsiao larval immune response to V. anguillarum
infection with the growth of them. Finally, we speculatively
identified 20 hub genes involved in multiple protein-protein
interaction relationships or KEGG signaling pathways, and these
hub genes, KEGG signaling pathways, and immune differences at
each time point were investigated.

Collagen Family

Collagen is one of the most abundant proteins in the organisms.
It is an important part of extracellular matrix, and plays
a regulatory role in tissue structure. Its subunits directly
affect cell phenotypes by mediating cell differentiation and
apoptosis via relevant signaling pathways (Brondijk et al., 2010;
Jirgensen et al., 2020). Collagen also acts as a major part in
the immune system. When cells are stimulated by bacteria,
collagen receptors are responsive to change the extracellular
environment, thus indirectly regulating the activities of immune

cells to resist the invasion of bacteria (Kresina et al., 1984;
Aragona et al, 1998; Brondijk et al, 2010). In this study,
five key genes involved in the immune response of collagen
family (COL1A1, CoL1A2, COL2A1, COL4Al, and COL4A4)
were identified. Among them, COL1A1 and COL2A1 presented
the most obvious effect on enhancing the biological resistance
to external invasion through the protection of bones, kidney,
skin, and other organs. The lack of collagens in the organisms
can lead to osteogenic and skin damages, which can reduce
the immunity of organisms indirectly (Kuppevelt et al., 1995;
Takai et al., 2001; Makino et al, 2010). In our study, the
five genes in collagen family were enriched significantly,
indicating an obvious bacteriological stimulation effect. Collagen
family may be an important part to regulate the biological
immune functions. In the above five genes, COLIAl and
COL2A1 were significantly up-regulated with the prolongation
of infection time. This result indicated that A. fangsiao larvae
had a strong immunity to effectively resist the invasion of
pathogens. The other three genes were continuously down-
regulated within 24 h of infection, the specific reasons need
additional explorations.

Wnt Signaling Pathway

Whnt is an important immune regulatory protein widely existing
in various organisms. It participates in the immune response
of multiple organs and acts a key role in maintaining tissue
homeostasis (Famili et al., 2016). The Wnt signaling pathway can
be divided into two subtypes: typical Wnt signaling pathway and
atypical Wnt signaling pathway. The interaction between these
two pathways regulates the growth, proliferation, differentiation,
and apoptosis of immune cells, which can affect multiple immune
responses of organisms (Naskar et al., 2014; Yu et al, 2014;
Chae and Bothwell, 2018). Moreover, the Wnt signaling pathway
is responsible for maintaining homeostasis through repairing
damaged tissues and regulating the inflammatory response,
which plays a role in the resistance and treatment of some
immune diseases (Staal et al., 2008; Pai et al, 2017; Ruan
et al, 2021). In this study, the Wnt signaling pathway was
significantly enriched, and multiple DEGs including TBL1XR1,
ROCK?2, and CSNK1A1 were enriched in this pathway. They are
the key factors in the immune system, and play a significant
role in immune regulation during larval growth. Meanwhile,
these genes are functional in the resistance of larvae against
the invasion of pathogens and promote the normal growth of
organisms (Puigvert et al., 2013; Nikola et al., 2017; Venturutti
et al., 2020). Their up-regulation after larval infection suggested
the improved immune ability of A. fangsiao larvae after being
infected with bacteria.

Biosynthesis of Antibiotics Signaling Pathway

Antibiotics are a class of metabolites produced in the life of higher
animals, plants, and fungi, which have the ability to resist the
invasion of pathogens. They can affect the growth of organisms
by regulating cell growth and apoptosis (Pomorska-Mol and
Pejsak, 2012; Herman, 2020). Biosynthesis of antibiotics can
improve the ability of organisms to resist bacterial infection and
increase the resistance of larvae. When organisms are invaded by
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TABLE 4 | Network statistics of immune-related proteins.

Network statistics
Number of nodes 148
Number of edges 622
Average node degree 8.41
Clustering coefficient 0.466
Expected number of edges 223
PPI enrichment p-value 1.0E-16
TABLE 5 | Summary of 20 key DEGs.
Gene name  Gene name Number of Number of
(abbreviation) (official full name) KEGG protein—
signaling protein
pathways interactions
ATM ataxia telangiectasia mutated 4 14
AXINT Axin 1 2 23
CASP3 caspase 3 3 29
COL1AT1 collagen type | alpha 1 chain 1 18
COL1A2 collagen type | alpha 2 chain 1 15
COL2A1 collagen type Il alpha 1 chain 1 17
COL4A1 collagen type IV alpha 1 chain 2 15
COL4A4 collagen type IV alpha 4 chain 2 15
CREBBP CREB binding protein 2 25
GART phosphoribosylglycinamide 1 19
formyltransferase
ITGA4 integrin alpha 4 3 16
MAPK14 mitogen activated protein kinase 14 6 20
MTOR mechanistic target of rapamycin 2 24
kinase
NFKB1 nuclear factor kappa B subunit 1 8 12
PIK3CB phosphatidylinositol-4,5- 12 14
bisphosphate 3-kinase catalytic
subunit beta
PLCG1 phospholipase C gamma 1 7 11
PTK2 protein tyrosine kinase 2 5 24
RACT Rac family small GTPase 1 1 21
WNT4 Wnt family member 4 2 15
WNT5A Whnt family member 5A 1 20

external bacteria, antibiotics participate in the immune response,
which can help organisms resist invasion, and increase their
immunity. Recent studies have shown that antibiotics can treat
some immune diseases and prevent immune system disorders
(Stevens, 1996; Pomorska-Mol and Pejsak, 2012; Yang et al,
2017). In our study, biosynthesis of antibiotics signaling pathway
was significantly enriched, suggesting that antibiotics act as
an important part in the immune response of A. fangsiao
larvae. Many key immune-related genes in this pathway were
up-regulated with the growth of infected A. fangsiao larvae,
indicating that antibiotics can guide a variety of immune
responses to eliminate invading pathogens.

Tumor Necrosis Factor Signaling Pathway
As a regulatory factor, TNF exists in various organisms. It
can send signals to proteins in the immune system, promote

the interaction between immune cells, and enhance the
immune ability of organisms (Ferreira et al., 1993; Vielhauer
and Mayadas, 2007; Croft, 2009; George et al, 2014; Li
et al, 2021). In the immune system, TNF also acts as a
signal protein to regulate the release of other cytokines.
Moreover, TNF plays an important role in promoting T
cell proliferation, interferon expression, and accelerating the
efficiency of chemokines (Palanki et al, 2000; Vielhauer and
Mayadas, 2007; Lougaris et al., 2017; Li et al,, 2021). In our
research, multiple immune-related genes including NFKBI,
ATF4, and MAP2K4 were significantly enriched in this pathway.
NFKBI plays a major part in the regulation of immune response
in organisms, which increases the resistance of organisms by
regulating expression levels of proinflammatory factors, and
inflammation-related proteins in immune cells. The other two
genes are also useful in regulating the immune response of
organisms (Sethi et al., 2007; Vielhauer and Mayadas, 2007;
Huang et al., 2019). This result suggested that immune genes
responded quickly after infection, which increasing the immune
activity of A. fangsiao larvae, and effectively eliminated the
invading pathogens.

Analysis of Three Important Hub Genes

Among all hub genes, CASP3, CREBBP, and PTK2 were
enriched in more than two immune-related signaling pathways,
and possessed higher numbers of protein-protein interactions.
CASP3 is a regulator of cell apoptosis. It can maintain the
dynamic balance of cell number and the healthy growth of
organisms by regulating the apoptosis of pathological cells and
aging cells. The up-regulation of CASP3 is helpful to clear
the diseased cells, and improve the survival rate and vitality
of organism larvae (Lowe and Lin, 2000; Suzuki et al., 2020).
As an acetyltransferase, CREBBP exists widely in lymphocytes
of various organisms. It is a key gene regulating immune
response, resisting pathogen invasion, and promoting immune
cell expression. The low expression or loss of function of
CREBBP leads to the disorder of enhancer network and B
cell signal, and causes the disorder of expression of other
immune cells (Jiang et al., 2016; Zhang et al., 2017; Jia et al,
2018). PTK2 is a protein kinase widely existing in various
tissues, and organs of organisms, which acts as an extremely
important disease regulator. At the same time, PTK2 is involved
in the regulation of cell adhesion and movement, which is
conducive to substance transport, and the expression levels
of immune genes (Zhang et al, 2017; Yi et al, 2021). In
this study, CREBBP was up-regulated within the first 12 h
of infection, and slightly down-regulated within the last 12 h,
indicating an important role in the immune regulation of
A. fangsiao larvae after infection. PTK2 was significantly up-
regulated within 24 h after infection and down-regulated within
4 to 12 h. The causes of PTK2 down-regulation need to be
explained by subsequent studies. The above two genes had
obvious effects on larval immunity, which is beneficial for the
larvae to resist the invasion of pathogens. However, with the
prolongation of infection time, CASP3 was down-regulated. This
result is not consistent with our study, which needs additional
studies to explain.
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In addition to the above hub genes and KEGG signaling
pathways, our results identified other key DEGs and pathways
involved in A. fangsiao larval immunity, including pathways
in cancer signaling pathway, NF-kappa B signaling pathway,
the PLCG1 gene, the ITGA4 gene, and the MTOR gene.
The above two signaling pathways and three genes have been
reported to be closely related to the immune response in various
organisms (Wang et al., 2008; Thurnher et al., 2013; Darzi
et al, 2017; Dieli-Crimi et al., 2018; Hong et al., 2019; Shiseki
et al.,, 2019). The signaling pathways and genes details of the
immune response mechanisms of A. fangsiao larvae infected with
V. anguillarum require additional studies to further elucidate
mechanistic details.

CONCLUSION

We performed transcriptome analyses of gene expression
in primary incubation A. fangsiao larvae within 24 h of
V. anguillarum infection, and established a protein-protein
interaction network. Twenty hub DEGs enriched in multiple
KEGG signaling pathways or with multiple protein-protein

interaction relationships were identified. In our research,
protein-protein interaction networks were first used to explore
differences on A. fangsiao larval immunity. Our results provide
valuable genetic resources for understanding the immunity of
invertebrate larvae. Meanwhile, the data serve as a foundation for
additional research into immune processes in invertebrates.
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The circadian rhythm has a great impact on the growth, metabolism and development of
animals, but little is known about the circadian rhythm of marine bivalves. Understanding
of the feeding rhythm is of great significance to increase the yield of razor clam
Sinonovacula constricta, an economically important bivalve mollusk. The aim of this
experiment was to study the effects of circadian rhythm of feeding time on digestive
enzymes activities and their gene expression in S. constricta within a light (ZT8-
ZT20)/dark (ZT20-ZT8) cycle. The present results showed that circadian rhythm of
feeding rate (FR) was highly associated with digestive enzyme activities and relative
expression of their genes. The highest values of FR were basically observed in the night
from ZT0-ZT2 and ZT6-ZT8, which were significantly higher than those values in the
daytime from ZT12-ZT14 and ZT18-ZT20 (P < 0.05). The digestive enzymes activities
displayed the highest values at ZT2 and ZT8, and the lowest at ZT14 and ZT20. Among
them, cellulase and pepsin were found to have significantly different activities (P < 0.05),
rather than amylase and lipase. Notably, the relative expression of digestive enzyme
genes shared the similar pattern with the activities of digestive enzymes. The highest
values of relative gene expression of amylase (AMY), lipase (LIP), cellulase (CEL), and
pepsin (PEP) were found at ZT2 and ZT8 in the night, while the lowest values were found
at ZT14 during the day. It is therefore suggested that the biological clock may regulate
the process from feeding to digestion. Furthermore, it might be better to feed at night
to reduce cultivating cost and increase economic benefits in the farming industry of
S. constricta.

Keywords: Sinonovacula constricta, circadian rhythm, feeding rate, digestive enzyme, gene expression

INTRODUCTION

The circadian rhythm is a 24-h cyclical change in environmental factors such as light and
temperature caused by the rotation of the earth, which has an important impact on the physiology
and behavior of organisms (Fustin et al.,, 2013). The circadian rhythms inside and outside the
organism are closely related to the rhythm changes of the external environment. When the rhythm
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of environmental factors is changed, the nervous system and
endocrine system of animals will change accordingly, leading to
changes in their behaviors, lifestyles, and physiological conditions
(Wu et al., 2002).

The feeding rhythm of animals affected by cyclical change
factors (e.g., light and tide) is essential for the establishment
of scientific feeding mode (Mistlberger, 1994; Sanchezvazquez,
1995; Wang, 2004; Connor and Gracey, 2011). Many activities
such as feeding, oxygen consumption and digestion have been
used to study rhythmic behavior in European oyster Ostrea edulis,
New Zealand cockle Austravenus stutchburyi, clam Saxidomus
purpuratus, etc (Morton, 1971; Williams and Pilditch, 1997; Kim
et al., 2003). Furthermore, the absorption of food after feeding
is closely related to the process of digestion and metabolism.
Meanwhile, digestive enzyme activity is an important indicator
of digestion and absorption capacity, which determines the
ability to digest and absorb nutrients for food (Bobrowska
et al., 2011; Wu et al, 2013). The relationship between the
activity of digestive enzymes and the feeding pattern has been
studied in cockle Cerastoderma edule (Ibarrola et al., 1998),
clam Ruditapes decussatus and Venerupis pullastra (Albentosa
and Moyano, 2008), and scallop Patinopecten yessoensis (Li
et al, 2010). In addition, some previous studies have found
that the activities of digestive enzymes such as pepsin, amylase,
cellulase, and lipase are served as indicators that can measure the
digestion and absorption of protein and carbohydrates in bivalves
(Supannapong et al., 2008; Tizon et al, 2013). For animals,
digestion is a complex process that requires signal transduction
regulation inside and outside the body. The enzyme-related
protein precursor mRNA is regulated to stimulate transcription
and synthesis after ingestion, so that the enzyme precursors are
released to promote digestion, absorption, and growth (Yufera
et al., 2018). For example, amylase (AMY) gene is proved to be
involved in the growth of razor clam Sinonovacula constricta and
Pacific oyster Crassostrea gigas, while cellulase (CEL) can improve
the digestibility of food and synthesize glucose to provide energy
for the body (Meenu et al., 2014; Thongsaiklaing et al., 2014;
Rong et al, 2015; Liu et al., 2017). Moreover, lipase (LIP)
gene expression is correlated with feeding status, whereas pepsin
(PEP) has important digestive functions in both vertebrates and
invertebrates (Liang et al., 2003). The presence of various forms
of pepsin precursors such as pepsin A and pepsin C may be related
to food or feeding habits (Carginale et al., 2004).

S. constricta is an economically and ecologically important
benthic marine bivalve, which naturally distributes along the
western Pacific coasts of China, Japan, and South Korea (Morton,
2010). It has been widely cultivated in the intertidal zone
and estuary waters with more than 400 years of cultivating
history in the Zhejiang and Fujian provinces, China (Shen
et al., 2013). Due to relatively short production cycle and high
productive efficiency, it has been become an important marine
aquaculture species in China with 852,925 tons of production
in 2018 (FAO, 2020). Food intake is one of the important
conditions for increasing the yield of industrial aquaculture
(Ronnestad et al., 2013). Good ingestion and efficient digestion
of nutrients are necessary to meet the high demand of matter
and energy, which are able to support the high-growth rate

(Navarro-Guillén et al., 2018). In order to determine the optimal
feeding time and increase the growth rate of S. constricta, we
continuously measured feeding rate, digestive enzyme activity,
and relative expression of digestive enzyme genes at different time
points in the day and night. The present results will be beneficial
for reducing farming cost and increasing farming benefits.

MATERIALS AND METHODS

Experimental Animals

S. constricta were obtained from Ningbo Ocean and Fishery
Science and Technology Innovation Base (Ningbo, Zhejiang
province). One-year-old adults (n = 60) with an average shell
length of (5.9 £ 0.3) cm were collected to culture for a week
in seawater within light and dark (L/D) cycles. The lights in
the experimental environment were turned on, and shoot them
directly into the tank from ZT (Zeitgeber Time) 8-ZT20 to
simulate the daytime, and from ZT20-ZTS8 to cover the tank with
a black cloth to simulate the night. All clams were not fed before
the start of the experiment. During the formal experiment, the
clams were fed with the live microalgae of Chaetoceros muelleri
with the concentration of (2.5 & 0.2) x 108 cell/L. The water
temperature and salinity were maintained at (25.0 & 2) °C and
(20 £ 1) ppt, respectively. All experimental procedures were
approved by the Institutional Animal Care and Use Committee
of Zhejiang Wanli University, China.

Feeding Rate Experiment

The clams in similar size were selected and placed into 12
tanks, having five individuals in each tank. The time setting
was to divide 24 h into four time periods, including ZT0-ZT2,
ZT6-ZT8, ZT12-ZT14, and ZT18-ZT20. For each time point,
it corresponded to three parallel tanks. Before the experiment,
a preliminary experiment was conducted to determine the
concentration of microalgae C. muelleri. No clam was placed
in the control tank, and the same concentration of algae for
tank was used to calculate the loss rate of algae. During the
experiment, the water was exchanged at each time point, and the
water temperature was kept constant for 3 days.

Before and after each time point, water samples of the
experimental groups and control groups were sampled to count
the concentration of algae on a blood cell counter. The feeding
rate (FR) was calculated according to the following formula:

FR = V(Ciq-CiaSa-Ct)/(NT)(Riisgard, 1991).

Cyq and C;: the algae concentration in the control group and
experimental group at the end of the experiment (cells/L), T: the
experimental time (h), V: the volume of the experimental water
(L), N: the number of experimental clam, S4: the control bait
variation coeflicient.

Analysis of Digestive Enzyme Activities

A total of 240 clams with similar sizes were randomly distributed
into three tanks (group A, group B, and group C). Samples were
obtained at 6 h intervals (ZT2, ZT8, ZT14, and ZT20) after
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feeding, having continuous sampling for 3 days. Four individuals
were randomly selected from each group, and the visceral mass
tissue was dissected and immediately frozen in liquid nitrogen,
and stored at —80°C.

The enzyme extracts were prepared to measure the enzyme
activities of a-amylase, lipase, cellulase, and pepsin. Each sample
was weighed at 100 mg, which was mixed with 0.9 mL of normal
saline for mechanically homogenization using an automatic
sample rapid grinding machine'. The samples were centrifuged at
3,500 rpm for 10 min at 4°C. All samples were kept in ice in order
to avoid enzymes denaturation or damage. Enzyme extracts were
kept at —20°C until analysis within 24 h.

All enzymatic activity analysis was conducted by using
the commercial kits from Nanjing Jiancheng Bioengineering
Institute®. a-amylase activity as protein per mg of visceral mass
reacted with the substrate at 37°C for 30 min to hydrolyze 10 mg
amylon and recorded at ODggo nm. The unit of lipase activity was
per g tissue protein reacted with methyl resorufin substrate at
37°C and recorded at ODsggpp. The cellulase activity as tissue per
g catalyzed to 1 pg glucose per minute and recorded at ODss50nm.
One unit of pepsin activity was defined as tissue protein per
mg decomposed into 1 g amino acid at 37°C per minute and
recorded at ODggonm. The protein concentration extracted from
the tissue uses the BSA kit’. The enzyme activity of a-amylase,
lipase, cellulase, and pepsin were all measured according to the
standard protocol.

RNA Extraction and Real-Time
Quantitative Expression Analysis of
Digestive Enzyme Genes

The total RNA was extracted from the visceral mass by using
the Trizol reagent following the manufacturer’s instructions*. The
RNA quality was tested by electrophoresis, and the concentration
was measured with a nucleic acid detector NanoVue Plus. Total
RNA was reverse transcribed to cDNA by RT-PCR kits’.

The whole predicted coding sequence (CDS) sequences of
AMP, LPS, CEL, and PEP were obtained from the genome of
S. constricta (WSYO00000000.1). The primer sequences were
designed following the CDS sequences and listed in Table 1.
The mRNA expression levels per each gene were assessed by
gRT-PCR using ChamQ SYBR qPCR Master Mix®. The 20 pL
reaction volume for amplification contained 10 pL of SYBR
qPCR Master Mix, 1 pL of each primer (10 uM), and 8 puL of
cDNA sample (10 ng/pL). Initial denaturation was conducted at
95°C for 10 s, followed by 40 cycles at 95°C for 5 s and at 60°C
for 30 s. 18S rRNA gene was selected as the housekeeping gene,
and the expression levels of AMP, LPS, CEL, and PEP gene were
normalized to that of 185 rRNA by using the 272 2€T method.

Uhttps://www.roche.com/
Zhttp://www.njjcbio.com/
*https://www.thermofisher.cn/
“https://www.sangon.com/
Shttps://www.takarabiomed.com.cn/
Chttp://vazyme.bioon.com.cn/

TABLE 1 | Primer sequences used for gRT-PCR analysis.

Primers Sequence (5'-3') Length (bp)
AMY-F ACCATCGTCCACCTGTTC 201
AMY-R CAACAAACTCCGCCTCC

LPS-F AGAGTCGGCAAGTTCGTG 223
LPS-R ATGTCTGCCCAACCTGG

CEL-F TGGAGGTGTGGAAGGGA 207
CEL-R TGTGTCTGCGAAGTGCTGGC

PEP-F ACCCCTCCTCAGCCATT 139
PEP-R GCCTTGTAGGTGGACGAT

18S-F TCGGTTCTATTGCGTTGGTTTT 180
18S-R CAGTTGGCATCGTTTATGGTCA

Feeding rate

FIGURE 1 | The results of feeding rate in 12 h light/12 h dark (L/D) cycles
during 3 days. Values are represented as means + SD (n = 3). The gray grid
represents the dark time point.

Statistical Analysis

Data were presented as the means = standard deviation, and one-
way ANOVA analysis were used to compare the difference in
food intake ratio, digestive enzyme activity and digestive enzyme
gene expression at different time points in the day and night.
GraphPad prism 8 software was used to statistically analysis.
P < 0.05 was considered statistically as the significant difference,
and P < 0.01 as the extremely significant difference.

RESULTS

Analysis of Diurnal Difference of Feeding

Rate

Under the condition of 12 h light/12 h dark (L/D) cycles, the
food intake rates at ZT0-ZT2 and ZT6-ZT8 during the night were
higher than those at ZT12-ZT14 and ZT18-ZT20 during the day,
indicating an obvious circadian rhythm of feeding (Figure 1). For
the first day at ZT0-ZT2 and ZT18-ZT20, the food intake rates
were 2.15 x 108 (cells/h) and 1.225 x 108 (cells/h). For the second
day at ZT6-ZT8 and ZT12-ZT14, the food intake rates were
2.03 x 10% (cells/h) and 0.85 x 108 (cells/h). For the third day at
ZT6-7T8 and ZT18-ZT20, the food intake rates were 2.33 x 10°
(cells/h) and 1.38 x 108 (cells/h). In total, the highest and lowest
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TABLE 2 | Results of one-way ANOVA analysis of feeding rate under the diurnal cycle.

Feeding rate 1 days 2 days 3 days
MS df F P MS df F P MS df F P
Between ZT 0.639 3 13.50 0.0017** 1.093 3 49.47 <0.0001** 0.561 3 6.795 0.0137*
Within ZT 0.0473 8 0.221 8 0.083 8
Asterisks indicate significant differences: *P < 0.05 and **P < 0.01.
A B

lipase

O

cellulase

the dark time point.

FIGURE 2 | Analysis of four digestive enzyme activities in 12 h light/12 h dark (L/D) cycles during 3 days. (A) Lipase activity diagram. (B) a-amylase activity diagram.
(C) Cellulase activity diagram. (D) Pepsin activity diagram. Values are represented as means + SD (n = 4). Group A, B, C are three parallel tanks with the same
cultivating conditions, and the red circle represents Group A, the blue square represents Group B and black triangle represents Group C. The gray grid represents

a-amylase

pepsin

ingestion points were significantly different in the experimental
period by one-way ANOVA analysis (P < 0.05), with 1.69-2.39
times between them (Table 2).

The Circadian Rhythm of Four Digestive
Enzyme Activities

The results of a-amylase, lipase, cellulase, and pepsin activities
(expressed as U mg~!) were shown in Figure 2 and Table 3.
These four enzymes have a diurnal variation trend in group
A, B, C. The activities of lipase reached the highest value
at ZT20 and ZT2, followed by low levels of activity between
ZT8 and ZT14. Among all these four enzymes, the activities
of lipase were significantly lower than those of other enzymes
(P < 0.05). However, only part of the results detected significant
differences between the highest and lowest points of lipase
activities (Table 3 and Figure 2A). For a-amylase, the maximum
values of enzyme activities were generally detected at ZT20 and
7712, while the minimum values were found at ZT8 and ZT14.
Nevertheless, a-amylase activities during the whole day and night
cycle were statistically different between time periods, but it was
only partially present (Table 3 and Figure 2B). As indicated,
cellulase and pepsin had the highest activities, displaying the
same changing trend (P < 0.05, Table 3 and Figures 2C,D).

Basically, the enzyme activities were found to be higher in the
dark (ZT20-ZT8) than those in the light (ZT8-ZT20).

Relative Expression of Four Digestive
Enzyme Genes

The results of relative expression of digestive enzyme genes were
shown in Figure 3. The relative expression of AMY, LPS, CEL,
and PEP had a regular trend from high to low levels from ZT2 to
ZT20 of 3 days, with no significant change in diurnal fluctuations.
The relative expression of LPS had the highest expression level
at ZT2 and ZT8, the lowest expression at ZT14 (Figure 3A).
Meanwhile, AMY was detected to be the highest at ZT2 and
the lowest at ZT14 (Figure 3B). Similarly, the gene expression
of CEL was found to be the highest at ZT2 and the lowest
at ZT14 (Figure 3C). Consistently, PEP showed the highest
expression level at ZT2 and the lowest expression at ZT14 and
ZT20 (Figure 3D).

DISCUSSION
For most organisms, circadian rhythm is affected by
endogenous factors and external environmental factors
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TABLE 3 | Results of one-way ANOVA analysis of digestive enzyme activity under the diurnal cycle.

Digestive enzyme Group 1 days 2 days 3 days
MS F P MS F P MS F P
a-amylase bZT/wZT A 0.0362/0.0081 4.448 0.0406* 0.0295/0.0052 5.63 0.0226* 0.0101/0.0145 0.7008 0.5776
B 0.0147/0.0040 3.72 0.061 0.0936/0.0138 6.786 0.0137* 0.0362/0.005 7.252 0.0114*
¢} 0.0074/0.0013 5.671 0.022* 0.0033/0.0093 3.543 0.0677 0.0017/0.0032 0.5499 0.6622
Lipase bZT/wZT A 12.32/1.308 9.417 0.005** 16.66/5.527 3.015 0.0942 5.648/1.961 2.88 0.1029
B 4.54/2.417 1.878 0.2116 5.692/5.07 1.1238 0.396 51.1/5.248 9.738 0.0048**
¢} 2.339/6.736 0.347 0.792 3.217/0.3558 9.042 0.006** 18.51/1.838 10.07 0.0043**
Cellulase bZT/wZT A 31.74/1.791 17.72 0.0007** 8.832/3.394 2.602 0.1243 38.26/0.9671 39.56 <0.0001**
B 5.283/2.831 1.866 0.2137 14.45/3.256 4.438 0.0408* 29.01/2.822 10.28 0.004**
C 48.9/2.509 19.49 0.0005** 4.717/2.27 2.078 0.1816 9.341/0.928 1.07 0.0043**
Pepsin bZT/wZT A 1.589/0.4292 3.701 0.0616 5.721/0.2232 25.63 0.0002** 1.953/0.2985 6.545 0.0151*
B 0.3937/0.0769 5122 0.0288* 0.8881/0.1158 7.673 0.0097** 1.181/0.2887 4.091 0.0493*
C 0.6492/0.0234 27.74 0.0001** 0.4604/0.1137 4.049 0.0505 0.286/0.02271 12.59 0.0021**

Asterisks indicate significant differences: *P < 0.05 and *P < 0.01.

bZT/WZT stands for between ZT and within ZT. All the df values of bZT were three. All the df values of wZT were eight.

LPS

CEL

means + SD (n = 4). The gray grid represents the dark time point.

FIGURE 3 | Relative gene expression of LPS (A), AMY (B), CEL (C), and PEP (D) in 12 h light/12 h dark (L/D) cycles during 3 days. Values are represented as

B, | T I

PEP

(Mata-Sotres et al., 2016). Under natural light conditions,
the behavior of most animals is divided into two types: diurnal
and nocturnal. Understanding and clarifying the circadian
rhythm can provide a scientific basis for revealing accurately the
laws and inner mechanisms of many life phenomena. Although
the feeding rhythm is of great significance for establishing a
scientific feeding mode to farmed animals, there are few studies
on the feeding rhythm and their mechanisms in aquatic animals.
In fish, as reported, the Gilthead sea bream Sparus aurata showed
an feeding rhythm during the day under a light/dark condition
(Mata-Sotres et al, 2015). In contrast, the Japanese prawn
Penaeus japonicus feeds at night under the same conditions
(Reymond and Lagardere, 1990). In mollusks, many species
showed similar feeding and metabolic rhythm. For example,

Manila clam Ruditapes philippinarum exhibited a 24 h circadian
rhythm of feeding rates, having a higher feeding rate at night
than that in the day (Jiang et al., 2009). A study on circadian
feeding activity and digestive physiology in the abalone Haliotis
discus hannai found that the percentages of ingesting food were
significantly higher at night than in the daytime, demonstrating
their nocturnal characteristics (Gao et al., 2021). An obvious
circadian rhythm in water filtration rate was also found in the
scallop Chlamys farreri, which had a significantly higher water
filtration rate at night than that in daytime (Du et al., 2012). In
S. constricta, the obvious diurnal changes in food intake rates
were proved by the energy budget study (Li et al., 2006). In
the present study, we found that the feeding rate of razor clam
in dark was significantly higher than that in light, speculating

Frontiers in Marine Science | www.frontiersin.org

October 2021 | Volume 8 | Article 744212


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Liu et al.

Feeding Rhythm in Razor Clam

that there may be a circadian rhythm of feeding, which is
indirectly regulated by biological clock genes. Additionally, the
highest feeding point of mollusks at night may be related to
avoiding being preyed by predators. Moreover, some studies
in aquatic animals have found that light is the most important
external factor influencing the feeding activity and different
modes of light conditions will reduce the intake of food (Li
et al., 2010). Especially, for the nocturnal animals that forage
at night, light inhibits their feeding behavior. However, the
long-term evolutionary internal biological clock can regulate
the life patterns of animals, which may control the time and
amount of consumed food (Annie et al., 1999). These findings
may thus help us optimize the feeding time and frequency in
clam aquaculture.

The degree of digestion is derived from the intestinal transport
factor and digestive enzyme activity that reflects the digestion
and absorption capacities of intestinal tract (Mata-Sotres et al.,
2015; Navarro-Guillén et al., 2015). Generally, there is a close
relationship between the digestive enzyme activity and feeding
behavior, which the increase of digestive enzyme activity is several
hours earlier than the time of peak feeding, suggesting that the
early enzyme secretion can optimize the percentages of digestion
and absorption, and reduce the risk of predation due to shortened
feeding time. For nocturnal animals, even under an unnatural
light/dark cycle, the digestive enzyme activity is prone to be
higher at night than in the daytime. In the current study, the
light/dark cycle and feeding rate had a significant impact on four
digestive enzyme activities in the visceral mass of S. constricta,
including a-amylase, lipase, cellulase, and pepsin. The vitality
of digestive enzymes after the increase of food intake in ZT2
and ZT8 at night is significantly higher than that in low food
intake ZT14 and ZT20 in the daytime, demonstrating that food
digestion has a circadian rhythm behavior. There is also the
same finding that the production of digestive enzymes increased
significantly after increasing food intake, like in C. edule (Ibarrola
et al., 1998) and clam R. philippinarum (Houki and Tomohiko,
2020). However, relatively speaking, lipase activity is significantly
lower than the other three. Numerous studies have shown that
carnivorous animals have higher lipase content than omnivorous
and herbivorous animals, and those with high lipase content are
generally seen in animals with mature intestines, lipid hydrolysis
mainly occurs in the pyloric caeca and/or proximal intestine
(Caruso et al., 2009; Tengjaroenku et al., 2000). The razor clam,
as a filter-feeding shellfish, has an incompletely differentiated
intestine, which the ability to hydrolyze lipids is weak.

The expression of digestive enzyme genes is strongly
correlated to their enzyme activities, which directly reflect the
digestive physiology of aquatic animals. Existing research has
shown that the increase of enzyme genes expression at night was
the regulation of translation process and may be the anticipation
of next food intake (José Antonio et al., 2016). A recent research
on the feeding and digestion physiology of abalone H. discus
hannai under the light/dark cycle found that digestive enzymes
and feeding related genes were significantly higher at night than
during the day with rhythmic 24 h oscillations (Gao et al.,
2021). In this research, the mRNA levels of four key digestive
enzyme genes (AMY, LPS, CEL, and PEP) by qRT-PCR during

the light/dark cycles were basically consistent with the production
of their enzymes. Furthermore, the genes expression showed a
periodic pattern of high at night and low during the day for
consecutive 3 days, indicating that circadian rhythm may be
the internal mechanism that was regulated by circadian clock
genes (Paredes et al., 2014; Qin et al., 2020). Then the circadian
clock genes may regulate the expression of AMY, LPS, CEL, and
PEP, thereby participating indirectly in the feeding and digestion
activities of S. constricta. Although the similar trends of gene
expression and activities of key digestive enzymes, and feeding
rates in this experiment were discovered, deep understanding of
their corresponding relationships still need a lot of in-depth and
meticulous research.

CONCLUSION

The feeding rate, digestive enzyme activities and relative
expression of their genes all had a circadian rhythm in S.
constricta, which it can be basically determined that ZT0-ZT2 will
reach the peak at night and ZT12-ZT14 will reach the lowest value
during the day from feeding to digestion. Therefore, it can be
speculated that razor clams have higher nighttime activities than
during the day, suggesting that the feeding time in the industrial
farming can be arranged at night to reduce cultivating costs and
increase farming benefits.
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Comprehensive Analysis of
Differentially Expressed mRNA,
Non-coding RNA, and Their
Competitive Endogenous RNA
Network of Pacific Oyster
Crassostrea gigas With Different
Glycogen Content Between Different
Environments
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Qihao Luo’, Bin Li*? and Jianmin Yang'3*

7 School of Agriculture, Ludong University, Yantai, China, 2 General Station of Fishery Development and Resource
Conservation in Shandong Province, Jinan, China, ° Yantai Haiyu Marine Science and Technology Co., Ltd., Yantai, China

Glycogen content is a quantitative trait, its phenotype differences are found between
individual oysters due to genetic effects and environmental factors which were including
food, water temperature, salinity, and so on. In this study, a full sibling family of Pacific
oyster Crassostrea gigas showed different phenotypes with high and low glycogen
content between South Huanghai Sea (Rizhao offshore area, RZ) and North Huanghai
Sea (Kongtong Dao area, KTD), respectively. At the same time, the content of 11
glucogenic amino acids and 13 fatty acids were also significant differences between
RZ and KTD. RNA-seq and small RNA-seq technologies were used for transcriptome
sequencing and functional enrichment analysis of differentially expressed RNA were
used by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway. A total of 2,084 mRNAs, 1,080 long non-coding RNAs (IncRNAs),
34 circular RNAs (circRNAs), and 7 microRNAs (miRNAs) were differentially expressed.
Based on these differentially expressed genes (DEGs), miRNA target interactions
(IncRNA/circRNA-mIiRNA pairs and miRNA-mMRNA pairs) were predicted using the
miRanda software. The differentially expressed mRNAs in this network were mainly
shown to be involved in calcium signaling pathway and insulin signaling pathway.
These findings could help to speculate that environmental factors may be epigenetically
regulated by non-coding BRNA in C. gigas, thereby further affecting glycogen content.

Keywords: Crassostrea gigas, glycogen, ncRNA, ceRNA, epigenetic regulation
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INTRODUCTION

Pacific oyster (Crassostrea gigas) has the characteristics of strong
adaptability to the external environment, fast growth, high
yield, rich nutrition, and delicious flavor. Therefore, it is widely
cultivated worldwide as a high-economic value aquatic product.
At present, the improvement of oyster meat quality is one of
the important research topics for its industrial development,
because the quality of meat is often measured by people’s basic
sensory evaluation of taste. Glycogen content accounts for 20—
40% of the dry weight of oysters, which directly affects the
taste of oysters and is an important quality trait. Previous
studies have found that on the one hand, the content of
glycogen metabolism-related enzymes directly affects the changes
in glycogen content (Hata et al, 1993), on the other hand,
the metabolic level of amino acids and fatty acids also affects
glycogen metabolism (Randle et al., 1963; Fromentin et al., 2011).
Therefore, genetic and environmental factors (temperature,
nutrition, salinity, etc.) may affect the glycogen content (Li
et al, 2017b). At present, several key genes that have been
cloned in the oyster glycogen metabolism pathway, such as:
glycogen phosphorylase (Hata et al., 1993), phosphoglucomutase
(Tanguy et al., 2006), glycogen synthase kinase (Zeng et al,
2013), glycogenin (Li et al., 2017a), protein phosphatase 1
regulatory subunit 3B (Liu et al,, 2019), etc. Glycogen content
fluctuates seasonally with gonad development, and glycogen-
related genes express differences in different seasons and tissues
(Bacca et al.,, 2005). And the increase of free fatty acid content
could lead to reduce the consumption of glycogen. Similarly,
high amino acid content also might increase glycogen content,
because some amino acids could guide glycogen synthesis
(Li et al,, 2017b).

With the development of sequencing technology and the
continuous improvement of the genome project, the human
genome sequencing revealed that there are only about 20,000
protein-coding genes, and the proportion of the total genome
sequence is <2%, and the remaining about 98% belong to non-
coding RNA (ncRNA) (Chan and Tay, 2018). At present, ncRNA
is divided into two types: housekeeping ncRNA and regulatory
ncRNA. The common regulatory ncRNAs include microRNA
(miRNA), long non-coding RNA (IncRNA), and circular RNA
(circRNA). Studies have found that regulatory ncRNA is involved
in the larval metamorphosis, shell pigmentation, and immune-
related mechanisms (Yu et al., 2016; Feng et al., 2018). However,
whether ncRNA mediates the genetic mechanism that causes
changes in glycogen content due to environmental factors
is still unknown.

Therefore, in order to increase our understanding of
the regulation of glycogen content, we performed ncRNA
transcriptome analysis. During the research process, we placed
a full sibling family of C. gigas in two offshore areas and
produced two different phenotypes: high glycogen content and
low glycogen content. The gonads of individuals with high
and low glycogen content were selected for analysis. These
findings may help us to further understand the regulatory
effects of ncRNA on glycogen content in different environments,
and provide new information for future genetic breeding of
C. gigas in aquaculture.

MATERIALS AND METHODS

Ethics Statement

In this study, all experiments were performed according to local
and central government regulations. No endangered species were
used in the study. No special permission was required to collect
oysters or to perform the described experiments.

Experimental Animals and Sample
Collection

In this study, we wused a near-infrared (NIR) model
(Wangetal., 2015) which constructed in our laboratory to
determine the phenotypic value of the glycogen content of
C. gigas. The families with high breeding value were selected
through EBV calculation, and comprehensively consider the
genetic relationship between families (the genetic relationship is
less than 0.2) which could prevent the occurrence of inbreeding
decline. During the oyster breeding season, the phenotypic value
of glycogen content of the parents of each candidate family
was determined by a NIR spectrometer (MicroNIR 1700 JDSU,
United States) on site, and the male and female individuals
with high glycogen content between each family were selected.
Through mating between families, male and female parents from
different families were fertilized to construct a full-sib family.
Later, a full sibling family of C. gigas was farmed in the South
Huanghai Sea (Rizhao offshore area, RZ) and North Huanghai
Sea (Kongtong Dao area, KTD). In March 2018, we collected nine
two-year-old oysters from RZ and KTD areas, and measured the
glycogen content. In the RZ group and KTD group, three samples
with similar growth characteristics were selected for follow-up
experiments. We calculated the average glycogen content of
RZ and KTD oysters, and each group selected three oyster
individuals whose glycogen content was close to the average
glycogen content of each group, and collected the gonadal tissues
of these samples for RNA-seq and small RNA-seq, and determine
its fatty acid content and amino acid composition. All samples
were quick-frozen in liquid nitrogen and stored at —80°C.

Determination of Amino Acid

Concentration

According to the Chinese National Standard GB 5009.124-2016,
the amino acid analysis of the gonadal tissue was performed at
the SGS-CSTC Standards Technical Services Co., Ltd. (Qingdao,
China). The main steps were as follows. First, 15 mL of
6 mol/L HCI solution was hydrolyzed for 100 mg of sample at
110 £ 1°C for 22 h. Second, filter the acid hydrolysate with
filter paper, and then used a tubular concentrator to evaporate
under reduced pressure at 50°C. Third, 1.0 mL of sodium citrate
buffer (pH = 2.2) was added to the dried hydrolysate, and the
resulting solution was passed through a 0.22 pm filter. The
external standard method is used in the amino acid analyzer to
calculate the amino acid concentration in the sample solution
from the peak area.

Determination of Fatty Acid Composition
According to the Chinese National Standard GB 5009.168-2016,
the fatty acid composition of the gonadal tissue was measured
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by gas chromatography (GC). Simply, 2 ml methanol solution
of hydrochloric acid, 1 mL n-hexanewere added into 100 mg
powder sample and then hydrolyzed at 80°C for 2 h. After
cooling down, 3 mL 6% K,CO3 was added to the samples. After
filtered using a 0.22—pm membrane, the samples were analyzed
on a high performance gas chromatography analyzer (GC-2010,
Shimadzu, Japan), each injection volume was 1 pwL. The types
and relative contents of fatty acids were calculated according
to the standard peak time screening and the corrected area
normalization method.

Total RNA Isolation and lllumina

Sequencing

RNA-seq and small RNA-seq were completed by Novogene
Bioinformatics Technology Co., Ltd. (Beijing, China). The
total RNA from gonadal tissue was isolated using TRIzol
reagent (Invitrogen, CA, United States) according to the
manufacturer’s instructions. The RNA degradation and
contamination was monitored on 1% agarose gels, purity
was checked using the NanoPhotometer Spectrophotometer®
(IMPLEN, CA, United States), concentration was measured
using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, CA, United States), integrity was assessed using
the Agilent Bioanalyzer 2100 system (Agilent Technologies,
CA, United States).

According to the manufacturer’s instructions, a total amount
of 3 pg RNA per sample was used as input material for the
RNA sample preparations. Firstly, ribosomal RNA was removed
by Epicentre Ribo-zero™ rRNA Removal Kit (Epicentre,
United States), and rRNA free residue was cleaned up by ethanol
precipitation. Subsequently, sequencing libraries were generated
using the rRNA depleted RNA by NEBNext® Ultra™ Directional
RNA Library Prep Kit for Ilumina® (NEB, United States)
following manufacturer’s recommendations, products were
purified (AMPure XP system) and library quality was assessed
on the Agilent Bioanalyzer 2100 system. The clustering of
the index-coded samples was performed on a cBot Cluster
GenerationSystem using TruSeq PE Cluster Kit v3-cBot-HS
(Illumia). After cluster generation, the libraries were sequenced
on an Illumina Hiseq 4000 platform and 150 bp paired-end
reads were generated.

A total amount of 3 pg total RNA per sample was used as
input material for the small RNA library. Sequencing libraries
were generated using NEBNext® Multiplex Small RNA Library
Prep Set for Illumina® (NEB, United States), library quality was
assessed on the Agilent Bioanalyzer 2100 system using DNA
High Sensitivity Chips. The clustering using TruSeq SR Cluster
Kit v3-cBot-HS (Illumia) After cluster generation, the library
preparations were sequenced on an Illumina Hiseq 2500/2000
platform and 50 bp single-end reads were generated.

Sequencing Results

In RNA-seq, raw data were obtained by removing reads
containing adapter, reads on containing ploy-N and low quality
reads. At the same time, Q20, Q30, and GC contents of the clean
data were calculated. Raw sequencing reads were submitted to

Sequence Read Archive in NCBI; the SRA accession numbers
were SRR15293269, SRR15293270, SRR15293271, SRR15293272,
SRR15293273, and SRR15293274'.

The reference genome and gene model annotation files are
downloaded from the genome website.” Index of the reference
genome was built using bowtie2 v2.2.8 and paired-end clean
reads were aligned to the reference genome using HISAT2
(Langmead et al.,, 2009) v2.0.4. HISAT2 was run with “-rna-
strandness RE” other parameters were setas default. The mapped
reads of each sample were assembled by StringTie (v1.3.1)
(Pertea et al., 2016) in a reference-based approach.

In small RNA-seq, raw data were obtained by removing reads
containing ploy-N, with 5" adapter contaminants, without 3’
adapter or the insert tag, containing ploy A or T or G or C and low
quality reads. At the same time, Q20, Q30, and GC contents of the
clean data were calculated. Raw sequencing reads were submitted
to Sequence Read Archive in NCBI; the SRA accession numbers
were SRR15293267 and SRR15293268 (see text footnote 1).

The reference genome and gene model annotation files are
downloaded from the genome website (see text footnote 2). The
small RNA tags were mapped to reference sequence by Langmead
et al. (2009) without mismatch to analyze their expression and
distribution on the reference.

Identification of Long Non-coding RNA
and Circular RNA

The spliced transcripts were screened for IncRNA according
to the following steps: first, selected transcripts with exon
number >2 and length >200 bp; second, Cuffcompare software
was used to screen annotation IncRNA (Trapnell et al., 2010);
third, selected the transcripts with FPKM >0.5; finally, CPC
(Coding Potential Calculator) and PfamScan were used to
screen for coding potential (Kong et al., 2007; Mistry et al.,
2007). CircRNA was screened and identified in the constructed
IncRNA library. Because of the high false positives in circRNA
identification, circRNA was screened using find_circ and CIRI2
(Gao et al., 2018), the results were merged and the intersection of
the two was taken.

Identification of MicroRNA

The mapped small RNA tags were compared with the Danio
rerio sequence in miRBase 20.0 to find known miRNAs.
The modified software mirdeep2 (Friedlander et al., 2012)
and srna-tools-cli’ were used to obtain potential miRNAs
and draw secondary structures. To remove tags originating
from protein-coding genes, repeat sequences, rRNA, tRNA,
snRNA, and snoRNA, small RNA tags were mapped to
RepeatMasker, Rfam database. The software miREvo (Wen
et al., 2012) and mirdeep2 were integrated to predict novel
miRNA. To make every unique small RNA mapped to only
one annotation, we follow the following priority rule: known

Thttps://www.ncbi.nlm.nih.gov/Traces/study/?acc=SRP330386&o=acc_s%3Aa

Zhttps://www.ncbi.nlm.nih.gov/datasets/genomes/?txid=29159&source_db=
RefSeq

3http://srna-workbench.cmp.uea.ac.uk/
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miRNA > rRNA > tRNA > snRNA > snoRNA > repeat > gene
> NAT-siRNA > gene > novel miRNA > ta-siRNA.

Target Gene Prediction

The IncRNA cis-acting target genes were screened for protein
coding genes within 100 kb upstream and downstream; the
IncRNA trans-acting target genes were screened for the Pearson
correlation coefficient between IncRNA and mRNA than 0.95.
Used miRanda (Enright et al., 2003) to predict the target gene of
miRNA. The prediction was based on the miRNA binding site
in the 3'UTR region of the gene. If the gene was uncertain or
there was no 3'UTR region, then the miRNA binding site was
determined according to the gene’s stop codon within 1,000 bp
downstream point.

Quantification of Gene Expression Level
Cuftdift (v2.1.1) was used to calculate FPKMs of both IncRNAs
and coding genes in each sample (Trapnell et al., 2010). Gene
FPKMs were computed by summing the FPKMs of transcripts
in each gene group. MiRNA expression levels were estimated
by TPM (transcript per million) through the following criteria
(Zhou et al., 2010).

Differentially Expressed RNA Gene
Ontology and Kyoto Encyclopedia of
Genes and Genomes Pathway Analysis

During the analysis, Ballgown was used for differential expression
of IncRNA and mRNA analysis (Pertea et al., 2016), DESeq R
package (1.10.1) was used for differential expression circRNA
analysis, and DESeq R package (1.8.3) was used for differential
expression miRNA analysis. The p < 0.05 and | logaFoldChange|
> 1 as the threshold for differential screening to identify
differential genes.

The GOseq R software package (Young et al., 2010) and
KOBAS software (Mao et al., 2005) were used to perform Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
on differentially expressed genes (DEGs) or ncRNA target
genes, respectively.

Construction of the Long Non-coding
RNA/Circular RNA-MicroRNA-mRNA

Network

Used miRanda to predict the interaction between DEMis and
DEG, DELs and DECs (Friedlander et al., 2012) and Cytoscape
V3.2 software to visualize it, and choosed to express the trend as
“up-down-up” or “down-up-down” network for further research
(Saito et al., 2012).

Quantitative Real-Time PCR Validation

To verify the results of RNA-seq and small RNA-seq, quantitative
real-time PCR (qRT-PCR) was performed. The sample used
for qRT-PCR was the same as the sequencing sample. The
verification primers involved were designed using Primer
Premier 5 software (Table 1), and were specifically compared
by NCBI Primer Blast, synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China). First, total RNA was used as the initial

TABLE 1 | The primers for gRT-PCR analysis.

Type Gene name Sequences (5'-3')
mMRNA PPP1R3B Forward: TCCCGGAGACAGCAGCAGAAG
Reverse: ACTCCCGCCCTGATGAACATCC
INSR Forward: CCCAACGACCACTGCCCATTG
Reverse: GCGATGAACCACACTCCGATGAC
CAM Forward: ACTTGGACGAGGAAGACCACGAG
Reverse: TTCATCATACACAGGCGGAGTTCG
IP3KB Forward: TGCTCAGACCTCACTGCTGGAC
Reverse: GCAAGACGGCGGTGGAATGG
LncRNA XLOC-003125 Forward: CGGTGCGGCGCTACATTAGTC
Reverse: GGCAGTATGTCCCACAGTCATCAG
XLOC-097516 Forward: CGCTCGGCTGTCTCTGTAAATCTC
Reverse: CCCTCGTTCAACCAGACTCTTAGC
XLOC-020486 Forward: TCCCACACAGTCCACAAGATTTGC
Reverse: GTAGCGATTGCGGCAGGTCAG
MIRNA novel-miR-154 Forward: TTGAAGTCGTTGCTGGGGACATG
novel-miR-225 Forward:
CCGAGGATGTGAAGAAAGACAAAGACGT
novel-miR-78 Forward:
CGCGACCTGATTTTGTACTACAGTCTGT
novel-miR-34 Forward: ACGTCTGTCTGAGGGTCGG
GCircRNA novel-circ-00 Forward: GCTGGTGGTGGATGAACAGA
00916 Reverse: TACGGGAGTGGAATGTTGGC
Reference EF-1 Forward: CAAGAACGGAGATGCTGGTATGG
gene Reverse: TTTCACTCTTTCCACCGGCTTT

ue Forward: GGAACGATACAGAGAAGATTAGC
Reverse: TGGAACGCTTCACGAATTTGCG

template, using PrimeScript™ RT reagent Kit with gDNA Eraser
(TaKaRa, Beijing, China) (for mRNA and IncRNA), and Evo
M-MLV RT Kit for qPCR (Accurate Biotechnology, Hunan,
China) (for circRNA), Mir-X miRNA First-Strand Synthesis
Kit (TaKaRa, Beijing, China) (for miRNA), convert total RNA
into cDNA, with Oligo dT (for mRNA and IncRNA), random
hexamer (For circRNA), poly-A RT primer (for miRNA). Second,
qPCR used TB Green® Premix Ex Taq™ (TaKaRa, Dalian,
China) for mRNAs, IncRNAs, and circRNAs, TB Green® Premix
Ex TaqTM II (Tli RNaseH Plus) (TaKaRa, Dalian, China) for
miRNAs. Extension factor 1 Genes (EF-1, used for mRNA,
IncRNA, and circRNA) and U6 (used for miRNA) were used
as endogenous controls (Renault et al, 2011). Finally, the
Light Cycler 480 real-time PCR instrument (Roche Diagnostics,
Burgess Hill, United Kingdom) was used for amplification, and
2748 method was used to calculate relative gene expression
levels (Ballester et al., 2013).

Statistical Analyses

The Student’s t-test analysis in SPSS statistical software v.22
(SPSS, Inc., Chicago, IL, United States) was used to analyze the
data of glycogen content, fatty acid content and amino acid
content. Quantitative data were expressed as means =+ standard
deviation (SD), and comparisons between different groups were
completed using t-tests. The significance level for the statistical
analyses was p < 0.05.

RESULTS
Phenotypic Statistics

The average glycogen content of the selected samples (fresh
samples) in the RZ group and the KTD group were 7.173 £ 0.165
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and 2.973 £ 0.055 mg/g, respectively. The differences in glycogen
content between the two comparison groups were significantly
different (p < 0.001). Therefore, in the follow-up analysis,
we divided the two groups of oysters into high glycogen
content of RZ (RZGH) group and low glycogen content of
KTD (KTDGL) group.

As shown in Table 2, a total of 16 amino acid compositions
were measured. 11 glucogenic amino acids were identified
that were more abundant in KTDGL oysters (p < 0.05),
such as aspartic acid, threonine, serine, glycine, alanine, valine,
methionine, isoleucine, tyrosine, phenylalanine, and arginine. As
shown in Table 3, there are differences in the content of 13
fatty acids in the RZGH and KTDGL groups (p < 0.05), and
the content of 9 fatty acids in the RZGH group was significantly
higher than that in the KTDGL group.

Expressional Differences in mRNAs,
Long Non-coding RNAs, and MicroRNAs
Between High Glycogen Content of
Rizhao and Low Glycogen Content of

Kongtong Dao Oysters

Compared with KTDGL oysters, there were 2,084
mRNAs (including 844 up- and 1,240 down-regulated),
1,080 IncRNAs (including 923 up- and 157 down-regulated),
34 circRNAs (including 26 up- and 8 down-regulated), and
7 miRNAs (including 4 up- and 3 down-regulated) that were
differentially expressed in RZGH oysters (Figures 1A-D).

Functional Analysis of Differentially
Expressed mRNAs, Long Non-coding
RNAs, and Circular RNAs Gene Ontology
Enrichment Analysis on Differentially
Expressed Genes

It mainly includes three categories: biological process (BP)
category, cellular component (CC) category, and molecular

TABLE 2 | Amino acid composition of RZGH and KTDGL oysters.

Amino acids RZGH (g/100 g) KTDGL (g/100 g) p-value
Aspartic acid 0.583 £ 0.015 0.983 £ 0.225 0.037
Threonine 0.360 + 0.017 0.460 + 0.082 0.004
Serine 0.287 £ 0.021 0.433 £ 0.090 0.003
Glutamic acid 11583 £ 0.115 1.570 4+ 0.453 0.198
Glycine 0.433 £ 0.023 0.623 + 0.097 0.005
Alanine 0.517 £ 0.012 0.613 £0.165 0.011
Valine 0.340 £ 0.010 0.457 £ 0.095 0.008
Methionine 0.157 £+ 0.006 0.267 £ 0.055 0.001
Isoleucine 0.290 =+ 0.000 0.433 £0.115 0.005
Leucine 0.427 £+ 0.006 0.717 £0.216 0.003
Tyrosine 0.133 £ 0.107 0.340 £ 0.066 0.021
Phenylalanine 0.237 £ 0.006 0.377 £ 0.055 0.012
Lysine 0.520 £ 0.020 0.787 £ 0.236 0.004
Histidine 0.190 £+ 0.017 0.230 £ 0.020 0.059
Arginine 0.437 £0.015 0.697 £ 0.208 0.001
Proline 0.593 + 0.023 0.563 + 0.095 0.384
Sum of 16 amino acids 6.657 £ 0.099 9.550 £ 2.184 0.005

Bold fonts were differentially expressed of glycogenic amino acids.

TABLE 3 | Fatty acid content of RZGH and KTDGL oysters.

Fatty acid RZGH (g/100 g) KTDGL (g/100 g) p-value
C14:0 3.302 4.206 0.042
C15:0 0.506 0.447 0.042
C16:0 0.429 0.230 0.1347
C17:0 3.409 3.003 0.617
C18:0 3.409 2.709 0.027
C20:0 0.102 0.143 0.198
C21:0 0.405 0.276 0.666
C22:0 0.045 0.061 0.424
C14:1 0.044 0.051 0.600
C15:1 18.412 18.105 0.655
C16:1 3.073 6.145 0.003
C17:1 0.434 0.149 0.187
C18:1n-9¢c 5.669 6.864 0.024
C18:1n-7 0.062 0.067 0.800
C20:1 4.575 3.699 0.014
C22:1n-9 0.172 0.078 0.009
C24:1 0.063 0.097 0.110
C18:2n-6¢ 1.258 1.758 0.060
C18:3n-6 0.127 0.100 0.031
C20:2 2.575 2.318 0.509
C20:3n-3 2.738 0.074 0.003
C20:3n-6 0.152 2.793 0.021
C22-2 0.601 0.471 0.160
C22:5n-3 0.323 0.257 0.023
ARA 2.030 1.758 0.414
EPA 20.166 23.097 0.048
DHA 10.991 8.447 0.027

Bold fonts were differentially expressed of fatty acids.

function (MF) category. GO enrichment analysis found that 120
GO terms were significantly enriched (p < 0.05). Among the
three categories, microtubule-based movement, proteinaceous
extracellular matrix and intramolecular oxidoreductase activity,
and interconverting aldoses and ketoses were the most significant
ones, which were selected separately the top 10 terms of
significance are displayed (Figure 2A). KEGG enrichment
analysis was performed on these DEGs to further determine
the metabolic process pathway. The results showed that DEGs
were significantly enriched in 13 pathways, such as calcium
signaling pathway, ECM-receptor interaction, and insulin
signaling pathway, among which 29 genes were enriched into
the calcium signaling pathway, and 17 genes were enriched
into the insulin signaling pathway (Figure 2B). Including
protein phosphatase 1 regulatory subunit 3B (LOC105340237,
PPP1R3B), calmodulin (LOC105327344, CAM), protein tyrosine
phosphatase  (LOC105329458, PTP), insulin-like peptide
receptor (LOC105348544, INSR), acetyl coenzyme A carboxylase
(LOC105343342, ACCA), inositol Triphosphate 3-kinase B
(LOC105336889, IP3KB), and so on.

The Cis and Trans Role of Long
Non-coding RNAs in Target Genes

To investigate the possible functions of IncRNAs, the cis and
trans roles of DELs in target genes were identified, and the
filtered mRNAs were analyzed in combination with DEGs.
A total of 471 IncRNA-mRNA interactions were found to have
cis roles and 1,327 IncRNA-mRNA interactions were found to
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have trans roles. The target genes were analyzed by GO and
KEGG pathway enrichment. In the results of GO enrichment
analysis, it was found that fucose metabolic process, mRNA cap
binding complex, and L-fucose isomerase activity were the most
significant among the three categories, respectively. The top 10
terms of significance were selected for display (Figure 3A). KEGG
path analysis of IncRNA target genes to explore its function.
Similar to the KEGG pathway of DEGs, it was found that 22
genes were enriched in the calcium signaling pathway, and 14
genes were enriched in the insulin signaling pathway, including
PPP1R3B, CAM, PTP, INSR, DDO, etc. (Figure 3B).

Function Analysis of Differentially
Expressed Circular RNAs

The functional enrichment of circRNA host genes was
explored, 33 GO terms were significantly enriched (p < 0.05).
KEGG pathway analysis was performed on the host genes

of DECs to explore its function. The two pathways were
significantly enriched (p < 0.05), other glycan degradation
and propanoate metabolism. And it was found that novel-
circ-0004211 were transcribed from acetyl-CoA synthase 2
(LOC105319828, ACAS2).

Construction of a Potential Long
Non-coding RNA/Circular
RNA-MicroRNA-mRNA Regulatory

Network

A total of seven DEMis (four up- and three down regulated) were
screened out with small RNA-seq. By analyzing the predicted
target genes and DEGs, a total of 1,077 target genes were
found. Analysis found that three down-regulated DEMis, novel-
miR-34, novel-miR-78, and novel-miR-13 target a total of 283
up-regulated DELs; four up-regulated DEMis, novel-miR-154,
novel-miR-44, novel-miR-225, and novel-miR-263 target a total
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of 286 down-regulated DELs. In the interacting network, INSR  gene and 172 IncRNAs were all negatively regulated by novel-

gene and IncRNAs XLOC-116536, XLOC-104062, etc., were all
negatively regulated by novel-miR-13 and novel-miR-34, PTP

miR-154 and novel-miR-225. Some IncRNA-miRNA-mRNA
network interactions are shown in Figure 4A.
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In addition, two up-regulated DEMis were found,
novel-miR-154 targeted novel-circ-0001866; novel-miR-263
targeted novel-circ-0004857 and novel-circ-0003587. One
down-regulated DEMi, novel-miR-78 targets novel-circ-0003765
and novel-circ-0000916. In the interacting network, the other
novel-circ-0000916 and INSR gene were all negatively regulated
by novel-miR-78. Some circRNA-miRNA-mRNA network
interactions were shown in Figure 4B.

Gene Ontology and KEGG pathway analyses of the functions
of DEGs were included in the network. A total of 106 GO
terms were significantly enriched (p < 0.05), and the top
10 terms of significance in the three categories were selected
to display, as shown in Figure 5A. The BP mainly involves
the response of microtubule-based motion, fucose metabolism,
etc. The MFs mainly involved in deoxyribonuclease activity,

mercury ion transmembrane transport protein activity, and
intramolecular involvement of aldose, etc. A total of 14 pathways
were significantly enriched (p < 0.05), of which 25 genes were
enriched into calcium signaling pathway, and 15 genes were
enriched into insulin signaling pathway (Figure 5B).

Quantitative Real-Time PCR Validation

The expression of twelve different genes was selected to confirm
the utility of RNA-seq in qPCR analysis. The results showed
that these transcripts were differentially expressed in oysters with
different glycogen contents and were generally consistent with
RNA sequencing data (Figure 6).

DISCUSSION

Opyster glycogen content is a quantitative trait, which varies
greatly among individuals (Bacca et al., 2005; Aagesen and
Haese, 2014). It is a complex and important trait that is
affected by genetic and environmental factors, including seasons,
nutrients, salinity, and temperature (Bacca et al., 2005; Varis et al.,
2016). Liu’s (2019) previous research showed that March is the
proliferation period of oyster gonads, and the glycogen content
of oysters is higher than the mature period of oyster gonads.
Therefore, in this study, oysters of a full sibling family in two
different sea areas RZ and KTD were farmed, to eliminate any
potential genetic influence. In March 2018, we collected samples
separately and found that the oyster glycogen in the RZ area was
significantly higher than that of oysters in the KTD area. Since
carbohydrates such as glycogen, amino acids, and fatty acids are
the three major nutrients in organisms, their metabolic pathways
are interrelated. An increase in free fatty acid levels may lead to an
increase in glycogen content by reducing glycogen consumption
(Randle et al., 1963). Similarly, a high-protein diet can increase
glycogen content, because a large part of dietary amino acids are
directed to glycogen synthesis (Fromentin et al., 2011). Therefore,
we also measured the amino acid composition and fatty acid
composition of the oysters in the RZGH and KTDGL groups,
and the results found that there were significant differences in the
amino acid composition and fatty acid composition of the oyster
gonads between the two groups.

In this study, in order to get insight into the molecular
regulation mechanism of glycogen content changes in oysters
under different environments, we compared the differences in
the expression profiles of mRNA, miRNA, IncRNA, and circRNA
in the oyster gonads in the RZGH and KTDGL groups of a
full sibling family. To determine the key factors involved in
the regulation of glycogen content. Functional analysis of 2,084
differentially expressed genes showed that the insulin-like family
genes were significantly enriched. Previous studies had shown
that insulin could promote glycogen synthesis in mammals (Li
et al,, 2019). Lymnaea stagnalis was the first shellfish to discover
insulin-like family genes, and for invertebrates, the insulin-
like family was widespread and highly conserved (Li et al,
1992). It was mainly involved in growth, development, and
metabolism (Brogiolo et al., 2001). However, whether insulin-like
in C. gigas was related to glycogen content had not been
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reported. INSR is an insulin-like receptor protein tyrosine kinase
substrate (Payankaulam et al., 2019), PTP dephosphorylates
the tyrosine residues on the insulin receptor or its substrate,
which prevents the insulin receptor from binding to insulin
and negatively regulates insulin signal transduction (Haeusler
et al., 2018). During the research, it was found that PTP was
lowly expressed in RZGH oyster gonads, and INSR was highly
expressed in RZGH oyster gonads. Therefore, it is speculated that
the low expression of PTP in RZGH oyster gonads reduces the
negative regulation of insulin-like signal transduction and further
promotes glycogen synthesis. There are several genes related to
glycogen synthesis in the insulin signaling pathway. For example,
PPP1R3B was highly expressed in RZGH oyster gonad, it could
cause glycogen synthase dephosphorylation, promote glycogen
synthase activity, and further promote glycogen synthesis (Liu
et al,, 2019). LncRNA performs its function mainly by regulating
mRNA, and analysis of the potential function of IncRNA
is mainly predicted by analyzing their protein-coding target
genes (Zhang et al, 2016). In the RZGH vs KTDGL group,
it was found that IncRNA cis targets 471 mRNAs and trans
targets 1,327 mRNAs. Functional enrichment analysis found
that it was similar to differentially expressed mRNA and
was related to insulin-like synthesis. For example, some of
differentially expressed IncRNAs, XLOC-019254, XLOC-003125,
XLOC-097516, and XLOC-020486 regulate CAM, PTP, INSR,
IP3KB, etc., respectively. Therefore, IncRNA may play a certain
regulatory role in insulin-like metabolism.

In eukaryotes, miRNAs have been reported to affect a
variety of BPs, including glycogen metabolism (Dou et al,
2015), and their role in regulation is very important. With
the development of high-throughput sequencing technology,
studies on the miRNA transcriptome profiles of various mollusks
have been reported (Xu et al, 2014; Zhou et al.,, 2014), and
a new theory competitive endogenous RNA (ceRNA) has been
proposed. However, in oysters, there is no report about miRNAs
targeting glycogen metabolism in different environments. In this
study, functional analysis of the seven differentially expressed
miRNA target genes revealed that the differentially expressed
miRNA might also be related to the insulin signaling pathway.
The analysis found that in the network interaction analysis, INSR
genes and IncRNAs XLOC-116536, XLOC-104062, etc., were all
negatively regulated by novel-miR-13, novel-miR-34, and novel-
circ-0000916 and INSR gene were all negatively regulated by
novel-miR-78. These reports and our research results indicate
that the ceRNA network formed by the interaction of IncRNA-
miRNA-mRNA and circRNA-miRNA-mRNA related to the
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For the abalone Haliotis discus hannai, attachment and metamorphosis are crucial
stages in the transition from planktonic to benthic life. Increasing the larval
metamorphosis rate by artificially controlling the external environment and simulating
natural seawater flow is vital to enhance the hatchery efficiency of H. discus hannai.
Thus, in the current study, an upflow recirculating aquaculture unit was designed for the
rearing of larval abalone, and the larval hatching rate, survival rate, mode of energy
metabolism, and expression levels of metamorphosis-related genes at different flow
velocities (0, 5, 10, 20, and 40 L/h) were compared and analyzed. At flow velocities
less than 20 L/h, no significant differences occurred in larval hatching, survival, and
metamorphosis rates, whereas significant differences were recorded at flow rates of
20 and 40 L/h. Differences were also observed in the activity of enzymes, such
as hexokinase (HK), pyruvate kinase (PK), lactate dehydrogenase (LDH), succinate
dehydrogenase (SDH), and malate dehydrogenase (MDH), as well as glycogen levels,
at the higher flow rates. These results suggested that velocity in excess of a certain
limit leads to a higher glycolysis rate and transition of energy utilization from aerobic
to anaerobic metabolism for the abalone larvae. Compared with conventional still-water
aquacultural systems, the flow velocity at 5-10 L/h could maintain the water environment
stability, and avoid both fertilized eggs from being densely deposited before hatching
and the consumption of energy needed to resist high flow velocities. Thus, these results
are useful references to enhance the hatchery efficiency, and to conduct large-scale
rearing, of abalone larvae.

Keywords: Haliotis discus hannai, flow velocity, larval rearing, energy metabolism, gene expression
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INTRODUCTION

Haliotis discus hannai is one of the most important mariculture
shellfish species in China. In 2019, abalone aquaculture
production reached 180,300 tons, accounting for 90% of the
total production worldwide (China Bureau of Fisheries, 2021).
However, there are still many concerns and problems associated
with abalone farming and artificial reproduction. For example,
the low larval metamorphosis rate constrains the efficient
and large-scale development of the abalone-rearing industry.
Generally, the sperm and eggs are collected and placed directly
in a small container (5 L) for artificial fertilization. Fertilized eggs
are then directly transferred to the rearing pond for subsequent
rearing. However, this rearing method is likely to lead to high-
density accumulation and adhesion of fertilized eggs in a specific
part of the pond, while dead eggs and decomposition products
pollute the water and affect the larval survival rate. Thus, the
postlarval metamorphosis rate is often less than 5% under this
rearing mode in southern China, which is less than the flow-
through rearing system used in northern China (Wu and Zhang,
2016). Therefore, it is necessary to develop a new system to
improve the survival and metamorphosis rate of larvae.

Energy storage and release are essential activities in all
organisms, and enzymes catalyze the metabolic reactions
involved in these processes (Natalia et al, 2004). Such
enzymes can, to a certain extent, regulate energy production in
invertebrates. The activity of key energy metabolism enzymes
in this pathway is crucial to the amount of energy generated
(Friedrich, 1998). Respiratory metabolism is a crucial part
of bioenergy metabolism, which can reflect the metabolic
characteristics, physiological conditions, and nutritional status
of the animal and its adaptability to its external environment.
It is also considered an important field in aquatic bioenergetics
and nutritional physiology research (Bao et al., 2018). Under
anoxic conditions, aerobic metabolism of the fish Astronotus
crassipinnis is inhibited and the activity of lactate dehydrogenase
(LDH) continuously increases with the extension of anoxia
(Heinrichs-Caldas et al, 2019). Similarly, when the shrimp
Litopenaeus vannamei was exposed to hypoxic (1.57 & 0.2 mg/L)
conditions, the expression levels of LDH in glycolysis and
phosphoenolpyruvate carboxylase in the gluconeogenic pathway
increased (Reyes-Ramos et al, 2018); whereas, after 4 h of
chasing prey, the activity of pyruvate kinase in the liver of
rainbow trout was decreased (Lopez-Patifio et al., 2014). Ivanina
et al. (2011) found that the eastern oyster Crassostrea virginica
had a higher free glycogen content and significantly enhanced
hexokinase activity under hypoxic stress compared with control
animals. Gao et al. (2017) considered that a decrease in salinity
would lead to the enhanced activity of energy-metabolizing
enzymes (i.e., hexokinase and pyruvate kinase) in the liver
of the abalone H. discus hannai, suggesting that an increase
in glycolysis rate would increase the energy needs of the
body in a response to drastic changes in salinity. For marine
invertebrates, energy reserves in the embryonic and larval stages
are generally not enough to fulfill the total energy metabolism
needs during metamorphism (Shilling and Manahan, 1990).

Especially for lecithotrophic larval abalone, which depend on
egg yolk nutrients, a longer planktonic period will exhaust the
nutrients in the egg yolk, reducing the survival and growth
rates of the juveniles (Maldonado and Young, 1999; Marshall
et al., 2003; Thiyagarajan et al.,, 2007). The metabolic rate of
Balanus balanoides increased during metamorphosis, but the
protein and lipids as energy storage substances significantly
reduced (Lucas et al., 1979). When metamorphosing, bivalve
mollusks can directly absorb amino acids dissolved in seawater
(Manahan and Crisp, 1983). The energy needs of Haliotis
rufescens during larval metamorphosis are met by nutrients
from its surroundings (e.g., dissolved organic material), but the
oxygen consumption rate and glucose and alanine contents of
larvae significantly increase during this process (Shilling et al.,
1996). Thus, detection of the variation in energy metabolism
enzyme activity can indicate the ability of the body to adapt to
environmental change.

Larval metamorphosis of most marine invertebrate, which
is an irreversible process and accompanied by high mortality,
is triggered by external factors (Williamson et al, 2000). If
environmental factors (e.g., temperature or salinity) change,
the regulatory mechanism of the invertebrate neuroendocrine
system would secrete hormones triggered by the stress response,
leading to a series of physiological and biochemical reactions,
including metabolism of principal energy substances, immunity,
and respiration (Dong et al, 2017). In the short-wavelength
blue/green light and dark environments, larval hatching rate
and survival rate of H. discus hannai were significantly higher
than in the long-wavelength red/orange group, suggesting that
more energy accumulated during metamorphosis in blue/green
light and dark environments (Gao et al, 2017). Wang et al.
(2016) found that the expression levels of IGFBP7 began to rise
rapidly during the early trochophore stage and peaked during
the metamorphosis stage. Given that IGFBP7 was subject to
RNA interference (RNAi), the larval metamorphosis rate in the
group subject to RNAi was significantly reduced by 31.81%
compared with the untreated group, suggesting that IGFBP7
has a role in larval metamorphosis in H. diversicolor. The
addition of adrenaline (AD) and noradrenaline (NA) within
a concentration range of 10-100 WM significantly increased
the larval metamorphosis rate of Meretrix meretrix; thus, the
change in hormone and gene expression level could be used
as an indicator to anticipate the initiation of metamorphosis
(Wang et al., 2006).

In the current study, a new abalone larval upflow recirculating
aquaculture system was constructed. The running seawater flow
conditions for larval development were simulated by different
velocities, during which water quality, energy metabolic enzyme
activity, the concentration of energy-related substances (ie.,
protein, glycogen, and triglyceride) and the expression levels
of metamorphosis-related genes were evaluated to screen out
appropriate velocities facilitating the hatching, survival and
attachment metamorphosis of abalone larvae. The study provides
a reference for enriching our basic biological understanding
of abalone larval development and for improving the rearing
efficiency of the abalone industry.
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MATERIALS AND METHODS

Source and Acclimation of Experimental

Abalones

The experiment was carried out at Fuda Abalone Farming
Company (Jinjiang, Fujian). For adult abalones used in the
experiment, the shell length was 75.15 £ 6.17 mm, shell width
was 50.33 + 5.85 mm, and body weight was 63.22 + 5.01 g.
Female and male abalones selected for the study had intact
shells and feet, with gonadal development at Stage III (Ebert and
Houk, 1984). During their acclimation, the water temperature
was 19°C, salinity was 31 & 1, pH was 7.9, and dissolved oxygen
concentration was >6 mg/L, under a natural light/dark cycle. The
abalones were fed with Gracilaria lemaneiformis daily at 17:00 h,
at an amount that was 3% of the wet weight of the abalones.

Induced Egg-Laying

The female:male ratio of the abalones for induced egg-laying
was 10:4. In the evening, the brood stocks were selected, dried
in the shade for 1 h, and then male and female abalones were
separately put in ultraviolet (UV)-radiated seawater (220 V,
40 W, 500 mWh™1!). Once the parent abalones laid sperm and
eggs, artificial insemination was then performed. To shield the
developing embryos from any adverse effect from the overly high
concentration of sperm, eggs were washed repeatedly to remove
excessive sperm, resulting in eight to ten sperm around one egg,
as viewed under a field microscope.

Experimental Unit

Four sets of conical recirculating aquaculture systems were
used as the experimental unit (Figure 1). Each unit comprised
the aquaculture system and the water treatment system. Water
flowed in at the bottom of each system, which comprised five
transparent conical aquaculture containers (7.5 L), flowmeters,
inlet pipes, venturis, one-way valves, valves, filter drums, and
drain pipes; the water treatment system comprised a filter tank,
filter partition, water pump, UV disinfection lamp, aeration disk,
thermostat, and air pump. At the bottom of the filter partition,
a layer of ceramic rings and pelelith formed the first layer
of filtering material, on which a layer of biochemical cottons
with different pore diameters were laid. The aeration disk and
thermostat were placed at the bottom of the filter tank. The water
for rearing was first passed through the filters, exposed to a UV
disinfection lamp, and then returned to each conical container
from the base. Before the pump was turned on, all water valves
and drain valves on the bottom of the containers were closed and
then opened once the pump started running. The flow velocity
was controlled by a flowmeter, 1 water outlet (¢ 2 cm, 10 cm
from the tip of the cylinder) was placed on the cylindrical side
wall of each conical container, a circular filter drum (¢ 13 cm,
thickness: 3 cm, with a 100-mesh screen adhered to each side)
was joined to the outlet pipe so that larvae would not flow out
with the water. An outfall was further placed at the bottom of
the container. After the experiment, the valves were opened and
the larvae that were about to enter the metamorphosis stage were
collected with screens.

Experimental Design

Four velocity treatment groups (5, 10, 20, and 40 L/h) were
designed for the experiment, whereas a still-water group (0 L/h)
in the same recirculating water aquaculture system was used
as the control. Once the experiment started, fertilized eggs
were taken and transferred to the different velocity groups at
a set density of 10 ind/ml; each group had four replicates. In
the still-water group, no aeration was provided until larvae
developed to the trochophore stage, at which point slight
aeration was provided. Before the fertilized eggs developed into
trochophores, the larval hatching rate, abnormality rate, and
density were recorded in each group. Any larvae found with
incomplete cilia, egg-shell damage, mulberry cells bulging into
irregular shapes, or developmental retardation were considered
to be deformed (Zhou et al, 2011). The development of
embryos and larvae was observed under a microscope (Olympus
CX22, Japan). When the larvae had developed into the
secondary shell stage, their sizes were measured using a stage
micrometer. Before each random sampling, the water was
stirred lightly with a glass rod so that the larvae were evenly
distributed. Then, 30 larvae were sampled from each group
for measurement. If the fourth tubule on cephalic tentacles
was observed, this indicated that the larva was about to
enter the metamorphose stage. Water samples were randomly
taken four times in each container, and the density of larvae
in each group was counted for calculation of the survival
rate; all larvae in each group were then collected using a
filtering screen.

Throughout the experiment, the water temperature, salinity,
pH, and dissolved oxygen concentration in each group was
measured by using a YSI-556MPS portable multiparameter
water quality measuring instrument (Yellow Springs Instruments
Inc., OH, United States). After larvae were collected, the
water was sampled to determine the TAN, NO;-N, and NOs3-
N concentrations. Each group was sampled three times and
the concentrations were determined by SEAL Analytical-AA3
(Germany SEAL Analytical GmbH, Norderstedt, Germany). In
the 0 L/h group, trochophores were collected with screens once
they floated. The screens were used to remove all dead eggs and
exchange water, with fresh water replenished into the rearing
container. Before larval metamorphosis, aeration was provided
continuously, but no water was exchanged.

Subsequently, the larvae collected from each group were
transferred to glass containers of the same size (¢ 15 cm, height:
8 cm) at a set density of 1 ind/ml, and polythene membranes
(80 mm x 80 mm) with benthic diatoms were fixed to the bottom
of each container. In the absence of planktonic larvae from the
water, a section of polythene membranes (20 mm X 20 mm)
was randomly cut, and the settlement and metamorphosis rate
of larvae were determined. Before larval metamorphosis, a low
level of aeration was applied, to the extent that the dissolved
oxygen concentration was not less than 6 mg/L. The cut section
was then fixed in a 4% formaldehyde solution and placed under
a 4 x 10 magnification microscope; 30 larvae were measured
with reference to a stage micrometer, and the metamorphosis
rate, size of settlement and metamorphosis, and the time required
for completion of metamorphosis were determined. Successful
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FIGURE 1 | Experimental RAS configuration: (1) inlet pipe; (2) ultraviolet disinfection lamp; (3) flow meter; (4) venturis; (5) one-way valves; (6) valves; (7) transparent
cone container; (8) filter drums; (9) drain pipe; (10) filter tank; (11) filter partition; (12) water pump; (13) aeration disk; (14) thermostat; (15) air pump; (16) outfall.

metamorphosis of larvae was identified with reference to Vicose
et al. (2007). The remaining larvae collected were transferred to
a centrifuge tube, immediately stored in liquid nitrogen, until
being used to assess larval biochemical composition, metabolic
enzyme activity, and metamorphosis-related gene expression
levels. The water used during the experiment was also subject to
precipitation and sand filtration and had the same salinity and pH
as during the acclimation period; the TAN concentration was no
higher than 0.1 mg/L. During the experiment, the surrounding
air temperature was maintained at 20°C using an air conditioner.

Assessing the Biochemical Composition

of Larvae

The biochemical components of larvae were determined using
a test kit supplied by the Jiancheng Institute of Bioengineering.
Briefly, 0.1 g of larvae were placed in a test tube, to which 1 mL
0.86% normal saline was added; the tube was then transferred to
an ice bath for grinding. After dipping with Coomassie Brilliant
Blue, the solution turned blue, and the protein concentration
of the specimen was calculated by detecting the absorbance
at 595 nm. The method proposed by Gao et al. (2016) was
used to determine the lactic acid content of the larvae. Briefly,
with NAD" as the hydrogen acceptor, LDH catalyzes the
dehydrogenation of lactate to produce pyruvate, turning NAD*
into NADH. PMS transferred hydrogen to reduce NBT to a
purple color, and the absorbance of the color material was linearly
related to the lactic acid content at 530 nm; the lactic acid content
was calculated by detecting the absorbance with ELISA.

To determine the triglyceride (TG) content, a homogenate was
prepared with isotonic buffer solution at a ratio of 1:9 (weight:
volume) using the GPO-PAP method and centrifuged at 2500 x g
for 10 min. Then, 10% homogenate was taken as the supernatant
and the TG content was calculated by detecting the absorbance at
510 nm with ELISA.

Creatine kinase catalyzes ATP and creatine to generate
creatine phosphate. The ATP content was determined using
phosphomolybdic acid colorimetry, and calculated by detecting
the absorbance at 636 nm with ELISA.

Glycogen can be dehydrated under the action of concentrated
sulfuric acid to produce aldehyde derivatives, and then reacted
with anthrone to form a blue compound; thus, colorimetry was
performed with the standard glucose solution treated in the same
manner as described earlier. The larvae were taken at a specimen
weight (mg): hydrolyzate volume ()LL) of 1:3, added to a test tube,
then boiled in a water bath for 20 min. The sample was then
cooled, a Color-substrate solution was added and the test tube
then was further boiled for 5 min. After cooling, the glycogen
content was calculated by detecting the absorbance at 620 nm.

Assay of Larval Metabolic Enzyme
Activity
The HK, PK, SDH, MDH, and LDH content was also determined
using a test kit supplied by Jiancheng Institute of Bioengineering.
To do so, 0.1 g larvae were placed in test tube and 1 mL
homogenous medium (pH 7.4, 0.01 mol/L Tris-HCI, 1 mmol/L
EDTA-2Na, 0.01 mol/L sucrose, 0.8% sodium chloride solution)
was added; the tube was then centrifuged at 10,000 x g for 30 s.
HK catalyzes glucose to synthesize glucose-6-phosphate, the
dehydrogenation of which is further catalyzed by glucose 6-
phosphate dehydrogenase to NADPH. The activity of HK was
calculated by detecting the special absorption peak of NADPH
at 340 nm using a UV spectrophotometer. At 37°C and pH 7.6,
an enzyme activity unit was defined as 1 pwmol PEP converted
by 1 g tissue protein into pyruvate per minute; the activity of
PK was then calculated by detecting the absorbance at 340 nm
using a UV spectrophotometer. The activity of SDH was defined
as 1 specific activity unit that reduced the absorbance of the
reaction system by 0.01 per mg protein per minute. The activity
of SDH was calculated by detecting the reducing rate of 2,6-
DPIP at 600 nm using a visible light spectrophotometer. The
MDH-catalyzed redox reaction was accompanied by reduced
absorbance at 340 nm. The activity of MDH was calculated
by detecting the change in absorbance per minute using a UV
spectrophotometer. After LDH catalyzes the conversion of lactic
acid to pyruvate, pyruvate reacts with 2,4-dinitrophenylhydrazin
to produce pyruvate dinitrophenylhydrazone (which appears

Frontiers in Marine Science | www.frontiersin.org

November 2021 | Volume 8 | Article 763269


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Abalone Larvae in RAS

brownish red in alkaline solution); the activity of LDH can
then be calculated by detecting the absorbance at 440 nm
(Gao et al., 2016).

Gene Expression Analysis

The larvae that settled and metamorphosed were collected using
a screen and then ground in a mortar with liquid nitrogen. RNA
was extracted with TRIzol (Invitrogen, United States) and reverse
transcription was performed by using the PrimeScript™ RT
Reagent Kit with gDNA Eraser (Takara, Japan). Three replicates
samples were mixed and diluted five times, and then used as
the template for real-time fluorescent quantitative PCR using the
following reaction system: 5 x gDNA Eraser Buffer 5 uL; gDNA
Eraser 1 pL; total RNA 500 ng; RNase Free dH,O added up to
10 pL; at 42°C for 2 min; PrimeScriptRT Enzyme Mix I 1 pL,
RT Primer Mix 4 pL, 5 x PrimeScript Buffer 4 pL, RNase Free
dH,0 1 nL were then added to the above reaction liquid at 37°C
for 15 min, 85°C at 5 s, and then kept at 4°C and diluted five
times before use.

The primers for fluorescence quantification were designed
according to the ORF region of insulin-like growth factor
binding protein 7 (IGFBP7) and a2- Adrenoceptor (a2ADR); the
sequence of each primer is given in Table 1. The reaction system
had a volume of 20 pL, comprising 2 x TB Green TM Premix
Ex Taq TM (Takara, Japan) 10 wL; forward primer (10 pM)
0.6 L, reverse primer (10 wM) 0.6 wL, cDNA template 1.6 pL,
and dH,O 7.2 pL. The samples were mixed in a PCR tube for
amplification, under the following reaction conditions: initial
denaturation at 94°C for 30 s; under the cycling conditions: 94°C
for 5, 60°C for 30 s, with 40 cycles in total; the dissolution curve
was analyzed at the end of the experiment. For individual RNA
samples and genes, all PCR analyses were set with three replicates.
The target gene mRNA level was calibrated by using the real-
time PCR Ct (272 A €Y relative quantitative method, with the
reference gene B-actin treated as the quantitative standard.

Outcome Calculations
Outcomes were calculated as follows:

Hatching rate = (number of trochophore larvae within the
field of view/total number of fertilized eggs within the field of
view) x 100%.

Abnormality rate = (number of deformed embryos within the
field of view/total number of fertilized eggs within the field of
view) x 100%.

TABLE 1 | Oligonucleotide primers used in gRT-PCR.

Gene  Sequence (5'-3') Efficiency Size References
(%) (bp)
IGFBP7 F: CCCTTGCACCAGGCTTAGCCT 99.26 173 MT345605.1
R: GAACTCCTCCCAATTCCCG
a2ADR  F: CCGCTTTCTTAGTCCCGCA 101.75 193 MZz359214
R: GAACCGGTAACCGTCTTCCGTTA
B-Actin  F: CCACTTGGTCCATTTCG 100.46 162  MW387000

R: GGACTGGATTTCCGGCCA

IGFBP?, insulin-like growth factor binding protein 7; «2ADR, a2- Adrenoceptor;
Forward primer; R, Reverse primer.

Survival rate = (total number of trochophores/number of
larvae about to enter the metamorphosis stage).

Settlement and metamorphosis rate = (number of juvenile
abalones on polythene membranes/number of planktonic
larvae) x 100%.

Statistical Analysis

Data were expressed as the mean =+ standard deviation.
Logarithmic transformation was performed on data relating to
hatching rate, abnormality rate, metamorphosis rate, and survival
rate, to the extent that the homogeneity test of variance and
the standard normal distribution were satisfied. Comparative
analysis of the effects of flow velocity on the larval hatching rate,
survival, biochemical composition, and metamorphosis-related
gene expression levels was performed using SPSS18.0 coupled
with one-way ANOVA and Tukey multiple comparisons, with
P < 0.05 being significant.

RESULTS
Water Quality Monitoring

Under different flow velocities, there was no significant difference
in the temperature, dissolved oxygen concentration, salinity,
pH, and NO3-N concentration of the water body (Table 2).
In the control group, the TAN-N and NO,-N concentrations
were significantly higher than in any other velocity group
(P < 0.05). By contrast, there was no significant difference in the
concentrations of TAN-N and NO,-N among the velocity groups
(P> 0.05).

Hatching and Abnormality Rates

The larval hatching rate varied significantly under different
velocities. No significant difference was identified in larval
hatching rate between the 0, 5, and 10 L/h groups, but each was
significantly higher than that in the 40 L/h group (Figure 2A,
P < 0.05). The larval abnormality rate tended to increase as the
flow velocity increased (Figure 2B). At 20 L/h, even though the
larval abnormality rate was significantly higher than that in the
0, 5, or 10 L/h groups, it was significantly lower than that in the
40 L/h group (P < 0.05).

Survival Rate and Metamorphosis Rate
Velocity had significant effects on the larval survival and
metamorphosis rates. When the flow velocity increased to 40 L/h,
the larval survival rate and metamorphosis rate were significantly
lower than in the 0, 5 and 10 L/h groups (Figures 2C,D, P < 0.05).
Even though no significant difference was identified in the larval
survival rate and metamorphosis rate between the 0, 5 and 10 L/h
groups, each was significantly higher than that in the 20 L/h group
(P < 0.05).

Larval Size

No significant difference was identified in larval sizes at the
formation of the secondary shell stage among the 0, 5, 10,
and 20 L/h groups, whereas larval sizes in 5, 10 L/h group
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TABLE 2 | Effects of flow velocity on water quality parameters based on one-way ANOVA.

Flow velocity (L/h)

Water quality parameters

Temperature (°C) Salinity pH DO (mg/L) TAN-N (mg/L) NO,-N (mg/L) NO3-N (mg/L)
0 18.08 £ 0.12 31.28 +1.98 7.81+0.17 6.51 + 0.38 0.037 £ 0.0162 0.005 + 0.0012 0.982 + 0.064
5 17.98 +£0.10 30.71 +£2.03 7.75+0.12 6.58 + 0.49 0.025 + 0.009° 0.003 + 0.001° 0.965 + 0.082
10 17.84 £ 0.31 30.09 + 1.64 7.79+0.25 6.54 + 0.57 0.022 +0.015P 0.002 + 0.002° 0.953 + 0.051
20 18.02 £ 0.27 31.25 +£1.47 7.75 £ 0.20 6.61 4+ 0.44 0.020 + 0.013° 0.002 + 0.001P 0.965 + 0.068
40 18.05 £ 0.22 31.16 £2.15 7.80 + 0.24 6.68 + 0.27 0.019 + 0.011° 0.002 + 0.001° 0.977 + 0.032

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same column indicate significant differences between flow velocities

(P < 0.05).
DO, dissolved oxygen; TAN-N, total nitrogen; NOo-N, nitrite nitrogen; NOz-N, nitrate nitrogen.
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FIGURE 2 | Effects of flow velocity on the hatching rate (A), abnormality rate (B), survival rate (C), and metamorphosis rate (D) of Pacific abalone H. discus hannai
larvae. Values are means and standard deviation of four replicates (means + SD; n = 4). Significant variations were found by one-way analysis of variance, P < 0.05,
followed by Tukey test. Different letters denote significant differences between flow velocities.

were significantly smaller than in the 40 L/h group (Table 3,
P < 0.05). The size at metamorphosis varied significantly at
different velocities. Larval size in the 20 and 40 L/h groups was
significantly higher than in any other group (P < 0.05). The
time required for the larval metamorphosis in the 5 and 10 L/h
groups was significantly shorter than in any other flow velocity
group (P < 0.05). The time required for larval metamorphosis
was longest in the 40 L/h group, but was not significantly different
from that in the 20 L/h group (P > 0.05).

Biochemical Composition
No significant differences were identified in larval protein content
among the velocity groups (Table 4, P > 0.05). The larval TG

content in the 5 and 10 L/h groups was significantly higher
than in any other group (P < 0.05), being lowest in the 20 L/h
group. Velocity had significant effects on the larval lactic acid
content. No significant difference was identified in larval lactic
acid content among the 0, 5, and 10 L/h groups, but each was
significantly lower than in the 40 L/h group (P < 0.05). The larval
ATP content also increased with flow velocity, with the 5 L/h
group having the lowest ATP content, whereas the ATP content
in the 40 L/h group was significantly higher than in the 0, 5, and
10 L/h groups (P < 0.05). No significant difference was identified
in larval glycogen content in the 0, 5, 10, or 20 L/h groups, but
was significantly reduced when the velocity increased to 40 L/h
(P < 0.05).
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TABLE 3 | Performance of H. discus hannai larvae from completion of larvae shell to metamorphosis according to flow velocities.

Flow velocity (L/h) Completion of larvae shell (shell Metamorphosis size (shell Metamorphosis time
length x shell width, pm) length x shell width, pm) (h)

0 261.11 + 4.34 x 206.65 + 5.98%° 381.49 + 4.86 x 269.57 + 6.43° 28.57 +0.73°

5 255.33 =+ 4.92 x 203.75 + 6.67° 372.51 4 6.61 x 260.54 + 7.79P 10.92 + 0.41°

10 251.69 + 6.05 x 201.67 + 5.01P 375.30 + 8.97 x 262.13 + 4.39° 22.46 + 0.33°

20 266.75 + 7.36 x 208.77 + 7.59%° 405.41 £ 5.55 x 287.17 4+ 8.392 33.79 4+ 0.292

40 272.58 £ 4.98 x 214.02 4+ 6.152 410.56 + 8.02 x 291.05 + 5.082 36.85 + 0.622

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same column indicate significant differences between flow velocities

(P < 0.05).

TABLE 4 | Biochemical content of H. discus hannai larvae, reared under different flow velocities.

Variable Flow velocity

OL/h 5L/h 10 L/h 20 L/h 40 L/h
Protein content (g/L) 0.98 4+ 0.052 1.06 + 0.052 1.01 +0.082 0.97 +0.072 1.04 +0.072
Lactic acid content (mmol/g prot) 0.076 + 0.008° 0.072 + 0.006° 0.078 + 0.006° 0.089 + 0.0072P 0.107 + 0.0102
Triglyceride (mmol/g prot) 0.83 + 0.04° 0.90 4+ 0.072 0.88 4 0.052 0.69 + 0.07° 0.80 + 0.02°
ATP (umol/g prot) 229.38 + 9.62° 192.07 + 7.33° 199.44 + 7.06° 263.56 + 8.652 277.05 + 5.932
Glycogen (mg/g) 1.22 +0.042 1.13 +0.082 1.25 +0.022 1.17 +£0.042 0.83 + 0.06°

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same row indicate significant differences between flow velocities

(P < 0.05).

Metabolic Enzyme Activity

Larval HK activity varied significantly at different velocities,
gradually increasing with increasing flow velocity (Table 5).
Larval HK activity in the 40 L/h group was significantly higher
than in any other group (P < 0.05). The PK activity also followed
a similar pattern, peaking in the 40 L/h group but not being
significantly different across any other group. At 20 L/h, the larval
SDH and MDH activities peaked, and then dropped significantly
when the velocity increased to 40 L/h (P < 0.05). By contrast,
the larval SDH activity in the 40 L/h group was significantly
higher than in the 0, 5, and 10 L/h groups (P < 0.05). Flow
velocity also had significant effects on larval LDH activity, which
was significantly higher in the 40 L/h group compared with any
other group (P < 0.05), although no significant differences were
identified among the other velocity groups.

Gene Expression

The expression levels of IGFBP7 varied significantly at different
flow velocities, being significantly higher in the 10 L/h group than
in the 40 L/h group, with no significant differences identified
compared with any other velocity group (Figure 3, P > 0.05).
No significant difference was identified in the expression levels
of a2ADR between the 5, 10, and 20 L/h groups, although its
expression levels in all three groups were significantly higher than
in either the 0 or 40 L/h groups (P < 0.05).

DISCUSSION

Most marine invertebrates have a planktonic life-history stage,
which can persist for an extended period of time until the
most suitable substrate is found; thus, settlement by invertebrate

larvae is seen as a passive delivery process to the surface
(Abelson and Denny, 1997) with an active behavioral component
once at the surface and possible active components in the
water column (Harvey and Bourget, 1997; Walters et al., 1999).
Thus, hydrodynamic force is also considered to be an external
factor impacting larval settlement (Welch et al., 1999). Abalones
reside on the bottom of coral reefs or in rock cracks. Their
larvae usually adhere to the uneven sand surface, where the
sedimentation process will be always affected by the flow
of seawater (Boxshall, 2000; Wassnig et al., 2010). During
aquacultural rearing, stable water flows avoid fertilized eggs
from densely accumulating in particular areas of the rearing
pond (Wu and Zhang, 2013). Thus, in the current study, five
sets of recirculating water systems suitable for dense rearing
of larvae were designed that not only simulated various water
flow states, but also maintained a stable water temperature
and salinity level. The larval hatching and survival rate in the
recirculating water system were higher than in traditional still
water rearing systems. With water quality indicators monitored,
no significant differences in dissolved oxygen, NO;-N, and NO3-
N concentrations under the recirculating water systems were
found among the groups. The concentration of TAN-N and NO,-
N in the control group was significantly higher than in each
velocity group. In still water aquaculture systems, some dead
eggs and larvae are likely to accumulate, which could provide
a natural medium for the growth of bacteria; and dead larvae
would also lead to a higher concentration of TAN-N and NO;-
N in still water as a result of bacterial decomposition. In the
recirculating aquaculture system, the measures taken to clean
the filter cotton and add a UV disinfection lamp not only
removed water contaminants to prevent the water quality from
deterioration, but also suppressed the proliferation of harmful
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TABLE 5 | Effect of flow velocity on the activity of metabolic enzymes of H. discus hannai larvae.

Variable Flow velocity

oL/h 5L/h 10 L/h 20 L/h 40 L/h
Hexokinase (HK) (U/g prot) 1217 £0.51°¢ 11.11 £ 0.37° 10.08 + 0.48° 14.89 + 0.26° 18.89 + 0.642
Pyruvate kinase (PK) (U/g prot) 7.15 4 0.42° 7.24 +0.22° 6.99 + 0.41° 7.07 +0.53° 9.93 +0.322
Succinate dehydrogenase (SDH) (U/mg prot) 3.38 £ 0.21° 4.02 £ 0.34° 3.79 £ 0.27° 6.81 £ 0.192 5.07 & 0.24°
Malate dehydrogenase (MDH) (U/mg prot) 8.02 +£ 0.73° 7.62 + 0.55° 7.27 + 0.40P 9.15 +0.372 7.94 4+ 0.53°
Lactate dehydrogenase (LDH) (U/g prot) 2.45 +0.19° 2.92 4+ 0.28° 2.07 £ 0.15° 3.15+0.18° 5.47 +£0.142

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same row indicate significant differences between flow velocities

(P < 0.05).

bacteria to maintain a stable aquaculture water quality. In water,
NO,-N is an intermediate product of ammonia nitrification
resulting from the breakdown of aquatic organisms. Its ongoing
accumulation in water impacts the physiological conditions of
rearing organisms and can suppress their growth, resulting in
higher mortality (Harris et al., 1998). The concentration of NO,-
N in each group did not exceed 0.1 mg/L, a level within the
normal safe concentration tolerance of abalone (Kim et al., 2000);
however, the decomposition products from dead larvae could not
be readily removed, even though the cyclic accumulation in water
is one of the crucial factors resulting in higher concentrations
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FIGURE 3 | Effects of flow velocity on the relative expression of IGFBP7
(insulin-like growth factor binding protein 7) and a2ADR (a2-Adrenoceptor) in
Pacific abalone H. discus hannai larvae. Values are means and standard
deviation of four replicates (means + SD; n = 4). Significant variations were
found by one-way analysis of variance, P < 0.05, followed by Tukey test.
Different letters denote significant differences between flow velocities.

of NO,-N and lower larval hatching and survival rates in
the control group.

The size upon completion of larval shell development and at
metamorphosis in the 20 and 40 L/h groups were significantly
higher than in any other group, but the metamorphosis and
survival rates were decreased. Such an extended planktonic
period could cause larvae to use more yolk nutrition for their
growth, resulting in a greater size at larval metamorphosis. The
energy available for larvae would reduce during metamorphosis,
resulting in a decline of metamorphosis rate. In addition, the
flow velocity at 20 L/h and 40 L/h might also cause stress to
larvae. Thus, some energy would be used to resist such an
unfavorable environment, further reducing the energy available
for metamorphosis. Previous research showed that an extended
planktonic stage leads to adverse effects on the survival and
growth of juvenile mollusks (Pechenik and Rice, 2001; Huchette
et al., 2003). Especially for larval abalone, which rely on yolk
nutrition, an extended planktonic stage would deplete yolk
nutrients, resulting in declining survival and growth rates of
juvenile abalone (Marshall, 2008; Dineshram et al., 2013). Given
that the culture water was not subject to disturbance before larval
hatching in the control group, a lack of water flow could lead to a
higher likelihood of mutual adhesion of fertilized eggs. Under the
microscope, normally developed eggs adhering to dead eggs were
observed in the control group. During adhesion, the increased
mucus secretions will also impact normally developed fertilized
eggs nearby, causing the larval hatching and survival rates in the
control group to be significantly lower than in the recirculating
water groups. It was also noted that the higher velocity was
accompanied by a lower larval hatching rate and higher deformity
rate. A possible reason is that the rapid water flow interferes
with the normal development of fertilized eggs, impeding the
formation of the ciliary band and increasing the deformity rate.
Overly high velocity might also impact the formation of veliger
larvae and cilia movement. Once the autonomous movement of
larvae is completely altered as a response to the impact from
high velocity, the energy stored in larvae would be gradually
consumed, eventually leading to higher mortality. Thus, the
flow velocity should be selected so that fertilized eggs would
be evenly distributed as possible; larvae would then be able to
move autonomously with the lowest-possible energy expenditure
through the water, enabling more energy to be derived from the
yolk nutrition for metamorphosis.
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Although animals can acquire energy from the decomposition
of various energy substances, most energy sources come from
the consumption of protein, fat, and carbohydrates (Lauff and
Wood, 1997; Kieffer et al., 1998; Weber, 2011). Larval attachment
and metamorphosis both require abundant energy, most of which
comes from the yolk nutrients (Roberts et al., 2001). The content
of TG in larvae in the 20 L/h group was significantly lower
than that in any other velocity group, suggesting that this higher
velocity leads to higher energy demands of larvae. However, no
significant difference was identified in the TG content between
the control and 40 L/h groups, although the glycogen content in
the latter was significantly lower than in the former, suggesting
that energy sources delivered to larvae came from the conversion
of TG to glycogen after the flow velocity increased. No significant
difference was found in the protein content among the groups,
suggesting that larvae had not utilized energy in the form of
protein metabolism. Previous work revealed that shrimps make
use of carbohydrates and TGs in different amounts. Li et al.
(2019) found that at 3 cm/s, Fenneropenaeus chinensis depends
on energy delivered from the decomposition of TG in muscles;
at a velocity over 3 cm/s, the glycogen in muscles begins to
be used as the primary substance for energy delivery, which is
associated with the oxygen supply. Compared with glycogen, TG
has a higher calorific value and can release more energy after
following complete oxidation and decomposition (Livesey and
Elia, 1988). In the current study, no significant difference was
found in the dissolved oxygen concentration among the velocity
groups. However, when the velocity increased to 40 L/h, the water
flow impact might deprive the larvae from having control of their
own movement. While resisting the water flow, a drastic increase
in oxygen consumption might be a limiting factor to their growth.
Compared with fat, glycogen would consume less oxygen for the
production of ATP with the same molecular weight (Li et al.,
2015). Thus, the energy available to larvae in the 40 L/h group
is likely to have come from the conversion of TG to glycogen. At
this velocity, the content of glycogen was significantly reduced
compared with the 20 L/h group. Despite an increase in ATP
content, the energy from the decomposition of glycogen might
not satisfy the energy needs of larvae to cope with the impact of
the increased water flow.

The energy metabolism balance of aquatic organisms can be
negatively affected by the external and nutritional environment,
given that they might require extra energy to relieve such stress
(Boeck et al., 2006; Xu et al, 2015, 2016). Intensified sugar
metabolism is a regular response to stress. Hexokinase and
pyruvate kinase are the key rate-limiting enzymes in glycolysis,
and variation in their activity has a significant role in regulating
sugar metabolism, indicating the level of glycolysis (Van Aardt
and Wolmarans, 1987). In the 40 L/h group, the HK and PK
activity was significantly higher than in any other group, with
the activity of HK gradually increasing with the flow velocity,
suggesting that larvae produced more energy by increasing
glycolysis. A higher rate of glycolysis facilitates the production
of ATP and improves tolerance against stress (Laiz-Carrion et al.,
2002). Gao et al. (2017) found that, as salinity decreased from 30
to 20%o, the activity of HK and PK in the liver of H. discus hannai
increased; under a low salinity level, the liver accelerated the

phosphorylation of glucose to promote glucose transformation
and speed up glycolysis, thereby delivering energy to the tissues.
SDH is the only enzyme embedded in the inner membrane of
mitochondria in the TCA cycle. Oxaloacetate, as the product
catalyzed by malate dehydrogenase, is one of the initiators of
the TCA cycle. To a certain extent, two kinds of enzyme can
represent the rate of the TCA cycle and the level of aerobic
metabolism (Lussey-Lepoutre et al., 2015; Akila et al., 2016).
Panepucci et al. (2000) reported that MDH acts as a carbon
source and provides oxaloacetate for the TCA cycle, resulting in
an additional 32 ATP molecules per glucose molecule oxidized.
In the current study, the activity of SDH and MDH in the 20 L/h
group was significantly higher than in any other group, whereas
the ATP content in this group was also significantly higher than
in the 0, 5, and 10 L/h groups. When the velocity increased to
40 L/h, the activity of SDH and MDH decreased significantly,
suggesting that the activity of the TCA cycle was also reduced and
aerobic metabolism suppressed. At this point, the activity of LDH
significantly increase and the lactic acid content also peaked,
implying that the energy delivery began to switch from aerobic
to anaerobic metabolism, with the latter becoming the primary
energy source for the larvae. Exposure of Litopenaeus vannamei
to moderate hypoxia resulted in the accumulation of lactic acid
and higher glucose content in hemolymph and muscle tissues,
suggesting that anaerobic metabolism was increased (Sonanez-
Organis et al., 2010). As a crucial glycolytic enzyme, lactate
dehydrogenase appears to be more important when larvae need
extra energy under stress (Gao et al, 2018). Especially in the
40 L/h group, an increase in the activity of lactate dehydrogenase
caused the ATP content of larvae to peak. At this point, the
content of glycogen further decreased, suggesting that the energy
demand had increased in response to the high velocity; larvae
began to utilize anaerobic metabolism to release more energy
to satisfy the increased energy demand. As the direct supplier
of biological energy, ATP is the main indicator of biological
activity. When the salinity dropped suddenly from 56 to 52%o
and 48%o, the ATP content increased significantly in L. vannamei,
suggesting that an extra energy supply was needed under the
sudden change in salinity, thereby releasing a large amount of
ATP (Shen et al.,, 2020). Once excessively accumulated, lactic
acid as the by-product of anaerobic glycolysis would not only
maintain the activity of glycolytic enzymes at a lower level, but
also damage organs and tissues (Brizel et al., 2001; Zenteno-Savin
et al., 2006). In the current study, as lactic acid increased, the
larval survival rate in 40 L/h was significantly lower than that any
other group, suggesting the accumulation of lactic acid adversely
impacted the survival of the larvae.

Insulin-like growth factor binding protein 7 (IGFBP7) is
a member of the IGFBP family. Overexpression of IGFBP7
in the MDA-MB-468 cell line significantly suppressed cell
growth. IGFBP7 can also prevent the phosphorylation of
mitogen-activated protein kinase (MAPK) ERK-1/2, resulting
in weakening of the pathway signal, suggesting that IGFBP7
regulates cell growth by affecting this signaling pathway
(Amemiya et al., 2011). IGFBP7 has biological functions and
expression patterns that depend upon the diversity of cell types,
which regulate cell growth and proliferation both positively and
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negatively (Hwa et al, 1999). During the metamorphosis of
Haliotis diversicolor, larvae shed the velum, the gills and feet
gradually grow in size, and peristomal shell formation begins
(Bishop et al.,, 2006; Heyland and Moroz, 2006). During the
early larval period, salGFBP7 can promote the transition of
larvae from a planktonic state to benthic life by upregulating the
expression of growth-related genes and hormones (Wang et al.,
2015). Wang et al. (2016) found that IGFBP7 was engaged in
the proliferation and differentiation of the mantle and foot cells
of H. diversicolor. When the expression levels of IGFBP7 were
altered, the larval mortality rate significantly increased, whereas
the settlement rate significantly dropped over 4 h. In the current
study, the expression levels of IGFBP7 in the 40 L/h group
decreased significantly, as did the larval metamorphosis rate,
suggesting that larval development can be predicted based on
changes in the expression levels of IGFBP7; a longer planktonic
duration would reduce the nutrients available from the yolk,
and the energy ultimately required for the completion of
metamorphosis. Thus, an appropriate of flow velocity range
would be essential for the synchronous and rapid completion of
larval metamorphosis in this species.

Numerous neurotransmitters are involved in the
metamorphosis of larval shellfish. For example, Coon and
Bonar (1987) found that alpha 1-adrenoceptor is involved
in the metamorphosis of Crassostrea gigas. Epinephrine has
been proven to induce the larval metamorphosis of Venerupis
pullastra and Ruditapes philippinarum (Garcia-Lavandeira et al.,
2005). In research related to Crassostrea angulate, epinephrine
was found to induce metamorphosis and alpha 1-adrenoceptor
had higher expression levels (Yang et al., 2012). In the current
study, the expression levels of ®2ADR in the 0 and 40 L/h groups
were significantly lower than in any other group, suggesting that
flow velocity had significant effects on larval metamorphosis;
the larval metamorphosis rate was higher at more appropriate
velocities (5 and 10 L/h), whereas the expression levels of a2ADR
in the 5 and 10 L/h group were also significantly higher than in
the 0 and 40 L/h groups, suggesting that the expression levels of
a2ADR are closely associated with larval metamorphosis. In the
5 and 10 L/h groups, the time required for larval metamorphosis
shortened significantly, suggesting that the larvae would be less
likely to consume all the yolk nutrients and would also face a
reduced risk from any abrupt changes in the environment that
might occur during metamorphosis, compared with if the period
of metamorphosis was extended.

In the current study, the larval hatching rate, survival rate,
and metamorphosis rate increased when the flow velocity was
kept to 5-10 L/h. In the control group, a lack of water
flow before larvae developed to the trochophore stage led
to the mutual adhesion of fertilized eggs and their local
accumulation; when dead eggs were recorded, the water quality
also deteriorated, and the higher concentration of TAN and
NO;-N might be the main reason for the lower survival rate
of the larvae. Larval density can be reduced to avoid their
accumulation, but the presence of unfertilized eggs and dead
larvae consistently impacts the stability of the aquaculture
water environment, in that no water is exchanged before larval
metamorphosis in conventional aquaculture systems. When

the flow velocity increased to 40 L/h, despite the increase
in the dissolved oxygen concentration and the decrease in
TAN concentration, the impact of this rapid flow switched
the mode of larval energy metabolism from aerobic to
anaerobic metabolism, and the primary source of energy also
shifted from TG to glycogen. Under these circumstances, the
planktonic stage of larvae was prolonged and more energy
was consumed, eventually reducing the amount of energy
available for completion of metamorphosis and, thus, the larval
metamorphosis rate. Therefore, future upflow larval rearing
systems could be designed for H. discus hannai that maintain
the quality of the rearing water and the velocity range at 5-
10 L/h, which would not only reduce the adhesion of fertilized
eggs and dead eggs and the energy consumption of larvae during
metamorphosis, but also increase the larval metamorphosis
rate and synchronization of metamorphosis, improving the
aquaculture of this species as well as our understanding of its
larval development.
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Giant clams are found in a mutualistic association with Symbiodiniaceae dinoflagellates,
however, the diversity of the giant clams, as well as the diversity and distribution of
Symbiodiniaceae in different Tridacnine species remain relatively poorly studied in the
South China Sea. In this study, a total of 100 giant clams belonging to small type’s
giant clams, Tridacna maxima, T. crocea, and T. noae, were collected from Hainan
and Xisha Islands. Based on mtDNA cytochrome ¢ oxidase subunit 1 gene (COI)
and 16S rRNA fragments, 7. maxima and T. crocea showed a closer phylogenetic
relationship than 7. noae. All the three species of giant clams hosted Symbiodiniaceae
including genera Symbiodinium (formerly Clade A) and Cladocopium (formerly Clade
C). Geographically, symbionts in Cladocopium are restricted to Xisha Islands, probably
because Cladocopium prefers to inhabit in waters with higher mean temperatures.
The endosymbiont specificity among the three giant clam species was also detected.
T. noae and T. crocea are found to harbor Symbiodinium preferentially, compared with
Cladocopium. These results could provide important information to understand various
endosymbionts occurring in giant clams in the South China Sea.

Keywords: Tridacna, Symbiodiniaceae, symbiont, COl, 16S rRNA, ITS1

INTRODUCTION

Giant clams (Tridacninae) inhabit tropical coral reefs throughout the Indo-Pacific oceans (Lucas,
2014). In the world, the Tridacninae subfamily includes two extant genera, Hippopus (two
species) and Tridacna (10 extant species), and all these species host symbiotic zooxanthellae in
the mantle tissues that plays important ecological roles in the coral reef ecosystem (Liu et al.,
2021b). Recently, the natural resources of giant clams sharply decreased in many countries,
including Australia, Indonesia, Singapore, Philippines, and Japan because of overfishing, habitat
destruction, and global climate change (Copland and Lucas, 1988; Pringgenies et al., 1995; Neo
and Todd, 2012; Neo et al., 2019). Therefore, all the giant clam species are listed in Appendix II
of the Convention on International Trade in Endangered Species [United Nations Environment
Programme-World Conservation Monitoring Center (UNEP-WCMC), 2007] and International
Union for Conservation of Nature (IUCN) Red List of Threatened Species (Wells, 1997).
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In China, giant clams are distributed mainly in the South
China Sea, which can be divided into five geographical
populations, Hainan Islands, Xisha Islands, Zhongsha Islands,
Dongsha Islands, and Nansha Islands (Zhang et al., 2020).
Eight giant clams have been reported in the South China Sea,
including two large species Tridacna gigas and T. derasa; three
middle species T. squamosa, H. hippopus, and H. porcellanus;
and three small species T. maxima, T. crocea, and T. noae (Neo
et al,, 2017; Liu J. et al., 2020). Recent surveys found that large
and middle type’s giant clams were in extremely low numbers,
and small types giant clams became the dominant giant clam
species (Liu et al., 2021a). However, the genetic and phenotypic
variation in several giant clam species has been reported in many
geographical locations (Nuryanto and Kochzius, 2009; Hui et al.,
2016; Pappas et al., 2017), while there were only a few reports on
the diversity of giant clams in the South China Sea (Lim et al,,
2019; Liu J. et al., 2020).

Symbiodinium is found in endosymbiosis with marine
invertebrates such as giant clams, corals, Porifera, and
Foraminifera, which could provide their hosts with up to
100% of energy requirements (Stat et al., 2006; Venn et al., 2008;
Reich et al., 2017). Since pediveliger larva stage, the symbiont
between the giant clam and Symbiodinium is established (Liu
C. et al, 2020; Zhang et al, 2020; Wang et al., 2021). The
diversity and community structure of Symbiodiniaceae in the
giant clam could hence likely affect the growth, reproduction,
and photosynthetic efficiency of the host (DeBoer et al., 2012).
According to the previous molecular taxonomic research, nine
distinctive Symbiodinium clades (A to I) have been identified
(Pochon and Gates, 2010). Each major clade could be further
resolved into diverse genetic subclades through the use of highly
variable DNA markers such as the nuclear ribosomal internal
transcribed spacer (ITS) (Arif et al., 2014; Ikeda et al., 2017).
Previous studies have shown that the diversity of endosymbiontic
Symbiodiniaceae in host is influenced by numerous factors,
such as host species, physiology of the hosts, and environmental
factors (LaJeunesse et al., 2010, 2018; Hume et al., 2016; Pappas
etal., 2017; Lim et al., 2019).

The aim of this study is to illustrate the diversity of three
small types giant clams (T. maxima, T. crocea, and T. noae)
using the mtDNA cytochrome c oxidase subunit 1 gene (CO1)
and 16S rRNA gene in Hainan and Xisha Islands. Furthermore,
the diversity of their endosymbiontic Symbiodiniaceae is also
identified using DNA barcoding based on ITSI region of rDNA.

MATERIALS AND METHODS

Ethics Statement

All giant clams and experimental protocols used in this study
were reviewed and approved by the committee and laboratory
animal department of the Hainan University.

Samples and DNA Extraction

The small type’s giant clam samples (T. maxima, T. crocea, and
T. noae) were collected from the two different sites, the lagoon
of Zhaoshu, Xisha (112° 12'-112° 19’ E, 16° 57'-16° 59’ N) and

the coastal waters of Sanya, Hainan (including Dongmao-Ximao
Island, Luhuitou Peninsula, Yalong Bay and Wuzhizhou Island,
109° 21'-109°46’ E, 18° 11’-18°19’ N) in the South China Sea
in June and July, and coded as Xisha01-Xisha77 and Sanya01-
Sanya23, respectively. Briefly, about 1 ¢cm? mantle tissue was
removed from each individual using sterile disposable razors and
stored in 100% ethanol at 4°C.

A subsample of mantle tissue of size about 2 mm* was used for
the DNA extraction that was conducted using Tiangen DNA kit
(Tiangen Biotech, Beijing, China) according to the instructions of
the manufacturer.

2

PCR Amplification and Sequencing

The COI, 16S, and ITS1 fragments of the giant clams and
Symbiodiniaceae, respectively, were amplified by PCR, which
were carried out in a total volume of 20 wl with 10 pl of
2 x Rapid Taq Master Mix (with Taqg DNA polymerase, dNTP
mix, MgCl,, and PCR buffer), 0.6 il each of forward and reverse
primers (10 pM), 1 pl of DNA diluted 1:5, and 7.8 pl of
water. The primers were shown in Table 1. PCR conditions
were set as follows: an initial denaturing step at 94°C for
5 min; 40 cycles of denaturing at 94°C for 30 s, annealing
at 43-53°C for 30 s, and extension at 72°C for 90 s; and a
final extension step at 72°C for 10 min. PCR products were
sequenced at BGI (China).

Sequence Alignment and Phylogenetic

Analyses

The three fragments (COI, 16S, and ITS1) were aligned separately
using Clustal W in MEGA X (Kumar et al., 2018). Sequences were
converted into NEXUS format for phylogenetic analysis using
DAMBES5 (Xia, 2013). Phylogenetic trees were reconstructed
using Bayesian inference (BI; Huelsenbeck and Ronquist, 2001)
in the CIPRES gateway (Miller et al., 2010). BI analyses were
performed with MrBayes v.3.2.7 (Ronquist and Huelsenbeck,
2003), running four simultaneous Monte Carlo Markov chains
(MCMC) for 10,000,000 generations, sampling every 1,000
generations and discarding the first 25% generations as burn-in.
Two independent runs were performed to increase the chance of
adequate mixing of the Markov chains and to increase the chance
of detecting failure to converge, as determined by using Tracer
v1.6. The effective sample size (ESS) of all the parameters was
higher than 200. The resulting phylogenetic trees were visualized
in FigTree v1.4.4.

Genetic Diversity and Population

Structure

Population genetic analyses were conducted based on the COI
and 168 fragments of three giant clams. Genetic diversity indices,
including haplotype diversity (Hd) and nucleotide diversity (),
were calculated in DNASP 5 (Librado and Rozas, 2009). To
investigate the genetic relationships among haplotypes, a median-
joining network was generated with PopART 1.7 (Clement
et al., 2000). To infer if the three giant clams have experienced
population expansion, Tajimas D (Tajima, 1989) and Fu’s Fs
statistics (Fu, 1997) of COI sequences were calculated in Arlequin
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TABLE 1 | Information of primers used in this studly.

Gene Primer Sequences (5'-3') Length (bp) Annealing References
Temperature (°C)
Giant clams
COl COI(F) GGGTGATAATTCGAACAGAA 500 43 Nuryanto et al., 2007
COIR) TAGTTAAAGCCCCAGCTAAA
16S 16SarF CGCCTGTTTATCAAAAACAT 500 53 Marco et al., 2014
16SbrR CCGGTCTGAACTCAGATCACGT
Zooxanthellae
[TS1 ITSF CCGGTGAATTATTCGGACTGACGCAGT 750 51 Satoe et al., 2012
ITS4R TCCTCCGCTTATTGATATGC
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FIGURE 1 | Binary indexed tree of the three giant clams based on the COI fragment. Hippopus hippopus (KJ202106) was used as outgroup. Numbers at nodes are
posterior probabilities.
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3.5 (Excoffier and Lischer, 2010). The significance levels were
evaluated under 10,000 permutations.

RESULTS

Phylogenetic Analyses of Giant Clams

A total of 88 COI and 89 16S sequences were obtained
and submitted to Genbank (Supplementary Table 1).
The phylogenetic relationships of three giant clams were
reconstructed based on the aligned nucleotide sequences
of COI (681 bp) and 16S (518 bp) fragments, respectively.

According to the reconstructed phylogeny, T. maxima was
recovered closer to T. crocea than to T. noae. Although the sister
relationship between T. maxima and T. crocea was not highly
supported in the 16S analysis (Figure 2), it arrived at a maximum
support value in the COI phylogeny (Figure 1). Both the COI and
16S sequences supported the monophyly of T. crocea, however,
high-intraspecific morphological diversity was found within this
group, such as the values of shell width/shell length, byssal
opening length/shell length, byssal opening width/shell length
and number of hinge tooth (Supplementary Table 2).

Genetic Diversity and Gene Genealogy

Both BI analyses arrived at the identical topologies The Hd and nucleotide diversity () across two sampling sites
(Figures 1, 2). were presented in Table 2. The genetic diversity indices derived
o St
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FIGURE 2 | Bl tree of three giant clams based on 16S fragment. Hippopus hippopus (KJ508348) was used as outgroup. Numbers at nodes are posterior

probabilities.
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TABLE 2 | Genetic diversity of the COIl and 16S among different species and sites,

and COlI neutrality tests.

Species Sites Col 16S
N h Hd n Tajima’s D Fu’s Fs N h Hd n
T. crocea Xisha 42 29 0.9779 0.00917 —1.56699* —24.14330* 42 7 0.5854 0.00178
Sanya 7 3 0.6667 0.00475 0.13210 1.41593 7 4 0.7143 0.00335
Total 49 31 0.9677 0.00882 — . 49 9 0.5961 0.00200
T. maxima Xisha 21 15 0.9429 0.01000 —1.67280* —6.90257* 21 6 0.4286 0.00539
Sanya 0 — — - — — 0 — - —
Total 21 15 0.9429 0.01000 — — 21 6 0.4286 0.00539
T. noae Xisha 3 2 0.6667 0.00151 - - 4 1 0.0000 0.00000
Sanya 15 9 0.8762 0.00637 —1.86906* —3.06649* 15 4 0.4667 0.00230
Total 18 10 0.8431 0.00560 — — 19 4 0.3801 0.00185

Significant values (P < 0.05) are marked with an asterisk, while those of great significant values (P < 0.01) are indicated with two asterisks.

from COI were higher than those from 16S sequences. Compared
with T. noae, T. crocea, and T. maxima showed relatively higher
COI Hd and nucleotide diversity. Estimates of neutral tests for
T. crocea and T. maxima of Xisha and T. noae of Sanya indicated
population expansion by significant negative values of Fu’s Fs
and Tajima’s D statistics (Table 2). The median-joining network
analysis based on COI and 16S sequences revealed a star-like
haplotype network (Figure 3).

Endosymbiont Genera and Species

Diversity and Distribution
A total of 59 ITS1 sequences were amplified and submitted to
GenBank (Supplementary Table 1). The final 814 bp length
alignment was used for phylogenetic reconstruction by BI
inference (Figure 4). The phylogenetic tree was successfully
separated into two clades (namely, Clade I and Clade II;
Figure 4A) that were identified by blasting in NCBI. The
results (not shown here) indicated that they corresponded to
Symbiodinium and Cladocopium, respectively. Since considerable
sequence divergence could impede accurate alignments between
distantly related lineages (LaJeunesse, 2001), two phylogenetic
analyses of Clade I and Clade II were further conducted,
respectively. Clade I was not separated while Clade II could
be divided into two subclades when they were considered
individually (Figures 4B,C).

The abundance of endosymbiont genus distribution, and their
association to the three giant clam host species are shown in
Table 3.

DISCUSSION

The COI and 16S sequences generated identical topologies,
supporting the separation of three major clades corresponding
to three individual species T. crocea, T. maxima, and T. noae
(Figures 1, 2). The latter two species are similar in general
appearance, and they were even considered the same species
(Rosewater, 1965). However, previous studies found that they
could be distinguished by several morphological and ecological
characteristics. For example, T. maxima was mainly distributed
at the edges and crests of reefs, while T. noae was often found

in the reef flat (Kubo and Iwai, 2007). In addition, T. noae has
well-spaced rib scales, particularly on the upper third of the
shell, while the ribs in T. maxima were closely crowded together
(Su et al, 2014). Our phylogeny derived from COI and 16S
fragments indicated a distant relationship between T. noae and
T. maxima, shown as T. noae + (T. maxima and T. crocea),
and therefore supported the validity of T. noae (Su et al., 2014).
Although T. maxima has a short planktonic larvae duration
(9 days; Lucas, 1988), it is widely distributed from the Red Sea
to the central Pacific (Nuryanto and Kochzius, 2009). In our
study, however, T. maxima was only found in Xisha, and this
may probably be due to the low sample size of Sanya. High
intraspecific morphological diversity was found within T. crocea,
even though both the COI and 16S sequences supported the
genetic monophyly of this species. Special attention should
be paid during T. crocea identification since it shows high
intraspecific diversity. Geographically, the sampling locations of
T. crocea (Sanya and Xisha) in our study were restricted to the
South China Sea, and corresponded to the western Pacific OTU
(Liu J. et al., 2020).

A total of two clades (namely, Clade I and Clade II)
were separated based on the ITS1 marker (Figure 4A), and
they corresponded to Symbiodinium (formerly Clade A) and
Cladocopium (formerly clade C; LaJeunesse et al., 2018),
respectively. Until now, giant clam species have been reported to
be associated with 30 Symbiodiniaceae phylotypes, all belonging
to genera Symbiodinium, Cladocopium, and Durusdinium (not
detected here) (Mies, 2019). In this study, Clade II could be
further divided into two closely related lineages (Figure 4B),
indicating the diversity of Cladocopium. Previous studies have
also revealed that the diversity of Cladocopium was higher
than Symbiodinium or Durusdinium in Dongsha Atoll (Lim
et al, 2019), and this could be explained as the abundance
of Cladocopium that is also species-rich among hosts in
the South China Sea (Wong et al, 2016). Symbionts in
Symbiodinium are widely distributed in the world (Baker, 2003;
Tonk et al.,, 2013), and most members have been accustomed
even to extreme conditions (Venn et al., 2008). For example,
only Symbiodinium symbionts were found in the giant clams
(Tridacna spp.; Pappas et al., 2017) in the Red Sea, which
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is characteristic of high heat and irradiance conditions. This
could also be supported in our study, since the symbionts in
Symbiodinium were found in both Xisha and Sanya, whereas
most of the symbionts in Cladocopium were restricted to Xisha

(Figure 4A), indicating that the former could be better adapted
to the various conditions. This result may also be explained
as that the clams with Cladocopium (formerly clade C) and
Durusdinium (formerly clade D) were usually located in areas
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with higher mean temperatures as previous studies have revealed
(DeBoer et al., 2012) since the climate of Xisha is warmer than
Sanya at the same time.

This study reveals the endosymbiont specificity among
the three giant clam species. At first, T. maxima associates
slightly with Cladocopium (n = 7) over Symbiodinium
(n = 5), but sample sizes are low. In the previous studies,
both T. maxima host associations with Cladocopium and
Symbiodinium endosymbionts have been reported. For
example, in Dongsha (Lim et al,, 2019), T. maxima associated
preferentially with Cladocopium. In the Red Sea (Rossbach

TABLE 3 | Abundance of Tridacna clams with respective endosymbiont genus
according to host species and sampling sites.

T. maxima T. noae T. crocea
Hainan Xisha Hainan Xisha Hainan Xisha
Symbiodinium 0 5 9 2 2 15
Cladocopium 0 7 1 0 0 10

et al., 2021), however, strong T. maxima host associations
with Symbiodinium endosymbionts were suggested. In French
Polynesia, both Symbiodinium and Cladocopium were the
dominant genera in T. maxima (Pochon et al., 2019). In order
to better clarify T. maxima host associations in the South
China Sea, future studies with broad sampling sites around
this area are still needed. Different from T. maxima, the giant
clams T. noae and T. crocea were found to associate with
Symbiodinium over Cladocopium, and this host-endosymbiont
specificity appears more obvious on T. noae. This result is
supported by the study of Ikeda et al. (2017) showing that
T. crocea had an apparent dominance of Symbiodinium (Clade
A), although it is inconsistent with some previous studies
which revealed T. noae and T. crocea host associations
with Durusdinium (Lim et al, 2019) and Cladocopium
(DeBoer et al, 2012), respectively. Within the stony coral
Stylophora pistillata, Symbiodinium (Clade A) have been
observed to be more related to individuals that inhabited
shallow waters, whereas individuals in deeper waters were
more associated with Cladocopium (Clade C) (Winters et al.,
2009). In addition, Symbiodinium (Clade A) was found
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in other coral species inhabiting shallow waters (Rowan et al,,
1997), and therefore, it is inferred that Symbiodinium (Clade A)
tends to be more insensitive to the high irradiance and high
temperature stresses of shallow waters (Ikeda et al., 2017). The
habits of Symbiodinium (Clade A) may attribute to T. noae and
T. crocea that inhabit shallow waters, associating preferentially
with Symbiodinium.

CONCLUSION

In this study, the reconstructed phylogeny using the COI
and 16S fragments indicated a relationship shown as
T. noae + (T. maxima and T. crocea) and supported the
validity of T. noae. A total of two clades of Symbiodiniaceae
symbionts that corresponded to Symbiodinium (formerly Clade
A) and Cladocopium (formerly clade C) were separated based
on the ITS1 marker. The wide distribution of Symbiodinium
may indicate that it could be better adapted to various
conditions, while the restriction of Cladocopium may be
explained as a temperature preference. This study also reveals
the endosymbiont specificity that is related to the shared living
habits between giant clams and dinoflagellates.
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Metabolism Between a Fast-Growing
Selective Strain and a Cultured
Population of Pearl Oyster (Pinctada
fucata martensii)

Xingzhi Zhang "?f, Bingcong Ye't, Zhifeng Gu', Meng Li', Shouguo Yang', Aimin Wang ™
and Chunsheng Liu™

" State Key Laboratory of Marine Resource Utilization in South China Sea, Hainan University, Haikou, China, ? Guangxi Key
Laboratory of Aquatic Genetic Breeding and Healthy Aquaculture, Guangxi Academy of Fisheries Sciences, Nanning, China

Pearl oyster (Pinctada fucata martensii) is the main species cultured for marine pearls in
the world. A breeding program was carried out for desirable production traits, including
high growth rate, and a fast-growing selective strain of pearl oysters was established. In
the current study, we compared the growth characteristics between a selective strain and
a cultured population of P, f. martensii in Beihai, Guangxi Province, China. Large size (SL)
and small size (SS) individuals of the selective strain were selected, and the differences of
physiological and metabolic indexes, such as feeding, respiration, excretion, and enzyme
activities between SL and SS and cultured population (CL), were also compared. The
results showed that at the age of 6 months, pearl oysters of the selective strain were
14.61% larger than CL, and the proportion of SL (30-40 mm) was 59%, which was two
times higher than CL (28%). SL with a rapid growth rate had a high clearance rate (CR),
and the CR of SL was about 1.8 times higher than that of CL and 5 times higher than that
of SS. In addition, the activities of digestive enzymes (amylase, pepsin, and lipase) and
growth-related carbonic anhydrase enzymes in SL were higher than those in the other
two groups (p < 0.05). SS with a slow growth rate had higher oxygen consumption (OCR)
and ammonia excretion (AER) rates than SL and CL (p < 0.05). Our results suggest that
the rapid growth of the selective strain P f. martensii can be attributed to increased energy
intake and reduced energy consumption.

Keywords: pearl oyster, selective strain, physiological, feeding, metabolism

INTRODUCTION

The pearl oyster, Pinctada fucata martensii, belonging to the family Pteriidae (Pterioida, Bivalvia),
is naturally distributed in countries along the west coast of the Pacific Ocean, such as China, Japan,
Australia, and the Philippines (Wang et al., 2004). P. f. martensii is the primary species cultured
for marine pearls in China and Japan (Wang et al., 2011a). The pearl oyster industry has become
one of the most important mariculture industries in several southern provinces of China, including
Guangdong, Guangxi, and Hainan (Wang et al., 2004; Deng et al., 2009a, 2011; He et al., 2021; Xu
et al., 2021). However, the conditions are changing due to the slow growth and mass mortalities
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of oysters (Deng et al., 2011; Gu et al,, 2011). Pearl production
dropped sharply in recent years, and the cultivate industry was
dealt a huge blow. A selective breeding program toward P. f.
martensii was carried out in 2000. A rapid growth selective
strain was obtained through hybrid breeding with the Indian
population as the male parent and the Chinese Sanya population
as the female parent (Wang et al, 2000, 2004). After seven
generations of selection, remarkable genetic gains for growth rate
and a high proportion of high-quality pearls were achieved in the
selected strain (Wang et al., 2011b).

Specific mechanisms associated with fast growth rate in
bivalves include the efficacies of processes of food acquisition
and metabolic rates in resting or active states (Bayne, 1999,
2000; Bayne et al., 1999; Tamayo et al, 2011, 2014, 2015).
Physiological processes related to these mechanisms include
clearance rate (CR), oxygen consumption rate (OCR), ammonia
excretion rate (AER), and enzyme activities. Therefore, ingestion
and energy metabolism of some commercial bivalve species have
received considerable attention (Ibarrola et al., 2017; Zhang
et al, 2018). Individuals might exhibit faster growth due to
increased energy acquisition and maintenance or growth costs
(Bayne et al., 1999; Meyer and Manahan, 2010; Tamayo et al.,
2011), and this explanation is applicable for other bivalve larval
stages (Pace et al, 2006; Tamayo et al,, 2014). Furthermore,
in bivalves, the process of biological mineralization is closely
related to shell growth. Carbonic anhydrase is one of the most
important indicators of biological mineralization (Medakovic,
2000; Cardoso et al., 2019).

Processes related to energy utilization and growth efficiency
of mollusks are largely controlled by genetics, such as in oysters
(Bayne et al., 1999; Parker et al., 2010; Zhao et al., 2019b), abalone
(Gonzalez et al., 2010), and green-lipped mussels (Ibarrola et al.,
2017). These theories provide a feasible scheme for improving
the growth characteristics of bivalves (Newkirk, 1980; Evans and
Langdon, 2006; Schone et al., 2021). Numerous studies have
confirmed effective improvement in commercial traits of bivalve
species through selective experiments (Deng et al., 2009b; Gu
et al., 2011; Li et al,, 2011; Zhang et al., 2018). Physiological
differences between improved selected and non-selected groups
were explored (Bayne et al., 1999; Zhang et al., 2018). However,
the relationship between fast-growth and physiological factors
of P. f. martensii has not been documented. Therefore, the
study aimed to figure out the physiological processes related
to fast-growth, including CR (energy acquisition), OCR and
AER (metabolic rate), and digestive enzyme and carbonic
anhydrase activities in P. f. martensii, determine the physiological
parameters leading to the existence of differences in the growth
potential of the selective strain, and explore the mechanism of
selected strain of fast-growing P. f. martensii from a physiological
point of view.

MATERIALS AND METHODS

Pearl Oyster Collection

On June 10, 2020, two different stocks, A and B, of P. f. martensii
were selected to conduct mass selection experiments at a shellfish
hatchery in Beihai, Guangxi Province, China. Stock A descended

from the fast-growing selective strain. Stock B was a cultured
population without artificial selection. For the two stocks, 50
individuals were selected as parents in each group, and the two
groups were inseminated to obtain progeny. Larval rearing was
similar to the process previously described by Zheng et al. (2004)
and Deng et al. (2011). After 30 d, juveniles from each group
were taken from the polyethylene bags and raised in coastal
areas suspended on a raft. The two groups were cultured in the
same area located at Beihai, China (21°26’-21°55" N, 108°50’-
109°47" E).

The polyethylene bags were cleaned periodically, and the
oyster shell height was measured monthly. On November 10,
2020, a total of 270 randomly selected individuals from each
group were taken to the laboratory and used in a physiological
experiment. Pearl oysters of the selected strain were divided into
two groups (SL, shell height 37.56 + 9.01 mm; SS, shell height
10.01 = 0.31 mm) based on shell height. Large-sized individuals
from the cultured population (CL, shell height 36.76 &+ 9.88 mm)
were selected to compare the physiological differences between
the populations (inter-population) (Table 1).

From December 10, 2020, the oyster shell height was
measured for 6 months. A total of 100 oysters of the selective
strain and cultured population were randomly selected to
determine the size-frequency distribution (Figure 1).

TABLE 1 | Biological data of P, f. martensii in the experiments.

Experimental Shell Shell Wet Dry
group height/mm length/mm weight/g weight/g
SL 37.56 £9.01%  40.56 +£9.01® 3.20+0.122 0.182
CL 36.76 £9.88%  39.76 +£9.88% 3.16 + 0.09? 0.172
SS 10.01 £0.31°  11.01 £0.31° 0.82+0.11° 0.06°

SL, selective strain pearl oyster with large size; CL, cultured population pearl oyster; SS,
selective strain of pearl oyster with small size.
Values sharing different superscripted letters are significantly different (p < 0.05).

40—« Selcected strain
--e-Cultured population *
30
~
g
g
= 20
=
=
<=
B 10 +
n
0 1 1 1 1 1 J
0 1 2 3 4 5 6
Months
FIGURE 1 | Growth of shell height of selective strain and cultured population
pearl oysters. *p < 0.05.
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Experimental Design

After 24 h of starvation, the SL, SS, and CL oysters were placed
in 100 L buckets, with 30 individuals per bucket. Each group was
replicated thrice and domesticated in the laboratory for 7 d. Pearl
oysters were fed twice a day with a microalgae diet of Isochrysis
galbana (3 x 10* cells/mL). Water temperature and salinity were
maintained at 19 & 0.5°C and 30 = 0.5%o, respectively. Seawater
was stored and aerated after precipitation and sand filtration
before each experiment.

Physiological Parameters Determination
CR
After a week of acclimation, 10 pearl oysters from each of the
three groups (SL, SS, and CL) were randomly collected and placed
in 1L beakers. Each treatment was replicated thrice. One blank
beaker with no pearl oysters was set as the control group for each
treatment. Pearl oysters were fed with I. galbana (6 x 10* cells
mL~!). The experiment lasted for 3 h, and the concentration of
algae was calculated under a microscope by a hemocytometer.
CR (clearance rate) is defined as the volume of water cleared
of algal cells per hour. The value of CR (L/h) was estimated
following the equation (Zhang et al., 2018):

_ VxIn[(C — Cy x 8d)]
B W xt

CR (1)

where V' = volume (L) of beaker, t+ = duration of the
measurement (h), Cy = concentration of unicellular algae at
initial time, and C; = concentration of unicellular algae at t time.
Cell concentrations were measured by direct counting with a
haemocytometer. Sd = variable coeflicient of the control group
unicellular algae. W = dry weight of the pearl oyster soft tissues.

Metabolism Measurements

Closed-chamber respiration methods were employed to
determine oxygen consumption rate (OCR) and ammonia
excretion rate (AER). Six pearl oysters were placed in 3L
glass respiration chamber at test SL, SS, and CL, which was
aerated for at least 1h to reach oxygen saturation before the
measurement. Each group was replicated thrice and one blank
chamber with no oysters was used as the control. The experiment
lasted for 3h. Water samples were collected by siphoning, and
dissolved oxygen (DO) was measured at the start and end of the
experiment. DO was measured by the YSI (5331) polarographic
electrode coupled with a micro-oxymeter (Yellow Springs,
OH, USA). Ammonia determination was done by the sodium
hypobromite method (Gu et al., 2020). The DO and ammonia
of blank seawater were carried out and then subtracted from the
experimental units to correct for autogenic trends. DO was not
<4.2 mg/L (more than 70% of total DO) in test vessels at the end
of the experiment. Ammonia accumulation did not exceed the
maximum values of ammonium concentration (0.04 mg/L).

OCR (mg/h) was calculated using the following equation:

V x (DO — DO
ocr = Y * (DO — DO 2
W xt

The initial and final concentrations of DO are expressed as DOy
and DOy, t = duration of measurement (h), V = volume of the
chamber (L), and W= dry weight of soft tissues.

AER (mg/L) was measured using the following equation:

AER — V x (Nt — Np) 3)
W xt

The initial and final concentrations of AER are expressed as Ny
and Ny, t = duration of measurement (h), V = volume of the
chamber (L), and W = dry weight of the soft tissues.

The oxygen: nitrogen (O/N) atomic ratio was used to estimate
the proportion of protein in relation to lipids or carbohydrates
for metabolism, which was calculated as follows:

O/N=—"— (4)

Digestive Enzyme and Carbonic Anhydrase Activities
Before the experiment, three groups of pearl oysters were starved
for 1 d. Ten oysters were randomly selected from each group.
The visceral mass was removed from each oyster by vivisection
on a liquid nitrogen cold plate, rapidly frozen, and stored at
—80°C. The visceral mass was shredded with a tissue mashing
instrument, and then the analytical balance was used to weigh
visceral mass (0.01g), diluted 10 times with sterilized normal
saline, and centrifuged at 5,000 rpm for 10min. Then, each
supernatant was collected in an Eppendorf tube and stored at
4°C. Amylase, lipase, pepsin, and carbon acid anhydride enzyme
activities were determined using commercial assay kits (Nanjing
Jian-cheng Institute, Nanjing, China).

Amylase activity was determined by the method described
by Vega-Villasante et al. (1993), using starch as a substrate.
The samples were read spectrophotometrically at 540 nm, and
results were expressed in units per milligram of protein (U/mg
protein). Lipase activity was determined by the method described
by Li et al. (2020), using B-naphthyl-caprylate as a substrate.
The activity was evaluated spectrophotometrically at 540 nm,
and the specific activity was expressed in units per milligram of
protein (U/mg protein). Pepsin activity was determined by the
method described by Li et al. (2020), using hydrolyzed proteins
to produce amino acids containing phenols as a substrate. The
samples were read spectrophotometrically at 660 nm, and results
were expressed in units per milligram of protein (U/mg protein).
Carbon acid anhydride enzyme activities were measured using
the classical phenol red method (Roy et al., 2012). The samples
were read spectrophotometrically at 450 nm, and results were
expressed in units per milligram of protein (U/g protein).

Statistical Analysis

The results are presented as mean =+ standard deviation (S.D.).
The differences in physiological measurements among different
categories were analyzed with one-way analysis of variance
(ANOVA) to determine the significant differences among the
treatments at p < 0.05. If the main effects were significant,
Tukey’s multiple range test was used to compare the mean
values (p < 0.05) between individual treatments. Analysis was
conducted using SPSS statistics 20.0 software (IBM, Armonk,
NY, USA).

Frontiers in Marine Science | www.frontiersin.org

November 2021 | Volume 8 | Article 770702


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Metabolism Comparison of Pearl Oyster

RESULTS

Growth Rate Comparisons

In 6 months, selective breeding pearl oysters had a higher
phenotypic (shell height) mean than the cultured population
(Figure 1). At the age of 6 months, the average shell height was
3.9mm (14.61%), which was higher than the cultured population
(p < 0.05). The cultured population had a higher value of
phenotypic variation (CV) (Table2). In the selective strain
(Figure 1), the proportion of large size (30-40 mm) individuals
was higher (59%) than the control group (28%). The proportion
of 20-30 mm pearl oysters was the highest among the cultured
population, accounting for 60% (Figure 2).

Differences in Physiological Performance
CR

CRs of pearl oysters of three groups are shown in Figure 3A. SL
had a higher CR than the other two groups (p < 0.05) (Table 3).
The value was about 1.8 times higher than CL and 5 times higher
than SS.

OCR and AER

There were significant differences in OCR and AER between
the SL and SS and CL (Figures 3B,C). ANOVA test showed
that weight traits were significantly correlated with the changes
of AER and OCR (p < 0.05) (Table3). The AER and
OCR decreased as the dry weight of soft tissues increased,
and there was a negative correlation between them. The
AER and OCR of SS were significantly higher than that

TABLE 2 | Statistical description of shell height of two groups of 6-month old
pearl oysters.

Groups Max/mm Min/mm Mean/mm Median/mm SD/mm CV/% N
Selective 37.51 10.11 30.64 31.62 5.12 17 100
strain
Cultured 37.12 10.43 26.71 27.10 5.60 21 100
population
70 .
O Selected strain
60  @ECultured population
50
S
<40 t
>
2
g 30
o
© 20
&
10 |
0 1 1 J
10-20 20-30 30-40
Shell hight (mm)
FIGURE 2 | Size distribution of selective strain and cultured population pearl
oysters at 6-month-old.

in SL (p < 0.05). Under the same specifications, the AER
and OCR in SL were significantly higher than that in
CL (p < 0.05).

Comparison of Enzyme Activities

Enzyme activities of the three groups are presented in Figure 4.
For the three digestive enzymes, the activities of SL were
significantly higher than those of SS and CL (p < 0.05). Amylase
activity of SL was about 10 times higher than that of SS
and 1.7 times higher than that of CL (Figure 4A). Although
the specifications of CL and SS differ greatly, there was no
significant difference in lipase activity between them (Figure 4B).
When comparing the pepsin activity, significant differences were
observed among three groups, and the activity in SL was about 3
times higher than that of SS (Figure 4C). For carbonic anhydrase,
the enzyme activity in SL and CL was significantly higher than
that in SS (p < 0.05) (Figure 4D).

DISCUSSION

In the present study, we compared the growth differences
between the selective strain of P. f. martensii and the control
group, and results showed that the growth rate of selective
strain was significantly improved (14.61%) (p < 0.05), which was
consistent with the previous study on 1-year-old selective strain
pearl oyster (15.31%) (Wang et al., 2011a). The proportion of
large-size (30-40 mm) oysters in the selected strain was two times
higher than the cultured population. In addition, the median of
shell height of the selected strain was larger, and the coefhicient
of variation was smaller, indicating that the cumulative multi-
generation selection breeding improved the growth rate and
reduced the phenotypic differences of the young generations
(Wang et al., 2011b).

The differences of growth rate or survival were mainly caused
by physiological variety, such as feeding, respiration, or enzyme
activities (Bayne, 2000; Tamayo et al., 2014; Zhang et al., 2018;
Zhao et al., 2019a, 2020). Feeding, respiration, and excretion are
the most important basic forms of metabolism in organisms.
In this study, we examined the difference of feeding and
metabolism between the selected strain and cultured population
of P. f. martensii and identified the mechanism responsible for
the improved growth performance in the selective breeding of
pearl oysters.

In this study, mean CR values in P. f. martensii ranged from 0.4
to 1.6 (L/g*h), which were close to the values of Tapes decussatus
and banded carpet-shell clams Paphia rhomboides (Savina and
Pouvreau, 2004), but comparatively lower than the values of the
Indo-Pacific mytilid Brachidontes pharaonis (Sara et al., 2008)
and clams Ruditapes decussatus (Sobral and Widdows, 1997).
Inter-tidal species living in highly variable habitats should seize
an immediate advantage from every profitable environmental
situation allowing them to acquire energy to be allocated to
growth and reproduction (Wang et al,, 2015a). Pearl oysters
showed a relatively low food acquisition speed, which explained
that the species lived in an invariable condition. This hypothesis
was proven by a study, which reported that ribbed mussel
(Geukensia demissa) under subtidal zone conditions exhibited
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FIGURE 3 | (A-D) The clearance rate, oxygen consumption rate, ammonia excretion rate, and O/N rate of P, . martensii in SL, CL, and SS groups. Means + S.D. are
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lower CR than intertidal conspecific (Charles and Newell, 1997).
P. f. martensii is a species distributed in the subtidal zone
(Wang et al., 2004). CR of the selected strain pearl oysters with
a highly homologous genetic basis was significantly different,
indicating that feeding rates were highly correlated with growth
within species (Vladimirova et al., 2003). In the comparison
between the selective strain and cultured population, CR values
of the same size were also significantly different, which showed
a reduced ecological footprint of the selective strain oysters
(Hall et al., 2020). The results were similar to Tamayo et al.
(2012), who found that the rapid growth of R. philippinarum
showed a significantly higher CR than slow-growing ones,
irrespective of temperature. Correlations between growth and
CR have been published in several marine bivalves (Sousa
et al, 2011; Tamayo et al, 2015; Zhang et al, 2018). The
individuals with rapid growth had relatively higher clearance
rate and absorption rate and lower metabolic cost (Hall et al.,
2020). Bivalves may maximize energy for growth through
rapid feeding. This hypothesis was supported by Bayne et al.
(1999), who reported that rapid growth in Sydney rock oysters
(Saccostrea commercialism) was positively related to increased
food acquisition.

OCR is a crucial physiological parameter that reflects the
energy metabolism level of aerobic respiration (Zhang et al,
2018). AER is considered an index to evaluate the tolerance
of bivalves to environmental stress (Nie et al., 2017). In this
study, OCR values ranged from 0.45 to 2.30 (mg/g*h), and
AER values ranged from 0.07 to 0.19 (mg/g*h), which were
different from the results reported by Wang et al. (2009).
These differences may be caused by different temperatures,
as temperature is a fundamental factor influencing energy
metabolism in marine bivalves (Tamayo et al., 2015). Wang et al.
(2009) also confirmed that OCR and AER of P. f. martensii
were positively associated with temperature. The fast-growing
selective strain of pearl oysters was obtained through generations
of intensive mass selection. Therefore, the genetic basis was
highly homologous (Wang et al, 2011a). According to the
current study (showed in Figure 3), OCR and AER of SS pearl
oysters were comparatively higher than SL. Such metabolic
behavior was previously reported in R. philippinarum (Tamayo
et al., 2011, 2012) and oyster (C. gigas) (Zhang et al., 2018),
indicating that the size of an organism was closely associated
with the metabolic rate (Kang et al., 2010). Generally, metabolic
rate of the small specification was significantly faster than large
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TABLE 3 | Analysis of variance (ANOVA) test of clearance rate, oxygen
consumption rate, ammonia excretion rate, and O/N rate of P, f. martensii in the
three groups.

Factor DF SS MS F P

CR 2 3.52 1.76 4214 0.001
OCR 2 5.5649 2.73 318.43 0.001
AER 2 0.008 0.004 21.89 0.001
O/N 2 67.26 33.63 43.63 0.001

ones, including the larval stage (Beiras and Camacho, 1994;
Kang et al., 2010; Xu et al., 2020). Higher metabolic rate in
SS was associated with a smaller deficiency in heterozygote
frequencies, a genetic condition imposing raised metabolic
costs associated with elevated protein turnover rates (Hawkins
et al, 1989; Hawkins, 1995; Tremblay et al., 1998; Myrand
et al, 2002). As shown in Figure 3, both OCR and AER of
metabolism were significantly higher in SL and SS than CL
(p < 0.05). A similar metabolism behavior was reported in
the hard clam (Mercenaria mercenaria), where the selective
bred of hard clam showed a 33% increment in their standard
OCR compared to the wild individuals (Pernet et al., 2006). It
suggests that the differences in growth and metabolism of P.
f. martensii are caused by genetic variation, and the genes that
control growth are pleiotropic or closely linked to the genes
determining physiological traits (Wang et al., 2009; Zhang et al.,
2018).

O/N represents the ratio of protein to fat and carbohydrate
catabolism in organism (Mayzaud, 1976). If the energy is
completely supplied by protein, the O/N value is 7. If the energy
is supplied by protein and fat, the ratio is 24. If the energy
is completely supplied by fat or carbohydrate, the ratio will
become infinite (Mayzaud, 1976). For SL and CL, the main energy
supply was protein, followed by fat and carbohydrate, while the
proportion of protein oxidation energy supply decreased for SS
in this study. The results were consistent with R. philippinarum
(Nie et al., 2017).

For energy utilization during the metabolic process, various
complex organic compounds are hydrolyzed to monomeric
subunits, including glucose, fatty acid, and amino acids (Boetius
and Felbeck, 1995). Marine molluscs obtain multiple nutritional
requirements by utilizing various digestive enzymes, such as
amylase, lipase, trypsin, pepsin, and lysozyme, to catalyze and
decompose different types of substrates (Weel, 1961; Wang
et al., 2015b; Martinez-Montafo et al., 2018; Kong et al., 2019).
In this study, we observed three typical digestive enzymes
(amylase, lipase, and pepsin) in P. f. martensii. The types and
activities of enzymes were different from those reported by Wang
et al. (2010), for example, the value of amylase activity was
comparatively lower than in their studies. The difference in the
type and level of digestive enzymatic activity may be due to
differences in diet (Ferndndez-Reiriz et al., 2001; Labarta et al.,
2002; Alberto et al., 2020). In the experiment, we found no
cellulase activity in any of the test tubes. During the experiment,
the enzyme activity was examined to reduce the types of error in

the feed. All groups were fed I. galbana for domestication, which
was considered common feed for bivalves (Cheng et al., 2020). I.
galbana has a naked cell without cell walls, but cellulase is related
to the digestion of cell walls (Cheng et al., 2020), indicating
the absence of cellulase in pearl oysters (P. f. martensii). In
addition, digestive enzyme activity was strongly correlated with
body size. A study on Aulacomya ater showed that increasing
body-size increased specific amylase activity (Ibarrola et al,
2012). However, increasing body-size promoted a significant
reduction in protease activity in M. chilensis, chorus mussel
(Choromytilus chorus), and A. ater (Ibarrola et al, 2012). In
the current study, the activities of three digestive enzymes were
higher in large individuals (SL and CL) than SS, indicating a
relatively higher food processing capacity in the gut of fast-
growing pearl oysters (Tamayo et al, 2012). Metabonomics
and transcriptome studies have showed that fast-growing pearl
oysters (P. f. martensii) exhibited higher digestion, anabolic
ability, and osmotic regulation ability than the slow-growing
group (Hao et al., 2019).

The successive selection of fast-growing bivalves may have
positive effects on hydrolytic activities of gland tissues and
enzyme activities in digestive glands, which are closely correlated
with the digestive capacities of bivalves (Ibarrola et al., 2000;
Tamayo et al., 2015; Zhang et al., 2018). Studies on bivalves
had confirmed that a significant degree of genetic control
was exerted over parameters influencing energy utilization and
growth efficiency, including oysters (Bayne et al., 1999; Parker
et al., 2010) and green-lipped mussels (Ibarrola et al., 2017).
By comparing first-generation yellow shell color and cultivated
stocks of P. f. martensii, the digestive enzyme activity was
effectively increased through breeding (Wang et al., 2010). We
also obtained similar results for digestive enzyme activity.

Carbonic anhydrase, one of the major biocatalysts for carbon
capture and storage, is involved in shell formation processes
in bivalves. The activity of carbonic anhydrase in the mantle
tissue of European abalone (Haliotis tuberculate) was closely
related to the formation of shell structure (prismatic and
nacreous layers) (Roy et al., 2012). Carbonic anhydrase plays a
key role in regulating mineralized structures through calcium
carbonate crystal formation (Cardoso et al, 2019). In the
internal selected strain, SL had a higher carbonic anhydrase
activity than SS, indicating that larger pearl oysters had a
higher calcium carbonate formation and shell mineralization.
Studies on blue mussels (M. edulis) have confirmed that carbonic
anhydrase activity is essential for rapid shell development
(Medakovi¢, 2000). Wilbur and Anderson (1950) also reported
that enzyme content might increase with the development
of shellfish.

CONCLUSION

In summary, pearl oysters (P. f. martensii) from the fast-
growing selective strain had more efficient food ingestion,
food digestion, and energy absorption compared to the
cultured population. In the inter selective strain, the OCR
of SS was nearly 3 times higher than that of SL, and the
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AER of SS was 1.5 times higher than that of SL, which
proved that a combination of fast feeding and reduced
metabolic costs would enable SL to increase their growth
rate. In order to identify growth-related regulatory genes,
further investigation is required to compare gene expression in
contrasting physiological phenotypes.
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Ammonia nitrogen is a common toxic substance in the aquatic system, which seriously
threatens the survival and growth of clams. However, less is known about the ammonia
metabolism and detoxification strategy in razor clam. In this study, the polymorphism
of the Glutamine synthetase gene from Sinonovacula constricta (Sc-GS) was found to
be related to ammonia tolerance. By comparing the coding sequence (CDS) region
of Sc-GS from two geographical populations, a total of 14 and 12 single nucleotide
polymorphisms (SNPs) were identified, respectively, of which 10 loci were shared
between the two populations. Among them, the locus ¢.1133T > G exhibited an
extremely significant and strong association with ammonia tolerance in both populations
(P < 0.01), and it was missense mutation, which led to the amino acid change
from leucine (Leu) to arginine (Arg). Furthermore, the results about H&E staining and
immunohistochemistry of Sc-GS protein in gills and hepatopancreas revealed that it
was specifically localized in the lateral cilia of gill filaments and the endothelial cells
of hepatocytes. After inhibiting the Sc-GS expression by RNA interference (RNAI)
technology, the transcript levels of Sc-GS were extremely significantly downregulated
at 24, 48, 72, and 96 h (P < 0.01) in the hepatopancreas. Taken together, these
results indicated that the Sc-GS gene may participate in ammonia metabolism. In
addition, these results will help to demonstrate the role of Sc-GS in ammonia nitrogen
metabolism and provide markers related to ammonia nitrogen tolerance for molecular
marker-assisted selection (MAS) of the razor clam.

Keywords: Sinonovacula constricta, ammonia tolerance, Glutamine synthetase, SNP, immunohistochemistry,
RNAi

INTRODUCTION

As we all know, the bivalve aquaculture industry is one of the fastest-growing global food sectors,
and 89% of bivalves produced all over the world are from aquaculture (FAO, 2020). At present,
mollusk aquaculture has accounted for 70% (20 million tons) of the total production of aquatic
animals (FAO, 2020). The razor clam Sinonovacula constricta, which is an economically and
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ecologically important marine bivalve, with an annual output
of 860,265 tons in 2020 (The Ministry of Agriculture and
Fishery of the People’s Republic of China, 2021), was mainly
polycultured with shrimps, crabs, and fish in Zhejiang and Fujian
provinces of China (Li et al., 2015). Under a high-intensive
cultivation situation, clams were threatened by various complex
contaminants, such as nitrite and ammonia, which were typically
important toxicity effectors in aquaculture systems (Cheng et al.,
2019). S. constricta, as a benthic bivalve, often lives in mudflats
or under 30 ~ 40 cm of mud in ponds (Frankic and Hershner,
2003), they tend to experience more severe ammonia stress than
other aquatic organisms (Zhang et al., 2020). Although it has been
demonstrated that mollusks have a high tolerance to ammonia
nitrogen (Widman et al., 2008), there are few reports on their
detoxification mechanism of ammonia.

Ammonia exists in seawater with two different forms: NH4 T
(ionized form) and NH3 (unionized form) (Francis-Floyd et al.,
2009), of which NH3 (ammonia nitrogen) is toxic to the health
of aquatic organisms because it can easily diffuse across the
cell membrane (Randall and Tsui, 2002). In addition, ammonia
is a primary environmental factor that can rapidly increase
the mortality rate in the aquaculture industry and often brings
serious economic losses to the aquatic cultivation industry
(Schock et al., 2013). The high-concentration ammonia can reach
a lethal effect on most aquatic animals, especially for invertebrates
such as Manila clam Ruditapes philippinarum (Cong et al., 2017),
Pacific white shrimp Litopenaeus vannamei (Zhang L. et al,
2018), and giant river prawn Macrobrachium rosenbergii (Dong
et al., 2020). In addition, the different tissues from the same
species differently respond to ammonia stress. For instance,
it has been reported that ammonia level was higher in the
hepatopancreases and gills than hemolymph and muscle when
black tiger prawn Penaeus monodon was exposed to 0.718 mM
ammonia (Chen and Chen, 2000). Similarly, the ammonia
contents in the liver of swamp eel (Monopterus albus) had
the highest levels under the 0.75 mM ammonia exposure (Ip
et al.,, 2004). Furthermore, accumulating evidence has shown
that their gills suffered significant physiological and histological
damage when mollusk was exposed to toxic substances (e.g.,
the concentration of pH or ammonia exceeds the normal level)
(Saravana and Geraldine, 2000; Henry et al., 2012). Accordingly,
the lesion degree of the liver and gill is often used to assess
the toxicity degree of harmful substances of aquatic animals
(Mishra and Mohanty, 2008). In recent years, it has been
reported the protein localization of genes related to ammonia-
nitrogen excretion (Bucking et al., 2013; Boo et al., 2018; Sunga
et al., 2020). However, at present, less is known about the
protein localization of genes related to ammonia metabolism
in the gill and hepatopancreas of benthic mollusk exposed
to high ammonia.

Previous studies found that the synthesis of glutamine (Gln)
was one of the most critical strategies to defend against ammonia
toxicity, which was adopted by many invertebrates and vertebrate
organisms, such as yellow catfish Pelteobagrus fulvidraco (Li
et al,, 2016), sea cucumber Apostichopus japonicus (Wang et al.,
2014), swimming crab Portunus trituberculatus (Si et al., 2018),
and L. vannamei (Qiu et al., 2018). Non-toxic Gln can be

stored in the body and is used for other anabolic processes
(Zhang et al., 2020). Gln was composed of glutamate (Glu)
and ammonium (NH4"), which was catalyzed by Glutamine
synthetase (GS) (Tok et al,, 2011). GS was a multifunctional
enzyme in nitrogen metabolism, which was a gateway to the
conversion of inorganic nitrogen into organic nitrogen (Ding
etal., 2018). However, few studies focus on the role of the GS gene
on ammonia detoxification metabolism in mollusks. Zhang et al.
(2020) found that the mRNA and protein expression levels of the
GS gene from S. constricta (Sc-GS) were significantly increased
under ammonia challenge (P < 0.05), which were higher in
gills and hepatopancreases than foot, mantle, adductor muscle
and haemocytes. Therefore, the Sc-GS gene was considered as
the main object of the study, and its correlation with ammonia
tolerance was analyzed by probing its gene polymorphism in
two typical geographical populations of S. constricta. In addition,
we tried to explore the histocellular localization and function of
Sc-GS protein in response to ammonia nitrogen stress. Then,
we identified the mRNA expression levels of Sc-GS at different
times after RNA interference (RNAi) technology. These results
provide a basis for screening the candidate genes of ammonia-
nitrogen tolerance and for studying the molecular mechanism of
ammonia-nitrogen metabolism regulation.

MATERIALS AND METHODS

Ethics Statement

The razor clams used in this study were from the Genetic
Breeding Research Center of Zhejiang Wanli University,
China, and all experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Zhejiang Wanli University, China.

Sample Collection and Challenge

Experiments

Two geographical populations of the razor clam S. constricta
(shell length = 51.49 + 4.32 mm, wet weight = 7.58 & 1.45 g),
consisting of 3,000 individuals at the age of 1 year, were
sampled from Zhejiang (Z]) and Fujian (FJ) provinces in China,
respectively. Then, these clams were used for single nucleotide
polymorphism (SNP) analysis, H&E, and immunohistochemistry
test of the Sc-GS gene. All the clams were maintained in a 500-
L recirculating seawater tank with a temperature of 23.5°C and
a salinity of 20 with aeration for 3 days before experimentation
and were fed with golden-brown algae two times per day.
Before the ammonia stress experiment, 6 healthy clams were
selected from the ZJ population for histological morphology
study. During the ammonia challenge experiment, 2,400 clams
from each population were randomly divided into 6 tanks
(500 L), 3 control groups (CGs), and 3 ammonia stress groups
(AGs). The CGs were filled with natural seawater, and the
stress concentrations of ammonia in AGs were 180 mg/L (actual
concentration = 174.00 £ 5.81 mg/L, the corresponding NH3
concentrations was 7.23 £ 0.17 mg/L, according to the 96-h
LC50 values of the study by Zhang et al., 2020). The ammonia
concentration was adjusted by diluting 1,000 mg/L total ammonia
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stock solution that is disposed of NH4Cl (Sangon, Shanghai,
China). All the clams were monitored at intervals of 2 h for the
removal of dead individuals in time, and at the same time, the
pH of AGs and CGs were detected to maintain at about 8 for
ammonia exposure for 120 h.

The surviving clams from the 6 AGs (ie., 3 AGs in each
population) throughout the ammonia challenge experiment
were divided into an ammonia tolerant group (TG). Then, the
hepatopancreases of individuals in the TGs were dissected for
RNA extraction. At the same time, gills and hepatopancreases of
five clams were collected from AG and CG of the F] population
for the histocellular localization study.

RNA Interference Experiment

Live  and  healthy  clams (I-year  old, shell
length = 52.15 + 4.12 mm, and wet weight = 7.73 + 1.38 g)
were collected at the Ningbo Marine and Fishery Science and
Technology Innovation Base (Zhejiang province, China) for
RNAI assays. The control conditions of these clams acclimatized
in seawater were the same as mentioned earlier.

For the Sc-GS RNAI assay, 300 healthy clams were selected
and divided into 6 groups, in which three groups were treated as
AGs and the remaining three groups as the CGs (the treatments
of AGs and CGs were the same as mentioned earlier) for
120 h. The siRNA-negative control (NC, Table 1) and diethyl
pyrocarbonate (DEPC)-treated water (DEPC-W) were used as a
CG. Sc-GS small interfering RNA (siRNA-GS, Sangon, Shanghai,
China, Table 1) was diluted to 5,000 ng/pl with DEPC-W
and injected into the adductor muscle of clams in one group
of AGs, and the remaining two groups were injected into
NC and DEPC-W, respectively. The same treatment was used
for the CGs. Then, the hepatopancreases of six clams from
each group were collected at 0, 24, 48, 72, 96, and 120 h
postinjection. These selected hepatopancreases were cut into
pieces for RNA extraction.

RNA Extraction and cDNA Synthesis

The quality and quantity of RNA samples extracted using TRIzol
Reagent (Omega, R6830-02, United States) were evaluated by
1% agarose gel electrophoresis and were quantified with UV
spectrophotometers. For each sample, 2 jug DNase I-treated RNA
was reverse-transcribed using the RT-PCR Kit (Takara, Dalian,
China). The thermal cycles were conducted in a PCR machine
(Bio-Rad, California, United States).

Primers and PCR Amplification

We designed the gene-specific primers using Primer 5 software
based on the sequence of Sc-GS gene (GenBank accession No.
MK451701). The PCR conditions and purification methods were
same as those reported by Sun et al. (2021).

Association Analysis Between

Polymorphisms and Ammonia Tolerance

The nucleotide sequences of the Sc-GS gene in different
individuals were aligned using MEGA 7 and Mutation
Surveyor software. The base locus with two peaks at the

nearly same height was defined as a heterozygous locus.
The genotype frequencies and their associations with
ammonia tolerance were analyzed by SPSS version 22. The
information of these SNPs between two populations was
calculated by PopGen32.

Paraffin Section, H&E, and

Immunofluorescence Staining

The gills and hepatopancreases of clams were first fixed in
4% paraformaldehyde at 4°C, then dehydrated, and finally
embedded in paraffin sections. The paraffin sections (5 pum) were
dewaxed with xylene and rehydrated with gradient ethanol, then
stained with hematoxylin (10 min) and eosin (30 s), respectively.
Additionally, immunofluorescence staining was carried out to
analyze the expression changes of Sc-GS. The dewaxed paraffin
sections were sealed with 5% skimmed milk powder solution
at room temperature for 1.5 h after the antigen retrieval by
ethylenediaminetetraacetic acid (EDTA), and then, the sections
were added with primary antibody (Sc-GS, 1:250) overnight at
4°C, washing three times [0.01 M phosphate-buffered saline
(PBS), 10 min per time]. Fluorescein isothiocyanate (FITC)-
labeled murine anti-rabbit IgG as a secondary antibody (1:150,
containing 4,6-diamidino-2-phenylindole (DAPI)) was added
in a dark room and protected from light for 1 h at room
temperature and washed three times (0.01 M PBS, 10 min per
time). Finally, a fluorescence microscope (Nikon 80i, Japan) was
used to take photographs.

Quantitative Real-Time PCR

The expression profiles of Sc-GS were analyzed by using triplicate
quantitative real-time PCR (qRT-PCR). Primers Sc-GS-F1/R1
(Table 1) were designed by Primer 5, and the Ribosomal protein
S9 (RS9, Table 1) gene was selected as an internal reference gene
(Zhao et al., 2018). A 7500 Fast Real-Time PCR Machine (ABI,
United States) was used for PCR, and the relative value of 2~ A ACt
was adopted for data processing (Montresor et al., 2013). SPSS
version 22 was used to analyze the quantitative differences of
fluorescence results. One-way ANOVA was used to compare the
difference between groups.

RESULTS

Single Nucleotide Polymorphism
Identification and Association Analysis
of Glutamine Synthetase Gene From

Sinonovacula constricta Gene Exons
In the ammonia challenge experiment, the first dead clam
was observed at 22 h in the FJ population. The clams in
both populations who survived after 120 h ammonia stress
were contemplated as the TG, overall, 130 and 116 surviving
clams were collected from Z] and FJ populations, respectively.
During the entire experimental period, no dead clam was
found in the CG.

In this study, 14 and 12 SNPs were genotyped successfully in
FJ and ZJ populations, respectively. Then, the genotyping results
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TABLE 1 | Primers and sequences of the experiments.

Primers Sequences (5'-3') Applications
siRNA-GS-F GCCUCAAGCACAUCGAGAATT RNAI
siRNA-GS-R  UUCUCGAUGUGCUUGAGGCTT

NC-F UUCUCCGAACGUGUCACGUTT RNAI
NC-R ACGUGACACGUUCGGAGAATT

Sc-GS-F1 TTTATGAACGACCCAAAGTCCA gRT-PCR
Sc-GS-R1 TTCACTGTTTGATAATAACGGCTG

RS9-F TGAAGTCTGGCGTGTCAAGT  gRT-PCR for the reference gene
RS9-R CGTCTCAAAAGGGCATTACC

Sc-GS-F2 GGAGAAGGACTCAGAAGCAAG SNP
Sc-GS-R2 AATAACCTCCGTGACTGTGTAA

of TG and CG individuals were used for the statistics of genotype
frequencies. It was worth noting that only SNP ¢.1133T > G was
strongly and significantly associated with the ammonia tolerance
in both two populations (P < 0.01) (Table 2). Notably, 6 out of the
12 SNPs in the Z] population were transitions, while there were
7 transitions out of the 14 SNPs in the FJ population (Table 2).
It was noteworthy that ¢.1133T > G was a non-synonymous
mutation, resulting in an amino acid exchange from leucine (Leu)
to arginine (Arg).

Histological Structure and Histocellular
Localization of Glutamine Synthetase
Gene From Sinonovacula constricta
Protein

The histological structure, expression level and histocellular
localization of Sc-GS in the gills and hepatopancreas
were determined by paraffin section, HE staining and
immunohistochemistry assay. The gills were made up of
two gill flaps on the left and right sides. A pair of gill flaps in
the middle of both sides of the mantle cavity was inner gill
flaps, while a pair on both sides was outer gill flaps. Each gill
flap was composed of ascending and descending gill lamellae,
which was composed of numerous gill filaments in dense clusters
perpendicular to the longitudinal axis of the body. These gill
filaments could be subdivided into flat cells and columnar cells of
frontal cilia and lateral cilia according to their different positions
(Figure 1A). Then, the FITC-labeled antibody selected in this
study could specifically bind to Sc-GS protein, which led to
the protein expression region showing green fluorescence. In
view of this, we found that the columnar cells of lateral cilia of
gills in the AG showed stronger positive signals than those in
CG (Figure 2).

The hepatopancreas surrounded the sides of the stomach and
was made up of individual hepatocyte cells. The hepatic sinusoid
formed between hepatocytes cells was composed of endothelial
cells (Figure 1B). On this basis, the endothelial cells of a hepatic
sinusoid in the AG were showed a positive signal in relation
to CG (Figure 3). Furthermore, the combination of green and
blue signals showed that the two colors were not coincident,
indicating that Sc-GS protein was not expressed in the nucleus
(Figures 2, 3).

Expression of Glutamine Synthetase
Gene From Sinonovacula constricta
After RNA Interference Silencing

The function of Sc-GS in hepatopancreas was further investigated
by RNAi. In AGs, the mRNA expression level of Sc-GS in
hepatopancreas was extremely significantly (P < 0.01) lower
at 24, 48, 72, and 96 h in siRNA-GS than that in NC, which
downregulated to approximately 86.44, 89.10, 91.17, and 84.45%,
respectively (Figure 4A). Similarly, the mRNA expression level
of Sc-GS in CGs was extremely significantly (P < 0.01) lower at
24, 48,72, and 96 h in siRNA-GS compared to that in NC, which
downregulated to approximately 71.69, 74.44, 80.44, and 80.03%,
respectively (Figure 4B). In addition, the variation trend of the
mRNA expression level of Sc-GS genes in DEPC-W and NC in
each group (AG or CG) was roughly the same.

DISCUSSION

Ammonia was a major toxicant in the aquatic system, which
led to adverse effects such as growth reduction (Sinha et al,
2012), oxidative stress and damage (Zhang M. et al, 2018),
immune suppression (Li et al., 2016), histological changes (Cheng
et al., 2019), and mortality. However, it is still quite limited
to the understanding of the molecular mechanism of ammonia
tolerance in aquatic animals. It is well known that GS can
catalyze the synthesis of Gln from NH4" and Glu, which in turn
provides a substrate for the synthesis of urea-related formula
phosphate synthetase III (i.e., it plays a central role in the urea
cycle) (Wang and Walsh, 2000). So far, the research on the
GS genes in aquatic organisms has mainly focused on fish and
crustaceans (Ip et al., 2005; Qiu et al., 2018; Dong et al., 2020). On
the contrary, research on the ammonia nitrogen detoxification
metabolism of Sc-GS is very scarce. In this study, our objective
was to identify the polymorphisms in the Sc-GS gene and
to investigate the association between its polymorphisms and
tolerance to ammonia. In addition, we explored the histocellular
localization and function of the Sc-GS gene in response to
ammonia tolerance using H&E staining, immunohistochemistry,
and RNAi technology.

Studies on L. vannamei (Qiu et al, 2018) and pharaoh
cuttlefish Sepia pharaonis (Peng et al., 2017) have shown that
the mRNA and protein expression level of GS in some tissues
(i.e., liver, muscle, intestine, and gills) was increased significantly
when exposed to ammonia. Our previous studies showed that Sc-
GS could be involved in ammonia detoxification (Zhang et al.,
2020). In this study, 12 SNPs were detected in the Sc-GS gene
(1 per 87 bp) of the ZJ population, while 14 SNPs (1 per 74 bp)
were found in the FJ population. The difference in the numbers
of SNPs between the ZJ and FJ populations may be due to the
population genetic divergence or the deviation of sequencing.
To our knowledge, the highest levels of DNA polymorphism
were reported in the animal kingdom such as nematode
Caenorhabditis remanei (Cutter et al., 2006) and ascidian Ciona
savignyi (Small et al., 2007) with 1 per 20 bp. In addition to
that, the density of SNPs in insect species was often highly
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TABLE 2| Genotype, variation type, and gene frequency of single nucleotide polymorphisms (SNPs) in Glutamine synthetase gene from Sinonovacula constricta (Sc-GS).

Position/Variation type Genotype zJ FJ
TG/CG ¥2/P-value TG/CG ¥2/P-value
Number Genotype frequency Number Genotype frequency

¢.363C > T/Transition CC 107/87 82.3/80.55 0.534/0.766 86/84 74.14/89.36 7.907/0.019
CT 18/18 13.85/16.67 16/6 13.79/6.38
TT 5/3 3.85/2.78 14/4 12.07/4.26

¢.420T > C/Transition T 63/52 48.46/48.15 0.115/0.944 48/47 41.38/50 1.641/0.44
TC 45/36 34.62/33.33 46/33 39.66/35.11
CC 22/20 16.92/18.52 22/14 18.96/14.89

C.446C > T/Transition CC 130/108 100/100 — 101/88 87.07/93.62 1.8/0.18
CT 0/0 0/0 15/6 12.93/6.38

c.465T > G/Transversion TT 117/96 90/88.89 0.439/0.803 98/86 84.48/91.49 2.563/0.278
TG 11/9 8.46/8.33 15/6 12.93/6.38
GG 2/3 1.54/2.78 3/2 2.59/2.13

c.477G > A/Transition GG 87/74 66.92/68.52 3.804/0.149 74/61 63.79/64.89 0.159/0.924
GA 37/23 28.46/21.29 25/21 21.55/22.34
AA 6/11 4.62/10.19 17/12 14.86/12.77

¢.504C > T/Transition CC 115/95 88.46/87.96 0.251/0.882 116/94 100/100 —
CT 13/12 10/11.11 0/0 0/0
TT 2/1 1.54/0.93 0/0 0/0

¢.600T > A/Transversion 109/89 83.85/82.41 0.217/0.897 94/84 81.04/89.36 2.788/0.248
TA 18/17 13.85/15.74 11/5 9.48/5.32
AA 3/2 2.3/1.85 11/5 9.48/5.32

¢.673T > C/Transition TT 116/97 89.23/89.82 0.069/0.966 99/78 85.34/82.98 0.734/0.693
TC 12/9 9.23/8.33 12/13 10.35/13.83
CC 2/2 1.54/1.85 5/3 4.31/3.19

c.804A > T/Transversion AA 110/91 84.62/84.26 1.569/0.456 102/82 87.93/87.23 0.118/0.943
AT 19/14 14.61/12.96 11/10 9.48/10.64
TT 1/3 0.77/2.78 3/2 2.569/2.13

¢.813G > A/Transition GG 114/95 87.69/87.96 1.569/0.456 98/77 84.48/81.92 1.261/0.532
GA 14/11 10.77/10.19 15/16 12.93/17.02
AA 2/2 1.564/1.85 31 2.59/1.06

¢.822C > T/Transition CC 130/108 100/100 — 96/86 82.76/91.49 2.711/0.1
CT 0/0 0/0 20/8 17.24/8.51

€.898C > A/Transversion CC 130/108 100/100 — 101/84 87.07/89.36 0.088/0.767
CA 0/0 0/0 15/10 12.93/10.64

€.981T > C/Transition T 105/82 80.77/75.93 2.219/0.33 86/62 74.14/65.96 6.382/0.041
TC 23/21 17.69/19.44 18/27 15.562/28.72
CC 2/5 1.54/4.63 12/5 10.34/5.3

€.987C > T/Transition CC 118/92 90.77/85.18 1.809/0.405 116/94 100/100 —
CT 11/15 8.46/13.89 0/0 0/0
TT 11 0.77/0.93 0/0 0/0

¢.1073C > T/Transition CC 130/108 100/100 — 100/82 86.20/87.23 0.047/0.989
CT 0/0 0/0 16/12 13.80/12.77

¢.1133T > G/Transversion T 82/87 63.08/80.56 8.964/0.005 105/70 90.52/74.47 8.509/0.004
TG 48/21 36.92/19.44 11/24 9.48/25.53

The loci in bold were those that showed significant differences between the two populations.

polymorphic, e.g., 1 per 50 bp in fruit fly Drosophila (Shapiro
et al., 2007) and 1 per 125 bp in mosquitoes Aedes aegypti
(Morlais and Severson, 2003). Similarly, accumulating evidence
has shown that a high density of DNA polymorphism was
detected in mollusks (Saavedra and Bachere, 2006). This study

reached the same conclusion as mentioned earlier, indicating that
bivalves have abundant genetic variation. Notably, we found two
types of mutation, namely, transversion and transition in two
populations. In this study, the frequency of the transition of C-T
was much higher than that of A-G, which can be explained by the
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FIGURE 1 | Paraffin section observation of gills (A) and the hepatopancreas (B) in the Sinonovacula constricta. CCFC, columnar cells of frontal cilia; CCLC,
columnar cells of lateral cilia; FC, flat cells; HS, hepatic sinusoid; EC, endothelial cells; H, hepatocytes. Scale bars were 50 wm.
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FIGURE 2 | Immunofluorescence of Glutamine synthetase gene from Sinonovacula constricta (Sc-GS) in the gills. Sc-GS protein was stained with the anti-GS
antibody in green, and nuclei were stained with DAPI in blue. The merged images were colocalized with Sc-GS protein (green) and DAPI (blue) in the columnar cells

of lateral cilia of gills. Scale bars were 50 pm.

DAPI

Merged

fact that C in the C&G sequence has been often methylated and
can be spontaneously deaminated to form T (Yoon et al., 2001).
The discovery of SNPs with missense mutation provides a
new possibility for molecular marker-assisted selection (MAS)
of aquatic animal varieties with economic traits to relieve
environmental stress (Syvinen, 2001; Wang et al., 2013). It
has been shown that three SNPs about factor inhibiting HIF-1
(Fih-1) found in Wuchang bream Megalobrama amblycephala
were significantly associated with hypoxia traits (Zhang et al.,
2016). A study on the association between candidate gene
and heat tolerance in bay scallop Argopecten irradians showed
that SNP all-53308-760T/C may be related to heat (Du et al,
2014). Similarly, SNPs in other candidate genes for related
heat tolerance, such as metallothionein 1 and heat shock
protein 90, have been reported in bay scallops (Yang et al,
2013, 2015). Notably, high-concentration ammonia is a harmful

environmental factor in the survival, development, and growth
of aquatic animals. In this regard, it is significant to explore the
molecular markers associated with ammonia tolerance. It has
been reported that one SNP (C > T545) of hemocyanin may
be served as a marker for selecting high growth performance in
ammonia-tolerant L. vannamei (Janpoom et al., 2020). Another
study on L. vannamei showed that 12 SNP loci related to
ammonia resistance may be significantly associated with disease
resistance, which can provide the critical potential for genetic
selection to increase the production of shrimp (Lu et al., 2018).
These findings highlight the usefulness of missense mutation
SNP in environmental resistance-related MAS. In this study,
one missense mutation (c.1133T > G) was identified in the
Sc-GS gene, which mutated from Leu to Arg between two
populations. Furthermore, the protein homology analysis showed
that ¢.1133T > G had high homology in mollusk, suggesting that
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FIGURE 3 | Immunofluorescence of Sc-GS in hepatopancreas. Sc-GS protein was stained with the anti-GS antibody in green, and nuclei were stained with DAP! in
blue. The merged images were colocalized with Sc-GS protein (green) and DAPI (blue) in the endothelial cells of hepatic sinusoid. Scale bars were 50 wm.
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FIGURE 4 | Relative expression of Sc-GS genes in the hepatopancreas after RNA interference (RNAI) Time-course expression of Sc-GS genes in ammonia stress
group (AG) after RNAi (A). Time-course expression of Sc-GS genes in the control group (CG) after RNAI (B). Vertical bars represent the mean + SD (n = 4).
** Denotes an extremely significant difference between Sc-GS small interfering RNA (siRNA-GS) and negative control (NC) (P < 0.01).
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this locus plays an important role in the normal structure and
function of Sc-GS (Zhang et al., 2020). As we all know, Leu was
a non-polar hydrophobic amino acid (Madeira et al., 2013), and
Arg was a polar hydrophilic amino acid with side chain charged
(Harms et al., 2011), which changes the conformation of proteins.
It has been shown that heterozygous variant ¢.35G > T (ie,
a substitution of Arg to Leu) identified in exon 1 of CRYAA
gene was closely related to the human congenital cataract and
microphthalmia (Song et al., 2018). Therefore, we speculate that
the mutation ¢.1133T > G may affect the secondary structure of
the mutant protein, leading to changes in its folded conformation
and stability, eventually resulting in changes in the function
of the GS gene. At present, the genetic selection program for
S. constricta with high ammonia tolerance is still in its infancy.
Our findings suggest that c.1133T > G, which was found

associated with ammonia tolerance in both populations, can be
used as a universal marker for further breeding in S. constricta.
Immunohistochemistry has become the most effective method
for protein expression localization due to its advantages
of visualization of target proteins (Lugos et al, 2020).
Hepatopancreas was known to be the essential digestion and
detoxification organ (Wu et al., 2013). At high levels of ammonia,
the hepatopancreases of aquatic animals are injured in different
degrees and even cause death (Mishra and Mohanty, 2008).
Similarly, in this study, the distribution of Sc-GS protein
was changed after the ammonia challenge, which was highly
expressed in the cytoplasm of endothelial cells, and the same
conclusions were found in the livers of vertebrates such as
chicken (Smith and Campbell, 1988; Ueberham et al., 2004).
Thus, it can be concluded that Sc-GS protein in hepatopancreas
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from razor clam may play a key role in the detoxification process
of dealing with high ammonia concentration in the organism.

The RNA interference was first discovered in the nematode
worm Caenorhabditis elegans as a response to double-stranded
RNA (dsRNA), which leads to the silencing of homologous genes
(Fire et al., 1998). Fabioux et al. (2009) successfully induced
Pacific oyster Crassostrea gigas sterility by injecting dsRNA of the
Oyvlg gene into an oyster, which was the first report that RNAi
induced homologous gene silencing in mollusk. In addition,
dsRNA of PfN23 gene was injected into the adult pearl oyster
(Pinctada fucata), resulting in a disordered of nacre surface,
suggesting that PfN23 gene may be a key accelerator in the
control of crystal growth in nacre (Fang et al., 2012). Similarly,
the expression of the BMP7 gene was successfully suppressed
by injecting dsRNA into the razor clam, indicating that the
BMP7 gene plays a vital role in repairing shell damage (Zhao
et al., 2020). Moreover, in our previous study, the silencing of
Glutamate dehydrogenase, a gene related to ammonia nitrogen
detoxification, was induced by the injection of specific siRNA
into the razor clam (Sun et al., 2021). Beyond that, a study in GS
RNAI transgenic rice showed that GS contributed an important
role in the amelioration of NH1 toxicity (Le et al, 2018).
In addition, the extended developmental duration and pupal
weight losses in fruit fly could be associated with a disruption in
ammonia metabolism after GS gene silence (Hazel et al., 2003;
Zhang M. Y. et al., 2018). In this study, the mRNA expression
of Sc-GS genes in the hepatopancreas was successfully inhibited
by injecting specific siRNA into S. constricta, thus providing a
practical method to characterize the function of Sc-GS in response
to ammonia stress.

CONCLUSION

The genetic improvement for stress tolerance is extremely
beneficial for the sustainable development of the clam
aquaculture industry. In this study, a significant difference in
the SNP with the missense mutation (c.1133T > G) in Sc-
GS was detected between the two geographical populations.
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Industrial farming is an alternative mode for Pinctada maxima juvenile cultivation to
avoid mass mortality caused by natural disasters. Suitable and enough food is crucial
for successful industrial bivalve farming. To investigate the feasibility of live microalga
instead of spray-dried microalgal powder in P maxima juvenile industrial farming, this
study replaces a positive control live microalgal diet [/sochrysis zhanjiangensis (L-iso) and
Platymonas subcordiformis (L-pla)] with spray-dried /. zhanjiangensis powder (P-iso) and
P, subcordiformis powder (P-pla). Continuous feeding trials (30 days) were conducted
on the R maxima juvenile (1.2008 =+ 0.0009 g initial weight and 30.12 4 0.05 mm initial
shell length), under laboratory conditions. Survival, growth performance, and intestinal
microbial community were studied and compared across the groups. Results showed
that survival rate (SR) did not differ significantly across the groups (ranged from 84 to
86%, P > 0.05). The growth performance in spray-dried microalgal groups, including
total weight (TW), shell height (SH), absolute growth rate (AGR), and relative growth
rate (RGR) for SH and TW, was slightly lower than that in live microalgal groups, while
the activities of pepsin (PES), amylase (AMS), and lipase (LPS) were significantly higher
(P < 0.05). The best growth performance was observed in the L-iso group, followed by
the L-pla group. A 16S rBNA-based sequencing revealed that Proteobacteria was the
dominant phylum in P maxima juvenile intestinal bacterial community under controlled
conditions, which accounted for 62-82% across groups. The intestinal bacteria at the
genus level were more sensitive to diets, whereas Burkholderia was the dominant genus
in both L-iso (66.52 + 6.43%) and L-pla groups (54.00 + 5.66%), while Mycoplasma,
Alphaproteobacteria, and Oxyphotobacteria were in both P-iso and P-pla groups. The
P-pla group got higher ACE, Chao1, and Simpson and Shannon indices (P < 0.05). The
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The Feasibility of Pinctada maxima Juvenile Industrial Farming

above results suggested that the spray-dried P-iso and P-pla can serve as substitutes
for live microalga in P maxima juvenile industrial farming under controlled conditions.
The finding in this study provides basic data to optimize industrial farming technology
and healthy management for P maxima juvenile.

Keywords: Pinctada maxima, juvenile, industrial farming, microalga substitution, spray-dried microalga powder

INTRODUCTION

The mollusks are the second-largest animal phylum with almost
100,000 species, of which 15,000 are bivalves (Barnes et al., 1993),
and bivalves culturing is considered a sustainable maricultural
practice as most bivalves obtain nutrition from natural seawater
without artificial food input (Zhou et al., 2006; Zheng et al.,
2020). Pearl oyster Pinctada maxima is known for producing
large-sized nucleated pearls, which are among the most expensive
pearls worldwide (Zhao et al., 2003). The species is naturally
distributed in the central Indo-Pacific region from Myanmar
to the Solomon Islands, including the Philippines, China,
Australia, Papua New Guinea, Indonesia, Polynesia, Micronesia,
and Southern Japan (Liang et al., 2016; He et al, 2021). In
China, P. maxima exists naturally along with the coastal areas of
southern provinces, such as Hainan, Guangxi, and Guangdong
provinces. In addition, researchers have studied the protocols for
seed production and pearl culturing of P. maxima since the early
1970s, while pearl production in this species was experimentally
successful in the 1980s. However, the P. maxima pearl production
industry has developed at a slow pace over the past decades,
for overfished wild populations and mass mortality at juvenile
stages. Aiming to solve this problem, researchers improved
the survival rates (SRs) by developing rearing protocols for
larvae, spat, and adults, as well as introducing wild populations
(Liang et al., 2016).

Raft and pile farming offshore are the dominant farming
modes of bivalves that are susceptible to natural disasters and
pollution of the sea area. In contrast, the industrial farming mode
can effectively reduce or avoid the above disadvantages, involving
a combination of culture engineering and water treatment
protocols (Wang et al, 2015). Under the industrial farming
mode, the animals can be fed on high-quality diets to improve
survival and growth rates. Pearl oyster P. maxima cultivation in
China generally occurs in inshore or nearshore estuarine areas,
where salinity fluctuates due to heavy rains and runoff in the
summer months. The changes in environmental factors are bad
for P. maxima juvenile survival and growth, even causing mass
mortality (Deng et al., 2013). Thus, the industrial farming mode
is an alternative and appropriate mode for P. maxima farming. In
general, the industrial farming mode involves high stocking and
requires a large demand for food diets. Phytoplankton, bacteria,
organic debris, and microzooplankton from the sea are the food
sources for bivalves, and phytoplankton is the dominant (Wang
et al., 2010). However, diets that solely comprise microalgae
can hardly meet the demand in bivalve industrial farming, and
large-scale microalgal culture is often susceptible to changes in
water temperature and salinity. Therefore, choosing suitable food
instead of live microalga, without affecting growth, physiology,

and meeting nutritional requirements from bivalves, is crucial for
the industrial bivalve farming mode development.

The partial or total replacement of microalgal foods by a
cheap, easily handled substitute with the same nutritive qualities
has been attempted by hatcheries, while studies on the nutritional
requirements and artificial feed of bivalve are relatively more
laggard than those on other aquatic animals. A few studies
of artificial diets in bivalve species have been reported, such
as bacterial proteins (Philippe and Christopher, 1994), yeasts
(Nell et al., 1996), microalgal concentrates (Brown and Robert,
2002), spray-dried microalgae (Arney et al, 2015), and so on.
Substituting 50% of the traditional microalgae with single-cell
detritus produced from seaweed (Porphyra haitanensis) can be
used as a partial microalgal substitute for the nursery culture of
the tropical oyster (Crassostrea belcheri) juvenile (Tanyaros and
Chuseingjaw, 2016). Palatable artificial diets have good potential
for replacement of costly natural diets of the green-lipped mussel
Perna canaliculus post-settlement juveniles (Gui et al., 2016a).
Chlorella sp. powder, Spirulina platensis powder, yeast powder,
and soybean meal are suitable protein sources in diets for pearl
oyster Pinctada fucata martensii (Yang et al., 2017a). Microalgae
are still the main nutrient sources for pipi clam, Paphies australis,
particularly for spat and juveniles, while corn flour should be
considered in the formulation of diets for laboratory grown
(Mamat and Alfaro, 2014).

However, information regarding artificial feed, reliable to
substitute for live microalgal feed for pearl oyster P. maxima, is
rare. In this study, we have attempted to explore the feasibility
of using spray-dried microalgae as daily food in P. maxima
juvenile industrial farming and developed industrial farming
methods and technology for P. maxima juvenile. The growth,
digestive enzyme activity, and intestinal microbial community
were characterized under laboratory-controlled conditions in this
study. To our knowledge, this study provides the first insights into
the impacts of diets on intestinal bacteria of P. maxima, where the
findings can provide some information on rearing protocols and
management of industrial farming mode.

MATERIALS AND METHODS

Experimental Animal and Management

The P. maxima juveniles were obtained from Sanya Maifeng
Industrial Co., Ltd. (Hainan, China). Before the experiment,
the juveniles were kept in an aerated cement tank (28 £ 2°C,
30.0 & 2 psu, pH 8.0 £ 0.2) for 7 days, fed daily with a mixture
of Isochrysis zhanjiangensis and Platymonas subcordiformis.
A total of 30% water exchange were taken every day to
promise that the water quality is good enough for P. maxima
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TABLE 1 | The survival and growth performance of Pinctada maxima juvenile after 30-day industrial farming.

L-iso P-iso L-pla P-pla
SR (%) 84.13 + 1.37% 85.71 +2.382 84.54 + 1.372 86.51 + 1.372
TW (9) 2.6503 + 0.17022 2.3701 4 0.0302° 2.5002 + 0.02012° 2.2601 + 0.0301¢
SH (mm) 32.3747 £ 0.77832 25.8183 + 0.9737° 30.5350 + 2.21492 25.8000 + 0.3885°
AGR of TW (g/d) 0.0469 + 0.00602 0.0372 £ 0.0010%° 0.0415 + 0.00082° 0.0340 + 0.0010°

AGR of SH (mm/d)
RGR of TW (%/d)

0.2525 + 0.0262
0.0391 + 0.00502
1.0345 + 0.10632

0.0339 + 0.0325°
0.0310 4 0.0008P°
0.1391 4 0.1330°

0.1912 + 0.0738°
0.0346 =+ 0.00062°
0.7832 + 0.3025°

0.0330 + 0.0129°
0.0280 + 0.0009°
0.1366 =+ 0.00531P

RGR of SH (%/d)

The significance level of P < 0.05 was used for all statistical tests. Different lower-case letters indicate significant differences.
SR, survival rate; TW, total weight; SH, shell height; AGR, absolute growth rate; RGR, relative growth rate.

juveniles, where total ammonia-nitrogen <0.05 mg/L and DO
(dissolved oxygen) >7 mg/L. Then, P. maxima juveniles were
divided into four rearing groups in triplicates for experiments,
according to different feeding strategies. Triplicate tanks (500 L)
containing 300 juveniles were used for each rearing group.
A total of 3,600 P. maxima juveniles were used in this study,
with 1.2008 £ 0.0009 g initial weight and 30.12 4+ 0.05 mm
initial shell length.

Feeding Diets and Experimental Design

The trials of 30 days were carried out. Two species of
live microalgae (Isochrysis zhanjiangensis and Platymonas
subcordiformis) were used in the experimental groups,
respectively, the live I. zhanjiangensis group (L-iso group)
and P. subcordiformis group (L-pla group). However, spray-
dried microalgal powders (I. zhanjiangensis powder and
P. subcordiformis powder) were used for the other two groups,
namely, powder I. zhanjiangensis group (P-iso group) and
powder P. subcordiformis group (P-pla group).

Microalgal stock cultures were obtained from the Microalgae
Laboratories of Ocean College in Hainan University. These
microalgae were cultured in 5 and 45 L glass buckets and grown
at 25.0-27.0°C in Ningbo 3* nutrient medium. The photoperiod
was 24:0 h (light/dark), and illumination was provided by 2-
day light (40-W) fluorescent tubes. Filtered (0.45 mm) and
UV-treated seawater (salinity, 30.2 psu) was used. Continuous
aeration was provided to enhance growth and prevent the
algae from settling. The microalgae were harvested during
an exponential phase for feeding. The spray-dried microalgal
powder was provided by SDIC Biotech Investment Co., Ltd.
(Beijing, China).

To control the final concentration of microalgae in the
experimental tanks, the feeding quantity was determined by
measuring the original concentration of the different microalgal
diets precisely. Prior to daily feeding, 2 g of each spray-
dried diet was suspended in 1,000 ml of filtered seawater and
pulsed in a commercial blender (JS39D-250, Supor, China).
The liquefied mixture was filtered through a 50-uwm mesh to
eliminate foam and larger particles and then diluted to 15 L
with filtered seawater. The diluted suspension was used in
feeding. All diets were fed in culture media at a concentration
of 150,000 cells/ml once every 12 h. The cell counts were made
using a hemocytometer.

Survival and Growth Parameters

After the end of the experiment, the surviving pearl oyster,
P. maxima, in each group was counted to calculate the
SR. SR was calculated using the following equation: Survival
rate = (the number of surviving individuals at the end of the
experiment/the number of individuals at the beginning of the
experiment) x 100%.

The shell height (SH) was measured using a Vernier caliper
(an accuracy of 0.01 mm). In addition, the total weight (TW) was
weighed using an electronic balance (an accuracy of 0.0001 g).
The absolute growth rate (AGR) and relative growth rate (RGR)
were calculated for SH and TW using the following formulas:
AGR = (X3 — X1)/t, RGR = 100% x (X — X1)/(t x Xj),
where “X;” and “X,” are the average of SH (or TW) at the
beginning and the end of the experiment, respectively, and “t”
is the experimental days.

Sample Collection

All experiments were complied with the standards of the
Guidance of the Care and Use of Laboratory Animals in China.
After the end of the culture, the intestinal tissue of each pearl
oyster was dissected in a sterile environment and stored in liquid
nitrogen for further bacterial community analysis, while soft
tissues except the intestinal tissue and gill were used for digestive
enzyme activity assay.

Assays for Digestive Enzyme Activity

The frozen soft tissues were homogenized on ice in 0.2 M
(w/v) of ice-cold physiological saline (Gawlicka et al., 2000),
and homogenates were centrifuged at 13,000 g for 10 min at
2°C. The supernatant was separated for enzyme analysis in
triplicate. The activities of pepsin (PES, E.C.3.4.23.1), amylase
(AMS, E.C.3.2.1.1), and lipase (LPS, E.C.3.1.1.3) were used as
biochemical indicators and assayed by the commercial kits from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

DNA Extraction of Microbial Samples
Microbial DNA was extracted from intestinal contents using
the EZNA Stool DNA Kit (Omega Bio-tek, Norcross GA,
United States). The final DNA concentration was quantified by
using Qubit 3.0 Fluorometer (Invitrogen, United States) and
agarose gel electrophoresis (Zheng et al., 2019).
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FIGURE 1 | The digestive enzyme activity of Pinctada maxima juvenile after
30-day industrial farming. The significance level of P < 0.05 was used for all
statistical tests. Different lower-case letters indicate significant differences.

(A) AMS activity, AMS = amylase; (B) LPS activity, LPS = lipase; (C) PES
activity, PES = pepsin.

Amplicon Generation and Sequencing of
Bacteria 16S rRNA Gene

A total of 50 ng DNA were used to generate amplicons. The
V3-V4 region of the bacteria 16S ribosomal RNA gene was
amplified by PCR, using the forward primers containing
the sequence 341F (5-CCTACGGGNGGCWGCAG-3')
and reverse primers containing the sequence 805R (5'-
GACTACHVGGGTATCTAATCC-3'). The marker region
of bacteria was amplified by PCR (thermal cycling program:
98°C for 30 s, 98°C for 10 s, followed by 35 cycles at 54°C for
30 s, 72°C for 45 s, and a final extension at 72°C for 10 min).
The PCR reactions were performed in triplicate in a 12.5 pl

mixture, containing 2.5 pl forward primer, 2.5 pl reverse primer,
25 ul dd H,O, and 50 ng template DNA. Amplicons were
extracted from 2% agarose gel and purified using the QIAquick
Gel Extraction Kit (Qiagen, Hilden, Germany) according to
the instructions of the manufacturer. Purified products were
subjected to Illumina MiSeq Sequencing platform (Hangzhou,
Lianchuan Gene Technology Company., Ltd., China), generating
paired-end reads.

Bioinformatics Analysis

Raw fasta files were demultiplexed, quality filtered, and analyzed
using QIIME 2.0 (Bolyen et al., 2019). The 250 bp reads were
truncated at any site of more than three sequential bases receiving
a Phred quality score of <Q20. Any reads containing ambiguous
base calls or barcode/primer errors were discarded. Operational
taxonomic units (OTUs) were clustered with 97% similarity
cutoff using UPARSE (version 7.1) (Edgar, 2013)". Chimeric
sequences were identified and removed using UCHIME. The
phylogenetic affiliation of each 16S rRNA gene sequence was
analyzed by SILVA Classifier (release 132) (Quast et al., 2013)
against Silva 16S rRNA database using the confidence threshold
of 70%. According to the SILVA (release 132) classifier, the
characteristic abundance was performed with normalization by
the relative abundance of each sample, and then, five indexes
(ACE, Chaol, Shannon, Simpson, and Goods coverage) were
calculated using QIIME2 for alpha diversity analysis. Rarefaction
analysis was also performed using the Mothur program. The
structures of the microbial community in different samples were
compared through column diagrams and principal component
analysis (PCA).

Statistical Analysis

The data in this study were expressed as mean £ SE. For
all statistical tests, P-values <0.05 were considered to be
significant. Significant differences of each variable were first
detected using the f-test in enzyme activities among groups.
The least significant difference multiple-range test was used
to determine the significance of differences in growth, alpha
diversity metrics, and the relative abundance of phylum or genus
in the intestinal microbial community. Prior to analysis, data
were tested for normality using Kolmogorov-Smirnov’s test and
for homogeneity of variance using Cochran’s C test. Data that
did not meet the ANOVA assumptions were log-transformed
before analysis, and percentage data were arcsine square-
root-transformed. All statistical analyses were performed using
DPS14.5 software (Hangzhou Rui Feng Information Technology
Co., Ltd., Hangzhou, China).

RESULTS

Effect of Different Diets on Survival and

Growth Performance
The SR was not affected by different diets used in this study
(P > 0.05, Table 1). After 30-day industrial farming, the SR
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in all groups ranged from 84 to 86%, without significant
difference. The growth performances in L-iso, P-iso, L-pla,
and P-pla were different (P > 0.05, Table 1). The best growth
performance was observed in the L-iso group, followed by the
L-pla group. The TW in the L-iso group was 2.6503 £ 0.1702 g,
significantly higher than P-iso and P-pla groups (P < 0.05),
and TM for the L-pla group (2.5002 £ 0.0201 g) significantly
higher than the P-pla group (2.2601 £ 0.0301, P < 0.05).
The characteristics of the difference for AGR and RGR of
TW in groups were found the same as TW. The largest SH
was gained in L-iso and L-pla groups (32.3747 + 0.7783
and 30.5350 =+ 2.2149 mm, respectively), significantly
higher than P-iso and P-pla groups (25.8183 =+ 0.9737 and
25.8000 =+ 0.3885 mm, respectively). The best AGR and RGR of
SH was observed in the L-iso group (0.2525 = 0.026 mm/day and
1.0345 4 0.1063%/day respectively), followed by the L-pla group
(0.1912 +£ 0.0738 mm/day, 0.7832 £ 0.3025%/day, respectively).
The significant difference for AGR and RGR of SH was not
existed between P-iso and P-pla groups (P < 0.05).

Effect of Different Diets on Digestive
Enzyme Activity

Opyster filtered out all the diets fed in the experimental groups,
without exception. The microalgal species, used as a daily food
in this study, did not cause a significant difference in digestive
enzyme activity of P. maxima juvenile after 30-day industrial
farming (P > 0.05), while the microalgal types (live or spray-
dried powder) did (P < 0.05, Figure 1). The PES and LPS
activities in the P-iso group were observed highest (1.81 £ 0.20
and 24.22 £ 0.57 U/mg prot, respectively), followed by the P-pla
group (1.74 £ 0.17 and 22.95 £ 1.95 U/mg prot, respectively),
significantly higher than L-iso and L-pla groups (P < 0.05).
In addition, the highest AMS activity (1.61 £ 0.29 U/mg prot)
was found in the P-pla group, followed by the P-iso group
(1.51 £ 0.20 U/mg prot), significantly higher than L-iso and L-pla
groups (0.57 & 0.05 and 0.72 £ 0.07 U/mg prot, respectively,
P < 0.05).

Statistical Analysis of Sequences
Through the detection of intestinal microbiota, a total of
1,134,712 high-quality sequences from nine samples were
obtained, with an average of 75,647 sequences per sample-based.
A total of 4,872 OTUs at 97% sequence similarity were obtained,
with an average of 353 OTUs in each sample. In addition,
rarefaction curves indicated that the obtained sequence could
reflect the majority of bacteria diversity in each sample (Figure 2).
In this study, results from the analysis of alpha diversity
metrics showed that the diversity and richness of the intestinal
microbial community had a significant difference in different
diet groups (P < 0.05, Table 2). The ACE and Chao 1 were
used as estimators of community richness, and Shannon and
Simpson were used as estimators of community diversity. The
ACE and Chaol ranged from 331.92 4 20.25 to 386.40 & 20.42
and 331.37 £ 12.48 to 382.16 %+ 19.19, respectively, where
Chaol in the P-iso group was significantly lower than other
groups (P < 0.05). The Simpson in P-iso and P-pla groups was

0.73 £ 0.05, 0.77 & 0.06, respectively, significantly higher than
L-iso and L-iso groups (0.56 & 0.03 and 0.77 =+ 0.06, respectively,
P < 0.05).

Taxonomic Composition

Different diets could significantly affect the relative abundance
of phylum or genus in the intestinal microbial community of
P. maxima juvenile. A total of 31 phyla and 413 genera were
detected in all groups (Figure 3, P < 0.05).

Proteobacteria was the most abundant phylum in all groups,
relative abundance ranged from 62.31 £ 6.17% to 82.37 £ 9.33%
(Figure 3A). In addition, Tenericutes was the core phylum both
in L-pla and P-pla groups (10.19 & 1.1% and 20.50 £ 2.05%,
respectively). Furthermore, Chlamydiae (7.79 %+ 0.67%) and
Firmicutes (5.43 £ 0.66%) were the abundant phyla in the L-iso
group, while Actinobacteria (3.28 % 0.13%), Planctomycetes
(6.40 = 0.58%), and Chloroflexi (1.79 = 0.11%) in the P-iso group
and Cyanobacteria (10.52 £ 1.10%) in the P-pla group.

Burkholderia was the dominant genus in both L-iso
(66.52 + 6.43%) and L-pla groups (54.00 £ 5.66%), while
Mpycoplasma, Alphaproteobacteria, and Oxyphotobacteria were
in both P-iso and P-pla groups. Furthermore, Simkaniaceae and
Variovorax were the dominant genera in the L-iso group, and
hence relative abundance was significantly higher than the other
groups (P < 0.05). Amphritea, Cohaesibacter, and Kiloniella were
the dominant genera in both P-iso and L-pla groups (Figure 3B).

In addition, the principal component analysis (PCA) indicated
that the bacteria community in L-iso and L-pla groups clustered
together, while P-iso and P-pla groups clustered together. The
bacteria community in L-iso and L-pla groups widely differs from
that in P-iso and P-pla groups (Figure 3C).

DISCUSSION

Survival and growth performances are the most important factors
in the pearl oyster industry (Liao et al, 2020). In this study,
we initially attempted to investigate the feasibility of spray-dried
microalgae instead of live microalgae in P. maxima juvenile
industrial farming. After an interview with the technician on the
farm, we confirmed that the growth performance of P. maxima
juveniles from industrial farming in this study was not good
as that cultured in sea area, maybe due to the limited food
availability, and is considered as the bottleneck for developing the
culture mode for bivalves (Yang et al., 2017a,b). Similar results
have been reported previously in species of some bivalves. For
example, the absolute and RGRs of shell length and TW of
the pearl oyster Pinctada martensii spat were lower than those
cultured in the sea (Yang et al., 2015). Even so, the results in
this study showed that P. maxima juvenile cultured indoor can
promise the SR (ranged from 84 to 86%, no significant difference
was observed) and significantly higher than those cultured in the
natural sea (10%, unpublished data form farm). This is because
culturing pearl oyster indoor can avoid the influence of extreme
weather factors effectively, such as typhoons (usually happen
in Hainan from August to October), temperature and salinity
change caused by rain, and so on.
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FIGURE 2 | Rarefaction analyses of all samples. Rarefaction curves represented the number of OUT detected in the L-iso group (L-iso 1, L-iso 2, and L-iso 3), P-iso
group (P-iso 1, P-iso 2, and P-iso 3), L-pla group (L-pla 1, L-pla 2, and L-pla 3), and P-pla group (P-pla 1, P-pla 2, and P-pla 3). Sequences were clustered at 97%
sequence similarity. OTU, operational taxonomic unit.

TABLE 2 | OTUs, ACE, Chao 1, Simpson, Shannon, and Good’s coverage for 16s rRNA libraries of all samples.

L-pla

P-pla

349.67 + 29.402

362.75 + 21.162

373.28 + 11.322
0.59 + 0.04°
3.15 + 0.652
1.00 =+ 0.002

359.00 + 29.612

366.40 + 20.422

382.16 £ 19.192
0.77 £+ 0.06%
3.19 £ 0.332
1.00 £ 0.00?

L-iso P-iso
OTUs 327.33 +32.012 377.67 + 12.662
ACE 331.92 + 20.252 340.33 + 14.562
Chaot 331.37 + 12.48° 335.38 + 15.46°
Simpson 0.56 + 0.03° 0.73 + 0.052
Shannon 2.54 £+ 0.54° 2.89 +0.22°
Goods coverage 1.00 + 0.002 1.00 &+ 0.002

The significance level of P < 0.05 was used for all statistical tests. Different lower-case letters indicate significant differences.

OTU, operational taxonomic unit; ACE, abundance-based coverage estimator.

Filter-feeding bivalves usually take phytoplankton as a part
of the natural diet. Isochrysis zhanjiangensis and Platymonas
subcordiformis are the main microalgal species widely used
in the fodder industry as good bait for aquaculture activity
(Zheng et al,, 2011; An et al., 2015; Cheng et al., 2020). But an
operation to culture live microalgae requires dedicated staff and
facilities that represent 30-50% of the costs (Gui et al., 2016b),
and live microalgal growth is easily affected by environmental
factors. Therefore, replacing live microalgae with a substitute and
the same nutritive quality food is important and necessary in
filter-feeding bivalve industrial farming. In this study, we used
the spray-dried microalgal powder instead of live microalga.

The results indicated that spray-dried microalgal powder can
promise the P. maxima juvenile SR as live microalgae in
industrial farming, improving pearl oyster production. However,
the growth performance was slower than that in the live
microalgal group. The difference may be caused by the spray-
dried microalgal powder that was insufficient in other essential
nutrients for the growth of pearl oyster juveniles, such as
carbohydrate and protein, or not easy to digest as live microalga
(Numaguchi, 2002; Cheng et al., 2020).

Digestive enzyme activity is often used as an indicator
of digestive processes and nutritional condition of fish,
including AMS, PES, and LPS, and reflects growth performance
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(Cahuetal, 1998). Various digestive enzymes are involved
in digestive and absorptive processes and are important
indicators of the growth performance of aquatic animals

(Abolfathi et al., 2012). In this study, P. maxima juveniles fed
with spray-dried microalgal powder displayed higher PES,
AMS, and LPS activities than those with live microalgae.
The phenomenon due to spray-dried microalgal powder needs
more energy to digest and absorb nutrients. Thus, the
growth performance is slightly lower, compared with the live
microalgal group.

Intestinal microbiota, composed of a diverse and wvast
population of microorganisms, interacting with each other to
form a complex ecological network through various types of
interactions, plays key functions in host growth, physiology,
and development (Nayak, 2010; Deng et al.,, 2012; Tremaroli
and Bickhed, 2012). In addition, intestinal microbiota activity
is reported to be related to host longevity (Nayak, 2010).
A disturbance in the intestinal microbial community can lead
to changes in the microbial diversity and abundance of certain
bacteria, resulting in beneficial or harmful effects in the aquatic
animal (Gémez and Balcdzar, 2008). An altered microbiota in
the intestine can lead to altered immune functions of hosts
and increase the risk of disease (Morgan et al., 2012). Thus,
maintaining a functional and steady intestinal microbiota is
important to the host. The composition of the intestinal bacterial
community varies with a unique core microbiome in each
specific host species. In comparison to mammals, the intestinal
microbial composition in aquatic animals is susceptible to diet
(De Filippo et al., 2010; Ringe et al., 2016), drugs (Zwolinska-
Weislo et al.,, 2011), stresses (Galley et al.,, 2014), and so on.
The results in this study indicated that the Proteobacteria was
the dominant bacteria in pearl oysters at the phylum level,
consistent with the findings on oysters (Fernandez-Piquer et al.,
2012; Trabal Fernandez et al., 2014). Proteobacteria is the largest,
most phenotypically diverse, and abundant phylum throughout
all the life stages of animals (Qin et al., 2010; Sevellec et al.,
2014; Zhou et al., 2018; Liao et al., 2020). Proteobacteria could
catabolize feedstuff components (Jumpertz et al., 2011) and may
play an important role in degrading cellulose and agar, the major
components of food consumed by bivalve mollusks, as well as
fixing nitrogen in the gastrointestinal tract of bivalves (Prieur
et al., 1990; Harris, 1993; Newell, 2004; Liao et al., 2020). The
relative abundance of Proteobacteria in spray-dried microalgal
powder groups was significantly lower than that in live microalgal
groups in this study, and this phenomenon may consequently
result in slower growth performance of P. maxima juveniles in
spray-dried microalgal powder groups.

Microbial identification is meaningful only when microbiota
can be classified at the level of genus or species in relation
to animal husbandry (Petrosino et al., 2009). Burkholderia was
found as the main genus of P. maxima juvenile intestinal
microbial community that from live microalgal groups, while
Mycoplasma, Alphaproteobacteria, and Oxyphotobacteria in
spray-dried microalgal powder groups. This phenomenon
indicated the intestinal bacteria of P. maxima juvenile at
genus were more sensitive to diets. Additionally, the top 10
representative genera mainly comprised of facultative anaerobes
and anaerobes. Both Gram-positive and negative bacteria can
produce phosphatases, helping in nutrient absorption (Ramirez
and Dixon, 2003; Rasheeda et al.,, 2017). Although the genus
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observed in this study is reported to contain opportunistic
pathogens, such as Burkholderia and Vibrio, all the P. maxima
juvenile examined were healthy. The presence of pathogenic
microbes in the intestinal of aquatic animals can be seen as
a common phenomenon, playing a vital role in the internal
metabolism and immune, rather than playing the role of a
pathogen (Grimes et al., 1985; Pujalte et al., 2003; Valdenegro-
Vega et al, 2013; Wu et al, 2013; Rasheeda et al., 2017).
Alphaproteobacteria was the dominant Proteobacteria, widely
distributed in marine environments (Wagner-Débler and Biebl,
2006). Mycoplasma is the abundant member of gut microbiota in
numerous vertebrate hosts and has been found to dominate in the
gut of Atlantic salmon (Holben et al., 2002), farmed rainbow trout
Oncorhynchus mykiss (Lyons et al., 2017), Trinidadian guppies
(Sullam et al., 2015), and the long-jawed mudsucker Gillichtythys
mirabilis (Bano et al., 2007).

The intestinal microbiome revealed rich biodiversity that
predictably reacts to changing gut conditions, and diet
components played a key role in regulating the intestinal bacterial
community (Hennersdorf et al., 2016; Huyben et al., 2017). The
overall intestinal bacterial diversity increased in pearl oysters
P. maxima juvenile fed with spray-dried microalgal powder in
this study. Therefore, the spray-dried microalgal powder leads to
a high biodiversity level, benefit to maintain the intestinal micro
ecological balance. The antioxidant capacity and immunity may
be related to the biodiversity level of intestinal bacteria (Nie et al.,
2017; Wang et al., 2017). Thus, the change of antioxidant capacity
and immunity in P. maxima juveniles that feed with spray-dried
microalgal powder need to be established and investigated in the
future, as well as the underlying mechanisms.

CONCLUSION

In summary, this study is the first to analyze the feasibility
of spray-dried microalgal powder instead of live microalga in
P. maxima juvenile industrial farming. The survival, growth, and
intestinal microbial community were used as an indicator for
comparative profiling. The results indicated that the spray-dried
microalgal powder used in this study (Isochrysis zhanjiangensis
and Platymonas subcordiformis powder) can promise the SR
as live microalgae, even though the growth performance is
slightly lower. The characterization of the intestinal bacterial
community of P. maxima juveniles under controlled conditions
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Accumulation of excessive ammonia is a big threat to aquatic animals, which causes
adverse effects on the health, production reduction, and even high mortality. The razor
clam Sinonovacula constricta, a bivalve living in intertidal mudflat with a deep-burrowing
lifestyle, often faces a high concentration of ambient ammonia. However, there is less
available information concerning the toxic effects of ammonia on razor clam and its
molecular mechanisms of adaptation to ammonia stress. The aim of this study was
to investigate the effects of ammonia exposure on the gill and hepatopancreas of
razor clam by transcriptome sequencing. The results showed that the median lethal
concentration of ammonia was 244.55 mg/L for 96 h. A total of 1,415 and 306
differentially expressed genes (DEGs) were identified in the gill and hepatopancreas,
respectively. The functional annotation showed that DEGs of the gill were mainly
involved in the regulation of nitrogen compound metabolic process, nitrogen compound
transport, and amide transport. The DEGs of the hepatopancreas were mostly enriched
in oxidation-reduction process, response to stress, and amine metabolic process. The
expression levels of NHz/NH4 T transporting channels and Ht excreting-related genes,
including Rhesus glycoproteins (Rh), Na™/Kt-ATPase (NKA), Nat/H* exchanger,
V-ATPase (VHA), and carbonic anhydrase (CA), were upregulated significantly in the
gill (o < 0.05). In addition, the expression levels of glutamine and urea synthesis-related
genes that played vital roles in ammonia detoxification, such as glutamine synthetase
(GS), arginase (ARG), and argininosuccinate synthetase (ASS), were also increased
obviously in the hepatopancreas (p < 0.05). Taken together, our results indicate that
the synergistic action of ammonia excretion in the gill and ammonia metabolism in
the hepatopancreas might be the mechanism through which the clams tolerate to
environmental ammonia. This study provides a molecular basis for the better evaluation
of the responding mechanism of ammonia tolerance.

Keywords: ammonia tolerance, transcriptomic analysis, NH3/NH4* transporter, ammonia excretion and
metabolism, gene expression, Sinonovacula constricta
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Lvetal

Clam Transcriptome Under Ammonia Stress

INTRODUCTION

With the development of intensive aquaculture and high feed
inputs, ammonia has become a particularly harmful stress factor
to aquatic animals. Generally, there are mainly two chemical
forms of ammonia in water, namely, ionized (NH4") and
unionized (NH3) form. The latter is more toxic as the NHj
difftuse more easily across the cell membrane for its lipid
solubility and non-polarity (Cong et al., 2018). Meantime, other
environmental factors also affect the ratio of two forms of
ammonia. Higher pH and temperature (Miron et al, 2008;
Kir et al, 2015) can lead to higher ratio of NHj, as well
as lower salinity (Kir et al, 2019). Previous studies have
shown that excessive ammonia causes physiological dysfunctions,
such as decreased growth rate (Harris et al., 1998; Hu et al,
2018), changed histological structure in gill (Cong et al,
2017), disturbed energy and amino acid metabolism (Miranda-
Filho et al, 2009), and suppressed immunity response (Cui
et al, 2017). It also resulted in massive mortality (Chen
et al, 2019). Therefore, clarifying the strategies of ammonia
detoxification would provide reliable data for practical guidance
of reducing ammonia toxicological effects and protecting
aquaculture environment.

The detoxification mechanisms have been explored more
thoroughly in fishes and crustaceans than in molluscs.
Researchers pointed out that ammonotelism was one of
the primary strategies for detoxification in most teleosts,
including Nile tilapia (Oreochromis niloticus) (Zhu et al.,
2019), large-scale loach (Paramisgurnus dabryanus) (Shang
et al, 2021), and mudskipper (Boleophthalmus pectinirostris)
(Chew and Ip, 2014). You et al. (2018) found that NH,"/NHj
transporting channels and H' excreting-related genes were
involved in ammonia excretion in the gill of mudskippers.
Meanwhile, non/less-toxic glutamine synthesis by glutamine
synthetase (GS) has been noted as another traditional strategy
to cope with high level of ammonia in teleosts (Ip et al,
2004). In addition, an unnegligible pathway of detoxifying
ammonia into urea, which had been commonly found in the
liver of ureogenic animals, maintained low concentration
of ammonia. It occurs principally through ornithine-urea
cycle involving catalysis of crucial enzymes, including
arginase (ARG), argininosuccinate synthetase (ASS), and
GS (Mommsen and Walsh, 1989; You et al., 2018; Sun
et al, 2021). Although the study on molecular mechanism
underlying regulation expose to ammonia in molluscs is still
at its infancy, preliminary studies have been reported. The
ammonia detoxification metabolism in triangle sail mussel
(Hyriopsis cumingii) may transfer ammonia into glutamine,
alanine, and aspartate (Zhao et al, 2021). In razor clam
Sinonovacula constricta, the potential protective strategies
of glutamine formation, which are mediated by glutamine
dehydrogenase (GDH) and GS, convert ammonia into non/less-
toxic nitrogenous compounds under ammonia stress (Zhang
H. et al., 2020). Taken together, more attention should be
paid to the comprehensive study on molecular response
mechanism of ammonia stress in mollusks, especially in terms of
ammonia excretion.

RNA sequencing is a well-established comprehensive subject
to explore molecular mechanisms in responding to abiotic
stresses, especially effective for blank areas of studies (Gao et al.,
2018; Stark et al., 2019). Recently, more and more studies have
investigated the complex interplay among cellular pathways
when exposed to ammonia (Yu et al., 2019; Xue et al., 2021).
However, only limited works have been reported in bivalves.
In Manila clam Ruditapes philippinarum, short- and long-
tern exposure to ammonia displayed the different responding
patterns in the gill via digital gene expression analysis. It
induced pathways of notch signaling and protein processing in
endoplasmic reticulum in short-term exposure and pathways of
gap junction, immunity, and key substance metabolism in long-
term exposure (Cong et al., 2018). Digestive gland transcriptome
analysis of response mechanism to ammonia in Asian clam
Corbicula fluminea revealed that the immunity and apoptotic
signaling pathways play important roles during stress (Zhang
etal, 2019). Although abovementioned studies revealed a mass of
important genes responding to ammonia stress in a few species,
the potential molecular mechanisms were not fully elucidated for
most economic molluscs.

The razor clam S. constricta is one of the most economically
important marine bivalves, which is widely distributed in the
intertidal zones and estuarine areas of China, Japan, Korea, and
Vietnam along the western Pacific Ocean with a deep-burrowing
lifestyle (Dong et al., 2020). According to the statistical data
from U.S. Environmental Protection Agency (USEPA), shellfish
are more sensitive to ammonia nitrogen. Of the top 10 sensitive
genera, eight genera belong to molluscs (USEPA, 2013). However,
the clam-fish/shrimps polyculture makes razor clam to face to
high concentration of ambient ammonia (Sun et al, 2021).
Therefore, S. constricta is a suitable model species to explore
the molecular mechanism of higher tolerance to ammonia in
molluscs. To date, the molecular mechanism of ammonia toxicity
has not been understood comprehensively in razor clam. In this
study, the influence of high concentration ammonia stress was
systematically evaluated by profiling the gill and hepatopancreas
transcriptomes of S. conmstricta, which were subjected to acute
challenge of 180 mg/L ammonia for 72 h. This study provides
insights into the molecular regulatory mechanism of ammonia
tolerance in bivalve.

MATERIALS AND METHODS

Clam Culture

The healthy razor clams (wet weight 9.43 £ 1.60 g, shell
length 63.42 + 1.57 mm) were collected from aquafarm in
Xiangshan (Ningbo, China). Before the experiment, the clams
were acclimated for 1 week in 1,000 L tanks containing filtered
seawater (salinity 22) with aeration at the temperature (14-16°C).
During the acclimatization and ammonia exposure periods,
the clams were fed twice per day at 8:00 and 18:00 on a
diet of microalgae Chlorella vulgaris and Chaeroeeros moelleri.
All the seawater was renewed two times daily. The whole

experiment was maintained under a photoperiod of 12 h light and
12 h dark.
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Toxicity and Exposure Experiments of

Ammonia

The total ammonia nitrogen (TAN) concentrations were
designed by equal space between logarithm with the gradients
of 0, 120, 164, 225, 309, 423, and 579 mg/L. The stock
solution of 1,000 mg/L TAN (stock solution was disposed
of ammonium chloride NH4Cl; CNW, Shanghai, China, ACS
reagent grade >99%) was used for producing the desired
final concentrations of TAN. A total of 420 clams were
randomly divided into seven groups with three replicates
in each different ammonia concentration and cultured in
plastic tanks with 30 L of filtered seawater (20 individuals
in each replicate). Water quality parameters were tested
daily throughout the experiment. The pH and dissolved
oxygen were measured using HACH HQ30d pH meter (Hach
Company, CO, United States). The salinity and temperature
were tested by AZ8371 Salinometer (Hengxing, Taiwan, China)
and fish tank thermometer, respectively. During 96 h duration
of ammonia exposure, observation was performed every
12 h. To calculate the median lethal concentrations (LCsg),
the mortality rates were measured every 24 h until it
reached 100%.

Based on the median lethal concentrations (LCs¢-96 h)
of ammonia established in the toxicity tests, the clams were
subjected to a 96 h ammonia exposure at three concentrations
of 100, 140, and 180 mg/L comparing with 0 mg/L with
three replicate tanks for each treatment (100 clams per tank).
Daily acclimation was performed referred from Zhang H.
et al. (2020). Six individuals were randomly sampled from
each treatment at 0, 1, 3, 6, 9, 12, 24, 48, 72, and 96 h
time points, respectively. For each sampled clam, hemolymph
was immediately collected from adductor using a 2 mL
disposable sterilized syringe for pH value and ammonia
content analysis. The pH value was measured using HACH
HQ30d Portable Dissolved Oxygen Tester Conductivity Meter
pH meter (Hach Company). The ammonia content was
measured with the commercial kits (no. A086-1-1) of Nanjing
Jiancheng Bioengineering Co. (Nanjing, China) according to
the instructions of the manufacturer. Meanwhile, the gill and
hepatopancreas were dissected separately and frozen in liquid
nitrogen immediately for RNA extraction. Finally, the tissues
obtained at 72-h exposure to 180 mg/L group were considered
for RNA-seq analysis.

RNA Extraction and Transcriptome

Sequencing

Total RNA was extracted from the gill and hepatopancreas
at each time point using TRIzol reagent (Omega, Norcross,
GA, United States) according to the instructions of the
manufacturer. Then RNA concentration and integrity
was assessed using NanoDrop 2000 (Thermo Scientific,
Waltham, MA, United States). The c¢DNA libraries were
constructed by a NEBNext® Ultra™ RNA Library Prep Kit
for Illumina® (NEB, Ipswich, MA, United States) and then
assessed on the Agilent Bioanalyzer 2100 system. After quality

assessment, the sequencing was performed on Illumina Hiseq
2000 platform.

Transcriptome Assembly and Gene

Expression Quantification

Clean data were filtered out as reads containing adapter, poly-N,
and low-quality reads. The sequence quality was assessed by Q20,
Q30, and GC content. Trinity was used for clean reads assembly
(Grabherr etal., 2013). Subsequently, the clean reads were aligned
to the S. constricta reference genome (Dong et al., 2020) using
Tophat (Trapnell et al., 2009).

The gene expression levels were estimated using RSEM
(Dewey and Li, 2011). Then, gene expression was normalized
using the reads per kilobase per million mapped reads (RPKM).
Genes with low read counts (<10 reads) were filtered out before
gene expression analysis by using featureCounts software (Liao
et al., 2014). Differential expression analysis between ammonia-
N group (TG) and control group (CG) was performed using
the DESeq2. Differentially expressed genes (DEGs) were defined
with a fold change >2 and a cutoft false discovery rate (FDR)
of 0.05.

Functional Annotation and Enrichment of

Differentially Expressed Genes
Gene function was annotated based on the following databases
including NR (NCBI non-redundant protein sequences)', Pfam
(Protein family),” KOG/COG (Clusters of Orthologous Groups
of proteins),” Swiss-Prot*, KEGG (Kyoto Encyclopedia of Genes
and Genomes),” and GO (Gene Ontology).®

To identify GO terms and KEGG pathways among the DEGs
under ammonia stress, enrichment analyses were implemented
by the software GOseq (Young et al, 2010) and KOBAS
(Chen et al, 2011), respectively, with a cutoff g-value of
0.05. The significantly enriched DEGs were subject to further
scrutiny to identify genes potentially involved in ammonia
stress response.

Validation of RNA-Seq Data by
Quantitative Real-Time PCR

To confirm the gene expression profiles from RNA-seq analysis,
six DEGs were selected to perform quantitative real-time PCR
(qRT-PCR) for tissues of gill and hepatopancreas, respectively.
Specific primers for candidate genes and the housekeeping gene
(Rs9) were designed based on the unigene sequences using Primer
Premier 5.0 software (Table 1).

Total RNA was extracted from the gill and hepatopancreas
tissues using the Omega RNA-Solv Reagent and was visualized
with agarose gel electrophoresis. The qQRT-PCR was performed
using the SYBR® PremixEXTaqTMII (Takara, Dalian, China) kit

Thttp://www.ncbinlm.nih.gov/
http://pfam.xfam.org/
*http://www.ncbi.nlm.nih.gov/COG/
*http://www.ebi.ac.uk/uniprot/
*http://www.genome.jp/kegg/
Chttp://www.geneontology.org/
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TABLE 1 | Primers used for gRT-PCR validation of differentially expressed genes.

Genes Forward primer (5'-3') Reverse primer (5'-3')

Sc-Rh GGGCTGTTGACATCGGTGAA CAGTTGAGAGAAAGCGAAGGC
Sc-NKA ~ CAGGTTGAATACCGACCCTAATG  GGCACCAATCCAAAGCAGC
Sc-NHE ~ TCCCCTCTCAACTCTCACACT GAGCAATCACTGGTTCATCG
Sc-V-ATP  GCAAGAGTGTGATGGACGA GCCAAGTTCAGGAAGAGAC
Sc-ASS GCGAAGGTGAACGGCATT GGTGTTAGGGTCCTCCAAAATAC
Sc-ARG ~ AAAACTCCCTGTGATGGC GGGGAAGGTCCACAAATA
Sc-Rs9 TGAAGTCTGGCGTGTCAAGT CGTCTCAAAAGGGCATTACC

on the Roche LightCycler® 480 System (Roche Diagnostics, Basel,
Switzerland). The PCR reaction was carried out in a total volume
of 20 pl, containing 10.0 pl of 2 x SYBR Green Master Mix
(Applied Biosystems), 2.0 I 500 ng of first-strand cDNA, 1.0 pl
of each primer (10 pmol/L), and 6.0 pl of PCR-grade DEPC
water. Then, the amplification parameters were set as follows:
initial denaturation at 95°C for 10 min, followed by 40 cycles
of 95°C for 10 s, 60°C for 60 s, and 40°C for 5 s in 96-well
optical reaction plates (Roche, Basel, Switzerland). All reactions
were performed in quadruplicate. The gene expression levels were
quantitatively analyzed and converted to fold differences by the
comparative CT method (2~ AACT method).

Statistical Analyses

The median lethal concentrations (LCs9-96 h) of ammonia
were calculated by the probit method (Denham, 2016). The
relationship between concentration of ammonia and mortality
was subjected to linear regression analysis. All data were
expressed as means + SD. The gene expression levels were
subjected to one-way ANOVA followed by least significant
difference (LSD) analysis. Statistical significance was defined
at p < 0.05. All statistical analyses were performed using the
SPSS version 13.0.

RESULTS

Median Lethal Concentration (LC5¢) of

Total Ammonia-Nitrogen and NH3-N
To calculate LCsp of TAN, we recorded the mortality per
24 h for a total of 96 h ammonia exposure till all clams

TABLE 2 | Mortality of S. constricta exposed to total ammonia nitrogen
during 96 h exposures.

Total ammonia No. of clams

nitrogen (mg/L)

Mortality rate (%)

died. As expected, the mortality rate was increased with the
increased concentration of TAN and exposure time (Table 2).
No death occurred in the CGs as well as the groups treated
with 120 mg/L of TAN for 24 h. All clams died after 96 h
of exposure in 579 mg/L of TAN. According to the statistical
method, the corresponding LCs of unionized ammonia (NH3-
N) was calculated (Table 3). The LCsq value of TAN determined
at 96 h was 244.55 mg/L and the corresponding LCs value of
NH;3-N was 9.69 mg/L.

Effects of Ammonia Content and pH in
Hemolymph

The ammonia content in the hemolymph of S. constricta
increased dramatically under ammonia exposure. After 1 h of
exposure, the ammonia content increased sharply and then
the level reached a plateau occurred after 24 h exposure in
all treatment groups. Finally, the highest value was up to
3,331.2 wmol/L at 96 h in 100 mg/L group. It is worthy to note
that ammonia contents showed an opposite decrease trend with
increased ammonia concentration during 12-96 h (Figure 1A).
Moreover, the pH of hemolymph showed significant decreases in
all treatment groups (Figure 1B).

Characterization of Transcriptome Data

The details on the transcriptome data for each sample are
summarized in Supplementary Table 1 and the raw sequence
data were deposited at the NCBI Sequence Read Archive
(SRA) with the accession numbers of SRR9943679-SRR9943690.
After data filtering, approximately 28.44 and 28.51 million
high-quality clean reads were obtained from the gill and
hepatopancreas, respectively. In total of 12 libraries, the
Q20 and Q30 were >97.07% and >92.83%. And the GC
content ranged from 40.10 to 43.13%. Among the samples
from the gill, 66.99-71.71% of the clean reads could be
mapped onto the reference genome, and the mapping rates
to the reference genome for hepatopancreas reads were 67.10-
69.90%.

Analysis of Differentially Expressed

Genes in Gill and Hepatopancreas

With the criteria of a FDR < 0.05, and [fold change of
expression level > 2, we identified 1,415 DEGs in the
gill after 72 h ammonia exposure, which included 1,029
upregulated and 386 downregulated genes. Meanwhile, there
were 306 DEGs in the hepatopancreas, which included 248
upregulated and 58 downregulated genes (Figure 2A). In

TABLE 3 | Median lethal concentration (LCsg) of total ammonia-N (TAN) and

24 h 48 h 72h 96 h

unionized ammonia-N (NH3-N) exposed to S. constricta.
Control 60 0 0 0 0
120 60 0 5 5 15 Exposure TAN (95% CI) (mg/L) NH3-N (95% CI) (mg/L)

time (h)
164 60 5 10 15 25
225 60 5 15 30 45 24 876.50 (642.97-2248.29) 34.71 (21.42-74.91)
309 60 5 20 50 75 48 589.73 (399.21-850.06) 23.36 (13.30-28.32)
423 60 10 30 80 90 72 314.29 (235.29-374.69) 12.45 (7.84-12.48)
579 60 20 45 95 100 96 244.55 (162.89-300.74) 9.69 (5.43-10.02)
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FIGURE 1 | Effects of ammonia concentration and pH in Sinonovacula
constricta hemolymph under ammonia stress. (A) Ammonia concentration is
mean £ SD (n = 3). Data with different letters are significantly different in the
same concentration group (p < 0.05). (B) pH value is mean + SD (n = 3).
Asterisk (*) indicates a significant difference between the exposed group and
its respective control (*p < 0.05; *p < 0.01; **p < 0.001).

addition, overlapping analysis of data sets from both two
tissues revealed 85 common DEGs in response to ammonia-
N stress, of which 79 genes were upregulated and four genes
were downregulated in both the gill and the hepatopancreas.
The remaining two genes were downregulated in the gill
but were upregulated in the hepatopancreas (Figure 2B and
Supplementary Table 2).

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Pathway
Enrichment of Differentially Expressed
Genes

Gene ontology analysis was conducted to profile the functional
annotation of DEGs in the gill and hepatopancreas. The
DEGs were assigned into three GO terms including biological
process (BP), molecular function (MF), and cellular component
(CC), and the significantly enriched items were illustrated
(Figure 2C and Supplementary Figures 1, 2). In the gill,
DEGs primarily enriched in BP, including regulation of cellular
metabolic process (GO:0031323), regulation of biosynthetic

process (GO:0009889), regulation of nitrogen compound
metabolic process (GO:0051171), organic substance transport
(G0O:0071702), nitrogen compound transport (GO:0071705),
organic anion transport (GO:0015711), and amide transport
(GO:0042886) (Figure 2C). In the hepatopancreas, DEGs
were mainly enriched in oxidation-reduction process
(GO:0055114), response to oxidative stress (GO:0006979),
response to stress (GO:0006950), amine metabolic process
(GO:0009308), copper ion binding (GO:0005507), enzyme
inhibitor activity (GO:0004857), and antioxidant activity
(G0O:0016209) (Figure 2D).

The results of KEGG enrichment analyses are summarized
in Table 4. Specifically, the upregulated DEGs in the gill were
related to protein processing in endoplasmic reticulum and
endocytosis (spu04141), autophagy/mitophagy (spu04140 and
spu04137), and aminoacyl-tRNA biosynthesis (spu00970). The
downregulated DEGs in the gill were related to nucleotide/base
excision repair (spu03420 and spu03410) and lysine degradation
(spu00310). At the same time, DEGs in the hepatopancreas
were assigned to Wnt signaling pathway (spu04310) and amino
acid metabolism, including arginine, proline, tyrosine, and
phenylalanine biosynthesis and metabolism (i.e., spu00220,
spu00330, spu00350, and spu00360). Despite no KEGG pathways
were significantly enriched, the DEGs were also analyzed
according to their KEGG pathways to describe the toxic effect
and response mechanism of ammonia in S. constricta, which
are summarized in Table 5. Ammonia exposure obviously
induced significant expressed changes of genes that were related
to nitrogen compounds-related metabolism and excretion,
pH regulation, immune, and apoptosis in both tissues. In
aforementioned pathways, DEGs involved in glutamine-
arginine-urea cycle such as ARG, ASS, and GS were mostly
upregulated in both the hepatopancreas and the gill, while
glutathione S-transferase (GST) related to antioxidant activity
was significantly downregulated. In addition, the RNA-seq
data showed that ammonium transporter (AMT) responsibility
for ammonia excretion was significantly downregulated after
72 h ammonia exposure in gill, which is the primary organ
for ammonia excretion. In contrast, carbonic anhydrase (CA)
related to nitrogen metabolism showed upregulation in the gill.
The abundant expression of immune response- and apoptosis-
related genes suggested that their corresponding pathways were
activated during ammonia stress.

Validation of Differentially Expressed
Genes by Quantitative Real-Time PCR

Four genes related to ammonia excretion (ie., Rh, NKA, V-
ATP, and NHE) in the gills and two genes related to ammonia
metabolism (i.e., ARG and ASS) in the hepatopancreas were
selected to verify the accuracy of RNA-seq data by qRT-PCR.
Rs9 were chosen as reference genes. As shown in Figure 3, four
genes in the gill (i.e., Rh, NKA, V-ATP, and NHE), as well as
ARG in the hepatopancreas, all presented the same trend with
earlier increase and later decrease when exposed to 180 mg/L
ammonia. Unlike the abovementioned genes, the expression of
ASS was increased along whole time points and reached the
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FIGURE 2 | A summary of differentially expressed genes (DEGs) of the gill and hepatopancreas in S. constricta exposure to acute ammonia. (A) The numbers of
DEGs in the gill and hepatopancreas. (B) Venn diagram of DEGs shared between gill and hepatopancreas. G represents gill and H represents hepatopancreas.
(C) Enriched gene ontology (GOs) in the gill. (D) Enriched GOs in the hepatopancreas.

TABLE 4 | Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of differentially expressed genes (DEGs) in the gill and hepatopancreas of S. constricta under
ammonia exposure.

Tissue KEGG pathway enrichment Gene number (up) Gene number (down) KEGG pathway enrichment
Gill RNA transport 14 5 DNA replication
Protein processing in endoplasmic reticulum 13 4 Base excision repair
Endocytosis 13 3 Lysine degradation
Autophagy - animal 10 3 Other glycan degradation
Mitophagy - animal 7 5 Nucleotide excision repair
Aminoacyl-tRNA biosynthesis 6 2 Starch and sucrose metabolism
SNARE interactions in vesicular transport 3 2 Mismatch repair
Hepatopancreas AGE-RAGE signaling pathway in diabetic 3 1 Phenylalanine metabolism
complications
Wnt signaling pathway 2 Tyrosine metabolism
Arginine biosynthesis 1 1 Arginine and proline metabolism
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maximum at 96 h. It should be noted that the expression of Rh
in the treatment group was significantly decreased at 96 h when
compared with CG.

DISCUSSION

Tolerate Capacity to Ammonia Adapt to
the Deep-Burrowing Habit

Ammonia is one of major contaminants in aquaculture
environment. Its excessive accumulation would limit animal

health and production in aquaculture (Shang et al., 2021;
Shen et al., 2021). Therefore, it is necessary to know the
tolerance and lethal concentrations of ammonia nitrogen for
aquatic animals and controlling the ammonia nitrogen to safe
concentration in water environment.

In fact, the USEPA has accomplished the comparison of
available toxicity data for 69 genera and concluded that shellfish
may be more sensitive to ammonia than other aquatic animals
(USEPA, 2013; Zhang et al., 2019). However, only freshwater
molluscs, but no saltwater ones, were collected in their report.
Recently, many tests about the sublethal effects of ammonia

TABLE 5 | List of DEGs of the gill and hepatopancreas involved in responding to ammonia stress in S. constricta.

Gene ID Gill Hepatopancreas Symbol Gene description Function
logoFoldChange logoFoldChange

evm.TU.ctg235.6 1.92 3.67 ARG Arginase-1 Arginine metabolism
evm.TU.ctg413.46 1.67 —0.50 ASS Argininosuccinate synthetase Urea cycle
evm.TU.ctg154.24 —2.44 —4.00 GST Gilutathione S-transferase Antioxidant activity
evm.TU.ctg103.20 —1.04 —-1.17 CAT Catalase Antioxidant activity
evm.TU.ctg295.3 - 4.75 GS Glutamine synthetase 1, mitochondrial Glutamine metabolism
evm.TU.ctg646.10 4.07 —0.45 GS Glutamine synthetase Glutamine metabolism
evm.TU.ctg528.25 1.91 —0.45 VHA V-type HT-transporting ATPase subunit a Oxidative phosphorylation
evm.TU.ctg6.79 2.83 - Rh Ammonium transporter 3 Ammonia excretion
evm.TU.ctg365.7 —4.28 —2.57 Rh Ammonium transporter Ammonia excretion
evm.TU.ctg271.27 —1.55 —0.50 Rh Ammonium transporter Rh type B Ammonia excretion
evm.TU.ctg271.28 —1.58 —0.63 Rh Ammonium transporter Rh type C Ammonia excretion
evm.TU.ctg8590.1 —1.86 1.56 Rh Ammonium transporter Rh type B Ammonia excretion
evm.TU.ctg8590.2 —2.83 —-0.32 Rh Ammonium transporter Rh type B Ammonia excretion
evm.TU.ctg1123.4.1 2.00 —0.69 NHE Sodium/hydrogen exchanger 2 pH regulation
evm.TU.ctg359.3 —1.36 0.21 NHE Sodium/hydrogen exchanger 9 pH regulation
evm.TU.ctgb24.7 —1.21 0.79 NHE Sodium/hydrogen exchanger 3-like pH regulation
evm.TU.ctg670.8 -0.18 —2.09 NHE Sodium/hydrogen exchanger 3 pH regulation
evm.TU.ctg1.112 2.39 -0.71 CA Carbonic anhydrase 2 Nitrogen metabolism
evm.TU.ctg187.10 2.72 0.35 CA Carbonic anhydrase 2 Nitrogen metabolism
evm.TU.ctg208.45 0.33 —1.64 CA Carbonic anhydrase 1 Nitrogen metabolism
evm.TU.ctg109.5 —0.26 —1.76 CA Carbonic anhydrase 1 Nitrogen metabolism
evm.TU.ctg155.36 1.12 - CA Carbonic anhydrase 13 Nitrogen metabolism
evm.TU.ctg162.3 2.24 - CA Carbonic anhydrase 14 Nitrogen metabolism
evm.TU.ctg943.3 1.75 4.10 CA Carbonic anhydrase 12 Nitrogen metabolism
evm.TU.ctg943.6 1.72 412 CA Carbonic anhydrase Nitrogen metabolism
evm.TU.ctg391.1 1.71 - CA Carbonic anhydrase-related protein 10 Nitrogen metabolism
evm.TU.ctg602.15 2.47 - CA Carbonic anhydrase-related protein 10 Nitrogen metabolism
evm.TU.ctg593.2 4.81 - CA Carbonic anhydrase-related protein 10 Nitrogen metabolism
evm.TU.ctg41.49 -0.74 —-6.82 OGG1 N-Glycosylase/DNA lyase Base excision repair
evm.TU.ctg449.31 1.61 2.64 DIS3L DIS3-like exonuclease 1 RNA degradation
evm.TU.ctg11.67 —0.24 —-4.15 LIG1 DNA ligase 1-like DNA replication
evm.TU.ctg631.9 6.00 7.03 HSP70 Heat shock protein 70 B2 protein Protein processing in

endoplasmic reticulum
evm.TU.ctg184.25 2.01 0.26 HSP90 Heat shock protein 90 Protein processing in

endoplasmic reticulum
evm.TU.ctg642.1 2.58 215 TNFR16 Tumor necrosis factor receptor Apoptosis

superfamily member 16-like

evm.TU.ctg406.9 1.56 1.18 Bcl-xi Apoptosis regulator Bel-X Apoptosis
evm.TU.ctg30.30 2.51 -0.85 CTSB Cathepsin B Apoptosis
evm.TU.ctg131.15 2.31 1.67 AP-1 AP-1 Autophagy
evm.TU.ctg885.9 3.10 —0.65 CTSL Cathepsin L Immunity
evm.TU.ctg255.18 1.87 1.96 TLR Toll-like receptor 2 Immunity
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FIGURE 3 | Validation of RNA-seq profiles by qRT-PCR. (A-D) Represent the expression patterns of Rh, NKA, V-ATP, and NHE genes in the gill of S. constricta after
exposure to 180 mg/L ammonia for 96 h, respectively. (E,F) Panels represent the expression patterns of the ARG and ASS genes in the hepatopancreas after
exposure to 180 mg/L ammonia for 96 h, respectively. Vertical bars represent the mean + SD (n = 4). Asterisk (*) indicates a significant difference between the
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have been performed on saltwater animals, including the
shellfish. The available data are presented in Table 6. The
ammonia tolerance displayed a distinct difference among species.
Particularly, excellent ammonia tolerance had been found in
marine bivalves such as clam Estellarca olivacea (Zhang et al.,
2009), blood clam Tegillarca granosa (Lv et al, 2012), R.
philippinarum (Wang et al., 2007), and S. constricta (this study,
96-h LCsg: 244.55 mg/L). Notably, these four species are all

benthic bivalves. Weihrauch et al. (2004) had confirmed that
benthic animals (crabs and bivalves) faced to higher ambient
ammonia compared with those living free in the water. The
razor clam is one of typical deep-burrowing bivalves living in
intertidal zones, where the ammonia concentration is high in
water (Newton and Bartsch, 2010). Therefore, we speculated that
the deep-burrowing habitat possibly promoted the acquisition
of greater capacity to tolerate higher ambient ammonia in razor
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TABLE 6 | Range of the median lethal concentration LCs values of TAN among aquatic animals.

Species Life stage/size (mm) Temperature (°) pH Duration (h) LC5p (mg/L) References

Fish

Oncorhynchus mykiss 94 13.2 7.82 96 32.9 Thurston et al., 1981

Pimephales promelas 52 12.0 7.82 96 67.0 Thurston et al., 1981

Crustaceans

Macrobrachium amazonicum 926+ 7.0 24.9-27.2 7.6-7.9 96 36.59 Dutra et al., 2016

Freshwater mussels

Villosa iris Age 5 days 20 +1 7.41 96 11.4 Mummert et al., 2003

Lampsilis fasciola Age 5 days 20 +1 7.96 96 7.74 Mummert et al., 2003

Lampsilis cardium Juveniles, 104-108 21.3+ 0.1 7.2+041 96 19.4 Newton and Bartsch, 2010

Limnoperna fortunei Juveniles, 21-26 20.03 +2.98 7.7 +0.39 96 11.53 Montresor et al., 2013

Marine bivalves

Crassostrea virginica Adult, 48-62 20+ 2 7.70-8.23 96 17.79 Epifanio and Srna, 1975

Estellarca olivacea Juveniles, 2.72 4+ 0.25 254+ 0.5 8.3+0.2 96 50.0 Zhang et al., 2009
Adult, 16.08 + 1.34 556.9

Tegillarca granosa Adult, 11.82 £ 0.75 24 £ 0.5 8.1 96 348.40 £ 9.74 Lvetal, 2012

Ruditapes philippinarum Adult, 40.0 + 2.8 18+ 0.5 7.6 24 239.88 Wang et al., 2007

Sinonovacula constricta Adult, 63.42 &+ 1.57 14-16 8.17 £0.43 96 244.55 This study

clam. Hence, it is considered to be a suitable model to explore
the response mechanism of ammonia toxicity. In this study, the
molecular mechanism on response to high ammonia tolerance
was investigated through transcriptomic analysis.

Response to Ammonia Toxicity in

Sinonovacula constricta

Previous studies have shown that ammonia stress caused
a variety of adverse effects, such as energy metabolism
disturbance, induced oxidative stress and immune defense,
increased sensitivity of the animal to pathogens, and even death
(Cheng et al., 2015; Shang et al., 2021; Shen et al, 2021). In
this study, our results also demonstrated that ammonia exposure
induced the change of metabolic process, oxidative stress,
immune response, and apoptosis-related signaling pathways in S.
constricta.

Oxidative stress, one of the toxicity mechanisms of
environmental stress on aquatic organisms, is usually coupled
with DNA damage (Wang et al., 2016). In this study, the genes
encoding antioxidant enzymes, i.e., GST and catalase (CAT),
were significantly downregulated, suggesting a weakness in
compensatory mechanism due to excessive reactive oxygen
species (ROS). The excessive ROS might destruct cell membranes
with the formation of lipid peroxides and oxidized proteins
(Liang et al., 2016). In contrast, the accumulation of free radicals
resulted in the ischemia and hypoxia in cells, which further
aggravated the metabolic disorders and tissue damage (Zhang
et al,, 2016). In addition, the gene encoding N-glycosylase/DNA
lyase, which was involved in base excision repair (Wyatt, 2009),
was also significantly downregulated after ammonia exposure
(logFoldChange = —6.82). The altered expressions of DIS3-like
exonuclease and DNA ligase 1 involved in RNA degradation and
DNA replication indicated the disorder of genetic information
processing (Staals et al., 2010), which might produce “protein-
oaf” causing metabolic impairments (Hasenbein et al., 2014).

Besides, previous study has been demonstrated that ammonia
has severe impacts on the immune system (Lu et al., 2016), and
functioned as predisposing factors, which accompanied with
low levels of pathogen infections, could lead to high mortalities
(Hasenbein et al., 2014). The DEGs related to immune defense,
including heat shock protein, toll-like receptor, and cathepsin
L, presented significant upregulation exposure to ammonia in
S. constricta. The similar findings have been reported in some
invertebrates, such as abalone Haliotis discus hannai (Shen
et al., 2015), Pacific white shrimp Litopenaeus vannamei (Liu
et al., 2020), and freshwater shrimp Macrobrachium nipponense
(Yu et al., 2019).

Ammonia Excretion in Gill of

Sinonovacula constricta

Most teleost fishes excrete ammonia across branchial and/or
epithelial surfaces to maintain appropriate internal ammonia
concentration, which is an effective way to protect against
ammonia toxicity under ammonia stress (You et al, 2018).
The bulk of ammonia excretion mainly occurred in the gill
is thought to depend on the cooperation of various transport
proteins, including Rh glycoproteins, Nat/KT-ATPase, and so
on (Sinha et al., 2015). As is well known, NHj3 diffusion across
the gills of ammoniotelic fish is facilitated by Rh glycoproteins
(Wood et al., 2013), such as Pacific hagfish Eptatretus stoutii
(Clifford et al., 2015), P. dabryanus (Shang et al., 2021), and
gulf toadfish Opsanus beta (Rodela et al., 2011). In addition,
ammonia has also been excreted as NH,* (Ip et al, 2001).
NH4 " possesses similar ionic characteristics, hydration shell
sizes, and water mobility rates compared with K™, which allows
it to compete against KT to be transported through the K*-
associated channels like NKA (Sinha et al., 2015). We found that
mRNA expressions of Rh glycoproteins and NKA were increased
significantly in the gill during ammonia stress, suggesting that
ammonia excretion in vivo was activated together by NH3/NH4™"
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transport proteins in S. constricta. However, Rh was dramatically
decreased after 96-h ammonia excretion. It is reported that
the expression of Rh and NKA, together with activities of
related enzymes in the gill tissue, decreased significantly with
increased ammonia concentration (Yang et al., 2010; Ren et al,,
2015). The reason leading to a decrease in the transcription
and activity of related enzymes may be the gradual changes
occurring in the gill morphology culminated in drastic lesions
when long-term exposure to high concentrations of ammonia
(Schram et al., 2010). Although the morphological change of
gill was not investigated in this study, a large number of DEGs
were enriched into the apoptosis-related signaling pathways,
suggesting the occurrence of gill injury after ammonia exposure.
The microstructure damage of gill tissue has been observed in
the gill of R. philippinarum after subacute exposure of ammonia,
which reinforces our assumption (Cong et al., 2017).

Ammonia excretion is augmented by acidic conditions in
the water because any NHj3 excreted into the water is rapidly
converted to and trapped as NH4" (Ip et al, 2001). There
are two potential mechanisms for this acidification, namely,
the hydration of CO, (also crossing the membrane as CO;
gas) to form H' and HCO;™ and the active transport of
protons via H* transport like V-type-HT-ATPase (VHA) and
Na®™/H*t exchanges (NHE) (Clifford et al., 2015; Tresguerres
et al., 2020). CA catalyzes the HCO;~ and HT reaction on
the gill surface, which contributes to the secretion of acid and
traps the excretion of NH4 ™ actively (Tresguerres et al., 2020).
The significant upregulation of CA genes was found in both
the tissues of TGs (Table 5). The expressions of VHA and NHE
were significantly upregulated in the gill. These results confirmed
that S. constricta could augment ammonia excretion by excreting
acid through H* pump, also like mudskipper Periophthalmus
magnuspinnatus (You et al., 2018). In summary, the upregulated
mRNA expression of Rh together with upregulated NKA, NHE,
and V-ATP suggested that the coordinated protective response of
ammonia excretion by NH3/NH,4 " transport proteins and acid-
trapping of ammonia by H™ transport contributed to maintain a
relatively low ammonia concentration in the body fluids during
ambient ammonia exposure in razor clam.

Detoxification of Endogenous Ammonia
via Glutamine Synthesis and Urea

Formation in Hepatopancreas

It has been reported that some fish convert excess ammonia
into low toxic compound glutamine to avoid ammonia toxicity
(Ip et al.,, 2001). The key enzymes in the pathway of glutamine
synthesis are GS and GDH. Glutamine is produced from
glutamate and NHy ™", which was catalyzed by GS. The GDH
catalyzes a-ketoglutarate and NHy™ to synthesize glutamate
(Ip et al, 2001). Hence, one mole of glutamine synthesis is
needed to consume two moles of NHy™, which is a highly
efficient choice for the detoxification of ammonia. Previous
study has shown that exposure to sublethal concentration of
NH3 could induce high activities of GS and GDH enzymes
in mudskipper Periophthalmodon schlosseri and Boleophthalmus
boddaerti (Peng et al., 1998). Exposure to ammonia also results

in significant increases in enzyme activity, protein content,
and mRNA levels of GS in liver, intestine, and muscle to
detoxify ammonia in the Chinese black sleeper Bostrichthys
sinensis (Anderson et al., 2002). In accordance with previous
results, the significant increased expressions of GS in both the
hepatopancreas and the gill in our results suggested that the
clam could also reduce the toxicity of ammonia by converting
ammonia into glutamine, although the mRNA level of GDH
showed no significant change in treatment group compared
with CG. However, a recent study showed a dramatic increase
in glutamate concentration in the hemocytes of S. constricta
exposure to ammonia coupled with an increment of relative
mRNA and protein expression of both GS and GDH (Zhang
H. et al,, 2020). Combined these results together, we believe
that it is an important protective strategy for razor clam to
convert ammonia into non- or less-toxic nitrogenous compounds
such as glutamate formation when faced high ambient ammonia
concentration (Zhang H. et al., 2020).

Accumulated ammonia could also be converted into urea
to reduce ammonia toxicity, while only a few species could
synthesize urea via the ornithine-urea cycle (Peng et al., 1998).
The urea production from ornithine cycle has usually been
suppressed in all freshwater teleosts, except for some airbreathers,
such as the tilapia fish Oreochromis alcalicus graham, which is the
only fish that can live in the high alkaline soda lake with pH 9.6-
10 (Randall et al., 1989). Besides, urea biosynthesis increases in
the estivating African lungfish Protopterus aethiopicus living in
shallow waters and burrowing beneath the substratum to survive
in estivation, as well as in Xenopus laevis under water-shortage
condition (Janssens and Cohen, 1968). Interestingly, there was a
significant increase in the urea content in the liver of P. schlosseri
after 48 h of aerial exposure, but no changes were observed in B.
boddaerti (Lim et al., 2001). Hence, these different results from
different fishes indicate that ammonia detoxification through
urea cycle is not a universal mechanism, but a unique adaptation
to some special environmental circumstances (Ip et al., 2001).
In this study, the significantly higher expression of ARG and
ASS in the hepatopancreas indicated that the pathway of urea
synthesis might have been activated in S. constricta when exposed
to high environmental ammonia. As we known, the razor clam
lives in intertidal mudflat amount of high ammonia, which place
to undergo overlying seawater changing gradually to overlying
air during low tide, particularly in summer with increased
temperature (Zhang W. Y. et al.,, 2020). Therefore, it is supported
that the retention of urea synthesis pathway contributes to the
survival of S. constricta under high ammonia stress during low
tide with the condition of extreme dry or heat. Since urea content
has not detected in this study, further investigation of this issue
is warranted.

CONCLUSION

This study carried out a preliminary analysis of the responding
mechanisms under ammonia stress in S. constricta. The higher
capacity of tolerance to ammonia was observed and the
96 h sublethal concentration of ammonia was 244.55 mg/L.
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A total of 1,415 and 306 DEGs were identified in the gill
and hepatopancreas subjected to 180 mg/L TAN for up
to 72 h. The DEGs in the gill were majorly enriched in
metabolic processes, including regulation of nitrogen compound
metabolic process, nitrogen compound transport, and amide
transport. Most of DEGs in the hepatopancreas were enriched
in oxidation-reduction process, response to stress, and amine
metabolic process. In addition, the expressions of ammonia
transport-related genes (e.g., Rh, VHA, NHE, and NKA) in
the gill were significantly changed under ammonia stress
(p < 0.05), indicating that the ammonia excretion by NH3/NH,
transport and HT transport proteins synergistically contributed
to maintain ammonia at a relative low level during ammonia
exposure. Besides, ammonia metabolism-related genes such as
GS, ARG, and ASS were upregulated in the hepatopancreas.
These results provided preliminary evidence for detoxification
of endogenous ammonia via glutamine synthesis and urea
formation in S. constricta. Furthermore, the pathways and
genes identified in this study would facilitate further studies
on the more detailed molecular mechanisms of the ammonia
detoxification in molluscs and promote molecular selective
breeding for ammonia-tolerance varieties.
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The pearl oyster Pinctada martensii is an important species for sea pearl production in
China. To explore the influence of the combination of mass selection and hybridization
on growth performance of P martensii, we established four selected groups and four
control groups (each with two within-family crosses and two reciprocal hybrid crosses)
using 1-year-old offspring of two families (Family A and Family B) from Beihai, Guangxi
Province, China. Generally, the growth of the selected group was greater than that of
the control group for both within-family crosses and reciprocal hybrid crosses. Shell
length and width were affected by genotype, environmental factors, and the interaction
between the two on Days 210 and 360. The shell widths of the four reciprocal hybrid
crosses all showed heterosis on Day 360. The four within-family crosses showed a
certain degree of inbreeding depression during the growth period. On Day 360, the
three genetic parameters for shell width of the selected group of ¢ Family B and &
Family A were the largest, with values of 0.70, 1.17, and 0.06 for realized heritability,
standard response to selection, and current genetic gain, respectively. Overall, the
growth performance of ¢ Family B x & Family A in the selected group was the best.
Therefore, the combination of mass selection and hybridization could be an effective
way to improve the growth performance of R martensii.

Keywords: Pinctada martensii, mass selection, hybridization, production performance, response to selection

INTRODUCTION

Pinctada martensii is a dioecious pearl oyster native to Guangxi, Guangdong, and Hainan provinces
in China. The pearls produced by P. martensii are called “South China Sea pearl.” P. martensii is
the most important seawater pearl-producing species in China, and it once enjoyed a worldwide
reputation. However, in recent years, the output of pearls in China has decreased significantly,
and the quality and price of pearls have continued to decline. The germplasm of P. martensii in
China is degraded seriously, with growth rate, small size, and poor secretion ability (Gu et al.,
2009; Liu et al,, 2011; Li et al., 2017; He et al., 2021). One of the most important reasons for the
problems above is the inability to provide high-quality seedlings for the industry. Therefore, the
breeding program of P. martensii is imperative. Mass selection is a frequently used and effective
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method in shellfish breeding. However, due to the destruction
of the natural environment, the wild population resources of
P. martensii are very scarce. Aquaculture currently mainly relies
on hatchery production, while the shellfish in the hatchery
can easily cause inbreeding depression due to the long-term
inbreeding (Li et al., 2017). Hybridization is an effective method
to reduce inbreeding depression. Therefore, the combination of
mass selection and crossbreeding cannot only quickly achieve the
purpose of breeding, but also reduce the decline of inbreeding.

Due to poorly developed selective breeding technology, the
global output of aquatic products after selective breeding only
accounted for 8.2% of the total aquaculture in 2010 (Gjedrem
and Rye, 2018). The genetic gain of each generation of selected
aquatic species can reach 12.5%, and the annual growth rate
can reach 5.4%. If selective breeding is applied to all aquatic
species, the world aquaculture production could be doubled
in 13 years (Gjedrem et al., 2012). Effective selective breeding
requires selection of parents with favorable phenotypes, such as
fast growth and strong stress resistance (Gjedrem and Baranski,
2009). To date, many shellfish selective breeding programs
initially selected parents from wild populations (Li et al., 2011;
Zhao et al., 2012; Dégremont et al., 2015; Du et al., 2015; He,
2016; Barros et al., 2018), which have high genetic diversity and
are easy to adapt to the environment due to natural selection
(Zhao et al., 2020). However, some shellfish breeding programs
have used advantageous breeding groups that are selected from
laboratory strains as the basic populations (Li, 2012; Huo et al.,
2015; Wang et al., 2020).

Mass selection and hybridization are common and effective
approaches that have been widely used for genetic improvement
of aquaculture animals. The advantage of mass selection for
highly fertile aquatic animals is that strong selection pressures
can be applied to them (Gjedrem and Baranski, 2010). Results
from challenge test experiments on animals from family
selection can be highly consistent with results from natural
experiments, but the former are more expensive to conduct
(Gjedrem and Rye, 2018). Mass selection is also a lower-
cost alternative to family selection (Dégremont et al., 2015).
Dégremont et al. (2015) reported that after four generations of
mass selection for the Pacific oyster Crassostrea gigas, resistance
to the ostreid herpesvirus 1 and the growth rate of each
generation improved gradually. However, the growth rate of
offspring selected from a suitable environment will not show a
significant advantage compared with the control group in an
unsuitable environment (Deng et al., 2009a; Zhao et al., 2019,
2020). Crossbreeding, which uses dominant parents to produce
offspring with heterosis (Newkirk, 1980), is one method that
may improve profitable traits. Crosses between inbred lines
can also reduce the increased inbreeding coefficient of multiple
generations of inbreeding and at the same time increase genetic
diversity. Huo et al. (2015) selected two families with the fastest
growth rate from 45 full-sib families of the clam Ruditapes
philippinarum and applied a certain intensity of selection to
self-crosses and crosses. The hybrid offspring showed obvious
signs on growth at the age of 30-90 days. Thus, the growth
advantage conferred by increasing the selection intensity of
highly fertile species followed by hybridization may improve

production performance. Researchers have carried out a series
of breeding programs on P. martensii, including mass selection
(Deng et al, 2009b; Wang et al., 2011), cross breeding (Gu
et al,, 2011), and molecular marker assisted breeding (Shi et al.,
2009). Through these studies, new varieties of P. martensii
with genetic advantages, such as “Haixuan No. 17 (Du et al,
2015), “Haiyou No. 1” (Li, 2012), and “Nanke No. 1”7 (He,
2016), have been cultivated. These new varieties have the
characteristics of fast growth, large shell width, and a strong
secreting ability.

In this study, we combined mass selection and hybridization
to evaluate the growth parameters of the selected groups and
the control groups, as well as the inbred and hybrid groups.
We calculated the heterosis and inbreeding depression based on
measurements of shell length and width and estimated values for
several genetic parameters for shell width of the selected groups.

MATERIALS AND METHODS

Base Stock and Intensity of Selection

In March 2019, we established 27 families using three new
varieties of P. martensii (Haiyou No. 1, Haixuan No. 1, and
Nanke No. 1). In April 2020, the 1-year-old offspring of these
27 families were transported from the culture sites to Guangxi
Comprehensive Test Station Hatchery of the National Shellfish
Industry Technology System at Guangxi Academy of Fisheries
Sciences. The shell width of specimens from the 27 families was
measured using a vernier caliper (accuracy 0.01 mm), and the
two families (named Family A and Family B) with the largest
mean shell width were selected as the parent population for
our experiment. The parents of Family A were @ Haixuan No.
1 and & Nanke No. 1, and the parents of Family B were @
Nanke No. 1 and ¢ Haiyou No. 1. Seven bags of offspring
were randomly selected for each family. After removing the dead
individuals and those with irregularly shaped shells, there were
1,075 individuals in Family A and 1,025 individuals in Family B.
We used a vernier caliper (accuracy 0.01 mm) to measure the
shell width of all individuals from the two families, and then
the top 12% of individuals with the largest shell width from
each family were selected as the selected groups (named SA and
SB, respectively). Additionally, 100 individuals were randomly
taken from each family to serve as the control groups (named
CA and CB, respectively) before selection. Due to different
levels of gonadal development, we actually used 112 individuals
from Family A and 120 individuals from family B during the
experiment. Figure 1 and Table 1 show the shell width frequency
distribution, selection cutoff points, and intensity of selection (i)
of the two families.

Establishment of Crosses

Oocytes from females were obtained by dissecting gonads and
gathering them into a 50 L bucket filled with filtered sea water.
Impurities such as tissue fragments were filtered out with a 100
pm mesh screen. For each line, egg suspensions were mixed
well and divided equally into six 10 L buckets. A few drops
of ammonia (2-3 mM) (Ohta et al., 2007) were added and the
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TABLE 1 | Shell width (mean =+ SD) of base populations and selected group parents, cutoff points,

and selection intensity of R martensii.

Items Base population shell width (mm) Cutoff point (mm) Selected parents Selection intensity
Sire Dam Shell width (mm)

Family A 19.12+£1.93 22.59 61 51 2243 +£1.01 1.72

Family B 18.04 + 1.82 20.05 68 52 20.99 £ 0.91 1.62

TABLE 2 | Mating strategy of 2 martensil to 3-5 individuals mL~!. The density of each group was

Parents o SA o SB oCA ocB ad]us-ted regularly during cultivation to ghmlnate the effect of
density. The larvae were fed on Isochrysis galbana before they

ISA SAA SBA - —  reached a size of 110-120 pm. As the spat grew, Chaetoceros

oSB SAB SBB - —  muelleri and Platymonas subcordiformis were added to the diet.

gCA - - CAA CBA  Feeding was gradually increased from 3,000 to 50,000 cells

gCB - - CAB CBB

buckets were set aside. Oocyte maturity was monitored during
the process of oocytes soaking. Semen was extracted from the
gonad of each male with a pipette and then divided equally into
six 1 L beakers. According to Qin et al. (2018), after the germinal
vesicle breakdown ratio of the oocytes reached 100%, a few drops
of ammonia were added to the seminal fluid, and the sperm
activity was observed immediately. Eggs were examined to rule
out the occurrence of uncontrolled fertilization before formal
fertilization. When we observed that most of the sperm were
activated, an appropriate amount of seminal fluid was poured
into the oocyte fluid for fertilization to produce two within-family
crosses and two reciprocal hybrid crosses for both the selected
groups and the control groups. Table 2 shows the mating strategy,
and the experiment was conducted in triplicate for each group.
The fertilized eggs were pooled and placed in a 1 m® beaker
for hatching at a density of 10-20 eggs mL~!. The temperature
of the hatching water was maintained at 28°C, and the salinity
was kept at 30 ppt.

Larval Rearing, Spat Nursery, and
Grow-Out

The fertilized eggs developed into D-veliger larvae in about
16 h. Larvae were collected after being passed through a 40
pm nylon screen, and the density of each group was adjusted

mL~! day~!. The proportion of the three phytoplankton species
was 1:1:1. The water was completely exchanged with filtered
seawater once a day.

The spat from each group were gathered into polyethylene
mesh bags with a 2 mm aperture at a density of 120-150
individuals/bag when the shell length of juveniles was about 2—-
3 mm. They were then transferred to three culture sites in Beihai
in Guangxi Zhuang Autonomous Region. The three culture
sites were named Zhulin (Z), Huolu (H), and Qingshantou (Q)
(Figures 2a,b). The mesh bags at Zhulin were hung on a floating
raft in a large pond (Figure 2c). The mesh bags at Huolu and
Qingshantou were suspended from off-bottom piles, which were
located in the shoal offshore (Figure 2d). The biofouling on the
mesh bags was removed regularly to prevent it from affecting
the flow of seawater through the bags. The mesh bags were
changed periodically as the oysters grew. The density of oysters
in the mesh bags was adjusted to avoid the influence of density
on the experiment.

Evaluation of Growth Performance

The shell length of oysters in each cross was measured on Days
9, 45, 210, and 360, and the shell width was measured on
Days 210 and 400. The shell length on Day 9 was measured
with a micrometer under a microscope (10x), and the other
measurements were made using an electronic vernier caliper
(accuracy 0.01 mm).
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FIGURE 2 | Culture sites and methods. (a,b) The three culture sites used in this study; (c) oyster hanging culture at Zhulin; (d) oyster off-bottom cultures at Huolu

and Qingshantou.
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Statistical Analyses
Differences in the growth parameters on Days 9 and 45 among
the different groups were analyzed by multiple comparisons
using a one-way analysis of variance of the means. The
growth parameters on Days 210 and 360 among the different
groups were analyzed by multiple comparisons using a two-
way analysis of variance of the means. The shell length and
shell width were log transformed to ensure normality and
homoscedasticity. All statistical analyses were performed using R
software Version 3.6.3 for Windows. P < 0.05 was considered to
be statistically significant.

To evaluate the effects of the genotype and environmental
factors on the growth of P. martensii, a two-factor analysis of
variance was used as Zhang et al. (2007):

Vi = 0 + Gi + Ej + (G X E)jj + ek

where Yjj is the mean shell length or shell width at Days 210 and
360 of the k replicates, i genotype, and j site; G; is the genotype
effect on the mean shell length or shell width at Days 210 and 360
(i = 1, 2); Ej is the environmental effect on the mean shell length
or shell width at Days 150, 210, and 360 (j = 1, 2, 3); (G x E);j is the

interaction effect between the genotype and the environmental
factors; and ejjk is the random observation error (k =1, 2, 3).
Heterosis (H%) was calculated using the following formula

Eq. 1):
(Eq. 1) (Fi - M)
M,

H% = x 100 (1)

where F is the mean shell length (shell width) of the reciprocal
hybrid crosses, and Mp is the mean shell length (shell width) of
within-family crosses.

According to Falconer and Mackay (1996), the intensity of
selection was calculated as the difference in mean shell width
between the selected parents and the base population divided by
the standard deviation of the population. The realized heritability
(h%R) was calculated following as Hadley et al. (1991):

=tk ®)
io¢

According to Wang (2017), Eq. 2 was adjusted to Eq. 3 to
calculate the realized heritability of the reciprocal hybrid crosses
for a selected group:

2 Xs_Xc

R — . .
%(ll +i2)o.

3)
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where Xg and X are the mean shell width of offspring in selected
and control groups, respectively; o is the standard deviation of
control offspring; and i is the intensity of selection (i; for Family
A and i, for Family B). The standard response to selection (SR)

was estimated as Zheng et al. (2006):

Xs — X,

SR=—"—- )

O¢
Current genetic gain (GG) was calculated following Zheng

et al. (2006):

X, — X,
GG(%) = SX € x 100 (5)

C

The magnitude of inbreeding depression (ID) was calculated
using the following equation (Zhang et al., 2020):

(Px — Sx)
X

Sy % = x 100 (6)
where 3y is the estimate of ID for family X; Sx is the
mean phenotypic value of offspring from within-family crosses;
and Py is the mean phenotypic value of offspring from
reciprocal hybrid crosses.

RESULTS

Growth Parameters of Different Groups
Figure 3 show the growth of shell length and shell width,
respectively, in the different groups. The growth rates of each
group differed, and the differences began to appear during the
larval stage (Day 9). On Day 9, the shell length of the SAB group
was the largest at 103.41 & 9.95 pm, which was significantly
larger than that of the other groups (P < 0.05) (Figure 3A).
On Day 45, the shell length of the SAA group was the largest,
followed by that of the CAA group. The difference between these
two groups was not statistically significant (P > 0.05), but their
values were significantly higher than those of the other groups
(P < 0.05) (Figure 3B).

During the grow-out stage, both shell length and width were
significantly affected by genotype, environmental factors, and
the interaction of genotype and environmental factors (Table 3).
Among the three sites, the shell length of each group was smallest
at Zhulin, and the shell lengths of the SBA group on Days 210
and 360 were the largest among the groups within a given site
(Figure 3C). The shell width of each group was the smallest at
Zhulin on Days 210 and 360. With the exception of the SAB group
at Qingshantou on Day 210, which had a smaller shell width than
that of the CAB group, shell widths were always larger in selected
groups than in the control groups. On Day 210, the groups with
the largest shell widths at Zhulin, Huolu, and Qingshantou were
SBA (9.15 &+ 1.69 pm), SAA (11.74 + 2.03 pm), and SBB (12.71
pwm), respectively. On Day 360, the shell width of the SBA group
was the largest at all three sites (Figure 3D).

Heterosis
Table 4 shows the heterosis results of shell length and shell width
for each cross. In general, from the larval stage to the grow-out

stage, the heterosis of the selected groups first decreased and then
increased, whereas the control groups decreased, increased, and
then decreased again. Shell length did not show heterosis in the
CAB group (H% = -0.26%), but all of the other crosses exhibited
heterosis at the end of the experiment. The shell width of each
cross showed heterosis on Day 360, and the SBA group had the
largest value (H% = 26.12%).

Inbreeding Depression

Table 5 presents the results of ID analysis. During the
entire growth period, the growth of the four within-family
crosses showed varying degrees of ID. Values ranged from
6.01 to 7.18% in the larval stage (Day 9), but none of
the four within-family crosses showed ID by the juvenile
stage (Day 45). On Day 210, the shell lengths of the two
selected groups exhibited ID values of 2.76% (SAA) and
5.16% (SBB). The shell widths of all but the SBB group
showed ID. At the end of the experiment (Day 360), the ID
rates for shell length (6.37%) and width (6.61%) were largest
in the SBB group.

Shell Width Genetic Parameters

Table 6 shows the realized heritability, standard response to
selection, and current genetic gain values for shell width for
the four selected groups during the grow-out stage (Days 210
and 360). The three genetic parameters for the reciprocal hybrid
crosses all increased, whereas they decreased for the within-
family crosses. On Day 210, the values of the three genetic
parameters were highest in the SAA group and lowest in the SAB
group, whereas on Day 360 the values were highest in the SBA
group and lowest in the SAA group.

DISCUSSION

According to New (1991), aquaculture production may have
to increase to 63 million tons in 2025 to meet the expected
demands. The future needs for aquatic products cannot be
met without a substantial increase in aquaculture production
because the harvest of many wild stocks has come close to
or exceeded the limits of sustainable exploitation (Bentsen and
Olesen, 2002). Genetic improvement and domestication are
proven routes to increasing agricultural productivity (Hedgecock,
2011). The results of our study indicated that the shell length
and width of almost all selected groups were greater than those
of the corresponding control groups from the larval stage (Day
9) to the adult stage (Day 360), regardless of mating method
or culture site, but the differences were not all statistically
significant. The initial selective trait in this study was shell width,
so the shell length advantage of the selected groups may be
due to the strong correlation between shell length and width
of P. martensii. Additionally, the operation methods were the
same throughout the experiment at a given site, which suggests
that the differences in growth between the selected groups and
the control groups were caused by genetics (changes in gene
frequency caused by selection).
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FIGURE 3 | The shell length and shell width of each group of P martensii at different ages and sites. The different letters at each age indicate significant differences
among groups (P < 0.05). (A) Shell length on Day 9, on the horizontal, 1 for SBA, 2 for CBA, 3 for SAB, 4 for CAB, 5 for SAA, 6 for CAA, 7 for SBB, 8 for CBB; (B)
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360, on the horizontal, 1 for Day 210 at Zhulin site, 2 for Day 210 at Huolu site, 3 for Day 210 at Qingshantou site, 4 for Day 360 at Zhulin site, 5 for Day 360 at
Huolu site, 6 for Day 360 at Qingshantou site; (D) shell width on Day 210 and 360, on the horizontal, 1 for Day 210 at Zhulin site, 2 for Day 210 at Huolu site, 3 for
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TABLE 3 | One-way analysis of variance showing the differences in growth parameters among different groups (Days 9 and 45) of P martensii.

Group Sources df Shell length Shell width
MS F P MS F P
Day 9 7 2123.456 32.333 <0.001***
Day 45 7 8.165 28.560 <0.001***
Day 210 G 7 453.860 17.448 <0.001*** 63.184 19.806 <0.001***
E 2 7481.858 287.629 <0.001*** 1231.346 385.980 <0.001***
GxE 14 168.838 6.491 <0.001*** 16.635 5.214 <0.001***
Day 360 G 7 696.755 23.802 <0.001*** 155.362 43.328 <0.001***
E 2 17802.111 608.132 <0.001*** 3209.583 895.102 <0.001***
GxE 14 389.451 13.304 <0.001*** 11.977 3.340 <0.001***

Two-way analysis of variance showing the effects of genotype (G) and environmental factors (E) on growth (Days 210 and 360). ***Indicates P < 0.001.

When planning a selective breeding program, the genotype-
environment interaction is one of the important factors that must
be considered. The selection led to changes in gene frequency,
which in turn led to changes in genotypes, and different
genotypes had different sensitivity to the environment. Therefore,
the interaction may be related to the sensitivity of different

genotypes to the environment (Falconer and Mackay, 1996).
Genotype-environment interactions are common in shellfish
culture, which may reflect poor control of the environment by
shellfish (Evans and Langdon, 2006). Thus, in future breeding
projects, we can choose genotypes that are less sensitive to
the environment and/or we can breed strains that adapt to
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TABLE 4 | Heterosis values for growth of reciprocal hybrid crosses of P martensii (SL: shell length; SW: shell width).

Group Day 9 SL (%) Day 45 SL (%) Day 210 SL (%) Day 360 SL (%) Day 210 SW (%) Day 360 SW (%)
SBA 10.96 —8.96 6.55 9.44 6.75 26.12

SAB 18.38 —20.20 —-2.32 6.54 -3.17 16.59

CBA 21.69 —42.31 8.51 7.27 13.50 8.59

CAB 9.79 —36.68 15.68 —0.26 19.58 13.97
TABLE 5 | Inbreeding depression of growth for within-family crosses of P martensii (SL: shell length; SW: shell width).

Group Day 9 SL (%) Day 45 SL (%) Day 210 SL (%) Day 360 SL (%) Day 210 SW (%) Day 360 SW (%)
SAA 6.01 —13.68 2.76 —0.54 0.47 1.20
SBB 6.42 —6.75 5.16 6.37 —0.01 6.61

CAA 6.22 —40.33 -8.77 —2.41 7.42 —1.69

CBB 7.18 —29.80 —2.39 3.94 3.97 2.54

specific environments. In this study, the shell length and width of
P. martensii were significantly affected by genotype-environment
interaction. We found that the growth of each group at the
Zhulin site at each time point was the slowest. The Huolu
site and Qingshantou site were more suitable for pearl oyster
aquaculture than the Zhulin site. This may be due to the low
frequency of seawater exchange and the deposition of harmful
substances, which make this site unsuitable for the rapid growth
of P. martensii.

Throughout the experimental period, only spat at the juvenile
stage (Day 45) did not show heterosis, whereas other stages
exhibited a certain degree of heterosis. On Day 360, all reciprocal
hybrid crosses except for the CAB group showed heterosis for
shell length. The emergence of heterosis indicated a difference
in gene frequency between the two families (Zhang et al., 2017).
Maintaining two or more populations with different genetic
bases as parents for reciprocal crosses is considered to be a
good choice for selective breeding, as it may produce heterosis
(Goyard et al., 2008). The parents used in this study were the F;
generation of two families that are characterized by rapid shell
width growth. The parents of the two families were @ Haixuan
No. 1 x ¢ Nanke No. 1 and @ Nanke No. 1 x & Haiyou
No. 1. These three new P. martensii varieties were generated
through multiple generations of breeding. Although they are
more suitable for artificial breeding than other populations and
have the advantageous traits that aquaculturists expect, they
may have lost most of the allelic variability available in the
wild. Nevertheless, when multiple new varieties are used to
generate crosses with each other, the F; generation is guaranteed
to be hybrid because the parents are unrelated. We have
already observed heterosis (unpublished data) during the growth
of the offspring of these two families. However, because the
offspring of each family were produced by a pair of parents,
the simple use of the dominant family for mass selection may
cause ID. Therefore, we first selected offspring from the two
families and then used the selected population to cross and
observe the growth of the hybrid offspring. Ultimately, the
target traits of the two families were the same, and whether
their offspring will show reduced diversity as a result remains
to be determined.

TABLE 6 | Realized heritability (h?5), standardized response to selection (SR), and
current genetic gain (GG) of selected groups of R martensii.

Group 210 360

h2g SR GG (%) h?g SR GG (%)
SBA 0.45 0.76 11.61 0.70 117 16.35
SAB 0.12 0.20 7.92 0.46 0.77 12.60
SAA 0.74 1.27 28.13 0.24 0.42 6.18
SBB 0.52 0.85 19.16 0.41 0.66 8.79

Inbreeding is harmful to most organisms and leads to a
reduction in fitness (Falconer, 1989). According to Evans et al.
(2004), any amount of inbreeding may cause phenotypic ID.
In our study, the within-family crosses in both the selection
and control groups showed ID. During the entire experimental
period, most of reciprocal hybrid crosses performed better than
all within-family crosses. This result showed that although we
exerted great intensity of selection on pearl oysters, ID is likely
to be one factor that affects the growth performance of within-
family crosses. ID can be explained by the hypotheses of partial
dominance and over dominance (Kristensen and Sorensen,
2005; Zheng et al., 2008, 2012). Deleterious recessive effects are
also thought to be a major reason for ID (Charlesworth and
Charlesworth, 1999). ID is often more obvious in the early stages
of animal development and relatively weak in the later stages
(Bierne et al., 1998; McCune et al., 2002; Escobar et al., 2008;
Anderson and Hedgecock, 2010; Plough and Hedgecock, 2011).
This may be because harmful genes are eliminated with the
death of individuals in the early stages of development. This
phenomenon is manifested in organisms with high fertility. In
our study, all within-family crosses exhibited ID at the larval
stage (Day 9), whereas the opposite was observed for the juvenile
stage (Day 45). This may be because during development, slow-
growing individuals were prone to death, while the surviving
individuals grew faster, and therefore, showed obvious inbreeding
advantages in the juvenile stage. Taris et al. (2007) reported
similar results for Pacific oysters. As the offspring grew, ID did not
disappear but the degree was different, which may also be related
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to high mortality during the larval stage. For both the selected
and control groups, the ID of the BB group was highest during the
entire experimental period, which may be related to the degree of
ID of the parents.

Several researchers have estimated genetic parameters for
growth of adult P. martensii after mass selection. After Wada
(1986) conducted three generations of mass selection on
P. martensii, the realized heritability values of shell length and
width were 0.47 and 0.35, respectively. He et al. (2006) reported
that the shell length genetic gain of the first generation was 3.91%.
He et al. (2008) conducted mass selection on P. martensii, and
the genetic gain of shell height at harvest was 15.86% and the
realized heritability was 1.065. Deng et al. (2009b) found that
the 360-day-old shell length genetic gain of P. martensii was
16.6%. Wang et al. (2011) reported that the third generation
breeding population of P. martensii had a genetic gain of
13.27 and 13.83% for shell length and height at 360 days,
respectively. On Day 360 in our study, the shell width genetic
gain of P. martensii was in the range of 6.18-16.35%. The
genetic gain of the two reciprocal hybrid crosses was larger
than that of the two within-family crosses. The reason for
the lower genetic gain of the two within-family crosses may
be related to ID because the offspring were all born from a
pair of parents. When harvesting, the realized heritability of
shell width ranged from 0.24 to 0.70. Like genetic gain, the
realized heritability of reciprocal hybrid crosses was greater
than that of within-family crosses. Only the realized heritability
of the SAA groups was lower than the result reported by
Wada (1986), which may be because we only carried out one
generation of selection. From Days 210 to 360 in our study,
the realized heritability of shell width for reciprocal hybrid
crosses increased, indicating that the breeding program was
effective because of the significant additive genetic variation
(Dégremont et al.,, 2015). Newkirk (1980) predicted that the
genetic improvement of shellfish will be between 10 and 20% per
generation. Heritability values above 0.20 indicate that genetic
improvement can be easily achieved through the application of
selective breeding programs (Newkirk et al., 1977; Falconer and
Mackay, 1996).

In summary, we found that using two families as the base
populations for mass selection successfully improved the growth
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Aquaculture is a rapidly growing industry that brings huge economic benefits.
Genome-wide association study (GWAS) is critical for aquaculture species’ productivity,
sustainability, and product quality. The current integrated GWAS pipeline either includes
only specific limited steps or requires a complex prerequisite environment and
configurations. In this study, we developed AquaGWAS, a highly user-friendly graphical
user interface (GUI) GWAS pipeline, by integrating four well-known GWAS models.
AquaGWAS is a complete GWAS pipeline from preprocessing, multiple choice of GWAS
models, postprocessing to visualizations. AquaGWAS offers GUI easy running on Linux
and automatically generates running command lines for high-performance computing
(HPC) or non-GUI servers. AquaGWAS is free from installation, configurations, and
complicated augment inputs. It offers whole packages of required reference files for
27 common aquatic species. Furthermore, aiming at the issue that the availability of
genomic reference sequences limits single-nucleotide polymorphism (SNP) detection,
we attempted to detect SNPs in Pacific abalone using classical alignment-based
reference-required strategy and k-mer-based reference-free strategy combined with
downstream AquaGWAS. On 222 resequencing data of Pacific abalone, two strategies
detected 221,061 and 230,213 variants, respectively, with 180,161 common variants.
The two strategies emphasized different variant situations: capturing variants missed by
incomplete or inaccurate reference genomic sequence (k-mer-based) and capturing the
indel variants having the baseline of genomic sequence (alignment-based). Combining
the two strategies offers a complementary framework to obtain the accurate and
complete GWAS analysis for non-model organism species. AquaGWAS is available
at https://github.com/Ying-Lab/AquaGWAS.
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GWAS Pipeline for Aquatic Animals

INTRODUCTION

Genome-wide association study (GWAS) effectively identifies
genotypic variants associated with particular phenotypic traits.
Lots of related tools have been developed to improve the
efficiency of GWAS analysis. However, many tools were designed
using a specific model or for a certain processing step, which
led to fussy file format conversions between various interfaces
and frequent switches among different running environments
(C/C++, Python, R, etc.). In contrast, the integrated pipeline,
such as iPat (Chen and Zhang, 2018), HAPPI GWAS (Slaten
et al., 2020), either prerequire a JAVA environment or includes
only a single GWAS model, and the complicated augments
and options in command lines limit the feasibility for non-
computational researchers.

Aquaculture is a rapidly growing industry that brings
huge economic benefits (FAO, 2017). GWAS, which is used
for exploring molecular markers and mechanisms related to
traits, is critical to improving aquaculture species’ productivity,
sustainability, and product quality. Meanwhile, species-specific
single-nucleotide polymorphism (SNP) arrays are still not widely
used for aquaculture species. In most cases, species were
sequenced and aligned to reference genomic sequence and
then genotyped using a vcf format file (Jiang et al, 2019;
Wu et al, 2019). Three obstructions limit the feasibility of
the GWAS study: (1) Most marine biologists have a limited
background in modeling and bioinformatics. At the same
time, it is hard for them to switch among different running
environments, convert fussy file formats, and handle command
lines with complex augments and different models. (2) Due
to the diversity of aquaculture species, there is no common
data format and there are a few available public databases. In
that way, annotation and reference information requires extra
manual operations. (3) A large amount of non-model aquaculture
animals, novel species, or species are hard to detect SNPs because
of lack of reference genomes or incomplete genome. Therefore,
it is necessary to develop environment-friendly software to
resolve these problems.

This study developed AquaGWAS, a highly integrated GWAS
analysis pipeline with a full reference package, including 27
aquatic species. AquaGWAS offers an easy-to-use graphic
user interface (GUI) for stand-alone Linux server running
mode and an automatic command-generator on Windows
for HPC job-submission running mode. Free from complex
installation and configurations, AquaGWAS is compatible with
various file formats and highly friendly to users with a non-
computational background.

Furthermore, to implement GWAS analysis for aquaculture
species without a reference genome or only with an incomplete
genome, we attempted to detect SNPs for Pacific abalone Haliotis
discus hannai using classical alignment-based reference-required
strategy and k-mer-based reference-free strategy. The two
strategies were implemented using AquaGWAS combined with
upstream alignment-based [Bowtie2 (Langmead and Salzberg,
2012) SAMtools and BCFtools (Danecek et al., 2021)] and k-mer-
based [DISCOSNP (Uricaru et al., 2015)] pipelines. Based on 222
genomic resequencing data of Pacific abalones, the two strategies
detected 221,061 and 230,213 variants, respectively, with 180,161

common variants. The detected variants belonged to 2,048 and
2,068 genes, respectively, with 2,046 common gene resolutions.
The two strategies were highly consistent in both gene and

nucleotide resolutions. With MWR (w) and SLW

Wet weight
( Shell length
Shell width
common-associated SNPs using AquaGWAS. The two strategies
have clear advantages and limitations due to their basic principle

and have explicit complementation during the GWAS analysis.

) as traits, the two strategies captured four and five

MATERIALS AND METHODS

Data Acquisition of the Pacific Abalone

The Pacific abalone used in this study contained a total of 222
individuals randomly selected from 10 families (Peng et al., 2021).
Two growth-related traits (the ratio of foot muscle weight divided
by wet weight, MWR, and the ratio of shell length divided by
shell width, SLW) were measured and calculated after 2.5 years of
culture. The genotypic data were generated using whole-genome
sequencing (WGS) technology. Sequence reads for each sample
were quality controlled using an in-house Perl script with a total
of 2,408.162 Gb clean data remaining. The average sequencing
depth for each sample was 7.75%.

Framework of AquaGWAS

Currently, AquaGWAS integrates widely used GWAS tools
within a GUI on Linux to perform a complete GWAS analysis
pipeline for aquatic animals using various SNP files, vcf,
ped/map, tped/tfam, and bed/bim/fam as inputs. AquaGWAS
contains five functional modules: (1) GWAS; (2) linkage
disequilibrium (LD) decay analysis; (3) visualization with
principal component analysis (PCA), Manhattan plot, and
quantile-quantile (Q-Q) plot; (4) gene structural annotation; and
(5) gene functional annotation. After integrating the reference
sequences, structural annotation, and function annotation
information from 27 aquatic species, AQquaGWAS can implement
the complete GWAS analysis for these aquatic species without
extra reference databases.

The framework of AquaGWAS is shown in Figure 1. The
input to AquaGWAS was phenotype data and SNP information
data. The SNP information data, generally containing genotype
and map, were compatible with the following commonly used file
formats: (1) vcf, (2) ped/map, (3) tped/tfam, and (4) bed/bim/fam.
Quality control (QC) was performed for SNP input files. The
optional files included covariate and kinship files, which would
be the additional information for GWAS analysis models and
postprocessing for gene structural or functional annotation,
respectively. The output included p-values of SNPs, Manhattan
plot, Q-Q plot, PCA plot, LD decay plot, and the following
structural annotations and functional annotations.

Implementation of AquaGWAS

The GWAS of AquaGWAS offered a linear model and a
regression model from PLINK (Purcell et al., 2007), a linear
mixed model (LMM, also called MLM) from GEMMA (Zhou
and Stephens, 2012), and an efficient mixed-model association
(EMMA) from EMMAX (Kang et al, 2010). Meanwhile, QC
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was achieved through PLINK. The PopLDdecay (Zhang et al.,
2018) and GCTA (Yang et al, 2011) were used for LD
decay analysis and PCA analysis of AquaGWAS, respectively.
Regarding the structural annotation, it was achieved using
Annovar (Wang et al, 2010). In addition, the gffread and
gtfToGenePred (Pertea and Pertea, 2020) helped to automatically
generate the input file of Annovar. Then, some custom functions
were used for functional annotation to extract the response
gene annotation information directly from the gene functional
annotation database file by gene ID.

The tools integrated by AquaGWAS, such as PLINK and
GEMMA, include multiple small functions. Additionally, some of
them might not be required for GWAS analysis. In AquaGWAS,
we only integrated the required function packages and offered the
corresponding parameter options in GUI The fixed parameters
are predetermined in the code. For more flexible parameters and
options, we welcome more voices, and we will always update and
improve AquaGWAS according to the user’s feedback.

Alighment-Based Reference-Required
and k-mer-Based Reference-Free

Genome-Wide Association Study

Different from the plant and livestock, many aquatic animals do
not have genomic reference sequences or only have an incomplete
genomic sequence, which limits the accurate and complete
GWAS analysis for these species. Therefore, using Pacific
abalone as an example, we implemented classical alignment-
based reference-required GWAS (called alignment-based) and
k-mer-based reference-free GWAS (called k-mer-based) and
combined AquaGWAS with two different upstream strategies,
as shown in Figure 2. The alignment-based strategy refers to

the classical GWAS processing pipeline. It aligns the genomic
sequencing reads to reference genomic sequences using sequence
alignment tools, such as Bowtie (Langmead et al., 2009) or BWA
(Li and Durbin, 2009). The alignment results were then sorted
and filtered using SAMtools and BCFtools to call the candidate
genetic variants. The k-mer-based strategy was implemented
using DISCOSNP, which calls the candidate variants free from
the genomic reference sequence. DISCOSNP detects SNPs with a
k-mer comparison based on a de Bruijn graph. It is a directed
graph that contains all the k-mers present in the read dataset
as vertices, and all the possible (k — 1) overlaps between k-mers
as edges. Then, for each such couple of k-mers starting with
the same k — 1 length prefix, if both paths cannot be right
extended with the same nucleotide, the bubble was discarded, and
only isolated SNPs can be detected. Then, the detected k-mers
with SNPs were assembled into contigs, and the whole procedure
was free from the genomic reference sequence. The detail of
DISCOSNP can be found in the study by Uricaru et al. (2015).
The variants calling files from the above two strategies were input
into AquaGWAS for GWAS, with MWR and SLW as traits.

RESULTS

Functions of AquaGWAS

There are several functions for AQquaGWAS. First, AquaGWAS
offers the thresholds to exclude individuals with too much
missing genotype data, SNPs with too small minor allele
frequency (MAF), and SNPs with too large missing genotype
rate. Users are free to select none/some/all these parameters, and
the parameters (window size, step length, and #? threshold) for
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data filtering using linkage disequilibrium are also allowed to be
selected and set.

Second, PLINK, GEMMA, and EMMAX are integrated by
AquaGWAS for GWAS. Users can input single phenotype or
multiple phenotype files for association analysis, and the kinship
and covariates can be used as optional inputs to control false
positive analysis results. The analysis results are visualized
using the Manhattan plot and Q-Q plot. Users can also get
the results of population genetic diversity of samples and
linkage disequilibrium decay analysis, which are subsequently
implemented using GCTA and PopLDdecay, and then visualized
using PCA and LD plots.

Third, the process of annotation was divided into two
steps, structure annotation and function annotation. Among
these, the first step abstracted information of SNPs above the
threshold [-log (10-5) by default] from the vcf file and then
converted it into the file needed for gene structural and functional
annotation. Structural annotations offer exon regions such as
variant functions, types, amino acid changes, and all the genes
and positions of the mutations. Additionally, the functional
annotation is realized on the gene functional annotation database
of corresponding species.

Features of AQquaGWAS

AquaGWAS is an easy and user-friendly software for analyzing
aquatic animals with non-commonly used reference genome
databases and rare information in public databases, which makes
it difficult for analyses by regular software and pipeline. Several
features of the AquaGWAS are as follows.

First, AquaGWAS is free from any installation and
environmental configuration, which offers the executable
file to be run directly.

Second, AquaGWAS offers a user-friendly GUIL. To begin
with, encapsulating the entire tedious process, AquaGWAS
offers an intuitive parameter setting interface. Furthermore, in
AquaGWAS, users can switch among various tools smoothly and
seamlessly during the analysis process, free from complicated
file format conversions between interfaces, complicated
command lines with tedious running arguments, and file
folder switching.

Third, AQquaGWAS automatically generate a command line
in HPC. For HPC users, jobs are required to submit with
command lines, where the direct running on the graphic
interface is not available. Therefore, AquaGWAS also offers GUI
automatic command-line generator on Windows so that users
can submit the job with the generated command line on Windows
conveniently.

Finally, AQuaGWAS is compatible with various file formats.
Because different GWAS tools support various file formats,
AquaGWAS automatically converts the input file according to
the selected tool. For example, although EMMAX only supports
tped/tfam files, users can choose vcf, ped/map, or bed/bim/fam
in AquaGWAS for analysis using EMMAX through automatic
file format conversion. AquaGWAS also supports the automatic
loading of multiple files with the same prefix filename under
the same folder. For example, if the input file is of ped/map
or tped/tfam format, users can choose to input only ped or
tped file. AquaGWAS will automatically load the associated
map or tfam file under the same path with the same prefix
of the filename.

Meanwhile, because the AquaGWAS is a pipeline
that integrates the current widely used GWAS analyzing
tools, the wupper limit of the amount of running
data is determined by the selected tool during the
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AquaGWAS running and the hardware of the running
server.

Genome-Wide Association Study for

Pacific Abalone

The alignment-based and k-mer-based strategies were applied
for GWAS analysis of Pacific abalone using 222 genomic
resequencing data. Using Chromosome 1 as an example, the
alignment-based and k-mer-based methods detected 221,061 and
230,213 variants, respectively. To compare the results from the
two strategies, the contigs from the k-mer-based strategy were
aligned to the reference genome of the Pacific abalone, and
the corresponding position in Chromosome 1 was obtained.
Compared with the genetic variants from the alignment-based
method, 180,161 common variants were detected by the two
strategies, as shown in the Venn diagram in Figure 3A. The
50,052 variants detected by k-mer-based but missed from
alignment-based were partly caused by incomplete or inaccurate
genomic reference sequences. In contrast, the k-mer-based
method also missed 40,900 variants found by the alignment-
based method, which is probably caused by the structural insert

and delete due to the de Bruijn assembly errors caused by low
reads coverage, repeat sequences, and short overlaps. Considering
the genes corresponding to SNP, the intersection number of genes
detected by kmer-based (2048) and alignment-based (2068) is
2046, as shown in the Venn diagram in Figure 3B.

The variant calling files from the two strategies were
input into AquaGWAS. The k-mer-based method used
p—value < 107%and p—value < 107° to screen the
significant SNPs of MWR and SLW and obtained 10 and
6 significant SNPs, respectively. For the alignment-based
method, 11 and 8 significant SNPs were obtained by using
a p—value < 107*and p—value < 107> of MWR and
SLW. Using p — value < 107, there are 4 and 5 common
SNPs associated with MWR and SLW traits detected by both
alignment-based and k-mer-based methods, which are shown
in Figures 3C,D. The detailed analysis results are presented in
Supplementary Table 1.

To compare the variants detected by two strategies elaborately,
the contigs, including variants detected by alignment-based
strategy and the k-mers detected by variants from the k-mer-
based strategy, are aligned to the genomic sequences of Pacific
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abalone. Because a reference sequence is required, we only gave
the situations that both the k-mers and reads can be aligned to
the reference genomic sequences shown in Figure 4. The genomic
region from chromosome 1:21634620-21634760 is selected and
viewed on Integrative Genomics Viewer (IGV) (Robinson et al.,
2011). The variant in the red border is detected by both strategies.
Additionally, the variants in yellow borders are detected only
by k-mer-based strategy. The variant and insertion in the
green border are detected only by alignment-based strategy.
The two strategies emphasized different variant situations. After
tracing back to the original variant detection process, we found
k-mer-based method can capture variants missed by incomplete
or inaccurate reference genomic sequences. In contrast, an
alignment-based strategy can capture the insertion or deletion
having the baseline of genomic sequence. Therefore, the two
strategies have explicit complementation for GWAS analysis.

CONCLUSION AND DISCUSSION

The current integrated GWAS pipeline either includes only
specific limited steps or requires a complex prerequisite
environment and configurations. AquaGWAS offers GUI easy
running for stand-alone Linux servers and an automatic

command line generator for HPC or non-GUI servers.
AquaGWAS integrated complete GWAS pipeline from
preprocessing, multiple choice of GWAS models, postprocessing
to visualizations. Furthermore, AquaGWAS is highly friendly
to users of non-computational background, which is free from
installation, configurations, and complicated augments input.
AquaGWAS is compatible with various frequently used SNP file
formats and can be applied to several species, especially aquatic
animals. AquaGWAS offers whole packages of required reference
files for 27 common aquatic species to implement the express
aquaculture GWAS analysis without any extra reference inputs.

The experiment shows that the k-mer-based strategy can
capture the variants, which are missed because of the incomplete
or inaccurate reference genomic sequences. However, the k-mer-
based reference-free strategy also missed SNPs, which are found
by the classical reference-alignment strategy. The two strategies
have clear advantages and limitations due to their basic principle
and have explicit complementation during the GWAS analysis.

Our exploration not only offers an option to study
the genetic variants for non-model organism species, novel
species, or species without genomic reference sequence but
also provides a complementary framework for accurate and
complete GWAS analysis.
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This study aims to determine the genetic structure of rainbow clam Moerella iridescens in
different sea areas of China. Seventeen pairs of microsatellite primers (SSR) were used
to amplify the SSRs of rainbow clam in Lianyungang of Haizhou Bay, Chongming of
Shanghai, Ningde of Fujian, Daishan of Zhoushan, and Cixi and Wenzhou of Zhegjiang.
A total of 1,146 alleles were detected in 310 individuals from the 17 SSR loci. The
average observed heterozygosity of six populations was 0.4381—0.6139, the average
expected heterozygosity was 0.5897—0.7325, and the average Shannon diversity index
was 1.2655—1.7998. The clams exhibited rich genetic diversity, and the Fgr of the
genetic differentiation index of the six populations was 0.0470, indicating low genetic
differentiation among the populations. The results indicated that rainbow clams along
the coasts of China exhibited high diversity and low population differentiation.

Keywords: Moerella iridescens, SSR, genetic diversity, China coasts, conservation management

HIGHLIGHTS

- This study aims to determine the genetic structure and diversity of rainbow clam Moerella
iridescens in different sea areas of China.

- The clams exhibited rich genetic diversity and the Fsr of the genetic differentiation index of the
six populations was 0.0470, indicating low genetic differentiation amongst the populations.

- The results indicated that rainbow clam along China coasts exhibited high diversity and low
population differentiation.

INTRODUCTION

The rainbow clam Moerella iridescens is an economically important small-sized marine clam due
to its delicious taste and high nutritional value. The clam is mainly distributed on the West Pacific
coast and northern Australia. In recent years, the rainbow clam has been increasingly used as
high-valued seafood and is preferred by consumers of China, and the output of the rainbow
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TABLE 1 | Sampling time, place, and sample size of rainbow clam.

Stock LYG CM ND zs CX wz

Sampling time 2012-10 2012-10 2012-10 2012.10 2012-10 2012-10

Number of samples 50 50 50 50 50 50

Sampling site Sanyang harbor, East beach, Xiabaishi, Sansha Datian Bay, Cixi Sanbei shoal, Simon Island,
Haizhou Bay Chongming Island Bay in Fu’an Daishan, Zhoushan Hangzhou Bay Yueqing Bay

GPS E119.2835 E122.0058 E119.6263 E122.2095 E121.4337 E121.2031
N34.7996 N31.5316 N26.7948 N30.2888 N30.2998 N28.3229

A 54

30°N

28°N

120°E

122°E 124°E 126°E

FIGURE 1 | Sample collection map of rainbow clams in coastal China.

clams mainly comes from marine fishing. However, in the
past 2 vyears, the development of the shrimp and crab
aquaculture industry and the overfishing of wild rainbow
clams have exacerbated the destruction of the habitat of
rainbow clams. Moreover, the status of genetic diversity of the
germplasm resources of rainbow clams remains unclear. Thus,
the protection of rainbow clam resources is of great importance.
Several authors have explored the biological characteristics and
morphological differences of rainbow clams (Ji et al., 2007;
Lv et al, 2012). To date, however, reports on the genetic
diversity and relationships among clam populations are limited
(Xu et al., 2016).

Microsatellites, also known as simple repetitive sequences
(SSRs), present the advantages of co-dominance, single locus,
high polymorphism, and easy operation and can be screened
from different populations to complete genetic diversity
studies (Cui et al., 2011). Microsatellite marker technology has
been widely used in the structural analysis of the population
genetics of aquatic animals, e.g., the rainbow trout (Zhao et al.,
2010), the scallop Patinopecten yessoensis (Chang et al., 2007),

and the triangle pearl Hyriopsis cummingii (Bai et al., 2015).
So far, few reports are available on the genetic diversity
of the population of rainbow clams. In the present study,
the genetic diversity of six populations of rainbow clams
in Lianyungang, Chongming Island, Ningde, Zhoushan,
Cixi, and Wenzhou was analyzed by using microsatellite
markers. The results obtained can provide a scientific basis for
assessing germplasm resources and genetic diversity protection
of rainbow clams.

MATERIALS AND METHODS

Materials

Rainbow clams were collected from the six coastal mudflats,
namely, Lianyungang Haizhou Bay (LYG), Chongming Island
Dongtan (CM), Ningde Fu’an (ND), Zhoushan Daishan (ZS),
Hangzhou Bay Cixi (CX), and Wenzhou Yueqing Bay (WZ).
Fifty samples were randomly obtained from each population.
Information on the samples collected is presented in Table 1
and Figure 1. The sampled rainbow clams were stored at
—70°C until analysis.

Microsatellite Primer

The M13 (—21) wuniversal primer sequence of 5'-
TGTAAAACGACGGCCAGT-3' reported by Schuelke (2000)
was adopted in this study to elongate short primers for economic
consideration in genotyping. We used two fluorescent labels,
FAM and HEX, for forwarding primes, which were abbreviated
as FAM-M13 and HEX-MI13. Nineteen SSRs were used for
PCR, and the information of these primers is shown in
Table 2.

Method

Total DNA was extracted with the sodium dodecyl sulphate
(SDS) phenol-chloroform method and according to the detailed
protocol for the DNA extraction as previously described by
Li et al. (2020). The PCR system and program in this
study was done as previously described by Zhang et al
(2019). Specifically, the used PCR system consisted of 1 pl
of template DNA (about 30 ng), 2 pl of primer mix, 1 pl
of universal fluorescent primers, 10 pl of 2 x Taq PCR
Master Mix (TaKaRa, Dalian, China), and 6 pl of ddH,O
to form a total volume of 20 pl. The PCR program was
as follows: pre-denaturation at 90°C for 5 min, 30 cycles,
denaturation at 94°C for 3 min, annealing at 53°C for 1 min
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TABLE 2 | Microsatellite primer information.

SSR Repeat motif Sequence (5'-3)* Size of original fragment/bp (Tm)/°C
HGZ2 (AC)17(CA)11 F: TGAGGTGGAATGAGTTAC 124 45
R: TAAGTTCGGATGACAAAG
HGZ3 (GT)22 F: ATGGGAGACAACTCGCTAC 353 52
R: CTGTCACAACGGCAATCT
HGZ6 (TG)4 F: GGGCCAAATCAGGGAATG 103 58
R: AGCAGGAAACGCAGCACA
HGZ9 (AC)9(AC)7(CA)7 F: CAGCCTGGGCAACATAGT 116 53
R: TAGGACCACAGGTAAGCATC
HGZ10 (GTB(GT)8(GT)6 F: AGGTAGGGCGTGAAGGAA 193 55
R: GCAAAATCGACCCTACTACATA
HGZ14 (CAB F: ACTAGTACGTGAAGATTAGCCAA 338 55
R: GAGGCGATACTCATAATGTTCA
HGZ17 (AC)26(CA)21 F: ATGAGAGAGCGACAGAATG 150 50
R: TAGAGGCTCCCTAAATGG
HGZ22 (GA19(AG)12 F: TTTCCACTTCGCACATTG 196 52
R: CTCGCACAAACAAATGAAC
Mir8 GM15 F: GTAGGTTTGGCATGGCTTTGTAGC 124 64
R: ACCATTGAGGGCTCGTCTGAATTAT
Mir12 (AG)16 F: TCACCAGAAAGGAGACCGTAAAAGT 120 63
R: CTACGGATTTCGCAGTGAAAATGT
Mir13 (AC)15 F: GCAACACAACGAGAGTG 116 47
R: ACAACAAACAACAAAGAAAT
Mir14 (CN4 F: ATCGTTGGGGCATTCTAGTTTTCT 83 62
R: GGGTATAATAATTTTGAAACGCAGC
MH19A (TG)28 F: GTGAGCAGGAATCAAAGGTG 105—-145 55
R: CTCCGCTCTGTTTGCCTAT
Mi44A (TG)B1 F: CCTCGGAGACCATTCGCTAC 85-101 52
R: TGCTTTTCTATGACAACCCT
MW33A (TG)13TA(TG)5(CG)2TGCG F: TTCCTATCCTTACCCTTG 111-171 48
R: CTGACTGGAAACTCAACAC
MW15A (CA)24 F: GATCAAAATTGACAAGGCT 88-150 46
R: AAGACAAACACGGATGGT
MX39C TGTT(TG)B(GG)AGT F: CCCAACCAGAATAATACCA 200-220 48
R: TCCAACAAAGGAATACGATA
MY36B (TG)7(GG)3 F: CCGTTGGTAAAGACGATAT 251-283 58
R: TGGTTGCGAGTTGGACAC
MZT46B (TG)75 F: GACATAAAGGTTGTAGGGA 151-283 46
R: ATGGTAGTGATGATGCTTG

*Primers of forward sequence tailed with universal M13 (—21) sequences (5'-TGTAAAACGACGGCCAGT-3') at their 5" ends.

and at 72°C for 30 s, and a final extension at 72°C for
10 min at the end of the cycle. The PCR products were
subjected to capillary electrophoresis, and the electrophoresis
patterns were genotyped by GeneMapper 3.7 and Peak
Scanner software.

Data Processing

Pop32 software was utilized to calculate the number of
effective alleles (Ne), expected heterozygosity (He), observed
heterozygosity (Ho), and gene flow (Nm = 1— Fgsr/4 Fsr,
where the Fgr represent genetic differentiation index), genetic
distance (Ds), and Shannon diversity index (Raymond and
Rousset, 1995). Population clustering was analyzed using the
unweighted pair-population method with arithmetic means
(UPGMA) of the MEGA 3.0 software. Analysis of molecular
variance (AMOVA) was performed using Arlequin 3.11software,

and the genetic diversity and genetic differentiation index (Fsr)
were computationally analyzed.

RESULTS

Genetic Diversity of the Rainbow Clam
There were 1,146 alleles that were successfully detected from the
genomes of rainbow clam population via 17 SSR loci scanning
in the six populations. Despite this, the HGZ22 in the Wenzhou
population failed to be amplified by PCR. Except for the alleles
detected at the two loci of HGZ2 and HGZ14, the remaining
alleles were highly polymorphic loci, which indicated that the 17
microsatellite loci could be used to study the population genetics
of rainbow clam (Table 3).

The average number of alleles among the 17 loci in the
six populations was 5.5000—22.5000 (17 loci average, 11.9039),
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TABLE 3 | Genetic diversity of six populations of rainbow clams.

Pop SSR MH19A Mid4A MW15A MX39C MY36B MZT46B HGZ3 HGZ6 HGZ9 Mir8 Miri2 Miri4 HGZ10 HGZ17 HGZ22 Miri3 MW33A Mean
ZS Sample No. 96 100 100 98 84 96 100 100 100 96 96 94 96 92 10 14 34 83
Na 17 7 20 18 27 6 19 3 10 10 21 21 5 7 5 9 13 12.8235
Ne 7.5789  3.3003  4.1391 32035 17.9086 2.3226 8.7260 1.1064 5.6243 58701 7.1888 4.3829 1.6317 2.0564 3.8462 6.5333 9.6333 5.5913
Ho 0.8542 0.9600 0.6200 0.8980  0.2619 0.8958 0.0400 0.0600 0.8800 0.8125 0.9583 0.8085 0.0000 0.2174 0.2000 0.4286 0.1765  0.5336
He 0.8772  0.7040 0.7661 0.6949  0.9555 0.5754 0.8943 0.0972 0.8305 0.8384 0.8700 0.7801 0.3912 0.5194 0.8222 0.9121 0.9234  0.7325
/ 2.3251  1.3946  1.9772 1.8728  3.0815 1.01569 25069 0.2322 1.9486  1.9286 2.4370 2.0440 0.8046 1.0947 1.4708 2.0449  2.4172 1.7998
ND  Sample No. 78 92 96 98 78 86 98 98 98 100 96 94 100 96 54 50 50 86
Na 18 8 30 10 15 24 8 14 2 8 9 10 21 5 5 7 7 9
Ne 11.7000 2.9782 11.1036 2.7805 18.2156 2.3012 55514 1.0416 52082 3.6928 3.3932 3.8518 1.3951 1.4908 4.7032 4.4326 5.6306  5.2630
Ho 0.7692 1.0000 0.8333 0.8163  0.4615 0.9767 0.0204 0.0408 1.0000 0.9800 0.9583 0.7447 0.0000 0.1042 0.0000 0.0000  0.0000  0.5121
He 0.9264 0.6715 09195 0.6470 0.9574 0.5721  0.8283 0.0404 0.8163 0.7366 0.7127 0.7483 0.2861 0.3327 0.8022 0.7902  0.8392  0.6839
/ 2.6503 1.3328 2.8777 1.6638  3.0326 1.0217  2.0495 0.0996 1.75643 1.5876  1.4903 2.0490 0.6114 0.7219 1.7032 1.6550 1.9249  1.6603
CX  Sample No. 90 100 100 96 82 88 98 100 100 94 100 98 100 94 58 96 26 89
Na 22 5 30 18 28 5 11 4 15 11 6 18 7 5 14 8 9 12.7059
Ne 11.3764 4.0750 6.7843 52364 15.0089 1.9979 24984 1.3369 6.8871 71143 29656 3.0703 1.8997 2.0771 8.7604 2.7560  6.1455  5.2935
Ho 0.9111  1.0000 0.9400 0.9167  0.6585 0.7045 0.7755 0.0000 0.9400 0.9362 0.9600 0.6735 0.0600 0.4255 0.1084 0.3542 0.0769 0.6139
He 0.9223 0.7622 0.8612 0.8175  0.9449 0.5052 0.6059 0.2545 0.8634 0.8687 0.6695 0.6813 0.4784 0.5241 0.9014 0.6439 0.8708 0.7162
/ 27154 14715 25566  2.2264  2.9907 0.8671 1.3413 0.5388 2.2126 2.0765 1.2420 1.7969 0.9429 1.0515 2.3665 1.2693 2.0008  1.7451
CM Sample No. 108 120 114 112 90 116 116 120 120 120 118 92 110 118 36 48 28 99
Na 21 5 17 15 25 9 11 5 11 8 22 10 4 4 10 17 9 11.9412
Ne 12.7615 2.3614  4.3995  2.1261 8.8621 23168  1.4771 1.4682 3.9067 51173 6.0592 1.6067 2.0481 1.6927 7.0435 14.0488 7.6863  4.9989
Ho 0.9815 1.0000 0.3333  0.4464  0.4667 0.5690 0.1207 0.3500 0.9167 0.9500 0.7797 0.0870 0.0000 0.0678 0.1111  0.1250  0.1429  0.4381
He 0.9303 0.5814 0.7795 0.5344  0.8971 0.5733 0.3258 0.3216 0.7503 0.8113 0.8421 0.3817 0.5164 0.4127 0.8825 0.9486  0.9021 0.6701
/ 2.7482  0.9969  1.9305 1.4246  2.6834 11756  0.8329 0.6585 1.6460 1.7885 2.3283 0.9337 0.9241 0.7746 2.1073 2.7358 2.1138  1.6355
WZ  Sample No. 100 98 96 56 82 76 96 100 100 100 100 56 96 94 - 12 12 85
Na 23 12 18 10 9 8 2 5 8 9 10 3 4 2 - 5 5 12.3648
Ne 11.5207 3.6051  7.1331 1.6049 1.4038 2.3442 16528 1.5494 4.3365 5.3022 3.1250 1.1979 2.0907 1.2605 - 45000  4.8000 3.8135
Ho 1.0000 1.0000 0.8333 0.3214  0.1220 1.0000  0.0000 0.3200 0.9600  0.9000 0.9600 0.0357 0.0000 0.0638 - 0.0000 0.1667  0.5102
He 0.9224 0.7301 0.8689  0.3838  0.2912 0.5811  0.3991 0.3582 0.7772 0.8196 0.6869 0.1682 0.5272 0.2089 - 0.8485 0.8636  0.6266
/ 27197 16343 22915 09778  0.7424 1.0546  0.5841 0.7232 1.6415 1.7577 1.3815 0.3456 0.8837 0.3609 - 1.5607 1.5890 1.6135
LYG ~ Sample No. 98 100 94 100 72 86 94 100 100 92 100 100 100 90 48 88 30 88
Na 21 5 20 16 29 5 4 2 17 18 4 20 3 10 13 13 14 12.5882
Ne 12.0957 3.9777 4.6456  2.0080 18.6475  1.9091 1.58314 1.0202 10.0402 10.2470 2.5316 2.7397 2.0358 3.1395 7.0675 2.7172 11.8421 5.7762
Ho 0.8571 1.0000 0.8085  0.5200  0.8056 0.3488 0.3830 0.0200 0.7000  0.6957 0.9600 0.6600 0.0000 0.2000 0.0417 0.2727  0.1333  0.4945
(Continued)
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TABLE 3 | (Continued)

HGZ10 HGZ17 HGZ22 Miri3 MW33A Mean

Mir12 Mir14

Mir8

HGZ9

HGZ6

MH19A Mi44A MW15A MX39C MY36B MZT46B HGZ3

SSR

Pop

0.6786
1.6941
88.3

0.9471
2.5520

0.8768 0.6392

0.6891

0.5139
0.8030

0.6414
1.7503

0.6111

0.9123
2.5504
100.3
10.6667
6.2240
0.8791
0.8312
1.9482

0.9095

2.5136
103.0

10.5000

0.3507 0.0200
0.6279 0.0560

0.4818
0.9262
91.3

0.9597
3.1140

0.5071
1.3773

9
14.5000 22.1667

0.7562  0.7932
2.0706
100.0

0.9268
2.7247

He

1.5439
51.3

1.4816 2.2518

1.0406

101.7
12.0000

1.41565
101.7

30.0
9.5000
7.6230
0.1161
0.8910
2.0996

41.2
5.5000 9.4000 9.8333

97.3
1.9528

100.3

89.0
13.6667 7.3333

2.8082
0.5016
0.5668
1.4866

103.0
9.1667 5.5000

100.3

81.3

3.3

95
20.3333 7.0000 22.5000

11.1722  3.3830

0.8955
0.9176
2.6472

Sample No.

Mean

11.9039
5.1287
0.5171

9.5000
2.1986
0.7491
0.5482
1.0102

Na

6.2842 5.8313

1.8502
0.0100
0.4522
0.8283

4.2106
0.9294
0.7321
1.6533

6.0005
0.8995
0.8245
1.9528

1.2538

3.5729
0.2233 0.1318

13.3411

2.8266
0.6531
0.5975
1.56905

6.3675
0.7281
0.8314
2.2840

Ne

0.1798 0.0912 0.1968
0.4478 0.8570 0.7971

0.9142

0.4627
0.8343
2.6074

0.9933
0.7009

Ho

0.6847
1.6914

0.5674 0.1820

He

1.8016

1.9799

1.3238 0.3847

1.3743

Ne, the number of effective alleles; Na, observed number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; I, Shannon’s Information index.

the Ne was 1.2538—13.3411 (average, 5.1287), the Ho was
0.0100—0.9933 (average, 0.5171), the He was 0.1820—0.9176
(average, 0.6847), and the Shannon diversity index was
0.3847—2.6472 (average, 1.6914).

The average number of alleles of the six populations
was 8.3125—12.8235, the Ne was 3.8135—5.7762, and the Ho
was 0.4381—0.6139 (average, 0.5121). Among the populations
studied, the Ho of CX was the highest, whereas the Ho of CM
was the lowest. The average He was 0.6266—0.7325 (average,
0.6847). The Zhoushan population was the highest, whereas
the Wenzhou population was the lowest. The average Shannon
diversity indices were 1.7998 (ZS), 1.7451 (CX), 1.6603 (ND),
1.6941 (LYG), 1.6355 (CM), and 1.2655 (WZ). These results
showed that, although the genetic diversities of the six wild
populations of rainbow clam were different, the overall genetic
diversity was high (Table 3).

Phylogenetic Relationships of the Six
Populations of Rainbow Clams

Analysis of Molecular Variance

Analysis of molecular variance (AMOVA) of the six different
geographical populations of rainbow clams showed that 4.70%
of their genetic variation could be derived from the population,
while 95.30% of their variation was from within the population.
The Fgsr of the populations was 0.0470, indicating that the
degree of genetic differentiation among the populations was
low (Table 4).

Genetic Distance

The Ds among the six populations of rainbow clam was
0.0668—0.3020. The Ds between the Wenzhou and Zhoushan
populations was the largest (0.3020), and their genetic
relationship was far. In contrast, the Ds between the Lianyungang
and Cixi populations was the smallest (0.0668), and their genetic
relationship was relatively close (Table 5).

Genetic Differentiation Index and Gene Flow

Among those of the different populations, the Fsr between the
Chongming and Zhoushan populations was the highest (0.0790),
whereas that between the Cixi and Lianyungang populations was
the lowest (0.0185). The Nm values between the Lianyungang and
Cixi populations and those between the Ningde and Zhoushan
populations were 13.2635 and 10.4019, respectively. The Nm
between the Chongming and Zhoushan populations was 2.9146.
The total Fsr between populations was 0.04702. Fsr < 0.05
indicates a low degree of genetic differentiation, which, in turn,
reveals rich genetic diversity. The overall differentiation degree
among populations was low (Table 6).

Cluster Analysis

Based on the genetic distances among the populations, a
clustering map was constructed using the UPGMA method of the
MEGAS3.0 software. The six populations of rainbow clam could be
divided into the following three branches: LYG and CX in the first
branch, CM and WZ in the second branch, and ZS and ND in the
third branch (Figure 2).
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TABLE 4 | Analysis of molecular variance among six populations of rainbow clam.

Source of variation d.f. Sum of square Variance component Percentage of variation (%)
Among populations 5 100.815 0.16327 Va 4.70

Within populations 614 2031.833 3.30917 Vb 95.30

Total 619 2132.648 3.47245

Fixation Index

Fsr: 0.04702 (P < 0.05)

TABLE 5 | Nie’s unbiased genetic distance of six populations of rainbow clams.

Populations zs ND CX LYG CM wz
z8

ND 0.1196

CX 0.1680 0.1921

LYG 0.2157 0.2540 0.0668

CM 0.2297 0.1986 0.1160 0.1140

Wz 0.3020 0.2292 0.2204 0.2185 0.1228

TABLE 6 | Genetic similarity coefficient and gene flow between six populations
of rainbow clams.

Populations zs ND CX LYG CMm wz

zS e 10.4019  6.0283 3.7538 29146  3.4532
ND 0.0235 e 4.9507 3.3291 3.6003  6.2250
CX 0.0398 0.0481 e 13.2635 6.1635 7.1116
LYG 0.0624 0.0699 0.0185 b 5.4267  5.7052
CM 0.0790 0.0649 0.0390 0.0440 o 9.2629
Wz 0.0675 0.0386 0.0340 0.0420 0.0263 e

Genetic similarity coefficient above the diagonal, gene flow below the diagonal.
The symbol **** represents blank values.

LYG
cX CM
w2z
D, zs
0.02
FIGURE 2 | Rainbow clam six populations of unweighted pair-population
method with arithmetic means (UPGMA) trees.

DISCUSSION

Genetic differentiation index (Fsr) is an important parameter
for measuring the degree of genetic differentiation in a
population. A large Fgr value indicates a high degree of

differentiation between populations. No differentiation exists
when Fgr is 0—0.05, moderate differentiation is observed
when Fgr is 0.05—0.15, high differentiation is obtained when
Fgr is 0.15—0.25, and great differentiation is found when
Fgr > 0.25 (Hartl and Clark, 1997). In this study, the Fsr of
the six populations under study was 0.047 (<0.05). Overall,
the differentiation between the populations was minimal at
best. However, the Fgr values of the ZS—LYG, ZS—CM,
ZS—WZ, LYG—ND, and CM—ND populations were in the
range of 0.0624—0.0790 (0.05), which indicates that moderate
genetic differentiation existed between the Zhoushan and each
of the Lianyungang, Chongming, and Wenzhou populations
and between the Ningde and each of the Lianyungang and
Chongming populations of rainbow clams. Nm can indicate the
degree of genetic differentiation in a population. If Nm < 1,
genetic differentiation occurs among populations. If Nm > 1,
genetic differentiation is relatively low. If Nm > 4, genetic
differentiation is very low (Ratnaningrum et al., 2017). The results
of AMOVA showed that the Nm values among the six populations
of rainbow clams lay between 2.9146 and 13.2635, and the
Nm values among the ZS—LYG, ZS—CM, ZS-WZ, LYG—ND,
and CM—ND populations were greater than 1 and less than 4.
These results indicate low genetic differentiation among these
populations. In the present study, the sampling area of rainbow
clams was distributed in the Yellow Sea and East China Seas.
LYG and CM are in the Yellow Sea with a geographical distance
(about 1,000 km coastline), and no differentiation between these
populations was observed (Fsy = 0.0040 < 0.05). Although the
geographical distance between the Chongming and Zhoushan
populations is close, the Yangtze estuary is situated between them.
The inflow of the Yangtze River lowers the salinity of the seawater
and, hence, obstructs the passage of larvae and hinders gene
communication to some extent (the Nm for CM—ZS is 2.9146).
Therefore, moderate genetic differentiation occurs between the
CM and ZS populations (Fsy = 0.0790). Xu et al. (2016) analyzed
the population morphology and genetic diversity of rainbow
clams from Zhejiang and revealed that the Zhoushan population
has great variation from the Yueqing, Taizhou, and Wenling
populations (Gst = 0.2479). The present study also indicated
that genetic differentiation occurred in the Zhoushan population
(Fst = 0.2479), which was consistent with Xu et al. (2016), who
showed that the Zhoushan population of rainbow clams presents
moderate genetic differentiation.

This study also found that the degree of genetic differentiation
between rainbow clam populations is not related to the
geographical distance. Although the geographical distance
between LYG and CX was relatively far away, the Fsr value
between the LYG and CX populations of the rainbow was
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shallow, only 0.0180 (<0.05), which indicated a lack of
genetic differentiation between the two populations. The gene
exchange between the two populations occurred frequently
(Nm = 13.2635 > 4). The inconsistency of the relationship
between the degree of genetic differentiation and geographical
distance has previously been observed in different populations
of Coelomactra antiquata. Meng et al. (2013) showed that the
population genetic differentiation between the C. antiquata
from the Southeastern Sea and that from the Yellow Sea in
Lianyungang and Rizhao is not apparent based on the results of
ITS2 and 16S rRNA for six populations of C. antiquata in the
coasts of China. By contrast, the difference between the Guangxi
and Fujian populations, which have a relatively close geographical
distance, reached the interspecies level. The real reason may be
from human activity, such as artificial farming and introduction,
but more detailed reasons remain unknown so far.

Genetic diversity, including the degree of genetic variation
and the genetic structure of the population, is an important
basis for evaluating the status of genetic resources. A higher
genetic diversity of a population results in a stronger adaptability
to the living environment and a greater potential for evolution
(Tian et al., 2013). The genetic diversity of a population is
mainly manifested in two aspects: heterozygosity and the number
of alleles (Yu et al, 2012). Many reports have explored the
genetic diversity of aquatic animals by using SSR markers.
Li et al. (2011) studied the population genetics of Portunus
trituberculatus by microsatellite markers and found an average
Ho of 0.2222—1.0000 and an average He of 0.4367—0.9099.
Li et al. (2009) used SSR technology to measure the average
Ho (0.32—0.49) of wild and cultured populations of scallops
and found an average He of 0.37—0.55. Chang et al. (2007)
analyzed the genetic diversity of five populations of scallops
P. yessoensis in China and abroad and found an average Ho
of 0.2708—0.3292 and an average He of 0.3620—0.4595 for
the five populations. Tian et al. (2013) determine the Ho and
He of four populations of Scapharca broughtonii by using the
20 microsatellite markers, and the results showed that the
ranges of Ho and He was 0.667-0.9667 and 0.6198-0.9318,
respectively. An et al. (2012) studied the genetic structure of
five wild-type populations of Ruditapes philippinarum in two
sea areas of Korea by using seven SSR markers and noted
high genetic diversity among the clams (total He = 0.813).
The results of the present study revealed that the average Ho
of the six populations of rainbow clam was between 0.4381
and 0.6139 and that the He was 0.6266—0.7325. Specifically,
the value of He was as follows: ZS (0.7325), CX (0.7162),
ND (0.6839), LYG (0.6786), CM (0.6701), and WZ (0.6266).
The average number of alleles of the 17 loci in the six
populations ranged from 5.5000 to 22.500, and the Ne was
between 1.2538 and 13.3411. The genetic diversity of the
rainbow clams was higher than those of bay scallop Argopecten
irradians and scallop P. yessoensis. This particular genetic
diversity is similar to the He of four populations of clams
T. quinquefasciatus and is lower than that of five populations of
clam R. philippinarum. Generally, the He (0.7325) of the present
study and Shannon diversity index (1.7998) were the highest in
the Zhoushan population, which indicated that the Zhoushan

population has the richest genetic diversity among the clam
populations studied.

The population differentiation of the existing rainbow clams is
not obvious, and the genetic diversity of germplasm resources is
relatively high, indicating that the effective population of rainbow
clams in nature is large enough. At present, it is not very urgent
to establish a germplasm resource reserve and its ex situ culture
technology. In the future, the monitoring and evaluation of the
germplasm resources of rainbow clams should be strengthened.

CONCLUSION

The six populations of rainbow clams all presented high
genetic diversity, which reflect the good protection and
development prospects of rainbow clam resources in China.
These results would be helpful to genetic breeding practice and
resources management.
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Marine heatwaves (MHWSs) can severely affect bivalves and ecosystems they support.
Heat shock proteins (HSPs) are a group of molecular chaperones playing a critical role
in the cellular protection and thermo tolerance and thereby constraining physiological
responses of marine bivalves to MHWs. Here, we cloned the full-length of HSP70 cDNA
from the Pinctada maximal (PmHSP70) and evaluated the expression of PmHSP70 in
pearl oysters under acute and repeatedly occurring MHWSs conditions. The full-length
of PmHSP70 is 2,474 bp, containing an ORF of 1,956 bp encoding 655 amino acids
with a predicted molecular weight of 71.23 kDa and 5.26 theoretical isoelectric point.
Under the scenario of acute MHWSs, the expression of PmHSP70 was significantly highly
expressed at 32 and 36°C, and reached the highest at 12 and 72 h, respectively,
indicating that pearl oysters rapidly up-regulated the expression of HSP70 in response
to MHWSs. In the repeatedly occurring MHWSs scenario, the thermal response of pearl
oysters was alleviated, as best exemplified by significantly lowered expression levels of
PmHSP70. Therefore, we speculate that long-term and repeated MHWSs can alleviate
the thermal stress of pearl oysters. This finding is encouraging and will provide us with
meaningful insights into the acclimation of marine bivalves to extreme environments in
the future.

Keywords: Pinctada maxima, PmHSP70, extreme weather events, acclimation, climate change

INTRODUCTION

Marine heatwaves (MHWs) are prolonged discrete anomalously climatic events that can last
for days or longer (Hobday et al., 2016). Since 2011, MHWSs have been retrospectively and
contemporaneously observed in the world’s oceans and now are recognized to become more
frequent, intense and longer-lasting over a wide range of spatio-temporal scales (Holbrook et al.,
2020). Although MHWs can be short-term and discrete events, they can have devastating impacts
on marine ecosystems (Smale et al., 2019). Accumulating evidence indicates devastating impacts
of MHWs on marine organisms, especially sessile species such as corals (Fordyce et al., 2019;
Rendina et al., 2019) and mollusks (Caputi et al., 2016; Chandrapavan et al., 2019; Zhao et al., 2019;
Amorim et al., 2020; Scanes et al., 2020) because they must endure anomalously high seawater
temperatures during MHWs events. Stress responses caused by seawater temperature sudden
changes due to MHWs can affect the innate immune system of marine bivalves (Nie et al., 2017;
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Rahman and Rahman, 2021). Sessile marine bivalves are
vulnerable to heatwaves because they cannot physically remove
themselves and seek refuge (Portner, 2001; Somero, 2005),
and several studies have demonstrated that MHWs causes
the mass mortality events in mytilid mussels such as Mytilus
californianus (Harley, 2008), M. galloprovincialis (Petes et al.,
2007), and M. edulis (Seuront et al., 2019). In response to
the challenges associated with temperature changes caused
by MHWSs, some aquatic organisms employ biochemical,
physiological, and molecular mechanisms for self-protection at
extreme temperatures (Dong et al., 2020), such as increasing the
activity of enzymes and up-regulating the expression of HSPs
genes (He et al,, 2021; Xu et al., 2021, 2022).

Heat shock protein (HSP) expression is a key cellular
mechanism of acclimation to environmental temperature
fluctuations (Bedulina et al., 2013). Under thermal stress, HSPs
perform critical protein-stabilizing functions (Tomanek and
Somero, 2002) and thus play a crucial role in the development of
thermotolerance (Clegg et al., 1998). HSP is a type of conservative
family protein (Hu et al., 2012), playing an important role in
protein folding and biosynthesis as a molecular chaperone
(Zhang and Xie, 2019). Among HSPs, the proteins of molecular
mass 70 kDa, termed heat shock protein 70 (HSP70), are
the most abundant and highly conserved type of protein
(Hassan et al.,, 2019). HSP70 is an important biomolecule for
biological resistance, and is most sensitive to environmental
degradation. When the cells of the organism are stressed by
the external environment, it interacts with many key regulators
of signal transduction pathways to control cell homeostasis,
proliferation, differentiation, and cell death (Mayer and Bukau,
2005). In particular, HSP70 proteins play an important role
in the adaptation of poikilothermic organisms to adverse
environmental (Evgen’ev et al., 2007).

Pinctada maxima is an important economic species and is
widely distributed in coastal areas such as Australia and the
South China Sea (FAO, 2014; Xu et al., 2021). The “South China
Sea” pearls cultivated from P. maxima are widely popular in the
world because of the large diameter, thick nacre and beautiful
(Jones et al., 2013). The Beibu Gulf is a hot spot for MHWs
in the South China Sea (Zhang et al., 2020). However, in the
context of global climate change and intensified human activities,
the duration, frequency and intensity of MHWSs have increased
sharply in recent decades (Li et al., 2019; Yao et al., 2020; Liu
et al.,, 2021). The coastal waters where pearl oysters live have
undergone unprecedented changes, especially MHWs posing a
great threat to the survival of P. maxima. Although studies have
been conducted to evaluate the effects of temperature on the
expression level of HSP genes in some marine invertebrates (Park
et al,, 2015; Chen et al., 2018; Liu et al., 2018; Zhao et al.,
2020), little is known about thermal resistant gene expression
responses of the P. maxima to MHWs. Therefore, it is particularly
important to explore the molecular mechanism of pearl oysters’
adaptability to MHWs.

In this study, we cloned the full-length of HSP70 by
RACE technology, and then evaluated the tissue expression
specificity of HSP70 and expression when exposed to acute
and repeatedly occurring MHWs. We also attempted to

discover the role of HSP70 in thermal resistance ability
and plasticity during the process of MHWs acclimation in
P. maxima. To clarify the potential contributions of HSP70
in P. maxima to against environmental stress. The results
of this study provide useful information on the response
of P. maxima to MHWs, and this information can be
used to improve the ability of pearl oysters to withstand
such adverse environments as MHWs in an aquaculture
environment.

MATERIALS AND METHODS

Experiment Design and Sample

Collection

The pearl oysters P. maxima (1-year-old; 34.69 £ 5.25 mm shell
length, 3.33 & 0.99 g wet weight) were collected from the Liusha
Bay, Beibu Gulf, South China Sea. After arriving in the laboratory,
they were carefully cleaned to remove epiphytes on the shell
surface and then temporarily cultivate in the laboratory to
acclimate to laboratory conditions. The gills (Gi), hepatopancreas
(He), mantle (M), and adductor muscle (A) were selected from
five healthy individuals for gene tissue distribution, and the
tissues were quickly frozen in liquid nitrogen and then stored in
a refrigerator at —80°C until RNA extraction.

In order to explore the impact of MHWSs on HSPs, we adopted
the definition of MHWSs by Hobday et al. (2016), who defined
the MHWs event is considered a long-term discrete abnormal
warm water event, which can be described in terms of intensity,
duration, spatial scope, and evolution speed. The specific
experimental design is shown in Xu et al. (2022). Specifically,
the temperature of 24°C represents contemporaneously annual
average sea surface temperature in the Beibu Gulf as control
group, and temperature regimes of 28, 32, 36°C correspond to
instrumental data recorded during periods of MHWs (Yao et al.,
2020; Zhang et al., 2020). In the MHWSs experiment, the pearl
oysters experienced two MHWs stimulation and two recovery
scenarios (Figure 1). In the acute MHWSs experiment, 5 gills in
each group were carefully dissected at 6, 12, 24, and 72 h after
the temperature stabilized. During repeatedly occurring MHW s
experiments, the gills of 5 individuals were sampled at 3, 7,
10, and 14 days in repeatedly occurring MHWSs experiments,
and immediately placed in liquid nitrogen and stored at —80°C
pending analysis.

Total RNA Extraction and First-Strand
cDNA Synthesis

The total RNA was extracted from the tissues using the
Trizol Reagent (Invitrogen, United States) according to the
manufacturer’s instructions. The RNA quantity, purity and
integrity were verified by 1% agarose gel electrophoresis and
Nano Drop ND1000 ultraviolet spectrophotometer. Preparing
5'RACE and 3'RACE templates according to the instructions
of SMARTer™ RACE cDNA Amplification kit follow the
instructions of Reverse Transcriptase M-MLV (RNaseH) to
synthesize cDNA templates for RT-qPCR.
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FIGURE 1 | Overview of the experimental design illustrating MHWSs scenarios

varying in frequency and intensity. Green line indicates the temperature regime

designated in the control and color intensity of red lines represents the

intensity of temperature regimes designated under MHWs conditions.

TABLE 1 | Primers used in the study of PmHSP70.

Primer Primer sequence (5'-3') Function
HSP70-F GGAGACTGCTGAGGCTTACTTAGG Middle clone
HSP70-R TTGCTAATACTCTGGACTACTC Middle clone
5-HSP70-outer GCTTGTGTGCTGGATGACAGGGTT 5'RACE
5-HSP70-inner CGCCAACCTTCTTATCCAGACCGT 5'RACE

3'-HSP70-outer ACACAGACCTTCACAACATACTCCGACA 3'RACE

3'-HSP70-inner GCTGCCCCAGGAGGTGGAAGTGAT 3'RACE
UPM (long) CTAATACGACTCACTATAGGGC RACE
AAGCAGTGGTATCAACGCAGAGT

UPM (short) CTAATACGACTCACTATAGGGC RACE

NUP AAGCAGTGGTATCAACGCAGAGT RACE

M13-47 CGCCAGGGTTTTCCCAGTCACGAC PCR detection of
colony PRC

M13-48 AGCGGATAACAATTTCACACAGGA PCR detection of
colony PRC

HSP70-qF ACCCCAGATTGTGGTGACCTTCG RT-PCR

HSP70-gR TATTCCTGTTTGTATTTTTCGGC RT-PCR

Bactin-F CGGTACCACCATGTTCTCAG Reference gene

Bactin-R GACCGGATTCATCGTATTCC Reference gene

The partial sequence of HSP70 was obtained from the
P. maxima transcriptome database (data of our research group),
and we used Primer Premier 5 software to design specific
primers (Table 1). Using RACE technology to obtain 3'- and
5’-ends sequences, polymerase chain reaction amplification was
performed for intermediate fragment verification. The amplified
products were detected by 1% agarose gel electrophoresis. The
target gene fragments separated and purified by the purification
and recovery kit were connected to the PMD19-T vector and
transformed into DH5a competent cells. The positive cloned
bacteria were selected by LA (containing ampicillin Apm +)

and sequenced by Sangon (Sangon Biotech, Shanghai, China).
Then the 3’- and 5'-RACE PCR fragment sequences were aligned
to assemble the full nucleotide sequence of the pearl oysters
putative HSP70 cDNA. The resulting sequences were verified by
the amplification of the whole full length and further subjected to
cluster analysis.

Bioinformatics Analysis

The full-length sequence of PmHSP70 was spliced with
DNAMAN. The ORF Finder' in the NCBI database was used
to predict the open reading frame and amino acid sequence
of the PmHSP70. The physical and chemical properties were
determined by Expasy-ProtParam online tool’ and ExPASy-
ProtScale’ for amino acid hydrophilicity analysis, use PSITE-
Search for Prosite patterns with statistics’ for predicting amino
acid sub-basic functional sites. SignalP 4.1° predict amino acid
sequence signal peptide and domains were identified with
SMART® with the three-dimensional structure built with the
SWISS-MODEL’. The similarity analysis of nucleotide and
protein sequence was carried out using NCBI online BLAST,?
and then Clustal W was used to compare multiple sequences of
PmHSP70 protein. A phylogenetic tree was constructed using
MEGA 6.0 software.

Relative Quantitative Real-Time PCR

Analysis

Total RNA was extracted using Trizol reagent (Invitrogen,
United States) in accordance with the manufacturer’s
instructions. c¢DNA was synthesized using PrimeScript
RT Reagent Kit (TaKaRa, Dalian, China). RT-qPCR was
conducted using a Roche LightCycler 480 RT-PCR system with
SYBR(R) Premix Ex Taq™ (TOYOBO, Japan) following the
manufacturer’s protocol. The reactions were carried out in a
total volume of 10 pL containing 5 pL of SYBR mixture, 0.4
L cDNA, 3.8 pL of ddH,O, 0.4 KL of forwarding primer, and
0.4 LL of the reverse primer (Wang et al., 2019). The comparative
Ct method (27 2¢") was used to analyze the relative expression of
these genes by taking B-actin as an endogenous control.

Statistical Analysis

All data were analyzed using the software SPSS 22.0. Shapiro-
WilK’s test and Levene’s F-test were, respectively, performed
to examine the normal distribution and homogeneity of
experimental data. Two-way analysis of variance (ANOVA) was
applied to test whether and how various MHWSs scenarios
stimulated in duration, frequency and intensity significantly

Thttp://www.ncbi.nlm.nih.gov/orffinder/
Zhttp://web.expasy.org/protparam/

Shttp://web.expasy.org/protscale/
“http://linux1.softberry.com/berry.phtml?topic=psite&group=programs&
subgroup=proloc

Shttp://www.cbs.dtu.dk/services/Signal P/
Chttp://smart.embl-heidelberg.de/
"https://swissmodel.expasy.org/interactive
8https://blast.ncbinlm.nih.gov/Blast.cgi
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1 aagcagtggtatca tacatgggacacacgtgattggtgat tA teg
71 cagaagagtgtggaacaacagaagaaaaattaaggetcgataaatttttcttcaaataggcttgcaaa

139 @AGT 'AAAGGAATAGCCATTGGTATCGATCTTGGCACCACATATTCCTGTGTGGGAGTC
1 MSKGTIATIG CVGYV

169 TTTCAGCATGGTAAGGTAGAAATTATCGCCAACGACCAAGGAAATCGTACAACGCCCAGC
21 FQHGKVETITANDOQOQGNRTTEPS

229 TACGTCGCCTTCACTGATACAGAGAGGTTAATTGGAGATGCTGCCAAAAACCAGGTGGCT
41 YVAFTDTERTLTIGDAAKNAQVA

289 ATGAACCCAACAAACACAATCTTTGATGCCAAGCGACTGATCGGCAGAAAGTTTGAAGAT
61 MNPTNTTIFDAKRLTIGRIKTETETD

349 CCAGCTGTACAATCTGATATGAAACATTGGCCATTCACTGTCGTCAATGAAAGTTCCAAG
81 PAVQSDMEKHWPFTVVNESSK

409 CCAAGAATCAAAGTCGACTATAAAGGAGAAACGAAGACTTTCCTGGCAGAGGAGGTATCC
101 PRIKVDYKGETE KTEFLAEEVS

469 TCAATGGTCCTTACTAAAATGAAGGAGACTGCTGAGGCTTACTTAGGAAAGACAATAAAC
121 SMVLTKMEKETAEAYLGKTTIN

529 AACGCTGTTGTCACAGTACCTGCATACTTTAACGATTCCCAGAGACAAGCTACAAAAGAT
141 NAVVTVPAYFNDSQROQATKTD

589 GCCGGTACAATCTCTGGTCTGAACGTTCTACGTATCATCAACGAACCTACAGCTGCTGCT
161 AGTTISGLNVLRTITINEPTAAA

649 ATTGCTTACGGTCTGGATAAGAAGGTTGGCGGTGAACGTAACGTACTGATCTTCGACTTG
181 I AYGLDEKZKVGGETRNVTL

709 GGAGGAGGAACTTTTGATGTATCAATCTTGACCATCGAGGACGGTATATTTGAGGTGAAA
201 TIEDGTIFEVEK

769 TCAACATCTGGTGACACACATCTTGGTGGGGAAGACTTTGACAACAGAATGGTCAATCAT
221 STSGDTHLGGETDFEFDNRMYVNH

829 TTCATCCAAGAGTTCAAACGTAAACACAAGAAAGACATTTCTGACAATAAGAGAGCCGTA
241 FIQEFKRKHKEKDTI SDNEKRAV

889 CGACGTCTACGCACAGCATGCGAGAGGGCAAAGAGAACCCTGTCATCCAGCACACAAGCT
261 RRLRTACERAKRTLSSSTQ QA

949 AGTGTAGAAATTGATTCTTTATTTGAGGGTATTGATTTCTATACCAGCATCACCAGGGCC
281 SVEIDSLEFEGIDEFYTJSTITTRA

1009 AGGTTCGAGGAACTTAATGCAGATTTATTCAGGGGAACATTGGAACCTGTAGAGAAAGCT
301 RFEELNADLEFRGTLEPVETKA

1069 TTAAGAGATGCCAAGATAGACAAGGCACAGATCCATGATATCGTACTGGTTGGAGGGTCG
321 LRDAKTIDEKAQTIHD

1129 ACAAGAATTCCCAAAATACAGAAATTGCTGCAAGATTTTTTCAATGGCAAAGAGTTGAAC
341 LLQDFFNGKETLN

1189 AAATCTATTAACCCAGATGAAGCGGTAGCCTACGGTGCAGCCGTGCAGGCAGCCATTTTG
361 KSINPDEAVAYGAAVQAATITL

1249 TCTGGTGATAAATCGGAGGAGGTACAGGACTTGCTGCTGTTGGACGTGGCACCTCTGTCA
381 SGDKSEEVQDLLLLDVAPLS

1309 CTAGGTATAGAGACCGCCGGTGGTGTCATGACCTCCCTCATCAAGAGGAATACCACCATC
401 LGIETAGGVMT SLTIEKRNTTTI

1369 CCCACCAAACAAACACAGACCTTCACAACATACTCCGACAATCAACCTGGGGTACTCATT
421 PTKQTOQTPFTTYSDNQPGVLTI

1429 CAGGTATATGAAGGAGAAAGAGCTATGACCAAAGACAACAATCTACTAGGGAAGTTTGAG
441 QVYEGERAMTIEKDNNTLLGE KTEFE

1489 CTGACAGGCATTCCCCCCGCCCCCCGTGGTGTACCCCAGATTGAGGTGACCTTCGATATC
461 LTGIPPAPRGVYPQIEVTTEFTDTI

1549 GATGCTAATGGTATCATGAACGTTTCAGCTGTAGACAAGAGCACGGGCAAGGAAAACAAA
481 DANGIMNVSAVDEKSTGKENK

1609 ATTACCATCACAAACGACAAAGGTCGTCTCAGCAAGGACGAGATCGACAGAATGTTGAGT
501 I TITNDKGRTLGSKDETLIDRMLS

1669 GAAGCCGAAAAATACAAACAGGAAGATGAAAAACAGAAGGATCGTATCACGGCCAAGAAC
521 EAEKYKXKOQEDEZKOQEKDTRTITAZKN

1729 GGCCTGGAGAGCTATGCCTTCAACATGAAATCTACAGTGGAAGACGAGAAACTCAAAGAC
541 GLEGSYAFNMEKSTVEDEZ KTLTIKTHD

1789 AAGATTGAGGAGGGCGATAAACAGAAAATTAAAGACAAATGTGAAGAAATCATTAAATGG
561 KTEEGDKOQKTIKDKCEETITLIKTW

1849 TTGGATGCCAATCAACTGGCTGAAAAGGAAGAATTTGAGGACAAACAAAAGGAACTGGAG
581 LDANOQLAEKEETFEDE KU QEKTETLE

1909 AAGGAATGCAATCCCATCATTACCAAACTTTATCAGGCTGCAGGTGGAGCTCCAGGTGGC
601 KECNPTIITEKLYQAAGGAPGG®G

1969 GCCCCTGGAGGTATGCCAAACTTTGGTGGTGCTGCCCCAGGAGGTGGAAGTGATGGTGGA
621 APGGMPNTFGGAAPGGGSDGG

2029 TCCGGTGGTGGACCAACAATTGAGGAGGTCGATTAAgctccaatectacactaggacagt tatgg
641 SGGGPTTI EEVD *

2094 aatgattctaacagaaatccatcaaattgttctttttctttttaagcttatttgaaatatttctggtcaat
2165 attaaccatctctaacgagaaactatgactgaagacact tcagagtagtccagagtattageaaatttate
2236 aatttatgtaacggcatagggaagaatticatcattgagttgeacatctigeaccatcggaacaaatagtg
2307 ctagtcatttgttgaaagtttgttcacactacttctgcataaaagaaatgttacgegttgttctacaattg
2378 agtaaaacat aaa aaaaaaaaagtactctgegttgataccactgett

affect the expression levels of genes. Statistical significance was
setat P < 0.05.

RESULTS

Sequence Analysis of PmHSP70

The cDNA of PmHSP70 gene was cloned by RACE technology
with a full length of 2,474 bp, containing an open reading
frame (ORF) of 1,956 bp, encoding 655 amino acids, a 138 bp
5'-terminal untranslated region (UTR) and a 363 bp 3/-UTR.
PmHSP70 had a predicted molecular weight of 71.23 kDa, a
5.26 theoretical isoelectric point. ExPASy-ProtParam analysis
showed that the aliphatic index of PmHSP70 protein is 80.48,
and the instability index is 34.69, indicating the stability
of HSP70. Amino acid sub-basic functional sites predicted
found PmHSP70 has an ATP/GTP-binding site (AEAYLGKT),
three HSP70 family signature (IDLGTTYS, IFDLGGGTFDVSIL,
IVLVGGSTRIPKIQK) and the cytoplasmic characteristic motif
EEVD. The average coefficient of hydrophilicity (GRAVY)
is —0.490, which is a hydrophilic protein. SMART analysis
revealed that PmHSP70 has an HSP70 domain at positions 6-
612 (Figure 2).

Structural and Homologous Analysis

The species information of multiple alignment and phylogenetic
tree are shown in Table 2. The multiple sequence alignment
based on the amino acid sequence alignment of PmHSP70 and
other bivalves HSP70 shows that HSP70 has high homology
among bivalves, and Pinctada fucada martensii HSP70 has the
highest homology with PmHSP70, which is 95.70% (Figure 3).
The phylogenetic tree shows that PmHSP70 clusters with bivalves

TABLE 2 | Information of the sequences used in the multiple alignment and
phylogenetic analysis.

FIGURE 2 | The nucleotide sequence analysis of Pm-HSP70. 5 UTR and 3
UTR are indicated with small letters; The deduced amino acid sequences are
indicated with capital letters; The start codon in the 5’-UTR was in a box and
the stop codons (TAA) was indicated with an asterisk (*). Three signatures
were green background; a putative ATP-GTP binding site was yellow
background; the cytoplasmic characteristic motif was gray background and
the underlined indicates the HSP70 domain.

Species Style Accession number
Pinctada fucata martensii HSP70 BAL52328.1
Pteria penguin HSP70 ABJ97377.1
Crassostrea ariakensis HSP70 AAO417083.1
Mytilus coruscus HSP70 AGY56119.1
Mytilisepta virgata HSP70 BAS29644.1
Meretrix meretrix HSP70 ADT78476.1
Ruditapes philippinarum HSP70 AHY27547 .1
Sinonovacula constricta HSP70 AEP26350.1
Paratapes undulatus HSP70 AFZ93094 .1
Mylopharyngodon piceus HSP70 AVO65116.1
Megalobrama amblycephala HSP70 ACC93993.2
Ctenopharyngodon idella HSP70 AZM69450.1
Hypophthalmichthys molitrix HSP70 ACJ03595.1
Xiphophorus hellerii HSP70 XP_032432933.1
Epinephelus coioides HSP70 AGG55391.1
Danio rerio HSP71 NP_001103873.1
Mus musculus HSP71 NP_112442.2
Homo sapiens HSP71 NP_006588.1
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P. maxima : *ISIGIAIGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPINTIFDAKRLIGRKFE PAV 91
89.25% M, coruscus ; IGIDLGTTYSCVGVFQHGKVEI TANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPVNTVFDAKRLIGR 92
88.17% M, virgata :MSKP VGIDLGTTYSCVGVFQHGKVETTANDQGNRTTPSYVAFTDTERL1GDAAKNQVAMNPENTVFDAKRLIGRKFE ATV DMKHRP: 92
95.70% P. f. martensii : —JISHGBAIGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPSNTIFDAKRLIGR PNVQADM 201
92.63% P. penguin : MSKSGPAVGIDLGTTYSCVGVFQHGKVETTANDQGNRTTPSYVAFTDTERL IGDAAKNQVAMNPSNTIFDAKRLIGRKFEPAV ©o92
90.78% C. ariakemsis  : MSKTQQAIGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLVGDAAKNQVAMNPNNTIFDAKRLIGRKFNDASV DM .92
88.77% R philippinarum : -] IGIDLGTTYSCVGVFQHGKVEI TANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPENTIFDAKRL IGRKFBESAVQSDM coal
88.77% P. undulatus IGIDLGTTYSCVGVFQHGKVET TANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPENTIFDAKRL IGRKFBESNVQSDM : o9l
88.63% M meretrix VGIDLGTTYSCVGVFQHGKVETTANDQGNRTTPSYVAFTDTERL IGDAAKNQVAMNPINTIFDAKRLIGRKFBBPGVQSDM coa1
89.52% S. comstricta VGIDLGTTYSCVGVFQHGKVETTANDQGNRTTPSYVAFTDTERL IGDAAKNQVAMNPINTVFDAKRLIGRKFEBAAVQADM coal
P maxima - IlVDYKGEEETFLAEEVSSMVLTKMKETAEAYLGKIINNIVVTVPAYFNDSQRQATKDAGT LNVLRIINEPTAAATAY : 183
M. coruscus : KPKTTVEYKGE EETSSMVLVKMKETAEAYLGKLVNNSVITVPAYFNDSQRQATKDAGTISGMNVLRIINEPTAAATAY : 184
K virgata : SHoGKPKIRVEYKGEQKTFRREE1SSMVLVKMRETAEAYLGKK IfINSVITVPAYFNDSQRQATKDAGT ISGMNVLRI INEPTAAATAY : 184
P. f. martensii : SSKPRINVDYKGENKTFLAEETSSMVLTKMKETAEAYLGKT TVPAYFNDSQRQATKDAGT TAGLNVLRIINEPTAAATAY : 183
P. penguin : STKPKTRVEYKGEBKTFAABEVSSMVLTKMKETAEAYLG] TVPAYFNDSQRQATKDAGT JAGLNVLRTINEPTAAAIAY : 184
C ariakensis MIKVEYKGEEKTFSAEETSSMVLNKMKETAEAYLGKET TVPAYFNDSQRQATKDAGT ISGLNVLRIINEPTAAATAY : 184
R philippinarum: FNVENDARKPRLQVEYKGEKTFEBEETSSMVLNKMKETAEAFLGKEVENAVITVPAYFNDSQRQATKDAGTESGLNILRTINEPTAAATAY : 183
P. undulatus ~ : FK) QVDYKGE[JKSFRBEETSSMVLNKMKETAEAFLG TTVPAYFNDSQRQATKDAGTFSGLNILRIINEPTAAATAY : 183
K. meretrix : FB KP] KGERKSFRBEETSSMVLNKMKETAEAFLGI TVPAYFNDSQRQATKDAGT ESGLNVLRIINEPTAAATAY : 183
S. constricta  : FIVKSHGGKPKTEVEYKGEJKTFBEEVSSMVLTKMKETAEAYLG] TVPAYFNDSQRQATKDAGT ISGLNVLRTINEPTAAAIAY : 183
P. maxima : GLDKKVG-—-GE LIFDLGGGTFDVSI TEDGIFEVKSTSGDTHLGGEDFDNRMV] IQEFKRKHKKDIPKRAVRRLRTACERAK s 271
K. coruscus : GLDKKVG-—--GEl LIFDLGGGTF])VSI TEDGIFEVKSTSGDTHLGGEDFDNRMVNHE IQEFKRKHKKDISENKRAVRRLRTACERAK : 272
K. virgata : GLDKKVG--—GERNVLIFDLGGGTFDVSILATEDGIFEVKSTSGDTHLGGEDFDNRMVNHRIQEFKRKHKKDIGENKRAVRRLRTACERAK : 272
P. f. martensii : GLDKKVG--—-GERNVLIFDLGGGTFDVSILEIEDGIFEVKSTSGDTHLGGEDFDNRMVNHEIQEFKRKHKKDIBENKRAVRRLRTACERAK : 271
P. penguin : GLDKKVG--~-GERNVLIFDLGGGTFDVSILTIEDGIFEVKSTSGDTHLGGEDFDNRMVNHEIQEFKRKHKKDISBNKRAVRRLRTACERAK : 272
C ariakensis  : GLDKKVGNQSQGERNVLIFDLGGGTFDVSILITEDGIFEVKSTSGDTHLGGEDFDNRMVNHEIQEFKRKHKKDISENKRAVRRLRTACERAK : 276
R philippinarum: GLDKKVG----GERNVLIFDLGGGTFDVSILETEDGIFEVKSTSGDTHLGGEDFDNRMVNHE IQEFKRKHKKDMKENKRAVRRLRTACERAK : 271
P. undulatus  : GLDKKVG-———GERHVLIFDLGGGTFDVSILEIEDGIFEVKSTSGDTHLGGEDFDNRMVNHS IQEFKRKHKRDMKNKRAVRRLRTACERAK : 271
K. meretrix : GLDKKVG--—-GERNVLIFDLGGGTFDVSILITEDGIFEVKSTSGDTHLGGEDFDNRMYNHE TQEFKRKHKKDMBNKRAVRRLRTACERAK : 271
S. constricta  : GLDKKVG----GERNVLIFDLGGGTFDVSILEIEDGIFEVKSTSGDTHLGGEDFDNRMVNHEIQEFKRKHKKDMBBNKRAVRRLRTACERAK : 271
P. maxima : RILSSSTQASVEIDSLFEGIDFYTSITRARFEELNADLFRGTLEPVEI QIfffiTVLVGGSTRIPKIQKLLQDFFNGRELNKST : 363
K. coruscus : RTLSSSTQASVEIDSLYEGVDFYTSITRARFEELNADLFRGTMEPVEKA KAAVHETVLVGGSTRIPKIQKLLQDFFNGKELNKST : 364
K. virgata © RTLSSSTQASVEIDSLFEGIDFYTSITRARFEELNADLERGTMEPVE GQVHBTVLVGGSTRIPKIQKLLQDFFNGKDLNKST : 364
P. f. martensii : RILSSSTQASVEIDSLFEGIDFYTSITRARFEELNADLFRGTLQPVEKSTIDAKMDKGQIHBIVLVGGSTRIPKIQKLLQDFFNGKELNKSI : 363
P. penguin © RTLSSSTQASVEIDSLYEGIDFYTSITRARFEELNADLERGTMEPVE KATIHBIVLVGGSTRIPKIQKLLQDFFNGKELNKSI : 364
C ariakensis  : RTLSSSSQASIEIDSLFEGIDFYTSITRARFEELNADLFRGTMEPVEKAI QIHBIVLVGGSTRIPKIQKLLQDFFNGEELNKST : 368
R philippinarum : RTLSSSTQASIEIDSLFEGIDFYTSITRARFEELNADLFRGTLEPVEKLRDAKFDKSGIHEIVLVGGSTRIPKIQKLLQDFFNGRELNKST : 363
P. undulatus © RTLSSSTQASIEIDSLFEGIDFYTSITRARFEELNADLFRGTLEPVEKSLRDAKFDKSTIHEIVLVGGSTRIPKIQKLLQDFENGKELNKST : 363
K. meretrix : RILSSSTQASIEIDSLYEGIDYYTSITRARFEELNSDLFRGTLDPVEKSLRDAKMGKDATHIVLVGGSTRIPKIQKLLQDFFNGKELNKSI : 363
S. constricta  : RILSSSTQASIEIDSLFEGIDFYTSITRARFEELNADLFRGTLEPVEKSLRDAKMBKSGVNEIVLVGGSTRIPKIQKLLADFFNGKELNKSI : 363
P. maxima : NPDEAVAYGAAVQAATLEGDKSEEVADLLLLDVAPLSLGIETAGGVMTELIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGERAMIKDNNL : 455
K. coruscus : NPDEAVAYGAAVQAATLEGDKSEEVQDLLLLDVPLSLGIETAGGVMTALIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGERAMTKDNNL : 456
K. virgata : NPDEAVAYGAAVQAATLSGDKSEEVQDLLLLDVEPLSLGIETAGGYMTALIKRNT TIPTKQTQTFTTYSDNQPGVLIQVYEGERAMTKDNNL : 456
P. £ martensii : NPDEAVAYGAAVQAATLSGDKSEEVQDLLLLDVAPLSLGIETAGGVMTELIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGERAMTKDNNL : 455
P. penguin : NPDEAVAYGAAVQAATLSGDKSEEVQDLLLLDVAPLSLGIETAGGVMTSLIKRNT TIPTKQTQTFTTYSDNQPGVLIQVYEGERTMTKDNNL : 456
C ariakensis ~ : NPDEAVAYGAAVQAATLEGDKSEEVQDLLLLDVEPLSLGIETAGGVMTNLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGEREMTKDNNL : 460
R philippinarum : NPDEAVAYGAAVQAATLHGDKSEEVQDLLLLDVEPLSLGIETAGGVMTBLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGERAMTKDNNI : 455
P undulatus ~: NPDEAVAYGAAVQAATLHGDKSEEVQDLLLLDVEPLSLGIESAGGVMTSLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVFEGERAMTKDNNL : 455
K. meretrix : NPDEAVAYGAAVQAATLHGDKSEEVQDLLLLDVAPLSLGIETAGGVMTSLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGERALTKDNNL : 455
S. constricta  : NPDEAVAYGAAVQAATLHGDKSEEVDLLLLDVPLSLGIETAGGVMTSLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVFEGERAMTKDNNL : 455
P. maxima : LGKFEETGIPPAPRGVPQIEVEFDIDANGI VDKSTGKENKITITNDKGRLSKFBIBRMLSEAEKYKQEDERQKBRT] LESYAF : 547
M. coruscus : LGKFELTGIPPAPRGVPQIEVIFDIDANGILNVSAVDKSTGKENKITITNDKGRL SKEETERMVEAEKYKVEDEKQKDRTBAKNSLESYSF : 548
K. virgata : LGKFELTGIPPAPRGVPQIEVIFDIDANGILNVSAVDKSTGKENKITTTNDKGRL SKEEIE] KYKAEDEQQKDRT LESYAF : 548
P. f. martensii : LGKFERTGIPPAPRGVPQIEVEFDIDANGIMNVQATDKSTGKENKITITNDKGRLSKBEIBRMLSEAEKYKQEDERQKDRIBAKNSLESYAF : 547
P. penguin : LGKFERTGIPPAPRGVPQIEVIFDIDANGIMNVEAVDKSTGKENK I TITNDKGRL SKBEIBKMLSFAEKYKQEDEKQKDRIGAKNGLESYAF : 548
C ariakensis  : LGKFELTGIPPAPRGVPQIEVAFDIDANGI [EAEKYKQEDEKQRERTAAKSGLESYAF : 552
R philippinarum : LGKFELTGIPPAPRGVPQIEV! AEKYKAEDDKQKERTBAKNGLESYSF : 547
P. undulatus ~ : LGKFELTGIPPAPRGVPQIEV! KYKAEDDKQKDRIAKNSLESYSF : 547
M. meretrix : LGKFELTGIPPAPRGVPQIE! KYKQEDBKQKDRIJAKNQLESYSF : 547
S. constricta  : LGKFELTGIPPAPRGVPQIEVEFDIDANGILNVSATDKSTGKENKITITNDKGRLSKBEIDRMVNBAEKYKNEDENQKNRIQAKNQLESYSF @ 547
P. maxima - NMKSTVEDEKLKDKI DKQKI KCE 11 LDANGL! :EIE pRakBLEKECNPT TIKLY@HACEAPGCAPGGMPN-FBAA
K. coruscus : NMKQTVEDEKLKDKI sn DANNLAEKEEFEHKQ LEICNPH KLYQSAG-——! EIGGMPNF G
K. virgata : N DEKLKDK ED T DANNLABKDEF] LEGVCNPIVIKL GGMPNF
P. f. martensii : NMKSTVEDEKLKDKI DKNKIKEK LDTNGLAEKEEFEDKQKELEKECNPT 1 TKLYQAAGBAPGGAPGGMPPN
P. penguin : N DEKLKDKEDTDKKQIT 11 DANQLABKEEYEDKQKELEEVCNPTITKLYQAS Pc—MPN
C ariakensis  : NMKSTVDDEKLKDKISHGDKKTIEDKCEET1KWMDQNQLADKEEFEHKQKELEGVCNPITEKLYQASGHAPGGGMPGGMPN
R philippinarum : NMKSTVEDEKLKDKISEDDRKVIEDKCNEVISWLDANQLABKEEYDD QKDLE CNPTIQKLYAAGGAPG-—FAPGGMPDFBAGG:
P. undulatus ~ : N DEKLKDKVNESDKKVIMDKCNEV TAWLDSNGL: KDEF LEBVCNPITKLY@AGGAPG-—BAPGGMPDFS 3
K meretrix : NMKSTVEDEKLKDK I§DEDKKA T{EDKCNEV ISWLDSNQL: LEKNCNPI TIKLYQAGGAPGBAGEMPGMPNEE- ;638
S. constricta  : N DEKLKDK T SHEDKKVIEDKCNDY THWLDGNGL: s LERVONPTTIKLYARSGEAPG—BVMPGGAPN ;636
P. maxima : 651
M. coruscus 1 654
M. virgata : 653
P. f. martensii 1 652
P. penguin s 651
C. ariakensis : 658
R philippinarum : : 650
P. undulatus : 650
M. meretrix 1 652
S. constricta : 649

FIGURE 3 | Multiple alignment of the deduced amino acid sequences of HSP70 from P maxima and other organisms. Yellow means 100% homology, green means
homology greater than 90%, purple means homology greater than 80%.
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FIGURE 4 | A phylogenetic tree constructed using the neighbor-joining method based on amino acids sequence deduced from HSP70 of Pinctada maxima and
other species. Pinctada maxima was labeled with “A”. The GenBank accession numbers of all the HSP70 were shown in Table 2.

Hypophthalmichthys molitrix

48 Megalobrama amblycephala

36| Mylopharyngodon piceus
32— Ctenopharyngodon idella

and is most closely related to P. f. martensii and Pteria penguin,
and is farther from mammals and fish (Figure 4).

mRNA Expression in Different Tissues

The RT-qPCR was used to investigate the tissue distribution
and expression level of PmHSP70 under normal conditions.
The results showed that the PmHSP70 was expressed in the
mantle, gills, hepatopancreas, and adductor muscle of P. maxima,
with the highest expression level in the hepatopancreas
and gills, and the lowest expression level in the adductor
muscle (Figure 5).

mRNA Expression After Marine

Heatwaves Stimulation
During the acute exposure, in gills, compared with the control
groups, the expression level was significantly up-regulated in the
experimental groups especially in the 36°C groups. After being
stimulated by the MHWs, the expression level of PmHSP70 in
the 28°C groups reached the highest level at 72 h, while the
expression level of the 32°C groups reached the highest level at
12 h (Figure 6). Analysis of variance shows that both temperature
of MHW s and stress time made significant impact on the gene
expression level (P < 0.05), and their interaction was significant
(P < 0.05) (Table 3).

Following repeat exposure to MHWSs, we found the expression
level of HSP70 in the second MHWs, the fold changes between

1.6 1 c
1.4 4

1.0
0.8 -
0.6 -

Relative expression

0.2 1
0.0 T

c
A
HE A

FIGURE 5 | Tissue distribution of PmHSP70 mRNA expression. Different
capital letters indicate significant differences (P < 0.05). The four tissues
include gills (Gi), hepatopancreas (He), mantle (M), and adductor muscle (A).

I_I_l

Tissue

the experimental groups and the control groups were lower
than those in the first MHWSs (Figure 7). Analysis of variance
shows that both temperature of MHWSs and stress time made
significant impact on the gene expression level (P < 0.05), and
their interaction was significant (P < 0.05) (Table 3).
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TABLE 3 | Two-way ANOVA resuilts for relative expression of HSP70 in pearl
10 W24°C D28°C =32°C @36°C oysters exposed to acute and repeatedly occurring MHWSs scenarios accounting
9 for temperature and sampling time.
.8 Bc Bb
% ; Be Scenarios Factors/interactions  df F P
[
% 6 Acute MHWs Temperature 3 51.901 0.000
(]
25 . Time 3 27.002 0.000
(]
Ty { Temperature*time 8 17.494  0.000
3 C Repeatedly occurring MHWs  Time 3 18.633 0.000
Ab
2l o 8o Temperature 2 11794 0.000
a a
1 1 Aa Aa Aa Time*temperature 6 6.737  0.000
W] T
0 M
6

72
Time (h)

FIGURE 6 | The expression levels of PmHSP70 mRNA in gill from P maxima
after acute MHWs stress. Small letters indicate significant differences between
four temperature levels within each time, and capital letters indicate significant
difference between four time within each temperature treatment (P < 0.05). As
pearl oysters exposed to the temperature anomaly of 36°C suffered 100%
mortality at 24 h, the experiment was terminated accordingly.

DISCUSSION

HSP70 genes in the pearl oyster P. maxima was characterized
for the first time in present study. The PmHSP70 has a typical
domain HSP70 and three characteristic sequences (IDLGTTYS,
IFDLGGGTEDVSIL, IVLVGGSTRIPKIQK) of the HSP70 family
(Gupta and Singh, 1994), which are well conserved in the
eukaryotic HSP70 family (Gupta and Singh, 1994). And we

observed an ATP/GTP-binding site (AEAYLGKT) in PmHSP70,
which demonstrates that the activity regulation of PmHSP70
requires the participation of ATP (Sousa, 2012). The highly
conserved intracellular specific motif EEVD ends in PmHSP70,
indicating that PmHSP70 belongs to cytoplasmic HSP70 family
(Boutet et al.,, 2003; Liu et al, 2015). The results of multiple
sequence alignments show that HSP70 in various bivalve species
is highly conserved. The similarity of these sequence and
structure suggest that PmHSP70 is functionally conserved. The
construction of the phylogenetic tree found that PmHSP70 and
HSP70 of bivalves such as P. f. martensii clustered together.

The distribution patterns of PmHSP70 gene expression
in different tissues indicate that PmHSP70 was ubiquitously
expressed in all tested tissues, including gills, hepatopancreas,
adductor muscle and mantle, where the highest expression in
gills. These results are consistent with previous findings of
Ruditapes philippinarum (Nie et al., 2017) and Chlamys nobilis
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(Cheng et al.,, 2019). Studies have found that heat stress has
the potential to destroy cell and tissue integrity, and impair
the physiological functions of gills in marine bivalves (Rahman
and Rahman, 2021). This is because bivalves are filter-feeding
organisms, and the gills are both their respiratory and feeding
organs which can directly sense environmental changes more
than other tissues (Cheng et al., 2019), so in the face of MHW ,
the expression of HSP70 in the gills was significantly higher than
that in other tissues.

In the present study, the expression of PmHSP70 mRNA in
gills of MHWs was measured at, 6, 12, 24, and 72 h after acute
MHWs. As expected, PmHSP70 is significantly up-regulated and
correlated with temperature, and was highly expressed at 32 and
36°C groups, and the relative expression reached the highest
at 72 and 12 h, respectively. These results are consistent with
previous findings in R. philippinarum, C. nobilis and Laternula
elliptica (Clark et al., 2008; Nie et al, 2017; Cheng et al,
2019). It is well known that when organisms are exposed to
high temperatures, they produce amounts of reactive oxygen
species (ROS) (Wang et al, 2018), which severely impairs
normal cell functions. HSP70 is a universal molecular chaperone
that participates in repairing or degrading damaged proteins
(Feder and Hofmann, 1999), thereby protecting cells from
environmental stress. The previous study showed that the HSPs
of oysters is up-regulated under adverse environmental pressures
and may be central to the oyster defense against all stresses
(Zhang et al., 2012). We speculated that under the conditions
of MHWs, the protein synthesis of pearl oysters was wrong, and
too many harmful polymers were produced. The upregulation of
PmHSP70 expression in the pearl oysters corrects the misfolded
peptide chain, promotes the degradation of harmful polymers in
the cell, resists harsh environments and responds to changes in
environmental temperature.

It is worth noting that the relative expression of PmHSP70
in experimental groups was significantly lower than that at first
MHWs, when pearl oysters are exposed to repeated MHWSs. The
expression level of HSP70 has no significant difference between
the second MHWSs and the recovery period. These findings
indicate that long-term and repeated occurring MHWSs stimulate
relieve the thermal stress of pearl oysters caused by MHWs. The
previous study showed that in the Crassostrea gigas a moderate
elevation of temperature promotes the induction of members of
the HSP gene family, which makes cells more resistant to any
further challenge with heat stress (Li and Werb, 1982; Hamdoun
et al., 2003). Similar phenomena was found in our previous
studies, where the activity of various antioxidant enzymes was
significantly lower than that of the first MHWSs during repeated
MHWs, and the expression of some genes related to metabolism
was also alleviated during the recurring MHWs (He et al., 2021;
Xu etal., 2021, 2022).

In recent years, due to the unprecedented speed of MHWs,
whether marine bivalves can keep up and adapt to rapid
environmental changes has attracted widespread concern.
Results in present study indicated PmHSP70 expression in
pearl oysters was inducible under MHWs stress. Plasticity of
the heat-shock response is apparently a common feature in
sessile intertidal invertebrates (Tomanek and Somero, 1999).

In the laboratory, other bivalve species such as Mpytilus
trossulus and C. gigas exhibit significant plasticity in various
features of the heat shock response (Buckley et al, 2001;
Hamdoun et al., 2003). HSP family plays a critical role in rapid
adaptation to novel thermal environments by preventing
the degradation of intracellular proteins, and the high
correlation between the induction of this gene family and
the strong thermotolerance mechanism contributes to the
environmental adaptation of aquatic animals (Kim et al., 2017).
This adaptive plasticity will help marine bivalves adapt to
changing marine environments and buffer the extinction of
intertidal populations.

CONCLUSION

This study was the first report of full-length cloning,
characterization and inducible expression of HSP70 of
P. maxima. The results of the phylogenetic tree and multiple
sequence alignment showed that the sequence of the PmHSP70
was relatively conserved among species and had high homology
with the HSP70 of other species. The tissue expression
characteristics showed that the PmHSP70 was expressed the
highest in the gills. The expression level of HSP70 in the acute
MHWs scenario indicates that pearl oyster can respond to
the adverse effects of MHWSs by rapidly up-regulating the
expression of PmHSP70 under MHWs stimulation. It is worth
noting that when faced with recurring MHWSs, compared
with the first MHWs period the expression of PmHSP70 was
significantly down-regulated and had no significant difference
between the recovery period. We speculated that the pearl
oysters have adaptation potential under the stress of long-term
and repeatedly occurring. Our findings will provide reference
materials for the adaptation of marine organisms to the extreme
marine environment. But we have only done one generation
of impact. Further investigations are needed to elucidate
transmission of carryover effects of MHWSs within and across
generations.
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Hypoxia is considered to be one of the key factors affecting the survival of ocean
organisms, it is necessary to parse the molecular processes involved in response
to hypoxia. As a potential breeding species, the hybrid of Crassostrea sikamea
(?) x Crassostrea gigas (5) shows valuable heterosis in survival and growth traits. Thus,
RNA de novo was deployed in this study to analyze the molecular processes in the
hybrids under hypoxia stress. The hybrids were cultured in occluded water, then the
dissolved oxygen was gradually consumed by oysters, and the gill tissue of hybrids was
sampled at the very beginning and the lowest respiration point in the experiment. In the
current study, 901 significant differentially expressed genes (DEGs) were identified under
hypoxia compared to normoxia, among which 432 DEGs were downregulated, and the
other 469 DEGs were upregulated. A total of 27 GO terms were significantly enriched,
such as an integral component of membrane, extracellular region, immune response,
tumor necrosis factor receptor binding, and neurotransmitter: sodium symporter activity.
Besides, 19 KEGG pathways were significantly enriched, such as apoptosis, Th1 and
Th2 cell differentiation, complement, and coagulation cascades, antigen processing and
presentation, notch signaling pathway, and cytokine—cytokine receptor interaction. The
current results showed that the TRAIL genes were downregulated, but the HSP70 and
LIGHT genes were upregulated, which indicated the inhibition of Apoptosis, and the
activity of innate immunity in oysters under hypoxia. This study provides preliminary
insight into the molecular response to hypoxia in the gill of hybrids.

Keywords: oyster hybrids, gill, hypoxia, transcriptome, de novo

INTRODUCTION

Mollusks, including oysters, serve as indeed important aquaculture resources providing
considerable economic value for the coastal areas. Hybridization could be a considerable way to
enhance yield or survival due to better performance than the half-siblings, which is known as
heterosis (Hedgecock and Davis, 2007). Recently, the studies on oyster interspecific crossbreeding
have been well documented (Xu et al., 2011, 2019; Huo et al., 2014; Zhang et al., 2017), and some
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of these hybrids have shown adaptabilities or better growth
traits. Previous studies only focused on growth performance,
while identifying the changes in physiological mechanisms that
respond to environmental stress is critical to help determine the
growth and survival of individuals and the yield potential in
aquaculture (Furr et al., 2021).

In recent years, with the development of the oyster industry
summer mortality has been one of the most severe questions
in farming practice. Previous studies indicated that the two
major reasons for bivalve mass mortality were temperature
increasing and dissolved oxygen decreasing (Parthasarathy et al.,
1992; Joos et al,, 2003; Soon and Zheng, 2019; Zhao et al,
2019; He et al, 2021), and hypoxia is considered to be one
of the key factors affecting the survival of ocean organisms
(Gu et al, 2019; Andreyeva et al, 2021). Benthic intertidal
communities have developed appropriate survival mechanisms
due to daily exposure into the air during low tide (Larade and
Storey, 2002; Zhao et al, 2020), but over-farming, sediment
covering, or algae blooming (Wu, 2002) could also cause water
hypoxia. Recent studies showed that the fluctuations of dissolved
oxygen frequently influence physiological, metabolic, and cellular
processes in organisms, and in this situation, oxidative stress
becomes one of the reasons that cause cellular damage (Nogueira
etal., 2017; Andreyeva et al., 2021).

The heterosis of survival and maternal comparable growth
traits have been reported in Crassostrea gigas and Crassostrea
sikamea hybrids (Xu et al., 2019). According to our previous
study, the hybrids have lower mortality than both parents when
they were cultured in southern China, particularly the sire-
siblings, where the annual water temperature is high (Zhang et al.,
2021). Therefore, hybrids could be a potential breeding species.
Gills of bivalves are in direct contact with seawater and therefore
are the first issue facing the damaging effect of hypoxia, besides,
the gill is an important organ involved in the innate immunity
of shellfish among a variety of organs (Seo et al., 2013; Guo
et al., 2015; Wang et al., 2018). The antioxidant complex in the
gills of bivalves has been fully characterized in several studies
(Bo-Mi et al, 2018; Box et al., 2020), and the expressions of
stress response-related adapting genes could also be triggered by
environmental threats in oyster gills (Guo et al., 2015).

The purpose of this experiment was to explore the molecular
mechanism of hypoxia tolerance in gills of C. sikamea x C. gigas
hybrids. RNA de novo was used to analyze the transcriptome in
gills under hypoxia stress. This study provides preliminary insight
into the molecular response to hypoxia in the gill of hybrids.

MATERIALS AND METHODS

Experimental Design and Animal

Sampling

The hybrids of C. sikamea (?) x C. gigas (J') that were
12 months old were used in the experiment with a shell
length of 43.19 + 6.71 mm and weight of 15.17 £+ 3.71 g
(mean £ SD). The hybrids were cultured in Beihai, China, in
2018, as described by Zhang et al. (2021). A total of 60 healthy
non-injured hybrids were selected and reared in filtered, aerated

water with the temperature of 26.00 & 0.11°C, dissolved oxygen
of 6.12 & 0.11 mg/L, the salinity of 30.56 £ 0.02 ppt, and pH
8.18 £ 0.02 for 2 weeks of acclimatization, and fed with a mixture
of Isochrysis galbana and Chaetoceros muelleri.

The experiment was performed in June 2019 and the oysters
were placed in three 30 L tanks with filtered seawater. Three
tanks were used for each control group and test group. About 20
oysters were placed in each tank in separate small cases. Control
groups were 3 sealed tanks without oysters to test the changes of
dissolved oxygen in the water itself. All groups were being aerated
till the system was in a steady state, then stop aerating. To avoid
the exchange of air, floating plastic membranes were placed on
the surface of the water. Hypoxia condition occurred in the 3
test tanks due to dissolved oxygen consumed by oysters. Each
tank was connected to a dissolved oxygen detector to monitor the
water condition. The experiment lasted for 60 h and recorded the
dissolved oxygen every 2 h. As dissolved oxygen decreases, the
oxygen consumption rate of the oyster changes. It was observed
that the dissolved oxygen in the occluded water was lower than
3.0 mg/L after 36 h, and decreased to less than 2.5 mg/L after
48 h, and then the oxygen consumption level of oysters was
extremely low (Figure 1). This occluded water was chosen to
mimic the hypoxia water conditions. According to the national
standard of water quality, the ammonia-nitrogen in water was
below 0.02 mg/L (minimum detection limit) before and after
the experiment determined by gas-phase molecular absorption
spectrometry (Standard No: HJ/T 195-2005).

Opysters were sampled under the steady state (normoxia) and
DO less than 2.5 mg/L (hypoxia) in occluded water (around 54 h
culturing), respectively. The gills of six oysters were sampled,
pooled, and stored at —80°C until total RNA was extracted.

RNA Extraction, Library Construction,

and Sequencing

Total RNA was extracted from the normoxia and hypoxia
gills using TRIzol (Invitrogen, Carlsbad, CA, United States).
RNA samples were qualified and quantified using a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
United States) and the Agilent Technologies 2100 Bioanalyzer
(Thermo Fisher Scientific, Waltham, MA, United States).

The mRNA was purified by removing potential DNA pollution
with DNase I, removing possible rRNA pollution with RNase H,
and finally recovered with Oligo(dT)-attached magnetic beads
(lumina, San Diego, CA, United States). Purified mRNA was
fragmented with a fragment buffer at an appropriate temperature.
Then, first-/second-strand cDNA was generated by polymerase
chain reaction. The A-Tailing Mix and RNA index adapters
were added and incubated to carry out end-repair. The cDNA
fragments with adapters were amplified, and the products were
purified with Ampure XP beads. The library was validated on the
Agilent Technologies 2100 Bioanalyzer for quality control. The
final library was amplified with phi29 to create DNA nanoballs
(DNB), containing more than 300 copies of the original template.
The DNBs were loaded into the patterned nanoarray, and pair-
end 100 base reads were generated on a BGISEQ500 platform
(BGI, Shenzhen, China).
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Transcriptome Assembly

The filtering software SOAPnuke v1.4.0 developed by BGI was
used for statistical analysis and filtering. Raw reads with joint
contamination and high numbers of unknown N bases were
removed before the data analysis to ensure the reliability of the
results. Then, the Q20/Q30 and GC-content of the clean data
were measured. Clean reads were assembled with Trinity v2.0.6
software, and the transcripts were clustered with Tgicl v 2.1 to
generate unigenes. The quality of the assembled transcripts was
assessed using Benchmarking Universal Single-Copy Orthologs
(BUSCO), a single-copy lineal homology database, and the
integrity of the transcriptome assembly was demonstrated by
comparison with conserved genes.

Functional Annotation of the Assembled

Unigenes

The fragments per kilobase per million reads (FPKM) method
was used to calculate the expression levels. Bowtie2 v2.2.5
software was used to compare clean reads with the reference
gene sequence, and then RSEM was used to calculate the
expression levels of the unigenes and transcripts. The prediction
and annotation data of all unigenes were compared with protein
databases, including NCBI non-redundant protein sequences
and nucleotide sequences (Nr&Nt),! Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG),’ Clusters
of Orthologous Groups of proteins/eukaryotic Orthologous
Groups (COG/KOG),* Swiss-Prot,” and Protein family (Pfam).®
Hmmscan v3.0, Blast v2.2.23, and Blast2GO software were used

Lftp://ftp.ncbi.nlm.nih.gov/blast/db
Zhttp://www.geneontology.org/
3http://www.genome.jp/kegg/
*https://www.ncbi.nlm.nih.gov/COG/
Shttp://www.ebi.ac.uk/uniprot
Chttp://pfam.xfam.org

to obtain the annotation information for the unigenes. When the
annotation of different databases conflicted, the priority order of
alignments from the Nr, Nt, KEGG, Swiss-Prot, GO, COG, and
Pfam databases were followed.

Analysis of Differentially Expressed

Genes

In this study, the FPKM method was used to calculate the
expression of unigenes so that to compare gene expression
levels between samples. The FDR (false discovery rate) was
applied to identify the threshold of the p-value in multiple tests
(Mortazavi et al., 2008). The threshold of significantly expressed
genes was set as FPKM > 1, [log,fldchange)| > 5 FDR < 0.05.
Then, GO and KEGG enrichment was performed to analyze the
main biochemical and signal transduction pathways by using
p < 0.01 as the threshold of significantly enriched differentially
expressed genes (DEGs).

Quantitative Real-Time Polymerase

Chain Reaction

Total RNA was reverse-transcribed into cDNA with the
PrimeScript RT Reagent Kit (Takara, Beijing, China). Eight
typical DEGs, tumor necrosis factor (TNF) superfamily member
10 (TNFSF10), meprin B (MEP1B), histone deacetylase 11
(HDACI11), Notch 1 (NOTCH1), caspase 7 (CASP7), mucin-
2 (MUC2), plasminogen (PLG), interferon regulatory factor 2
(IRF2), and a reference gene (tubulin o, TUBG) were selected for
verification by qRT-PCR.

Gene-specific primers were designed with Primer Premier
5.0 software. All real-time PCR experiments were carried out
in 96-well PCR plates. Each 20 wL amplification reaction was
conducted using the StepOne Plus system (ABI, Foster City, CA,
United States) in triplicate. The PCR process included 95°C for
3 min; 45 cycles of 95°C for 5 s, and 60°C for 30 s; followed
by a melting curve. The differentiation expression was calculated
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with the method by Livak and Schmittgen (2001). The expression
fold change (2~ AACTY of the qRT-PCR data and Log, (foldchange)
of the RNA-seq data were used, and correlation was calculated in
Spearman analysis.

RESULTS

RNA Sequencing and de novo Assembly

The statistical information of sequencing data for the normoxia
and hypoxia samples is given in Table 1. The average number of
total raw reads generated from each library was 66.84 million, and
the average clean reads were 64.03 million. The total mapping rate
of the library was 81.11-83.21%, and the average Q30 value was
89.49. In total, 84,359 unigenes were assembled into six libraries
with an average unigene number of 54,010, with a mean length of
932 bp. The average GC percentage of unigene was 39.67%, and
the N50 was 1,640 bp.

According to the evaluation of transcript assembly, more
than 85% of unigenes matched or partially matched into the
BUSCO database, and only around 2.31% were unmatched
(Figure 2). The results showed that transcription data could
be used for annotation analysis. All raw reads were deposited
in the NCBI Short Read Archive database with an Accession
number of PRINA587775.

Functional Annotation and Classification
To identify the categories and functions of transcriptional
sequences, all unigenes were blasted into seven functional
databases. Among which 56,071 unigenes in the NR protein
sequence database (66.47%), 67,797 unigenes in the NT database
(80.37%), 32,377 unigenes in the Swiss-Prot (38.38%), 39,082
unigenes in the KEGG (46.33%), 29,614 unigenes in the KOG
(35.10%), 38,026 unigenes in the Pfam (45.08%), and 29,415
unigenes in the GO (34.87%) were annotated. Overall, 72,724
(86.21%) unigenes matched to at least one database, and 15,016
(17.80%) unigenes were annotated into all seven databases
(Table 2). There were five species in the NR annotations,
including C. gigas, Crassostrea virginica, Mizuhopecten yessoensis,
Lottia gigantea, and Apostichopus japonicus, with the annotation
rates of 89.88% (50,396), 6.39% (3,581), 0.65% (365), 0.14% (81),
and 0.11% (64), respectively (Supplementary Table 1).

The classification of 25 KOG gene homologs was identified,
and the top three annotated terms were signal transduction

= Complete(C) and Single-copy(S)

m Complete(C) and duplicated(D)
Fragmented(F)

u Missing(M)

Hypoxia 3
Hypoxia 2
Hypoxia 1
Normoxia 3
Normoxia 2

Normoxia 1

All-Unigene

0%

20% 40% 60%
BUSCOs

80% 100%

FIGURE 2 | Evaluation of transcript assembly by Benchmarking Universal
Single-Copy Orthologs (BUSCO).

mechanisms (5,451), general function prediction only (5,066),
and post-translational modifications, protein turnover, and
chaperones (3,088) (Figure 3).

Identification and Enrichment Analysis of

the Differentially Expressed Genes

In total, 901 DEGs were identified in the analysis between
the normoxia and hypoxia groups. Among these genes, 432
DEGs were downregulated and 469 were upregulated (Figure 4).
The GO annotation assigns all DEGs into three major
functional categories: molecular functions, cellular components,
and biological processes. Overall, 325 genes were grouped into
molecular functions, that is, catalytic activity (116 genes) and
binding sectors (154 genes); 531 genes were grouped into cellular
components, that is, membrane part (163 genes) and membrane
(172 genes); 292 genes were grouped into biological processes,
that is, metabolic process (56 genes) and cellular process (73
genes), respectively (Figure 5).

TABLE 1 | Sequencing data statistics for the normoxia and hypoxia samples.

Sample Raw reads (M) Clean reads Total mapping Clean reads Unigene Mean length N50 GC (%)
(M) (%) Q30 (%) number (bp)
Normoxia 1 67.68 64.75 82.80 90.42 53,835 995 1,736 39.54
Normoxia 2 67.68 64.59 83.21 89.48 54,007 912 1,551 39.73
Normoxia 3 65.17 62.51 82.10 89.88 54,799 985 1,726 39.32
Hypoxia 1 65.17 62.48 81.11 88.87 55,325 894 1,489 39.87
Hypoxia 2 67.68 64.81 83.04 88.84 53,199 902 1,512 39.89
Hypoxia 3 67.68 65.03 81.69 89.42 52,897 904 1,627 39.68
Average 66.84 64.03 82.33 89.49 54,010 932 1,590 39.67
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TABLE 2 | The annotation number and proportion of unigenes in NR, NT, Swiss-prot, KEGG, KOG, Pfam, and GO databases.
Values Total NR NT Swiss-prot KEGG KOG Pfam GO Intersection Overall
Number 84,359 56,071 67,797 32,377 39,082 29,614 38,026 29,415 15,016 72,724
Percentage 100% 66.47% 80.37% 38.38% 46.33% 35.10% 45.08% 34.87% 17.80% 86.21%
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FIGURE 3 | The annotated classification information of unigene sequence on the gene homologs from the Eukaryotic Orthologous Groups (KOG) database.
The KEGG annotation assigns all DEGs into six major folding, sorting, and degradation (31 genes); 147 genes were
grouped into environmental information processing, that is,
environmental signal transduction (109 genes); 139 genes were grouped into
cellular processes, that is, transport catabolism (46 genes),
The GO analysis was deployed to clarify the changes of

functional categories: organismal systems, metabolism, human
diseases, genetic information processing,
information processing, and cellular processes. Overall, 317
genes were grouped into organismal systems, that is, endocrine  respectively (Figure 6).
system (72 genes) and immune system (108 genes); 136 genes
were grouped into a metabolism, that is, global overview maps the DEGs in the hybrids under hypoxia stress. Overall, 27
(51 genes); 444 genes were grouped into human diseases, GO terms were significantly enriched, and the order of the
that is, cancers: specific types (71 genes), cancers: overview GO term enriching number in the different categories was BP
(13 terms) > MF (12 terms) > CC (2 terms). The primary
enriched GO terms that included the GO:0016021_Integral
March 2022 | Volume 9 | Article 851098

(77 genes), and infectious diseases: viral (77 genes); 70 genes
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were grouped into genetic information processing, that is,
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FIGURE 4 | Differentially expressed genes between the normoxia and hypoxia
groups.

component of membrane (e.g., GLYT, NCOR2, and SR140),
GO:0005576_Extracellular region (e.g., TIMP3, MUC2, and
FAT4), GO:0006955_Immune response (e.g., DPCD and TRAIL),
GO:0005164_Tumor necrosis factor receptor binding (e.g., TNF
and LIGHT), GO:0005328_Neurotransmitter: sodium symporter
activity (e.g., PROT and SLC6A5_9), and the enriched number of
DEGs into the above GO terms counting for 157, 16, 7, 7, and
5 DEGs, respectively (Figure 7). The lists of these representative
DEGs and their functional results are shown in Supplementary
Tables 3, 4.

The KEGG analysis was deployed to investigate the predicted
functional information of DEGs in the gills under hypoxia
stress. The KEGG analysis mainly focused on cellular processes,
environmental information processing, genetic information
processing, human diseases, metabolism, and organismal
systems in KEGG classification level 1. The analysis of the
KEGG enrichment analysis provides an overview of the
pathway regulation.

In this study, the DEGs were assigned to 19 KEGG
pathways, among which 43, 40, 28, 26, 24, 16, 11, and 8
genes were grouped into signal transduction, immune system,
endocrine system, development, cell growth and death, folding,
sorting and degradation, aging, and signaling molecules and
interaction, respectively, in KEGG classification level 2. The
main enriched pathways included the ko04210_Apoptosis
(e.g., IAP/XIAP, CASP7, and PARP), ko04658_Thl and Th2
cell differentiation (e.g., NOTCH1/2/3), ko04610_Complement
and coagulation cascades (e.g., A2M, PLG, and C1QG),
ko04612_Antigen processing and presentation (e.g., HSPAIs,
and CTSL), ko04330_Notch signaling pathway (e.g., NUMBL,
NOTCH, and SMRT), ko04060_Cytokine-cytokine receptor
interaction (e.g., TNFSF10/14, XDEAR, and SF19). Among the
listed pathways above, the ko04330_Notch signaling pathway

enriched the most number of genes as 25 (Figure 8). The lists of
these representative DEGs and their functional results are shown
in Supplementary Tables 5, 6.

Validation of Transcriptome Data by
qRT-PCR

The comparison of the qRT-PCR gene and RNAseq expression
is shown in Figure 9. The qRT-PCR expression pattern was
consistent with RNA-seq (r = 0.8095, p < 0.05; Figure 9
and Supplementary Table 7) that validated the reliability and
accuracy of the transcriptome data.

DISCUSSION

Summer mortality has been of great concern in aquaculture
all over the world. It has been observed in many countries
since the 1970s, recently hypoxic stress was proved that played
an important role in summer mortality events (Parache, 1989;
Sussarellu et al, 2010). In our previous study, hybrids of
C. sikamea (?) x C. gigas (5') had lower mortality in summer
than the half-siblings (Zhang et al., 2021). Thus, we deployed
an occluded water experiment to assess hybrids’ transcriptome
responses to hypoxia stress. In this study, 901 DEGs were found
involved in the resistance to environmental hypoxia in hybrid
oysters, in which there were 432 downregulated DEGs and 469
upregulated DEGs. According to GO annotation, the cellular
component term grouped the most numbered DEGs, and the
KEGG annotated 108 DEGs in the immune system and 109 DEGs
in signal transduction, respectively. A previous study identified
616 DEGs in C. gigas gills, mantle, and digestive gland after 7-
10 and 24 days of hypoxia stress with 30% O,-saturation that
was associated with 12 major cellular physiological functions,
including protein synthesis and degradation, transcription, cell
cycle regulation, and metabolism of nucleic acid components,
cellular matrix, and cytoskeleton, immune system, membrane
receptors, and so on (David et al., 2005). Our study partially
matches their result, the cell cycle regulation, and metabolism
of nucleic acid components, cellular matrix, and cytoskeleton-
related processes have not been identified in this study which may
be related to the duration of hypoxia.

The GO contains a set of terms to describe the activity and
actions of gene products with three sectors: cellular component,
molecular function, and biological process (Roncaglia et al., 2013;
Ding et al., 2018). In our study, the integral component of
membrane (GO:0016021) and extracellular region (GO:0005576)
in the cellular component category enriched the most numbered
DEGs, which indicated that the gill tissue is actively involved in
the response to hypoxic stress. In a previous study, extracellular
region term was also significantly enriched in oyster gills under
aerial exposure (Zhang et al, 2015), which further supports
our finding. In addition, another study has also shown that
extracellular region term was involved in the osmotic pressure
regulation of C. virginica (Eierman and Hare, 2014). Moreover,
the integral component of the membrane term is more discussed
in oyster larval development (Xu and Zhang, 2020; Durland
et al., 2021), which needs a further comparative study between
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larvae and adult oysters under hypoxia stress. The immune
response (GO:0006955) is defined as an immune system process
that functions in the calibrated response of an organism to a
potential internal or invasive threat (Dunwoodie et al., 2018),
which is the only significantly enriched GO term under the
biological process category in hypoxia stress. In previous studies,

it has been shown to also participate in Saccostrea glomerata
threatened by environmental stressors (Ertl et al., 2016) and
in Ruditapes philippinarum under lipopolysaccharide challenge
(Zuo et al., 2020). Under the molecular function category,
neurotransmitter:sodium symporter activity (GO:0005328) and
tumor necrosis factor receptor binding (GO:0005614) were

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 851098


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al. Transcriptome, de novo, Oyster Hybrid, Hypoxia

Excretory system
Nervous system
Development
Endocrine system
Digestive system
Sensory system

Environmental adaptation

Organismal Systems/317

Aging

Circulatory system

Tmmune system

Energy metabolism

Xenobiotics biodegradation and metabolism
Metabolism of other amino acids
Metabolism of cofactors and vitamins
Glycan biosynthesis and metabolism

Lipid metabolism

Amino acid metabolism

Global and overview maps

Carbohydrate metabolism

Metabolism/136

Immune diseases
Substance dependence
Cancers: Specific types

Endocrine and metabolic discases

KEGG annotation

Cancers: Overview
Drug resistance: Antincoplastic

Infectious diseases: Parasitic

Human Diseases/444

Neurodegenerative diseases
Cardiovascular discases
Infectious diseases: Viral

Infectious discases: Bacterial

Replication and repair

/70

Transcription
Translation

Folding, sorting and degradation

Information |Genetic Information|
Pr i

g E Membrane transport

§ k i Signaling molecules and interaction
=

E & Signal transduction

o Transport and catabolism

;3 g Cellular community - eukaryotes

3 g Cell motility

& Cell growth and death

0 20 40 60 80 100 120
Number of DEGs

FIGURE 6 | KEGG annotation of the differentially expressed genes between the normoxia and hypoxia groups.

Frontiers in Marine Science | www.frontiersin.org 205 March 2022 | Volume 9 | Article 851098


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Transcriptome, de novo, Oyster Hybrid, Hypoxia

GO terms

GO:1904668_Positive regulation of ubiquitin protein ligase activity ‘
GO0:0097027_Ubiquitin-protein transferase activator activity ‘
GO0:0061928_Glutathione specific gamma-glutamylcyclotransferase activity ‘
GO:0050830_Defense response to Gram-positive bacterium
GO:0042742_Defense response to bacterium
GO:0042246_Tissue regeneration ’
GO:0033743_Peptide-methionine (R)-S-oxide reductase activity
GO:0030091_Protein repair?
GO0:0019835_Cytolysis o
GO0:0016255_Attachment of GPI anchor to protein ‘
GO0:0016021_Integral component of membrane
GO:0010997_Anaphase-promoting complex binding ‘
GO0:0009916_Alternative oxidase activity .
GO:0008191_Metalloendopeptidase inhibitor activity
GO:0008152_Metabolic process
GO:0006986_Response to unfolded protein
GO:0006979_Response to oxidative stress
GO:0006955_Immune response
GO:0006730_One-carbon metabolic process
GO:0006556_S-adenosylmethionine biosynthetic process
GO:0005576_Extracellular region
GO:0005328_Neurotransmitter:sodium symporter activity ‘
GO0:0005164_Tumor necrosis factor receptor binding
GO:0004478_Methionine adenosyltransferase activity
GO0:0003839_Gamma-glutamylcyclotransferase activity

GO:0003785_Actin monomer binding

I 0.0075
0.0050
0.0025
G0:0003796_Lysozyme activity o
0.0 0.2 0.4 0.6

FIGURE 7 | The Gene Ontology enrichment of the differentially expressed genes (DEGs) between the normoxia group and hypoxia group. The color of the marker
represents the significance; the square area represents the number of DEGs enriched in each pathway; the x coordinate represents the rich ratio (the ratio of the
number of genes annotated to an item in the selected gene set to the number of genes annotated to the item by the species), similarly hereinafter.

Counts

® 4
: @ 30
@

P value

Rich ratio

both highly enriched that involved in membrane transport and
receptor recognition binding, separately. The GO:0005328 term
related to the transport function of sodium ions in the neural
structure indicated that the information transmission function
in the gill tissue of the hybrid oyster was more excited and
activated under hypoxia stress, and the function of information
collection and transmission was strengthened in response to
stress (Adhikary et al., 2017), and this term was also enriched
in the study of mechanisms of heat and hypoxia defense in
hard clam (Hu et al., 2022). The GO:0005614 was also reported
as highly enriched in the transcriptome analysis of Aequipecten
opercularis exposure to Pseudo-nitzschia (Ventoso et al., 2019)
that referred to a group of multifunctional inflammatory
cytokines which indicates that hypoxia stress might cause various
pathological and immune processes (Zheng et al., 2020).

The innate immune is a vital defensive system to protect
oysters from the environment (Guo et al, 2015). The
regulation of innate immunity relies on the pathways of the
ko04610_complement and coagulation cascades (Bajic et al,
2015), ko04658_Thl and Th2 cell differentiation (Dong and
Flavell, 2000), and ko04612_antigen processing and presentation
(Gaudino and Kumar, 2019). The complement system is a non-
specific defense mechanism against pathogens, and the effector
molecules of complement could be generated by enzymatic
activity. In the present study, the immune system-related

pathways, such as ko4610, ko4658, and ko4612, were highly
enriched with DEGs, indicating that hybrid oysters rely heavily
on innate immunity in coping with hypoxic stress. The fact that
hypoxia stress could be a factor in activating the complement
and coagulation cascades pathway has also been reported in
Pacific abalone, which supports our findings (Shen et al., 2019).
Organism immune to different microorganisms is regulated by
separate lineages of effector T helper cells, that differentiate from
primal CD4 + precursor cells in response to cues provided by
antigen-presenting cells and include T helper type 1 and type
2 (Amsen et al., 2009; Knosp and Johnston, 2012), and also
the transporter associated with antigen processing is essential
for the adaptive immune system (Abele and Tampe, 2004). In
the study of solid tumors, hypoxia was generally taken as a
common biological determinant of immune exclusion (Doedens
et al., 2013; Pietrobon and Marincola, 2021). Hypoxia enhances
the immune response and leads to cellular stabilization of
hypoxia-inducible factor la, resulting in a synergistic effect
with the key inflammatory transcription factor nuclear factor
of activated B cells (Saikumar et al., 1998; Kiers et al., 2016).
Therefore, we hypothesized that cell damage caused by hypoxia
could also be recognized in some forms by the antigen processing
and presentation pathway in hybrid oyster gills involved in
the immune response. Notch signaling is an evolutionarily
conserved pathway, and it is a key intercellular signaling
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FIGURE 8 | Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of the DEGs between the normoxia and hypoxia groups.

mechanism for embryonic development (Hansson et al., 2004).
The notch signaling pathway also participates in environmental
information processing. Jiao et al. (2019) reported that the
notch signaling pathway participates in the recovery of pearl
oysters after allograft and xenograft transplantations, and it was
also actively involved in the regulation of Crassostrea gigas and
Crassostrea hongkongensis under low osmotic stress (Zhao et al,,
2014). In the present study, 25 DEGs were enriched into the
notch signaling pathway, thus the environmental information
processing function of the notch signaling pathway may be highly
activated by hypoxia (Hiyama et al., 2011; Danza et al., 2012).
Cytokines are soluble extracellular proteins or glycoproteins
that are key modulators of inflammation, participating in cells
engaged in innate immunity via a complex and sometimes
seemingly contradictory network of interactions (Turner et al.,
2014). The latest study on Onchidium reevesii revealed that
cytokine—cytokine receptor interaction pathway involved in
resisting the low-frequency noise stress (Tu et al.,, 2021), and
Zhao et al. (2016) analyzed the gene expression profiles of oyster
gills that have found that cytokine-cytokine receptor interaction
pathway was also involved in salinity tolerance. The lack of
available oxygen contributes to a bioenergetic crisis within
cells, which in turn can lead to cellular necrosis-promoting
inflammatory processes in a non-specific manner through the
release of intracellular contents into the surrounding space

(Nizet and Johnson, 2009; Taylor and Colgan, 2017). In this
experiment, it was found that the hypoxia stress might induce
adaptive inflammation in the gill tissue of hybrid oyster, thus
activating the cytokine-cytokine receptor, which was consistent
with the above conclusions.
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FIGURE 9 | The correlation analysis between the gRT-PCR and the RNA-seq
data set.
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The Notch family has four transmembrane receptors
(Notch1-Notch4) and five ligands (Kadesch, 2004). In the
previous studies, fibropellin-1, related to the Notch protein,
drastically increased when post chronic hypoxia in the clam
Ruditapes philippinarum (Nie et al., 2020) and the NOTCHs
were upregulated in Hermodice carunculata under hypoxia
(Grimes et al,, 2021). Notch signaling was originally identified
as a pleiotropic mediator of cell fate in invertebrates, which
has recently emerged as an important regulator of immune
cells (Radtke et al., 2013; Vanderbeck and Maillard, 2021). In
the current study, several upregulated DEGs were annotated
into the notch signaling pathway, which participates in the
response to hypoxia stress by regulating the innate immunity
in oyster gills.

Heat shock proteins (HSPs) are a group of molecular
chaperones that can be induced by hypoxia (Wang et al,
2019), temperature (Zhang et al, 2021), and a variety of
other stresses (Murphy, 2013; Cheng et al, 2016). HSPAls
contain the heat shock 70 kDa protein 1, 2, 6, and 8. Hsp70
proteins are central components of molecular chaperones and
folding catalysts, and they assist a large variety of protein
folding processes in the cell (Mayer and Bukau, 2005).
The HSP70 gene was significantly upregulated in the study.
Hypoxia could induce protein misfolding due to the lack
of oxygen required for the formation of disulfide linkages,
which leads to endoplasmic reticulum stress and the activation
of unfolded protein response (Bartoszewska and Collawn,
2020; Diaz-Bulnes et al, 2020). As a chaperone protein,
the hsp70 proteins facilitate the proper folding of proteins
and DNA repair (Duan et al, 2014). In a previous study,
HSP70 genes were also increased in Anadara broughtonii when
exposed to sulfide and hypoxia (Wang et al., 2019), which
further supports our finding. All findings suggest that the
HSP70 genes might play key roles in bivalves dealing with
different stress factors.

Apoptosis is another evolution-conserved process in
organisms, which is also an important process in the molluskan
immune system (Zhang et al, 2021). The TNF family has
been verified as a key inducer in apoptosis, both LIGHT and
TRAIL are important members of it. LIGHT is also named
TNFSF14 (tumor necrosis factor superfamily member 14)
which has two spliced transcript variants encoding distinct
isoforms (Locksley et al., 2001). TRAIL is a cytokine that is
produced and secreted by most normal tissue cells, which
induces apoptosis by binding the DR4 and DR5 receptors
that result in trimerization of the receptor and clustering
of the receptors intracellular DD, leading to the formation
of the death-inducing signaling (Wang and El-Deiry, 2003;
Szliszka et al.,, 2009). In this study, both TRAIL and CASP7
were significantly downregulated, which indicated that the
normal apoptosis might be inhibited due to hypoxia stress
and the hypoxia has not caused cell damage that required the
apoptotic process in this experiment. Previous studies have
also verified that TRAIL/LIGHT could rapidly induce apoptosis
in diverse origin cell lines, and LIGHT could be ligands for
herpesvirus entry mediators (Wiley et al., 1995; Mauri et al.,
1998; McGrath et al., 2011).

Gray et al. (2002) demonstrated that marine bivalves have
the least sensitivity in the classified marine organisms according
to their tolerance to hypoxia. Sussarellu et al. (2010) infer that
the hypoxic effects appeared late in such a low oxygen-tolerant
species, and their study indicated that all of the complexes of
the electron transport chain were involved. In the current study,
the typical genes of the respiratory chain, like NADH-ubiquinone
oxidoreductase chains, succinate dehydrogenase, cytochromes b
and ¢, and cytochrome c oxidase subunits weren’t overexpressed,
which echoes his point of view at some layer. The LIGHTSs
and TRAILs play a part in apoptosis, and the downregulation
of TRAILs and CASP7 indicates the inhibiting of the apoptosis
process. Therefore, in this experiment, the LIGHTs may only
be involved in the adaptive inflammatory defenses through
the cytokine-cytokine receptor interaction process, which was
upregulated. HSP70 interacts with NOTCHs and contributes to
the activity of Notch signaling, and the interaction represents a
mechanism regulating Notch signaling (Jurynczyk et al., 2015).
In our study, the typical immune genes, such as NOTCHI,
HSP70s, and LIGHTs were all upregulated, were found to be
involved in the immune response of oyster gills to hypoxia, by
which the innate immune process is mediated. However, the
TRAILs, which also come from the TNF family with LIGHTS,
were downregulated in this study, suggesting that the apoptosis
was inhibited under hypoxia, and the downregulated CASP7 also
confirmed this conclusion.

CONCLUSION

This study is the first transcriptome report of C. sikamea
? x C. gigas ghybrids under hypoxia stress. In total, 902 DEGs
were identified in gill tissue of the hybrids under hypoxia stress,
among which 432 downregulated and 469 upregulated DEGs
were identified, respectively. In addition, several immune-related
pathways were significantly enriched, such as Thl and Th2
cell differentiation; complement and coagulation cascades, and
antigen processing and presentation, which indicated that the
innate immunity of oysters plays an important role in coping
with hypoxic stress. Our findings demonstrated a gradually
complicated immune pathway network in the gill tissue of
hybrids under hypoxia stress. In conclusion, these results
provide a basis for genetic breeding and transcriptome study of
the hybrid oyster.
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Worldwide, the bivalve aguaculture industry has realized or recognized the potential
gains from selective breeding programs using phenotypic and pedigree data. Yesso
scallop Patinopecten yessoensis are among the most important commercial shellfish
in China. A family-based breeding program to investigate the genetic variations for
growth and survival-related traits at suspended and bottom environments of sea-based
culture systems was reported in this study. We proposed and conducted a novel
phenotyping technique to longitudinally evaluate the shell heights in the yesso scallop.
At harvest after rearing for 20 months, the individual shell heights at 6, 10, 16, and
20 months were simultaneously obtained by the growth rings in the outer shells of the
animals. Meanwhile, the body weight (BW) of the survived individuals at harvest was
also recorded. Variance components and genetic parameters for growth and survival-
related traits were estimated using an animal and threshold model, respectively. In the
suspended environment, the heritability estimates for BW and shell heights at specific
ages ranged from moderate to high (0.328-0.853). The estimated correlations between
shell heights at contiguous ages were consistently high, ranging from 0.890 to 0.958
but decreased with increasing intervals between ages (0.496-0.828). The estimated
correlations between shell heights at contiguous ages and BW at harvest were similar,
ranging from 0.535 to 0.983. The heritability estimates for individual survival at harvest
were at a low level of 0.128 by the probit-threshold model. While at the bottom
environment, estimates of heritability for growth and survival-related traits were similar
but slightly lower than those at the suspended environment. Furthermore, the genetic
correlation for BW between the two environments was very small, which probably
indicates genotype-by-environment interaction effects for growth in the yesso scallop.
The study can provide prior information, which might develop a new idea for selection
in this species. The results are discussed concerning selection work with yesso scallop,
and solutions for accurate estimation of genetic parameters and increasing genetic gain
are also outlined.

Keywords: yesso scallop Patinopecten yessoensis, heritability, genetic correlation, shell growth, sea-based
culture
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Scallop Genetic Evaluation of Growth and Survivals

INTRODUCTION

Selective breeding, the benefits of which can be cumulative and
permanent, is an attractive approach in genetic improvement
in aquaculture species (Gjedrem, 2010). Estimates of genetic
gain per generation for economically important traits such as
growth rate are reported high of average 13%, as demonstrated
for major farmed species like Atlantic salmon and Nile tilapia
(Gjedrem, 2012). Although the molecular breeding method was
reported in animals in the genomics era, the best linear unbiased
prediction method traditionally based on pedigree records and
phenotypic data still comprises one of the main approaches
in selective breeding programs so far, especially in aquaculture
species (Boudry et al., 2022). The prerequisite of the traditional
family-based selection is the accurate estimates of the genetic
parameters including heritability and genetic correlations for the
target traits. Factually, the genetic parameter estimation is vital to
breeders to make an effective breeding plan, predict the genetic
gains, and conduct a cost-benefit analysis in the program. In
molluscan species especially in bivalves, the genetic parameter
estimations were relatively widely reported in oysters, scallops,
clams, and mussels (Alcapan et al., 2007; de Melo et al., 2016;
Barros et al., 2018; Tan et al., 2020).

Scallops are one of the most ecologically and economically
important bivalve groups in the world (Shumway and Parsons,
2006). They are a high-value aquaculture group, with an
annual farmed yield of about 2 million metric tons accounting
for more than 10% of aquaculture production for the major
molluscan species groups in 2018 worldwide (Food and
Agriculture Organisation [FAO], 2020). Yesso or Japanese
scallop, Patinopecten yessoensis, was introduced from Japan to
Dalian areas, China in the 1980s (Liu, 1983). The aquaculture
of yesso scallops has been growing rapidly since its introduction
because of the larger sizes and higher market prices compared
with the native scallop species in China. It has become a major
aquaculture industry in northern China, mostly in Liaoning and
northern Shandong Province. Two main culture forms in sea-
based culture were suitable for yesso scallop farming in China.
Lantern nets on suspended longlines, the dominant form of
grow-out for native scallops, are also implemented for yesso
scallop culture. The scallops can also be released for on-bottom
culture without any protective gear. During the past decade,
the on-bottom culture of yesso scallops has gained popularity
and greatly expanded in China. Although several studies were
conducted to compare the merits and demerits between the two
culture modes in yesso scallop, there remains controversy in
which mode is more productive in China.

However, in recent years, outbreaks of mass mortality and
slow growth rate are major threats to sustainable production and
future expansion of yesso scallop aquaculture since 2007 in China
(Ren et al., 2013). Mortalities of farmed stocks in this species
have continued to 2014, however, no specific pathogens have been
found associated with the mortalities. Although several selective
breeding programs were initiated by varying organizations or
companies in China (Wang et al, 2014), it seems that no
sufficient data of genetic evaluations were reported on target traits
in this species.

Here, we present estimates of heritability for shell heights,
BW, and survival after growing full-sib families under two grow-
out conditions (environments). We also try to evaluate the
genotype by environment interaction effects for BW between
different environments. This study would provide a theoretical
and practical context for developing selective breeding programs
for yesso scallop farming in China.

MATERIALS AND METHODS

Population, Mating, and Production of

Families

The materials used in the study were from a scallop hatchery,
Zoneco Group Co., Ltd., China. The base population of the
selection experiments was established by two yesso scallop stocks,
A and B. According to the hatchery records from Zoneco
Company, stock A was introduced from Aomori, Japan in
1982. After breeding for 14 generations every 2 years since
introduction, individuals from stock A were randomly chosen
as broodstock. While, stock B was produced for 2 generations
after being introduced in 2009, recently. Scallop stocks A and
B are both commercially cultured using suspended longline
in Changhai County, Dalian, China before being selected as
broodstock in the study. To our knowledge, no experimental
or field trials were conducted to evaluate the production
performance or features between the two stocks previously. We
used the two stocks as the base population for broadening the
genetic base and detecting possible heterosis for the target traits
in the study. Full- and half-sib families were produced by a 2 x 2
factorial mating design, in which two dams were mated to the
same sire, and two sires were mated to the same dam. After
fertilization and hatching, successfully established full-sibs were
carefully separately in each 100 L tank.

Fertilized eggs, embryos, and larvae were reared following the
procedures described by Wang and Wang (1993). The D-shaped
and umbo larvae in each full-sib were cultured in appropriate
15°C seawater with aeration in succession. The density of larvae
and the concentrations of feeds were maintained and adjusted
to a suitable level to keep the larvae growing comfortably. In
brief, the density of larvae in the tanks was maintained at 8
larvae/ml and reduced to 1-2 larvae/ml with the development
of the larvae to metamorphosis by adjusting the water volume.
About 30 days after fertilization, the collectors adhered to juvenile
scallops were transferred to the field in the sea from nursery
to grow-out stage. As the animals developed in the nursery
stage, stocking densities in each full-sibs were adjusted for
consistent rearing environmental conditions. Density adjustment
was made in all families three times in the nursery stage. This
practice is essential to adjust for possible bias resulting from
environmental differences in the subsequent genetic evaluation.
Finally, only 43 full-sibs with sufficient sample numbers were
established when juvenile scallops with shell heights of ~3 cm
got to the grow-out stage. The numbers of mating pairs, sires,
and dams used to generate the full families are presented in
Table 1.
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TABLE 1 | Summary statistics of families, sample number, and phenotypic values
of traits in yesso scallops in the study.

Samples/Traits? Grow-out conditions (Environment)

Suspended Bottom
Families 43 33
Sires 32 23
Dams 34 23
Samples with records 2,667 778
Survived samples at harvest 1,192 335
Traits SHy (mm) 42.28 (7.72) NA
SH» (mm) 57.15 (7.73) NA
SHz (mm) 68.85 (7.76) NA
SH4 (mm) 80.07 (8.90) NA
BW (g) 76.48 (21.74) 84.04 (30.13)

aThe data of traits in the table are shown in the format of value (SD). SH+1, shell
height at 6 month; SH», shell height at 10 month; SH3, shell height at 16 month;
SHa, shell height at 20 month; BW, body weight at harvest; Survival, Survival at
harvest. Suspended and bottom are the two environments in the study.

Growth and Survival Tests at Suspended

and Bottom Environments
Scallops with a shell height of ~2.5 cm were tagged with digital
numbered tags tied by a hole drilled in the ear part of the animal
(Katherine et al., 2001). After tagging and acclimating for no
mortality occurred, the scallops in each of the full-sib families
were transferred to two sites closely located in Zhangzi Island
of the North Yellow Sea, where yesso scallop is widely cultured
in China, for adult growth periods (Guo and Luo, 2016). The
lantern net suspension in longlines culture mode in one site and
an on-bottom culture mode in the other site were utilized as two
environments to measure the growth and survival performance
of the full-sibs at the grow-out stage were separately conducted.

At the suspended environment, a total of 2,667 randomly
selected individuals from the 43 full-sib families were placed in
13 lantern nets with the same density (20 scallops were placed
in each layer of the lantern nets) and placed in the same natural
water to minimize the effects of culture conditions. While, at the
on-bottom environment, we placed netting cages in the bottom of
the sea on the other site in this study. Compared with the routine
way in yesso scallop on-bottom culture in open areas, this is to
guarantee the recapture of the experimental animals at harvest.
The netting cage consisted ofa2m x 1 m x 0.45m (L x W x D)
rectangular frame made of rebar (¢ = 1 cm), we placed two
nets around each cage with a mesh size of 2 cm for holding
scallops. In this study, seven netting cages as scallop bottom
culture equipment were anchored into the seabed at a water depth
of 20 m. However, during the culture at the bottom environment,
one netting cage was crashed by rocks and destroyed, while two
netting cages occurred predators of starfish (Asterias amurensis),
nearly all the scallops totally occurred mortality. Therefore, a
total of only 780 scallop samples from the 33 full-sib families
in four cages were included in data collection at the bottom
culture environment.

At harvest after grow-out in the suspended environment, the
numbers of live and dead scallops at each site for each full-sib

family were counted to obtain the survival data (0/1). Final sizes
(the shell heights SH4) and weights of the scallops (BW) were
determined by measuring all the survived individuals at the site.
Besides, the three number of growth rings present in our survived
samples allowed recognition of shell height growth chronologies
(Figure 1). With the help of the growth rings which we inferred
occurrence at the age of 6, 10, and 16 months, we finally obtained
the data of SH;, SH», and SH3 together with SHy, simultaneously
(Figure 1). Scallop shell heights were defined as the maximum
distance from the hinge line to the growth rings or shell edges
and measured using electronic vernier calipers to an accuracy of
0.01 mm. BW was recorded using an electronic balance to an
accuracy of 0.01 g. To guarantee the accuracy of shell height data
obtained by the new method, preliminary measurements were
conducted during the culture at 6 months. Measurements were
carried out to obtain the shell heights of 100 randomly chosen
scallops at 6 months, which are seen as “true values.” While
at harvest, shell height data indicated by the growth ring at 6
months were recorded again to the survived animals from the 100
randomly chosen scallops. The means of shell heights obtained at
harvest and “true values” were compared using Tukey’s test (Zar,
1984). Additionally, Tukey’s test revealed no significant difference
between data recorded by the growth ring method and “true
values” (P > 0.05). It indicated that the accuracy of shell height
data obtained by the growth ring method was guaranteed.

While, at harvest after grow-out at the bottom environment,
all the number of live scallops in only four cages were collected
and counted to obtain the survival data. The final individual
BW of the scallops (BW) was determined by measuring all the
survived individuals at the site. Gender information including
male, female, or undistinguished of all survived samples at the
two culture conditions was also recorded at harvest.

Data Analysis

Genetic analyses for growth-related traits including SH;, SH»,
SH3, SHy, and BW in the suspended culture condition were
performed using a multivariate animal model as follows:

y=XB+Za+Wc+e (1)

FIGURE 1 | Shell height growth was indicated by the rings in the outer shells
of the yesso scallop in this study. SH1, shell height at 6 months; SHy, shell
height at 10 months; SHg, shell height at 16 months; SH4, shell height at 20
months.

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 865736


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wu et al.

Scallop Genetic Evaluation of Growth and Survivals

where y is the vector of phenotypes of each trait; § is the vector
of fixed effects, including overall mean, crosses (AA, AB, BA,
or BB), and sex (male, female, or undistinguished); a is the
vector of random additive genetic effects, following a normal
distribution of N(O, Aoﬁ), where o2a is the additive genetic
variance and A is the numerator relationship matrix based on
pedigree information; ¢ is the vector of common effects to
full-sibs with the distribution of N(0, IO‘%), where Iof is the
variance of common effects to full-sibs and I is the identity
matrix; e is the vector of random residuals with the distribution
of N(0, Io2), where o2 is the residual variance; X, W, and Z;
are incidence matrices linking B, ¢, and a to y, respectively.
Ward-F-tests were conducted to detect the significance of the
fixed effects, and the fixed effects should be removed if no
significance was detected (P < 0.05). If the multivariate genetic
analyses including all the traits cannot achieve convergence by
the restricted maximum likelihood (REML) method, bivariate
genetic analyses between any of two traits using an animal model
were carried out.

Genetic analyses for growth-related traits including
BW at the suspended and bottom environments were
using a bivariate animal model to detect the genotype by
environment interaction indicated by genetic correlation
levels as Formula (1). Traits of BW at the two culture
environments were seen as different variates as shown
in G by E analysis proposed by Falconer and Mackay
(1996).

Survival traits at each of the two environments were treated
as a binary trait since survived and dead samples at harvest
were assigned values of 1 and 0, respectively. Genetic analyses
for survival traits in each of the two environments were using
a threshold logit model to estimate the genetic components and
narrow-sense heritability, respectively.

The assumed single-trait model for the underlying
distribution of the liability (If) for analysis of each binary
trait was

If = XB+Zxs+Zsd+e (2)

where B is a vector of fixed effects as displayed in Formula (1); s
and d is the vector of sire and dam genetic effects; e is a vector of
residual effects, and X, Z,, and Z3 are incidence matrices that link
fixed and genetic effects to liabilities, respectively. The response in
Formula (2) was modeled with a probit link function approach,
thus, the 02 = 7 2/3.

Heritabilities (h%) in the animal model for growth-related
traits including scallop SH and BW were calculated as
W = 02/(c% +02), while heritabilities (h?) in the sire-
dam model for scallop survival-related traits using probit-link
function were calculated h> = 4052 0/ (2052 ik’ 2/3).

The multivariate or bivariate animal models were used to
estimate the genetic and phenotypic correlation between growth-
related traits in suspended culture conditions, and between BW
traits in the two culture conditions. The genetic correlation (r,)

formula is:
/| 2 2
rg = Galz/ Galcgz

where o, is the genetic covariance between trait 1 and trait 2,
0?;1 and 0512 are the additive genetic variance of traits 1 and 2,

respectively. The phenotypic correlation (r,) formula is:

= (a2 +0e2) [y (%) +0%) (0% +02)

where 6,1, is the residual covariance between trait 1 and trait 2,
02, and 02, are the residual variance of traits 1 and 2, respectively.

RESULTS

Phenotype Statistics for Scallop Growth

and Survival at Harvest

After 20-month rearing at the two environments in the sea-based
culture system, the total number of survived scallops was 1,192
at the suspended environment, accounting for the survival rate
of 44.69%. While, the total number of surviving scallops in the
remaining four netting cages at the bottom environment was
335, accounting for the survival rate of 43.06%. The average BW
of the yesso scallop was 76.48 g at the suspended environment
and 84.04 g at the bottom environment, respectively. At harvest,
according to the growth rings in the outer shells of yesso scallops,
the shell heights at varying ages were also shown in Table 1. The
mean and SD for shell heights increased while the coefficient of
variation (proportion of SD to mean) decreased from 18 to 11%
with advancing age.

At the family level, there were large variations in the average
BW of yesso scallop cultured at both environments, respectively.
Additionally, it seemed that large difference in average BW
between the same families in the two environments (Figure 2).
The phenotypic variations were similar in terms of survival rates
of the animals at the suspended and bottom environments at the
family level (Figure 2).

Genetic Parameter Estimates for Scallop
Growth and Survival at Suspended and

Bottom Environments

In the study, a cross between two populations, A and B, and
scallop sex at harvest were treated as fixed effects in REML
analysis. Wald-F statistical analysis was conducted and showed
that these two factors had no significant effect on scallop growth
and survival at harvest (P > 0.05). Therefore, the two factors
were removed in the subsequent analysis using REML in the
mixed linear model.

Estimated variance components from multivariate models
including SH;, SHj, SH3, SHy, and BW traits could not obtain
a converged result by the REML method. Therefore, we re-
analyzed the longitudinal data of SH;, SH;, SH3, and SHy from
a multivariate model to get a reliable estimation of narrow-sense
heritability and genetic correlation between any two of the traits.
For the genetic correlation analysis between each one of the shell
heights at varying ages and BW at harvest, a bivariate model
using REML was conducted. Since the common effects to full-sib
family indicated by the Z-ratio in components were very small, we
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FIGURE 2 | Body weight (BW, g) and survival rate (Survival, x 100%) of yesso scallop full-sib families at suspended and bottom culture environments.

]
o i
b2 : T T .Ir
i ol ! AR
sed o 1 ad 0L
2 21100 L il A L
g H: 1 1 |::
’ I | H I :HH
%—:iii‘:if@‘: LNt
[ . S AP
1 o [ : o
RRERRRRRIRRRRA RN RRNARRRRRR RN NI RR RN RRRRRRRRRRN
1 9 18 26 34 40 47 53 58 63 72
Famliy at bottom culture site
© - -
(=T - -
T - -
= Pt - -
% - _ - -
=, _ _ -
N_ = - = -
o -
[en]
2 4 =
TTT T T T T T T T T T T T T T T T T T T T T T T T T T T TT]
1 12 27 36 41 49 55 59 66
Famliy at bottom culture site #

removed it in the model, and therefore, only additive and residue
effects were treated as random effects in the mixed linear model.
At the suspended environment, the estimated heritability of
scallop shell heights at varying ages was of the medium to the
high level, ranging from 0.410 at 20 months to 0.853 at 6 months
as shown in Table 2. Genetic correlations between SH from 6
to 20 months were significantly different from zero (Table 2,
above the diagonal). Genetic correlations between contiguous
ages were high ranging from 0.496 between 6 and 20 months
to 0.958 between 6 and 10 months. As the length of the interval
increased, genetic correlations tended to decrease. At harvest, the
estimated heritability of scallop BW was of medium level (0.328,
Table 2), while the estimated heritability of scallop survival was
of low level (0.128, Table 2). Genetic correlations between BW
at harvest to shell height at varying ages were also significantly
different from zero (Table 2, above the diagonal). The genetic

correlations between BW and shell height at varying ages were
high, ranging from 0.535 between shell height at 6 months and
BW at harvest to 0.983 between shell height at 20 months and
BW at harvest. Similarly, as the length of the interval increased,
genetic correlations between BW at harvest to shell height tended
to decrease. The genetic correlation between BW and survival
at harvest was of a low level (0.398) and was not significantly
different from zero.

At the bottom culture environment, the estimated heritability
of scallop BW was 0.198 (Table 2), while the estimated heritability
of scallop survival was of low level (0.101, Table 2). Both estimates
were significantly different from zero, however, lower than those
at the suspended culture environment.

G x E interaction in terms of scallop BW at two culture
environments was indicated by the estimate of genetic correlation
for BW between the environments. The genetic correlation for
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TABLE 2 | Estimates of heritabilities (the diagonal), genetic correlation (above the diagonal), and phenotypic correlation (oelow the diagonal) between varying traits in

yesso scallop at two environments.

Environment/Trait? Suspended Bottom
SH1 SH2 SH3 SH4 BW Survival BW Survival
Suspended SH1 0.853 (0.126) 0.958 (0.017) 0.828 (0.060) 0.496 (0.142) 0.535 (0.138)
SH2 0.850 (0.015) 0.618(0.114) 0.942 (0.022) 0.687 (0.101) 0.697 (0.102)
SH3 0.730 (0.026) 0.880 (0.011) 0.501 (0.103) 0.890 (0.041) 0.894 (0.043)
SH4 0.561 (0.042) 0.722 (0.026) 0.877 (0.011) 0.410 (0.091) 0.983 (0.012)
BW 0.525 (0.040) 0.656 (0.027) 0.775(0.016) 0.863 (0.009) 0.328 (0.080) 0.339 (0.198)° <0.001P
Survival 0.023 (0.042)° 0.128 (0.041)
Bottom BW <0.001P 0.198 (0.098)
Survival 0.101 (0.038)

aThe data in the table are shown in the format of value (standard errors). SH1, shell height at 6 month; SH2, shell height at 10 month; SH3, shell height at 16 month; SH4,
shell height at 20 month; BW, body weight at harvest; Survival, Survival at harvest. Suspended and bottom are the two environments in the study.
b Al the data in the table were significantly different from 0 (P < 0.01, based on t-distribution) with the exceptions of genetic and phenotypic correlations between BW and

survival at the suspended environment, and between BW at two environments.

BW between the environments was very small (<0.001, Table 2),
which indicates a considerable genotype by environment
interaction for growth in yesso scallop.

DISCUSSION

Because of their high economic importance, genetic
improvement in scallop species is continuously attracting
attention in recent years (Zheng et al., 2004; Wang et al., 2017,
2018; Tan et al., 2020). Heritability reflects the genetic ability of
traits, which is an important parameter for selective breeding
(Song et al., 2022). In this study, animal or individual models
by the REML method were used to estimate narrow-sense
heritability for the growth-related traits of shell heights and
BW, and the results showed that the heritability was at a
moderate to a high level in yesso scallop in sea-based aquaculture
system. Similar results were obtained by Barros et al. (2018),
in the Caribbean scallop, Argopecten nucleus, with estimated
heritability larger than 0.26 from growth traits. Wang et al. (2018)
also reported that the single-nucleotide polymorphism-based
heritability for shell length, shell height, shell width, and whole
weight in Zhikong scallop, Chlamys farreri, was of high level,
from 0.28 to 0.54, respectively. The moderate to high heritability
for shell height, BW in this study indicates that the potential for
genetic improvement of these traits is large, and it is necessary to
perform selective breeding in yesso scallop in the environment of
a sea-based aquaculture system. While the estimated heritabilities
for survival trait in yesso scallop after rearing for 20 months
were relatively low at both environments (suspended and bottom
conditions). Generally, the additive genetic variation for survival
or stress tolerance-related trait is reported low in aquaculture
species, such as shrimp (Li et al., 2015) and oyster (de Melo
etal., 2016). It might indicate the large confounded non-additive
effects including environmental effects for survival-related traits
and the difficulty to obtain considerable gains through selective
breeding for survival traits in yesso scallop. Furthermore, at
the bottom environment, estimates of heritability for growth

and survival-related traits were similar but slightly lower than
those at the suspended environment. Comparatively, the bottom
environment seems to be harsher to scallops indicated by the
destroyed cages and predating during the culture period than the
suspended environment. The higher environmental variations at
the bottom environment for the target traits probably might be
the reason for the lower level of estimated heritability than that
at the suspended environment.

A narrow genetic base or limited additive genetic variance of
the foundation population will lead to a fast accumulation of
inbreeding at a high level and decrease the genetic gain during
selection. In this study, we used two stocks A and B as broodstock
for the sake of broadening the genetic base. Intraspecies and
interspecies crossbreeding were reported to be an effective means
to improve the growth and survival traits in aquaculture species,
such as salmon (Bryden et al., 2004), prawn (Thanh et al., 2010),
oyster (Hedgecock and Davis, 2007), and scallop (Xing et al.,
2022). However, the Wald-F-test from the mixed linear model
showed that the crossing effects by the two stocks (A and B)
were not significant for all the traits. This is maybe due, at
least in part, to low genetic variation in the introduced yesso
scallop stocks of A and B. Although there existed a difference
in domesticated generations after being introduced into China,
the lack of genetic variation due to small effective population
size and poor genetic management after introduction might be
responsible for the results.

Common environmental effects to full-sibs were reported
important in a family-based selective breeding program
(Gjedrem et al,, 2012). Estimation of variance components
including the additive variance and common environmental
variance was vital to the selection accuracy for target traits.
However, in this study, common environmental variances in
both environments (suspended and bottom conditions) were
estimated very small, which is different from published studies
(Gjerde et al., 2004; Luan et al, 2012). This is maybe due
to the absence of genetic ties between half-sib families from
different sires (Table 1). In this study, there were 73 full-sib
scallop families before metamorphosis, however, about 30
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families were culled for parallel environmental control. Since
no sufficient samples were partitioned from the same full-sib,
this is the reason that the inconsistent number of families were
used in the two environments. The lack or loss of genetic ties
between families may have contributed to the fact that the
common environmental effects for BW and survival could not be
partitioned effectively in this study.

In the genetic breeding program in animals, growth and
developmental traits at a specific age (in the day, month, or year),
such as the time to market are the main targets of selection
improvement. As such, genetic evaluation of the growth and
developmental process can increase the efficiency of selection
compared to that of traits measured at specific ages (Schaeffer,
2004; He et al., 2017). However, the repeated records of growth or
body size on an individual in aquaculture animals are apparently
a labor and time-cost task in genetic evaluation (Hollenbeck and
Johnston, 2018). Besides, repeated measurements at specific ages
can often cause stress to farmed animals, especially aquaculture
animals (Boudry et al., 2022). In this study, we put forward and
conducted a longitudinal evaluation of shell heights at harvest,
obtaining four shell height data by the growth rings in the outer
shells of the yesso scallop. The characteristics of the growth cycle
of the yesso scallop were reported per the water temperature
(Wang et al.,, 1986; Wang and Wang, 1993). It is reported that
the suitable temperature range for yesso scallops is 5-20°C, and
about 15°C is the most suitable growth temperature in China. The
upper and lower limits of the water temperature are 23 and 0°C,
respectively (Wang et al., 1986). Thereafter, two rapid growth
periods for yesso scallop in northern China usually occur in
late spring and early winter. Additionally, shell rings are usually
shaped in a suspended culture environment when the animals
stop growth during the high water temperature period (>23°C)
in late August and low-temperature period (<0°C) in February
(Wang et al.,, 1986). In this study, we conducted spawning of the
broodstock at the hatchery in February and reared the animals for
20 months. Therefore, a total of three growth rings corresponds
to the time when the scallop stopped growing. It is clear that
the points of the growth rings are determined to be 6, 10, and
16 months, respectively, in the study. In fact, the fine periodic
growth patterns on shell surfaces have been widely used for
studies in the ecology and evolution of scallops (Xing et al.,
2017). Due to seasonal changes in the physical and chemical
properties of seawater in the environment, the rates of secretion
and deposition of shell materials are varied, resulting in a periodic
appearance of growth patterns on shells with different densities
in the internal structure and chemical elements (Michio and
Hiromichi, 2013). Apparently, the growth rings in the outer shells
of the yesso scallop cannot change with time, which guarantees
the accuracy of shell height data recorded by the growth ring
method at harvest in this study.

There are merits and demerits of the shell growth ring method
for longitudinally scallop shell height recording in this study.
First, one merit of the method was easy to conduct and labor and
time cost-effective. Furthermore, compared with the traditional
measurements at each of the specific ages on scallops, many of
which might occur mortality subsequently, the data collected
at harvest were from the survived animals and more valuable.

Finally, with the help of shell rings or other shell markers,
more repeated records of shell growth data can be obtained
by elaborately recording such as the computed tomography
(CT) approach (Xing et al., 2017). In this situation, recent
developments in mixed model theory and advances in computer
software now allow for the implementation of random effects in
the statistical model and the modeling of the covariance structure
of the data (Konig et al., 2006), e.g., random regression model
reported in aquaculture animals (He et al., 2017). However, the
shortcoming of the method might be that heritability for shell
height at an earlier age was overestimated (e.g., h*> ~ 0.853 for
SH; at 6 months). This estimate is expected to be biased upward
due to possible effects that have not partitioned from additive
genetic effect (Eknath et al., 2007). The possible effects might
be the maternal or common environmental effect which is more
important in the early days after fertilization.

Good environmental control is the key to the design of all
selective breeding experiments. Selection is effective in non-
stress environments because they are reproducible; selection
is also successful in reproducible stress environments but not
irreproducible ones (Hufstetler et al., 2007). According to the
theory of quantitative genetics, heritability is relative and varies
with the environment. In addition, when the environmental
variance is large, it will increase the difficulty of estimating
the genetic variance. Estimates of heritability depend on the
environment, which is variable over time and space. The goal of
environmental control is to minimize environmental variation
and maximize the ratio of genetic variation in phenotypic
variation, thereby increasing the accuracy of breeding selection
and improving genetic gain. For marine mollusks including the
yesso scallop, it is very hard to conduct good environmental
control, especially in a sea-based culture system. The survival
results in this study (~ 40% at harvest) also indicated the difficult
task to conduct good environmental control in a scallop selection
program. Environmental control will likely be an important area
of research in scallop selective breeding programs in the future.

In this study, a very low level of genetic correlation between
scallop BW at the two environments (suspended vs. bottom)
indicated the occurrence of G x E interaction for BW trait. Low
genetic correlation between environments indicates significant
G x E interaction according to the study of Falconer and
Mackay (1996). It means that the potential different genes are
responsible for the phenotypic variation of a target trait in
different environments. According to Robertson (1959) and Sae-
Lim et al. (2016), the genetic correlation between environments
less than 0.8 indicates the occurrence of G x E interaction
in aquaculture animals. Our results indicate that selecting
yesso scallop individuals of greater genetic merit evaluated
at suspended sea-based culture environment may reduce the
accuracy of selection when transferred to the animals reared at
the bottom-based environment. However, Sae-Lim et al. (2016)
suggested at least 100 families per environment are required
for target traits to G x E interaction study in aquaculture. In
this study, only a limited number of 33-43 full-sib families
were assessed in the two environments (suspended vs. bottom)
for G x E interaction evaluation. It seems that no sufficient
genetic ties existed between the environments. This is might
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be one of the reasons for the low level (<0.01) of genetic
correlation for the scallop growth between the two environments
analyzed by the multitrait mixed model. Compared with the
reported high levels of genetic correlation (>0.8) for growth at
varying environments in aquaculture (refer to the review by Sae-
Lim et al,, 2016), the estimate in this study apparently biased
downward. More data especially more full-sib families should be
provided to get a more reliable G x E interaction evaluation in
the future. Furthermore, the sample size in a specific full-sib was
also reported as important to heritability and genetic correlation
estimates, especially for survival traits in marine mollusks with
vary large phenotypic variation within full-sib families (Kube
et al., 2007). The differences in the survival rate among different
families were shown in Figure 2. Large variation in terms of
survival rate among different families within and between the
environments was detected. However, we have not displayed
the genetic correlation estimates for the scallop survival traits
between the environments. Owing to the insufficient samples to
each full-sib per environment with the only average number of
23-62 individuals per full-sibs, and the low level of heritability
estimates for survival traits at both environments, it is reasonable
that the estimate of G x E interaction effects analyzed by the
multitrait mixed model will be of very low confidence.

Genomic selection has been found to outperform traditional
selection in bivalve species, however, one of the major limitations
of genomic selection is the cost, especially genotyping a large
number of animals (Hollenbeck and Johnston, 2018). A family-
based selection program is still an important approach in yesso
scallop. Estimates of genetic parameters including heritability
and genetic correlation for growth and survival traits are still
important in the genomic selection era such as they can provide
prior information to scallop selection program.

CONCLUSION

We found a considerable level of additive genetic variation for
shell height and BW measured in yesso scallop at suspended and
bottom sea-based culture environments, which indicated that the
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Cilia are organelles located on the surface of eukaryotic cells and play important roles in
numerous physiological and developmental processes. Cilia- and flagella-associated
proteins (CFAP family) are well known due to their close relation to the assembly and
functionalization of both cilia and flagella. In vertebrates, Cfap206 is reported to function
during motile cilia assembly, and its abolished expression could lead to abnormal ciliary
beating and decreased sperm motility. However, there is scarcely any information on the
function of Cfap206 in marine invertebrates. Here, through using an ideal shellfish
research model, the dwarf surf calm Mulinia lateralis, we explored the role of Cfap206
during embryonic ciliogenesis as well as during male gametogenesis. In trochophore
larvae, effective knocking down or knocking out of Cfap206 was detected respectively
through RNAi and CRISPR/Cas9 technology, showing an obviously decreased number of
cilia. During the period of gonadal maturation, we managed to deliver the dsRNA of
Cfap206 to male individuals for 14 days through carrier vector feeding. Significant
suppression of Cfap206 was observed, together with impaired sperm motility and
aberrant sperm tail assembly. The present study provided valuable information on gene
function exploration methods in M. lateralis and further enriched the understanding of
Cfap206 on ciliogenesis in marine invertebrates. Furthermore, by revealing the relationship
between Cfap206 and spermatozoa flagellum, it is possible to generate male sterile
populations in hermaphroditic marine organisms to improve crossbreeding efficiency.
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Wang et al.

Function of Cfap206 in Bivalves

INTRODUCTION

Cilia are membranous organelles that protrude from the surface of
most eukaryotic cells, contributing to multiple functions such as
movement, sensation, and signal transmission (Pazour and
Witman, 2003; Jakobsen et al., 2006; Verhey et al., 2011; Bangs
and Anderson, 2017). The basic structure of cilia is highly
conserved, including four parts: matrix, transition zone, axoneme,
and ciliary membrane (Elliott and Brugmann, 2019). According to
the differential axoneme microtubule composition, cilia could be
divided into motile cilia and nonmotile cilia (known as primary
cilia) (Verhey et al,, 2011). The axoneme of motile cilia usually
possesses nine doublet microtubules surrounding a central pair of
singlet microtubules (Satir and Christensen, 2007). The
microtubule doublets are interconnected with ciliary dynein
motors, the activity of which is regulated through radial spokes
(RS1, RS2, and RS3) to produce fluid and pulsatile motion. Thus,
motile cilia could mediate the movement of cells and extracellular
fluid, such as the movement of eggs and sperm, as well as the
removal of foreign bodies in the respiratory tract (Afzelius and
Eliasson, 1983; Lyons et al., 2006; Orhon et al., 2015). The axoneme
of primary cilia lack the central pair of singlet microtubules, and
there are a number of surrounding sensory membrane proteins that
can assist in performing sensory, signal transduction, and
coordination functions (Hua and Ferland, 2018; Tao et al., 2020).
Primary cilia are closely related to the transduction of Hedgehog
(Hh) pathway (Danwei et al., 2003), Wnt pathway (Ross et al.,,
2005), platelet-derived growth factor (PDGF) pathway, and Ca**
signaling cascade (Orhon et al., 2015).

The cilia- and flagella-associated protein (CFAP) family is
proven to be associated with the normal assembly of cilia or
flagella (Tang et al., 2017). Cfap39 and Cfap65, for example, are
required for the assembly of the dynein regulatory complex in the
generation of motile cilia (Lin et al., 2012; Beckers et al., 2020) and
deletion of Cfap43, Cfap44, Cfap65, Cfap69, and Cfap251 willlead to
abnormal sperm flagellum assembly in mice or humans, resulting in
male infertility (Tangetal., 2017; Dongetal.,2018; He et al., 2020; Li
etal., 2020). In particular, Cfap206 has recently been identified as a
downstream target gene of FoxjI, a key transcription factor that has
been proven to be closely related to the occurrence of mobile cilia in
vertebrates (Stubbs et al., 2008; Thomas et al., 2010; Alten et al.,
2012; Vijetal,, 2012). Any mutation or deletion of them may lead to
severe cilia diseases, such as primary ciliary dysmotility (PCD),
hydrocephalus, retinitis pigmentosa, polycystic kidney disease
(PKD), and multiple morphological abnormalities of the sperm
flagella (MMAF) (Pazour and Rosenbaum, 2002; Satir and
Christensen, 2007; Sironen et al., 2020). Moreover, CFAP206
protein was found to be located in cilia, which was required for
establishing the dynamin motor RS2 (Beckers et al., 2020). It was
reported that the stable assembly of calmodulin- and spoke-
associated complex (CSC), which is considered to mediate the
specific connection of radial spokes with adjacent structures in
cilia, was regulated by Cfap206 in a dependent manner (Heuser
et al,, 2012; Vasudevan et al.,, 2015; Toure et al., 2021). Although
Cfap206 is a key gene for ciliogenesis, it has only been studied in
several model organisms, such as Tetrahymena and Mus musculus.
For example, when Cfap206 was knocked out, the cilia of

Tetraphymena cells were found to produce abnormal waveforms
due to the abnormal RS2 assembly and showed reduced bending
amplitude and weakened intertemporal coordination, but there was
no significant difference in cilia number and length (Vasudevan
etal,, 2015). Interestingly, the loss of Cfap206 also leads to abnormal
patterns of bending or curling of sperm flagellum in mice; however,
the Cfap206-KO mice did show sperm flagella shortening or loss
(Shen et al., 2021). Bivalve mollusc is an ancient Lophotrochozoa
group of marine invertebrates that possesses rich species diversity.
Cilia play critical roles in important physiological activities of
bivalve species, such as filter feeding, respiration, reproduction, as
well as larval movement. However, knowledge of molecular
modulation of ciliogenesis is quite limited in bivalves, and to the
best of our knowledge, this is the first study on Cfap206 to point to
the regulation of both cilia and flagella. Notably, many bivalves,
such as Argopecten irradians (Wei etal., 2021), are hermaphroditic,
and a better understanding of the regulation of Cfap206 on sperm
flagellum may help to produce a male sterile population, thus
improving artificially crossbreeding efficiency.

The dwarf surf clam (Mulinia lateralis) is a small, buried bivalve
mollusc belonging to the family Mactridae, which is naturally
distributed in estuaries and mudflats along the Atlantic coast
from Canada to the Caribbean Sea (Walker and Tenore, 1984).
They possess many appealing features for becoming a promising
bivalve model, such as small adult size (15-20 mm), rapid
development and early transparent shell, short generation time
(~2 months), and convenient artificial cultivation (no attachment
base) (Calabrese, 1970; Santos and Simon, 1980). In addition, M.
lateralis represents the first bivalve with successful demonstration of
transgene technology (Lu et al., 1996). At present, our team has
established a standard laboratory artificial breeding system for M.
lateralis, and we have successfully achieved gene knockdown
through RNAIi as well as gene knockout through CRISPR/Cas9
microinjection. Thus, we chose M. lateralis to explore the
participation of Cfap206 in both ciliogenesis and spermatogenesis
in this study. Our study provides the functional characterization of
bivalve Cfap206 and assists in a better understanding of cilia/flagella
regulation in marine invertebrates. Further investigation of the
relationship between Cfap206 and sperm flagellum formation may
provide a possible method for the generation of male sterile
individuals to improve the crossbreeding efficiency for
hermaphroditic marine organisms.

MATERIALS AND METHODS

Identification, Phylogenetic and
Spatiotemporal Expression Analysis of
Cfap206 in M. lateralis

The available CFAP206 protein sequence of 14 representative
species were downloaded from NCBI and Uniprot databases
(Table 1 shows the accession numbers). These orthologous
sequences were used as queries for whole-genome blast with the
E-value threshold of 1E-05 in the M. lateralis proteome and
genome database. To ensure the integrity and accuracy of
Cfap206, its nucleic acid sequence was predicted using ORF
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TABLE 1 | The accession numbers of CFAP206 proteins.

Species Accession number
Homo sapiens
Crassostrea gigas
Xenopus tropicalis
Macaca fascicularis
Rattus norvegicus
Mizuhopecten yessoensis
Pomacea canaliculata
Actinia tenebrosa
Orbicella faveolata
Exaiptasia diaphana

Felis catus

Ciona intestinalis

Psetta maxima

Mus musculus

NP_001026913.1
XP_011442159.1
XP_002938343.1
XP_005552462.1
XP_017449021.1
XP_021375351.1
XP_025093619.1
LOC116292837
XP_020624489.1
XP_020907483.1
XP_003986405.2
LOC100178966
F2P81_018558
NP_001333991

Finder, and the amino acid sequence was submitted to the SMART
database to verify the presence of the CFAP domain. The molecular
weights and isoelectric points were calculated by using Compute
PL/Mw tools. The genetic structure of Cfap206 was mapped using
the GSDS2.0 website. The Geneious Prime software and PHYRE2.0
website were used to predict the secondary structure and tertiary
structure of CFAP206 protein.

CFAP206 protein sequences of 12 species were obtained from
the NCBI and Uniprot databases, including Homo sapiens, Mus
musculus, Petromyzon marinus, Crassostrea gigas, Mizuhopecten
yessoensis, Mulinia lateralis, Capitella teleta, Aplysia californica,
Lingula anatina, Ciona intestinalis, Nematostella vectensis, and
Lottia gigantea. ClustalW (Larkin et al., 2007) and Genedoc
Software (Nicholas, 1997) were used for multiple sequence
alignment. The phylogenetic analysis of Cfap206 was performed
by MEGA7.0, and the establishment method of the tree was
neighbor joining (NJ). The parameter was P-distance, and the
value of bootstrap replications was set to 1,000. According to the

transcriptome data of M. lateralis obtained in our laboratory, the
expression level of Cfap206 in fourteen embryonic stages and seven
adult tissues were plotted.

RNAi Based on Electroporation

Based on unpublished genome and transcriptome information
from our lab, the exon and intron of Cfap206 gene were
annotated by MAKER2 (Version 3.01.03) to obtain cDNA
sequence information. Also, the interference sites (110-594 bp)
were identified using SiDirect Version 2.0. Cfap206-dsRNA was
synthesized by MEGA Script RNAi kit (Thermo Fisher Scientific,
America) (RNAI primers were shown in Table 2). Male and female
M. lateralis with well-developed gonads were selected, then the fresh
sperm and eggs were obtained under standard laboratory
conditions. After extrusion of the first polar body (around 15 min
after mixing the sperm and eggs), each group collected 6,000-7,000
fertilized eggs for electroporation. Bio-Rad Gene Pulser Xcell
(America) was selected as the electroporation instrument, and the
electric transfer parameters were set according to Table 3. We chose
filtered seawater as the electroporation buffer: blank control group
was not processed; electroporation-control group was given electric
shock without dsRNA; and experimental group was added with
dsRNA (concentration maintained at 250 ng/ul) and was given
electric shock. After 30 min on ice, all groups were cultured at room
temperature in a 6-well plate to trochophore larvae stage.

Deletion of Cfap206 Gene Using CRISPR-
Cas9 System

The functional domain of Cfap206 was predicted using the SMART
website. Single-guided RNAs (sgRNAs) were designed on the exons
of this domain, and sgRNAs containing SNPs were excluded
(sgRNA sequences are shown in Table 2). sgRNAs were
synthesized using MEGAscript' * T7 Transcription Kit (Thermo

TABLE 2 | Primers used for RNAi, gqPCR, sgRNA synthesis, and PCR analyses.

Name

Sequence

Cfap206-RNAI-F
Cfap206-RNAI-R
Cfap206-sgRNA-F1
Cfap206-sgRNA-F2
Cfap206-sgRNA-F3
Cfap206-sgRNA-F4
Cfap206-sgRNA-F5
Cfap206-sgRNA-F6
sgRNA-R
Cfap206-verify-F1
Cfap206-verify-R1
Cfap206-verify-F2/3
Cfap206-verify-R2/3
Cfap206-verify-F4/6
Cfap206-verify-R4/6
Cfap206-verify-F5
Cfap206-verify-F5

TAAAGGCAGTAGTGTTGGACCCATC

ATTGAAGAGTCTAATTCCCGTCACA
GAAATTAATACGACTCACTATAGTTATGTGTTGATCGATTGAgttttagagctagaaatagcaagttaa
GAAATTAATACGACTCACTATAGGAATTAACAATGATTGTGAgttttagagctagaaatagcaagttaa
GAAATTAATACGACTCACTATACATTCATGTCACTAACAAAGGttttagagctagaaatagcaagttaa
GAAATTAATACGACTCACTATAGAGTGGATTTCAAGATGAGAgttttagagctagaaatagcaagttaa
GAAATTAATACGACTCACTATATTGTAGTTGTTCCATACGAGgttttagagctagaaatagcaagttaa
GAAATTAATACGACTCACTATACAGTAACATTTTAGCCAGT Tgttttagagctagaaatagcaagttaa
AAAAAAAGCACCGACTCGGTGCCAC

AAATCTAGCAGAATTATGAGGTATG

CCAGACCTGAGGAGAACAGCGGA

TCGCTGTCGTGAGAGAGGCTA

ACATTCTGAGTTGTTGCAGGG

CCAATACCTGCCTACCTTGACTTA

AACACCACTTAAGAATGGAACCAA

GAGAAGATTCAGTCTGGAGATAGC

GTCAAGGTAGGCAGGTATTGGAAT

Cfap206-qPCR-F AGATTCAGTCTGGAGATAG
Cfap206-qPCR-R GTACAGTAGCTTGTAGTTG
RS23-qRCR-F CCATCAAGATGGGTGAAAC
RS23-qRCR-R CGAATCCAGCGACTAAGA
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TABLE 3 | The electroporation parameters for Cfap206-dsRNA delivery.

Criteria Parameter
Voltage (V) 100
Cuvette (mm) 4
Number of pulse 1
Pulse interval (s) 0

Pulse length (ms) 0.2

Fisher Scientific, America). The editing efficiency of sgRNAs was
tested in vitro using the Guide-it sgRNA Screening Kit (Takara,
Japan). sgRNAs and Cas9 protein in different concentrations were
incubated at 37° C for 15 min (Table 4), and then, microinjection
was performed using fertilized eggs of M. lateralis. The control and
injected embryos were cultured in filtered seawater at 24°C. The
injection volume of the Cas9 protein-sgRNAs mixture is about 0.1
nl. A single embryo was collected approximately 24 h after
microinjection, and genomic DNA was extracted by the Chelex®-
100 method (Li et al., 2021). The DNA fragment containing the
target site was amplified using MightAmp '~ DNA Polymerase
Ver.3 (Takara, Janpan), and the corresponding verified primers are
shown in Table 2. The PCR fragments were sequenced in
Sangon Biotech.

Plasmid Construction and Induction of
Interfering dsRNA

Following the relevant method developed in the Pacific oyster
Crassostrea gigas (Feng et al., 2019), the interference fragment of
Cfap206 (110-594 bp) was inserted into the L4440 vector to
construct the Cfap206-dsRNA-L4440 plasmid. The Cfap206-
dsRNA-L4440 and L4440 plasmids were transfected into
competent Escherichia coli cells HT115 for expression. The
strain HT115 carrying the Cfap206-dsRNA-L4440 plasmid was
inoculated in LB medium containing ampicillin (50 ug/ml) and
tetracycline (12.5 pg/ml) at 37°C and 220 rpm to the logarithmic
stage (OD: 0.4-0.6). In total, 0.8 Mm IPTG was added to a 40 ml
bacterial solution and stirred at 37°C for 4 h to induce dsRNA.
The bacteria of the induced group and the noninduced group
were centrifuged at 5,500 rpm for 2 min. After the supernatant
was removed, the total RNA was extracted by the Trizol method,
and the presence of dsSRNA was determined by 1.5% agarose gel.

RNAI by Ingested dsRNA-Expressing Bacteria
Three hundred male M. lateralis with healthy growth status,
equal size, and immature gonads were selected and divided into
three groups (blank-control group, L4440-control group, and

Cfap206-dsRNA-L4440 group). Eight liters of filtered seawater
was added to the glass tank, and each group was fed with a
micropump. The water flow rate was controlled at 12 ml/min,
and the water temperature was maintained at about 25°C. Each
group was temporarily reared for 5 days without treatment to
observe the mortality under natural growth state. During the
interference process, Chlorella pyrenoidesa was fed twice a day
from days 1 to 7, with 180 ul (1 x 10'%/ml) each time. In detail,
normal algae were fed at 10 am, and normal algae or algae-
bacteria were fed at 10 pm for different groups, and the sea water
was changed once a day. From days 8 to 14, to speed up gonadal
ripening to maturation, 180 ul of normal C. pyrenoidesa were fed
at 10 am, and normal mixed algae (Table 5) or mixed algal-
bacteria were fed at 10 pm, and egg yolk was fed continuously
during these 2 weeks.

Quantitative RT-PCR

According to the phenol chloroform extraction method
described by Hu et al. (2006), the total RNA of embryos was
extracted. The Reverse Transcriptase M-MLV (Rnase H-) kit
(Takara, Japan) was used to reverse transcription into cDNA,
with a concentration of 20 ng/ul after inversion. Fluorescent real-
time quantitative PCR was performed using the 2x ChamQ
SYBR Color qPCR Master Mix (Vazyme, China). The 2"AAt
method is used to quantify the expression of Cfap206.
Quantitative RT-PCR primers are shown in Table 2. All gPCR
experiments were repeated twice, with two biological replicates
and three technical parallels for each sample, using RS23 as an
internal control.

Immunofluorescence

Embryos were washed twice with 1xPBS to remove seawater and
fixed overnight with 4%PFA at 4°C. The next day, after being
centrifuged at 300 rcf at room temperature for 30 s, the embryos
were washed with 1xPBS 3 times. After washing, the sample was
dehydrated with 80% methanol and 20% DMSO at 4°C
overnight. After washing with PBST (1xPBS+0.5%Triton X-
100) 3 times, the sample was then added with 500 pl trypsin
and incubated for 5 min. After repeated washing with PBST, the
sample was incubated with 10% goat serum (NGS) at room
temperature for 2 h. Rabbit antiacetylated tubulin antibody was
then added to 10%NGS in a ratio of 1:1,000 and the samples were
incubated overnight at 4°C. After washing with PBST three
times, goat anti-rabbit FITC was added to 2%NGS/PBST at the
ratio of 1:200, and the sample was incubated at room
temperature for 2 h. Following washing with PBST, the sample

TABLE 4 | The editing efficiency and survival rate of trochophore larvae after injection.

Cas9 protein concentration (ng/pl) sgRNA concentration (ng/pl) Editing efficiency (%) Survival rate (%)
sgRNA4 sgRNA6 sgRNA4 sgRNA6
0 0 0 0 90 90
800 0 0 0 23 20
800 800 43 60 20 18
800 1500 20 19 13 15
800 3000 25 43 5.6 8.3
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TABLE 5 | Mixed algae used to ripen M. lateralis.

Species Density (per/ml) Dosage (ul/h)
Platymonas helgolandica 5x 108 5
Isochrysis galbana 1x10° 5
Chaetoceros muelleri 1x10° 15

was added with phalloidin and DAPI in a ratio of 1:500 and
stained for 30 min at room temperature. After being washed with
PBS three times, the sample was mounted and the confocal
images were taken.

Sperm Motility Test

After 14 days of feeding, sexually mature males were selected for
artificial sperm stimulation for each group. Sperm motility was
tracked using the CASAS-QH-III automatic sperm analyzer
(Tsinghua Tongfang, China). The process was completed by
the National Laboratory (Qingdao).

Microscopy

For confocal observation, the cellular morphology was observed
with the A1R Ti-E confocal microscopy (Nikon, Japan). For SEM
observation, the critical point-dried sample was coated in gold
and the sample surface was observed through a Tescan' Vega3
scanning electron microscope (Czechia).

RESULTS AND DISCUSSION

Identification of Cfap206 in M. lateralis

and Phylogenetic Analysis

We identified one Cfap206 (MICfap206) gene through whole-
genome searching of M. lateralis, and its genomic structure
showed 16 exons, 15 introns, a 5'UTR, and a 3'UTR
(Figure 1A). The ORF length and protein length of MICfap206
were 1875bp and 624 amino acids, respectively. A similar protein
structure was revealed for CFAP206 from various species. For
example, in mice, Cfap206 encodes 620-amino acids and
possesses the conserved FAP206 domain (Shen et al., 2021)
(Figure 1B). This may suggest the conservative function of
MICfap206 related to cilia and flagella. The secondary structure
of CFAP206 protein is shown in Figure 1C, which contained 27
o-helixes, 25 B-folds, 36 B-bends, and 35 random coils. Based on
template dlmhyd (confidence: 87.5), the predicted tertiary
ferritin-like structure within the CFAP206 domain (420aa-
467aa) is shown in Figure 1D.

A
ofap206
Olklz llkb Zlkb E:kb 4‘kb Slkb leb 7Ikb B.ku ékb fﬁkb 1‘1kb
CDS & UTR Intron
B Cg cfap206 [ T T 1 c RCA 3 R o e R icvo
My cfap206 [ L 1 1 - — AN S— Y —
Pe fap206 [ T T 1 = - e o —— —
phbd : ! Ay s T TTTITT:
O cfap206 [ T I ] A A VAT A TRCAVKY Py sy ety
At cfap206 [ T T ]
Ed cfap206 [ T I ] 5 A WA Lty STTETY AT T A ASLD
Ci cfap206 [ T T ]
P cfap206 [ T I ) T Ty T T xR R YT 0 10 S BT TR TR YT o
Mm cfap206 T T z
Rn cfap206 I I ) RCACARTE A v Y AT R AR e T AN LT O VAL DAK " o
Fe cfap206 T T ]
Hs cfap206 T T ] AT T S QOKDOGRM I E PV TRCDS RO T L e NI VRV, KA TKLAD N
M cfap206 T T )
RO AT VI KR ON Y TNV KT VY LACH e VD
D E Crassostrea gigas
53 Mulinia lateralis
Lottia gigantea
Aplysia californica
Lingula anatina
Capitella teleta
Ciona
marinus
[ Homo sapiens
100 N Mus musculus
vectensis
FIGURE 1 | Characterization of Cfap206 in M. lateralis and phylogenetic analysis. (A) Genetic structure of Cfap206. CDS, coding sequence; UTR, untranslated region.
(B) Protein structures of CFAP206s of fifteen representative species. Grey represents the whole protein region, and the magenta region represents the
CFAP206 domain of each species. (C) Prediction of the secondary structure of CFAP206 protein. Magenta represents o-helixes, yellow represents B-folds,
blue represents B-bends, and gray represents random coils. (D) Prediction of the tertiary ferritin-like structure within the CFAP206 domain (420aa-467aa).
(E) Phylogenetic analysis of CFAP206 proteins.
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Phylogenetic analysis of CFAP206 proteins was performed
using the NJ method with 1,000 bootstrap pseudoreplicates
(Figure 1E), from 12 selected animals spanning Cnidaria
(including N. vectensis), Brachiopoda (L. anatina), Mollusca
(including C. gigas, M. yessoensis, M. lateralis, A. californica,
and L.gigantea), Annelida (including C. teleta), and Chordata
(including H. sapiens, M. musculus, C. intestinalis, and P.
marinus). Obviously, MICFAP206 was first grouped together
with CFAP206 proteins from molluscs (such as M. yessoensis and
C. gigas). These mollusc CFAP206s were then sequentially
clustered with CFAP206s from brachiopods, annelids, and
chordates. The clustering relationship of CFAP206 is
consistent with the species’ evolutionary relationship.

Spatiotemporal Expression Analysis

Spatiotemporal expression analysis of MICfap206 in the present
study was performed based on our unpublished transcriptomic
data. Transcripts per million (TPM) of MICfap206 in fourteen
embryonic stages as well as in seven adult tissues was used to
perform the expression level analysis (Figure 2). During
development (Figure 2A; Supplementary Table S1), the high
expression level of Cfap206 is mainly observed in blastula,
gastrula, and trochophore larvae, three key periods for embryonic
motile cilia formation and development. A similar pattern could be
observed in M. yessoensis based on the published transcriptome data
(Hou etal.,, 2011), which suggests that Cfap206 may be required for

embryonic ciliogenesis regulation. Among the seven adult tissues of
M. lateralis, the highest expression of Cfap206 was found in the male
gonad, followed by foot and gill (Figure 2B; Supplementary Table
§2). Functionalization of these three organs needs specialized cilia
for sperm tail formation, byssus attachment, as well as for
respiration, food intake, or waste removal through gill filaments
(Ward et al., 1993; Andrade et al., 2015; Shen et al., 2021). Lines of
evidence showed that Cfap206 plays important roles in ensuring the
stability of RS and CSC, participating in cilia and flagella formation
regulation (Dubruille et al., 2002; Vasudevan et al., 2015). Similar to
our findings, previous studies have found that Cfap206 is massively
overexpressed in human testicles, and the sperm of mice without the
Cfap206 gene shows abnormalities in the morphology, number, and
length of flagella (Shen et al., 2021). To date, cilia regulation of gill
has only been reported in marine invertebrates including Ciona
intestinalis and C. gigas, mainly focusing on calaxin, Meichroacidin,
Tektin A1, and Tektin B1 (Shimazaki et al., 2006; Wang et al., 2015),
and the regulatory genes offoot cilia have not been reported yet. Our
results suggested that Cfap206 may be involved in these organs’ cilia
regulation in marine bivalves.

RNAI to Suppress Cfap206 Expression
Affected Embryonic Ciliogenesis

The trochophore larvae possess apical tuft and cilia band which
are the typical ciliated features and are responsible for sensation,
movement, and feeding (Arenas-Mena, 2010). Moreover, the
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FIGURE 2 | Spatiotemporal expression of Cfap206 in M. lateralis. (A) The expression of Cfap206 in fourteen embryonic stages. (B) The expression of Cfap206 in
seven tissues. SPSS28.0 was used for one-way ANOVA analysis of the data, and Duncan method was used to test the significance of the difference between the
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ciliated trochophore larvae are considered to be the most
conserved phylogenetic stage of marine Lophotrochozoans, and
several pieces of evidence show they share an ancient and
common origin (Paps et al., 2015; Xu et al., 2016; Wang et al,,
2020). Thus, we chose trochophore larvae to explore whether or
not Cfap206 participate in bivalve embryonic ciliogenesis. Firstly,
we generated the Cfap206-dsRNA through in vitro transcription
and the target bands were correctly located (Figure 3A). With
optimized electroporation conditions and reasonable dose of
Cfap206-dsRNA (~250 ng/ul), we detected significant
suppression of Cfap206 (p < 0.01) in M. lateralis trochophore
larvae by qPCR (Figure 3B). Compared with the control group,
the electroporation-blank group showed normal gene expression
level, excluding that there might be side effects of electroporation
itself on gene expression. Morphological observations of each
group of larvae were then made by confocal microscopy and
scanning electron microscopy (Figures 3C, D). Similar size as
well as spindle-shaped body were observed for the larvae from
three groups, indicating the normal speed of embryo
development. However, obvious cilia reduction/abolishment
showed up in the larvae when Cfap206 was significantly
suppressed, demonstrating the irreplaceable requirement of
Cfap206 during embryonic ciliogenesis of M. lateralis. Previous
studies in model animals such as Xenopus laevis and
Tetrahymena revealed that Cfap206 is mainly involved with the
regulation of cilia motility (Vasudevan et al., 2015). In X. laevis,
moderate ciliary defect occurred during larva development when
Cfap206 gene was knocked out, leading to abnormal ciliary
movement waveform and decreased motor ability. Similarly,
the axoneme of the cilia of Tetrahymena with Cfap206
knocked out were compressed, which swam at only 30% of the
speed of the wild type (Vasudevan et al., 2015). However, the
relationship between Cfap206 and ciliogenesis is not clear in
bivalves. According to our results, it was obvious that the
downregulation of Cfap206 expression in M. lateralis led to a
significant decrease in the number of cilia. This phenomenon
reminded us that there might be function divergence of Cfap206
on cilia regulation among different species, or Cfap206 is effective
at different hierarchies during signal transduction which is
worthy of further in-depth study.

CRISPR/Cas9 Knockout of Cfap206
Affected Embryonic Ciliogenesis

The efficiency of sgRNAs plays a key role in the editing effect (Li
etal., 2021). Thus, to generate Cfap206-KO larvae of M. lateralis,
we first performed the Cfap206-sgRNA screening to avoid the
influence of SNP and to perform in vitro efficiency test. Six
sgRNAs (sgRNA1-6) were chosen (Figure 4A). Among them, it
was found that Cfap206-sgRNA-2, Cfap206-sgRNA-4, and
Cfap206-sgRNA-6 could work and cut the target DNA
fragment into two pieces in vitro, and Cfap206-sgRNA-4 seems
to be the most effective one (Figure 4B). Next, through
microinjection together with Cas9 protein (800 ng/ul), we
performed the in vivo editing efficiency test of these three
effective Cfap206-sgRNAs. A previous study revealed that the
concentration ratio of sgRNA-Cas9 was a key factor in inducing

effective gene mutation (Li et al., 2021). In the present study,
three different concentrations of Cfap206-sgRNA (800/1,500/
3,000 ng/pl) were tested and showed a different editing
efficiency as well as survival rate. Unfortunately, after Cfap206-
sgRNA-2/Cas9 microinjection, no positive editing results turned
back. However, Cfap206-sgRNA-4 and Cfap206-sgRNA-6 still
worked in vivo and 800 ng/ul was the optimal concentration for
microinjection (Table 4). In comparison, under optimal
concentration, the in vivo editing efficiency of Cfap206-sgRNA-
6 (60%) was higher than Cfap206-sgRNA-4 (43%), and the
corresponding positive editing results are shown in Figure 4C.
In M. lateralis, the target gene mutations in vivo which were
induced by Cfap206-sgRNA/Cas9 mainly included insertion or
deletion mutations within 11 bp, similar to the editing results of
other invertebrates (Lin and Su, 2016; Hiruta et al., 2018; Li et al.,
2021). In addition, we noticed that the editing efficiency of
different sgRNAs might be different in vitro or in vivo. This
may be due to the influence of complex physicochemical factors
in the internal environment on the sensitivity of sgRNA, leading
to the difference in the efficiency of sgRNA in vivo and in vitro.
Due to the limited number of positive-edited trochophore larvae,
we performed bright field morphological observation (about 20-
30 larvae were observed) which showed an obvious reduced cilia
number after Cfap206 knocked out (Figure 4D), consisting with
the Cfap206-RNAi phenotype. It reinforced that Cfap206 played
a key role during embryonic ciliogenesis regulation in M.
lateralis. In addition, CRISPR/Cas9 system has been widely
used as a powerful gene editing tool in agriculture and animal
breeding, so the CRISPR/Cas9 system we established in M.
lateralis for mediating gene knockout may be beneficial for
trait improvement in marine bivalves.

dsRNA-Expressing Bacteria Feeding
Interfered With Adult Ciliogenesis

To further explore whether or not Cfap206 also participates in
the male gametogenesis, we managed to deliver the dsRNA of
Cfap206 to male individuals for 14 days feeding during the
gonadal maturation period. We successfully induced Cfap206-
dsRNA expression in competent HT115 E. coli cells with
Cfap206-dsRNA-L4440 vector (Figure 5A). After feeding
Cfap206-dsRNA-L4440 bacteria, the expression level of Cfap206
in each group was detected on days 7 and 14. Cfap206 was
markedly suppressed (~70%) in male gonad compared with that
of the control group, and no obvious expression change could be
detected after L4440-blank feeding (Figure 5B). At each check
point, the survival rate and body size were roughly equal between
different groups, suggesting negligible side effects of this
experimental approach. Thereafter, sexually mature individuals
from each group were chosen to perform the sperm viability
investigation (Table 6; Supplementary Videos 1-3). According
to the sperm motility, the sperm viability could be rated as A-D
four grades, respectively as fast forward movement (A), slow
forward movement (B), nonforward movement (C), and
extremely slow or inactive movement (D). The results showed
that more than 80% of sperms from the control group or 1L4440-
blank group could be rated as grade A/B, while more than 90% of
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sperms from the Cfap206-dsRNA-14440 group was rated as grade
D, demonstrating the severe defect of sperm motility after
significant suppression of Cfap206 (Table 6). Further
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FIGURE 3 | Expression analysis of Cfap206 and morphological observation of trochophore larvae after RNAI. (A) Electrophoresis result of Cfap206 dsRNA. Lane 1,
100 bp DNA ladder. Lanes 2-7, bands of Cfap206-dsRNA (500 bp). (B) The expression of Cfap206 after RNAI (detected by gPCR). **p < 0.01. (C) Confocal
observation of trochophore larvae after RNAI. Cytoskeleton was stained red by phalloidin, nucleus was stained blue by DAPI, and cilia were stained green by tubulin

sperm from the Cfap206-dsRNA-L4440 group was still normal
shaped, the sperm tail appeared to be disintegrated (Figure 5C),
which could be the obvious cause for their abolished motility.
Similarly, it was found that sperm cells with short flagella or
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Blank-control sgRNA4-800ng/pl

without flagella were significantly increased in Cfap206-KO mice
compared with wild-type mice (Shen et al, 2021). Previous
studies have shown that the sperm flagellum without Cfap206
showed severe axoneme disorganization and peri-axonemal
defects, resulting in abnormal sperm morphology and decreased
motility (Shen et al., 2021). This is because Cfap206 is closely
related to the assembly of the radial spoke RS2 in the axoneme,
and the absence of Cfap206 would result in the radial spoke RS2
either not being assembled or being assembled without the front
fork (Shen et al., 2021). Cfap206 is also a condition for the stable
assembly of CSC elements, and CSC connects three major
axonemal complexes involved in the dynein regulation of RS2
(Vasudevan et al,, 2015). Taken together, our findings showed
that Cfap206 plays critical roles during spermatogenesis, and its
participation in the sperm flagella assembly is presented not only
in vertebrates but also in marine bivalves. It is worth mentioning
that the sexual system of bivalves is diversified, including
hermaphrodite, simultaneous hermaphrodite, and sequential
hermaphrodite (Collin, 2013). Before the gametes are expelled
from the body, hermaphrodite species cannot determine the sex
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andabA. AR Aas ‘ A
GTGTGCTC A ol 1',"““\‘,‘\ \av
ARaL\AARY
GTGCTCAGTAACATTTTAGCCAGTTTGGATCCTTTTACAAGGGTAAGTACTTTAT-—--CCTTGA Reference
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FIGURE 4 | In vitro and in vivo efficiency detection of Cfap206-sgRNAs. (A) sgRNA screening for MICfap206. (B) In vitro cutting efficiency detection of sgRNA1-6.
For each sgRNA, the left lane was the control group and the right lane was the experimental group. (C) Sanger sequencing of PCR products from injected embryos
and the identification of mutations. In the left and right bottom panels, the blue sequence marks the start sequence of Cfap206-sgRNA and the red sequence is the
stop codon. (D) Light microscope observation of trochophore larvae after Cfap206 knockout.

of their gametes. Considering the important role of Cfap206 in
spermatogenesis, it may be possible to use gene editing
technology to knockout Cfap206 gene to obtain male sterile
population, to effectively improve the crossbreeding efficiency
of hermaphrodite bivalves.

CONCLUSION

In the present study, we explore the functional role of Cfap206
during embryonic ciliogenesis as well as during male
gametogenesis in a promising bivalve model M. lateralis.
Through RNAi and CRISPR/Cas9 technologies, MICfap206
was effectively knocked down or knocked out in trochophore
larvae, and an obvious decreased number of cilia were detected.
Through the dsRNA carrier vector feeding, significant
suppression of Cfap206 was observed in the male gonad,
together with impaired sperm motility and aberrant sperm tail
assembly. Our results suggest that Cfap206 is critical for the
formation and functionalization of both embryonic cilia and
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FIGURE 5 | Expression analysis of Cfap206 and morphological observation of sperm after RNAI. (A) Electrophoresis results of dsRNA induced by L4440-Cfap206.
Lanes 1-5, control group; lanes 8-11, induced group; and lane 7, 100 bp DNA ladder. (B) The expression of Cfap206 on days 7 and 14. *p < 0.01. (C) Sperm
morphology observation using SEM.

TABLE 6 | Sperm motility after feeding Cfap206-dsRNA.

Sperm motility Control L4440 Cfap206-dsRNA-L4440
A 85.5% 78.4% 1%
B 11.6% 8.1% 3%
C 2.9% 10.8% 2%
D 0% 2.7% 94%
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In the context of the declining fishery resources, some active management measures have
been taken to strive for the sustainable development of fisheries. However, these input-
oriented control management measures have not realized the expectation in alleviating the
depressing depletion of fishery resources. The fishing quota (FQ) system, an output-
oriented control management method, has been proved to be effective in curbing
overfishing and conserving fishery resources. However, it has not been formally
implemented in China until now. Thus, it is urgent to start the pilot trial on the
implementation of the FQ system in China. We firstly formulated a framework for the FQ
system on bivalve fisheries and then conducted an empirical analysis based on the field
survey of bivalve mollusks in Maoming shallow waters, Guangdong, northern South China
Sea. The species composition, dominant species, and density distribution of bivalves
were analyzed. The swept-area method was used to assess the total allowable catch
(TAC) of bivalves. Each step of the FQ system was discussed in depth. Results showed
that a total of 45 bivalve species were identified. Meretrix planisulcata and Ruditapes
philippinarum were the two dominant species. The spatial distribution of density varied
largely. The estimated TAC value is 4.28 x 10° kg which can be allocated to fishermen
under the regulations of the FQ system. Finally, the framework for the FQ system was
improved in every step of the future procedure, including target species selection, TAC
determination, quota allocation, catch report, and fishing supervision. The general
framework of the FQ system in this study can also be referenced to other economically
important fish or other marine organisms.

Keywords: fishing quotas, total allowable catch, field surveys, bivalve mollusks, northern South China Sea

INTRODUCTION

Marine biodiversity loss and ecosystem degradation have been two of the most challenging
ecological problems in the 21st century. Marine ecosystems could have provided valuable goods
and services to humans (Sinclair et al., 2002; Worm et al., 2006). However, overfishing or destructive
fishing is driving a crisis that leads to undesirable changes in marine ecosystem functioning,
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especially in coastal ecosystems (Jackson et al., 2001; Lotze et al.,
2006). A typical phenomenon is the declining fishery resources
in coastal waters, which has posed a serious threat to the
production of high-quality animal proteins and the livelihood
of fishermen (Food and Agriculture Organization (FAO), 2009;
FAQO, 2011; O’'Hara et al,, 2021). To maintain the sustainable
development of fisheries and conserve the coastal ecosystem,
some active management measures, including the input control
management (e.g., the permission of fishing, the reduction of
fishing vessels, and career change of fishermen from fishing to
culturing) and technical control management (e.g., gear
restrictions, fishing size limits, and closed fishing zones), were
given priority to fisheries management in most fisheries
countries (Worm et al., 2009). Yet, these measures have not
realized the desired target. Hence, fishery managers and
researchers turned their attention to the output control
management (catch shares or fishing quotas) (Costello et al,
2008; Essington, 2010; Gutierrez et al., 2011). The quantifying of
fishing quotas and implementing of the fishing quota (FQ)
system have been a research hot spot for fisheries management
(Hakanson and Gyllenhammar, 2005; Poos et al., 2010).

The FQ system, a typical output control management measure,
is based on total allowable catches (TAC) that are determined by
fishery resource surveys and scientific assessments (Branch, 2009).
Once the fishermen reach their quota limits, they are obliged to stop
fishing until they are issued to the next quotas. Internationally, the
FQ system is mainly deployed by some developed countries. The
international practice experience shows that the FQ system is one of
the most effective fishery management measures. Following the FQ
system, the Icelandic total productivity in the fishing industry
increased by 73% more in 1995 than in 1973, which has been
very successful in increasing efficiency in the fisheries (The
Organization for Economic Cooperation and Development
(OECD), 2017). The use of the FQ system covers a variety of
marine organisms, including fish, crustaceans, siphonopods, and
shellfish (Yu, 2009). The FQ system has been proved to be effective
in curbing overfishing and conserving fishery resources, which has
become a great progress in international fisheries management
(Péreau et al, 2012). In China, fisheries management with most
fishing vessels and most fishermen seem to be the most complex in
the world (Huang and He, 2019). The administrative departments
of fishery in China have carried out a series of measures to improve
marine fishery resources, such as summer fishing moratorium,
minimum mesh size regulation, fishing license system, the so-
called “Double Control” system, fishery stock enhancement
programs, establishment of artificial reefs, and placements of
aquatic germplasm resource-protection areas, which belong
primarily to the input and technical control management,
whereas the effect is limited (Shen and Heino, 2014; Lyu et al,
2021; Zhang et al., 2021). In 2000, the government of China revised
the Fishery Law of the People’s Republic of China, making it clear
that China will determine TAC and implement an FQ system (Gu,
2018). Due to the lack of basic conditions for the implementation of
this system, the FQ system has been in the planning and designing
stage for more than a decade. Until 2017, five pilot projects for FQ
have successively been carried out in coastal waters from five

provinces. During the study period of these projects, TAC is
mainly determined on the data of historical catch yields from
fishing logbooks (Zhao, 2020). However, the FQ system has not
been formally implemented in China so far.

Molluscan shellfish occur in diverse habitats and are closely
related to human life with great values of ecology, economy, and
culture. In terms of ecological value, as filter feeders, shellfish can
not only purify water but also contribute to marine carbon sink
(Chauvaud et al.,, 2003; Tang et al., 2011; Zhao et al., 2020). The
distribution of shellfish, as the main bait source of many fish
(Jaworski and Ragnarsson, 2006; Thangavelu et al., 2012) and
crabs (Laughlin, 1982; Bisker and Castagna, 1987), is strongly
associated with the formation and variations of fishing grounds.
Due to their sensibilities to the marine environmental changes
(Zhao et al., 2019; He et al., 2021; Xu et al., 2022), shellfish are
regarded as the biological indicator of the quality of the
waterborne or sedimental environment (Latimer and Kramer,
1997; Wang et al., 2020). In terms of economic value, shellfish
are a popular food in our daily diet because of their rich nutrition
(Wright et al., 2018), which has driven the economic development
of shellfish harvesting, breeding, processing, and other related
industries. In terms of cultural value, shellfish used to be an
ancient currency. Nowadays, some shellfish have become more
popular as collections and jewelry (Vaughn and Hoellein, 2018).
Moreover, shellfish are sedentary benthos with high fecundity; no
fishing action taken will waste the catch because of their short life
cycle (Dame, 2016). As a result, shellfish have become one of the
main commercial fishery targets for coastal fishermen.
Nevertheless, according to the data of the China Fishery
Statistical Yearbook (Fishery Bureau of Ministry of Agriculture
and Rural Affairs of China, 2004-2021), the yield of wild shellfish
decreased from 8.06 x 10° kg in 2003 to 3.62 x 10° kg in 2020.
Therefore, the sustainable development of shellfish resources is
urgent for the fisheries and livelihoods of fishermen. Research on
the relevant system framework has an important reference value
for its implementation in the future.

The purpose of this study is to develop a sensible framework
of the FQ system and conduct a pilot trial based on the field
survey data. Maoming coastal waters have a long coastline of
approximately 220 km and are rich in shellfish resources with a
fishing yield of 1.36 x 10° kg in 2020 (Editorial committee of
Guangdong Rural Statistical Yearbook, 2021). Among shellfish
resources, bivalves are a class with the largest economic value
(Gosling, 2003). Therefore, this study conducted an analysis
based on a survey of bivalve mollusks in Maoming shallow
waters, in northern South China Sea, including the
identification of bivalve species and the determination of TAC.
This study provides a clue for policymakers to establish the FQ
system of shellfish.

MATERIALS AND METHODS

Conceptual Framework for Fishing Quotas
A conceptual framework was designed for the FQ system based
on the field survey. Accordingly, the procedure of the FQ system
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includes the selection of target species, determination of TAC,
allocation of quotas, report of catch, and supervision of
fishing (Figure 1).

Survey Design

The survey zone, covering nearly 3.02 x 10° km?, is the shallow
waters within 10 m of water depth in Maoming, northern South
China Sea. 28 stations were set in this zone given the habitat
characteristics and fishing accessibility of bivalve shellfish
(Figure 2). In November 2020, bivalves were sampled at each
station using a hydraulic clam rake (Munari et al., 2006) with a
mouth width of 1.2 m and a cod-end mesh size of 20 mm. When
arrived at the sampling station, the speed of the vessel was
reduced to about 2 to 3 knots and the raking time was kept from
5 to 10 min. After sampling, bivalves were identified to species
level (Xu and Zhang, 2008; Yang et al., 2013), weighed (total
weight of species), and counted (total number of individuals).

Data Analysis
An index of relative importance (IRI) (Pinkas et al., 1970) was
used to estimate the contribution of each bivalve species to the

total catch. IRI was calculated using Equation 1 (Selleslagh et al.,
2009):

IRI = (N % +W %) x F% (1)
where N%, W%, and F% are the relative numbers, biomass, and
frequency of occurrence, respectively. IRI >1,000 was considered
as the dominant species and 100 <IRI <1000 was considered as
the important species.

The density (ind./km?) and biomass (kg/kmz) were estimated
by the swept-area method. The raking swept area per hour (A,
km?®/h) was calculated using Equation 2, and the density and
biomass (D, ind./km? or kg/km?) were calculated using Equation
3 (Wang et al., 2017):

A=MxSx1852x107 2)
wW/T

D= 3

AxC )

Target species selection

TAC determination

Quotas allocation

v

Catch report

v

Fishing supervision

FIGURE 1 | The conceptual framework of the fishing quota system.
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where M is the mouth width of the rake in m (here 1.2 m), S is the
actual raking speed in knots at one station, 1.852 is the
conversion rate of nautical miles to km, W is the catch weight
of per raking at one station (kg), T is the actual raking time at one
station (hours), and C is the catchability coefficient of raking,
with the value of 1.0 given the weak locomotivity of bivalves.

The estimated bivalve production (P) was calculated using P =
D x A, with A the area of the survey zone (here 3.02 x 10* km?).
Finally, 80% of the estimated production was chosen as TAC for
bivalves given the economics and sustainability.

RESULTS

Species Composition and Dominant
Species of Bivalves

A total of 45 bivalve species belonging to 29 genera, ten families,
and six orders were identified from the 28 stations sampled
(Table 1). The bivalve species that occurred most frequently were
from Veneroida (27 species), which accounted for 60.0% of the
total number of bivalve species, followed by Arcoida (14 species),
which accounted for 31.1%. The other four orders had one
species for each. According to the IRI score, Meretrix
planisulcata and Ruditapes philippinarum were the dominant
bivalve species, constituting 50.1% of the total catch by biomass
and 67.7% by numbers. There were eight important bivalve
species, constituting 37.3% of the total catch by biomass and
21.7% by numbers.

Density Distribution and TAC of Bivalves

Both the distributions of density and biomass varied largely in
the survey zone (Figure 3). The density value ranged from 0 ind./
km® to 3.72 x 10° ind./km? with an average of 3.43 x 10°
ind./km®. The biomass values ranged from 0 kg/km* to 1.40 x
10* kg/km?, with an average of 1.77 x 10 kg/km’. Both the

I
111°0'

T T T T &
111°5' 111°10' 111°15' 111°20'

FIGURE 2 | Sampling stations of bivalves in Maoming shallow waters, northern South China Sea.

maximum values of density and biomass were in S7, while no
bivalves were sampled in S23, S26, and S27. The estimated
bivalve production was 1.03 x 10% ind. or 5.35 x 10° kg in the
survey zone. To be conservative, TAC of bivalves was 8.28 x 10
ind. or 4.28x10° kg.

Frame Improvement and Current
Completion Status of the Bivalve

FQ System

The conceptual framework of the bivalve FQ system was improved
(Figure 4). There were five steps in the FQ system frame. For step 1,
the species composition of bivalves was analyzed after the field
survey, and dominant species were determined by using the IRI
index. The target species of bivalves was selected by the value of
species. For step 2, the density distribution and estimated
production were analyzed by the swept-area method and
numbers or biomass. The TAC of bivalve was determined. For
step 3, free fishing like Olympic competition (FFOC), community
quotas (CQ), individual vessel quotas (IVQ), and individual
transferable quotas (ITQ) can be used for quota allocation of
bivalves. For step 4, the traditional and electronic fishing logbooks
can be used for the catch report of bivalves. For step 5, the port
inspection, maritime inspection, and punishing for illegal behavior
can be used for fishing supervision of bivalves. In the end, the
procedure of the bivalve FQ system can be cycled next year. To sum
up, Step 1 and Step 2 were completed. Step 3, Step 4, and Step 5 were
conceived, although it still needs more time before they
are implemented.

DISCUSSION

Selection of Target Species
Target species selection is the beginning in the process of
implementing the FQ system. In general, target species selection
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TABLE 1 | Species composition and /R/ values of bivalves from Maoming shallow waters in November 2020.

SN Latin name Order Family Genus IRI
1 Meretrix planisulcata Veneroida Veneroidae Meretrix 2868
2 Ruditapes philippinarum Veneroida Veneroidae Ruditapes 1071
3 Tapes belcheri Veneroida Veneroidae Tapes 379
4 Scapharca inaequivalvis Arcoida Arcoidae Scapharca 247
5 Meretrix meretrix Veneroida Veneroidae Meretrix 219
6 Macridiscus aequilatera Veneroida Veneroidae Macridiscus 184
7 Scapharca anomala Arcoida Arcoidae Scapharca 171
8 Anomalodiscus squamosus Veneroida Veneroidae Anomalodiscus 166
9 Meretrix lusoria Veneroida Veneroidae Meretrix 112
10 Anadara kagoshimensis Arcoida Arcoidae Anadara 101
11 Paratapes undulatus Veneroida Veneroidae Paphia 78
12 Scapharca labiosa Arcoida Arcoidae Scapharca 60
13 Scapharca satowi Arcoida Arcoidae Scapharca 48
14 Scapharca indica Arcoida Arcoidae Scapharca 37
15 Dosinia biscocta Veneroida Veneroidae Dosinia 22
16 Lioconcha fastigiana Veneroida Veneroidae Lioconcha 15
17 Meretrix lyrata Veneroida Veneroidae Meretrix 13
18 Trisidos tortuosa Arcoida Arcoidae Trisidos 3
19 Codakia tigerina Lucinida Lucinidae Codakia 3
20 Trisidos kiyonoi Arcoida Arcoidae Trisidos 3
21 Scapharca broughtonii Arcoida Arcoidae Scapharca 3
22 Moerella iridescens Veneroida Tellinidae Moerella 2
23 Scapharca cornea Arcoida Arcoidae Scapharca 2
24 Mactra aphrodina Veneroida Mactridae Mactra 1
25 Solidicorbula erythrodon Myoida Corbulidae Solidicorbula 1
26 Soletellina diphos Veneroida Psammobiidae Soletellina 1
27 Scapharea globosa Arcoida Arcoidae Scapharca 1
28 Perna viridis Mytiloida Mytilidae Perna 1
29 Dosinia japonica Veneroida Veneroidae Dosinia <1
30 Dosinia cumingii Veneroida Veneroidae Dosinia <1
31 Clausinella calophylla Veneroida Veneroidae Clausinella <1
32 Potiara pilula Arcoida Arcoidae Potiarca <1
33 Scapharca gubernaculum Arcoida Arcoidae Scapharca <1
34 Gari truncata Veneroida Psammobiidae Gari <1
35 Anadara antiquata Arcoida Arcoidae Anadara <1
36 Nitidotellina minuta Veneroida Tellinidae Nitidotellina <1
37 terocardia elliptica Veneroida Veneroidae terocardia <1
38 Crassostrea rivularis Pterioida Ostreidae Crassostrea <1
39 Angulus emarginatus Veneroida Tellinidae Angulus <1
40 Hiatula chinensis Veneroida Psammobiidae Hiatula <1
41 Veepricardium coronatum Veneroida Cardiidae Vepricardium <1
42 Dosinia troscheli Veneroida Veneroidae Dosinia <1
43 Tellinides timorensis Veneroida Tellinidae Tellinides <1
44 Apolymetis meyeri Veneroida Tellinidae Apolymetis <1
45 Pinguitellina pinguis Veneroida Tellinidae Pinguitellina <1
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FIGURE 3 | The distribution of density and biomass of bivalves in Maoming shallow waters, northern South China Sea.

follows four principles: (1) Species has high economic value, large
catch, and small bycatch. (2) Species needs to be conserved due to its
severe declining resources. (3) Species needs to be adjusted due to
the competition from different fishing grounds. (4) Species is used
commonly by multiple countries or regions (Zhao, 2020). In the
preliminary stage of the implementation of the FQ system, it follows
mainly the first principle, also giving priority to the single species
with fast growth, short life cycle, and small migration range
(Harlyan et al,, 2021). In this study, bivalve species composition

and dominant species can be used as a reference to select the
optimum species. There were 45 bivalve species, but most of them
were of low economic value or no economic value. Further, only M.
planisulcata (IRI = 2,868) and R. philippinarum (IRI = 1,071) were
the dominant species. The reason why M. planisulcata was the first
dominant species is that its number was large; however, its
individual weight was smaller than that of R. philippinarum. To
our knowledge, local fishermen tend to discard them because M.
planisulcata belong to the bycatch. So, if a single-species FQ system

* Species composition B Field survey
* Dominant species B /R] index

Density distribution B Swept-area method
Estimated production B individual or weights
)

Free fishing like Olympic competition
*  Community quotas

(@ Quotas allocation

* Individual vessel quotas
\_* _Individual transferable quotas Y,

¢ Traditional fishing logbooks

@ Catch report

|

* Electronic fishing logbooks

* Port inspection

() Fishing supervision

* Maritime inspection

* Punishing for illegal behavior )

FIGURE 4 | The frame improvement of the bivalve FQ system and current perform status (the filled green color represents the degree of completion, respectively).
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for bivalves needs to be implemented, the optimum species is R.
philippinarum with higher value. The single-species FQ system is
relatively easy to implement in the preliminary stage, which can
accumulate more experience for the implementation of a
multiple-species FQ system in the future.

Determination of TAC

TAC determination is the important precondition of the FQ
system, which directly affects the implementation effect of the FQ
system (Branch, 2009). If TAC is set too high, the resource
depletion may be exacerbated. Whereas if it is too low, resources
may be wasted. To our knowledge, TAC is determined based on
the data of scientific surveys and fishing statistics. For the data of
fishing statistics, previous studies used some models to assess the
maximum sustainable yield (MSY) of fishing species (Brodziak
and Ishimura, 2011; Martell and Froese, 2013), and in terms of
the principle that the catch needs to be lower than the increase of
fishery resources, TAC needs to be less than MSY to maintain
sustainable development (Mace, 2001; Acheson et al, 2015).
Using the models, more than 5 years of continuous fishing
statistical data are required to provide a more accurate
assessment of MSY. However, the long-term data of most
fishery stocks have poor availability. In this study, based on the
scientific survey, the swept-area method was used to estimate the
bivalve production and determine the TAC value. This way is
suitable for the stocks that lack the long-term fishing data. For
the TAC value, TAC by weights (4.28 x 10° kg) is more suitable
for use than that by individuals (8.28 x 107 ind.) due to the
habitual use of weight. In addition, the density distribution of
bivalves was analyzed in this study, but results showed that there
were no significant geographical differences. If the density is
concentrated within a certain range, it is recommended that the
FQ system is mainly applied to this range to facilitate
management. The survey tool in this study is a hydraulic clam
rake. Munari et al. (2006) compared the effects of three raking
tools (manual rake, hydraulic rake, and conveyor rake) on the
benthic community, and results showed that manual raking and
hydraulic raking have mild disturbances but unlikely to have
persistent effects on biota. They suggested that clam fishermen
should be allowed to use the hydraulic rake due to its relative
efficiency. However, in China, rakes are the banned fishing
facilities. Considering the problems of fishermen’s livelihood, it
is worth thinking about whether the hydraulic rake should be
locally (and legally) used. Additionally, more selective and eco-
friendly fishing tools need to be developed.

Allocation of Quotas, Report of Catch, and
Supervision of Fishing

After determining TAC, fair and equitable allocation of quotas is
the key to stimulating fishermen to comply with the FQ system.
Well-designed quota allocation can help prevent fisheries collapse
(Costello et al., 2008). In terms of whether the quotas are allocated
to fishermen and whether the quotas are allowed to transfer, FQ
can be divided into four types (Ding, 2019): FFOC, CQ, IVQ, and
ITQ. For FFOC, fishermen can catch competitively until the TAC
limit value was reached. Although this way has low management

costs, it does not solve the competitive fishing mind of fishermen.
Moreover, this way may make fishermen to compete for catch
regardless of the risks, such as bad weather (Long, 2010). What is
more, a large number of catches coming to the market at the same
time will affect the prices, which leads to lower incomes for
fishermen. For CQ, quotas are first allocated to different
communities which are formed by fishermen, and then each
community committee allocates the quotas to the members
according to their own regulations. However, it is not applicable
in Maoming sea areas due to the scattering of local traditional
fishermen. For IVQ, quotas are allocated to the fishing vessels that
meet the requirements. This is an appropriate type to allocate at
present. The owner of the vessel can apply to the local department
of fishery at first. The requirements are as follows: (1) Applicants
must have a household register certificate in Maoming city. (2)
Applicants must have a marine fisheries fishing license. (3)
Applicants must have a fishing vessel with the equipment of
life-saving, communication, and positioning system. After that,
TAC will be allocated distributed averagely according to the
number of fishing vessels who meet the requirements and
granted the special fishing license of bivalve shellfish. For ITQ,
the quota holders can transfer their quotas. To make the quota
holders adapt to the new management system, it is recommended
to forbid them to transfer the quotas at the beginning of the FQ
system. Waiting until conditions mature, ITQ can be allowed. For
ITQ, attention should be paid to prevent the concentration of
quotas into few people, which may lead to a monopoly of the
market (Eythorsson, 2000).

Fishermen must record truthfully their fishing yields in the
logbooks, because this is the only approach to know if TAC is
reached. Traditional logbooks are printed on paper, which is easy
to lose and get damaged. In recent years, with the development of
science and technology, the technology of using smart devices to
record fishing information has become mature (Oviedo and
Bursztyn, 2017). Fishermen can use a specialized software in
mobile phones to report their fishing yields. Electronic fishing
logbooks make it easy to collect and store the data of fishing and
locations, so TAC can be monitored in time (Zhao, 2020). In
view of the differences in age and literacy rate among fishermen,
the traditional or electronic fishing logbooks should be chosen
one accordingly.

On the whole, the fishing supervision includes the following
aspects: (1) Port inspection. The fishing target species of FQ must
be landed at the designated port. In the meantime, the port
information officers collate the data of sales and logbooks every
day and ensure the authenticity of data. To prevent the actual
fishing yields exceeding the upper limit of quotas, the quota
holders will be warned when their yields are close to the limit
(Yu, 2009). (2) Maritime inspection. On the one hand, the fishery
administration department can track the position of fishing
vessels through the vessel monitoring system. On the other
hand, it can carry out routine and surprise inspection at sea to
check whether there are maritime sales. Besides, the following
vessel observers should be dispatched without day to record and
supervise the production status. (3) Punishing for illegal
behavior. To prevent illegal production, harsh punishment
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FIGURE 5 | The respective responsibilities of administrators, researchers, and fishermen under the FQ system.
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The COMMD (copper metabolism gene MuRR1 domain) gene family, highly conserved
among multicellular eukaryotic organisms, plays important roles in a variety of biological
processes, ranging from copper homeostasis, ionic transport, protein trafficking, NF-xB-
mediated transcription, and cell proliferation. However, systematic identification,
spatiotemporal expression, and stress-responsive patterns of COMMD genes remain
obscure in molluscs. Here, we analyzed the characteristics of the COMMD gene family in
four bivalve molluscs based on both genome and extensive transcriptomic resources.
Firstly, we investigated the genomic signatures, functional domains, and phylogenetic
relationships, and ten single-copy members were identified in Yesso scallop
(Patinopecten yessoensis), Zhikong scallop (Chlamys farreri), Pacific oyster (Crassostrea
gigas), and dwarf surf clam (Mulinia lateralis), respectively. Strong purifying selection was
revealed for COMMD4. Higher expressions of most COMMDs were observed in the
hepatopancreas, besides which a different tissue preference of COMMDs’ expression
was found among four bivalves. Moreover, in the dwarf surf clam, the responses of
COMMD members under stresses were found more sensitive in the hepatopancreas than
in the gill, and MICOMMDS and MICOMMD4 might be the good candidate stress indicator
genes respectively for copper ion stress and V. Anguillarum infection. Our study would
contribute to a better understanding for the evolution of the COMMD gene family and
provide valuable information for their innate immune roles in bivalve molluscs.

Keywords: bivalve, COMMD, expression profiling, phylogenetic analysis, innate immune

INTRODUCTION

The COMMD (copper metabolism gene MuRR1 domain) family includes ten evolutionarily
conserved proteins, namely, COMMDI1-10, in the extreme carboxyl terminus of which they
share a unique motif known as the COMM domain (Burstein et al., 2005). The COMM domain,
with 70-85 amino acids in length and being rich in tryptophan, proline, and leucine, not only
defines the gene family but also provides a critical interface for protein—protein interactions with
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each other (Maine et al, 2007). The hydrophobic residues
located in the COMM domain could form two conserved
nuclear export signals (NES1 and NES2) (Muller et al., 2009).
Except COMMD6, other COMMD members possess an amino
terminal region, which is divergent among the subfamilies but is
highly conserved within the ortholog proteins (Burstein et al.,
2005). COMMDI is the first identified member, which was
initially termed as Murrl due to its proximity to the U2afI-rsI
locus in mice, and other COMMD members were identified
through homologous screening (Nabetani et al.,, 1997; van De
Sluis et al., 2002). A total of ten subfamilies were found in the
vast majority of vertebrates (Burstein et al., 2005), while in
invertebrates, including insects, worms, and molds, only
several COMMD members were reported, and none of the
COMMDs were found in unicellular eukaryotic organisms or
bacteria (Nabetani et al., 1997). The wide existence as well as the
highly conservative characteristic of COMMD homologues imply
their critical roles during the metazoan evolution (Riera-
Romo, 2018).

As the best-characterized member, COMMDI may represent
a prototype of the family (Burstein et al., 2005). COMMD]I was
reported to be able to participate in two distinct activities, control
of copper metabolism and regulation of the transcription factor
NF-kB (Riera-Romo, 2018). Researchers found that mutations of
COMMDI are responsible for copper toxicosis in Bedlington
terrier dogs, resulting in excessive copper accumulation in the
liver (Tao et al, 2003). In human, biochemical findings had
indicated a direct role for COMMD] in biliary copper transport,
and COMMDI defect could impair the copper excretion (Tao
et al., 2003; Riera-Romo, 2018). Besides COMMDI, various
functions were found for other COMMD genes in vertebrates.
COMMDY4, as one of the protein kinase A targets, was able to
interact with myomegalin and inhibit NF-xB activity (Uys et al.,
2011). The COMMD3 and COMMDS8 complex could selectively
recruit GRK6, which induced GRK6-mediated phosphorylation
of the receptor and activated the B-arrestin-mediated signaling
(Nakai et al., 2019). COMMD3 and COMMDY, which are
endogenous regulators, regulate Na" transport through altering
ENaC cell surface expression (Liu et al., 2013). COMMD?5 affects
cell proliferation (Solban et al., 2000), and COMMDe6, 7
participates in the invasion and migration regulation of a
variety of cancer (You et al., 2017; Yang et al., 2019). Research
has reported that COMMDI0 is related to phagosomes in murine
macrophages (Dill et al., 2015), and in myeloid cells, deficiency in
COMMDIO0 can cause increased NF-xB activation and then
aggravate lipopolysaccharide systemic sepsis (Naugler and
Karin, 2008; Mouhadeb et al., 2018). In comparison, only the
functions of several COMMD genes were reported in
invertebrates. For example, COMMD4 is found ubiquitously
expressed in amphioxus, with the highest level in gonad, and
lipopolysaccharide injection could induce its expression (Jin
et al, 2012). Wang et al. have cloned COMMDI in Crassostrea
hongkongensis, and the transcription level of COMMDI was
increased significantly in the gill and hemolymph after salinity
stimulation (Wang et al., 2017a).

As benthic filter feeders, bivalve molluscs are well adapted to
highly dynamic oceans and freshwater environments since the

early Cambrian. Along with intensified human activities in
recent decades, the bivalve habitats are subject to various
biotic/abiotic stressors, and pathogenic microbes and heavy
metals are two of the main stressors. The COMMD genes play
critical roles in many vital functions, and exploration of whether
these genes participate in heavy-metal or bacterial resistance may
help gain a better understanding for the outstanding adaptability
of bivalve molluscs. In the present study, a systematic
identification and characterization of COMMD genes in four
bivalves were conducted, namely, Yesso scallop, Zhikong scallop,
Pacific oyster, and dwarf surf clam. Detailed genic structure
comparison and spatiotemporal expression analysis provided
insights into the potential function of COMMD genes in
bivalve molluscs. Further, transcription patterns of different
COMMD members under copper ion stress and after Vibrio
Anguillarum infection were investigated in the gill and
hepatopancreas of M. lateralis. This is the first comprehensive
research of the COMMD family genes in bivalves, which notably
provided helpful information regarding the classification,
evolution, and function of these genes. These findings may
assist a better understanding of the bivalves’ adaption to
adverse heavy-metal pollutions and bacterial challenge.

MATERIAL AND METHODS

Genome-Wide Identification of

COMMD Genes

To identify COMMD genes, the whole genomes and
transcriptomes of four bivalves (Zhang et al, 2012; Li et al.,
2017; Wang et al., 2017b) were searched against the available
COMMD protein sequences from representative vertebrates
(Homo sapiens, Mus musculus, Xenopus laevis) and
Cephalochordata (Branchiostoma belcheri). The orthologous
COMMD proteins were used as query sequences for whole-
genome and transcriptome-based blasts, and the threshold of the
E value was 1E-5. Sequence analysis was performed by the HMM
searching method (http://www.ebi.ac.uk/Tools/hmmer/search/
phmmer) to ensure the integrity of COMMDs. BLASTN was
used to confirm their genomic structure, and the ORF Finder
program (https://www.ncbi.nlm.nih.gov/orffinder/) was used to
predict the open reading frame. Further, to ensure the
completeness of COMMDs, the translated sequences were
submitted to the SMART tool (http://smart.embl-heidelberg.
de/) and ProtParam tool (https://web.expasy.org/protparam/)
to ensure the presence of the conserved COMM_domain and
to predict the isoelectric point (pI), molecular weight, instability
index, and grand average of hydropathicity (GRAVY) values,
which were illustrated for all potential bivalve COMMDs shown
in Table 1. Then, the drawing of the protein structure was done
by IBS 1.0.3. Finally, we identified and counted COMMD family
genes of 26 metazoan species, namely, the deuterostomes Homo
sapiens, Oryzias latipes, Danio rerio, Oreochromis niloticus,
Xenopus laevis, Ciona intestinalis, Branchiostoma floridae, and
Strongylocentrotus purpuratus, the protostomes Drosophila
melanogaster, Daphnia pulex, Caenorhabditis elegans,
Tribolium castaneum, Lingula anatina, Capitella teleta,
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TABLE 1 | Sequence characteristics of the COMMD gene family of four bivalve molluscs.

Gene Intron number Genomic position Protein length COMM domain PI  Molecular weight GRAVY Instability
position (Da) index
PyCOMMD1 1 2137.16:679703-680902 = 1200 135 61-134 5.91 15,765.54 -0.713 49.20
PyCOMMD2 4 5989.10:450020-460247 = 10228 199 121-189 6.09 23,379.78 -0.374 50.83
PyCOMMD3 7 10911.5:103350-117222 = 13873 196 122-194 5.01 21,617.27 -0.189 34.89
PyCOMMD4 8 9739.4:207199-226481 = 19283 200 128-200 6.10 22,355.46 -0.136 25.68
PyCOMMDS5 6 2433.4:97391-108491 = 11101 220 145-212 7.72 25,079.12 -0.080 43.06
PyCOMMD6 4 11181.36:885386-891755 = 6370 80 11-80 6.53 8,894.22 -0.134 24.39
PyCOMMD7 8 4359.39:1265516-1276033 = 10518 201 132-201 5.76 22,393.30 -0.228 25.26
PyCOMMDS8 4 9685.21:829055-837430 = 8376 185 116-185 4.94 21,048.57 -0.368 52.68
PyCOMMD9 5 7491.23:709119-722211 = 13093 198 120-197 5.93 22,260.12 -0.289 36.16
PyCOMMD10 7 2329.50:1883135-1896660 = 13526 198 127-198 5.72 22,886.02 -0.429 43.66
MICOMMD1 2 12840.10:78282-82291 = 4010 186 113-184 5.00 21276.63 -0.658 56.19
MICOMMD2 6 45.74:1970118-1985717 = 15600 240 170-237 6.06 27,717.89 -0.175 42.79
MICOMMD3 8 12040.29:507160-516075 = 8916 198 122-193 5.05 22,323.13 -0.220 38.87
MICOMMD4 8 12703.15:299462-305380 = 5919 201 128-200 5.45 22,428.40 -0.219 27.39
MICOMMD5 6 11059.62:859122-866779 = 7658 220 145-212 7.72 25,072.87 -0.159 41.06
MICOMMD6 6 10801.218:3510817-3516483 = 5667 182 113-182 5.24 20,562.56 -0.051 43.55
MICOMMD7 6 12762.5:96783-102258 = 5476 202 133-202 4.98 22,642.41 -0.249 32.27
MICOMMDS 4 12846.13:145184-150718 = 5535 183 113-183 5.57 20,484.17 -0.185 39.12
MICOMMDS 5 12715.132:1758244-1793803 = 35560 197 119-196 6.73 22,066.33 -0.127 30.39
MICOMMD10 6 12002.12:113626-123104 = 9479 197 127-197 5.00 22,767.92 -0.351 46.04
CfCOMMD1 2 22817.34787729-790581:=2853 187 113-186 5.34 21,825.27 -0.781 50.26
CfCOMMD2 2 44835.8:183117-188074 = 4958 151 73-141 6.97 17,606.36 -0.163 66.00
CfCOMMD3 7 33479.9:142988-153101 = 10114 196 122-194 4.99 21,623.27 -0.171 33.32
CfCOMMD4 2 723733.1:101-1790 = 1690 105 27-105 9.10 9,625.85 -0.379 33.73
CfCOMMD5 6 15543.1:12696-26178 = 13483 220 145-212 8.69 25,138.19 -0.095 41.58
CfCOMMD6 4 55811.12:168214-191931 = 23718 80 11-80 7.87 8,896.21 -0.193 19.53
CfCOMMD7 8 53827.18:384544-393259 = 8716 201 132-201 5.28 22,290.20 -0.201 22.97
CfCOMMDS8 35 13299:134558-189797 = 55240 1339 116-180 5.62 151,426.29 -0.264 46.52
CfCOMMD9 5 64623.27:808604-820076 = 11473 198 120-197 5.62 22,258.06 -0.275 35.40
CfCOMMD10 9 63763.53:945408-1095753 = 150346 215 127-189 8.63 24,776.25 -0.368 46.48
CgCOMMD1 2 NW_011935966.1:87568-88717 = 1150 191 117-190 5.52 22,229.83 -0.741 54.41
CgCOMMD2 4 NW_011936396.1:515939-521925 = 5987 199 121-189 5.90 23,336.65 -0.347 49.02
CgCOMMDS3 5 NW_011936388.1:20012-24869 = 4858 160 122-158 4.81 17,907.22 -0.193 48.20
CgCOMMD4 8 NW_011935883.1:64603-67169 = 2567 199 128-199 5.63 22,629.06 -0.255 31.13
CgCOMMDS5 5 NW_011934779.1:876616-887615 = 11000 190 145-189 9.04 21,364.73 -0.109 46.65
CgCOMMD6E 2 NW_011936252.1:55195-56300 = 1106 138 69-138 6.57 15,283.34 -0.469 39.87
CgCOMMD7 7 NW_011935176.1:337529-362408 = 24880 198 129-198 6.60 22,213.42 -0.013 20.75
CgCOMMDS8 5 NW_011936271.1:100615-105861 = 5247 184 114-183 5.14 21,193.77 -0.478 39.28
CgCOMMD9 5 NW_011937700.1:144762-154995 = 10234 199 121-198 6.96 22,440.55 -0.340 43.82
CgCOMMD10 6 NW_011937034.1:445720-452824 = 7105 198 127-198 5.36 22,889.05 -0.418 43.62

Helobdella robusta, Lottia gigantea, Elysia chlorotica,
Biomphalaria glabrata, Octopus bimaculoides, Patinopecten
yessoensis, Chlamys farreri, Crassostrea gigas, and Mulinia
lateralis, and the non-bilaterians Nematostella vectensis,
Stylophora pistillata, and Amphimedon queenslandica
(Supplementary Table 1).

Multiple Alignment and

Phylogenetic Analysis

MEGA7.0 (Sudhir et al., 2016) was used to construct
phylogenetic analysis to determine which COMMD subfamily
the bivalve COMMD genes belong to. The whole amino acid
sequences of COMMD proteins from Human (H. sapiens),
zebrafish (D. rerio), medaka fish (O. latipes), African clawed
frog (X. laevis), ciona (C. intestinalis) and Stylophora (S.
pistillata), were downloaded from the Ensemble genome
browser database. The whole amino acid sequences of
COMMD proteins from Nile tilapia (O. niloticus), notoacmea

(L. gigantea), Biomphalaria (B. glabrata), and sea snail (E.
chlorotica) were downloaded from the Uniport database. The
whole amino acid sequences of COMMD proteins from
amphioxus (B. belcheri) and octopus (O. bimaculoides) were
downloaded from the NCBI database. Multi-sequence alignment
was performed through ClustalW (Larkin et al., 2007) and was
edited by GeneDoc software (Nicholas et al., 1997), then the
phylogenetic analyses based on the neighbor-joining (NJ)
method and maximum likelihood (ML) method with a
bootstrap of 1,000 replicates, both including all the amino
acids from the COMMDs. 154 amino acids across 16 animals
were involved in this analysis. The accession numbers of 154
COMMDs are listed in Supplementary Table 2.

Selective Pressure Analysis

COMMD gene sequences were aligned based on codons, using
Muscle (codons) implemented in MEGA7.0 (Sudhir et al., 2016).
MEGA?7.0 was used to build the alignment result into a tree file,

Frontiers in Marine Science | www.frontiersin.org

245

April 2022 | Volume 9 | Article 884991


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Chen et al.

Identification of Bivalve Molluscs COMMD

and a Newick format file was formed. To explore selective
pressure between COMMD gene sequences, after removing the
gap, a strict statistical analysis was performed using the software
EasyCodeML1.2 (Gao et al., 2019). Based on the Preset Site
Model, the ratios of non-synonymous (dN) and synonymous
(dS) substitutions for 40 COMMD genes among four bivalve
were calculated. The LRT was used to test whether the selected
model is significant (P < 0.05). Two likelihood ratio tests were
performed to detect positively selected sites—M1la (neutral) vs.
M2a (positive selection), M7 (B) vs. M8 (B and ®), and MO (one-
ratio) vs. M3 (discrete)—and the site-specific model was used for
comparison. If the tests produced a significant result, then the
empirical Bayes method was used to identify individual
positively selected codon sites (Yang et al., 2005).

Expression Analysis

The TPM (reads per kilobase million) values were summarized
from the published RNA-seq datasets of Yesso scallop (Wang
et al., 2017b), Zhikong scallop (Li et al., 2017), and Pacific oyster
(Zhang et al., 2012) and from our unpublished data for dwarf
surf clam. During development, eleven embryo/larval
developmental stages were chosen to perform expression
analysis, including zygotes; multi-cells; blastula; gastrula;
trochophore; D-shaped larvae; early-, mid-, and late-term
umbo larvae; metamorphosis larvae; and juvenile. For adults,
six tissues were chosen to perform expression analysis, namely,
muscle, hepatopancreas, mantle, gill, male gonad, and female
gonad. The expressional heatmaps were displayed by the
heatmap package in R environment.

Copper lon Stress and V. anguillarum
Infection Experiment

Healthy adult dwarf surf clams were obtained from a laboratory
breeding population. Dwarf surf clams were cultured in filtered
and aerated seawater at 20°C-25°C. For the copper ion stress
experimental group, the clams were acclimated in the sterilized
seawater with a final copper ion concentration of 100 pg/1 (from
the anhydrous copper sulfate) (Zhang et al., 2012). For both
control and experimental groups, five random clams were
sampled at 0 h, 12 h, and 9 days, from which gill and
hepatopancreas tissues were collected for RNA extraction. For
the bacterial challenge group, gram-negative bacteria (Vibrio
Anguillarum) were cultured in liquid 2216 E broth at 28°C to
an OD600 of 0.2 and were harvested by centrifugation at 2,000 x g
for 5 min. Then, the cell precipitates were suspended in filtered
seawater and adjusted to 1 x 107 CFU/ml (Zhou et al,, 2019) to
challenge clams. For both control and experimental groups, five
random clams were sampled at 0, 3, 6, 12, and 24 h, from which
gill and hepatopancreas tissues were collected for RNA extraction.

RNA Isolation and Quantitative Real-Time
PCR Analysis

Total mRNA was extracted from the gill and hepatopancreas of
the sampled clams by using the conventional guanidinium
isothiocyanate method (Chomczynski and Sacchi, 2006). The
cDNA was synthesized using M-MLV Reverse Transcriptase

(Promega, Madison, W1, USA). Primers of MLCOMMDs were
designed using Primer Premier 5 software; the sequences of
primers are listed in Supplementary Table 3. All reactions were
repeated in triplicate. The transcription of target genes was
standardized according to the transcription of two internal
reference genes (namely, RS23 and NDUS4). For the
comparisons of the COMMD transcription changes between
control experimental groups, statistical analysis of the data was
performed using t-test with statistical significance at P < 0.05.

RESULTS

Identification and Characterization of
COMMD Genes in Four Bivalve Molluscs

A total of 10 single-copy COMMD genes were identified in Yesso
scallop, Zhikong scallop, Pacific oyster, and dwarf surf clam,
respectively represented as PyCOMMDs, CfCOMMDs,
CgCOMMDs, and MICOMMDs. The length of most bivalve
COMMDs ranged from 150 to 240 aa, except four relatively
short COMMDs (namely, PyCOMMD]I, 6, and CfCOMMDA4, 6,
which possess less than 135 aa) and CfCOMMDS8 which was
obviously longer (1,339 aa). The COMMD family shared the
conserved COMM domain (Figure 1). Two highly conserved
nuclear export signal regions were located at the COMM
domain, namely, NES1 and NES2, which were mainly composed
of the well-conserved hydrophobic amino acids L, I, V, M, and F
(Figure 2). Besides, the COMMD]1 proteins possessed an additional
COMMDI_domain (PF17221) at the N-terminal, and a specific
Glyco_hydro_15 domain (PF00723) was found at the C-terminal of
CfCOMMDS (Figure 1). Consistent with human COMMD6 (de
Bie et al, 2006), the PyCOMMD6 and CfCOMMD6 lacked a
variable amino terminal, while C¢gCOMMD6 and MICOMMD6
contained an extended amino terminal portion. A low-complexity
region was located at the amino terminal of PyCOMMD4, 8,
C¢gCOMMD10, and MICOMMDI10. In comparison with
CgCOMMDs and MICOMMDs, a higher similarity of gene
structure was revealed between COMMD orthologs from two
scallops (Table 1). A subfamily-specific conserved intron number
was found for scallop COMMD3, 5, 6, 7, 9, which comprised 7, 6, 4,
8, and 5 introns, respectively. Of note, the 5-intron pattern was also
found in CgCOMMD?9 and MICOMMD?9, making COMMD?9 as the
only member which showed the most conservative exon-intron
structure in bivalves.

Phylogenetic and Evolutionary Analysis of
the COMMD Family

In the present study, besides the COMMD family gene
identification from four bivalve molluscs, we also identified
COMMDs from 22 additional animal species, across the major
representative groups in Metazoa (Figure 3). It revealed that five
groups, namely, Deuterostomia (except Urochordata), Mollusca,
Brachiopoda, Cnidaria, and Sponge, have a full set of ten
COMMD subfamilies, while in Ecdysozoa, Annelida, and
Urochordata, they usually lack several COMMD subfamilies (up
to 9). Especially, we noted that COMMD], 6, 9 subfamilies were
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FIGURE 1 | The structure of COMMD proteins in four bivalves. The purple
boxes indicate the conserved COMM domains. The green boxes indicate the
low-complexity regions, and the yellow boxes indicate the Glyco_hydro_15
Pfam domain.

absent in all investigated ecdysozoans, and within
Lophotrochozoa, molluscs and brachiopods have more
complete COMMD family members than annelids. We further
investigated the evolutionary relationship of bivalve COMMDs.
Phylogenetic analysis showed that all COMMD proteins were
subdivided into ten subfamilies, including COMMDI-10, and
consistent topologies were revealed based on both the NJ method
(Figure 4A) and ML method (Figure 4B). For each subfamily,
COMMD:s from Zhikong scallop, Yesso scallop, and Pacific oyster
are always grouped together first, then clustered together with
COMMD:s from the dwarf surf clam and other bivalves, which is
in line with their assured phylogenetic relationship.

Positive Selection Analysis

To explore the selective pressure of the COMMD genes, the
CODEML program in the EasyCodeML1.2 software was further
used. Results show that six subfamilies were detected with positive
selection sites by the M7 vs. M8 model (Table 2). According to the
M8 model, COMMD4 possessed 8 positive sites, including two
highly positively selected sites (P > 0.95), followed by COMMD]1
(5), COMMD? (5), and COMMD]I0 (4). Only one and two positive
sites were respectively detected in COMMD3 and COMMDE.
Opverall, a total of 25 sites under potentially positive selection
were identified in four bivalve COMMDs.

Temporal and Spatial Expression of the
COMMDs From Four Bivalve Molluscs

The TPM (reads per kilobase million) calculated from the RNA
sequence data are displayed as a heat map (Figure 5, Supplementary
Tables 4 and 5). As shown in Figure 5A, the embryo expression
profiles of COMMD:s in four bivalves can be parted into three
groups. Firstly, most of the COMMDY, 3, 4 subfamilies were detected
at the beginning of fertilization and maintained high transcriptions
until the multicellular stage; a similar transcription pattern was also
found in PyCOMMDe6, CgCOMMD?2, 7, and MICOMMDS, 8, 10,
suggesting their maternal origin to play protective roles. COMMDS5,
8,9, 10 in two scallops started increasing the transcription levels
during blastula, and their high transcriptions were maintained until
the D-shaped veliger stage. Except the abovementioned, other
members of COMMD genes, including PyCOMMD?2, 7,
CfCOMMD3, 7, CgCOMMD]I, 3, 5, 6, 8, 9, 10, and MICOMMD2,
6, 7, 9, were enhanced exponentially from the D-shaped veliger stage
and sustained their high level of transcription during late
larval development.

According to the spatial expression pattern of COMMDs in
six organs/tissues (Figure 5B), we found that most of the
COMMD2, 3, 4, 5, 7, 8 10 subfamilies were predominantly
expressed in the hepatopancreas in four bivalves. Besides, most
of the COMMDI, 6 members were highly expressed in the female
gonads, and COMMD?2, 9 of two scallops were detected with high
levels in male gonads. Moreover, we noticed that COMMDs’
transcription showed a certain tissue preference among different
bivalves. For example, most MICOMMDs and CfCOMMDs were
highly expressed in the hepatopancreas and gonad, respectively,
while most C¢COMMDs and PyCOMMDs were highly expressed
in the hepatopancreas, mantle, and gill. Overall, organ/tissue
transcription patterns of COMMD genes in four bivalves may
imply their diverse cellular functions.

Responses of MICOMMD Genes Under

Copper lon Stress and Bacterial Stress

Taking the advantages of laboratory-standardized breeding and
cultivation, we investigate the potentially biological functions
and defensive mechanism of COMMD genes in the dwarf surf
clam. First, we explored the responses of MICOMMD genes in
the gill and hepatopancreas under copper ion stress (Figure 6).
After the copper ion stress, MICOMMDI, 4, 9 showed significant
responses in both tissues, with MICOMMD?9 being remarkably
upregulated, while MICOMMDI1 and MICOMMD4 were
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FIGURE 2 | Alignment of deduced COMM domain amino acid sequences. The two nuclear export signals (NES1 and NES2) are indicated in gray shades and by

significantly suppressed. Of note, a more acute and intensive
response of MICOMMD?Y was shown in the hepatopancreas (12
h, >6-fold, P < 0.001) than in the gill (day 9, >2-fold, P < 0.05).
Besides, MICOMMD4 and MICOMMD? were found significantly
upregulated on day 9 respectively in the hepatopancreas and gill.
In the next scenario, the temporal responses of MICOMMD
genes after V. Anguillarum infection were as shown in Figure 7.
In the gill, only three COMMD members showed significant
responses after infection, with MICOMMD4, 8 being found to be
significantly upregulated after 12 h and MICOMMD? being
suppressed at 6 h. In comparison, responses of COMMDs in
the hepatopancreas seems more ubiquitous, with six members
showing significant transcription alternations. After infection,
transcription of MICOMMD4 was significantly elevated after 6
and 12 h, and MICOMMD?7 was significantly upregulated at 6 h.
In the meantime, MICOMMDS5 was found to be acutely
suppressed after 3 h and MICOMMDSG, 8, 9 showed a
significantly lower transcription at 6 h. Notably, MICOMMD4
was the only member that showed consistent significant
induction in both the gill and hepatopancreas after infection,
and similar to copper ion stress, a more acute and intensive
response of MICOMMD4 was found in the hepatopancreas (6 h,

>9-fold, P < 0.05) than in the gill (12 h, >3-fold, P < 0.05). Above
all, we found that responses of COMMD members were more
sensitive in the hepatopancreas than the gill, in which
MICOMMDSY and MICOMMD4 might be good candidate stress
indicator genes respectively for copper ion stress and V.
Anguillarum infection.

DISCUSSION

In this study, the COMMD family in four bivalve molluscs was
identified and characterized based on the genomic and
transcriptomic data. Similar to the human COMMD proteins,
these bivalve COMMD proteins contain the conserved COMM
domain in the extreme carboxyl terminus, which could mediate
the interaction of COMMD-COMMD proteins and the
formation of the COMMD polymer (Burstein et al., 2005). The
amino terminal of COMMDs shares a low homology among
members of the family but has highly conserved sequences with
their ortholog proteins, which may contribute to the functional
diversity of different subfamilies (Maine and Burstein, 2007).
Besides four bivalve molluscs in our study, a 5-intron pattern of
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FIGURE 3 | Genome-wide identification of COMMD gene families of 4 bivalve molluscs (in blue box) and 22 other metazoan species. Different colors of branches
represent different metazoan groups (red, Deuterostomia; blue, Lophotrochozoa; green, Ecdysozoa; purple, non-Bilateria).

COMMD? was also discovered in human and zebrafish, which
may imply that COMMDY has retained the ancestral exon-
intron structure during the evolution. Other COMMD
subfamilies of four bivalve molluscs have inconsistent intron
patterns. Previously, researchers have found that intron insertion
and loss may be associated with selective splicing, encoding the
untranslated RNAs and enhancing the levels of mRNA
transcription (Jin et al., 2012). The frequent occurrence of
intron insertion and deletion among the COMMD family
except for COMMDY may be to a certain extent related to the
function of introns.

Phylogenetic analysis showed that four bivalve mollusc
COMMD genes always clustered together in the invertebrate
clades, consisting of their evolution status and conservativeness.
Previous findings show that COMMD genes are highly conserved
throughout vertebrate evolution, and COMMDI and COMMD9
seem to be restricted to vertebrates (Burstein et al., 2005). In the
present study, we further retrieved COMMD genes from 26
metazoan species (Figure 3). We found that both COMMD]I
and COMMD?9 could be identified in the Lophotrochozoa,
Deuterostomia, Cnidaria, and Sponge groups, while they were
absent in the Ecdysozoa group. Besides COMMD]I, 9, COMMDS,

7, 8 were also absent in most ecdysozoans and that nematodes
only have the COMMD#4 subfamily, which may attribute to the
fact that the Ecdysozoa genomes are rapidly evolving (Telford
et al., 2008). Besides, COMMDI, 6, 8 have been lost in ciona (Jin
et al.,, 2018), while 10 intact single-copy COMMD genes were
found in amphioxus as well as in most vertebrates. Species in the
Mollusca, Deuterostomia (except Urochordata), Brachiopoda,
Cnidaria, and Sponge groups almost have ten intact single-
copy COMMD family genes; only several species were found to
have loss of one the COMMD subfamily members. However, it
remains unclear whether this phenomenon is due to genome
assembly fragmentation or they have been lost during evolution.
An across-Metazoa comparison implied that COMMD members
diverged from each other at early stages of evolution and the
integrated COMMD family may already exist in the metazoan
last common ancestors.

Evolutionary analysis have shown that purifying selection
dominated the evolution of COMMD genes (Jin et al., 2018). For
four bivalves, a total of 25 sites under potentially positive
selection were identified which may provide a support for the
structural and functional diversity of the COMMD family
members. Similarly, the selective pressure analyses of COMMD
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FIGURE 4 | Phylogenetic analyses of COMMD gene families involving 154 amino acid sequences across 16 animals were conducted based on the NJ method and
ML method. (A) Phylogenetic analysis of COMMD proteins using the NJ method, with a bootstrap of 1,000 replicates. (B) Phylogenetic analysis of COMMD proteins
using the ML method, with a bootstrap of 1,000 replicates. Numbers in the trees represent the confidence interval. Different symbols were used to represent different
clades of animals: the circles label the molluscs, the diamonds label the chordates, the triangles label the vertebrates, and the squares label the cnidarians. Four
bivalve COMMDs were specially emphasized by solid color inside the symbol. Hs, Homo sapiens; XI, Xenopus laevis; Dr, Danio rerio; Ol, Oryzias latipes; On,
Oreochromis niloticus; Ci, Ciona intestinalis; Bb, Branchiostoma belcheri; Sp, Stylophora pistillata; Py, Patinopecten yessoensis; Cf, Chlamys farreri; Cg, Crassostrea
gigas; MI, Mulinia lateralis; Ec, Elysia chlorotica; Ob, Octopus bimaculoides; Lg, Lottia gigantean; Bg, Biomphalaria glabrata.

family genes in amphioxus showed that there were 16 positive
selective sites detected, although the COMMD family genes have
undergone very strong purifying selection during evolution (Jin
et al., 2018).

In previous studies, the expression profile of COMMD family
genes has been reported in vertebrates (van De Sluis et al., 2002;
Klomp et al., 2003). However, such research remains lacking in
invertebrates. To better understand the characteristic and
function of COMMD genes in molluscs, extensive
transcriptome resources were used to profile the temporal and
spatial expression patterns of COMMD genes in four bivalve
molluscs (Figure 5). The COMMDs were reported to play a vital
role during mouse embryonic development, and COMMD-
knockout mice are embryonically lethal and die at different

stages of embryogenesis (Semenova et al., 2003; van de Sluis
et al.,, 2007; Bartuzi et al., 2013). Besides, researchers found that
COMMDI] has a regulatory role in the cell cycle of HEK293 cells
(Jiang et al., 2019). Our results showed that bivalve COMMDI is
highly expressed during multicellular cleavage and its
transcription level declines rapidly from blastula. It may also
implicate that COMMDI is involved in the regulation of cell
proliferation. Bivalve COMMD?7s were found to enhance their
transcription exponentially from the D-shaped veliger stage and
sustained a high level of transcription during late larval
development. Previous studies have found that COMMD7
promoted cell proliferation, migration, and invasion processes
but suppressed cell apoptosis (Devlin et al., 2003; Zheng et al.,
2018). Therefore, we speculate that COMMD?7 may be involved

TABLE 2 | Likelihood values and parameter estimates of computing position selection site by site model for the COMMD family members.

Gene Model (Name InL Likelihood ratio Positively selected sites
name of test
parameters) P-value
COMMD1 M8(10) -1,262.595448 0.000001065 1M 0.987%, 2 W 0.979* 3 F 0.805, 97 S 0.907, 98 | 0.598
M7(8) -1,276.348083
COMMD3 M8(10) -1,686.029432 0.013882920 44 R 0.941
M7(8) -1,690.306528
COMMD4 M8(10) -1,096.111503 0.000165421 32 A0.671,88K0.751,89 Q 0.784, 90 A 0.572, 91 N 0.909, 95 E 0.929, 96 S 0.953*, 98 S
M7(8) -1,104.818519 0.980*
COMMDG6 M8(10) -821.039991 0.002870954 710.527,9 D 0.698
M7(8) -826.893102
COMMD7 M8(10) -1,821.686106 0.031505820 35 0.584, 32 R 0.638, 36 A 0.669, 61 S 0.607, 91 V 0.637
M7(8) -1,825.143689
COMMD10 MB8(10) -2,032.127041 0.050129732 50 T 0.635, 186 E 0.957*, 190 K 0.904, 191 Q 0.638
M7(8) -2,035.120182

For 1 M 0.987%, 1 means the number of amino acid, M means abbreviations of amino acid, 0.987 means posterior possibility (P), and * means that P > 0.95 by LRT test of Bayes empirical

Bayes analysis.
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FIGURE 5 | Heatmap of COMMD expression profiles (TPM) in embryonic developmental stages and different tissues in four bivalves. The color varies from green to
red, representing the scale of the relative expression level. (A) Expression of COMMDs during embryonic development. (B) Expression of COMMDs in adult tissues

in the regulation of organogenesis during embryonic larval
formation. Among different adult tissues, high transcription
levels of most COMMDs were found in the hepatopancreas. As
filter-feeding animals that mainly feed on microalgae, bivalves
could accumulate hazardous substance produced through diet,
and the hepatopancreas is the main organ for processing and
accumulating the incoming hazardous substance (Lian et al.,
2019). Therefore, the relatively higher transcription levels of
COMMD:s in the hepatopancreas may assist with toxin tolerance
in bivalves. COMMDI], 9, 10 are involved in the regulation of cell
proliferation, migration, and cell-cycle progression (Yang et al.,
2017; Zhan et al., 2017). We found that COMMDI, 6, 10 from

two scallops were highly expressed in the female gonads,
suggesting that these three COMMD members may contribute
to the ovarian cell homeostasis maintenance to assist with
oogenesis in scallops.

The COMMD genes play key roles in regulating copper
homeostasis and innate immune response (Bartuzi et al., 2013;
Jin et al., 2018; Mouhadeb et al,, 2018). To investigate the
possibly biological functions of the MICOMMDs, their mRNA
expression levels were measured at different time points under
copper ion stress and bacterial stress. MICOMMDI, 4, 9
transcriptions exhibited a significant alteration after copper ion
stress in both assayed organs of dwarf surf clam, and
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FIGURE 6 | Relative expression of COMMD genes in M. lateralis gill and hepatopancreas under copper ion stress. (A) Relative expression of MLCOMMDs in gill
under copper ion stress. (B) Relative expression of MLCOMMDs in hepatopancreas under copper ion stress. The fold changes compared with the control group for
each test point are shown as a bar chart (significance: ***P < 0.001; **P < 0.01; *P < 0.05). The gray, light blue and light orange boxes respectively indicate 0 h, 9h
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MICOMMD? showed the most drastic upregulation, suggesting
their functional relation with cellular copper ion metabolism. It
was reported that COMMDI regulates the endosomal sorting of
the copper transporter (Phillips-Krawczak et al., 2015), and
COMMDY may be an endogenous regulator of the epithelial
sodium channel (ENaC) to regulate Na" transport, which could
indirectly alter intracellular Cu flux (Handy et al., 2002; Liu et al.,
2013). Besides, it was previously found that deficiency of
COMMDI1 or COMMDY can result in hepatic copper
accumulation under high-copper diets (Singla et al., 2021). Our
V. Anguillarum infection experimental results revealed that
MICOMMD#4 was significantly upregulated in both the gill and
hepatopancreas of dwarf surf clam. Previous studies reported
that COMMD4 has the ability to inhibit NF-xB, the key regulator
of both innate and adaptive immune responses (de Bie et al.,
2006; Maine and Burstein, 2007; Hayden and Ghosh, 2008;
Naugler and Karin, 2008);, while whether bivalve COMMD4
can regulate NF-xB needs further more detailed studies.
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FIGURE 7 | Relative COMMD genes expression in M. lateralis gill and hepatopancreas after V. anguillarum infection. (A) Relative expression of MLCOMMDSs in gill after
V. anguillarum infection. (B) Relative expression of MLCOMMDs in hepatopancreas after V. anguillarum infection. The relative fold changes compared with control group
for each test point are shown as a bar chart (significance: ** p < 0.01; * p < 0.05). The blue boxes indicate gill and the light orange boxes indicate hepatopancreas.

CONCLUSIONS

In this study, 10 COMMD genes were respectively identified from
the four bivalves, namely, Yesso scallop, Zhikong scallop, Pacific
oyster, and dwarf surf clam. They possessed conserved COMM
domains and comprised ten subfamilies. Purifying selection of six
subfamilies was revealed, with the strongest selection on
COMMD4. The expression profiling during embryonic
development and in adult organs provided valuable implications
for exploring the function of the bivalve COMMD gene. After
exposure to two different stresses, MLCOMMDs exhibited
different regulation patterns in different tissues or organs. The
responses of COMMD members under stresses were found more
sensitive in the hepatopancreas than in the gill, and MICOMMD9
and MICOMMD4 might be the good candidate stress indicator
genes respectively for copper ion stress and V. Anguillarum
infection. This study comprehensively describes the first
genome-wide characterization of the COMMD gene family in
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bivalves, and our work will be helpful in better understanding the
function and evolution of COMMD family bivalve molluscs.
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Interferon regulatory factors (IRFs) are a family of transcription factors that control many facets
during innate and adaptive immune responses. Vertebrate IRFs play important roles in
regulating the expression of interferons (IFNs) and IFN-stimulated genes, while only limited
studies were conducted on invertebrate IRFs. In the present study, four IRF family genes
(CfIRF1, CfiRF1-like, CfIRF2, and CfIRF8) were identified from Zhikong scallop (Chlamys
farreri) through whole-genome scanning. CfIRFs contain a highly conserved N-terminal DNA-
binding domain and a variable C-terminal regulatory domain. CfIRFs were constitutively
expressed during development as well as in adult tissues, especially in hepatopancreas,
hemolymph, gill, and mantle. In hemolymph, gRT-PCR analysis revealed that CAIRF1, CfIRF1-
like, and CfIRF2 were significantly upregulated in response to Vibrio anguillarum infection, and
their encoding proteins could translocate into nucleus. Dual-luciferase reporter assay on
CfIRF1, CARF1-like, and CARF2 showed that these three proteins were capable to induce a
strong activation of ISRE promoters. Notably, in comparison with CAIRF1 and CARF1-like,
CfIRF2 showed the most sensitive responses in coping with V. anguillarum, and consistently,
CfIRF2 exhibited the most significant activation on ISRE. This study would provide valuable
information for the innate immune roles of the IRF gene family in bivalve molluscs.

Keywords: Chlamys farreri, IRF, transcriptional activation, interferon-stimulated response element,
immune response

1 INTRODUCTION

Interferon regulatory factors (IRFs) are a family of transcription factors that were first identified as
regulators of IFN (Type I interferon) and IFN-inducible genes (Miyamoto et al., 1988; Harada et al.,
1989), which have been extensively studied in vertebrates, showing diverse functions in regulating
immune responses, stress responses, reproduction, development, and carcinogenesis (Tamura et al.,
2008; Nehyba et al., 2009; Savitsky et al., 2010). So far, a total of 11 IRF family members (from IRF-1
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to IRF-11) have been reported in vertebrates (Inkpen et al., 2019),
with nine IRFs identified in mammals and another two members
found in several avian and fish species (Nehyba et al., 2002;
Huang et al, 2010). All IRF family members possess a highly
conserved N-terminal helix-turn-helix DNA-binding domain
(DBD). This domain consists of about 120 amino acids,
binding to the core IFN-stimulated response element (ISRE)
recognition sequence, GAAANNGAAAG/CT/C (Escalante et al.,
1998; Marchler-Bauer et al., 2011). As for the C-terminus, most
of the IRFs share an IRF-associated domain 1 (IAD1) or a similar
IAD2, which mainly mediates the homomeric or heteromeric
formation of IRFs as well as the interaction of IRF with non-IRF
members, and the resulting protein complex acts as a
transcriptional activator or repressor (Ikushima et al., 2013). It
was reported that IRF1, IRF3, IRF5, IRF7, and IRF9 are usually
functioned as positive mediators of the host’s IFN response,
whereas IRF4 usually acts as a repressor. Furthermore, IRF2 and
IRF8 can participate in either activating or repressing the target
gene transcription, depending on the nature of the pathogen or
the signaling pathways that is involved (Taniguchi, 2006; Weiqi
et al., 2008; Tkushima et al., 2013). Besides the IAD, the C-
terminus is not well conserved, which may confer versatile
functions to IRF members (Yanai et al., 2012). For example,
besides IFN mediator, IRF activation through the TLRs or other
inflammatory cytokines could interfere with NF-xB signaling,
which were necessary to maintain the immunity balance (Anda
et al,, 2012; Cavlar et al,, 2012; Xuan et al., 2020).

Previous studies have revealed that IRF genes are present in all
principal metazoan groups, and IRF-like genes have been detected
in genomic and expressed sequence tag (EST) databases (Davidson
et al,, 2006; Azumi et al.,, 2007; Huang et al., 2008). Based on the
evolutionary molecular relationships, the IRF proteins could be
classified into four subfamilies, namely, IRF-1 group (IRF1, 2, and
11), IRF-3 group (IRF3 and 7), IRF-4 group (IRF4, 8, 9, and 10), and
IRF-5 group (IRF5 and 6) (Zhan et al, 2016). For the IRF-1
subfamily, IRF1 and IRF2 were first identified as transcriptional
regulators of ISGs and type I IFN, which mainly play important
roles in antiviral immunity (Harada et al., 1989). IRF11 has only
been identified in teleost fish, and its function study is still in the
infancy stage (Huang et al., 2010). For the IRF-3 family, researchers
found that phosphorylated IRF7 and IRF3 could jointly regulate the
rapid production of IFN initially, and ultimately induce the
production of IFN in large quantities through a positive feedback
regulatory loop (Marie et al., 1998; Sato et al., 1999). For the IRF-4
subfamily, they showed diverse IFN or NF-kB regulating functions
depending on the nature of the binding molecules or the cellular
differentiation status, and higher homology was found between
IRF4 and IRF8 (Meraro et al., 2002; Lehtonen et al., 2005; Lu, 2008).
As for the IRF-5 subfamily, IRF5 is mainly involved in the natural
inflammatory response, while IRF6 is mainly involved in the
embryonic early development (Hatada et al,, 1997; Barnes et al,
2001; Barnes et al., 2004; Green et al., 2015).

Compared with the extensive knowledge of IRFs in vertebrates,
studies on IRFs in invertebrates are quite limited. Previously, the
interferon response has been thought to be a vertebrate innovation
because the genomes of model invertebrates (i.e., Drosophila) do not

encode interferon or its major effectors (Green et al., 2015). With the
abundance and further analysis of invertebrate genome data, several
key molecules in the IFN system have been identified, including
IRF, interferon-like protein (IFNLP), interferon receptor (IFNR),
and interferon-induced protein (Lelong et al,, 2015; Zhang et al,
2015; Huang et al., 2017). More recently, studies have revealed that
IRF genes are present in a lot of invertebrate groups, including sea
sponges, placozoans, comb jellies, cnidarians, and bivalves, but are
not detected in Nematoda and Hexapoda (including insects)
(Nehyba et al, 2009; Huang et al,, 2010). Although IRFs have
been found in various invertebrates, they are different in number
and genomic characteristics from the vertebrate IRF family, and
there are only few preliminary functional studies on invertebrate
IRFs through gene cloning. For example, PfIRF-2 in pearl oyster
Pinctada fucata; CgIRF-1, -2, and -8 in pacific oyster Crassostrea
gigas; and LvIRF in pacific white shrimp Litopenaeus vannamei
were found to participate in the immune response against Gram-
negative bacteria (Huang et al,, 2013; Li et al,, 2015; Huang et al,,
2017; Lu et al., 2018). As invertebrates or vertebrates might have
experienced a different pressure during evolution, it may in turn
lead to the functional differentiation of IRF genes (Huang et al,
2010). Therefore, we need more research into the function of
invertebrate IRFs, providing valuable information for the origin of
the IRF family as well as the evolution of innate immunity.

Bivalve molluscs belong to the most speciose phylum of marine
invertebrates, which could well adapt to the highly diverse and
hostile environment with various stressors (bacteria, pollution, etc.).
Scallops are highly prized as a food source, while in recent years,
their aquaculture industry suffers huge economic loss due to the
etiological diversity of pathogens that cause repeated appearance of
disease outbreaks (Liu et al, 2004; Teng et al, 2012). Scallops
generally lack the adaptive immune system and rely solely on innate
immunity mediated by both cellular and humoral components
(Loker et al,, 2010). Functional studies of IRFs on scallops would
be helpful for revealing their immune defense mechanisms and
understanding the origin and evolution of bivalve innate immunity.
In the present study, we take Chlamys farreri (Zhikong scallop), one
of the most important maricultural scallop species in China, as
research subject to systematically identify the IRF gene family. Their
expression profiles during development and in different healthy
adult tissues were analyzed. Meantime, their responses after Vibrio
anguillarum challenge in hemocytes were investigated. We further
explored their subcellular localization as well as the transcriptional
activity using pISRE-Luc reporter plasmids in HEK293T cells,
thereby providing insights into the immune function of IRF genes
in bivalves.

2 MATERIALS AND METHODS

2.1 Database Mining, Gene Identification,
and Sequence Analysis

To identify IRF genes, the transcriptome and whole genome
sequence databases of the C. farreri were searched using the
available IRF protein sequences from representative
invertebrates and vertebrates, including Homo sapiens, Mus
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musculus, Gallus gallus, Xenopus tropicalis, Danio rerio, C. gigas,
P. fucata, Mytilus galloprovincialis, Hyriopsis cumingii, Pecten
maximus, Lottia gigantea, Biomphalaria glabrata, and Elysia
chlorotica. These IRF proteins from representative species were
retrieved from NCBI (http://www.ncbi.nlm.nih.gov), Ensembl
(http://useast.ensembl.org), MolluscDB (http://mgbase.qnlm.ac/),
and OpysterBase (http://www.oysterdb.com/) databases.
TBLASTN was used to obtain the initial pool of IRFs
transcriptome sequences from the Zhikong scallop, and then,
BLASTN was performed to verify the cDNA sequences by
comparing the transcriptome sequences with the whole
genome sequences. The candidate CfIRFs sequences were
submitted to the ORF Finder program (https://www.ncbi.nlm.
nih.gov/orffinder/) to predict the open reading frame (ORF), and
the ORFs were translated into amino acid sequences. The
translated sequences were submitted to the SMART program
(http://smart.embl-heidelberg.de/) for identification of the signal
peptide and other conserved domains. The putative isoelectric
point (pI) and molecular weight were computed using the
Compute pl/Mw (http://web.expasy.org/compute_pi/). The
subcellular localization and nuclear localization signals (NLSs)
were predicted through the online prediction website (http://
www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/, https://www.
genscript.com/wolf-psort.html/, https://sunflower kuicr.kyoto-u.
ac.jp/~smatsuda/slplocal.html, http://nls-mapper.iab.keio.ac.jp/
cgi-bin/NLS_Mapper_form.cgi). The protein structures of all
the identified IRF proteins were drawn with IBS1.0.3 software.
Multiple alignment analysis of CfIRFs were performed with the
ClustalW multiple alignment programs (http://www.ebi.ac.uk/
clustalw/).

2.2 Phylogenetic Analysis

The IRF proteins from other vertebrates and invertebrates listed
in the Section 2.1 were used for phylogenetic analysis together
with the Zhikong scallop IRFs. The amino acid sequences of IRF
proteins from these species were retrieved from the NCBI and
Ensembl Genome Browser. Protein sequences were aligned using
the ClustalW method in the MEGA-X software (Sudhir et al.,
2018). Phylogenetic relationships of IRF amino acid sequences
were estimated using maximum-likelihood (ML) analyses with
FastTree 2.0.0. FastTree accounts for variable rates of evolution
across sites by assigning each site to one of 20 categories, with the
rates geometrically spaced from 0.05 to 20. FastTree sets each site
to its most likely category by using a Bayesian approach with a
gamma prior. Branch supports evaluated 10,000 pseudo-
replicates of the ultrafast bootstrap procedure (Thi et al,
2017). Whole amino acid sequences were used in the
phylogenetic analyses. This analysis involved a total of 59
amino acids across 13 species. The accession numbers of 59
IRFs are listed in Supplementary Table 1.

2.3 Expression Analysis

For expressional analysis, the RPKM (reads per kilo per million
reads) value of each IRF gene was retrieved from the published
RNASeq datasets of various developmental stages and adult
tissues of Zhikong scallop (Li et al, 2017). To visualize the
expression patterns of IRF genes in Zhikong scallop, the

expressional heatmaps were shown via heatmap package under
the R environment and the statistical analysis of the data was
performed with edgeR package under R environment using the
F-test. Differences were considered significant at p < 0.05. For
examining the correlation relationship of IRF genes, a regression
analysis was performed.

2.4 Sample Collection and Bacteria
Treatment

Two-year-old healthy Zhikong scallops were collected from
artificial scallop-rearing substrates installed in Xunshan Fishery
Group Co., Rongcheng (Shandong Province, China). All the
procedures involved in the handling and the treatment of
scallops during this study were approved by the Ocean
University of China Institutional Animal Care and Use
Committee (OUC-IACUC) prior to the initiation of the study.
The scallops were acclimated in the laboratory at ambient
seawater temperature for 1 week prior to the experiments,
which is within the optimum temperature range for
their survival.

Gram-negative (V. anguillarum) bacteria were used to
challenge scallops in our study (Zhi et al., 2011). V.
anguillarum was cultured in liquid 2216E broth (5 g/L of
Tryptone, 1 g/L of yeast extract, and 0.1 g/L of C6H5Fe-5H20,
pH =7.6) at 28°C and harvested by centrifugation at 2000xg for 5
min, as described by Kong et al. The pellet was suspended in
filtered seawater and was adjusted to 1x10” CFU/ml in seawater,
respectively (Zhi et al., 2011; Ragab et al., 2014).

A total of 75 individuals were randomly and equally divided
into five groups. At 0 h, 5 h, 24 h, 48 h, and 72 h post-infection, 5
individuals were randomly collected from each group. The 0 h
group was employed as the control group, and other groups were
used as experimental groups. The hemolymph samples were
collected from adductor muscles using a syringe and were
immediately centrifuged at 800xg, 4°C for 10 min to harvest
the hemocytes (Gao et al., 2007). The extracted hemocyte sample
was immediately frozen in liquid nitrogen and then subsequently
frozen at —80°C before processing.

2.5 RNA Extraction and Quantitative Real-
Time PCR Analysis
Total RNA was isolated following the method described by Hu
etal. (2010), and then was digested with DNase I (TaKaRa, Shiga,
Japan). A Nanovue Plus spectrophotometer (GE Healthcare, NJ,
USA) was used to assess the concentration and purity of RNA;
RNA integrity was determined by agarose gel electrophoresis.
First-strand ¢cDNA was synthesized using Moloney murine
leukemia virus (MMLYV) reverse transcriptase (Thermo, USA)
following the manufacturer’s protocol. All of the cDNA products
were diluted to 5 ng/ml for use as the template in real-time PCR.
Real-time PCR was conducted using the SsoFast'"
EvaGreen® Supermix on a Light Cycler 480 Real-time PCR
System (Roche Di-agnostics, Mannheim, Germany). The
running program was as follows: 50°C for 2 min, 94°C for 10
min, and 40 cycles at 94°C for 15 s and at 62°C for 1 min.
Cytochrome B (CB), DEAD-Box RNA helicase (HELI), and EF1-
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A gene were designated as internal reference genes for the
normalization of gene expression in healthy adults and test
subjects during the real-time PCR experiment, respectively (Li
et al.,, 2010; Feng et al., 2013). All the primers used in the real-
time PCR were designed using Primer Premier 5.0 and are listed
in Table 1.

Data from the real-time PCR were analyzed using the Relative
Expression Software Tool (REST) version 2009 (Pfaftl et al., 2002);
gene expression is shown as the fold change. For the experimental
groups, the control group (0 h) was used for normalization. The
statistical analysis of the data was performed with SPSS (version
16.0) software using the independent t-test. Differences were
considered to be significant at p < 0.05.

2.6 Subcellular Localizations

The full length of ORFs of three CfIRF genes was amplified from C.
farreri cDNA, using primers listed in Table 1. For CfIRFI and
CfIRE2, the PCR products were ligated and subcloned into pEGFP-
N1 (Clontech, USA) by way of overlap extension PCR to construct
recombinant plasmids pEGFP-CfIRFI and pEGFP-CfIRF2, while
for the CfIRFI-like, PCR products were digested with Kpnl and
Smal, and ligated and subcloned into pEGFP-N1 vector digested by
the corresponding restriction enzymes to construct recombinant
plasmids pEGFP-CfIRF1-like. The constructed recombinant
plasmids were subsequently verified by DNA sequencing.

In scallops, as well as in other marine bivalves, there are no
mature cell lines. Thus, we choose HEK293T cells to perform our
experiment. HEK293 cells were maintained in Modified Eagle
Medium (MEM, Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, Invitrogen, USA) and antibiotics (100 mg/
L streptomycin and 10° U/L penicillin, Gibco) at 37°C in a
humidified incubator under 5% CO,. For DNA transfection, cells
were seeded and allowed to grow to more than 70% confluence,
and then plasmids were transfected by using the Lipofectamine
3000 Reagent (Invitrogen, USA) following the manufacturer’s
recommendations. HEK293T cells were transiently co-
transfected with 0.8 pg of expression plasmid and 1 ul of
Lipofectamine 3000 in each well in a 24-well plate. All assays
were performed with three independent transfections.

At 48 h post-transfection, HEK293 cells were washed with
PBS twice and fixed with paraformaldehyde for 15 min. Then,
the cells were washed three times with PBS and were stained with
DAPI (Sigma, USA) to mark the nucleus followed by washing
three times. Immunofluorescence was visualized and captured
with confocal microscopy (Nikon, Japan).

2.7 Dual-Luciferase Reporter Assays

The full length of ORFs of three CfIRF genes was amplified from
C. farreri cDNA, using primers listed in Table 1. For CfIRFI and
CfIRF2, the PCR products were ligated and subcloned into

TABLE 1 | List of primers used in this study.

Name Sequence (5'-3')

For RT-PCR TGACGATGATGAGAGCAATG

IRF1-F

IRF1-R GGACGGATATTTGAAGGGATG

IRF1-like-F CAGGTGACAATAGACCTGAAG

IRF1-like-R ACACCACAGACACGAATATG

IRF2-F CAGACTACCACATTGAGATCG

IRF2-R CGACTTCTTCGTCTGTTAGG

IRF8-F CTTATCTTACGGCCAGGAAC

IRF8-R GGTTCTTCAGCATCGTATCA

For construction of plasmids®

IRF1-GFP-F CGTCAGATCCATGGCAATTTCCGAGATTGAAC
IRF1-GFP-R CGGGACACACATCCCAGTCAACCATGGTGA
IRF1-GFP-N1-F ATCCCAGTCAACCATGGTGAGCAAGGGCGAG
IRF1-GFP-N1-R GGTTTAGTGAACCGTCAGATCCATGGCAATTT
IRF1-like-GFP-F TCCCCCGGGATGAGCAAAGTGAAGAAAAAGATGG
IRF1-like-GFP-R GGGACCGGTAACTGAATTTTTCGAATCTGGTTCG
IRF2-GFP-F CGTCAGATCCATGGTTGTGTCAAAGAAAATGC
IRF2-GFP-R ATACACAAGTATTTTGGGCCTGACCATGGTGA
IRF2-GFP-N1-F TTTGGGCCTGACCATGGTGAGCAAGGGCGAG
IRF2-GFP-N1-R GGTTTAGTGAACCGTCAGATCCATGGTTGTGT
IRF1-gene-F ACCCAAGCTGATGGCAATTTCCGAGATTGAAC
IRF1-gene-R GGACACACATCCCAGTCATAACCGCTGATCA

IRF1-pcDNAS.1-F
IRF1-pcDNA3.1-R
IRF1-like-pcDNAS.1-F
IRF1-like-pcDNAS.1-R
IRF2-gene-F
IRF2-gene-R
IRF2-pcDNA3.1-F
IRF2-pcDNA3.1-R

CCAGTCATAACCGCTGATCAGCCTCGACT
CTATAGGGAGACCCAAGCTGATGGCAATTT
ATAAGAATGCGGCCGCATGAGCAAAGTGAAGAAAAAGATGG
CGGGGTACCTCAAACTGAATTTTTCGAATCTGGTT
ACCCAAGCTGATGGTTGTGTCAAAGAAAATGC
CACAAGTATTTTGGGCCTGTAACCGCTGATCA
GGGCCTGTAACCGCTGATCAGCCTCGACT
CTATAGGGAGACCCAAGCTGATGGTTGTGT

ANucleotides in bold indiicate restriction enzyme sites.
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pcDNA3.1 V5/H vector (Invitrogen, USA) by way of overlap
extension PCR to construct recombinant plasmids pcDNA3.1-
IRF1 and pcDNA3.1-IRF2, while for the CfIRFI-like, the
pcDNA3.1-IRF1-like was constructed using the same method as
mentioned above but digested with NotI and Kpnl. The
constructed recombinant plasmids were subsequently verified by
DNA sequencing. For reporter plasmids, pISRE-Luc (ClonTech,
USA) was used, and pRL-TK renilla luciferase plasmid (Progema,
USA) and pGL3-basic vector (Progema, USA) were used as an
internal control and blank group, respectively. EndoFree Plasmid
MiKit (OMEGA, USA) was used for the transfection of the
plasmids according to the manufacturer’s instruction.

The cell culture assays were performed according to Section
2.6. For dual-luciferase reporter assays, HEK293T cells were
transiently co-transfected with 0.2 mg of expression plasmid,
0.5 mg of reporter gene plasmid, 0.01 mg of pRL-TK renilla
luciferase plasmid, and 0.1 pl of Lipofectamine 3000 in each
well in a 24-well plate. The luciferase reporter vector pGL3-
basic was used as a blank group. All assays were performed with
three independent transfections. At 48 h post-transfection,
HEK293 cells were washed with PBS twice and lysed. Firefly
and renilla luciferase activities were measured using the Dual-
Luciferase Reporter Assay System (Promega, USA) according
to the manufacturer’s instruction. Cell lysate (20 pl) was
transferred to a 1.5-ml EP tube and 100 pl of luciferase assay
reagent II and 100 pl of Stop & Glo® Reagent were added in
sequence, then firefly and renilla luciferase activities were
measured, respectively.

TABLE 2 | Summary of sequence features of CfIRF genes.

3 RESULTS

3.1 Sequence ldentification and Analysis
Four IRF genes, CfIRF1, CfIRF1-like, CfIRF2, and CfIRFS, were
identified from the genome of Zhikong scallop. The basic
information (total length, ORF length, number of exons,
amino acids length, theoretical pI, and weight of protein) of
these IRF members were summarized in Table 2. The ORFs of
CfIRF1, CfIRFI-like, CfIRF2, and CfIRF8 were respectively 1,107,
5,913, 1,053, and 1,311 bp, encoding 368, 1,970, 350, and 436
amino acids. The predicted molecular weights of these four genes
ranged from 40.05 to 212.51 KD, with the predicted pI values
from 4.97 to 6.96 (Table 2). The genomic structural analysis
showed that the length as well as the exon-intron pattern of these
four CfIRF genes varied greatly. The longest CfIRFI gene was
28,913 bp with 9 exons, and the shortest CfIRF2 gene was 6,565
bp with 10 exons. Moreover, CfIRFI-like and CfIRF8 had 9 and 8
exons, respectively (Figure 1).

All four CfIRF proteins had a single well-conserved DBD
domain (113 aa in length), which was found to be helix-turn-
helix at the N-terminal (Figure 2). Furthermore, CfIRF8 was
predicted to contain an IRF-associated domain (IAD) at the C-
terminus, and CfIRF1-like possessed seven C2H2-type (classical)
zinc fingers (ZnF_C2H2) at the C-terminal (Figure 2). Multiple
sequence alignments of CfIRFs showed that they share high
similarity within the DBD domain (Figure 3). Moreover, five
conserved tryptophan (W) residues were revealed, in which the
W7! residue was found mutated as Y’' in CAIRF1 protein.

Name Total length (bp) ORF length (bp) Exon number Protein length(aa) pl Molecular weight (Da)
IRF1 28913 1107 9 368 6.04 41469.13
IRF1-like 22192 5913 9 1970 6.96 212509.5
IRF2 6565 1053 10 350 4.97 40046.71
IRF8 10031 1311 8 436 6.21 49815.55
342 245 176 118 144 98 28 270 41 1523
IRF1 g i | I
2891 3bp T2 773 2184 aa1 il 563 I 1696 | 650 918 I
. 103 1131 263 250 351 1313 119 107 2393 328
IRF1-like
22 1 92bp 5435 e 2672 726 658 1512 3102 950
377 258 170 154 147 50 46 90 127 27 546
IRF2
6565bp 140 760 wr [ o W s | o | o fofle \
167 177 131 161 127 163 249 128
IRF8 - i1
10031bp I I T 1K
FIGURE 1 | Genetic structure of the CAIRF genes. The light blue boxes indicate the 3° UTRs and the 5" UTRs. The dark blue boxes indicate the exons. The
horizontal line with sporadic double slash indicates the introns.
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FIGURE 2 | Protein structure of the CfIRF genes. The blue boxes indicate the DBD domain. The orange boxes indicate the IAD domain. The red boxes indicate the
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FIGURE 3 | Alignment of DBD domains of the four CAIRF proteins. Alignment was performed using ClustalW2. Identical residues are indicated in black, and similar
residues are in light gray. Dashes indicate gaps. Five conserved tryptophan (W) residues are marked with red boxes.

To confirm the identification of the CfIRFs, a phylogenetic
tree was constructed through the ML method using 59 IRF
proteins across 13 species. Four IRF subfamilies (IRF-1, -3, -4,
and -5) were identified (Supplementary Figure 1) and all CfIRFs
were clustered into its own clade. The result showed that CfIRF1,
CfIRF1-like, and CfIRF2 were clustered into the IRF-1 subfamily.
CfIRF8 was firstly grouped together with IRF8-like from Peten
maximus and IRF8 from C. gigas, and they were clustered into
the IRF-4 subfamily.

3.2 Spatiotemporal Expressions of CfIRFs

The RPKM data were used to analyze the expression patterns of
four CfIRF genes during eleven developmental stages (Figure 4A,
Supplementary Figure 2A). Their expression during early
development (from zygote to trochophore larvae) was quite
low (<10 RPKM). After D-shaped larvae formation, CfIRFI-
like and CfIRF8 remained at a low expression (<5 RPKM) while
expression of CfIRF1 and CfIRF2 was obviously elevated.
Although CfIRF2 showed higher expression level than CfIRFI
(>3-fold), their expression pattern was similar, both of which
showing the highest expression in creeping larvae and juvenile.

In adult tissues, we found that expression of CfIRFI and CfIRF2
was obviously higher than CfIRFI-like and CfIRF8 (Figure 4C,
Supplementary Figure 2B), consistent with their expression
tendency during development. In general, CfIRFI-like and
CfIRF8 remained low expression in all the tissues (<25 RPKM),
while CfIRF1 was dominantly expressed in hepatopancreas and
hemolymph (>160 RPKM), and the highest expression of CfIRF2
was observed in gill and hepatopancreas (>220 RPKM). To
illustrate the role of CfIRFI and CfIRF2 in development stages
and adult tissues, we performed correlation analysis between the
expression of CfIRFI and CfIRF2 with E2/T ratio. According to
the results, CfIRFI has a significantly positive correlation with
CfIRF2 expression both in different developmental stages (r =
0.86, p < 0.001) (Figure 4B) and in adult tissues (r = 0.65, p <
0.05) (Figure 4D).

3.3 Temporal Responses of CfIRFs in
Coping With Bacterial Infection

To examine the immune responses of CfIRFs to V. anguillarum
challenge (Qiu et al.,, 2007; Costa et al., 2009), their expression
level was investigated at four time points (5 h, 24 h, 48 h, and 72
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positive correlation between CfIRFT and CfIRF2 in adult tissues.
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FIGURE 4 | Expression profiles of CfiRFs in different developmental stages and adult tissues. (A) Heatmap of CfIRFs expression profile in different embryonic and
larval stages. (B) The positive correlation between CfIRF1 and CfIRF2 in different developmental stages. (C) Expression profiles of CfIRFs in adult tissues. (D) The
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FIGURE 5 | Expression of CfIRF genes after challenge with the V. anguillarum. Vertical bars represent the mean + S.E. (N = 10). The asterisks indicate significant
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h) after infection (Figure 5). Overall, three CfIRFs from the IRF-
1 subfamily (CfIRF1, CfIRF1-like, and CfIRF2) were significantly
upregulated. Notably, CfIRF2 showed the most sensitive
responses, which showed significant upregulation after 24-h
infection (>13-fold, p < 0.05) and sustained at a significantly
higher expression level till 72 h. Moreover, the expressions of
CfIRF1 and CfIRFI-like were significantly upregulated at 72 h
post-infection (>12-fold, p < 0.05), while CfIRF8 only showed
mild upregulated tendency after 24-h infection (4- to 8-fold).

3.4 Subcellular Localizations of CfIRF1,
CfIRF1-Like, and CfIRF2

Subcellular localization prediction showed that CIRF1, CAIRF1-
like, and CfIRF2 all possess nucleus localization (Table 3).
Furthermore, '>RSRRRKKPCVKKE'”® in CfIRF1 was
predicted as a nucleus localization signal with a high score
(score: 9.5), further suggesting that CfIRF1 was a nuclear-
localized protein. HEK293T cells were transfected with
plasmids encoding pEGFP-tagged CfIRF1, CfIRFI-like, or
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TABLE 3 | Summary of the predicted subcellular localization of CfIRF1, CfIRF1-like and CAIRF2.

Name Euk-mPLoc 2.0
IRF1 nucl. cyto.
IRF1-like nucl.

IRF2 nucl.

CfIRF2 to investigate their subcellular localization. The
immunofluorescence image analysis showed that recombinant
CfIRF1-GFP protein was located in the nucleus, consisting of its
subcellular localization prediction and the NLS prediction.
Unlike CfIRF1, the fluorescent signal of CfIRF1-like and
CfIRF2 recombinant proteins was distributed in both nuclei
and cytoplasm (Figure 6). Thus, the divergence of CfIRFs by
subcellular localization tentatively suggested that these three
CfIRFs may be involved with different cellular functions.

DAPI

Empty plasmid

IRF1-like

IRF2

WoLF PSORTI SLP-Local
nucl. nucl-cyto. cyto nucl. cyto.
nucl. nucl. cyto.

nucl. nucl. cyto.

Dual-Luciferase Reporter Assays

To analyze the transcription activities of CfIRF1, CAIRF1-like, and
CfIRF2, dual-luciferase reporter assays were performed in
HEK293T cells. As control, pcDNA3.1-IRFs were co-transfected
with pGL3-basic, and it did not show any effect on the ISRE
reporter. By using pISRE-Luc, after co-transfection with
pcDNA3.1-IRF1, pcDNA3.1-IRF1-like, and pcDNA3.1-IRF2, the
luciferase activity of the ISRE reporter was significantly upregulated
(Figure 7), suggesting their obvious transcriptional activation on

GFP

FIGURE 6 | Subcellular localization of CfIRF genes in HEK293T cells. Immunohistochemistry was performed to analyze the expression of CARF in hemocytes. The
left-hand panels depict DAPI staining, the middle panels depict GFP staining, and the right-hand panels depict merged DAPI/GFP staining. The upper panels depict
localization of the GFP negative control, and the lower panels depict localization of the CARF-GFP proteins.
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FIGURE 7 | Relative luciferase activity of expression CAIRF plasmids on the luciferase reporter gene pISRE-Luc in HEK293T cells. (A) Relative luciferase activity of
expression CIRF1 plasmids. (B) Relative luciferase activity of expression CfIRF1-like plasmids. (C) Relative Iuciferase activity of expression CfIRF2 plasmids. All of the
groups were co-transfected with pRL-TK as internal reference. Vertical bars represent the mean + S.E. (N = 3). p-values are calculated by one-way analysis of
variance (ANOVA) in SPSS software. Different letters indicate significant differences (p < 0.05).

interferon-stimulated response element. These results indicated that
these CfIRFs could activate the expression of ISRE luciferase
reporter genes, suggesting that scallop IRFs can specifically
activate interferon signaling.

4 DISCUSSION

The innate immune system is the first line of defense against the
invasion of pathogens. IRFs are key transcription factors
involved in type I IFN responses, playing a pivotal role in the
regulation of interferon activity (Kimura et al., 1994). In the
present study, we successfully identified four IRF genes in a
bivalve mollusc C. farreri, namely, CfIRF1, CfIRFI-like, CfIRF2,
and CfIRF8. All four CfIRF proteins have a single well-conserved
N-terminal helix-turn-helix IRF superfamily domain (also
named as DBD). Through the motif of Trp repeats, the
conserved DBD domain in vertebrate was proved to recognize
and bind DNA sequence containing 5'-GAAA-3’ tetranucleotide
as a determinant of interferon regulation (Escalante et al., 1998;
Mamane et al., 1999). Consistently, we found well-conserved Trp
repeats inside the DBD domain of scallop IRFs, suggesting their
similar binding activities with vertebrate IRFs. Moreover, CfIRF8
was predicted to contain an IRF-associated domain (IAD) at the
C-terminus, which has been reported to mediate the formation
of homologous dimers or the coupling with other transcription
factors to form heterodimers (Honda and Taniguchi, 2006; Yanai
et al., 2012). According to the phylogenetic analysis, CIRFI,
CfIRF1-like, and CfIRF2 were clustered into the IRF-1 subfamily,
and CfIRF8 was clustered into the IRF-4 subfamily.
Spatiotemporal expression levels of CfIRFI and CfIRF2 were
found to be obviously higher than CfIRFI-like and CfIRFS,
suggesting the initial requirement for them during development
as well as in adult tissues. Correlation analysis showed that CfIRFI
and CfIRF2 have a significantly positive correlation during
development as well as in adult tissues, indicating that they may
be functionally synergistic. CfIRFI and CfIRF2 were highly
expressed after the D-shape veliger formation, especially in
creeping larvae and juvenile, the key stage that multi-organs

began to developed. In adult tissues, high expression of both
CfIRF1 and CfIRF2 was detected in multiple immune-related
tissues, such as hemolymph, hepatopancreas, gill, and mantle
(Fan et al,, 2018; Lu et al., 2018; Gan et al., 2020), indicating the
crucial roles of these genes in the host immune response.
Hemocytes, one of the major immune tissues in molluscs, has
been reported as the main site where the recognition and
elimination of bacterial pathogens occurs (Zhou et al, 2015).
Hepatopancreas is the main digestive tissue; thus, it needs to cope
with the pathogens incoming with the ingested algae.
Furthermore, hepatopancreas was also proved as a toxin-rich
tissue, acting as major “centers” for toxin accumulation in C.
farreri (Li et al,, 2017), which may also induce immune responses.
The gill and mantle are constantly in contact with the external
environment via water filtering and serve as the front line of the
host defense (Lee et al., 2013). The tissue expression patterns of
IRF genes have been widely characterized in various species, and
high expression has been detected in multiple immune-related
tissues. For example, high expression levels of CgIRF-2 were
detected in C. gigas hemocytes, hepatopancreas, and mantle, and
LcIRF from Larimichthys crocea were highly expressed in
hemocytes, gill, and spleen (Lu et al., 2018; Guan et al., 2020).
Taken together, the high expression levels of IRFs in these
immune-related tissues may suggest their conservative roles in
scallop innate immune response.

To provide insights into the functions of CfIRFs during the
innate immune response, one of the major bacterial pathogens,
V. anguillarum, was employed to perform the infection
experiment and the responses of CfIRFs in hemocytes were
investigated. Only CfIRFs from the IRF-1 subfamily (CfIRFI,
CfIRF1-like, and CfIRF2) were found to be increased significantly
post-infection, which confirmed the involvement of these CfIRFs
in the innate immune response against bacterial invasion. In
comparison with CfIRFI and CfIRFI-like, CfIRF2 showed the
most sensitive response. Subcellular localization prediction
showed that CfIRF1 possessed an NLS in its DNA-binding
domain, and subcellular localization analysis confirmed that it
mainly translocated in the nucleus; meantime, CfIRF1-like and
CfIRF2 were expressed in both nucleus and cytoplasm. Similarly,
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IRFs have shown the divergence in subcellular localization in
some other species. For example, in marine bivalves C. gigas and
P. fucata, researchers found that CgIRF-1 and CgIRF-2 proteins
were both primarily expressed in nucleus and cytoplasm (Huang
et al, 2017; Lu et al, 2018), and PfIRF-2 was located in the
nucleus (Huang et al., 2013). Previous studies showed that most
species only have one IRFI gene, while in C. gigas, there are two
IRF1 members, named CgIRFla and CgIRF1b (Fan et al., 2018).
They found that CgIRFla significantly activated the ISRE
reporter gene, whereas CgIRF1b did not. According to our
data, both CfIRF1 and CfIRFI-like showed significant
responses against bacterial infection, and they both could
activate ISRE significantly; however, they have different
functional domains, spatiotemporal expression patterns, and
subcellular localizations, suggesting that functional differences
may exist for CfIRFI and CfIRFI-like.

Many studies have shown that IRFs are typical interferon-
stimulated genes in mammals, birds, and fish (Andrea et al,
2002; Liu et al., 2018; Zhu et al.,, 2020). Among IRFs, IRFI and
IRF2 were originally characterized as transcriptional regulators
of type I IFNs and IFN-stimulated genes (ISGs), which played an
important role in the antiviral immune response (Miyamoto
et al., 1988a; Harada et al., 1989b). Our findings from the dual-
luciferase reporter gene assays showed that CfIRF1, CfIRF1-like,
and CfIRF2 could significantly activate the expression of the
IRSE reporter gene, revealing obvious transcriptional activation
on interferon-stimulated response element. Similar to their
responses against V. anguillarum, in comparison with CfIRF1
and CfIRF1-like, CfIRF2 showed the most significant activation
effects, which may contribute to its most sensitive responses to
bacterial infection. Similar results have been shown in other
bivalves; for example, the recombinant CgIRF-1 or PfIRE-2
exhibited the activity to bind ISRE in vitro. Previous studies in
vertebrates have shown that this conserved binding and
activation of ISRE is mainly attributable to the DBD domain in
IRFs. It was reported that the DBD in vertebrate IRFs could form
a helix-turn-helix domain and bind to the core DNA sequence
GAAA in the IFN-stimulated response element (ISRE, A/
GNGAAANNGAAACT) (Escalante et al.,, 1998). For instance,
IRF-1 from zebrafish (DrIRF-1) could bind to ISRE/IRF-E motifs
within the IFN promoters through the DBD helix 03 to induce
its transcription (Feng et al., 2015), while compared with the
extensive knowledge of IRFs in vertebrates, the possible
mechanisms of these bivalve IRFs binding and activating IFN
system need further investigation.

5 CONCLUSION

In conclusion, we identified four IRF genes in Zhikong scallop:
CfIRF1, CfIRFI-like CfIRF2, and CfIRF8. CfIRFs contained
highly conserved N-terminal DNA-binding domain and
variable C-terminal regulatory domain, and were constitutively
expressed during development as well as in adult tissues,
especially in hepatopancreas, hemolymph, gill, and mantle.
Furthermore, we determined that CfIRFI, CfIRFI-like, and

CfIRF2 genes played pivotal roles in the innate immune
defense against bacterial infection, and their encoding proteins
could translocate into nucleus. Functionally, CfIRF1, CfIRF1-
like, and CfIRF2 had been proven to induce a strong activation of
ISRE promoters. Moreover, in comparison with CfIRFI1 and
CfIRF1-like, CfIRF2 showed the most sensitive responses in
coping with V. anguillarum, and consistently, CfIRF2 exhibited
the most significant activation on ISRE. Our data would provide
valuable information for further investigations into the evolution
and functional characterization of IRFs in bivalve molluscs.
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Supplementary Figure 2 | The expression profiles in different developmental
stages and adult tissues. (A). Expression levels of CfIRFs in different embryonic
and larval stages. (B). Expression levels of CfIRFs in adult tissues. Vertical bars
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Genome editing using clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 is enabling genetics improvement of productive traits in aquaculture.
Previous studies have proven CRISPR/Cas9 to be feasible in oyster, one of the most
cultured shellfish species. Here, we applied electroporation-based CRISPR/Cas9
knockout of B-tubulin and built a highly efficient genome editing system in Crassostrea
gigas angulate. We identified the B-tubulin gene in the oyster genome and showed its
spatiotemporal expression patterns by analyzing RNA-seq data and larval in situ
hybridization. We further designed multiple highly specific guide RNAs (sgRNAs) for its
coding sequences. Long fragment deletions were detected in the mutants by agarose gel
electrophoresis screening and further verified by Sanger sequencing. In addition, the
expression patterns of Cgp-tubulin in the trochophore peritroch and intestinal cilia cells
were altered in the mutants. Scanning electron microscopy represented shortened and
almost complete depleted cilia at the positions of peritroch and the posterior cilium ring in
CgpB-tubulin mosaic knockout trochophores. Moreover, the larval swimming behavior in
the mutants was detected to be significantly decreased by motility assay. These results
demonstrate that B-tubulin is sufficient to mediate cilia development and swimming
behavior in oyster larvae. By applying CgpB-tubulin as a marker gene, our study
established CRISPR/Cas9-mediated mosaic mutagenesis technology based on
electroporation, providing an efficient tool for gene function validation in the oyster.
Moreover, our research also set up an example that can be used in genetic engineering
breeding and productive traits improvement in oysters and other aquaculture species.

Keywords: mosaic mutagenesis, CRISPR/Cas9, long deletion, gene editing, gene knockout, aquaculture breeding

INTRODUCTION

Aquaculture has gradually become the main source of seafood for human diets because of the high-
quality animal protein (FAO, 2020). However, compared to many terrestrial livestock and crop
systems, most aquaculture species’ breeding is still in the early stages (Ahmed and Thompson,
2019). Previous breeding programs such as selective, cross, and marker-assisted breeding systems

Frontiers in Marine Science

www.frontiersin.org 267

May 2022 | Volume 9 | Article 912409


https://www.frontiersin.org/articles/10.3389/fmars.2022.912409/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.912409/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.912409/full
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:linlinzhang@qdio.ac.cn
https://doi.org/10.3389/fmars.2022.912409
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.912409
https://www.frontiersin.org/journals/marine-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.912409&domain=pdf&date_stamp=2022-05-26

Chan et al.

Electroporation-Based CRISPR in Cultured Oyster

have been advancing genetic improvement of economic traits,
including disease resistance, nutritional values, growth quality,
and reproduction (Langdon, 2006; Dove and O'Connor, 2010;
Rawson et al., 2010; Wang et al., 2012; Frank-Lawale et al., 2014;
Melo et al., 2016); however, the breeding processes is
significantly limited by a number of constraints, such as the
low heritability of the economic traits and the long generation
time of the aquaculture organisms. The oyster, Crassostrea gigas
angulata (Li et al, 2013), is a representative bivalve mollusk,
which is one of the main aquaculture shellfish worldwide. It has
the complex developmental stages consisting of free-swimming
trochophore, veliger larva, permanently fixated juvenile, and
adult after metamorphosis, and has been widely studied in
developmental biology, conservation biology, and ecology
(Riviere et al., 2017; Song et al., 2017; Yue et al., 2018; Chan
et al,, 2021). In industry, oyster breeding is still thought to be at
an early stage of domestication (Houston et al., 2020). One
promising approach to solving the aquaculture challenges is to
use CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas9 system-mediated genomic editing technology
(Hollenbeck and Johnston, 2018; Abe and Kuroda, 2019).
CRISPR/Cas9 system has been developed into a revolutionary
technology, which allows researchers to perform a variety of
genetic experiments by inducing loss-of-function and gain-of-
function mutations at a precise position (Eid and Mahfouz, 2016;
Momose and Concordet, 2016; Chen et al., 2017). Due to its high
efficiency, this technology has been successfully applied to at least
13 aquaculture species, including the Atlantic salmon (Salmo
salar) (Straume et al., 2020), tilapia (Oreochromis niloticus) (Li
et al, 2014), sea bream (Sparus aurata) (Ohama et al., 2020),
channel catfish (Ictalurus punctatus) (Simora et al.,, 2020),
southern catfish (Silurus meridionalis) (Li et al., 2016),
common carp (Cyprinus carpio) (Chen et al., 2019), rohu carp
(Labeo rohita) (Chakrapani et al., 2016), grass carp
(Ctenopharyngodon idella) (Ma et al., 2018), northern Chinese
lamprey (Lethenteron morii) (Zu et al., 2016), rainbow trout
(Oncorhynchus mykiss) (Cleveland et al., 2018), Olive flounder
(Paralichthys olivaceus) (Kim et al., 2019), ridgetail white prawn
(Exopalaemon carinicauda) (Gui et al., 2016), and oysters (C.
gigas and C. gigas angulata) (Yu et al., 2019; Li et al,, 2021; Jin
et al., 2021), which suggests that the CRISPR system has
becoming a practical gene editing tool in molluscan studies. In
the studies of two cultured molluscan species, Yu et al. knockout
of the target genes myostatin and Twist by microinjection of
CRISPR/Cas9 complexes and one single sgRNA, which leads to
1-24 bp small indel mutation during genotyping (Yu et al,
2019). The same group recently reported microinjection-based
mutation phenotypes including defective musculature and
reduced mortality in the myosin essential light chain genes
knockout mutants (Li et al., 2021). With small size egg and
embryo at a size <50 um in diameter, electroporation provides a
more effective method for CRISPR complex delivery in the
oysters. Jin et al. reported in 2021 that a pYSY-Cas9-gRNA-
GFP vector plasmid was successfully delivered into the embryos
of C. gigas angulate by electroporation (Jin et al., 2021),
suggesting that electroporation-based CRISPR genome editing

is a practical, time- and labor-efficient way in molluscan. Still, the
sustainable development of the oyster genome editing breeding
technics calls for establishing electroporation-based CRISPR/
Cas9 mutagenesis tool that generates defective phenotypes.

As one of the marine benthonic organisms, oyster has a free-
swimming larval stage that facilitates dispersal and locates a
suitable habitat. A large number of arranged cilia is thought to be
the swimming organ driving dispersal and settlement (Nielsen,
2004; Nielsen, 2005). Besides, cilia are also considered to play
important roles in predator avoidance, feeding, and intestinal
motility (Davenport and Yoder, 2005; Berbari et al., 2009; Pernet,
2018). B-Tubulin protein has been found to be expressed in cells
located in the ciliary band of the trochophore of Patella vulgata
and polychaete Hydroides elegans (Damen and Dictus, 1994;
Arenas-Mena et al., 2007) where they contribute to cilia
microtubules. However, the cilia-related functions of this gene
were not known in oysters, although our recent study based on
transcriptome has demonstrated that f-tubulin genes were
highly expressed during the trochophore stage of C. gigas
(Zhang et al., 2012).

In this study, we used B-tubulin as a marker gene and
performed CRISPR-mediated knockout by electroporation in
C. gigas angulate. Through direct genotyping, long fragments
deletions were detected in the target gene. By in situ
hybridization, scanning electron microscopy, and behavioral
analysis, we observed mosaic mutations including defective
cilia and decreased motility in the Gy larva. These results
demonstrate that Cgf-tubulin is sufficient to mediate cilia
development and swimming in larval oyster. Based on
convincing genotypes and phenotypes in the mutants, our
study established electroporation-based CRISPR/Cas9
knockout as a practical, time- and labor-efficient method for
studies of gene function in the oyster. In addition, our research
also provides a robust tool for genetically engineered breeding to
enhance beneficial traits in oysters and other marine bivalves
for aquaculture.

MATERIALS AND METHODS

Animals

The experimental adult C. gigas angulate from a local oyster farm
in Fujian, China, were brought back to the lab under fresh
condition (~10°C). Then, the oysters were acclimated for 7 days
in 1 um of filtered seawater (FSW) at 23°C (Figure 1). Gamete
collection and in vitro fertilization were performed according to
the method reported in a previous study (Zhang et al.,, 2012).
After fertilization, the fertilized eggs were transferred to a 4-mm
gap cuvette for electroporation. The electroporated eggs were
then cultured in 1 pm FSW at 26°C (Figure 1). Embryos and
larvae at various developmental stages (trochophore and D-
shaped larvae) were collected and fixed overnight in 4%
paraformaldehyde (PFA) and 2.5% glutaraldehyde at 4°C,
respectively, for the subsequent characterization of knockout
phenotypes based on whole mount in situ hybridization
(WMISH) and scanning electron microscopy (SEM) (Figure 1).
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FIGURE 1 | Procedure and timeline of Go CRISPR/Cas9 mosaic knockout experiments in C. gigas angulate.

Preparation of Single-Guide RNAs and
Cas9 Protein

We designed a strategy to generate two and more cut sites using
multiple single-guide RNAs (sgRNAs), which induces non-
homologous end joining (NHE]) to repair the resulting gap,
and finally producing long deletions flanking the target loci. We
designed five sgRNAs by manually screening genome regions for
GGN18NGG or N20NGG protospacer adjacent motif (PAM)
sequences in the CgB-tubulin gene (Table 1). The DNA
templates were generated by PCR with the Phusion High-

TABLE 1 | sgRNAs and the primers used in this study.

Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham,
USA) to synthesize CgB-tubulin-sgRNAs, using the sgRNA
synthesis primers as shown in Table 1. Amplification was
performed in a thermal cycler using a 30-s denaturation step at
95°C followed by 34 cycles of 13 s at 95°C, 15 s at 60°C, 15 s at
72°C, and a final extension at 72°C for 5 min. Then, PCR
products were purified by E.Z.N.A.®Gel Extraction Kit
(OMEGA). All sgRNAs were synthesized by in vitro
transcription using the MEGAscript T7 Transcription Kit
(Thermo Fisher Scientific), followed by purification using the

Primer name

Sequence (5'-3')

sgRNA synthesis sgRNA1 GAAATTAATACGACTCACTATAGGGTGGTAAGTTTGAGTGTAGTTTTAGAGCTAGAAATAGC
sgRNA2 GAAATTAATACGACTCACTATAGGCATGAAGAAGTGGAGACGGTTTTAGAGCTAGAAATAGC
sgRNA3 GAAATTAATACGACTCACTATAGGCAGTTGTGTTTCCGACGAGTTTTAGAGCTAGAAATAGC
sgRNA4 GAAATTAATACGACTCACTATAGGAGTAGCTGCTGTTCTTGTTCGTTTTAGAGCTAGAAATAGC
sgRNA5 GAAATTAATACGACTCACTATAGGGTGGGATGTCACAGACGGGTTTTAGAGCTAGAAATAGC
Rev_universal AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC
Genotyping GT_FO GGAACCTATCATGGAGACTCAGACT
GT_RO TTCTCCCTCTTCCTCCTCAAACTC
GT_F1 ACCCCGACAGAATCATGAACACTT
GT_R1 CAAATCGTTCATGTTGGACTCG
Gene-specific primers in situs_F CCAGTGCGGAAACCAGATTG
in situs_R AAGAAAGCCTTACGACGGAACA
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RNA clean and concentrator -5 Kit (ZYMO Research,
California, USA; PNAbio, California, USA). Cas9 protein was
purchased from PNAbio (CP01-50).

Next, the gene editing efficiencies of the five sgRNAs that we
synthesized were tested by in vitro digestion of CgfB-tubulin
cDNA fragment with Cas9 protein. In brief, 250 ng of purified
DNA template (Cgf-tubulin PCR product) was thoroughly
mixed with 250 ng each sgRNA, 500 ng Cas9 protein, 2 ul
bovine serum albumin (BSA), and 2 pl restriction enzyme buffer
(NEB, Ipswich, USA; TAKARA, Kusatsu, Japan) in a 20-ul
reaction volume. After incubation at 37°C for 1 h, 1 ul
RNaseH enzyme (TAKARA) was added to the mixture to
digest the DNA template, followed by denaturation at 98°C for
5 min to terminate the reaction. Finally, the gene editing
efficiency of each sgRNA was analyzed by electrophoresis on a
2% agarose gel.

Electroporation

For electroporation, one-cell stage C. gigas angulate embryos
were collected and diluted to an appropriate concentration of
about 5x10* cells/ml. Then, the five sgRNA mixtures (with a final
concentration of 30 ng/ul), the tracing dye Lucifer Yellow
(Invitrogen, cat. no. D7156) and Cas9 protein (with a final
concentration of 30 ng/pl) were added to the CRISPR/Cas9
system; then, the mixture was incubated for 10 min at room
temperature (20-24°C). The mixture and the fertilized eggs were
then transferred into an electroporation cuvette (1 mm, BTX,
Cat. No. 45-0140). Electroporation was conducted in an ECM
830 Square Wave Electroporation system (BTX) using a square
wave pulse (40 V, 50 ms, 1 pulse). After electroporation, the
fertilized eggs were washed in 1 um FSW and further developed
at 26°C.

Mutation Genotyping

Genomic DNA of the trochophores were extracted by proteinase
K digestion method. Briefly, 20 pl of DNA extraction buffer [50
mM KCl, 10 mM Tris-HCl pH 8, 10 mM ethylene diamine
tetraacetic acid (EDTA), 0.03% Nonidet P 40 (NP-40), 0.3%
Tween-20, 0.5 mg/ml proteinase K] was added for digestion.
Then, each individual specimen was incubated for 2 h at 55°C,
followed by denaturation at 98°C for 5 min and cooling to 4°C.
The DNA fragments covering the target sites and their flanking
sequences were generated by PCR using the Premix ExTaq Mix
(TAKARA) according to the CgB-tubulin gene-specific primers
(Table 1). To define the genetic mutations, the amplified DNA
were then cloned into pMDI18-T vector (TAKARA) and
sequenced on an ABI 3730 sequencer.

Evaluation of Larval Survival

Rate and Motility

To calculate the survival rate, 4% PFA was used to fix the living
embryos that were collected 24 h post-fertilization (hpf). We
calculated the survival rate by dividing the number of normal D-
shaped larvae by the total number of embryos (including normal
D-shaped larvae and undeveloped and malformed larvae). To
evaluate the larval motility, the trochophore of C. gigas angulate
at 8 hpf were collected to record their swimming status under a

microscope (Olympus BX53). Larval motility was then assessed
by analyzing the microscopically recorded trajectory of the larvae
described above. Briefly, the position of each larva was recorded
in 1-s intervals during a time window of 10-11 s. Then, Adobe
Mlustrator software (Wood, 2016) was used to track the position
of the larva, and the trajectory of the larva was simulated.

Scanning Electron Microscopy

For SEM, the trochophore individuals were collected at 8 hpf and
fixed overnight in 2.5% glutaraldehyde at 4°C and then
dehydrated in 100% ethanol. After drying and coating, the
observations of specimens were performed under a scanning
electron microscope.

Whole Mount In Situ Hybridization

The ¢cDNA fragment of the Cgf-tubulin gene was generated by
using the gene-specific primers (Table 1) and used to clone into
the pMD18-T vector that contains the T7 promoter. The
recombinant plasmid was linearized and used as templates when
in vitro transcription was subsequently used to synthesize the
digoxigenin-labeled probes. WMISH was performed as previously
described (Wang et al., 2015) with minor modifications. Briefly,
the rehydrated specimens were perforated at room temperature
for 5 min with 10 pg/ml of proteinase K, followed by post-fixation
with 4% PFA. The specimens were then incubated for 2 h at 65°C
in the hybridization solution containing 50% formamide, 5x
Denhart’s, 5x SSC, 100 pg/ml yeast tRNA, 50 pg/ml heparin,
0.1% Tween-20, followed by 16 h at 65°C in the above
hybridization solution containing 1 pg/ml of denatured RNA
probe. Then, the specimens were incubated at room temperature
in 1x blocking buffer (Roche, Basel, Switzerland) for 2 h, followed
by overnight incubation in an alkaline-phosphate-conjugated
rabbit anti-digoxigenin antibody (Roche) at 4°C. The specimens
were then extensively washed with PBST and incubated in Nitro
blue tetrazolium/5-Bromo-4-chloro-3-indolyl phosphate (NBT/
BCIP) solution (Roche). Finally, the hybridization signals were
visualized by using an Olympus BX53 microscope. In the negative
control, the anti-sense probe with a final concentration of 1 pg/ml
was replaced with sense probe of the CgfB-tubulin gene.

Statistical Analyses

All results were obtained from at least three independent
experiments and expressed as the mean + standard deviation
(SD). The main statistical test was the unpaired Student’s t-test.
For experiments involving multiple comparisons, we used one-
way analysis of variance (ANOVA) tests or post-hoc comparisons
(Tukey’s) tests. All the statistical analyses were performed using
PRISM software (version 8.0.2.263). p values <0.05 were
considered to be statistically significant.

RESULTS

Expression of -tubulin in

Oyster-Ciliated Cells

To test the approach of CRISPR/Cas9 in G, deletion mosaic
mutants, we targeted the cilia-relevant gene Cgf-tubulin, given
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that the potential ciliated defect phenotypes should allow for easy
visualization. Genomic DNA covering the complete coding
region of CgfB-tubulin was amplified and revealed to consist of
seven exons and six introns. Cgf-tubulin was characterized with
conserved domain architecture with B-tubulin from other
species, composed of Tubulin and Tubulin_C domains
(Figure 2A). We next analyzed the expression patterns of Cgf3-
tubulin during larval development and found that Cgf-tubulin
was significantly upregulated at gastrula and later larval stages
(Figure 2B). In situ hybridization indicated that the B-tubulin
gene was specifically expressed in cells localized to the prototroch
of C. gigas angulate trochophore (Figures 2C, D). In summary,
developmental and tissue expression patterns of Cgf3-tubulin are
closely associated with the ciliated cells (Figures 2C-F).

Testing Electroporation Efficiency

We used a standard laboratory electroporation setup to knock out
Cgf-tubulin with Lucifer yellow dye as report carrier to test the
electroporation efficiency. Oyster embryos observed with green
fluorescence indicated that exogenous dye had been successfully
electroporated into the fertilized embryos (Figures 3A, B). We
calculated the electroporation efficiency by dividing the number of
embryos with fluorescence by the number of embryos.
Considering that the setting of electroporation parameter has a
significant impact on the survival rate and efficiency for gene
delivery in the manipulated embryos, we generated multivariate
experiments to determine electroporation parameters by
evaluating penetrance efficiency and embryo survival rate. By
comparing the results of multivariate experiments, the most
balanced electroporation parameter with low voltage (40 V),
long pulse duration (50 ms), and single pulse time was obtained,
which not only ensured the gene delivery efficiency but also

improved the survival rate of the larval. As shown in Figure 3C,
compared with 98.0% in the control group without
electroporation, the larval survival rates after electroporation
with and without Cas9-sgRNA complex were close to 77.2% and
76.3%, respectively, which were far higher than that (0.6% and 1%)
in a previous study (Jin et al, 2021). Finally, we achieved an
electroporation efficiency of approximately 10% in the present
study based on counting the number of embryos with green
fluorescence. In brief, 100-110 embryos with green fluorescence
were detected out of 1,000 embryos included in the statistics after
electroporation with Lucifer yellow dye (Figure 3D and Table 2).
These results suggest that the optimized parameters in this study
can effectively avoid the serious impact of electroporation on larval
development, and significantly improve the survival rates of
oyster larvae.

CRISPR/Cas9-Mediated Genome Editing
of CgfB-Tubulin
Our loss-of-function experiment aimed to produce long deletion
genotypes and mosaic phenotypes in G, generation. We designed
five sgRNAs directed against Cgf3-tubulin, one targets the fourth
exon, one targets the fifth exon, and the other three target the
sixth exon (Figure 4B). We further assessed the efficiency of
different sgRNAs by in vitro digestion of isolated Cgf-tubulin
DNA with Cas9. We found that all the five sgRNAs were effective
in guiding Cas9-induced mutagenesis (Supplementary Figure
S1). Among them, sgRNA1 and sgRNA2 showed high efficiency
of introducing mutation, resulting in almost complete digestion
of wild-type PCR bands.

We further generated Cgf-tubulin mutants by mixing five
sgRNAs with Cas9 protein and electroporating them into one-
cell embryos. We aimed to identify long deletions produced by
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FIGURE 2 | Expression and gene structure of Cg-tubulin. (A) Structures of the genomic DNA and cDNA of Cgp-tubulin. Seven exons and six introns in total. cDNA
was predicted to encode two tubulin domains, one coiled-coil domain. (B) Expression profile of -tubulin gene in C. gigas angulate at different developmental stages,
TG, two cells; FC, four cells; B, blastula; G, gastrula; T, trochophore; D, D-shape larvae; EU, early umbo larva. Error bars represent means + SD of three
independent repeats. One-way ANOVA were used for significance analysis (three asterisks represent p < 0.001). (C, D) /n situ hybridizations shows C. gigas
angulate larvae at 8 hpf, which high-level expression of Cgf-tubulin is detected in ciliated cells. (E, F) SEM shows a comparable developmental stage of C.gigas
angulate larvae. pt, peritroch.
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FIGURE 3 | Electroporation efficiency and survival rate of C. gigas angulate larvae after electroporation. (A, B) Early embryos electroporated with Cas9-sgRNA complex
(A) or not (B). Green fluorescence was only seen in the fertilized eggs after by electroporation (caused by the fluorescent dye in the electroporation solution). (C) Survival
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TABLE 2 | Summary of electroporation efficiency and survival rate.

Cas9 protein sgRNAs Lucifer yellow Voltage/pulse Electroporation Survival

concentration (ng/pl) concentration (ng/pl) concentration (1:1000) duration (V/ms) efficiency

- - V - - 490/500
(98.0%)

- - v 40/50 55/500 (11%) 386/500
(77.2%)

30 30 V 40/50 50/500 (10%) 363/500
(72.6%)

NHE] following double-strand breaks (DSBs) because it
facilitates rapid screening. Genome editing events analysis was
performed in individual C. gigas angulate larvae by PCR
screening of genomic DNA, analyzing fragment sizes by
agarose gel electrophoresis, and cloned sequencing (Figure 4).
We observed ~360 bp long deletion in the gel with the
genotyping primers (Figure 4A). Sanger sequencing of TA
clones (red arrow in Figure 4A) showed that mutations were
frameshift mutations or in-frame mutations with long deletion,
suggesting altered protein translation and disrupted gene
function of Cgf-tubulin. Further analysis demonstrated that no
mutation was detected in the unelectroporated group, while the
16 truncated sequences (10%, from 160 sequences of the
electroporated larvae) were all composed of long deletion

mutations (100%, 363 bp deletion) (Figure 4B). These results
suggested that electroporation mediated high-throughput
delivery of the Cas9/sgRNA complex indeed caused mutations
in the target gene Cgf-tubulin.

Knockout of CgfB-Tubulin Induced
Defective Cilia Phenotypes

To test whether Cgf-tubulin knockout could affect the cilia
phenotypes of C. gigas angulate larvae, we performed in situ
hybridization in the Cgf-tubulin mosaic knockout larva.
Multiple distinct expression patterns for Cgf-tubulin were
affected resulting from Cas9/sgRNA mosaic knockout in the
trochophore and D-shaped stages of oyster larva (Figure 5). We
observed that the multiple mosaic ciliary defects in the Cgf3-
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FIGURE 5 | Effects of S-tubulin somatic mutagenesis in C. gigas angulate larvae based on WMISH. The mosaic expression patterns of f-tubulin at the positions of
peritroch (white dotted boxes) and intestinal cilia (blue dotted boxes) in C. gigas angulate trochophore (A) and D-shaped larvae (B) after CgS-tubulin knock out. pt,
peritroch; icc, intestinal cilia cluster; pcr, posterior cilium ring; A, anterior; P, posterior; D, dorsal; V, ventral.

tubulin mosaic knockout larva (Figure 5). In details, B-tubulin
knockout caused the mosaic expression patterns of Cgf-tubulin
at the positions of peritroch (Figures 5A, B, white dotted boxes
and black arrows), intestinal cilia cluster (Figures 5A, B, blue
dotted boxes) in the trochophore (Figure 5A) and D-shaped
larvae (Figure 5B), including bilateral mosaics, which ranged in
severity. Moreover, scanning electron microscopy revealed
mosaic ciliary defects in the manipulated larvae including
shortened (white arrows) and almost complete depleted cilia
(white dotted boxes) at the positions of peritroch and the
posterior cilium ring of C. gigas angulate trochophore
(Figures 6B-D’). In addition, no abnormal development in

other tissues of the manipulated C. gigas angulate individual
was observed except for cilia shortening/depletion under
ordinary light microscopy (Figure 6A).

Knockout of CgfB-Tubulin Induced
Defective Swimming Behavior

To determine whether swimming behavior was also affected in
the B-tubulin knockout larvae, the trochophore of C. gigas
angulate at 8 hpf were collected to perform the motility assay.
The results showed that Cgf-tubulin knockout resulted in a
significant decrease in motility of C. gigas angulate larvae,
especially in swimming direction and speed, compared with
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FIGURE 6 | Mosaic ciliary defects in the B-tubulin knockout larvae based on SEM. (A) Wild-type control, normally developing larvae under ordinary light microscopy.
pt, peritroch. (B-D’) Mosaic ciliary defects in the manipulated larvae based on the SEM data, including shortened (white arrows) and almost complete depleted cilia
(white dotted boxes) at the positions of peritroch (B, C, C’, D, D’) and the posterior cilium ring (B-D) of C. gigas angulate trochophore.
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FIGURE 7 | Motility assay in C. gigas angulate Go larvae. Swimming trajectories of larvae (8 hpf) by electroporation with sgRNA/Cas9 complex (B) or not (A).
Original microscopy videos are provided in Supplementary Video 2 (electroporation with sgRNA/Cas9 complex) and Supplementary Video 1 (electroporation
without sgRNA/Cas9 complex). (C) t-test shows the significantly reduced larvae swimming velocity in the electroporation group with sgRNAs/Cas9 complex (p <

the wild-type larvae (Figures 7A-C, and Supplementary Videos
1 and 2). These results demonstrated that the S-tubulin gene was
vital to cilia motility in C. gigas angulate larvae.

In conclusion, with the use of ciliated marker gene, we
demonstrate that electroporation-based CRISPR/Cas9 system can

be used to generate mosaic oyster larvae with targeted deletions.
This ability to generate long fragments deletion and somatic
mosaics is a powerful tool in the mollusks experimental system,
as it allows the rapid evaluation of candidate gene function in vivo
that would be embryonically lethal in pure mutant lines.
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DISCUSSION

Since the first reported application of CRISPR/Cas9 in mollusks
(Perry and Henry, 2015), the applications of this technology in
mollusks (including gastropods and bivalves) have been
described in an increasing number of studies in recent years
(Yu et al., 2019; Huan et al., 2021; Jin et al., 2021; Li et al., 2021).
With small size egg and embryo at a size <50 um in diameter,
electroporation was considered to be a practical, time- and labor-
efficient way in molluscan CRISPR genome editing, providing a
more effective method for CRISPR complex delivery in the
oysters than microinjection (Yu et al., 2019; Jin et al,, 2021; Li
et al, 2021). Still, the sustainable development of the oyster
genome editing breeding system calls for establishing efficient
CRISPR/Cas9 mutagenesis tool that generates significant
defective phenotypes. In this report, we performed the
CRISPR-mediated f-tubulin gene knockout by electroporation
and described the long fragments deletions and mosaic
mutations including defective cilia and decreased motility in
the G larva of C. gigas angulate.

CRISPR/Cas9 Mediated S-Tubulin
Knockout in Oyster C. gigas angulate
by Electroporation
Cilium is a tubulin-based cytoplasmic extension and is thought
to have functions of interrogating the extracellular environment
in many biological contexts (Davenport and Yoder, 2005; Berbari
etal., 2009). A large number of arranged cilia is thought to be the
swimming organ of many zooplankton and larvae of aquatic
protostomes, including mollusks (Nielsen, 2004; Nielsen, 2005).
The tubulin subunits (3-tubulin) was considered to be required
for the formation of the tubulin heterodimers, the main
compounds that polymerized into microtubules and constitute
the major compound of cilia in the mollusks P. vulgata (Damen
and Dictus, 1994), Crepidula fornicata (Hejnol et al., 2007), and
Ilyanassa obsoleta (Gharbiah et al., 2013), and in the annelid
Polygordius lacteus (Woltereck, 1904) and polychaete H. elegans
(Arenas-Mena et al., 2007). In our present study, a B-tubulin
gene was identified in C. gigas angulate and found to be highly
expressed in ciliated cells based on in situ hybridization. In
present study, we used -tubulin as a marker gene and performed
CRISPR-mediated knockout by electroporation in C. gigas
angulate. Through direct genotyping, long fragments deletions
(363 bp) were detected in the target gene. By in situ
hybridization, scanning electron microscopy, and behavioral
analysis, we observed mosaic mutations including defective
cilia and decreased motility in the Gy larva. This result
demonstrates that Cgf-tubulin is sufficient to mediate cilia
development and swimming in larval oyster. In conclusion,
with the use of ciliated marker gene, we demonstrate that
electroporation-based CRISPR/Cas9 mutagenesis can be used
to generate mosaic oyster larvae with targeted deletions and for
studies of gene function in the oyster.

We optimized the parameters to improve the survival rate of
oyster larvae under the premise of ensuring good perforation
efficiency. Compared with the electroporation parameters (100

V, with 15 ms pulse duration and four pulses separated by 100-
ms pulse interval) set by Jin et al. (2021), we reduced the voltage
of electroporation to 40 V, the pulse times to 1, while the pulse
time was increased to 50 ms. After optimization, the larval
survival rate after electroporation with and without Cas9-
sgRNA complex was close to 77.2% and 76.3% in the present
study, respectively, which was far higher than that (0.6% and
1%) of Jin et al. (2021). Moreover, based on our previous
experience, the higher final concentrations of Cas9-sgRNA
complex tend to give larger effects and is suitable for less
potentially lethal loci. In the present study, by adjusting the
concentrations of Cas9-sgRNA complex, we have been able to
induce mosaic mutants using as low as 30 ng/ul Cas9 and 30
ng/ul of each sgRNA in oyster larvae. Although the efficiency of
successful gene editing is still low (10%, 16/160), we can still
obtain a certain number of successfully edited larvae because of
the large number of oyster eggs. In addition, it is worth noting
that only the long fragment deletions were used to evaluate the
gene editing efficiency, while the small indels mutations were
ignored, which may result in a serious underestimate of editing
efficiency in the present study.

CRISPR/Cas9-Mediated Long Deletion
Knockout in the Oyster Larvae

Loss-of-function deletion mutations can be produced by NHE]
following DSBs. In previous studies, long deletion knockout
strategies generated by two and more cut sites using multiple
single-guide RNAs (co-injection of more than two sgRNAs)
have been applied in a variety of species including Danio rerio
(Hoijer et al., 2022), Bombyx mori (Wang et al., 2013),
Helicoverpa armigera (Khan et al., 2017), Vanessa cardui
(Zhang and Reed, 2016), and Bicyclus anynana (Zhang et al.,
2017), but not in mollusks, such as L. goshimai (Huan et al.,
2021), C. gigas (Yu et al,, 2019; Li et al., 2021), and C.
gigas angulate (Jin et al, 2021). In the present study, five
sgRNAs were simultaneously used to generate long fragment
deletions, as it allowed us to perform rapid screening and
genotyping of mutants using PCR and conventional agarose
gel electrophoresis. According to genotyping, we detected a
long fragment deletion of 363 bp in the target gene, which was
the longest known deletion in mollusks, and much longer than
the studies in L. goshimai (<25 bp deletion), C. gigas (<30 bp
deletion), and C. gigas angulate (single base substitution). This
strategy of co-injecting more than two sgRNAs is a significant
improvement over the difficult detection of small indels
generated by single cleavage using normal agarose gels, which
significantly simplifies the genome editing workflow. Moreover,
the small indels often inevitably produce truncated proteins
function more similar to the original protein (theoretically, in-
frame mutations occurred in 33.3% of cases). The long
fragment deletion at the first functional Tubulin domain of
Cgf-tubulin gene in our study could significantly increase the
probability of generating truncated proteins with deletion of the
remaining functional domains and cause convincing
knockout phenotypes.
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Mosaic Ciliary Defects in the

Oyster Larvae

Genetic mosaicism is the presence of more than one genotype in
one individual. Mosaicism can be produced by a variety of
natural mechanisms including chromosome non-disjunction,
anaphase hysteresis, endoreplication, and mutations arising
during development (Taylor et al., 2014), and by manipulative
mechanisms such as genome editing. In essence, target genes at
different stages of embryonic development can be continuously
targeted and cleaved by the CRISPR/Cas9 system, resulting in
mosaic mutant individuals (Mizuno et al., 2014; Oliver et al.,
2015; Xin et al., 2016). Typically, mosaicism generated by the
CRISPR/Cas9 system in animal models is considered an
undesirable outcome. In some cases, however, this
phenomenon can be valuable. Due to the embryonic lethality
of many target genes and the difficulties of maintenance and
genotyping, most of our attention has been focused on analysis of
mosaic Go phenotypes. The advantages of focusing on somatic
mosaicism are that data can be collected over a generation, and
the phenotypic effects of lesions are limited to the subset of cell
lineages with deletions, thereby reducing the harmful effects of
many deletions (Zhong et al., 2015; Mehravar et al,, 2019). -
Tubulin knockout mediated the mosaic expression patterns of
Cg-tubulin, and mosaic ciliary defects were commonly found at
the positions of peritroch, intestinal cilia, and the posterior
cilium ring in C. gigas angulate trochophore and D-shaped
larvae. Overall, we suggest that CRISPR/Cas9 can be applied to
generate oyster larvae with phenotypic mosaic defects for
targeted deletions. In the future, this ability to produce somatic
deletion mosaics could be a powerful tool for studying oyster
gene function in the mollusks experimental systems.

CONCLUSION

The application of CRISPR-mediated gene editing in marine
mollusks is still facing great challenges, both in functional
studies after gene knockout and in genetic engineering breeding.
Here, we found that B-tubulin knockout could induce mosaic
phenotypes in G, larvae of C. gigas angulate by using
electroporation, characterized by shortened/depleted cilia and
decreased larval motility. Since the B-tubulin knockout
phenotypes are easy to detect at very early developmental stages,
it may serve as the optimal preliminary candidate gene for
establishing CRISPR-based gene editing technology. In addition,
our study reveals the strategy of generating long fragments
deletion, and somatic mosaics are a powerful tool in the
mollusks experimental system. Together, our report can provide
useful reference for a widespread application of CRISPR/Cas9-
based gene editing technology in mollusks in the future.
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