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Crassostrea nippona has recently been identified as a potential aquaculture species for its high glycogen content
and delicate flavor in summer when Crassostrea gigas suffer from low meat quality. In 2014, we initiated the
selective breeding program to improve growth traits of C. nippona through successive generations of mass se-
lection, yet the genetic impact of an intense artificial selection on the genetic variability of C. nippona was not
fully understood. In this study, the genetic diversity and genetic structure of three generations of mass-selected
lines (G1-G3) and three wild populations were investigated using both 15 microsatellite loci and mitochondrial
COI sequences (mtCOI). The selected lines exhibited no significant decrease in the average number of alleles (Ng:
7.53-9.87), observed heterozygosity (H,: 0.58-0.64), expected heterozygosity (H,: 0.67-0.71) and alleles rich-
ness (Ay: 6.35-7.75), compared with those of the wild populations. The abundant genetic diversity of selected
lines was successfully maintained during three generations of mass selection due to no detectable loss. The
effective population sizes (N,_ji;) estimated by linkage disequilibrium methods for G1, G2 and G3 were 64.1,
25.3 and 47.4, respectively. Moreover, little genetic differentiation within the selected lines was observed in
AMOVA analysis (global Fsr: 0.005, P > 0.05) and significant genetic differentiation among the wild populations
was revealed by global Fsy (0.15, P < 0.01), pairwise Fsr (0.095-0.211), Nei’s D (0.260-0.730) and clustering
results, which might suggest genetically isolated populations occurring in these sampling locations. To maximize
future selective breeding efforts, a larger scale of broodstock and multi-line breeding strategy along with alle-
viating selection intensity is recommended against the reduction in the genetic diversity and effective population
size in subsequent breeding practices. This study contributes to an increasing understanding of the efficiency of
current breeding procedures in maintaining genetic variation and provides insight into future genetic
improvement programs of C. nippona.

1. Introduction

Advances through selective breeding and the genetic improvement
of newly domesticated or captively bred species are considered prom-
ising options to elevate aquaculture production (Gjedrem et al., 2012;
Vu et al., 2021). However, a challenging problem in the aquaculture
sector is how to effectively prevent the loss of genetic diversity over
subsequent breeding generations, as the reductive processes of genetic
drift (e.g. founder effects) and non-random mating are intensified in
closed populations, especially when high selection intensity is applied to
obtain the desired trait. (Lind et al., 2009). In many cases, the potential
threat to genetic variation of cultured populations is generally

exacerbated by overlooking the significance of genetic variability or
improper breeding practices. If appropriate precautions aren’t imple-
mented the genetic diversity from natural populations accumulated over
thousands of years can be even eroded in only one cross-generational
transmission (Jackson et al., 2003; Porta et al., 2007). Genetic homog-
enization within the breeding populations can in turn hinder further
improvements in stock performance and important production traits as
well as limit the ability to withstand environmental disturbances and
disease outbreaks due to the random fixation of deleterious alleles or
inbreeding depression (Bentsen and Olesen, 2002; Lind et al., 2009;
Zhang et al., 2010). Consequently, it is a major priority for breeding
operations to maintain high levels of genetic diversity in domesticated
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populations.

The potential for genetic improvement of desired traits through mass
selection is well documented in shellfish species, particularly due to the
short generation intervals and the possibility of stringent selection as a
consequence of their great fecundity (Gjedrem and Baranski, 2010).
Although the risk of unintentional inbreeding may be further increased
in the selection scheme due to non-random mating and the absence of
pedigree records (Bentsen and Olesen, 2002; Boudry et al., 2002), mass
selection with a high selection intensity has been widely used in shellfish
species to enhance growth or disease resistance (Li et al., 2011;
Dégremont et al., 2015). What must be highlighted, however, is that
minimization of inbreeding and control of the genetic structure are key
issues for the selected lines to obtain sustained improvement. To pre-
serve genetic diversity during mass selection, various effective measures
to prevent inbreeding accumulation in mass-selected populations have
been proposed. For instance, some cost-effective and easy-to-operate
preventive measures have been applied to the oyster breeding process,
including the implementation of abundant broodstock and a balanced
sex ratio, and successfully maintained the genetic diversity in two shell
color lines of the Pacific oyster for growth (Han et al., 2019; Xu et al.,
2019b). The other breeding strategies such as subdividing the breeding
nucleus and keeping independent sublines to store rare alleles, cross-
breeding with the wild animals, and alleviating selection intensity
were demonstrated to be valid as precautionary methods (In et al., 2016;
Chen et al., 2017). Genetic tools can be used to enable a better under-
standing of how efficient current breeding practices are at maintaining
genetic variation without direct information about the parents, which
can open the possibility for timely modification of pertinent schemes in
subsequent selective breeding (Hillen et al., 2017).

The Iwagaki oyster (Crassostrea nippona) is naturally distributed in
coastal areas of East Asia such as China, Japan and South Korea (Itoh
et al., 2004; Lu et al., 2017). The biological properties and its market
price have recently prompted widespread interest in initializing the
aquaculture industry of C. nippona, because C. nippona can maintain a
high glycogen content and delicate flavor and thus has the potential of
substitution for the edibility-restricted Pacific oyster (C. gigas) during
the summer (Okumura et al., 2005; Masahiro et al., 2018). However, due
to unimproved growth performance, the industry of C. nippona has never
matured into a large-scale aquaculture producer during long-term
domestication (Xu et al., 2019a). Therefore, we initiated the succes-
sive three-generation mass selection to improve the growth performance
of C. nippona. A sustained genetic gain of approximately 10% per gen-
eration for shell height had been obtained at harvest, yet the genetic
impact of an intense artificial selection on the genetic variability of
C. nippona was not fully understood and rarely monitored. This study is
the first to report genetic variation in C. nippona using both 15 micro-
satellite loci and mitochondrial COI sequences (mtCOI), and aims at
estimating the stability of genetic variability of C. nippona during
continuous selection by assessing the genetic diversity level and genetic
structure of the mass-selected lines and wild populations. We hypothe-
size that the overall genetic diversity of the selected lines will be
maintained at a high level and will not decline significantly compared to
the wild population during successive three-generation mass selection.

2. Materials and methods
2.1. Breeding procedures, sample collections and DNA extraction

In 2014, 200 adult C. nippona (over 5-year-old) were collected from
the wild population in Niigata Prefecture, Japan. From 2015 to 2019,
three consecutive generations of mass selection by truncation selections
for shell height were conducted to improve the growth performance of
C. nippona. Breeding candidates were ranked by their phenotypic value
on shell height before each selection, and the individual with the best
phenotype was selected for breeding of the next generation. The in-
tensity of selection was calculated as the difference in mean shell height
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between the selected parents and the base stock divided by the standard
deviation of the stock. In theory, when 10% of breeding candidates are
selected, the corresponding selection intensity is about 1.7.

In August 2015, 60 wild individuals from the top end of the size
distribution were selected to establish the first-generation selected line
(G1) with a selection intensity of 1.33 and truncation point of 103 mm.
Similarly, truncation selections for the growth trait were implemented
for ensuring two successive generations of mass selection (G2 and G3) in
2017 and 2019, respectively. Selection intensity for each generation was
1.64 for G2 with a truncation point of 50 mm in shell height, and 1.71 for
G3 with a truncation point of 49 mm in shell height. The number of
parents in three selected generations is shown in Table 1. Mature
broodstock was induced to spawn using a sudden increase in water
temperature from 23 °C to 27 °C. When 60% of the fertilized eggs were
observed to release the first polar body, embryos were transferred to the
new 20 m® tank for hatching at 27 °C, and subsequent culture proced-
ures as described by Li et al. (2011). In brief, larvae were fed a mixed
diet of Isochrysis galbana and Chaetoceros calcitrans three times a day.
When 40% of the larvae appeared with eyespots, strings of scallop shells
were hung in the tanks for larvae to attach. Finally, the spats were
transported to Sanggou Bay (Rongcheng, Shandong province, China)
and put into 10-layer lantern nets hanging on long-lines for farming.

Samples of the G1, G2 and G3 were randomly collected at harvest on
day 720 and three wild populations were collected from Zhoushan,
Zhejiang, China (CZ), Niigata Prefecture, Japan (JN) and Geoje Island,
Korea (KG) respectively (Fig. 1). The sample size and sample time of
each experimental population are shown in Table 1. All oysters from six
populations were sampled by collecting the adductor muscle and storing
it at —30 °C. Samples for mtCOI analysis were collected from the same
individuals used for microsatellite analysis. The individual genomic
DNA was extracted from muscle tissue according to the phenol-
chloroform method as described in Li et al. (2006). Then, DNA sam-
ples were preserved in 1x TE buffer and diluted to 100 ng/pl for poly-
merase chain reaction (PCR).

2.2. Microsatellite analysis

Five multiplex PCR sets containing 15 microsatellite loci
(MKO078352, MKO078350, MKO078355, MK078356, MKO078334,
MKO078340, MK078347, MKO078342, MK078324, MK078343,
MK078328, MK078320, MK078344, MK078351 and MKO078341)
developed by Liu et al. (2020) were amplified to obtain PCR products on
all 240 individuals from six populations, and the amplified fragments
were electrophoresed on ABI 3130 Automated DNA Sequencer (Applied
Biosystems) for genotyping.

Alleles sizes were calculated by utilizing GeneMapper software v.4.0
(Applied Biosystems) based on the genotyping results. Micro-Checker
(Van Oosterhout et al., 2004) was first used to examine PCR errors
due to allele dropout, stuttering and null alleles. Then, FREENA software
(Chapuis and Estoup, 2007) was used to estimate the null alleles fre-
quencies for each locus following the EM algorithm. Exact probability
tests of deviation from Hardy-Weinberg equilibrium at each locus were
performed in each population with GENEPOP v.4.7 (Raymond, 1995).

The average number of alleles (N,), inbreeding coefficient (Fj),
observed heterozygosity (H,), expected heterozygosity (H,) and Shan-
non Wiener index (I) were calculated to assess the genetic diversity using
GenALEx v.6.501 (Peakall and Smouse, 2012). The allelic richness (A;)
was estimated by FSTAT v.2.9.3.2 (Goudet, 1995) and the poly-
morphism information content (PIC) was assessed using the software
CERVUS v.3.0 (Kalinowski et al., 2007). The non-parametric test
(Kruskal-Wallis test) was performed to analyze the difference among
populations when the obtained data deviated from a normal distribu-
tion, and then P values for multiple comparisons were adjusted by
Bonferroni correction.

Effective population size (N,_j;) in each mass-selected generation
was computed in NeEstimator v.2.01 with linkage equilibrium method
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Table 1

List of sample information of C. nippona and effective population size in the selected lines.
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Populations Number of parents Selection intensity Sample time Sample size N,-linkage disequilibrium
Female Male Microsatellite mtCOI N-lin 95% CI (lower-upper)
Selected lines
Gl 34 26 1.33 2017.07 48 20 64.1 54.4-77.1
G2 42 48 1.64 2019.07 48 20 25.3 22.9-28.0
G3 43 45 1.71 2021.07 48 20 47.4 39.5-59.0
Wild popualtions
CZ - - - 2020.10 20 20 - -
JN - - - 2016.08 28 20 - -
KG - - - 2021.07 48 20 - -

G1, first-generation mass selected line; G2, second-generation mass selected line; G3, third-generation mass selected line; CZ, wild population from Zhoushan, China;
JN, wild population from Niigata Prefecture, Japan; KG, wild population from Geoje Island, Korea.
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Fig. 1. Map of sampling sites of selected and wild populations of C. nippona.

(Do et al.,, 2014), which implements the bias-correction and reads
genotypic data in standard formats, and N,_j, values with 95% confi-
dence intervals (95% CI) were given. Pairwise Fsr values and analysis of
molecular variance (AMOVA) were utilized to assess population differ-
entiation and partition the genetic variance within/among populations
using ARLEQUIN v.3.5 (Excoffier and Lischer, 2010). Genetic relation-
ship among populations was estimated in a bidimensional space by
performing principal coordinates analysis (PCoA) implemented in
GenAlEx 6.5 (Peakall and Smouse, 2012). A pairwise matrix assessing
allele frequency heterogeneity with six populations was computed using
GenAlEx 6.5 based on the method of Nei’s unbiased genetic distance
(Nei’s D) (Hedrick, 2009), and a neighbor-joining tree was displayed in
MEGA v.5.0 (Tamura et al., 2011).

2.3. Mitochondrial DNA sequencing and analysis

The primers originally developed by Liu and Li (2018) were used to
amplify the mtCOI of C. nippona, and the amplified fragment was
sequenced by Personal Company (Shanghai, China). Sequencing results

of each population were first edited and assembled by SeqMan software
from DNASTAR and then the aligned sequences in MEGA v.5.0 were
used to calculate the number of haplotypes (Np), haplotype diversity
(Hg) and nucleotide diversity (P;) by DNASP v.5.10 (Librado and Rozas,
2009).

3. Results
3.1. Genetic diversity

No evidence of genotypic errors due to large allele dropout and
stuttering was discovered in all loci by Micro-Checker. The frequencies
of null alleles above 0.2 were detected at only nine locus-population
combinations: MK078347 and MK078341 in the G1 and the remaining
combinations in three wild populations. Remarkably, neither inclusion
nor deletion of these loci had a qualitative impact on the experimental
outcome. Meanwhile, the PIC of each marker was above 0.25 ranging
from 0.386 to 0.861 with an average of 0.655 which exhibited a good
ability to reveal polymorphism among populations. Therefore, the
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subsequent analysis was performed based on all 15 microsatellite loci in
six populations.

No significant loss of genetic diversity in N, (7.20-10.07 across six
populations), I (1.34-1.83), H, (0.46-0.64), H, (0.63-0.75) and A,
(6.35-10.07) was found from three wild populations to the selected lines
(Table 2). Meanwhile, the abundant genetic diversity of selected lines
was successfully maintained during three generations of mass selection
due to no detectable loss and the mean values of N, (7.35-9.87 across
three selected lines), H, (0.58-0.64), H, (0.67-0.71) and A, (6.35-7.72)
were at relatively high levels. The reduction in N, (23.71%), I (11.11%),
H, (5.63%), Ar (17.75%) and PIC (6.63%) observed from G1 to G3 might
indicate the potential influence of an intense mass selection on the ge-
netic variability of the selected lines. The PIC ranging from 0.5914 in JN
to 0.7265 in CZ were all >0.5, indicating high polymorphism in six
populations, and the positive F;; value suggested heterozygote deficiency
could be prevalent in all analyzed populations. More locus-population
combinations deviate from the Hardy-Weinberg equilibrium (dHW)
after Bonferroni correction was observed in the mass-selected lines
(9-13) than in the wild populations (4-8).

A total of ten mtCOI haplotypes were found by analyzing the
sequencing results of COI fragments from 120 oysters (Table 3). Besides
the conspicuous haplotype (1), which was detected in all populations
and had a frequency of 68.33% (82/120) in all analyzed samples,
remaining haplotypes were not shared between the selected lines and
wild populations. Three of the ten haplotypes were shown in the selected
lines and the other one to three private haplotypes (haplotypes present
in a single population) were distributed in three wild populations. The
mean Hy of six populations ranged from 0.100 in KG to 0.721 in G1,
while the mean P; of six populations ranged from 0.018% in KG to
0.197% in G1.

3.2. Effective population size

The effective population size and 95% confidence intervals of G1-G3
were measured based on linkage equilibrium methods (Table 1). Esti-
mated values in each selected line were as follows: G1 (N,_jin: 64.1, 95%
CI: 54.4-77.1), G2 (N_in: 25.3, 95% CI: 22.9-28.0) and G3 (N,_jin: 47.4,
95% CI: 39.5-59.0). Except for G1, the N, j, value in the other two
generations was lower than the actual number of broodstock. The lowest
N,_jin in G2 could be related to the unbalanced parental contributions
and insufficient broodstock and then a higher N,_j, value was found in
G3 (47.4) compared with G2.

3.3. Genetic differentiation and population structure

Analysis of molecular variance (AMOVA) revealed that most of the
variation in the selected and wild populations was observed within
population (84.93-99.49%) (Table 4). The global Fgr of 0.151 in the
wild populations was recorded (P < 0.01), suggesting large genetic
differentiation among populations, while that of the selective breeding
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Table 3
Genetic diversity of the selected and wild populations of C. nippona at mtDNA
COI region.

Haplotype  Selected lines Wild populations Total

G1 G2 G3 CZ JN KG
1 7 5 17 16 18 19 82
2 2
3 1 1
4 1 1
5 4 1 7
6 9 13 1 23
7 1 1
8 1 1
9 1 1
10 1 1
Ny 3 3 4 4 3 2
Hy 0.721 0.532 0.284 0.363 0.195 0.100

+ + 0.10 + + + +

0.065 0.128 0.131 0.115 0.088
P; (%) 0.197 0.126 0.057 0.141 0.124 0.018

+ + + + + +

0.026 0.029 0.027 0.080 0.107 0.016

Np, number of haplotypes; Hy, haplotype diversity; P;, percent nucleotide
diversity.

Table 4
Analysis of molecular variance (AMOVA) for the selected and wild populations
based on 15 microsatellite loci.

Source of variance d.f. Variance Percentage of F-statistic
components variation
Among selected lines
Among populations 2 0.02708 0.50778 Fsr =
0.00508
Among individuals/ 141 0.70534 13.22569 Fig=
within population 0.13293*
Within individuals 144 4.60069 86.26653 Fir=
0.13733
Total 287  5.33312
Among wild populations
Among populations 2 0.91433 15.07175 Fgr =
0.15072*
Among individuals/ 93 1.43867 23.71484 Fis =
within population 0.27923*
Within individuals 96 3.71354 61.21342 Fir=
0.38787*
Total 191 6.06655

" Significant at P < 0.01.

lines was 0.005. Similarly, the values of pairwise Fsr (0.006-0.010) and
Nei’s D (0.003-0.023) in G1-G3 were relatively low and gradually
increased between adjacent breeding generations (Table 5). In this
study, the highest pairwise Fsr (0.211) and Nei's D (0.730) were found in
a pairwise comparison between JN and KG. All pairwise Fsy values were

Table 2

Genetic parameters within the selected and wild populations based on 15 microsatellite loci.
Population N, 1 H, H, A, PIC F;s dHW
Selected lines
G1 9.87 + 5.99% 1.62 + 0.60%° 0.58 + 0.25% 0.71 + 0.14* 7.72 + 4.17%° 0.6745 0.18 12
G2 9.60 + 5.59% 1.60 + 0.58% 0.64 + 0.217 0.71 + 0.14% 7.51 + 4.01%° 0.6735 0.10 13
G3 7.53 + 4.90° 1.44 £ 0.58% 0.62 +0.21° 0.67 +0.15° 6.35 + 3.68° 0.6298 0.07 9
Wild populations
CZ 10.07 + 5.06% 1.83 + 0.63° 0.58 + 0.21? 0.75 + 0.15% 10.07 + 5.06° 0.7265 0.23 4
JN 7.20 + 2.60% 1.34 + 0.40° 0.46 + 0.22% 0.63 + 0.13% 6.48 + 2.23% 0.5914 0.27 8
KG 8.93 + 5.16% 1.52 + 0.60%° 0.48 + 0.30% 0.67 + 0.17% 7.28 + 3.74° 0.6355 0.28 7

N, average number of alleles; I, Shannon’s information index; H,, observed heterozygosity; H,, expected heterozygosity; A,, alleles richness; PIC, polymorphic in-
formation content; Fj, inbreeding coefficient; dHW, number of loci deviating from Hardy-Weinberg equilibrium. Different letters in the same column indicate sig-

nificant differences among populations (P < 0.05).
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Table 5
Estimated pairwise Fsr (lower diagonal) and Nei’s D (upper diagonal) values of
C. nippona based on 15 microsatellite loci.

Gl G2 G3 zC JN KG
Gl 0.003 0.017 0.315 0.580 0.707
G2 0.001 0.023 0.281 0.528 0.720
G3 0.008* 0.010* 0.251 0.527 0.616
ZC 0.087* 0.080* 0.083* 0.260 0.332
JN 0.170* 0.161* 0.172* 0.095* 0.730
KG 0.182* 0.184* 0.180* 0.105*% 0.211*

The significance of population pairwise Fsy tested by 1000 permutations.
" Significantly at P < 0.05.

significantly different at the P < 0.05 level except between G1 and G2.

To further understand the relationship among different populations,
the neighbor-joining tree was constructed based on Nei’s unbiased ge-
netic distance (Fig. 2). The tree topology showed that all experimental
populations were clustered into two main branches. Wild population KG
was placed on a separate branch of a cluster dendrogram and the other
populations clustered on another branch which was further classified
into three subgroups according to JN, CZ and the selected lines. Mean-
while, there was increasing differentiation between adjacent genera-
tions in the subcluster of G1-G3. Similar conclusions were confirmed by
the results presented in PCoA that three principal components accoun-
ted for 30.51% of the total molecular variation, and the Coordinate axis
1 and 2 explained 16.73% and 8.90%, respectively (Fig. 3).

4. Discussion

In selective breeding programs, a fundamental knowledge of how to
maintain the maximum level of genetic variability in the successive
breeding process is requisite to obtain a sustained response from long-
term selection (Lind et al., 2009). It is generally believed that the ge-
netic diversity of mass-reared populations is inadvertently eroded in
highly fecund shellfish due to genetic drift and unintentional inbreeding
(Xu et al., 2019b; Rhode et al., 2020). In addition, the intense selection
for best-performing individuals to achieve faster gains might further
decrease the effective population size. It therefore should be necessary
systematically to evaluate the genetic diversity and population structure
of currently selected lines to inform decision-making for stock man-
agement and slow down consanguineous-derived adverse effects.

The complementary combination of microsatellites with mitochon-
drial COI sequences has been extensively applied to investigate the ge-
netic variability, population genetic structure and demographic history
in many bivalves (In et al., 2016; Cordero et al., 2017; Xu et al., 2019b).
Here, this investigation revealed that no significant differences in ge-
netic diversity, such as Ny, I, Hy, H, and A, was observed in the mass-
selected lines when compared to wild populations, demonstrating that
current breeding procedures for C. nippona appeared efficient at main-
taining available genetic variability. In the analysis results of mtCOI,
relatively few haplotypes (2-4) were observed in analyzed populations

Gl
_rc;z

G3

(674
KG

||
0.05

Fig. 2. Neighbor-joining tree of the selected and wild populations using Nei’s
unbiased genetic distance based on 15 microsatellite loci.
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Fig. 3. Principal coordinates analysis (PCoA) of the selected and wild pop-
ulations of C. nippona based on 15 microsatellite loci. Coordinate axis 1 explains
16.73% of the variation, coordinate axis 2 explains 8.90% of the variation, and
Coordinate axis 3 (not shown) explains 4.88%.

including three wild populations compared to other oyster species, and
the inference was that the low number of haplotypes cannot simply be
considered evidence of inbreeding but might reflect the overall level of
haplotype diversity in C. nippona, as the similar result was also been
shown in other studies (In et al., 2016; Xu et al., 2019b). Nevertheless,
the number of private haplotypes and haplotype diversity were reduced
in the selected lines implying the potential influence of mass selection on
the genetic variability of the fast-growing lines, which might be
consistent with the observed slight reductions in N, I, H,, He, Ar and PIC.
Similar conclusions were reported in the study of Sydney rock oysters
(Saccosstrea glomerata), and In et al. (2016) found that the line with the
fewest DNA microsatellite alleles also had the fewest haplotype. Losses
of microsatellite alleles variation at the population level could reduce
the potentially important functional genetic variation in the genome and
affect the fitness of subsequent generations with the loss of rare alleles
(Lind et al., 2009). In addition, the potential loss of genetic diversity
during farming seems unavoidable which has been demonstrated both
theoretically and empirically. In this study, a decreasing trend was
found in N, (23.71%) during three generations of mass selection sug-
gesting that the breeding strategy might require prompt intervention to
avoid the inadvertent loss of N, in subsequent selective breeding. A
multi-line breeding program may be feasible to store the rare alleles by
subdividing the breeding nucleus into multiple independent sublines,
and In et al. (2016) suggested that interline crossing can help restore the
genetic diversity among selected lines even after many generations of
selection. Although the expected heterozygosity higher than the
observed heterozygosity was found in each of the selected lines which
might be indicative of some level of inbreeding, the closed line of
C. nippona showed limited evidence for an increase in a homozygous
state. Analogous pattern was shown in hatchery-cultured Pinctada
maxima (Lind et al., 2009) and genetically improved C. gigas (Han et al.,
2019), further confirming the conclusion that alleles are more suscep-
tible to change than heterozygosity in the immediate term. The reason
for this phenomenon might be that the low-frequency alleles contribute
little to overall heterozygosity (Lundrigan et al., 2005). What must be
highlighted, finally, is that indications of a slight decline in overall ge-
netic diversity are detected in the selected lines, suggesting that regular
genetic monitoring is indispensable for avoiding potential problems
associated with inbreeding depression in long-term selection.

In this study, 53 of 90 population-locus combinations that deviated
from Hardy-Weinberg equilibrium were detected in total, and only 9
combinations showed heterozygote excess, 6 of which were in selective
breeding lines. The high prevalence of heterozygote deficiency has been
reported previously in studies of mollusk species (Li et al., 2007; Chen
etal., 2017), which could be caused by null alleles, non-random mating,
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a commixture of independent populations, and artificial and natural
selection during seed production and cultivation (Chen et al., 2017). As
expected, the dHW of the selected lines (44) was much higher than those
of the wild populations (19), exhibiting obvious signatures of artificial
selection, and the maximum value of dHW in G2 (13) might be associ-
ated with the lowest effective population size which was also recorded in
the mass-selected lines of Pacific abalone (Haliotis discus hannai) (Chen
et al., 2017). In addition, both the relatively low genetic diversity and
high dHW observed in JN indicated non-random mating in the wild
population, probably because the continuous input of low-variability
oysters from hatcheries in the location had diluted the natural genetic
resources of C. nippona or sampling effects (Zhang et al., 2010; Cordero
et al., 2017). This might also be the reason why the inbreeding coeffi-
cient of the selected lines in this study is lower than that of the wild
populations.

The fluctuation of effective population size (N,) is generally condi-
tioned by farming constraints limiting the contribution of selected par-
ents to future generations (Lallias et al., 2010). In aquaculture practice,
N, can be diminished by insufficient broodstocks, biased sex ratio, the
unequal contribution of gametes, and different viability of gametes (Li
et al.,, 2007). Simultaneously, selected parents based on the best per-
formance of important commercial traits can lead to further reduction of
N, in mass-farmed populations due to broodstocks just from a few
outstanding families (Bentsen and Olesen, 2002). In the present study,
the linkage disequilibrium method was applied to predict the effective
population size (N,_jn), and the results showed that N,_j;, for G1, G2 and
G3 was 64.1, 25.3 and 47.4, respectively (Table 1). The lowest N,_j;, in
G2 might be related to unbalanced parental contributions, insufficient
broodstocks and high selection pressure. Specifically, asynchronous
gonadal development among broodstocks could further exacerbate the
differences in reproductive success and the breeder population size (90)
of G2 generations was relatively low compared to the other mass-
selected programs of C. gigas (Han et al., 2019; Chen et al., 2022). In
addition, the selection intensity of G2 generation was as high as 1.64
which might intensify sibship among broodstocks. A reasonable infer-
ence therefore was that the subsequent observed loss of genetic diversity
in G3 was mainly a consequence of small N,_j;, in G2 leading to allele
loss due to genetic drift (Sukmanomon et al., 2012). Maintaining a
sufficiently large N, is essential to minimize the effect of inbreeding and
loss of genetic variability while selecting for better productive perfor-
mance (Hillen et al., 2017). Encouragingly, the increase of N,_j, was
found in G3 with a selection intensity of 1.71 which might be primarily
benefitted by well-developed gonads providing opportunities for equal
parental contributions. In addition to using a larger scale of broodstock,
the practice of spawning animals in isolated small groups is also a
promising option to overcome potential inequality in parental contri-
bution (Robinson et al., 2010).

Fgr is an important indicator widely applied to evaluate genetic
differentiation between/among populations. In this study, little genetic
differentiation (Fst < 0.05) among the selected lines was detected using
the AMOVA analysis and no statistically significant was observed, which
could be attributed to the lack of significant genetic structure or popu-
lation subdivision in the selected lines (Diyie et al., 2021). Similar
conclusions were also revealed by pairwise Fgr (0.001-0.010) and Nei’s
D (0.003-0.023) between three different generations, which was also
reported in the selective breeding or cultured populations of C. gigas
(Appleyard and Ward, 2006) and Nile tilapia (Oreochromis niloticus)
(Sukmanomon et al.,, 2012; Diyie et al., 2021). Although a general
increment in genetic differentiation within G1-G3 was detected based on
pairwise Fgr and Nei’s D, the relatively small value might imply that the
genetic variance of selected lines was stabilized under the selection
pressure (Diyie et al., 2021). Within the wild populations, a large genetic
differentiation among different geographical localities was observed by
significant Fgr of 0.15 (P < 0.05), and then the highest pairwise Fsr
(0.211) and Nei’s D (0.730) were found in pairwise comparison between
JN and KG which might be attributed to geographic isolation, different
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natural selection stresses and low gene flow between them. In addition,
the genetic relationships and clustering patterns among six populations
were further demonstrated in the neighbor-joining tree topology and
PCoA plots. Interestingly, although both the PCoA and tree topology
clearly separate three wild populations, the overlap between few wild
individuals from KG and JN was visualized in CZ based on PCoA, sug-
gesting that CZ might share similar genetic backgrounds with the wild
populations from Japan and Korea. The oyster transportation and the
relatively long floating time of the larval stage (20-30 d) may provide
opportunities for facilitating intra-regional gene flow and inter-
population genetic mixing of C. nippona, and similar conclusions also
appeared in population genetics studies of Manila clam (Ruditapes phil-
ippinarum) (Cordero et al., 2017; Tan et al., 2020).

5. Conclusions

In conclusion, no significant loss of genetic diversity was observed
over three successive mass-selected generations of C. nippona for fast
growth based on microsatellites and mtCOI. However, a decreasing
trend in the number of alleles indicated the potential influence of an
intense mass selection on the genetic variability of the selected lines. A
larger scale of broodstock and the multi-line breeding strategy along
with lower selection pressure would be implemented to increase effec-
tive population size and maintain genetic diversity in subsequent
breeding practices. In addition, little genetic differentiation among the
selected lines might indicate a stable genetic background. However,
significant genetic differentiation as well as cluster analysis showed a
clear separation between the wild populations implying genetically
isolated populations occurring in these sampling locations. This study
further confirms the importance of monitoring genetic diversity in long-
term selective breeding of the mass-selected lines and provides
improved breeding procedures for future genetic improvement of
C. nippona.

CRediT authorship contribution statement

Yiming Hu: Investigation, Methodology, Resources, Data curation,
Writing — original draft. Qi Li: Conceptualization, Funding acquisition,
Project administration, Resources, Supervision, Writing — review &
editing. Chengxun Xu: Software, Supervision. Shikai Liu: Software.
Lingfeng Kong: Resources. Hong Yu: Software.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The authors do not have permission to share data.

Acknowledgements

This work was supported by the grants from the China Agriculture
Research System Project (CARS-49), National Natural Science Founda-
tion of China (31972789), and Earmarked Fund for Agriculture Seed
Improvement Project of Shandong Province (2020LZGC016 and
2021LZGC027).

References

Appleyard, S.A., Ward, R.D., 2006. Genetic diversity and effective population size in
mass selection lines of Pacific oyster (Crassostrea gigas). Aquaculture 254, 148-159.
https://doi.org/10.1016/j.aquaculture.2005.10.017.


https://doi.org/10.1016/j.aquaculture.2005.10.017

Y. Hu et al.

Bentsen, H.B., Olesen, ., 2002. Designing aquaculture mass selection programs to avoid
high inbreeding rates. Aquaculture 204, 349-359. https://doi.org/10.1016/50044-
8486(01)00846-8.

Boudry, P., Collet, B., Cornette, F., Hervouet, V., Bonhomme, F., 2002. High variance in
reproductive success of the Pacific oyster (Crassostrea gigas, Thunberg) revealed by
microsatellite-based parentage analysis of multifactorial crosses. Aquaculture 204,
283-296. https://doi.org/10.1016/50044-8486(01)00841-9.

Chapuis, M.-P., Estoup, A., 2007. Microsatellite null alleles and estimation of population
differentiation. Mol. Biol. Evol. 24, 621-631. https://doi.org/10.1093/molbev/.
Chen, N., Luo, X., Lu, C., Ke, C., You, W., 2017. Effects of artificial selection practices on
loss of genetic diversity in the Pacific abalone, Haliotis discus hannai. Aquac. Res. 48,

4923-4933. https://doi.org/10.1111/are.13311.

Chen, Y.L, Xu, C.X., Li, Q., 2022. Genetic diversity in a genetically improved line of the
Pacific oyster Crassostrea gigas with orange shell based on microsatellites and mtDNA
data. Aquaculture 549, 737791. https://doi.org/10.1016/j.
aquaculture.2021.737791.

Cordero, D., Delgado, M., Liu, B., Ruesink, J., Saavedra, C., 2017. Population genetics of
the Manila clam (Ruditapes philippinarum) introduced in North America and Europe.
Sci. Rep. 7, 1-13. https://doi.org/10.1038/srep39745.

Dégremont, L., Nourry, M., Maurouard, E., 2015. Mass selection for survival and
resistance to OsHV-1 infection in Crassostrea gigas spat in field conditions: response
to selection after four generations. Aquaculture 446, 111-121. https://doi.org/
10.1016/j.aquaculture.2015.04.029.

Diyie, R.L., Agyarkwa, S.K., Armah, E., Amonoo, N.A., Owusu-Frimpong, 1., Osei-
Atweneboana, M., 2021. Genetic variations among different generations and
cultured populations of Nile Tilapia (Oreochromis niloticus) in Ghana: application of
microsatellite markers. Aquaculture 544, 737070. https://doi.org/10.1016/j.
aquaculture.2021.737070.

Do, C., Waples, R.S., Peel, D., Macbeth, G., Tillett, B.J., Ovenden, J.R., 2014. NeEstimator
v2: re-implementation of software for the estimation of contemporary effective
population size (Ne) from genetic data. Mol. Ecol. Resour. 14, 209-214. https://doi.
org/10.1111/1755-0998.12157.

Excoffier, L., Lischer, H.E., 2010. Arlequin suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and windows. Mol. Ecol. Resour.
10, 564-567. https://doi.org/10.1111/j.1755-0998.2010.02847 .x.

Gjedrem, T., Baranski, M., 2010. Selective Breeding in Aquaculture: An Introduction.
Springer Science & Business Media. http://refhub.elsevier.com/S0044-8486(20)
30684-0/1f0045.

Gjedrem, T., Robinson, N., Rye, M., 2012. The importance of selective breeding in
aquaculture to meet future demands for animal protein: a review. Aquaculture 350,
117-129. https://doi.org/10.1016/j.aquaculture.2012.04.008.

Goudet, J., 1995. FSTAT (version 1.2): a computer program to calculate F-statistics.

J. Hered. 86, 485-486. https://doi.org/10.1093/oxfordjournals.jhered.al111627.

Han, Z.Q., Li, Q., Liu, S.K., Yu, H., Kong, L.F., 2019. Genetic variability of an orange-shell
line of the Pacific oyster Crassostrea gigas during artificial selection inferred from
microsatellites and mitochondrial COI sequences. Aquaculture 508, 159-166.
https://doi.org/10.1016/j.aquaculture.2019.04.074.

Hedrick, P.W., 2009. Genetics of Populations. Jones & Bartlett Publishers.

Hillen, J., Coscia, I., Vandeputte, M., Herten, K., Hellemans, B., Maroso, F., Volckaert, F.,
2017. Estimates of genetic variability and inbreeding in experimentally selected
populations of European sea bass. Aquaculture 479, 742-749. https://doi.org/
10.1016/j.aquaculture.2017.07.012.

In, V.-V., O’Connor, W., Dove, M., Knibb, W., 2016. Can genetic diversity be maintained
across multiple mass selection lines of Sydney rock oyster, Saccostrea glomerata
despite loss within each? Aquaculture 454, 210-216. https://doi.org/10.1016/j.
aquaculture.2015.12.030.

Itoh, N., Tun, K.L., Komiyama, H., Ueki, N., Ogawa, K., 2004. An ovarian infection in the
Iwagaki oyster, Crassostrea nippona, with the protozoan parasite Marteilioides
chungmuensis. J. Fish Dis. 27, 311-314. https://doi.org/10.1111/j.1365-
2761.2004.00540.x.

Jackson, T.R., Martin-Robichaud, D., Reith, M.E., 2003. Application of DNA markers to
the management of Atlantic halibut (Hippoglossus hippoglossus) broodstock.
Aquaculture 220, 245-259. https://doi.org/10.1016/50044-8486(02)00622-1.

Kalinowski, S.T., Taper, M.L., Marshall, T.C., 2007. Revising how the computer program
CERVUS accommodates genotyping error increases success in paternity assignment.
Mol. Ecol. 16, 1099-1106. https://doi.org/10.1111/j.1365-294X.2007.03089.x.

Lallias, D., Boudry, P., Lapegue, S., King, J.W., Beaumont, A.R., 2010. Strategies for the
retention of high genetic variability in European flat oyster (Ostrea edulis) restoration
programmes. Conserv. Genet. 11, 1899-1910. https://doi.org/10.1007/510592-010-
0081-0.

Li, Q., Yu, H., Yu, R.H., 2006. Genetic variability assessed by microsatellites in cultured
populations of the Pacific oyster (Crassostrea gigas) in China. Aquaculture 259,
95-102. https://doi.org/10.1016/j.aquaculture.2006.05.030.

Li, Q., Xu, K.F., Yu, R.H., 2007. Genetic variation in Chinese hatchery populations of the
Japanese scallop (Patinopecten yessoensis) inferred from microsatellite data.
Aquaculture 269, 211-219. https://doi.org/10.1016/j.aquaculture.2007.04.017.

Aquaculture 561 (2022) 738737

Li, Q., Wang, Q.Z., Liu, S.K., Kong, L.F., 2011. Selection response and realized heritability
for growth in three stocks of the Pacific oyster Crassostrea gigas. Fish. Sci. 77,
643-648. https://doi.org/10.1007/s12562-011-0369-0.

Librado, P., Rozas, J., 2009. DnaSP v5: a software for comprehensive analysis of DNA
polymorphism data. Bioinformatics 25, 1451-1452. https://doi.org/10.1093/
bioinformatics/btp187.

Lind, C.E., Evans, B.S., Knauer, J., Taylor, J.J., Jerry, D.R., 2009. Decreased genetic
diversity and a reduced effective population size in cultured silver-lipped pearl
oysters (Pinctada maxima). Aquaculture 286, 12-19. https://doi.org/10.1016/j.
aquaculture.2008.09.009.

Liu, K.K,, Li, Q., 2018. Fast discrimination of Crassostrea nippona and C. gigas based on
PCR-RFLP of mtDNA. J. Ocean Univ. China 48, 17-22 (in Chinese). 10.16441/j.cnki.
hdxb.20180091.

Liu, K.K,, Li, Q., Li, Q.Z., 2020. Multiplex PCR sets of novel microsatellite loci for Iwagaki
oyster Crassostrea nippona and their application in parentage assignment. J. Ocean
Univ. China 19, 191-198. https://doi.org/10.1007/511802-020-4212-z.

Lu, G.Y., Ke, C.H., Zhu, A.J., Wang, W.X., 2017. Oyster-based national mapping of trace
metals pollution in the Chinese coastal waters. Environ. Pollut. 224, 658-669.
https://doi.org/10.1016/j.envpol.2017.02.049.

Lundrigan, T.A., Reist, J.D., Ferguson, M.M., 2005. Microsatellite genetic variation
within and among Arctic charr (Salvelinus alpinus) from aquaculture and natural
populations in North America. Aquaculture 244, 63-75. https://doi.org/10.1016/j.
aquaculture.2004.11.027.

Masahiro, Y., Kawabeta, K., Eguchi, A., Abe, H., Yamashita, E., Koba, K., Tominaga, M.,
2018. Characterization of taste and micronutrient content of rock oysters
(Crassostrea nippona) and Pacific oysters (Crassostrea gigas) in Japan. Int. J. Gastron
Food. S. 13, 52-57. https://doi.org/10.1016/].ijgfs.2018.06.001.

Okumura, T., Nobuaki, M., Hitoshi, S., Yoshihiro, K., 2005. Seasonal changes in glycogen
contents of the Iwagaki oyster, Crassostrea nippona from the coast of Toga Bay,
Konoura, Tomari, and Oki Islands [Japan] in the Sea of Japan. Bull. Jap. Soc. Sci.
Fish 71, 363-368 (in Japanese). https://doi.org/10.2331/suisan.71.363.

Peakall, R., Smouse, P.E., 2012. GenAlEx 6.5: genetic analysis in excel. Population
genetic software for teaching and research—an update. Bioinformatics 28,
2537-2539. https://doi.org/10.1093/bioinformatics/bts460.

Porta, J., Maria Porta, J., Canavate, P., Martinez-Rodriguez, G., Carmen Alvarez, M.,
2007. Substantial loss of genetic variation in a single generation of Senegalese sole
(Solea senegalensis) culture: implications in the domestication process. J. Fish Biol.
71, 223-234. https://doi.org/10.1111/j.1095-8649.2007.01576.x.

Raymond, M., 1995. GENEPOP (version 1.2): population genetics software for exact tests
and ecumenicism. J. Hered. 86, 248-249.

Rhode, C., Badenhorst, R., Hull, K., Greenwood, M., Bester-van der Merwe, A.,

Andere, A., Richards, C., 2020. Genetic and phenotypic consequences of early
domestication in black soldier flies (Hermetia illucens). Anim. Genet. 51, 752-762.
https://doi.org/10.1111/age.12961.

Robinson, N.A., Schipp, G., Bosmans, J., Jerry, D.R., 2010. Modelling selective breeding
in protandrous, batch-reared Asian sea bass (Lates calcarifer, Bloch) using walkback
selection. Aquac. Res. 41, e643-e655. https://doi.org/10.1111/j.1365-
2109.2010.02584.x.

Sukmanomon, S., Kamonrat, W., Poompuang, S., Nguyen, T.T., Bartley, D.M., May, B.,
Na-Nakorn, U., 2012. Genetic changes, intra-and inter-specific introgression in
farmed Nile tilapia (Oreochromis niloticus) in Thailand. Aquaculture 324, 44-54.
https://doi.org/10.1016/j.aquaculture.2011.10.025.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGAS5:
molecular evolutionary genetics analysis using maximum likelihood, evolutionary
distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731-2739.
https://doi.org/10.1093/molbev/msr121.

Tan, Y., Fang, L., Qiu, M., Huo, Z., Yan, X., 2020. Population genetics of the Manila clam
(Ruditapes philippinarum) in East Asia. Sci. Rep. 10, 1-10. https://doi.org/10.1038/
541598-020-78923-w.

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P., Shipley, P., 2004. MICRO-CHECKER:
software for identifying and correcting genotyping errors in microsatellite data. Mol.
Ecol. Notes 4, 535-538. https://doi.org/10.1111/j.1471-8286.2004.00684.x.

Vu, S.V., Premachandra, H., O’Connor, W., Nguyen, N.T., Dove, M., Van Vu, I,

Knibb, W., 2021. Development of SNP parentage assignment in the Portuguese
oyster Crassostrea angulata. Aquacult. Rep. 19, 100615 https://doi.org/10.1016/].
aqrep.2021.100615.

Xu, H.Q., Li, Q., Han, Z.Q., Liu, S.K., Yu, H., Kong, L.F., 2019a. Fertilization, survival and
growth of reciprocal crosses between two oysters, Crassostrea gigas and Crassostrea
nippona. Aquaculture 507, 91-96. https://doi.org/10.1016/j.
aquaculture.2019.04.012.

Xu, L., Li, Q., Xu, C.X., Yu, H., Kong, L.F., 2019b. Genetic diversity and effective
population size in successive mass selected generations of black shell strain Pacific
oyster (Crassostrea gigas) based on microsatellites and mtDNA data. Aquaculture 500,
338-346. https://doi.org/10.1016/j.aquaculture.2018.10.007.

Zhang, T., Kong, J., Wang, W., Wang, Q., 2010. Genetic variability assessed by
microsatellites in the breeding populations of the shrimp Penaeus (Fenneropenaeus)
chinensis in China. Aquaculture 310, 229-233. https://doi.org/10.1016/j.
aquaculture.2010.07.025.


https://doi.org/10.1016/S0044-8486(01)00846-8
https://doi.org/10.1016/S0044-8486(01)00846-8
https://doi.org/10.1016/S0044-8486(01)00841-9
https://doi.org/10.1093/molbev/
https://doi.org/10.1111/are.13311
https://doi.org/10.1016/j.aquaculture.2021.737791
https://doi.org/10.1016/j.aquaculture.2021.737791
https://doi.org/10.1038/srep39745
https://doi.org/10.1016/j.aquaculture.2015.04.029
https://doi.org/10.1016/j.aquaculture.2015.04.029
https://doi.org/10.1016/j.aquaculture.2021.737070
https://doi.org/10.1016/j.aquaculture.2021.737070
https://doi.org/10.1111/1755-0998.12157
https://doi.org/10.1111/1755-0998.12157
https://doi.org/10.1111/j.1755-0998.2010.02847.x
http://refhub.elsevier.com/S0044-8486(20)30684-0/rf0045
http://refhub.elsevier.com/S0044-8486(20)30684-0/rf0045
https://doi.org/10.1016/j.aquaculture.2012.04.008
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1016/j.aquaculture.2019.04.074
http://refhub.elsevier.com/S0044-8486(22)00854-7/rf0080
https://doi.org/10.1016/j.aquaculture.2017.07.012
https://doi.org/10.1016/j.aquaculture.2017.07.012
https://doi.org/10.1016/j.aquaculture.2015.12.030
https://doi.org/10.1016/j.aquaculture.2015.12.030
https://doi.org/10.1111/j.1365-2761.2004.00540.x
https://doi.org/10.1111/j.1365-2761.2004.00540.x
https://doi.org/10.1016/S0044-8486(02)00622-1
https://doi.org/10.1111/j.1365-294X.2007.03089.x
https://doi.org/10.1007/s10592-010-0081-0
https://doi.org/10.1007/s10592-010-0081-0
https://doi.org/10.1016/j.aquaculture.2006.05.030
https://doi.org/10.1016/j.aquaculture.2007.04.017
https://doi.org/10.1007/s12562-011-0369-0
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1016/j.aquaculture.2008.09.009
https://doi.org/10.1016/j.aquaculture.2008.09.009
http://10.16441/j.cnki.hdxb.20180091
http://10.16441/j.cnki.hdxb.20180091
https://doi.org/10.1007/s11802-020-4212-z
https://doi.org/10.1016/j.envpol.2017.02.049
https://doi.org/10.1016/j.aquaculture.2004.11.027
https://doi.org/10.1016/j.aquaculture.2004.11.027
https://doi.org/10.1016/j.ijgfs.2018.06.001
https://doi.org/10.2331/suisan.71.363
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1111/j.1095-8649.2007.01576.x
http://refhub.elsevier.com/S0044-8486(22)00854-7/rf0180
http://refhub.elsevier.com/S0044-8486(22)00854-7/rf0180
https://doi.org/10.1111/age.12961
https://doi.org/10.1111/j.1365-2109.2010.02584.x
https://doi.org/10.1111/j.1365-2109.2010.02584.x
https://doi.org/10.1016/j.aquaculture.2011.10.025
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1038/s41598-020-78923-w
https://doi.org/10.1038/s41598-020-78923-w
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1016/j.aqrep.2021.100615
https://doi.org/10.1016/j.aqrep.2021.100615
https://doi.org/10.1016/j.aquaculture.2019.04.012
https://doi.org/10.1016/j.aquaculture.2019.04.012
https://doi.org/10.1016/j.aquaculture.2018.10.007
https://doi.org/10.1016/j.aquaculture.2010.07.025
https://doi.org/10.1016/j.aquaculture.2010.07.025

	Genetic variability of mass-selected and wild populations of Iwagaki oyster (Crassostrea nippona) revealed by microsatellit ...
	1 Introduction
	2 Materials and methods
	2.1 Breeding procedures, sample collections and DNA extraction
	2.2 Microsatellite analysis
	2.3 Mitochondrial DNA sequencing and analysis

	3 Results
	3.1 Genetic diversity
	3.2 Effective population size
	3.3 Genetic differentiation and population structure

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


